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1.0 Introduction

The U.S. Department of Energy’s Hydrogen and Fuel Cells Program (the Program) conducts comprehensive efforts
across a range of technical and non-technical areas to enable the widespread commercialization of hydrogen and fuel
cell technologies in diverse sectors of the economy. The Program is coordinated across the U.S. Department of Energy
(DOE or the Department), incorporating activities in the offices of Energy Efficiency and Renewable Energy (EERE)
led through the Fuel Cell Technologies Office (FCTO), Science (SC), Nuclear Energy (NE), and Fossil Energy (FE).
The Program’s efforts are aligned with the Administration’s “all-of-the-above” approach to energy and the President’s
Climate Action Plan and will spark the type of innovation that drives economic growth and creates American jobs,
while moving our economy toward cleaner, more efficient forms of energy that will cut our reliance on foreign oil.

With emphasis on applications that will most effectively strengthen our nation’s energy security and improve
our efforts to cut carbon pollution, the Program engages in research, development, and demonstration (RD&D) of
critical improvements in hydrogen and fuel cell technologies, as well as diverse activities to overcome economic
and institutional obstacles to commercialization. The Program addresses the full range of challenges facing the
development and deployment of the technologies by integrating basic and applied research, technology development
and demonstration, and other supporting activities.

In Fiscal Year (FY) 2014, Congress appropriated approximately $120 million for the DOE Hydrogen and Fuel Cells
Program. The Program is organized into distinct areas of RD&D, as well as other activities to address non-technical
challenges. More detailed discussions of Program activities and plans can be found in the Hydrogen and Fuel Cells
Program Plan, as well as in the plans of the program offices—FCTO’s Multi-Year RD&D Plan; FE’s Hydrogen from
Coal RD&D Plan; and SC’s Basic Research Needs for the Hydrogen Economy. All of these documents are available at
www.hydrogen.energy.gov/roadmaps_vision.html.

In the past year, the Program made substantial progress toward its goals and objectives. In addition to
summarizing examples of key technical accomplishments, this report highlights major programmatic accomplishments
such as the launch of a new project called Hydrogen Fueling Infrastructure Research and Station Technology
(H2FIRST) that leverages the capabilities of the national laboratories in direct support of H2USA, a public private
partnership formed in 2013 to overcome the barriers of hydrogen infrastructure.

PROGRESS AND ACCOMPLISHMENTS BY PROGRAM

This report documents more than 1,000 pages of accomplishments achieved by DOE-funded projects in the last
year. The following summaries include only a few examples. More details can be found in the individual sub-program
introductions, subsequent project reports, and in the corresponding 2014 Annual Merit Review and Peer Evaluation
Report, which can be found at http:/www.hydrogen.energy.gov/annual reviewl4 report.html.

Fuel Cells

The Fuel Cell sub-program’s goal is to advance fuel cell technologies primarily for transportation, as well as early
markets such as stationary and portable applications, to make them competitive in the marketplace in terms of cost,
durability, and performance, while ensuring maximum environmental and energy-security benefits. Cost reductions
and improvements in durability continue to be the key challenges facing fuel cell technologies.

The sub-program tracks cost of automotive fuel cells on an annual basis through system design and cost analysis
projects at Argonne National Laboratory (ANL) and Strategic Analysis, Inc. The 2014 cost status for 80-kW
automotive fuel cell systems was determined to be $55 kW. The cost model used the same core technology as used in
2013, resulting in a final cost that was within one dollar of the 2013 cost. Recent technological advancements are
planned for inclusion in the 2015 cost model.

A major achievement in 2014 was synthesis of platinum nickel alloy nanoframe catalysts that showed a more
than 30 times increase in activity compared to conventional platinum on carbon catalysts. Scientists initially created
Pt-Ni crystalline polyhedra particles that were left under ambient conditions in a solvent exposed to air for two weeks.
Surprising changes in the structure and composition were noted—the particles had spontaneously dealloyed into a
more Pt-rich alloy and transformed into hollow nanoframe structures. Recognizing the potential relevance of these new
structures for catalysis, the researchers teamed up with electrochemical experts. They optimized the synthesis process,
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FIGURE 1. Projected transportation fuel cell system cost.
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FIGURE 2. A new catalyst synthesized in 2014, which consists of a platinum-nickel alloy nanoframe covered by a thin platinum skin, has a performance
more than 30 times higher than conventional platinum on carbon catalysts.

resulting in a catalyst that can be prepared in only a few hours with an activity that outstrips all previous fuel cell
catalysts in ex situ testing.

Also in 2014, advances in catalyst synthesis and electrode optimization allowed PtCo and PtNi dealloyed catalysts,
which have already met DOE targets for mass activity and durability of mass activity, to achieve good durability
of high-current performance for the first time. These catalysts achieved the same H./air fuel cell performance as
a04 mgl,t/cm2 electrode, but with only one-fourth the platinum-group metal (PGM) loading. The performance
improvements were confirmed in a full-active-area automotive stack. Up to 60,000 cycles between 0.6 and 0.925 V
were performed with only 20 mV loss at 1.5 A/cm®.
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Protocols and best practices for rotating disk electrode (RDE) catalyst testing also were prepared. Initial screening
of fuel cell catalyst activity is typically performed ex situ using RDE. These experiments are performed with little
standardization between laboratories, leading to large discrepancies in reported activity values for the same catalysts
and undermining the validity and usefulness of RDE data. Improvements in technique that allowed for higher and
more reproducible activity have been reported recently, but have not yet been widely adopted. Therefore, FCTO
issued a request for information on RDE best practices, discussed the issue at meetings of the catalysis and durability
working groups, and supported a collaborative effort between researchers at ANL and the National Renewable
Energy Laboratory (NREL) to use the resulting input to develop protocols and best practices for RDE testing. This
effort established a standard protocol and test methodology for measurement of electrochemical area (ECA), oxygen
reduction reaction (ORR) activity, and durability, and evaluated three electrocatalysts using identical protocols and
electrode preparation in three laboratories. Comparison of the results verified the reproducibility of measured ECA,
ORR activity, durability between the labs, demonstrating the validity of the newly issued protocols.

Improvements in membrane electrode assemblies (MEAs) containing PtNi nano-structured thin film catalysts
have enabled performance improvement at high current densities, resulting in catalyst specific power levels at 0.69 V
as high as 6.3 kW/g,, .. at 150 kPa , , meeting the 2014 milestone and on track to meet the 2020 target of 8.0 kW/g,, ., .
When compared to catalyst specific power measured at 0.69 V in previous years, this year’s results mark a 25% and
a 6% improvement since 2012 and 2013, respectively. During voltage cycling accelerated stress tests, these catalysts
lose 66% of their initial activity over the course of 30,000 cycles, falling short of the targeted 40% degradation level.
MEAs with earlier generation catalysts met the durability target, but fell short of the catalyst specific power target.
Further R&D work is under way to meet both targets with the same MEA.

Hydrogen Production

In FY 2014, the Hydrogen Production sub-program continued to focus on developing technologies to enable the
long-term viability of hydrogen as an energy carrier for a range of applications with a focus on hydrogen from low-
carbon and renewable sources. Progress continued in several key areas, including electrolysis, photoelectrochemical
(PEC), biological, and solar-thermochemical hydrogen production.

PEM Electrolysis H2A Case Cost Summary
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Figure 3. PEM electrolysis hydrogen production cost contributions (2007$/kg) for four case studies, showing of projected
high volume untaxed costs ranging from ~$4 to $5.80/kg, broken down in terms of the major cost contributing factors.
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In FY 2014, the major emphasis of the electrolysis activities were cost reduction and efficiency improvement
through leveraging fuel cell catalyst development. Building off of work done by the Advanced Research Projects
Agency — Energy (ARPA-E), a lead-ruthenium pyrochlore alkaline electrolysis membrane catalyst was synthesized
and shown to have a mass activity 2,000 times greater than the nickel-cobalt baseline. In addition, an improved drying
technique was developed with the potential to reduce drying losses in electrolyzers to less than 3.5% (compared with
11-8% in commercial systems) while operating on a variable (wind or solar) stack power profile. Testing is in progress
to verify that the new drying technique meets SAE International J2719 specifications for water content (<5 ppm).

In the area of PEC hydrogen production, semiconductor tandem devices were shown to have more than 300 hours
of stability at ~15 mA/cm? in I11-V, showing a significant improvement over the previous year’s 115 hours at
10 mA/cm?®. This result represents an important step toward demonstration of stabilized solar-to-hydrogen conversion
efficiencies >20% using PEC devices.

In the area of biological hydrogen production, a larger, more scalable microbial reverse-electrodialysis cell design
demonstrated a 0.9 L/L-reactor/day hydrogen production rate, a 12.5% increase over the 2013 demonstrated rate, using
a salinity gradient instead of grid electricity.

Efforts in solar-thermochemical hydrogen characterized the performance of water splitting by novel, non-volatile
metal-oxide based reaction materials and developed new reactor concepts to optimize efficiency of the reaction cycles.
A thermodynamic model was developed for novel perovskite reaction materials that predicts the optimal operating
temperature, O, pressure, and heat recovery effectiveness required for a solar to hydrogen conversion efficiency
>20%; and derived performance criteria and thermodynamic properties for an “ideal” non-stoichiometric oxide
reaction material were also developed.

The H2A v3 Production Model was applied to the PEM Electrolysis production pathway to analyze hydrogen
costs ($/kg H2) and cost sensitivities. The case studies calculated a levelized cost of hydrogen production ranging
from $4-5/kg for both distributed and central electrolyis; and identified the primary cost drivers as: (1) electricity cost;
(2) electrolyzer electrical efficiency; and (3) electrolyzer capital cost.'

In June 2014, FCTO announced almost $13 million for six new research and development projects to address
critical challenges and barriers for hydrogen production technology development, and specifically the long-term goal
of hydrogen production at <$2/kg hydrogen. Selected projects are located in Connecticut, Washington, Colorado,
Hawaii, and California.”

Hydrogen Delivery

The goal of the Hydrogen Delivery sub-program is to reduce the costs associated with delivering hydrogen to
a point at which its use as an energy carrier in fuel cell applications is competitive with alternative transportation
and power generation technologies. In FY 2014, the Hydrogen Delivery sub-program saw significant progress in
RD&D activities. For example, a fueling strategy to improve station capacities during peak hours was developed.
This strategy involves the use of a cascade of tubes in the tube trailers, wherein hydrogen gas is consolidated into one
tube during peak fueling times. The high-pressure tube is then used directly for vehicle fueling while the compressor
is used to either pressurize the gas in the other tubes or replenish buffer storage. This technique reduces on-site
compression requirements, enabling a 10 kg/hr compressor to serve a 450 kg/day station, three times the capacity of
150 kg/day it could otherwise serve. This resulted in a 14% cost reduction for tube trailer delivery from $3.30/gasoline
gallon equivalent (gge) to $2.85/gge delivered and dispensed for 700-bar refueling.

Other highlights include the Second International Workshop on Hydrogen Infrastructure and Transportation. This
workshop, organized by Germany’s National Organization of Hydrogen and Fuel Cell Technologies (NOW), Japan’s
National Energy and Industrial Technology Development Organization (NEDO), and DOE was held in June of 2014
and hosted by Toyota at the Toyota Motor Sales Corporate Accessory Center in Torrance, California. This workshop
included members of industry and government from Japan, Germany, the European Union, Scandinavia, and the
United States. Participants identified the major challenges and RD&D needs of hydrogen fueling protocols, metering,
hydrogen fuel quality, and forecourt hardware. Additional detail will be available in the workshop proceedings when
they are published later in calendar year 2014.

In June 2014, FCTO announced more than $7 million for five new awards, three selected from the FY 2014
Hydrogen Delivery Funding Opportunity Announcement (FOA) and two from Small Business Innovation Research

'"DOE Hydrogen and Fuel Cells Program Record #14004 Hydrogen Cost from PEM Electrolysis is available at http://hydrogen.energy.gov/
pdfs/14004 _h2 production_cost_pem_electrolysis.pdf
*http://energy.gov/eere/articles/energy-department-invests-20-million-advance-hydrogen-production-and-delivery
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(SBIR), for projects on compression, storage, and dispensing technologies. Selected projects are located in Texas,
Massachusetts, Tennessee, and Virginia.’

Hydrogen Storage

In FY 2014, the Hydrogen Storage sub-
program continued its focus on development
of lower cost precursors for low-cost, high-
strength carbon fibers to lower the cost of high-
pressure compressed hydrogen systems, system
engineering for transportation applications

and advanced material R &D efforts, including
for metal hydrides, chemical hydrogen storage
materials, and hydrogen sorbents. _
The Hydrogen Storage sub-program
continued carrying out technoeconomic
assessments of hydrogen storage technologies.
System models were developed and top-down 0 ...
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In the area of high pressure storage, the FIGURE 4. Tensile strength as a function of time for the F2350 precursor. (ORNL)

sub-program continued to reduce the cost

of compressed hydrogen gas storage tanks.

Progress included an increase of tensile strength from 405 KSI to 649 KSI, and tensile modulus from 33 MSI to 38
MSI for carbon fibers produced from polyacrylonitrile with methyl acrylate (PAN/MA) precursor fibers manufactured
on high-volume, textile lines. FY 2014 analysis also projected a 52% mass reduction and 30% cost reduction in
compressed hydrogen storage systems with 5.6 kg hydrogen usable capacity, at 500 bar and ~200 K, operating
conditions, compared to baseline 700-bar ambient systems.

Of particular note, the FCTO-supported efforts delivered over 9 kg of MOF-5 to Hydrogen Storage Engineering
Center of Excellence (HSECoE) partners for Phase 111 testing, with scaled-up batch material achieving performance
within 10% of lab-scale batch material, and demonstrated 20x improvement in MOF-5 thermal conductivity using
an enhanced natural graphite layering approach compared to random loading. Finally, the Hydrogen Storage sub-
program established the HSECoE model website page (http:/hsecoe.org/models.html) and posted the metal hydride
(MH) acceptability envelope, MH finite element model, hydrogen tank mass and cost estimator, and hydrogen vehicle
simulation framework models for public availability.

Manufacturing R&D

The Manufacturing R&D sub-program supports activities needed to reduce the cost of manufacturing hydrogen
and fuel cell systems and components. FY 2014 saw a number of advancements in the manufacturing of fuel cells
and hydrogen storage systems, including the assembly of infrared/direct current equipment on an industrial electrode
coating line. Data was collected on three coating runs and defects were successfully detected at speed at the drying
oven exit.

FCTO spearheaded a cross-cutting workshop, along with other offices within EERE, on quality control/metrology
to leverage diagnostic capabilities and identify synergies and opportunities across other technologies. The purpose
of the workshop was to convene government, industry, and other stakeholders to discuss the current status of quality
control and metrology in manufacturing processes relevant to the EERE offices; note gaps in which current techniques
are inadequate or missing; discuss similarities in materials inspection and metrology needs across technologies; and
identify opportunities for collaboration across EERE offices to address shared challenges. Additional participating
offices included Solar Energy, Vehicle, and Building Technologies and the Advanced Manufacturing Office and the
Proceedings are available online.*

* http://energy.gov/eere/articles/energy-department-invests-20-million-advance-hydrogen-production-and-delivery
*http://energy.gov/eere/fuelcells/eere-quality-control-workshop
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In May 2014 FCTO released a FOA for up to $2 million focused on Clean Energy Supply Chain and
Manufacturing Competitiveness Analysis for Hydrogen and Fuel Cell Technologies. This funding will support projects
that focus on scaling up the production of today’s hydrogen and fuel cell components and systems. The topics included
outreach to develop strategies and new approaches to facilitate expansion of the domestic supply chain of hydrogen and
fuel cell related components in the U.S., and global manufacturing competitive analysis for hydrogen and fuel cell-
related technologies.’

Basic Research

The Basic Energy Sciences program in the DOE Office of Science supports fundamental scientific research
addressing critical challenges related to hydrogen storage, hydrogen production, and fuel cells. These basic research
efforts complement the applied R&D projects supported by the other offices in the Program. Progress in any one area
of basic science is likely to spill over to other areas and bring advances on more than one front.

The subjects of basic research most relevant to the Program’s key technologies are:

e Hydrogen Storage: Nanostructured materials; theory, modeling, and simulation to predict behavior and design new
materials; and novel analytical and characterization tools.

e Fuel Cells: Nanostructured catalysts and materials; integrated nanoscale architecture; novel fuel cell membranes;
innovative synthetic techniques; theory, modeling, and simulation of catalytic pathways, membranes, and fuel
cells; and novel characterization techniques.

*  Hydrogen Production: Approaches such as photobiological and direct photochemical production of hydrogen.

By maintaining close coordination between basic science research and applied R&D, the Program ensures that
discoveries and related conceptual breakthroughs achieved in basic research programs will provide a foundation for the
innovative design of materials and processes that will lead to improvements in the performance, cost, and reliability
of fuel cell technologies and technologies for hydrogen production and storage. This is accomplished in various
ways—for example, through bi-monthly coordination meetings between the participating offices within DOE, and at
the researcher level by having joint meetings with participation from principal investigators who are funded by the
participating offices.

In June 2014, the Program included 20 presentations and posters from Basic Energy Sciences-funded researchers
on fundamental science related topics in conjunction with presentations by EERE and ARPA-E funded researchers.

Technology Validation

The Technology Validation sub-program demonstrates, tests, and validates hydrogen and fuel cell technologies
and uses the results to provide feedback to FCTO’s R&D activities. In addition to validating fuel cell electric vehicle
(FCEV) and hydrogen infrastructure technologies, continuing efforts include the real-world evaluation of fuel cell bus
technologies at various transit authorities and monitoring performance of fuel cells in stationary power, backup power,
and material handling equipment (MHE) applications.

Six major original equipment manufacturers (OEMs) were awarded $5.5M in FY 2014 to demonstrate advanced
light-duty FCEVs, where data will be collected from up to 90 vehicles. The first composite data product will be
published on NREL’s website in December 2014.

A hydrogen fueling station at California State University in Los Angeles (CSULA) was commissioned in May
2014 and stations in West Sacramento and San Juan Capistrano are expected to be installed and commissioned by the
third and fourth quarters of 2014, respectively. Data is being collected from these state-of-the-art fueling facilities
to validate technology performance under real-word use. The CSULA project also serves educational purposes, as it
provides a “living lab” environment for engineering and technology students.

During FY 2014, data from four fuel cell electric bus (FCEB) demonstrations at three transit agencies were
collected and analyzed; AC Transit (Oakland, California), SunLine (Thousand Palms, California), and BC Transit
(Whistler, Canada). Fuel cell buses continue to show improved fuel economy (ranging from 1.8 to 2.4 times higher)
compared to baseline (diesel and compressed natural gas—CNGQG) buses in similar service. Fuel economy for the
FCEBs ranged from 5.8 mi/diesel gallon equivalent (DGE), up to 7.3 mi/DGE (for an average of 6.8 mi/DGE),
approaching the Federal Transit Administration’s performance target for FCEB fuel economy of 8 mi/DGE.

* http://energy.gov/eere/articles/energy-department-announces-2-million-develop-supply-chain-manufacturing
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Early market application of fuel cell technologies includes validating MHE and backup power fuel cell
performance through analysis and reporting of real-world operation and value proposition metrics. By the fourth
quarter of 2013, more than 850 backup power units were in operation as part of the Technology Validation sub-
program efforts. These units were found to be operating with average availability of about 99.5 percent in 23 states. By
the fourth quarter of FY 2013, almost 500 MHE fuel cell units were in operation as part of the data collection efforts,
filling-up on average in 2.3 minutes, and operating an average of 4.4 hours between fills.

Safety, Codes and Standards

The Safety, Codes and Standards (SCS) sub-program identifies needs and performs high-priority R&D to provide
an experimentally validated, fundamental understanding of the relevant physics, critical data, and safety information
needed to define the requirements for technically sound and defensible codes and standards. In FY 2014, the sub-
program continued to identify and evaluate safety and risk management measures that can be used to define the
requirements and close the gaps in codes and standards in a timely manner.

In the area of hydrogen behavior, risk assessment, and materials compatibility, an initial test matrix was
completed to determine the fatigue life of stainless steel 21Cr-6Ni-9Mn in 103 MPa hydrogen gas, satisfying the need
to quantitatively evaluate methods published in CSA CHMCI1 standard and to generate qualification data for lower-
cost stainless steels.

Additionally, the sub-program released a first-of-its kind iPad/iPhone app to enhance utility and integration of
the safety knowledge tools with other safety planning resources. As of May 2014, there have been more than 940
downloads of the app.

As hydrogen station deployment ramps up, the siting of hydrogen dispensers at existing stations is gaining
interest. The SCS sub-program supported a study showing that 20% of 70 gasoline stations evaluated in California
could accommodate hydrogen.’

Finally, a major milestone in FY 2014, also supported over several years by the SCS sub-program, and led by
industry, was the standardization and publication of two SAE International standards: J2799 Standard for 70 MPa
Compressed Hydrogen Surface Vehicle Fuelling Connection Device and Optional Vehicle to Station Communications
and J2601 Standard Fueling Protocols for Light-Duty Gaseous Hydrogen Surface Vehicles.

Education

The Education sub-program facilitates hydrogen and fuel cell demonstrations and supports commercialization by
providing technically accurate and objective information to key target audiences both directly and indirectly involved
in the use of hydrogen and fuel cells. Funding from prior appropriations supported the sub-program’s activities.

In FY 2014 FCTO published more than 80 success stories through news articles, blogs, press releases, and media
announcements and conducted more than 15 webinars, averaging more than 150 attendees per webinar. Activities
reached at least 3,000 people at key conferences and meetings. The sub-program is also continuing to train middle
school and high school teachers based on prior years’ funding through “H2 Educate!” reaching a cumulative of
12,000 teachers, in 35 states; 90% of participants have stated that the training resources increased the effectiveness of
their lesson plans.

Market Transformation

To ensure that the benefits of the Program’s efforts are realized in the marketplace, in FY 2014 the Market
Transformation program continued to facilitate the growth of early markets for fuel cells used in stationary, specialty-
vehicle and truck fleet applications. Market Transformation activities are helping to reduce the cost of fuel cells by
enabling economies of scale through early market deployments; these early deployments also help to overcome a
number of barriers, including the lack of operating performance data, the need for applicable codes and standards,
and the need for user acceptance. Market Transformation also partners with other federal agencies and stakeholders to
deploy fuel cell systems in applications such as marine cargo transport operations.

Current key objectives of the Market Transformation program are to build on past successes in MHE (e.g., lift
trucks or forklifts) and emergency backup power applications by exploring other emerging applications for market
viability. FY 2014 accomplishments included designing a commercial viable fuel cell-powered airport ground support
baggage tractors, developing fuel cell-powered electric medium-duty hybrid trucks for parcel delivery applications,

®http://energy.sandia.gov/wp/wp-content/gallery/uploads/SAND_2014-3416-SCS-Metrics-Development_distribution.pdf
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completing the design development of fuel cell auxiliary power systems for refrigerated trucks, and completing the
design for a maritime auxiliary power system. These projects are highly leveraged, with an average of more than half
of the projects’ funds being provided by DOE’s partners.

Affordable hydrogen in accessible locations is another key goal; Market Transformation is supporting this
by a landfill-gas-to-hydrogen project at a working manufacturing facility and using curtailed renewable power to
electrolyze water on another project.

A potential new activity that could be initiated subject to Congressional appropriations is the design and
deployment of fuel cell battery-powered hybrid light-duty vehicles for parcel delivery or passenger transportation
applications.

Systems Analysis

The Systems Analysis sub-program focuses on examining the economics, benefits, opportunities, and impacts
of hydrogen and fuel cells through a consistent, comprehensive, analytical framework. Analysis conducted in FY
2014 included socio-economic impacts such as increased employment from early market infrastructure development,
life-cycle analysis of various vehicle platforms including FCEVs with EERE’s Bio-Energy Technologies and Vehicle
Technologies Offices, hydrogen use for energy storage, fuel cell system cost impact to improve fuel cell efficiency, life
cycle impacts of water use of hydrogen production pathways, identification of early markets for fuel cells, and options
to reduce infrastructure cost through the application of tri-generation fuel cell systems.

600 -
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Total 229 250 295 366 409 460 489 499

*Partial Data for 2014

FIGURE 5. Number of issued patents as a result of FCTO funding. (PNNL)

The commercial benefits of FCTO were analyzed by tracking the commercial products and technologies, and
patents developed from R&D funding. The benefits of DOE funded projects continue to grow. FY 2014 tracking
showed 499 cumulative patents issued as a result of FCTO funding. In addition, 45 FCTO-funded were in the market
and 65 were identified to be commercialized within three to five years.’

In FY 2014, the GREET (Greenhouse gases, Regulated Emissions and Energy use in Transportation) model’s life
cycle analysis capabilities were enhanced to include water consumption for hydrogen production and delivery pathways
from natural gas, water electrolysis, and other fuels such as gasoline and ethanol. The analysis includes the water use
assessment of pathway components including feedstocks such as natural gas and crude oil and energy use such as
electricity, and biofeedstocks such as corn and cellulosic sources. Converting these conventional and new feedstocks
to fuels require additional water consumption. The results of the analysis shown in the figure below show that water

"http://energy.gov/eere/fuelcells/market-analysis-reports#mkt_pathways
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for irrigation, cooling water for electricity generation, and evaporation associated with hydropower generation has
the greatest impact on life cycle water consumption of E85 (85% ethanol, 15% gasoline) fuel, hydrogen fuel cell, and
electric vehicles.

The impact of different fuel cell targets on the vehicle energy consumption and cost were also studied using
the Autonomie model and compared to conventional gasoline internal combustion powertrains. In addition, the
impact of fuel cell system improvements on the potential on-board storage requirements and cost were analyzed. The
findings of the study indicate the fuel economy of the FCEV could be improved by 10-14% by increasing the fuel cell
peak efficiency from 60 to 68%. When the FCEV improvements are compared to conventional vehicle, the FCEV
fuel economy was found to be 4 times higher (139 mpg unadjusted) than the 2013 conventional vehicle in the 2030
timeframe.

American Recovery and Reinvestment Act Projects

The American Recovery and Reinvestment Act of 2009 (Recovery Act or ARRA) has been a critical component
of the Program’s efforts to accelerate the commercialization and deployment of fuel cells in the marketplace. As of
October 2014, all of the original twelve projects have been successfully completed, and over 96% of the Recovery Act
project funds have been invoiced by the projects. A total of 1,330 fuel cell units were deployed, 824 fuel cell backup
power system for cellular communication towers, 504 fuel cell lift trucks, and 2 stationary power systems, surpassing
the original deployment goal of up to 1,000 fuel cells. NREL’s National Fuel Cell Technology Evaluation Center
(NFCTEC) has established data reporting protocols and Composite Data Products (CDPs) and Detailed Data Products
showing progress to date have been prepared. The CDPs are available on the NREL NFCTEC website.”

Notable accomplishments in FY 2014 included design and construction of a 250-W propane-fueled, portable solid
oxide fuel cell (SOFC) units successfully operated over 4 days (on a single 20-1b propane bottle) to power television
cameras at NASCAR events; and successful backup operation of three propane-fueled, 5-kW, GenSys fuel cells to
provide lighting to a building during a 30 minute, simulated outage at Ft Irwin, California.

Successful DOE deployments of fuel cells (including deployments from ARRA funding as well as Market
Transformation projects) have led to industry orders of more than 7,500 fuel cell forklifts and more than 4,000 fuel cell
backup power systems, with no additional DOE funding.”"

OTHER PROGRAM ACTIVITIES AND HIGHLIGHTS FROM FY 2014

l. Introduction

Tracking Commercialization 600
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*Partial data for 2014

¥ http://www.nrel.gov/hydrogen/facilities_nfctec.html FIGURE 6. Patents and commercial products as a result of FCTO funding.
? http://hydrogen.energy.gov/pdfs/14009_industry bup deployments.pdf

" http://hydrogen.energy.gov/pdfs/14010_industry lift_truck deployments.pdf
"http://energy.gov/eere/fuelcells/market-analysis-reports#mkt_pathways
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FIGURE 7. Revenues and private investment as a result of specific FCTO funding of projects.

Awards & Distinctions

During the last year, a number of researchers within the Program were recognized through various awards. For
example:

e Dr. Adam Weber of the Energy Department’s Lawrence Berkeley National Laboratory was honored with a
Presidential Early Career Awards for Scientists and Engineers (PECASE), the federal government’s highest honor
for science and engineering professionals in the early stages of their careers. This follows last year’s PECASE
award to FCTO-funded Professor Tom Jaramillo of Stanford University and makes the only two PECASE awards
within all of EERE. Dr. Weber also received the 2014 Charles W. Tobias Young Investigator Award.

e Dr. Maria Ghirardi was named to NREL’s Research Fellows Council, the laboratory’s top advisory council
comprised of internationally recognized NREL scientists and engineers.

e The Women Chemists Committee of the American Chemical Society selected Katherine Ayers of Proton OnSite
to be a recipient of the 2014 Women Chemists Committee Rising Star award.

*  Northeastern chemistry professor Sanjeev Mukerjee was named a Fellow of The Electrochemical Society.

e James Miller and Riccardo Scarcelli of ANL’s Energy Systems division are 2014 recipients of the prestigious
McFarland Award from SAE International.

e The ACS Division of Inorganic Chemistry announced Jeffrey Long, University of California, Berkeley, as the
winner of the second Inorganic Chemistry Lectureship Award.

e Dr. Piotr Zelenay of Los Alamos National Laboratory (LANL) was named a Fellow of The Electrochemical
Society.

¢ Thomson Reuters has included University of South Carolina professor Branko N. Popov as one of the 2014
World’s Most Influential Scientific Minds and one of our nation’s most highly cited researchers from 2002 to 2014.

e Jennifer Kurtz and Keith Wipke from NREL and Daniel Dedrick from Sandia National Laboratories (SNL) have
won prestigious Federal Lab Consortia 2014 Far West Regional Awards.

Key Reports/ Publications

Every year, the Program commissions a number of key reports, providing vital information to industry and the
research community. Some of these are released on an annual basis—such as the Market Report (2013 Fuel Cell
Technologies Market Report), the commercialization report (2013 Pathways to Commercial Success: Technologies
and Products Supported by FCTO), and the State of the States: Fuel Cells in America 2014 report—while others
are published when studies are complete, projects have ended, or key milestones have been reached. Key examples
include:
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The Hydrogen Production Expert Panel (HPEP), a Hydrogen and Fuel Cell Technical Advisory Committee
(HTAC) subcommittee, published major findings from their May 10—12, 2012 workshop which was launched
with opening remarks by the previous Energy Secretary. Tasked with providing recommendations to enable the
widespread production of affordable, low-carbon hydrogen, HPEP collected input from experts from industry,
academia, and national laboratories during the workshop and developed recommendations based on that input.
http://www.hydrogen.energy.gov/advisory htac.html#reports

The 2013 Fuel Cell Technologies Market Report finds that there is continued growth in fuel cell commercial
deployments, including MHE such as forklifts as well as combined heat and power systems and backup and
auxiliary power units. Nationally, U.S. fuel cell shipments grew from 1,000 units in 2008 to nearly 5,000 units
in 2013, while domestic manufacturing increased by more than 60% from 2012 to 2013. http:/energy.gov/eere/
fuelcells/market-analysis-reports#mkt program

States of the States: Fuel Cells in America 2013, the fifth annual report on state activities, details fuel cell and
hydrogen activities and policies in the 50 states and the District of Columbia. http://energy.gov/eere/fuelcells/
market-analysis-reports#mkt state

Pathways to Commercial Success: Technologies and Products Supported by the Fuel Cell Technologies Office,
the Program’s annual commercialization report, indicates that FCTO efforts have successfully generated more
than 450 patents, 40 commercial technologies, and 65 technologies that are expected to reach commercial scale
within the next three to five years, and issue more than 450 U.S. patents. http:/energy.gov/eere/fuelcells/market-
analysis-reports#mkt pathways

The Business Case for Fuel Cells illustrates how top American companies are using fuel cells in their business
operations to advance their sustainability goals, save millions of dollars in electricity costs, and reduce carbon
emissions by hundreds of thousands of metric tons per year. http://energy.gov/eere/fuelcells/market-analysis-
reports#mkt business

Hydrogen Station Compression, Storage, and Dispensing Technical Status and Costs detail the findings of
an independent review of hydrogen compression, storage, and dispensing for pipeline delivery of hydrogen and
forecourt hydrogen production. http://www.hydrogen.energy.gov/peer_reviews.html

Twenty new fact sheets on the models and tools used for system analysis of hydrogen and fuel cells were
published. The models and tools summarized in the fact sheets are used by FCTO’s System Analysis sub-program
to perform hydrogen/fuel cell-related calculations, evaluations, and environmental assessments. This template
was subsequently used by EERE’s Vehicle Technologies Office (VTO) to document VTO-sponsored models and
tools as well. http://energy.gov/eere/fuelcells/downloads/analysis-models-and-tools-systems-analysis-hydrogen-
and-fuel-cells

An inter-agency and inter-office report titled Hydrogen Fueling Station in Honolulu, Hawaii Feasibility
Analysis assesses the technical and economic feasibility of developing a vacant, undeveloped General Services
Administration-owned property into an income-producing site equipped with a hydrogen fueling station and

a covered 175-stall parking structure with roof-top solar panels. http://energy.gov/eere/fuelcells/downloads/
hydrogen-fueling-station-honolulu-hawaii-feasibility-analysis

Workshops and Proceedings

On November 4, 2013, FCTO held its first Early Market Fuel Cell Showcase and Project Review in New York
City at the New York Times building. This event was held for potential investors, business partners, and other
stakeholders through presentations and a poster session in an effort to facilitate industry and investor awareness of
these emerging and innovative technology areas. Attendees included Steve Chalk, Deputy Assistant Secretary of
Renewable Energy; Congressman Paul Tonko (D-NY); and Richard Kauffman, Chairman of Energy and Finance
for New York State.

On April 15,2014, FCTO held its Clean Energy Technology Showcase Review featuring fuel cells, flow batteries,
and related energy efficiency technologies at Stanford University. Reviewers provided feedback to FCTO as well
as Advanced Manufacturing Office (AMO) and ARPA-E on the projects presented. The event was launched by the
Office of Energy Efficiency and Renewable Energy’s Assistant Secretary Dr. David Danielson.

The proceedings from the Biological Hydrogen Production Workshop that took place September 23-24,
2013, were released in November. The objective of the Biological Hydrogen Production Workshop was to share
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information and identify issues, barriers, and R&D needs for biological hydrogen production to enable hydrogen
production that meets cost goals. http://energy.gov/eere/fuelcells/biological-hydrogen-production-workshop

*  The EERE Quality Control Workshop proceedings detail the activities of a workshop held December 9 and 10,
2013 and convened government, industry, and other stakeholders to discuss the current status of quality control
and metrology in manufacturing processes relevant to the EERE offices. http://energy.gov/eere/fuelcells/articles/
eere-quality-control-workshop-proceedings-released

*  The 2014 Hydrogen Transmission and Distribution Workshop proceedings and final summary report provide
details on a workshop held February 25-26, 2014 that brought together experts from the industrial gas and energy
industries, national laboratories, academia, and the National Institute of Standards and Technology to discuss
and share information on the RD&D needs and challenges for low-cost, effective hydrogen transmission and
distribution from centralized production facilities to the point of use. http://energy.gov/eere/fuelcells/downloads/
hydrogen-transmission-and-distribution-workshop

*  The 2014 Electrolytic Hydrogen Production Workshop proceedings and final summary report shares
information compiled during a workshop held on February 27-28, 2014 on the RD&D needs for enabling low-cost,
effective hydrogen production from all types of water electrolysis systems, both centralized and forecourt. http:/
energy.gov/eere/fuelcells/downloads/electrolytic-hydrogen-production-workshop

New FOAs and Awards

e $7 million for four projects that will help bring cost-effective, advanced hydrogen and fuel cell technologies online
faster through early market applications such as delivery vans. Selected projects are located in Georgia, Kansas,
Pennsylvania, and Tennessee.

*  $3 million to advance U.S. competitiveness in molten carbonate technology. The selected project is located in
Connecticut.

*  $7 million was awarded for six projects to develop lightweight, compact, and inexpensive advanced hydrogen
storage systems that will enable longer driving ranges and help make fuel cell systems competitive for different
platforms and sizes of vehicles. Selected projects are located in California and North Carolina.

*  $20 million was awarded for 10 new research and development projects to advance hydrogen production and
delivery technologies. Selected projects are located in Connecticut, Washington, Colorado, Hawaii, California,
Texas, Massachusetts, Tennessee, and Virginia.

e National Science Foundation (NSF) funding, through the first ever Memorandum of Understanding between
FCTO and NSF, to address discovery and development of advanced materials systems and chemical processes for
direct photochemical and/or thermochemical water splitting for application in the solar production of hydrogen
fuel. Four projects were announced in September 2014.

e  $2 million to develop supply chain manufacturing competitiveness analysis for hydrogen and fuel cell
technologies. This FOA closed on June 30, 2014.

*  $4.6 million in incubator funding to identify potentially impactful technologies that are not already addressed in
FCTO’s strategic plan or project portfolio. Full responses were due September 3, 2014.

The Program participated in a number of SBIR FOAs and awards.

*  Fuel cell project selected through a new EERE SBIR Technology Transfer Opportunity topic that moves
existing inventions developed at DOE’s national laboratories to the marketplace and accelerates the pace of
commercialization. This was the first ever SBIR in EERE and provided national laboratory patents for small
businesses to commercialize. The selected project is located in Massachusetts.

e SBIR/Small Business Technology Transfer (STTR) Phase II Release 1 Award Winners included two hydrogen
and fuel cell projects. Topics include “optimizing the cost and performance of composite cylinders for hydrogen
storage using a graded construction” and “novel structured metal bipolar plates for low cost manufacturing.”

¢ SBIR/STTR Phase I Release 2 Technical Topics Announced for FY 2014, include prototype fuel cell-battery
electric hybrid trucks for waste transportation and novel membranes and non-platinum group metal catalysts for
direct methanol as well as hydrogen fuel cells.
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2015 SBIR/STTR Phase I Release 1 FOA includes hydrogen and fuel cell topics. Applications are due October
14, 2014. Topics include “non-platinum group metal catalysts for fuel cells” and “understanding of material
behavior for detection of hydrogen contaminants.”

The Program also coordinated with other offices and the following FOAs from FY 2014 were relevant.

$70 million in AMO funding to a new Advanced Composite Manufacturing Institute to target continuous or
discontinuous carbon and glass fiber composites. This FOA closed on June 24, 2014.

$33 million in ARPA-E funding for intermediate-temperature fuel cell systems for distributed generation."

$15 million in FE funding for improved reliability of solid oxide fuel cell systems. This FOA closed on March 31,
2014.

$6.4 million in FE funding for R&D support of the solid oxide fuel cell core technology program. This FOA
closed on March 31, 2014.

Requests for Information (RFls)

The Program uses RFIs to solicit feedback from the stakeholder community in an open and transparent process

which serves to inform the Program and develop future plans. Key examples included collecting feedback on:

Strategies for a robust market introduction of hydrogen supply, infrastructure, and FCEVs.The input received will
augment financing strategies that DOE analyzes for public deployment of infrastructure for supporting FCEV
introduction in U.S. markets. Such financing strategies should maximize financing, for example, with debt and
equity, while minimizing public incentives. (January 31, 2014)

Biological hydrogen production R&D pathways, barriers, issues and opportunities for development of technologies
that can ultimately produce low cost hydrogen that meets DOE goals. (February 28, 2014)

Existing and potential hydrogen contamination detectors and related factors such as performance characteristics,
system integration requirements, costs, deployment guidance, and R&D needs. (May 19, 2014)

Technical and economic feasibility of commercializing fuel cell range extenders as onboard power generators for
all-electric vehicles in the United States market. (August 7, 2014)

" http://arpa-e.energy.gov/?q=arpa-e-news-item/arpa-e-announces-30-million-distributed-generation-technologies

FY 2014 Annual Progress Report I-15 DOE Hydrogen and Fuel Cells Program



I. Introduction

Sunita Satyapal

The Program also held a number of webinars throughout the year."

DATE TITLE DESCRIPTION
September 11, Introduction to SAE This webinar provided an overview of the SAE International Standards J2601 and J2799 and how
2014 Hydrogen Fueling they are applied to hydrogen fueling for FCEVs. Validated in the lab and proven in the field over the
Standardization last decade, the SAE J2601 hydrogen fueling protocol standard, coupled with the SAE J2799 FCEV

communications standard, provide the basis for hydrogen fueling in the first generation of infrastructure
worldwide.

August 19, 2014

Increasing Renewable
Energy with Hydrogen
Storage and Fuel Cell
Technologies

This webinar featured representatives from NREL discussing a unique opportunity for the integration of
multiple sectors including transportation, industrial, heating fuel, and electric sectors on hydrogen. This
presentation looked at the architecture of hydrogen storage systems and economic competitiveness for
those systems when compared with conventional systems.

July 29, 2014

Supporting a Hawaii
Hydrogen Economy

During this webinar the Hawaii Natural Energy Institute (HNEI) discussed the status of current and
planned hydrogen projects in Hawaii. HNEI has worked to reduce Hawaii’'s dependence on fossil fuels
and increase energy security, serving as the implementing organization for several large-scale public-
private partnerships to develop, deploy, and demonstrate renewable energy systems.

June 24, 2014

Hydrogen Fueling for
Current and Anticipated
Fuel Cell Electric
Vehicles

This webinar featured representatives from the California Energy Commission who discussed their
recently announced Notice of Proposed Award for 28 hydrogen fueling stations, the evaluation criteria,
and the variety of competitions. In addition, representatives from ANL discussed a new tool for
estimating the economic impacts of hydrogen infrastructure for early market fuel cell electric vehicles.
The tool, titled JOBS and economic impacts of Hydrogen (JOBS H2), estimates the jobs, earnings, and
economic output created by deploying hydrogen fueling stations.

May 27, 2014 NRELSs Fuel Cell This webinar focused on the NREL's online data tool for fuel cell system-derived contaminants. NREL
Contaminant Database | has led a multi-year project studying the effect of system-derived contaminants on the performance and
durability of polymer electrolyte membrane fuel cells. The webinar provided an overview of data obtained
during the project and a tutorial on how to use the Web-based data tool to access project results.
April 17, 2014 Fuel Cells at NASCAR | This webinar focused on fuel cell use at NASCAR Green. Presentations by NASCAR and Acumentrics

described the use of SOFC generators for use in powering broadcast cameras for NASCAR. Recently,
Acumentrics Corporation completed a field test program with NASCAR to replace small portable
gasoline generators with SOFC units operational on commercial propane.

March 11, 2014

National Fuel Cell
Technology Evaluation

This webinar focused on the NFCTEC, which is dedicated to the independent analysis of advanced
hydrogen and fuel cell technologies at the Energy Department’s Energy Systems Integration Facility

Center (NFCTEC) located at the NREL in Golden, Colorado. The presentation by NREL highlighted the efforts of NFCTEC
to accelerate the commercialization of fuel cell technologies through analysis of technologies operating
under real-world conditions and comparison to technical targets.

February 11, Additive Manufacturing | This webinar focused on additive manufacturing to stimulate discussion in the hydrogen and fuel cell
2014 for Fuel Cells community on the application of additive manufacturing to prototyping and production. Presentations by

Eaton and Nuvera highlight Eaton’s experience using additive manufacturing for prototype development
and recent developments in additive manufacturing for full scale production being employed at Nuvera.

January 16, 2014

Energy 101: Fuel Cells
Discussion

This Google+ Hangout discussion focused on audience questions about fuel cells. Several experts
answered questions and discussed fuel cells in front of a live online audience. Expert panelists included
Dr. Sunita Satyapal, Director of the Energy Department’s Fuel Cell Technologies Office; Daniel Dedrick,
Manager of Hydrogen and Combustion Technologies at SNL; Anthony Eggert, Executive Director of
the UC Davis Policy Institute for Energy, Environment and the Economy; and Charlie Freese, Executive
Director of Global Fuel Cell Activities at General Motors.

January 14, 2014

2014 Hydrogen Student
Design Contest

This webinar focused on the winning entries of the 2013 Hydrogen Student Design Contest from the
University of Kyushu and University of Birmingham. This year, teams were challenged to develop
hydrogen fueling infrastructure plans for the Northeast and mid-Atlantic for the 2013-2025 timeframe.
During the webinar the theme for the 2014 contest—Designing a Drop-in Fueling Station—was also
discussed.

December 16,
2013

International Hydrogen
Infrastructure
Challenges Workshop
Summary — NOW,
NEDO, and DOE

This webinar summarized the international information exchange on the hydrogen refueling infrastructure
challenges and potential solutions to support the successful global commercialization of hydrogen fuel
cell electric vehicles. The information exchange took place in June 2013 at the German Ministry of
Transport, in Berlin.

November 19,
2013

Micro-structural
Mitigation Strategies for
PEM Fuel Cells

This webinar highlighted micro-structural mitigation strategies for polymer electrolyte membrane
(PEM) fuel cells focusing on morphological simulations and experimental approaches. Presented by
Ballard Power Systems, the webinar highlighted an open-source fuel cell simulation package funded by
EERE that allows users to simulate both the performance and durability of a PEM fuel cell membrane
electrode assembly. In this webinar, the details of the model were discussed with a focus on the theory,
background, and validation/results of the simulation package.

" http://energy.gov/eere/fuelcells/2014-webinar-archives
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The Program published multiple EERE blogs focused on hydrogen and fuel cell activities.

DATE

TITLE

SUMMARY

September 30, 2014

And the Oscar for Sustainable
Mobile Lighting Goes to....
Lighting Up Operations with
Hydrogen and Fuel Cell
Technology'

An Energy Department-supported project is addressing these problems by designing,
building, and testing a mobile lighting tower powered by hydrogen fuel cell technology,
which is quiet and emits nothing but water while generating electricity.

September 26, 2014

Hyundai Tucson Fuel Cell
Electric Vehicle visits
Department of Energy?

From researchers to project managers to technical experts, there are dozens of EERE
staff dedicated to supporting the research, development, and deployment of fuel cells.

September 11, 2014

Highlighting Hydrogen: Hawaii’s
Success with Fuel Cell Electric
Vehicles Offers Opportunity
Nationwide®

Engineers from the Energy Department’s Idaho National Laboratory and NREL identified
a new way to launch economically viable hydrogen fueling stations for FCEVs in Honolulu,
Hawaii, based on a report titled “Hydrogen Fueling Station in Honolulu, Hawaii.” The
report’s findings could also have a broad national impact, accelerating the pace of
America’s growing clean energy economy.

Lead to Big Breakthrough for
Fuel Cell Deployment®

May 13, 2014 Research Leads to Improved A study funded by the Energy Department could lead to big improvements in alternative
Fuel Yields from Smaller Antenna | fuel production. Researchers at the University of California, Berkeley have discovered
Algae* that if particular genes are missing in certain strains of algae, the algae can produce more
hydrogen and other fuel from full sunlight than the ordinary algae.
April 29, 2014 Small Catalyst Finding Could Researchers at the Energy Department’s national labs have developed a new catalyst that

could make fuel cells cost-competitive with other power generators.

March 28, 2014

Interested in Hydrogen and
Fuel Cell Technologies? Help
Shape the H2Refuel H-Prize
Competition®

The Energy Department recently posted a blog about the H-Prize H2 Refuel Competition,
which involves designing a small-scale hydrogen refueler system for homes, community
centers, or businesses.

February 24, 2014

NASCAR Green Gets First
Place in Daytona 500’

A story about how fuel cell generators were used at the Daytona 500 is currently posted
on the Energy Department’s blog.

February 4, 2014

Nebraska Company Expands
to Meet Demand for Hydrogen
Fuel®

Hexagon Lincoln develops carbon fiber composite fuel tanks that help deliver hydrogen
to fleets throughout the country. The company has more than doubled its workforce to
accommodate growing demand for the tanks.

January 28, 2014

You Asked, We're Answering
Your Fuel Cell Questions®

The Energy Department posted a blog with answers to some of the fuel cell questions that
didn’t get covered during the Energy 101 Google+ Hangout on January 16.

January 9, 2014

Help Design the Hydrogen
Fueling Station of Tomorrow"

As the hydrogen industry expands, refueling infrastructure needs to be developed to keep
fuel cell electric vehicles powered and moving on America’s roadways. University students
can play a big role in this through the Hydrogen Education Foundation’s Hydrogen Student
Design Contest, supported by the Energy Department.

December 20, 2013

Your Holidays ... Brought to
You by Fuel Cells"

A story about how fuel cells are helping bring the holidays to you is currently posted on the
Energy Department’s Blog.

' http://energy.gov/eere/articles/and-oscar-sustainable-mobile-lighting-goes-lighting-operations-hydrogen-and-fuel-cell
Zhttp:/lenergy.gov/eere/articles/hyundai-tucson-fuel-cell-electric-vehicle-visits-department-energy
®http://lenergy.gov/eere/articles/highlighting-hydrogen-hawaii-s-success-fuel-cell-electric-vehicles-offers-opportunity
*http:/fenergy.gov/eere/articles/research-leads-improved-fuel-yields-smaller-antenna-algae
®http:/lenergy.gov/articles/small-catalyst-finding-could-lead-big-breakthrough-fuel-cell-deployment
®http://energy.govieere/fuelcells/articles/interested-hydrogen-and-fuel-cell-technologies-help-shape-h2-refuel-h-prize
"http://lenergy.govieere/fuelcells/articles/nascar-green-gets-first-place-daytona-500
®http://energy.gov/eere/articles/nebraska-company-expands-meet-demand-hydrogen-fuel
®http:/lenergy.govieere/fuelcells/articles/you-asked-were-answering-your-fuel-cell-questions

" http://lenergy.gov/eere/fuelcells/articles/help-design-hydrogen-fueling-station-tomorrow-0
"http:/lenergy.gov/eere/fuelcells/articles/your-holidaysbrought-you-fuel-cells

INTERNATIONAL ACTIVITIES

International Partnership for Hydrogen and Fuel Cells in the Economy

The International Partnership for Hydrogen and Fuel Cells in the Economy (IPHE) includes 17 member countries
(Australia, Austria, Brazil, Canada, China, France, Germany, Iceland, India, Italy, Japan, Norway, the Republic
of Korea, the Russian Federation, South Africa, the United Kingdom, and the United States) and the European
Commission. The IPHE is a forum for governments to work together to advance worldwide progress in hydrogen and
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fuel cell technologies. IPHE also offers a mechanism for international R&D managers, researchers, and policymakers
to share program strategies. IPHE members embarked upon a second 10-year term in November 2013. The Chair of the
IPHE is currently Japan, with the United States and Germany serving as Vice Chairs."

In FY 2014, IPHE members met in Fukuoka, Japan (November 2013) and in Oslo, Norway (May 2014) to share
progress and plans related to hydrogen and to discuss plans for the IPHE Secretariat. IPHE-related workshop topics in
FY 2014 included energy storage and hydrogen infrastructure.

International Energy Agency

The United States is also involved in international collaboration on hydrogen and fuel cell R&D through the
International Energy Agency (IEA) implementing agreements; the United States is a member of both the Advanced
Fuel Cells Implementing Agreement (AFCIA) and the Hydrogen Implementing Agreement (HIA). These agreements
provide a mechanism for member countries to share the results of R&D and analysis activities. The AFCIA is in a
unique position to provide an overview of the status of fuel cell technology, deployment, and the opportunities and
barriers faced within the member countries. The AFCIA has several annexes: Molten Carbonate Fuel Cells, Polymer
Electrolyte Fuel Cells, Solid Oxide Fuel Cells, Fuel Cells for Stationary Applications, Fuel Cells for Transportation,
Fuel Cells for Portable Power, and Systems Analysis. Participating countries include Australia, Austria, Belgium,
Denmark, Finland, France, Germany, Israel, Italy, Japan, Korea, Mexico, Sweden, Switzerland, and the United States.
The IEA HIA is focused on RD&D and analysis of hydrogen technologies. Tasks include Hydrogen Safety, Renewable
Hydrogen, Fundamental and Applied Hydrogen Storage Materials Development, Small-Scale Reformers for On-site
Hydrogen Supply, Large Scale Hydrogen Delivery Infrastructure, Distributed and Community Hydrogen for Remote
Communities, and Global Hydrogen Systems Analysis. Members of the HIA include Australia, Denmark, the European
Commission, Finland, France, Germany, Greece, Italy, Japan, Korea, Lithuania, New Zealand, Norway, Spain, Sweden,
Switzerland, Turkey, Taiwan, and the United States. Additional sponsor members include Shell, Germany’s National
Organisation Hydrogen and Fuel Cell Technology, and Hy-SAFE Technology. The United States is a strong contributor
to numerous IEA tasks and activities. During FY 2014 the United States hosted a workshop to solicit input to IEA’s
Roadmap activities related to hydrogen and fuel cells.

EXTERNAL COORDINATION, INPUT, AND ASSESSMENTS

H2USA Partnership

While hydrogen infrastructure remains a key challenge to the widespread adoption of FCEVS, states like
California continue to show their commitment to this clean energy technology. A series of major announcements in
2014 shows increased momentum in overcoming obstacles.

On May 1, Governor Brown of California signed on to join H2USA, a public-private partnership led by the
Energy Department and industry partners. H2USA was launched in May 2013 to address the challenge of hydrogen
infrastructure, bringing together Federal agencies, state agencies, hydrogen providers, energy companies, technology
developers, national labs, academia, and other trade associations or non-profit organizations. The partnership provides
a platform for the United States similar to the public-private partnerships in other countries focused on hydrogen,
particularly Germany, Japan and the UK. H2USA has more than tripled its partners in the last year and currently
consists of 37 participants.

On April 30, the Energy Department announced the launch of a new project leveraging the capabilities of its
national laboratories in direct support of H2USA. The project is led by NREL and SNL and will tackle the technical
challenges related to hydrogen fueling infrastructure. The Hydrogen Fueling Infrastructure Research and Station
Technology (H2FIRST) project is designed to reduce the cost and time of fueling station construction, increase station
availability, and improve reliability by creating opportunities for industry partners to pool knowledge and resources
to overcome hurdles. The project was established by FCTO, drawing on existing and emerging core capabilities at the
national labs.

Hydrogen and Fuel Cells Technical Advisory Committee (HTAC)

As required by the Energy Policy Act of 2005, HTAC was created in 2006 to advise the Secretary of Energy on
issues related to the development of hydrogen and fuel cell technologies and to provide recommendations regarding
DOE’s programs, plans, and activities, as well as on the safety, economic, and environmental issues related to hydrogen

“http://www.iphe.net/
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and fuel cells. HTAC members include representatives of domestic industry, academia, professional societies,
government agencies, financial organizations, and environmental groups, as well as experts in the area of hydrogen
safety. HTAC met twice in FY 2014. In June 2014, HTAC released its sixth annual report, which summarizes hydrogen
and fuel cell technology, domestic and international progress in RD&D projects, commercialization activities, and
policy initiatives."

Currently, the Committee has two established subcommittees, both started in late 2013. The Advanced
Manufacturing Subcommittee is conducting an assessment of the state-of-manufacturing techniques that are, or could
be, used to benefit commercialization in the fuel cell and hydrogen generation industries. The Retail Infrastructure
Subcommittee will track the progress of the worldwide rollout of FCEVs and examine the evolving business case
for retail hydrogen fueling stations, including the effects of technology advancement and government policy. It is
anticipated that both subcommittees will prepare written reports detailing their accomplishments and findings to the
full Committee during FY 2015.

Federal Inter-Agency Coordination

The Hydrogen and Fuel Cell Interagency Task Force (ITF), mandated by the Energy Policy Act of 2005, includes
senior representatives from federal agencies supporting hydrogen and fuel cell activities, with the DOE/EERE
serving as chair. The Hydrogen and Fuel Cell Interagency Working Group (IWG), also chaired by DOE, supports the
initiatives and actions passed down by the ITF. The IWG meets monthly to share expertise and information about
ongoing programs and results, to coordinate the activities of federal entities involved in hydrogen and fuel cell RD&D,
and to ensure efficient use of taxpayer resources. A key example of interagency collaboration included work with the
Environmental Protection Agency’s (EPA) Diesel Emission Reduction Act program to broaden program rules to allow
fuel cell alternatives. DOE worked with EPA to show how fuel cell applications can replace diesel power trains. DOE
also worked with EPA to further refine the interpretation of a qualified renewable fuel under their Renewable Fuel
Standard Program, resulting in the acceptance of biogas derived hydrogen for transportation within the program. In
addition, the Office developed an interagency federal fleet strategy that provides a strategic, coordinated set of agency
roles to help ensure a successful rollout of FCEVs to early markets. Finally, further collaboration with the Department
of Agriculture and the Department of Defense to identify locations for future hydrogen stations is also helping support
the early FCEV and hydrogen fuel infrastructure market.

The National Academies

The National Research Council (NRC) of the National Academies provides ongoing technical and programmatic
reviews and input to the Hydrogen and Fuel Cells Program. The NRC has conducted independent reviews of both
the Program and the R&D activities of the U.S. DRIVE partnership. Formerly known as the FreedomCAR and
Fuel Partnership, the U.S. DRIVE partnership advances an extensive portfolio of advanced automotive and energy
infrastructure technologies, including batteries and electric-drive components, advanced combustion engines,
lightweight materials, and hydrogen and fuel cell technologies. Plans were developed for future reviews.

Clean Energy Manufacturing Initiative

The Clean Energy Manufacturing Initiative (CEMI) is a strategic integration and commitment of manufacturing
efforts across EERE’s clean energy technology offices and AMO, focusing on American competitiveness in clean
energy manufacturing. The objectives are to increase U.S. competitiveness in the production of clean energy products
by strategically investing in technologies that leverage American advantages and overcome disadvantages, and
increase U.S. manufacturing competitiveness by strategically investing in technologies and practices to enable U.S.
manufacturers to increase their competitiveness through energy efficiency, combined heat and power, and taking
advantage of low-cost domestic energy sources.

The Office is an active participant in CEMI activities, leveraging opportunities for hydrogen and fuel cell
manufacturing. In FY 2014, AMO released a request for information on Clean Energy Manufacturing Topics for a
new National Network of Manufacturing Innovation Institute. Topics included materials discovery, next gen electric
machines, high value-add roll-to-roll manufacturing, and manufacturing with biomaterials.

On September 17, 2014, as part of the American Energy and Manufacturing Competitiveness (AEMC) Partnership,
CEMI, and the Council of Competitiveness co-hosted the Second Annual AEMC Summit. The Summit brought
together perspectives from industry, government, academia, national laboratories, labor, and policy organizations

" http://www.hydrogen.energy.gov/advisory htac.html
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dedicated to the competitiveness of U.S. clean energy products and increasing U.S. energy productivity across the
board. Also in FY 2014, CEMI held a regional summit in San Francisco, and two dialogue events in Santa Clara and in
Berkeley, California.

FY 2014 Annual Merit Review and Peer Evaluation

The Program’s AMR took place June 16-20 in Washington, DC, and provided an opportunity for the Program
to obtain expert peer reviews of the projects it supports and to report its accomplishments and progress. For the sixth
time, this meeting was held in conjunction with the annual review of DOE’s Vehicle Technologies Office. During the
AMR, reviewers evaluate the Program’s projects and make recommendations; DOE uses these evaluations, along with
other review processes, to make project funding decisions for the upcoming FY. The review also provides a forum for
promoting collaborations, the exchange of ideas, and technology transfer. This year, approximately 1,800 participants
attended, and more than 100 experts peer-reviewed 100 of the Program’s projects—conducting a total of more than 600
individual project reviews, with an average of more than six reviewers per project. The report summarizing the results
and comments from these reviews is available at www.hydrogen.energy.gov/annual reviewl4 report.html. The 2015
Annual Merit Review and Peer Evaluation Meeting will be held June 8—12, in Arlington, Virginia.

Funds Saved through Active Project Management

The AMR is a key part of the Program’s comprehensive approach toward active management of its projects.
Termination of underperforming projects—identified through the AMR as well as through other Go/No-Go decisions
(with criteria defined in the project scope of work)—helped the Program redirect $3.0 million in funding in FY 2014,
$7.6 million in FY 2013, and over $35 million over the past five years.

DOE Cross-Cutting Activities

Grid Integration: Increasing capacity for variable renewable energy technologies (e.g. wind and solar) on the grid
is going to be a major challenge facing future deployment as these technologies make up a larger portion of the power
generation portfolio. With the appropriate secure communication technology, electrolyzers can participate in energy
markets to help balance the variability of these renewable energy sources by modulating the production of hydrogen to
reduce or increase overall energy consumption within the electric grid. Further benefits include the ability of stationary
fuel cells to effectively contribute to a grid market by increasing their visibility and controllability. Changing fuel cell
generation from a variable source to a controllable source increases there value to the grid and makes stationary fuel
cell systems more economical, especially in small-scale (e.g. residential applications) where electricity and heat demand
is highly variable. EERE is working to address some of these issues through a new cross-cutting initiative focused on
integrating clean energy technologies into the energy system in a safe, reliable, and cost effective manner at a relevant
scale to support the nation’s goals of 80% clean electricity by 2035 and reducing oil imports by 33% by 2025. All of
the participating technologies offices, including FCTO, are determining the high impact RD&D necessary to enable
the integration of energy efficiency and renewable energy technologies into the energy system at a scale necessary to
realize this vision.

Carbon Fiber: Carbon fiber composites are expected to play an important role across many clean energy
technologies, such as in high-efficiency, longer wind turbine blades; lighter-weight, higher fuel economy vehicles;
and high-pressure gaseous fuel storage systems. EERE’s cross-cutting carbon fiber initiative aims to lower the cost
of carbon fiber for clean energy applications through higher energy efficiency manufacture, higher piece production
throughput, lower-cost raw materials and increased recyclability. For high-pressure gaseous fuel storage systems, such
as for hydrogen and compressed natural gas, high-strength carbon fiber is required and is a major contributor to cost of
the storage systems. The PAN precursor fibers used to produce high-strength carbon fiber accounts for over 50% of the
final carbon fiber costs. An approach FCTO has taken to lower the cost of carbon fibers has been to focus on alternative,
lower-cost PAN precursors. Two projects have made significant advancements in this past year on demonstrating
potential of lower cost precursors. One project is projected to have a 25% reduction in high-strength carbon fiber
costs through use of a melt-spinning process to produce PAN fibers versus the conventional wet-spinning process. A
second project has demonstrated that PAN fibers co-monomered with MA and produced in high volume on traditional
high-volume textile-based manufacturing lines can be converted into high-strength carbon fiber. Cost modeling has
estimated an approximate 17% reduction in the carbon fiber cost.

Wide Bandgap Semiconductors for Clean Energy Initiative: Wide bandgap (WBG) semiconductor materials
allow power electronic components to be smaller, faster, more reliable, and more efficient than their silicon-based
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counterparts. These capabilities make it possible to reduce weight, volume, and life-cycle costs in a wide range of
power applications. EERE’s technology offices, through AMO, are working together to harness these capabilities to
lead to dramatic energy savings in industrial processing and consumer appliances. In support of this cross-cutting
initiative, the Program has initiated cross-office and cross-agency R&D collaborations for innovative applications of
WBG products. Numerous applications of hydrogen and fuel cell technologies could benefit from the development of
next-generation WBG power electronics, including fuel cell-powered MHE and FCEVs in the transportation section;
and large scale grid integration of fuel cells and electrolyzers in the stationary power sector. The Program is working
with leading innovators in the WBG electronics industry to explore opportunities for product development responsive
to the market pull of the hydrogen and fuel cell technology applications.

Materials Genome Initiative for Clean Energy: In FY 2014, FCTO initiated an effort to explore the use of
high-throughput computational and experimental methods toward the accelerated discovery and development of
critical materials for hydrogen and fuel cell technologies. This approach represents one of the leading pilot efforts
at DOE in the cross-cutting Materials Genome Initiative (MGI) for Clean Energy. Consistent with the White
House Office of Science and Technology Policy’s Materials Genome Initiative strategic plan and with Advanced
Manufacturing Partnership 2.0 recommendations, MGI for Clean Energy has become a core pillar of the Advanced
Materials Manufacturing focus in the DOE Clean Energy Manufacturing Initiative. One important thrust of the
FCTO pilot effort is the in situ development and optimization of alternative low-cost, high-performance non-PGM
catalysts integrated into membrane electrode assemblies for PEM fuel cells and electrolyzers. Another activity is the
combinatorial discovery and development of low-cost compound oxides (such as perovskites) for solar-thermochemical
and photoelectrochemical hydrogen production technologies. The MGlI-related efforts at FCTO, which have been
kick-started by roundtable meetings of experts, RFIs and workshops, are expected to continue through FY 2015 and
beyond.

IN CLOSING ...

The need for clean, sustainable energy, combined with the need to reduce emissions, has come together to form a
global imperative—one that demands new technologies and new approaches for the way we produce and use energy.
Widespread use of hydrogen and fuel cells can play a substantial role in a portfolio of clean energy technologies that
will overcome key energy challenges. In addition, growing interest and investment among leading world economies,
such as Germany, Japan, and South Korea, underscores the global market potential for these technologies.

In 2013, worldwide fuel cell industry sales surpassed $1 billion for the first time, reaching $1.3 billion. In 2013
there was an approximately 30% increase in fuel cell systems shipments worldwide, continuing to achieve a consistent
30% annual market growth rate over the last few years. There were more than 35,000 fuel cell units shipped worldwide
in 2013, making a total of 170 MW, nearly a 20% increase over 2012. This includes 80 MW shipped by the United
States alone. Independent analyses have shown global markets could mature over the next 10-20 years, producing
revenues of $14—$31 billion per year for stationary power, $11 billion per year for portable power, and $18—$97 billion
per year for transportation. The global hydrogen market is also robust with over 55 Mtons produced in 2011 and over
70 Mtons projected in 2016, a >30% increase.

Another indicator of the robustness and innovative vitality of a thriving market is the number of patents granted,
and the number of technologies commercialized. The number of patents in clean energy technologies continues
to grow. The U.S. produced 44% of fuel cell patents followed by Japan with 33% from 2002 to 2012.'° EERE-
funded R&D has resulted in 499 patents, 45 commercial technologies, and 65 technologies that are projected to be
commercialized within three to five years."” In addition, EERE’s investment of $95 million in specific hydrogen and
fuel cell projects led to more than $410 million in revenue and investments of approximately $70 million in specific
projects led to a nearly $390 million in additional private investment.

With so much FCTO-supported activity in the last year, only a few are highlighted below.

At this year’s Daytona 500, four fuel cell generators powered some of the broadcast cameras around the track,
demonstrating how the technology could help NASCAR save money on fuel costs. As part of the FCTO-supported
project, two 250-watt SOFCs were used to power some of the remote broadcast cameras and two 1-kilowatt SOFCs
will be used to power lights in pit row.

' Clean Energy Patent Growth Index http://www.cepgi.com/2014/07/the-clean-energy-patent-growth-index-cepgi-published-quarterly-by-the-
cleantech-groupat-heslin-rothenberg-farley.html
""http://energy.gov/eere/fuelcells/market-analysis-reports#mkt_pathways
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Hexagon Lincoln, of Lincoln, Nebraska, more than doubled its workforce and added a fourth shift for 24-hour/7-
days-a-week operation to accommodate growing demand for its carbon fiber composite tanks. With FCTO support,
Hexagon developed a new trailer that uses high-strength composite vessels to carry more than 720 kg of hydrogen,
thus transporting 2.5 times more compressed hydrogen gas than traditional steel tube trailers. With the increase in
demand for their products for use on cars, trucks, and buses, and as large capacity tube trailers for delivering hydrogen
and natural gas, the company has expanded annual sales from $33 million to $88 million and more than doubled their
employees from 119 to 269 since 2010.

FCTO also completed a demonstration of landfill gas (LFG) as a source of renewable hydrogen production, using
BMW?’s assembly plant in South Carolina as the host site. This project represents a first-of-its-kind LFG-to-hydrogen
production project in the nation and is expected to serve as a model for future adoption of renewable biogas as a
feedstock for hydrogen production. The hydrogen produced by this project could be used to power BMW’s 300+ MHE
fleet, the largest in the world to date.

While hydrogen infrastructure remains a key challenge to the widespread adoption of FCEVs, states like
California continue to show their commitment. A series of major announcements in 2014 shows increased momentum
in overcoming obstacles. For example, on April 30, the DOE announced the launch of a new project leveraging the
capabilities of its national laboratories in direct support of H2USA. The project is led by NREL and SNL and will
tackle the technical challenges related to hydrogen fueling infrastructure. The H2FIRST project is designed to reduce
the cost and time of fueling station construction, increase station availability, and improve reliability by creating
opportunities for industry partners to pool knowledge and resources to overcome hurdles.

FY 2014 brought with it a focus on technology transfer aligned with Assistant Secretary David Danielson’s
National Lab impact initiative. During the year, FCTO held two very successful financial forums that introduced
DOE’s early market projects to potential investors, business partners, and other stakeholders through presentations and
a poster session in an effort to facilitate industry and investor awareness of these emerging and innovative technology
areas.

EERE also recently announced the selection of small businesses for new SBIR awards that total nearly $6.3
million. Among the selections is a first-of-its-kind award under a new EERE SBIR technology-to-market topic that
moves existing inventions developed at DOE’s national laboratories to the marketplace and accelerates the pace of
commercialization. Newton, Massachusetts-based Giner Inc. will use technology patented by LANL along with the
company’s well-established dimensionally-stabilized membrane technology to develop advanced, high-performance,
and durable PEM electrode assemblies for fuel cell and electrolysis applications.

EERE cross-cutting activities proved successful as well. DOE researchers won 31 of the 100 awards given out
this year by R&D Magazine for the most outstanding technology developments with promising commercial potential.
PNNL was recognized for the Solar Thermochemical Advanced Reactor System, or STARS, that converts natural gas
and sunlight into a more energy-rich fuel (syngas), which power plants can burn to make electricity. Initial funding
was provided by FCTO to develop compact micro-meso-channel reactors and heat exchangers for the production of
hydrogen from hydrocarbon fuels for use in automotive fuel cells. EERE’s Solar Energy Technologies Office then
supported an initial on-sun demonstration of the STARS concept—an evolution of the micro- and meso-channel
concept—plus improvements that have achieved nearly 70% solar-to-chemical energy conversion. The group is now
advancing the technology toward a commercial power generation application.

At the Washington Auto Show in January, Secretary Moniz highlighted the Energy Department’s role in
developing the next generation of fuel-efficient and electric vehicles and visited some of the latest vehicles that have
benefitted from Energy Department R&D. Featured FCEVs included Hyundai’s Tucson Fuel Cell that became available
in Spring 2014, and a Toyota fuel cell vehicle that will be available in 2015.

In addition to the technical progress, education and outreach are critical and FCTO efforts have reached more than
30,000 code officials and first responders, 12,000 teachers, and more than 10,000 stakeholders per month through its
monthly newsletter."® DOE also actively participated in the Senate and House Hydrogen and Fuel Cell Caucus events in
FY 2014, including a ride and drive at which Deputy Secretary Poneman drove an FCEV. This event was followed by
an EERE blog posting.”

This is a critical time for fuel cells and hydrogen. The DOE Hydrogen and Fuel Cell Program will continue to
work in close collaboration with key stakeholders, and will continue its strong commitment to effective stewardship of

" http://energy.gov/eere/fuelcells/fuel-cell-technologies-office-newsletter
" http://energy.gov/eere/articles/hyundai-tucson-fuel-cell-electric-vehicle-visits-department-energy
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tax payer dollars in support of its mission to enable the energy, environmental, and economic security of the Nation. In
support of these efforts, the following nearly 1,000 pages document the results and impacts of the Program in the last

year.

i Ml

Sunita Satyapal

Director
Fuel Cell Technologies Office
U.S. Department of Energy

FY 2014 Annual Progress Report

1-23

DOE Hydrogen and Fuel Cells Program



DOE Hydrogen and Fuel Cells Program [-24 FY 2014 Annual Progress Report



ll. HYDROGEN PRODUCTION

FY 2014 Annual Progress Report -1 DOE Hydrogen and Fuel Cells Program



DOE Hydrogen and Fuel Cells Program -2 FY 2014 Annual Progress Report



1.0 Hydrogen Production Sub-Program Overview

INTRODUCTION

The Hydrogen Production sub-program supports research and development (R&D) of technologies that will
enable the long-term viability of hydrogen as an energy carrier for a diverse range of end-use applications including
transportation (e.g., specialty vehicles, cars, trucks, and buses), stationary power (e.g., backup power and combined-
heat-and-power systems), and portable power. A portfolio of hydrogen production technology pathways utilizing a
variety of renewable energy sources and renewable feedstocks is being developed under this sub-program.

Multiple DOE offices are engaged in R&D relevant to hydrogen production, including:

*  The Fuel Cell Technologies Office (FCTO), within the Office of Energy Efficiency and Renewable Energy
(EERE), is developing technologies for distributed and centralized renewable production of hydrogen. Distributed
production options under development include reforming of bio-derived renewable liquids and electrolysis of
water. Centralized renewable production options include water electrolysis integrated with renewable power
generation (e.g., wind, solar, hydroelectric, and geothermal power), biomass gasification, solar-driven high-
temperature thermochemical water splitting, direct photoelectrochemical water splitting, and biological processes.

*  The Office of Fossil Energy (FE) has been advancing the technologies needed to produce hydrogen from coal-
derived synthesis gas, including co-production of hydrogen and electricity. Separate from the Hydrogen and
Fuel Cells Program, FE is also developing technologies for carbon capture, utilization, and storage, which will
ultimately enable hydrogen production from coal to be a near-zero-emissions pathway.

*  The Office of Science’s Basic Energy Sciences (BES) program conducts research to expand the fundamental
understanding of biological and biomimetic hydrogen production, photoelectrochemical water splitting, catalysis,
and membranes for gas separation.

»  The Office of Nuclear Energy (NE) is currently collaborating with EERE on a study of nuclear-renewable hybrid
energy systems. Many of the systems being evaluated by this study use hydrogen production as a form of energy
storage or as an input to industrial processes. The previous major hydrogen activity in NE, the Nuclear Hydrogen
Initiative, was discontinued in Fiscal Year (FY) 2009 after steam electrolysis was chosen as the hydrogen
production pathway most compatible with the next generation nuclear power.

GOAL

The goal of the Hydrogen Production sub-program is to develop low-cost, highly efficient hydrogen production
technologies that utilize diverse domestic sources of energy, including renewable resources (EERE), coal with
sequestration (FE), and nuclear power (NE).

OBJECTIVES

The objective of the Hydrogen Production sub-program is to reduce the cost of hydrogen dispensed at the pump to
a cost that is competitive on a cents-per-mile basis with competing vehicle technologies. Based on current analysis, this
translates to a hydrogen threshold cost of <$4 per kg hydrogen (produced, delivered, and dispensed, but untaxed) by
2020," apportioned to <$2/kg for production only.” Technologies are being developed to achieve this goal in timeframes
appropriate to their current stages of development.

The objectives of FE’s efforts in hydrogen production are documented in the Hydrogen from Coal Program
Research, Development, and Demonstration Plan.” They include proving the feasibility of a near-zero emissions, high-
efficiency plant that will produce both hydrogen and electricity from coal and reduce the cost of hydrogen from coal
by 25% compared with current technology by 2016. The objectives of NE’s efforts in hydrogen production have been

' Hydrogen Threshold Cost Calculation, Program Record (Office of Fuel Cell Technologies) 11007, US Department of Energy, 2012, http://www.
hydrogen.energy.gov/pdfs/11007_h2_threshold costs.pdf

? Hydrogen Production and Delivery Cost Apportionment, Program Record (Office of Fuel Cell Technologies) 12001, US Department of Energy,
2012, http://hydrogen.energy.gov/pdfs/12001_h2 pd cost apportionment.pdf

* Hydrogen from Coal Program Research Development and Demonstration Plan, Office of Fossil Energy, US Department of Energy, September
2010, http:/fossil.energy.gov/programs/fuels/hydrogen/2010 Draft H2fromCoal RDD final.pdf
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documented in the Technology Roadmap for Generation IV Nuclear Energy Systems (December 2002).* They include
the development of high-temperature processes for hydrogen production compatible with next generation nuclear
plants.

FY 2014 TECHNOLOGY STATUS AND ACCOMPLISHMENTS

In FY 2014, significant progress was made by the Hydrogen Production sub-program on several important fronts. For
example:

* A Funding Opportunity Announcement (FOA) was released in November 2013, covering three hydrogen
production topics: (1) novel systems using natural gas combined with renewable or low-carbon resources to
produce hydrogen with greenhouse gas emissions significantly reduced when compared to traditional steam
methane reforming; (2) hydrogen production from bio-derived liquids such as bio-oils, sugars, and alcohols
using integrated system technologies for thermochemical conversion; and (3) advanced materials-based systems
for direct solar water splitting. Six selected projects were announced in June 2014, as described in the following
section.

* A joint solicitation with the National Science Foundation (NSF) was released in November 2013 for applications
addressing discovery and development of advanced materials systems and chemical processes for direct
photochemical and/or thermochemical water splitting for application in the solar production of hydrogen fuel. The
selections were announced in August 2014.

*  An Electrolytic Hydrogen Production Workshop was held in February 2014 to identify key R&D needs, and market
and manufacturing challenges and opportunities. A report was posted on the website in July 2014, and a Request
for Information (RFI) will be released to solicit public input.

* A Biological Hydrogen Production Workshop report was posted to the website in November 2013, and an RFI will
be released to solicit public input.

+  H2A v3 case studies for polymer electrolyte membrane (PEM) electrolysis were completed and posted,’ and
Hydrogen and Fuel Cells Program Record #14004 was published based on the results of the case studies.’

Hydrogen Production Cost Status

Recent and current status for the projected cost of hydrogen production for several of the near- to mid-term
pathways is shown in Figure 1.

Detailed FY 2014 progress on numerous fronts in the Hydrogen Production sub-program is described in the
following.

New Project Selections

In November 2014, a FOA was released to support R&D efforts to address critical challenges and barriers for
hydrogen production technology development, and specifically the long-term goal of hydrogen production at <$2/kg
hydrogen. Innovative materials, processes, and systems are needed to establish the technical and cost feasibility
for renewable and low-carbon hydrogen production. With this FOA, DOE through FCTO sought to fund hydrogen
production R&D projects to move technologies towards reaching the hydrogen production cost goal of <$2/kg. The six
selected projects, announced at the 2014 Hydrogen and Fuel Cells Program Annual Merit Review and Peer Evaluation
Meeting in June 2014, are:

*  FuelCell Energy Inc. ($900K), Danbury, Connecticut; Novel hybrid system for low-cost, low-greenhouse-gas
hydrogen production.

*  Pacific Northwest National Laboratory ($2.2M), Richland, Washington; Scalable, compact piston-type reactor for
hydrogen production from bio-derived liquids.

* 4 Technology Roadmap for Generation IV Nuclear Energy Systems, Office of Nuclear Energy, US Department of Energy, December 2002, http:/
curie.ornl.gov/system/files/documents/167/gen_iv_roadmap.pdf http:/curie.ornl.gov/system/files/documents/167/gen_iv_roadmap.pdf

* Case studies available at http:/www.hydrogen.energy.gov/h2a_prod_studies.html; supporting documents available at http:/www.hydrogen.
energy.gov/h2a_production documentation.html

*DOE Hydrogen and Fuel Cells Program Record #14004 Hydrogen Cost from PEM Electrolysis is available at http:/hydrogen.energy.gov/
pdfs/14004_h2 production_cost_pem_electrolysis.pdf
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FIGURE 1. Range of hydrogen production costs, untaxed, for near- to mid-term distributed and centralized pathways. The high end of
each bar represents a pathway-specific high feedstock cost as well as an escalation of capital cost; while the low end reflects a low end
on feedstock costs and no capital escalation. Bars for different years in the same pathway represent improvements in the costs of the
specific pathway, based on specific reference data for the appropriate year and pathway. Detailed information is included in the DOE
Hydrogen and Fuel Cells Program Record #14005.”

*  National Renewable Energy Laboratory (NREL) ($3M), Golden, Colorado; High-efficiency tandem absorbers
based on novel semiconductor materials that can produce hydrogen from water using solar energy.

*  University of Hawaii ($3M), Honolulu, Hawaii; Photoelectrodes for direct solar water splitting.

*  Sandia National Laboratories (SNL) ($2.2M), Livermore, California; An innovative high-efficiency solar

thermochemical reactor for solar hydrogen production.

*  University of Colorado, Boulder ($2M), Boulder, Colorado; 4 novel solar-thermal reactor to split water with
concentrated sunlight.

"DOE Hydrogen and Fuel Cells Program Record #14005 Hydrogen Production Status 2006-2013, under development.

FY 2014 Annual Progress Report

II-5

DOE Hydrogen and Fuel Cells Program



Il. Hydrogen Production Sara Dillich

PEM Electrolysis Case Studies

Industry-vetted case studies of hydrogen production costs via PEM electrolysis were completed and made
publically available on the DOE website in FY 2014.* These cases modeled representative PEM electrolyzer systems
and are based on input from several key industry collaborators with commercial experience. Four cases were analyzed,
comprising two technology years, Current (2013) and Future (2025), and two production capacities, Distributed
Forecourt (500-1,500 kg/day) and Centralized (50,000 kg/day). The process to evaluate the cases began with soliciting
relevant, detailed information from the companies followed by synthesizing and amalgamating the data into base
parameters for cases. The base parameters and sensitivity limits were vetted by the companies, and the data was then
used to populate the four H2A v3 cases, which were run to project the hydrogen price.

The results of the Distributed and Centralized case studies indicated a current range of projected high-volume
untaxed cost of hydrogen production via PEM electrolysis of ~$4.80/kg to $5.50/kg (Figure 2). Key cost drivers
were identified and quantified, including electricity cost, electrolyzer efficiency, and capital cost. These results were
documented in a DOE Hydrogen and Fuel Cells Program Record.’

PEM Electrolysis H2A Case Cost Summary

&

Bars around the baseline costs reflect the potential spread of stack Stack Capital Costs
and BOP capital cost (based on sensitivity analysis)
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FIGURE 2. PEM electrolysis hydrogen production cost contributions (2007$/kg) for four case studies," showing of projected high-
volume untaxed costs ranging from ~$4.80 to $5.50/kg, broken down in terms of the major cost contributing factors.

¥ Case studies available at http:/www.hydrogen.energy.gov/h2a_prod_studies.html; supporting documents available at http://www.hydrogen.
energy.gov/h2a_production_documentation.html.

’DOE Hydrogen and Fuel Cells Program Record #14005, Hydrogen Cost from PEM Electrolysis available at http://hydrogen.energy.gov/
pdfs/14004_h2 production cost _pem_electrolysis.pdf

" Based on case-dependent electricity prices of 6.12¢/kWh, 6.88¢/kWh, 6.22¢/kWh and 6.89¢/kWh, respectively.
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Separation Processes

Membrane separations research, development, and demonstration continued through the Small Business

Innovation Research program and FE. Technical progress included:

A sorbent bed was developed, through a Phase III Small Business Innovation Research project, to operate
downstream of a bulk desulfurization system as a polishing bed to provide essentially sulfur-free biogas to a
solid oxide fuel cell. In FY 2014, the design of an interface to connect the biogas cleanup skid to a 2-kWe solid
oxide fuel cell skid was successfully completed. A field demonstration of the integrated system and an economic
assessment of the technology is planned for late FY 2014. (TDA Research, Inc.)

FE is funding projects to carry out comprehensive engineering design of advanced hydrogen-carbon dioxide Pd
and Pd-alloy composite membrane separations for hydrogen production from syngas derived from coal or coal-
biomass mixtures. The primary goal is to demonstrate the separation of hydrogen from coal- or coal-biomass-
derived syngas via membranes at the pre-engineering/pilot scale to enable the use of coal for hydrogen production
with reduced carbon dioxide emissions. The teams evaluated membrane performance based on flux, sulfur
tolerance, water-gas shift activity, and hydrogen purity under syngas conditions expected from coal gasification.
Five project teams successfully designed, constructed, and tested membranes with operating gasifier and/or
simulated syngas mixtures that produced 2 1b/day of hydrogen. A down-select process has resulted in two project
teams that were awarded projects to augment successful completion of their designs. The project teams plan to
construct membrane separation modules with the capacity to produce up to 50 Ibs/day of hydrogen.

Electrolysis Hydrogen Production

The major emphasis of the electrolysis projects was on cost reduction and efficiency improvement through

leveraging catalyst development. Work on alkaline membrane electrolysis is showing promise to deliver electrolyzer
systems with very low platinum-group metal (PGM) loading. Additional work focused on electrolyzer system cost
reductions by minimizing balance-of-plant losses. Technical progress included:

The manufacture of core shell catalyst technology developed by Brookhaven National Laboratory was
successfully transferred to its facility and achieved equivalent cathode performance at 1/10" of the cathode PGM
loading relative to the 2013 baseline. (Proton OnSite)

A nano-structured thin film catalyst anode technology was tested under electrolysis conditions and demonstrated
comparable performance at 1/16" of the anode PGM loading relative to a 2013 baseline. (Giner, Inc. and 3M)

An improved drying technique was developed with the potential to reduce drying losses in electrolyzers to less
than 3.5% (compared with 11-8% in commercial systems) while operating on a variable (wind or solar) stack
power profile. Testing is in progress to verify that the new technique meets SAE International Standard J2719
specifications for water content (<5 ppm). (NREL)

Photoelectrochemical Hydrogen Production

The broad focus of projects in this area was on utilizing state-of-the-art theory, synthesis, and characterization

tools to develop viable photoelectrochemical material systems and prototypes with improved efficiency and durability.
Technical progress included:

Greater than 300 hours of stability were demonstrated at ~15 mA/cm® in III-V semiconductor
photoelectrochemical tandem devices, representing a significant improvement over the previous year’s 115 hours
at 10 mA/cm’. This result represents an important step forward toward demonstration of stabilized solar-to-
hydrogen conversion efficiencies >20% using photoelectrochemical devices. (NREL)

Joint theoretical/experimental studies were continued on III-V photoelectrochemical electrode surfaces, including
the development of a theoretical hydrogen evolution model relevant to photoelectrochemical hydrogen production
that incorporates hydrogen diffusion; this resulted in the discovery that a low hydrogen diffusion barrier and low
Heyrovsky barrier on a semiconductor surface can activate additional hydrogen evolution reaction channels to
improve overall kinetics. (Lawrence Livermore National Laboratory and the NREL Surface Validation Team)

Midwest Optoelectronics, LLC is working towards commercial-size photoelectrochemical electrodes; achieved
3.3% solar-to-hydrogen conversion efficiency for immersion-type photoelectrochemical cells of 4-inch by 4-inch
size using low-cost electroplated Ni hydrogen evolution reaction catalysts. (Midwest Optoelectronics, LLC)
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Biological Hydrogen Production

The broad focus of the projects in the biological hydrogen production portfolio addressed key barriers such as

oxygen sensitivity and feedstock utilization using molecular biology and genetic engineering techniques along with
improved systems engineering. Technical progress included:

Increased activity of the Chlamydomonas strain was demonstrated expressing the Cal hydrogenase from 2% to
about 11% of the native hydrogenase, with a duration of 30 minutes or more. (NREL)

An average hydrogen production rate of 466 mL/L-reactor/day from fermentation of pretreated corn stover (a
realistic lignocellulosic feedstock for industrial biofuel production), rather than the pure cellulosic feedstock
previously used, was demonstrated with no indication of lignin inhibition. Additionally, a larger, more scalable
microbial reverse-electrodialysis cell design demonstrated a 0.9 L/L-reactor/day hydrogen production rate, a
12.5% increase over the 2013 demonstrated rate, using a salinity gradient instead of grid electricity. (NREL)

The genome of the bacterium Rubrivivax gelatinosus Casa Bonita Strain (CBS) was examined for candidate
genes to transfer to the cyanobacteria Synechocystis to improve the expression and activity of the non-native CBS
hydrogenase enzyme. The researchers identified slyD, involved in binding and inserting Ni into the hydrogenase
active site, as a likely gene as it is present in CBS but absent in Synechocystis. Researchers also improved the
Synechocystis expression of the CBS maturation protein HypF, which is involved in assembling the active
hydrogenase enzyme, up to nine-fold. (NREL)

The truncated light-harvesting antenna concept was applied to cyanobacteria, demonstrating that a Acpc strain of
Synechocystis, which is missing the phycobilisome portion of the photosynthetic antenna, can reach higher light
levels before saturation than the wild type and has 55-60% greater rates of biomass accumulation. (University of
California, Berkeley)

Solar-Thermochemical Hydrogen Production

Efforts in these projects were directed toward performance characterization of water splitting by novel, non-

volatile metal-oxide based reaction materials and developing new reactor concepts to optimize efficiency of the
reaction cycles. Technical progress included:

A thermodynamic model was developed for Sr- and Mn-doped LaAlO, perovskite reaction materials that predicts
the optimal operating temperature, oxygen pressure, and heat recovery effectiveness required for a solar-to-
hydrogen conversion efficiency >20%; and derived performance criteria and thermodynamic properties for an
“ideal” non-stoichiometric oxide reaction material. (SNL)

Over three times improvement in hydrogen production was demonstrated relative to 2013 results of
100 micromole/g for isothermal operation at 1,350°C for hercynite cycle materials using near-isothermal reduction/
oxidation cycling. (University of Colorado, Boulder)

Integration of major components into a pressurized button cell test facility was completed for the electrolysis
step of the Hybrid Sulfur thermochemical cycle that will allow testing of catalysts and membranes at pressures
up to 1 MPa and temperatures of 130°C. The team identified and screened electrocatalysts with the potential to
reduce oxidation overpotential by >20 mV versus the state-of-the-art platinum catalyst. Savannah River National
Laboratory (SRNL) also tested thin-film electrodes as candidate anode electrocatalysts, including Pt, Pd, Ir,

Au, PtAu, and PtV. Au, PtAu and PtV showed 28 mV, 46 mV, and 13 mV reduction, respectively, on the anode
polarization versus state-of-the-art Pt catalyst. (SRNL)

Hydrogen Production Pathway Analysis

The focus of the analysis efforts was on establishing standardized procedures for hydrogen production pathway

technoeconomic case studies utilizing the H2A v3 tool with technical inputs from production pathway experts,
applying the procedures toward the completion of a series of PEM electrolysis case studies, and initiating bio-
fermentation and high-temperature solid oxide electrolysis case studies. Technical accomplishments included:

New technoeconomic case studies were completed specifically for the PEM electrolysis production pathway,
applying the H2A v3 Production Model to analyze hydrogen costs ($/kg hydrogen) and cost sensitivities. The
results of the Distributed and Centralized case studies indicated a current range of projected high-volume untaxed
cost of hydrogen production via PEM electrolysis of ~$§4.80/kg to $5.50/kg. (Strategic Analysis, Inc., NREL,
Argonne National Laboratory, ANL)
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*  Technical questionnaires were distributed to experts in the fields of bio-fermentation and high-temperature solid
oxide electrolysis to initiate the H2A v3 case studies of these pathways. (Strategic Analysis, Inc., NREL, and
ANL)

BUDGET

The FY 2014 appropriation for the Hydrogen Production and Hydrogen Delivery sub-programs was $21 million.
Funding was distributed approximately evenly between Production and Delivery, representing an increase in funding
to Delivery relative to past years, when funding was distributed with approximately two thirds to Production and one
third to Delivery. This distribution reflects the current FCTO emphasis on hydrogen infrastructure technology R&D.
The request for Production and Delivery in FY 2015 is $21 million. The estimated budget breakdown for Production
funding in FY 2014 and FY 2015 is shown in Figure 3. Production has increasingly focused in past years on long-
term, renewable pathways such as photoelectrochemical, biological, and solar-thermochemical hydrogen production.
This trend generally continued in FY 2014 with several new projects selected from funding opportunities falling into
the photoelectrochemical and solar-thermochemical hydrogen categories, supplemented by two newly selected projects
in the nearer-term distributed renewable production category. The emphasis on a balanced portfolio of long-term and
nearer-term renewable technologies is expected to continue into FY 2015.

Hydrogen Production Budget
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* Subject to appropriations, project go/no-go decisions, and competitive selections. Exact amounts will be determined based on research and development
progress in each area.

FIGURE 3. Hydrogen Production Budget. Budget amounts for FY 2014 and projected amounts for FY 2015, contingent upon appropriations, are
shown broken down by the different production pathways. Exact distribution of funds in FY 2015 will not be defined until funds have been appropriated and
new projects selected.

FY 2015 PLANS
General Hydrogen Production sub-program plans for FY 2015 include:

*  Demonstrate substantial initial progress in the six new projects selected under the 2014 Hydrogen Production FOA.

«  Continue emphasis on materials durability, production efficiency, and process optimization for all pathways,
and develop and refine materials characterization protocols and performance metrics for early development
technologies.
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Continue to develop and update hydrogen production pathways analyses with the H2A v3 tool developing case
studies on bio-fermentation and high-temperature solid oxide electrolysis and establishing cost and performance
baselines for new project starts.

Continue coordination with the Office of Science and NSF, which fund fundamental and use-inspired

research related to hydrogen and fuel cell technologies. Leveraging BES and NSF activities improves the
understanding of scientific issues related to hydrogen production (particularly in the longer-term R&D areas of
photoelectrochemical and biological processes), and can help address the fundamental challenges of hydrogen
production. Coordination of FCTO’s systems-oriented hydrogen production R&D with the solar-hydrogen-related
fundamental research activities in the Office of Science’s Solar Fuels Innovation Hub and with the use-inspired
projects selected under the joint NSF/EERE solicitation “Renewable Hydrogen Fuel Production via Solar Water
Splitting” will remain a high priority.

Release an RFI inviting further input on the 2014 Electrolytic Hydrogen Production Workshop Report, and
prepare and post an Addendum to the Workshop Report based on RFI responses. Outcomes of the workshop and
responses to the RFI will be used to inform programmatic planning.

Important pathway-specific milestones planned for FY 2015 in the Hydrogen Production sub-program projects include:

.

Demonstrate fermentation of deacetylated corn stover lignocellulose in a sequencing fed-batch bioreactor and
obtain a hydrogen production rate of 450 mL H,/L/d with a total hydrogen output of 80% of that of avicel cellulose
based on the same amount of cellulose loading (5 g/L).

Deliver 100 feet of roll-to-roll produced electrolysis catalyst with a durability of <20 mV drop after 1,000 hours of
operation at 1.5 A/cm’, and with a total PGM loading of less than 0.5 mg/cm’.

Demonstrate the viability of stabilized photoelectrochemical systems with >15% solar-to-hydrogen efficiency
using advanced tandem devices based on either I11-V crystalline semiconductor or chalcopyrite thin-film
semiconductor materials.

Develop a monolith reactor concept for integration of steam reforming reactions with in situ carbon dioxide
capture and heat transfer for high-throughput hydrogen production from bio-oils. Identify optimum reforming
catalysts and sorbents for >80% of equilibrium hydrogen yield at T <500°C, and >90% carbon dioxide capture
under reaction conditions.

Continue development of conceptual designs for fully integrated solar thermochemical prototype reactors and
synthesis and evaluation of perovskite and hercynite reaction materials. Demonstrate the production of spray-dried
active materials that produce at least 150 pmol H,/g total and reduction of at least 1 gram of oxidized spray-dried
active materials under vacuum pumping to remove released O,, and oxidation of at least 1 gram reduced spray-
dried active materials with steam to produce hydrogen.

Completion of H2A v3 case studies for bio-fermentation and high-temperature solid oxide electrolysis hydrogen
production pathways.

Sara Dillich

Hydrogen Production & Delivery Program Manager
Fuel Cell Technologies Office

U.S. Department of Energy

1000 Independence Ave., SW

Washington, D.C. 20585-0121

Phone: (202) 586-7925

Email: Sara.Dillich@ee.doe.gov
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4075 Wilson Blvd, Suite 200

Arlington, VA 22203

Phone: (703) 778-7114
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DOE Managers
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Phone: (202) 287-5829
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Katie Randolph
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Contract Number: DE-EE0006231

Project Start Date: March 15, 2013
Project End Date: March 14, 2016

Overall Objectives

*  Analyze hydrogen production and delivery (P&D)
pathways and provide case studies to DOE for
enabling informed evaluation of the most economical,
environmentally benign, and societally feasible paths for
the P&D of hydrogen fuel for fuel cell vehicles (FCVs).

* Identify key “bottlenecks” to the success of these
pathways, primary cost drivers, and remaining R&D
challenges.

*  Assess technical progress, benefits and limitations,
levelized hydrogen costs, and potential to meet DOE
P&D cost goals of $2 to $4 per gasoline gallon equivalent
(gge) (dispensed, untaxed) by 2020.

*  Provide analyses that assist DOE in setting research
priorities.

*  Apply the H2A Production Model as the primary
analysis tool for projection of levelized hydrogen costs
(U.S. dollars per kilogram of hydrogen [$/kg hydrogen])
and cost sensitivities.

Fiscal Year (FY) 2014 Objectives

*  Develop a hydrogen pathway validation case based
on hydrogen generation with grid-powered PEM
electrolyzers.

FY 2014 Annual Progress Report I-11

*  Select additional hydrogen pathways for analysis, gather
information on those hydrogen pathways, and define
those hydrogen pathways.

» Initiate a hydrogen pathway case based on hydrogen
generation via dark fermentation of bio-feedstocks.

» Initiate a hydrogen pathway case based on hydrogen
generation via high-temperature electrolysis using solid
oxide electrolysis cells (SOECs).

Technical Barriers

This project addresses the following technical barriers
from the Hydrogen Production section of the Fuel Cell
Technologies Office Multi-Year Research, Development, and
Demonstration Plan:

Hydrogen Generation by Water Electrolysis
(F)  Capital Cost

(G) System Efficiency and Electricity Cost
(K) Manufacturing

Dark Fermentative Hydrogen Production
(AX) Hydrogen Molar Yield

(AY) Feedstock Costs

(AZ) Systems Engineering

Technical Targets

This project conducts cost modeling to attain realistic
cost estimates for the production and delivery of hydrogen
fuel for FCVs. These values can help inform future technical
targets.

*  DOE P&D cost goals: $2 to $4/gge of hydrogen
(dispensed, untaxed) by 2020

FY 2014 Accomplishments

*  Completed a validation case for hydrogen generation
with grid-powered, distributed and central, PEM
electrolyzers using the H2A Production Model
(Version 3) (Year 1, Milestone 2).

— Developed PEM electrolysis case materials and
supporting documentation and made them publicly
available and downloadable from the website: http://
www.hydrogen.energy.gov/h2a_prod_studies.html

—  Developed four PEM electrolysis public cases that
reflect a $4/kg to $5/kg hydrogen production cost,
based on an average cost of electricity of 6.1¢ to

DOE Hydrogen and Fuel Cells Program
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6.9¢/kWh. Found electricity costs to be the primary
cost driver.

— Quantitatively demonstrated that the three main cost
drivers for the levelized hydrogen cost from PEM
electrolysis are (1) electricity price, (2) electrolyzer
electrical efficiency, and (3) electrolyzer capital cost.

—  Described the PEM electrolysis capital cost
breakdown in detail, which is a unique contribution
of this work.

» Initiated hydrogen pathway cases based on hydrogen
generation from dark fermentation of biomass.

— Developed a questionnaire to solicit case parameter
information from industry and researcher experts.

— Distributed questionnaire and collected data.

» Initiated hydrogen pathway cases based on hydrogen
generation from SOEC.

— Developed a questionnaire to solicit case parameter
information from industry and researcher experts.

— Distributed questionnaire and collected data.

R R

INTRODUCTION

This report reflects work conducted in the first year
of a three-year project to analyze innovative hydrogen
production and delivery pathways and their potential to meet
the DOE P&D cost goal of $2/gge to $4/gge by 2020. To date,
work has concentrated on a validation case based on PEM
electrolysis technology. The purpose of the validation case
is to demonstrate the successful application of the analysis
procedure to a near-term technology for which some measure
of information is known and against which modeling results
can be compared. After validation, the analysis methodology
can be applied to less developed technologies with greater
confidence in the results. The analysis methodology utilizes
DOE’s H2A Distributed and Central Hydrogen Production
models.' Those models provide a transparent modeling
framework and apply standard mass, energy, and economic
analysis methods agreed upon by DOE’s Hydrogen and Fuel
Cells Program.

APPROACH

The following approach was applied to the PEM
electrolysis case study and is the model for future analyses:

e Conduct literature review

*  Develop, circulate, and analyze results from an industry
questionnaire covering the targeted technology (i.e.,
PEM electrolysis)

"http://www.hydrogen.energy.gov/h2a_analysis.htm]
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*  Define generalized cases for systems of different sizes
and technology readiness levels (TRLs)

*  Run H2A models with general case input data to
calculate the levelized cost of hydrogen ($/kg hydrogen)

*  Perform sensitivity analyses (including tornado and
waterfall charts) to identify key cost drivers

*  Document case study results

* Vet case study results with DOE, industry, and team
partners

*  Repeat these steps until agreement is attained among
project partners

A questionnaire spreadsheet was circulated to four
electrolyzer companies (Giner Inc., Hydrogenics Inc., ITM
Power LLC, and Proton Onsite Inc.) to gather data on PEM
electrolyzer performance. Collected data included H2A
model input parameters necessary for developing cases and
covered engineering system definition, stack and balance-of-
plant (BOP) capital costs, and other economic factors. The
research team analyzed this data and used it to synthesize
generalized cases, so as not to reveal any one company’s
sensitive technical information. Four public generalized cases
were developed.

e Current Forecourt
e Current Central

e Future Forecourt
*  Future Central

Data from the four generalized cases were used to
populate the H2A Model (Version 3.0) and to generate
estimates of the levelized hydrogen cost. The four eletrolyzer
companies vetted the generalized cases, H2A model results,
sensitivity limit parameters and results, and resulting
documentation.

Two hydrogen production plant sizes are considered:
Forecourt® at 1,500 kg hydrogen/day and Central at
50,000 kg hydrogen/day. Two technology development time
horizons are considered: Current for year 2013 TRL and
Future for year 2025 TRL. Current cases assume a short-
term technology readiness projection from technology that
has been demonstrated already in the lab. Future cases
project the development of the technology with better
materials, capabilities, efficiencies, lifetimes, and costs
than that currently demonstrated. A fifth non-public case
was also developed based on existing PEM electrolyzer
TRL performance (i.e., using commercially available
products). However, results are not disclosed due to corporate
sensitivities.

*Hydrogen production cost is the focus of the case study. For the
Forecourt cases, compression, storage, and dispensing computations are
included in the base H2A spreadsheet, and thus they are also reported in the
case study.
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Analyses were also initiated for hydrogen production
via dark fermentation and high temperature SOEC. The dark
fermentation case study considers three types of biomass
feedstock, an energy crop (e.g., corn stover), a waste stream
(e.g., agricultural waste), and a refined bioproduct (e.g., alcohol
or sugar). For both analyses, the team conducted a literature
review, cultivated a list of experts to serve as questionnaire
respondents (including the European Institute for Energy
Research for the SOEC analysis), created a detailed techno-
economic questionnaire, revised the questionnaire in response
to expert technical feedback from DOE and from the Idaho
National Laboratory (INL) for the SOEC analysis, circulated
the questionnaire to the list of experts, pursued non-disclosure
agreements at the request of experts, and collected initial
questionnaire responses from several entities. Draft case
studies are in the process of being created but analysis results
are not yet available.

RESULTS

Figure 1 shows the cost results for the four public H2A
Production PEM electrolysis cases. The y-axis shows the

levelized cost of producing hydrogen and the cost breakdown.

All cases reflect a $4/kg to $5/kg hydrogen production
cost, based on an average cost of electricity of 6.1¢/kWh to
6.9¢/kWh. The primary cost driver is the feedstock cost,
which is mainly the cost of electricity expenditures for
operation of the PEM stack’. These feedstock costs can be

* Water is technically the only feedstock. However, electricity is
tabulated under feedstock cost, and not utility cost, to match past analyses.
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FIGURE 1. H2A Production PEM Electrolysis Breakdown (cost results reported
in 2007$; average electricity prices for all cases range between 6.1 cents/kWh
and 6.9 cents/kWh)
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reduced through either lower electricity prices or higher
electrolyzer efficiencies. The second most important cost
driver is the electrolyzer equipment capital cost, which
includes the costs of the stack and associated BOP. The figure
also shows that the reduction in hydrogen cost is estimated
to be larger in moving from a Current to a Future case,
compared with moving from a Forecourt to a Central case.
Although the data is not shown publicly for the Existing
case, it is important to note that large capital cost reductions
are predicted between Existing and Current systems, and
between Current and Future systems. The vertical bars at the
top of the figure reflect the low and high projections based
solely on low and high sensitivity limits for uninstalled
capital costs (including stack and BOP costs) that were
agreed upon by industry. Also, in addition to the levelized
hydrogen production cost shown on the y-axis, the cost of
compression, storage, and dispensing is expected to add
between 37% and 47% in the Forecourt cases.

A unique contribution of this work is the detailed capital
cost breakdown, which is shown for the Current Forecourt
Case in Figure 2. The stack constitutes ~41% of system
capital cost, and is the primary cost driver for system capital
costs in all cases. For the Current Forecourt Case, ~60% of
the stack capital costs can be attributed to the combined costs
of the membrane, catalyst, anode, and cathode.

Figures 3 and 4 show waterfall charts for the Forecourt
and Central cases. The waterfall charts graphically show
the cumulative change in hydrogen production cost on the
y-axis corresponding to each change in input parameter on
the x-axis in moving from the Current case on the left to the
Future case on the right. The charts show that the increase
in electricity price expected over time is expected to be

2013 PEM Electrolyzer System
Capital Cost Breakdown

. Item Controls &
Mechanical Breakdown- Sensors
Balanceof  Assembly
Thermal Plant Labor Item
Management l Breakdown-
System / Other
Oxygen Gas
Management

System

Water Reactant

2

Delivery
Management '
System
Power
Hydrogen Gas Electronics
Management 20%
System

FIGURE 2. Capital Cost Breakdown for Current Forecourt Case
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FIGURE 3. Waterfall Chart for the Forecourt Case
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FIGURE 4. Waterfall Chart for the Central Case

counteracted by the increase in electrical efficiency of the
electrolyzer stack over time. Because the model’s electricity
prices follow the Annual Energy Outlook projections, which
vary by year, and because the Current and Future cases
cover different timespans, an increase in electricity price is
expected between Current and Future cases, and therefore
electricity expenditures increase, as shown in the chart’s
second column from the left. At the same time, the increase
in electrical efficiency expected in the future reduces net
electricity expenditures and brings down the hydrogen

DOE Hydrogen and Fuel Cells Program

production cost. This counteractive effect is shown in the
third column from the left in each chart.

All of the case studies correspond to futuristic scenarios
since PEM electrolyzer are not currently mass-produced.
Consequently, direct comparisons between case study results
here and existing system costs do not constitute an apples-
to-apples comparison. However, to the extent possible,
the methodology, input variables, and results for the PEM
electrolyzer were vetted by the four electrolyzer companies,
judged to be reasonable, and thus informally validated for
purposes of application to future case studies.

CONCLUSIONS AND FUTURE DIRECTIONS

In its first year, this project made key observations and
important achievements.

* A Validation Case was completed for hydrogen
generation with grid-powered PEM electrolyzers using
the H2A Production Model (V3).

*  Four PEM electrolysis companies were asked to fill
out questionnaires inquiring about engineering and
economic information for PEM electrolyzers, and five
generalized cases were developed (four public, one non-
public).

»  Large capital cost reductions are predicted between
Existing and Current systems, and between Current and
Future systems.

*  All PEM Electrolysis cases reflect a $4/kg to $5/kg
hydrogen production cost, based on an average cost of
electricity of 6.1¢ to 6.9¢/kWh. Electricity costs are the
primary cost driver.

*  The hydrogen cost reduction is greater in moving from a
Current to a Future case, compared with moving from a
Forecourt to a Central case.

*  The three main cost drivers for the levelized hydrogen
cost are (1) electricity price, (2) electrolyzer electrical
efficiency, and (3) electrolyzer capital cost.

* A unique contribution of this work is the detailed capital
cost breakdown.

*  Compression, storage and dispensing costs are expected
to add ~37% to ~47% to the levelized hydrogen
production cost in the Forecourt Cases.

*  Analysis of dark fermentation of biomass and SOEC
electrolysis was initiated. Results are not yet available.

SPECIAL RECOGNITIONS & AWARDS/
PATENTS ISSUED

1. Hydrogen and Fuel Cells Program Award. Awarded to Brian D.
James by the Director of the Fuel Cell Technologies Office, Sunita
Satyapal, June 17" 2014,
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FY 2014 PUBLICATIONS/PRESENTATIONS

Web-Posted PEM Electrolysis Case Studies and
Supporting Documentation

H2A Production Version 3 Excel Models: http:/www.
hydrogen.energy.gov/h2a prod_studies.html

e Central Electrolysis

—  Current Central Hydrogen Production from PEM
Electrolysis Version 3.0

—  Future Central Hydrogen Production from PEM
Electrolysis Version 3.0

*  Forecourt (Distributed) Electrolysis

—  Current Forecourt Hydrogen Production from PEM
Electrolysis Version 3.0

—  Future Forecourt Hydrogen Production from PEM
Electrolysis Version 3.0

Supporting Documentation

— Report: James, B.D., Colella, W.G., Moton, J.M.,
Saur, G., Ramsden, T.G., PEM Electrolysis H2A
Production Case Study Documentation, report for
the U.S. DOE EERE FCT program, December 2013:
http://www.hydrogen.energy.gov/pdfs/h2a pem
electrolysis_case study documentation.pdf

—  Slide presentation: Colella, W.G., James, B.D.,
Moton, J.M., “Hydrogen Pathways Analysis for
Polymer Electrolyte Membrane (PEM) Electrolysis,”
2014 DOE Hydrogen and Fuel Cells Program and
Vehicle Technologies Office Annual Merit Review
and Peer Evaluation Meeting, Washington, D.C.,
June 16™-20™, 2014. http://www.hydrogen.energy.
gov/pdfs/reviewl4/pd102 james 2014 o.pdf

— DOE program record, http://www.hydrogen.
energy.gov/pdfs/14004 h2 production cost pem
electrolysis.pdf

Peer-Reviewed Journal Articles and Conference
Proceedings

1. Colella, W. G., James, B. D., Moton, J. M., Saur, G., Ramsden,
T., “Next Generation Hydrogen Production Systems Using

Proton Exchange Membrane Electrolysis,” Proceedings of the
ASME 2014 12" Fuel Cell Science, Engineering and Technology
Conference, June 30™-July 2™, 2014, Boston, Massachusetts, USA,
ESFuelCell2014-6649.

2. Colella, W.G., Moton, J.M., James, B.D. “Techno-Economic
Analysis of Advanced Approaches for Generating Hydrogen

Fuel for Vehicles,” Proceedings of the Fifth European Fuel Cell
Technology & Applications Conference - Piero Lunghi Conference
and Exhibition (EFC2013), Rome, Italy, Dec. 11"-13™, 2013 (EFC13-
180).
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3. Colella, W.G., “Reducing Energy, Environmental, and Economic
Constraints in Global Transport Supply Chains with Novel Fuel
Cell and Hydrogen Technologies,” Proceedings of the Fifth
European Fuel Cell Technology & Applications Conference - Piero
Lunghi Conference and Exhibition (EFC2013), Rome, Italy, Dec.
11"-13™, 2013 (EFC13-178).

4. Colella, W.G. “Resolving Constraints in Global Energy Supply
with Cogenerative, Polygenerative, and Fast Ramping Fuel Cells,”
Proceedings of the Fifth European Fuel Cell Technology &
Applications Conference - Piero Lunghi Conference and Exhibition
(EFC2013), Rome, Italy, Dec. 11™-13", 2013 (EFC13-177).

Peer-Reviewed Reports

1. James, B. D., Colella, W. G., Moton, J. M., Saur, G., Ramsden,
T., PEM Electrolysis H2A Production Case Study Documentation,
report for the U.S. DOE EERE FCT program, Revised and Publicly
Re-Released June 2014.

2. James, B. D., Colella, W. G., Moton, J. M., Saur, G., Ramsden, T.,
ADDENDUM to the PEM Electrolysis H2A Production Case Study
Documentation, report for the U.S. DOE EERE FCT program,
Revised and Re-Submitted June 2014.

Plenary Oral Conference Presentations

1. Colella, W.G., James, B.D., Moton, J.M., Saur, G., Ramsden, T.G.,
“Techno-economic Analysis of PEM Electrolysis,” Electrolytic
Hydrogen Production Workshop, U.S. DOE EERE FCT Office

and the National Renewable Energy Laboratory (NREL), Golden,
Colorado, Feb. 27th-28th, 2014.

Oral Conference Presentations

1. Colella, W.G., James, B. D., Moton, J.M., “Hydrogen Pathways
Analysis for Polymer Electrolyte Membrane (PEM) Electrolysis,”
2014 DOE Hydrogen and Fuel Cells Program and Vehicle
Technologies Office Annual Merit Review and Peer Evaluation
Meeting, Washington, D.C., June 16th-20th, 2014.

2. Colella, W.G., Moton, J.M., James, B.D. “Techno-Economic
Analysis of Advanced Approaches for Generating Hydrogen Fuel
for Vehicles,” Fifth European Fuel Cell Technology & Applications
Conference - Piero Lunghi Conference and Exhibition (EFC2013),
Rome, Italy, Dec. 11"-13", 2013 (EFC13-180).

3. Colella, W.G., “Reducing Energy, Environmental, and Economic
Constraints in Global Transport Supply Chains with Novel Fuel
Cell and Hydrogen Technologies,” Fifth European Fuel Cell
Technology & Applications Conference - Piero Lunghi Conference
and Exhibition (EFC2013), Rome, Italy, Dec. 11™-13", 2013 (EFC13-
178).

4. Colella, W.G., James, B.D., Spisak, A.B., Moton, J.M., “Next
Generation Electrochemical Systems,” American Institute of
Chemical Engineers (AIChE) Annual Meeting, San Francisco, CA,
Nov. 3™-8" 2013.

5. Colella, W.G., Moton, J.M., James, B.D., “Analysis of Emerging
Hydrogen Production and Delivery Pathways,” 2013 Fuel Cell
Seminar, Session STA33 Hydrogen Production & Storage, Paper
Number 266, Greater Columbus Convention Center, Columbus,
Ohio, October 21%-24", 2013,
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James - Strategic Analysis, Inc.

Invited Talks

1. Colella, W.G., James, B.D., Moton, J.M., Saur, G., Ramsden,
T.G., “Thermo-economic Analysis of Producing Hydrogen with
Proton Exchange Membrane Electrolyzers,” International Energy
Agency (IEA) Advanced Fuel Cells Annex 25 Meeting No 10,
SOFC-POWER Inc. premises in Trento, Italy, April 23"-24" 2014
(delivered remotely via webinar.)

2. James, B. D., Colella, W. G., Moton, J. M., Saur, G., Ramsden,
T., Techno-Economic Analysis of Hydrogen Production by PEM
Electrolysis, Hydrogen Production Technical Team (HPTT)

Meeting, delivered remotely from Arlington, VA, Dec. 3" 2013.

3. James, B. D., Colella, W. G., Moton, J. M., Techno-Economic
Analysis of Hydrogen Production Pathways, DOE Hydrogen and
Fuel Cell Technical Advisory Committee (HTAC) Meeting, NREL,
Golden, Colorado, delivered remotely from Arlington, VA, Oct.
30", 2013.

4. James, B. D., Colella, W. G., Moton, J. M., Saur, G., Ramsden,
T., “Analysis of Hydrogen Costs from Proton Exchange Membrane
(PEM) Electrolyzers.” Presentation to the U.S. Department of
Energy Office of Energy Efficiency & Renewable Energy Fuel Cell
Technologies Program, Washington, D.C., September 27", 2013.

DOE Hydrogen and Fuel Cells Program

Poster Presentations

1. Colella, W.G., “Reducing Energy, Environmental, and Economic
Constraints in Global Transport Supply Chains with Novel Fuel
Cell and Hydrogen Technologies,” Fifth European Fuel Cell
Technology & Applications Conference - Piero Lunghi Conference
and Exhibition (EFC2013), Rome, Italy, Dec. 11™-13™, 2013 (EFC13-
178).

2. Colella, W.G., Moton, J.M., James, B.D., “Analysis of Emerging
Hydrogen Production and Delivery Pathways,” 2013 Fuel Cell
Seminar, Session STA33 Hydrogen Production & Storage, Paper
Number 266, Greater Columbus Convention Center, Columbus,
Ohio, October 21*-24", 2013.

3. Colella, W.G., “Resolving Bottlenecks in Transportation Supply
Chains with Next Generation Fuel Cell and Hydrogen Energy
Systems,” 2013 Fuel Cell Seminar, Greater Columbus Convention
Center, Columbus, Ohio, October 21%-24™ 2013.
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I.B.1 Renewable Electrolysis Integrated Systems Development and Testing

Kevin Harrison (Primary Contact) and Mike Peters

National Renewable Energy Laboratory (NREL)
15013 Denver West Parkway

Golden, CO 80401-3305

Phone: (303) 384-7091

Email: Kevin.Harrison@nrel.gov

DOE Manager

David Peterson
Phone: (720) 356-1747
Email: David.Peterson@ee.doe.gov

Subcontractor
Spectrum Automation Controls, Arvada, CO

Project Start Date: October 1, 2003
Project End Date: Project continuation and direction
determined annually by DOE

Overall Objectives

Collaborate with industry to research, develop and
demonstrate improved integration opportunities for
renewable electrolysis systems for energy storage,
vehicle refueling, grid support, and industrial gas
end-uses

Design, develop, and test advanced experimental and
analytical methods to validate electrolyzer stack and
system efficiency; including contributions of sub-system
losses (e.g., power conversion, drying, electrochemical
compression) of advanced electrolysis systems

Fiscal Year (FY) 2014 Objectives

FY 2014 Annual Progress Report

Baseline first 2,000 hours of constant powered testing on
two Proton OnSite proton exchange membrane (PEM)
electrolyzer stacks and run variable testing to 5,000
hours comparing stack decay rates of the two operational
modes

Improve system efficiency and operation cost to the
electrolyzer end-user by:

—  Testing NREL’s novel drying technique to reduce
drying losses below 3.5%

— Demonstrating electrolyzer’s capability to
participate in grid ancillary services

Report on industry collaborations to ensure research
goals align with industry needs

11-17

Technical Barriers

This project addresses the following technical barriers
from the Hydrogen Production section of the Fuel Cell
Technologies Office Multi-Year Research, Development, and
Demonstration (MYRD&D) Plan, section 3.1.5:

(G) System Efficiency and Electricity Cost

(J) Renewable Electricity Generation Integration (for central
production)

(M) Control and Safety

Technical Targets

This project is conducting applied research,
development, and demonstration (RD&D) to reduce the cost
of hydrogen production via renewable electrolysis for both
distributed and central production pathways to help meet the
following DOE hydrogen production and delivery targets
found in the MYRD&D Plan:

Technical Targets: Central Water Electrolysis using
Green Electricity (Table 3.1.5)

»  Stack Efficiency:

- 44 kWh/kg H, (76% lower heating value, LHV) by
2015

- 43 kWh/kg H, (78% LHV) by 2020

*  System Efficiency:
- 46 kWh/kg H, (73% LHV) by 2015
- 447 kWh/kg H, (75% LHV) by 2020

* By 2015 reduce the cost of central production of
hydrogen from water electrolysis using renewable power
to $3.00/gasoline gallon equivalent (gge) at the plant
gate. By 2020, reduce the cost of central production of
hydrogen from water electrolysis using renewable power
to <$2.00/gge at the plant gate.

FY 2014 Accomplishments

*  Completed 2,000 hours of constant-powered testing on
two Proton OnSite PEM electrolyzer stacks. Decay rate
for both stacks was at 9.5 (uV/cell-h).

—  On-going testing to 5,000 hours with one stack
operating with a variable-powered profile and the
other remaining with a constant powered profile

—  Decay rates expected to continue to decline below
the 9.5 (uV/cell-h) as more hours are put on the
stacks

DOE Hydrogen and Fuel Cells Program
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Harrison — National Renewable Energy Laboratory

— A new generation PEM electrolyzer stack from
Proton OnSite has been procured and will be
installed late FY 2014 which will allow comparison
of a newer generation of stack from Proton OnSite.

e Demonstrated hydrogen production moisture content and
drying losses of a commercially available electrolyzer
(Proton OnSite H-Series, 13 kg/day, 40 kW). This testing
provides a baseline to inform design and implementation
of NREL’s novel drying technique aiming to reduce
drying losses below 3.5% of rated flow.

— Baseline results indicated drying losses of 11% at
full stack power, 14% at 80% of rated stack power,
and 18% at 60% of rated stack power

*  Demonstrated PEM electrolyzer’s ability to quickly
respond and closely match a command signal sent from
grid to participate in grid ancillary services

* Byend of FY 2014: Report on current and potential
industry partnerships including how future work will
correspond with projects for industry formed through
other internal NREL projects (e.g., INTEGRATE)

R R

INTRODUCTION

The capital cost of commercially available water
electrolyzer systems, along with the high cost of electricity
in many regions, limits widespread adoption of electrolysis
technology to deliver low-cost hydrogen production.
PEM electrolyzer manufacturers are working to scale up
into the megawatt range to improve their system energy
efficiency. Along with capital cost reductions and efficiency
improvements, both technologies are developing utility-
scale electrolyzers capable of advanced grid integration
functionality and better integration with renewable electricity
sources. An integrated system with advanced sensing and
communications will enable grid operators to take advantage
of the controllable nature of distributed and central water
electrolysis systems to maintain grid stability. Electrolytic
production of hydrogen, where fossil fuels are the primary
electricity source, will not lead to significant carbon emission
reduction without carbon sequestration technologies.

Renewable electrolysis is inherently distributed, but
large-scale wind and solar installations are being planned to
take advantage of economies of scale and achieve system-
level energy efficiencies less than 50 kWh/kg. Renewable
electricity sources, such as wind and solar, can be closely-
and in some cases directly-coupled to the hydrogen-
producing stacks of electrolyzers to reduce energy conversion
losses and capital costs investment of this near-zero-carbon
pathway.

DOE Hydrogen and Fuel Cells Program

APPROACH

Results and insights gained from this RD&D project aim
to benefit the hydrogen industry and relevant stakeholders
as the market for water electrolyzers expands. Results from
the project have demonstrated opportunities to improve
efficiency and capital cost of an integrated renewably coupled
electrolysis system.

The Xcel Energy/NREL Wind-to-Hydrogen and Energy
Systems Integration Laboratory RD&D project is advancing
the integration of renewable electricity sources with state-of-
the-art electrolyzer technology. Real-world data from 24/7
daily operation are demonstrating opportunities for improved
system design and novel hardware configurations to advance
the commercialization of this technology. Lessons learned
and data-driven results provide feedback to industry and to
the analytical components of this project. Finally, this project
provides independent testing and verification of the technical
readiness of advanced electrolyzer systems by operating
them on both grid and renewable electricity sources.

RESULTS

Stack Decay Comparison: Variable Versus Constant
Powered

NREL is conducting side-by-side testing and comparison
of stack voltage decay rates between constant and variable
power operation of electrolyzer stacks. Two 34-cell stacks
for the H-Series PEM electrolyzer from Proton Onsite were
obtained in June 2013. The stacks were operated in a constant
full-powered mode for the first 2,000 hours of their lifetime
to obtain baseline decay rate at constant power. Table 1
shows the stack decay rates for both stacks after 2,000 hours
of operation. The stacks showed the same decay rate over the
first 2,000 hours so it was determined to start operating one
in variable mode while the other stays at constant power for a
decay rate comparison.

TABLE 1. Stack Decay Rate of two Proton OnSite 10-kW Stacks after
2,000 Hours of Operation

Stack Operating Mode | Stack Identifier Decay Rate (pVicell-h)
Stack A 9.5

Stack B 9.5

Constant Power

Constant Power

A varying wind power profile is currently being run
on one of the stacks to achieve a milestone of 5,000 hours
of total operation (2,000 hrs constant powered with
3,000 variable-powered hours versus 5,000 constant-powered
hours). NREL has procured a third stack from Proton OnSite
to allow comparison of newer stack technology operating
alongside an older stack, both running on variable power.
Once the stack from Proton OnSite is installed, it will be
operated at constant power for the first 2,000 hours, like
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the other two, before being switched to variable-powered
operation.

Baseline Testing for Variable Flow Drying Technique

A dual-bed pressure swing absorption drying system
consists of a handful of control valves and two desiccant
beds combined in parallel at the output of the H,/H,O phase
separator. A back-pressure regulator maintains constant
pressure on the pressure swing absorption system and
stack. The water vapor saturated hydrogen comes out of
the hydrogen phase separator and travels through one of
the desiccant tubes; the goal of the first tube is to dry the
hydrogen to less than 5 parts per million by volume (ppmv)
of H,0 in H,. At the outlet of the desiccant tube being used
for drying, an orifice allows a percentage of dry hydrogen to
sweep out (dry) the bed being regenerated (inactive bed). The
orifice between the two desiccant beds allows a fixed amount
of hydrogen to flow and dry the inactive bed. The flow of dry
hydrogen through the inactive bed is a function of the orifice
size and the back pressure regulator setting. The hydrogen
used to dry the desiccant bed is not recoverable and is vented
out of the system; this is what is considered the electrolyzer
drying losses.

The typical drying approach results in the same amount
of hydrogen being lost regardless of the stack power. This
approach decreases system efficiency at lower than rated
stack power levels because the amount of hydrogen lost due
to drying is a higher overall percentage of the flow rate. This
concept was validated experimentally using NREL’s Proton
OnSite H-Series and is described in Table 2. The table shows
the drying losses as a percentage of rated hydrogen flow
at three stack power levels. As expected, the drying losses
are constant at 0.07 kg/hr for each test. However, when
stack power is being decreased, the product hydrogen flow
decreases, and thus there is a higher percentage of drying loss.

TABLE 2. Proton OnSite H-Series Drying Losses with Variable Stack Power

Drying Losses 100% Stack 80% Stack 60% Stack
Power Power Power
Flow (kg/hr) 0.07 0.07 0.07
% of Rated Flow " 14 18

* Relatively Small Sample Size n = 5 for each test

SAE International (SAE) J2719 sets standards for fuel
quality for station providers in the hydrogen dispensing
market; they have set their standard for moisture content
to less than 5 ppmv H,O so for hydrogen vehicle fueling
applications the electrolyzer drying system must be able
to achieve this specification. Dry hydrogen ensures that
impurities are not delivered to fuel cell units when the
hydrogen is converted back to electricity.

The electrolyzer output was instrumented with a dew
point sensor, pressure gauge, pressure transducer and
resistive temperature device to measure the parameters
needed to calculate moisture content in the hydrogen. First,

a series of start-ups was tested to determine how quickly the
electrolyzer reached the SAE J2719 tolerance. During this
testing the electrolyzer consistently provided hydrogen below
the 5 ppmv tolerance in less than 5 minutes. The second test
looked at the hydrogen output moisture content versus stack
current. It was established that the moisture content was
unaffected by stack current, however, drying losses increased
as a percentage as stack current dropped. Figure 1 shows a
graph of three stack current levels (blue) and the resulting
hydrogen moisture content (red).

NREL’s variable flow drying technique aims to reduce
the percentage of hydrogen lost due to drying by replacing
the fixed orifice between the two desiccant beds with a
variable flow orifice. Unlike the fixed flow orifice which
allows the same amount of flow through the inactive
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FIGURE 1. Water Vapor Content versus Stack Current
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FIGURE 2 - Dynamic Regulation of Proton OnSite H-Series

desiccant bed, the variable flow orifice will be capable of
adjusting with stack power to maintain the same percentage
of hydrogen lost through drying. This approach will increase
electrolyzer system efficiency while still maintaining the
necessary hydrogen dryness required by SAE J2719.

PEM Electrolyzer Participating in Grid Ancillary Services

NREL demonstrated the ability of the Proton OnSite
H-Series to react to a quickly changing command similar
to those provided in grid ancillary service markets. PIM
Interconnection, a regional transmission organization
that coordinates the movement of electricity in 13 states
and Washington D.C., has regulation tests that electricity
assets need to pass before they can bid into the regulation
market. The H-Series electrolyzer was tested with a standard
regulation signal (RegA) and a dynamic regulation signal
(RegD) both provided by PIM Interconnection. Figure 2
shows the results of the RegD dynamic regulation test which
is the harder of the two tests to pass. Although results were
not sent to PJM for an official grade, compared to other
examples provided by PIM the electrolyzer response to the
command signal was very good. This testing demonstrated
that future electrolyzers should be able to bid into the
regulation market, providing an additional revenue source.

CONCLUSIONS AND FUTURE DIRECTIONS

Conclusion: Completed 2,000 hours of constant-
powered testing on two Proton OnSite PEM electrolyzer
stacks. Decay rate for both stacks was at 9.5 (uV/cell-h).

Future: Continue long-duration testing to compare
constant versus variable powered operation

Conclusion: Baseline results of Proton OnSite H-Series
drying losses of 11% but quickly (less than 5 min)
achieves the SAE J2719 moisture content tolerance

DOE Hydrogen and Fuel Cells Program

Future: Continue testing NREL variable flow
drying technique aiming to reduce drying losses
below 3.5% at rated power

Future: Leverage other NREL projects to characterize
electrolyzer system improvements, grid integration, and
advanced stack efficiency

SPECIAL RECOGNITIONS & AWARDS/
PATENTS ISSUED

1. DOE special recognition awards to Chris Ainscough and Kevin
Harrison for the work completed in FY 2013 on the Giner/Parker
Hannifin electrolyzer testing

FY 2014 PUBLICATIONS/PRESENTATIONS

1. Harrison, K. (May 2013). “Renewable Electrolysis: Integrated
System Testing.” Keynote presentation at the 2nd Annual
ADvanced ELectrolysis (ADEL) International Workshop, Corsica,
France, May 2013.

2. Harrison, K. (October 2013). “Integrated Systems Testing PEM/
Alkaline.” Presentation at F-Cell Conference. Stuttgart, Berlin.
October 2013

3. Harrison, K. (February 2014). “Renewables and Grid
Integration.” Presentation at DOE Electrolytic Hydrogen Production
Workshop. Golden, CO. February 2014

4. Peters, M. & Harrison, K. (June 2014) “Innovative Drying
Technique for Wind and Solar Powered Electrolysis.” ASME 2014
12™ Fuel Cell Science, Engineering & Technology Conference.
Boston, MA. June 2014.

5. Eichman, J., Harrison, K. and Peters, M. “Novel Applications
for Electrolyzers: Providing more than just hydrogen.” NREL
Publication. Under Review. Golden, CO
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II.B.2 Economical Production of Hydrogen through Development of Novel,
High-Efficiency Electrocatalysts for Alkaline Membrane Electroysis

Dr. Katherine Ayers (Primary Contact),
Chris Capuano

Proton Energy Systems d/b/a Proton OnSite
10 Technology Drive

Wallingford, CT 06492

Phone: (203) 678-2190

Email: kayers@protononsite.com

DOE Manager

David Peterson
Phone: (720) 356-1747
Email: David.Peterson@ee.doe.gov

Contract Number: DE-SC0007574

Subcontractor
Illinois Institute of Technology (IIT), Chicago, IL

Project Start Date: February 20, 2012 (Phase 1)
Project End Date: April 21, 2015 (with Phase 2
continuation)

Overall Objectives

e Determine how the composition (choice of A, B and A/B
ratio) influences pyrochlore microstructure and physical
properties

e Understand how the intrinsic activity of pyrochlore
catalysts for the oxygen reduction/evolution reaction
changes with composition and processing induced
changes in microstructure

e Determine the impact of key anion exchange membrane
(AEM) properties (conductivity, water uptake, gas
crossover) on AEM performance

*  Derivatize hydrocarbon or fluorocarbon backbones with
basic cations to form new AEMs and characterize said
AEMs for mechanical and electrochemical properties

*  Select the electrolyte (deionized water or carbonate)
based on understanding of the influence on ion
conductivity and stability of the AEM in electrolysis
conditions

*  Process promising membrane and catalyst materials into
membrane electrode assemblies/gas diffusion electrodes
(MEASs/GDEs) and test in operational cells

*  Down-select a final electrode configuration for the cell
stack for durability testing

FY 2014 Annual Progress Report

*  Develop a prototype system package with the option of
incorporating carbonate in the electrolyte fluid stream
and perform testing of up to 500 hours

*  Provide a product cost analysis demonstrating the cost
saving for the lab-scale generator and H2A modeling for
a large scale AEM electrolysis system

Fiscal Year (FY) 2014 Objectives

*  Complete material assessment of alkaline compatible
system/stack materials (cost and strength)

*  Determine optimal electrode composition for increased
durability

»  Evaluate alternative cathode catalyst for AEM

*  Complete cell stack fluid calculations to quantify
maximum cell capacity of 28-cm” design

*  Create computer-aided design models and assemble cost-
reduced prototype AEM lab-scale electrolyzer

*  Report elucidating fundamental degradation pathways
in AEM as ascertained using two-dimensional nuclear
magnetic resonance

Technical Barriers

This project addresses the following technical
barriers from the Production section of the Fuel Cell
Technologies Office Multi-Year Research, Development, and
Demonstration Plan:

(G) Capital Cost
(H) System Efficiency

Technical Targets

TABLE 1. Proton OnSite Progress towards Meeting Technical Targets for
Distributed Water Electrolysis Hydrogen Production

Characteristics Units 2011 2015 2020 | Proton
Status | Target | Target | Status

Hydrogen Levelized $/kg 4.2 3.9 2.3 3.46
Cost
Electrolyzer System $/kg 0.70 0.50 0.50 0.64
Capital Cost $/kW 430 300 300
Stack Energy % (LHV) 74 76 77 67
Efficiency kWh/kg 45 44 43

gge - gasoline gallon equivalent; LHV - lower heating value

Note: Estimates are based on H2A v2.1, for electrolysis only (compression-storage-
delivery not included). Model assumes $0.05/kWh.

Electrolyzer cost based on 1,500 kg/day capacity, 500 units/year; Efficiency based
on system projections and demonstrated stack efficiency of 74% LHV efficiency

DOE Hydrogen and Fuel Cells Program
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Ayers - Proton Energy Systems d/b/a Proton OnSite

FY 2014 Accomplishments

*  System components procured, assembled, and
functionally verified

*  Prototype unit operational testing initiated

*  Demonstrated improved operational stability through the
introduction of carbonate into AEM system

*  Completed cost and strength analysis of materials for
cost reduction of alkaline system/stack

»  Stack maximum cell count calculations completed

R S

INTRODUCTION

The project aims to address some of the barriers
associated with the strategic development of a hydrogen
infrastructure. This is viewed as a major impediment to
the wide spread deployment of hydrogen-fueled vehicles.

All of the world’s major automotive companies have
hydrogen vehicle programs and are poised to roll out the
next generation of vehicles, with plans that number in

the thousands of units by 2015. Hydrogen is also an ideal
storage medium for renewable energy and stationary power
applications. However, economical and environmentally
benign production and storage of hydrogen for energy
markets remains a challenge. The project leverages anion
exchange membranes, enabling elimination of the highest
expense materials in the cell stack, while the new catalyst
formulations provide higher efficiencies than existing state of
the art. The project would culminate in a commercial fidelity
prototype to demonstrate the cost improvements.

APPROACH

The project addresses both of the following issues by
replacing the proton exchange membrane with an AEM
and exploring new pyrochlore-based catalysts for oxygen
evolution.

*  The high capital expense associated with expensive
catalysts and flow field materials of construction,
required for the acidic environment associated with
proton exchange membrane electrolyzers

*  Improving operational efficiency, to reduce the $/kg H,

Moving to an anion exchange membrane platform
enables flow fields made of lower cost nickel or stainless
steel. In addition, the classes of catalyst materials which are
stable in the alkaline membrane environment are expanded
vs. the acid environment. This project will thus advance
development of higher efficiency hydrogen and oxygen
production at lower cost than existing electrolysis methods.

DOE Hydrogen and Fuel Cells Program
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FIGURE 1. Improved Performance with the Introduction of Carbonate to the
AEM System

The Phase 2 project has continued material exploration
initiated in Phase 1, furthering the development of an
optimized catalyst formulation based on the theory developed
in Phase 1. The ionomer is also being tailored for stability
in the electrolysis environment, leveraging added carbonate
if necessary. Gas diffusion electrode configurations and
manufacturing approaches have been explored, as a means to
improve operational durability. A prototype system concept
is being developed with manufacture pending as an initial
step to commercialization, as well as cost validation and
durability testing.

RESULTS

Building from initial Phase I studies, progress has been
made towards scale up production of the non-noble metal
catalyst being explored. This scale up in synthesis is critical
in producing quantities large enough for full-scale cell stack
testing from a single batch. Additionally, improvements in
electrode performance were realized through the introduction
of carbonate to the electrolyzer feed water. Cell potential was
reduced through the use of carbonate, as shown in Figure 1.
This is thought to improve durability as well.

Non-noble metal catalysts synthesized at IIT
were operated in an electrochemical cell at Proton and
demonstrated significantly improved efficiency over the
baseline configuration. With the optimized composition,
an ~8% gain in efficiency was calculated at 500 mA/cm®
when using the LHV of hydrogen. This result is shown in
Figure 2. Durability testing is being pursued through the
incorporation of these catalyst powders with a variety of
binders known to work well in proton exchange membrane
systems, and through the pursuit of alternative deposition
techniques, focused on creating both GDEs and catalyst-
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FIGURE 2. Performance of the IIT Pyrochlore Catalyst vs. Baseline

coated membranes. In addition to the development of a
robust electrode, work at Proton has also been conducted on
in-house synthesis of non-precious metal oxygen evolution
catalysts. Work to date has not produced materials exceeding
the performance of the IIT synthesized powders, but is

being reviewed for possible iteration on the compositions to
improve the activity.

System development has been initiated, with operational
verification completed for the unit. Additional control
capability is expected by August 2014, which will allow
unattended durability testing of multi-cell configurations
at various current densities. The electrochemical module
is designed to be removable, so testing of specific
configurations and materials can be switched without risk
of cross-contamination of materials. The design of this
system will also enable the generation of electrochemically
pressurized hydrogen, up to 8 bar. This system prototype is

shown in Figure 3 during verification testing. Cell hardware
has been manufactured at this scale, including the AEM
MEA for planned durability testing.

CONCLUSIONS AND FUTURE DIRECTIONS

»  Scale up to production type quantities demonstrated for
non-noble metal catalysts:

—  Performance improvement shown with durability
and repeatability tests on-going

*  Operational testing of catalyst powders with alternative
binder formulations in process:

—  Compositional testing of Proton synthesized
powders in progress at MEA level

— IIT catalysts evaluated and undergoing
compositional optimization

»  Electrode and stack scale up initiated:

—  Parts manufactured and assembled into Proton
commercial cell stack

— Bench testing initiated to verify stack integrity
» Initial prototype system assembled:
— Removable electrolysis module tested

— Additional balance of plant being integrated to add
operational parameter control and gas drying

—  Conduct material analysis

—  Update with MEA electrical efficiencies and
operational data as testing progresses, with capital
and operating cost impacts reported.

FY 2014 PUBLICATIONS/PRESENTATIONS

1. 2014 DOE AMR presentation: pd094 ayers 2014.

| Gas Management Cabinet

| | Electrolyzer and Fluids Cabinet |

FIGURE 3. Full System being Evaluated for Durability Testing
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II.B.3 Low-Noble-Metal-Content Catalysts/Electrodes for Hydrogen

Production by Water Electrolysis

Katherine Ayers (Primary Contact), Julie Renner

Proton Energy Systems d/b/a Proton OnSite
10 Technology Drive

Wallingford, CT 06492

Phone: (203) 678-2190

Email: kayers@protononsite.com

DOE Manager

David Peterson
Phone: (720) 356-1747
Email: David.Peterson@ee.doe.gov

Contract Number: DE-FG02-12ER86531

Subcontractor
Brookhaven National Laboratory (BNL), Upton, NY

Project Start Date: June 28, 2012 (Phase 1)
Project End Date: August 13, 2015

Overall Objectives

»  Translate catalyst synthesis to a manufacturable process
at Proton

*  Develop a robust technique for manufacturable
electrodes

*  Demonstrate feasibility for 80% cost reduction in the
anode catalyst

*  Downselect promising anode electrode configurations to
achieve >100 hrs durability

*  Achieve 500 hrs of operation in production hardware
using cost-reduced electrodes

¢ Evaluate the cost benefits of new materials

Fiscal Year (FY) 2014 Objectives

*  Demonstrate uniform and robust catalyst layer on anode
gas diffusion layers (GDLs)

*  Complete scale up synthesis of cathode catalysts to
10—100 g batch level

*  Complete cell design analysis for cathode configuration

*  Downselect optimal cathode material and process for
reliable production

*  Demonstrate improved activity and durability of selected
anode gas diffusion electrode (GDE) samples in cell

e Provide initial cost assessment via H2A model
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* Identify key issues for enhancing durability

Technical Barriers

This project addresses the following technical barriers
from the Hydrogen Production section of the Fuel Cell
Technologies Office Multi-Year Research, Development, and
Demonstration Plan:

(F) Capital Cost

(G) System Efficiency and Electricity Cost
Technical Targets

Technical targets are presented in Table 1.

TABLE 1. Technical Targets for Distributed Forecourt Water Electrolysis
Hydrogen Production [1]

Characteristics Units 2011 2015 2020
Status Target Target
Hydrogen Levelized $/kg 4.2 3.9 2.3
Cost
Electrolyzer System $/kg 0.70 0.50 0.50
Capital Cost $/kW 430 300 300
Stack Energy Efficiency | % (LHV) 74 76 77
kWh/kg 45 44 43

LHV — lower heating value

Ultra-Low Catalyst Loading

This project is developing methods to reduce the amount
of platinum group metals (PGMs) used in the membrane
electrode assembly (MEA). Advancements made in this
project will

*  Reduce the capital cost of the system by requiring
less precious materials while simultaneously reducing
sensitivity to market fluctuations in precious metal cost

» Increase stack efficiency and lower total cost by
establishing more uniform electrode layers, enabling
thinner membranes.

FY 2014 Accomplishments

*  Achieved technology transfer of the BNL core-shell
synthesis technique with equivalent cathode performance
at <1/10 commercial loading

»  Showed feasibility for an alternative deposition
technique which could result in more automated GDE
manufacturing

FY 2014 Annual Progress Report
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e Showed >500 hrs durability with ultra-low-loaded
Proton-made cathode

*  TiOx-supported Ru-Ir catalysts were manufactured and
characterized

e Uniform and stable anode GDEs were manufactured at
lower loadings, and baseline performance was obtained
with IrOx

R R

INTRODUCTION

The economical use of hydrogen as a transportation and
stationary power fuel remains a long-term Department of
Energy objective. Energy storage applications in Europe such
as wind capture and improved biogas conversion efficiency
are also driving significant interest in hydrogen production
from renewable sources. New and efficient catalytic
processes for hydrogen generation are therefore needed to
achieve production targets for hydrogen cost. In the Phase
1 project, Proton Energy Systems (d/b/a Proton OnSite),
in collaboration with BNL, demonstrated feasibility for
development of low-noble-metal-content catalysts/electrodes
for proton exchange membrane electrolyzers, through
design and synthesis of core-shell nanocatalysts. In Phase 2,
continued development of the anode formulation is being
performed for reproducible and stable electrode fabrication,
while technology transfer and scale up from BNL to Proton is
occurring for the cathode electrode fabrication. The Phase 2
project is strategically important because reduction of noble
metal content is a significant opportunity for cost reduction to
address large-scale opportunities for hydrogen-based energy
storage and hydrogen fueling.

APPROACH

The Phase 2 project will continue maturation of the
catalyst structures and electrode processing initiated in Phase
1, to develop a manufacturable electrode at relevant scale and
ultra-low catalyst loadings. The overall technical approach
will include development of the manufacturing process for

the cathode electrode as well as cell stack validation for the
alternative electrode configuration. For the anode, work will
focus on continued optimization of catalyst application and
GDL structure for reproducible and durable performance
equal to or exceeding the current baseline. Additionally,
catalyst composition will be refined for high activity and
durability. The impact of these advancements will be
quantified using the H2A model.

RESULTS

Core-shell nanoparticles were synthesized at Proton after
on-site training at BNL and follow-up training at Proton. As
a result, Proton has developed a detailed written protocol to
guide the synthesis process. Consultation with BNL provided
a number of specifications to judge the quality of the process
(Table 2). Additional feedback from BNL was provided in
terms of set up and refined in-process measurements, which
were applied to trials #4 and #5, resulting in all targets
being met.

BNL’s current method for manufacturing the cathode
GDL involves hand application of the electrode ink to
the surface. To replicate the previous results, Proton
manufactured a GDE via hand application with nanocatalyst
from trial 4 at 1/25" the PGM/cm® loading compared to
baseline loadings in the MEA and GDE configurations.
Polarization curves showed that the ultra-low-loaded cathode
cell had equivalent performance to the baselines (Figure 1).
It should be noted that the variance seen between the samples
is typical of the variance seen in Proton’s production-quality
MEAs; however, a deeper investigation of slightly higher
resistance in the new GDE material is underway. Proton
allowed the 3-cell stack with the ultra-low-loaded Proton-
made cathode to run for 917 hrs (Figure 2). No noticeable
decay in performance was observed, and the voltage trended
similarly to the baselines. This indicates that the core-shell
structure is stable in the electrolysis environment.

While transfer of the BNL GDE manufacturing method
to Proton shows substantial benefit as an implementation
pathway (through elimination of over 90% of the catalyst
material as well as some labor content), the end goal is to
transition to a more automated, higher speed manufacturing

TABLE 2. Proton Synthesis Trials of Nanocatalysts Showing On-Target Specifications (italics) and

Off-Target Specifications (grey)

Synthesis Color Soln. pH Weight Pt soln. pH Final Weight
Trial (green) (5-7) (£5% of target) (<1) (within £5% of target)

1 green 10 200% terminated terminated
2 green 9 -20% terminated terminated
3 green 8 -20% terminated terminated
4 green 5 2.0% 0.3 0.2%

5 green 5 -0.10% 0.4 3%
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FIGURE 1. Cathode GDEs manufactured at Proton with Proton-made
nanocatalyst demonstrated high performance nearly equivalent to baseline at
1/25"™ the precious metal loading.
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FIGURE 2. Ultra-low-loaded Proton-made cathode shows durability for 917 hrs.

process. Therefore, Proton and BNL engaged suppliers

of alternative catalyst coating machines capable of high-
throughput automated processing. A sample GDE at 1/100™
the PGM loading compared to baseline was manufactured.
The coated GDE was operated in Proton’s 25-cm” bench-
scale hardware to assess performance at 50°C (Figure 3). At
1.8 A/em’, the coated GDE was only ~85 mV higher, showing
roughly equivalent performance to the baseline and proof-of-
concept for the alternative manufacturing technique.

For anode development, BNL synthesized and
characterized Ru-Ir core-shell nanocatalysts on TiO,
supports. X-ray diffraction was used to confirm the
nanocatalyst synthesis. Performance was similar to
unsupported catalysts, and the results indicated that the
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FIGURE 3. Performance of an alternatively manufactured cathode with Proton-
made nanocatalyst at 1/100" the precious metal loading.

FIGURE 4. Photos and optical images of catalyst-coated anode GDLs with ~1,
1/2, 1/4, and 1/10 of the loading compared to baseline anodes show uniform
distribution.

interaction with the anode GDL may be important. Initially,
BNL reported weak adhesion with the anode catalysts on

the GDL when testing in solution, as well as difficulty in
obtaining uniform, reproducible samples. BNL has overcome
these issues by using a printing method as well as post-
processing to make a uniform and stable catalyst coating on
the anode GDL. Figure 4 shows photos and optical images

of catalyst-coated anode GDLs. In Proton’s current process,
even distribution of catalyst is difficult without using higher
loadings. The electrodes manufactured by BNL show
uniformity at 1/10" the loading, representing a significant
achievement. Baseline performance was measured in solution
via an electrochemical cell using standalone GDE strips.
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CONCLUSIONS AND FUTURE DIRECTIONS

e The procedure for synthesis of nanocatalysts and GDEs
has been transferred from BNL. Proton has scaled the
nanocatalyst synthesis process from 1 g to a relevant
production capacity of 10 g and is currently testing the
material in cells.

*  Proton-made cathodes demonstrated >900 hrs durability
in production-quality hardware while achieving the
milestone performance of <2.0 V at 1.8 A/cm®. Proton
will also work to identify an optimum cathode and anode
GDL materials to increase the efficiency and maintain
durability.

*  The scale up of the GDE manufacturing process is
feasible using a more automated coating technique.
Proton will continue to explore this process as a viable
manufacturing alternative.

*  TiOx-supported nanocatalysts were manufactured and
characterized. BNL is developing an anode nanocatalyst
with improved durability with two parallel approaches.

e Uniform and stable anode GDEs were manufactured, and
baseline performance was obtained. BNL will develop
ways to enhance the catalyst-GDL interaction as well as
study the impact of the GDLs on the oxygen evolution
performance.

*  The H2A model and Proton’s electrochemical interface
model will be used to refine the impact of design changes
developed in this Phase 2 project on the $/kg of H.,.

REFERENCES

1. The Fuel Cell Technologies Office Multi-Year Research,
Development, and Demonstration Plan, 2012. http://energy.gov/
eere/fuelcells/fuel-cell-technologies-office-multi-year-research-
development-and-demonstration-plan
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Overall Objectives

*  Develop various synthetic routes to make iridium
(Ir)-based oxygen evolution reaction (OER) catalysts
with enhanced surface area, oxidation resistance,
performance and durability

»  Screen the OER catalyst powders via rotating disk
electrode (RDE) to determine corrosion resistance and
initial catalytic activity

*  Physically characterize the catalysts with good RDE
activity using microscopy and X-ray techniques to
elucidate their structure and particle size distribution

*  Evaluate the performance and the durability of
membrane electrode assemblies (MEAs) (1,000 hours) in
Giner’s laboratory and commercial electrolyzers

*  Determine one category of catalyst that is most efficient
and economically feasible

Fiscal Year (FY) 2014 Objectives

*  Develop three synthetic routes to make Ir-based OER
catalysts that may help to lower Ir loading or enhance

DOE Hydrogen and Fuel Cells Program

proton exchange membrane (PEM) water electrolysis
efficiency

»  Screen the OER catalysts via RDE to determine
corrosion resistance and initial catalytic activity

*  Characterize the catalysts with good RDE activity using
microscopy and X-ray techniques to elucidate their
structure and particle size distribution

*  Evaluate the performance of catalysts synthesized from
three routes in operating PEM electrolyzers and select
the best catalysts for future short production

Technical Barriers

This project addresses the following technical barriers
from the Production section of Fuel Cell Technologies Office
Multi-Year Research, Development, and Demonstration Plan:

(F) Capital Cost
(G) System Efficiency and Electricity Cost

Technical Targets

The targets of this project are to develop high-
performance and long-lifetime OER catalysts that may help
meet the technical targets of DOE distributed forecourt water
electrolysis as shown in Table 1. Included in this table is
Giner’s status as of 2013.

FY 2014 Accomplishments

*  Synthesized Ir supported on tungsten (W)-doped
titanium dioxide (TiO,) that demonstrated excellent
oxidation resistance (up to 1.8 V) and 3 times higher
OER activity compared to commercial Ir black in RDE
tests.

*  Developed Ir/metal (Ag, Fe or Co) nanowire OER
catalysts that enhance mass activity and specific activity
simultaneously by 4 times, compared to commercial Ir
black in RDE tests.

*  Giner’s Iy W-TiO, catalysts demonstrated excellent
performance in a PEM electrolyzer:

— Catalytic activity increased by 3 times compared
with standard Ir black

—  Matches Giner baseline performance with reduced Ir
loading by 5 times

*  3M Ir NSTF demonstrated superior performance in a
PEM electrolyzer:
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TABLE 1. Technical Targets: Distributed Forecourt Water Electrolysis [1]

Giner Status
Characteristics Units 2015 | 2020 (2013)
Hydrogen Levelized Cost? $/kg-H, 3.90 <2.30 3.643(5.11)*
Electrolyzer Cap. Cost $/kg-H, 0.50 0.50 1.30 (0.74)°
2 System %LHV 72 75 65
5 (kWhkg) (46) (44) (51)
Lnj:g_l Stack %LHV 76 77 74
(kWhlkg) (44) (43) (45)

12012 MYRDD Plan. 2Production Only. 3Utilizing H2A Ver.2. *Utilizing H2A Ver.3 (Electric costs increased to $0.057/kW

from 0.039$/kW) . 5 Stack Only
LHV - lower heating value

— Comparable performance with Giner baseline but at
8 times lower Ir loading

—  Stable operation for 100 hours: 1.675 V at 1.5 A/cm®
T R T R

INTRODUCTION

Current hydrogen production from electrolysis is only
a small fraction of the global hydrogen market, due to the
high cost that results from expensive materials (membrane,
catalyst, and bipolar plate) and electricity consumption.
The two largest efficiency losses in PEM electrolysis are
the anode overpotential and the ohmic losses from the
membrane resistance. Anode overpotential is a source of
major inefficiency in the entire region of current densities,
originating from poor OER kinetics. The only way to

On Support '

Iridium Black
- Sputtering
- Chemical reduction 2
- Mechno-chemcial & ,I_,,,,“- A
— Carbon nitride, TiO2
(Giner)
Current State NoS &
of the Art 0 Suppo

« Ag nanowire-aided

lower the overpotential at the anode is to utilize a better
catalyst, increase the catalyst loading, or operate at a higher
temperature. Iridium and its oxide (IrO,) represent the current
state of the art for oxygen evolution catalysts in electrolysis
applications where both performance and durability are
important. State-of-the-art PEM electrolyzers relying heavily
on Ir black have high Ir loading and low system efficiency
(high electricity consumption/kg H,). Therefore, our project
aims to develop advanced Ir-based catalysts that may enhance
OER catalyst and the efficiency of PEM electrolysis.

APPROACH

This project is a strong collaboration between Giner,
3M, and NREL. Giner, NREL, and 3M will each develop a
different approach to synthesize the OER catalysts, which
will be compared to select the best catalysts for short
production (see Figure 1).

Nanostructured Thin Fim
(3m) Corrosionand
Activity Screening
(Giner and NREL)

A
4
Characterization
(X-Ray, microscopies..)

(NREL)
Iridium Nanotubes
(NREL) Electrolyzer MEA
Tests (Giner and 3M)
Short Production and Cost I
Analysis (Giner, NREL and 3M)

FIGURE 1. lllustration of Synergistic PEM Electrolysis Catalyst Development
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The first approach is IrO, dispersed on a corrosion-
resistant support (e.g. carbon nitride, doped titanium oxide)
(Giner). The second approach is iridium nanostructured thin
film (NSTF) from 3M that is derived from their platinum
NSTF successfully used in PEM fuel cells. The third approach
uses NREL’s iridium nanotube technology, which may be used
to greatly improve performance and/or decrease loading while
maintaining high durability at higher electrode loadings. The
developed catalysts will be first screened by RDE for corrosion
resistance and activity and selected catalysts will be made into
MEAs and tested in Giner’s state-of-the-art electrolyzer test
stations. Finally, scaled-up production of selected catalysts
will be conducted and the cost of the catalysts as a function of
production volume will be analyzed.

RESULTS

Giner has investigated a broad variety of supports
for iridium, including titanium nitride, titanium carbide,

1.0

(@)

0.8 = Johnson Matthey

= Iridium Black

E“ 06 Giner Iridium on Ti02
£ 0 .

2 Nanowires

- + Giner Iridium on

é 0.4 TiO2:W Nanoparticles
5

o

0.2

0.0 ¢
13 1.5 1.7 1.9
Voltage (V vs RHE)

indium tin oxide (ITO), TiO,, W-doped TiO, (W-TiO,),
carbon nitrides. W-TiO, (W, Ti ,O,) nanoparticles and TiO,
nanowires have been selected as supports. In particular,
W-TiO, not only demonstrates high oxidation resistance, but
also possesses fair electronic conductivity. Ir nanoparticles
were deposited on these supports via chemical reduction of
Ir precursors and the resulted particle size of 2-3 nm was
confirmed by transmission electron microscopy. The activity
and durability of supported catalysts are shown in Figure 2.

In the RDE tests, the Ir/W-TiO, catalyst improves the
OER activity by a factor of 3 compared with commercial Ir
black (Figure 2a). The Ir/ W-TiO, catalyst also demonstrates
good stability during voltage cycling from 1.4 to 1.8 V;
it retains 95% of its original OER activity even after
10,000 cycles (Figure 2b). I/W-TiO, also exhibits outstanding
performance in a real PEM electrolyzer (Figure 2c). At
0.4 mg/cm’ Ir loading, it nearly matches the performance of
a Giner standard anode (2 mg/cm’ Ir + 2 mg/cm” Pt) while
reducing Ir loading by a factor of 5 and precious metal
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FIGURE 2. Performance of Giner Ir supported on two TiO, supports (a) OER activity of in a RDE (scan rate: 20 mV/s; RPM: 2,500 rpm;
Ir loading: 40 ug/cm? 0.1 M HCIO,); (b) catalyst durability during voltage cycling from 1.4 V to 1.8 V vs RHE; (c) PEM electrolyzer

performance of Ir/W-TiO, at 80°C
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FIGURE 3. Performance of NREL Ir/metal nanowires in RDE tests (a) OER activity of Ir/Co nanowire vs. Ir loading in the nanowire; (b) OER activity comparison of

different Ir/metal nanowires vs. the Ir ECSA

loading by a factor of 8. In a comparison with 0.4 mg/cm? Ir
black, Ir/W-TiO, improves the OER activity (current density
at a fixed voltage 1.8 V) by a factor of 3. The improved
OER activity is directly correlated to decreased Ir particle
size. Ir is well dispersed on W-TiO, which may increase the
electrochemical surface area (ECSA) of Ir particles.

NREL attempted to make iridium nanotubes using
different nanowires as a scaffold material. Iridium was
deposited onto metal nanowire (Ag, Co or Ni) using
partial galvanic displacement. In a typical experiment,
iridium cobalt nanowires were synthesized by the galvanic
displacement of cobalt with iridium chloride. Synthesis
was completed in water to ensure that all iridium reduction
occurred at the expense of cobalt. Excess iridium precursor
was supplied and experiments were conducted with and
without the presence of nitric acid. Iridium content in the
cobalt nanowires can be varied. The addition of nitric acid
increased the iridium content to 98.4 wt%. The OER activity
of these Ir/metal nanowires is shown in Figure 3. Figure 3a
illustrates the impact of Ir displacement in the It/Co nanowire
on the mass and specific activity using a RDE. It can be seen
that, as the Ir loading increases, the mass activity of the Ir/Co
nanowire catalyst increases but its specific activity remains
nearly constant. Figure 3b plots the OER activity of Ir/various
metal (Ag, Ni or Co) nanowires against the Ir ECSA that
was measured by a mercury under-potential deposition [2].
Contour lines are of constant mass OER activity (500, 1,000,
1,500 mA mgPGM'l) and Y-axis represents the specific activity.
Ir/Co nanowire catalyst demonstrates the highest activity:

3.8 times greater specific activity than Ir black and 3 times
greater mass activity than Ir black. The durability of these
catalysts was also measured by the voltage cycling and it was
found that the higher Ir loading, the lower OER activity, the
better durability (data not shown). The acid leaching of the I/
metal nanowire catalysts increase their durability.
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3M has created a new NSTF anode that uses iridium
without any platinum. This is different from the first
generation NSTF anode, where iridium is supported on
platinum deposited on the NSTF. The catalyst loading is
0.25 mg/cm®. The novel anode is pressed onto a MEA along
with a NSTF cathode containing 0.25 mg/cm” platinum.
The membrane material was a 50-pm thick sheet of 3M 800
equivalent weight ionomer. The MEA is assembled in Giner’s
proprietary electrolyzer hardware (flow field and diffusion
media) and tested performance is shown in Figure 4. The
effect of Ir loading on the electrolyzer performance is
shown in Figure 4a and found that the optimum Ir loading
appears to be around 0.2-0.4 mg/cm” PGM. In comparison,
the NSTF MEA performed nearly as well as a standard
MEA despite having only 25% of the iridium and 12.5% of
the total PGM. Preliminary durability testing of the NSTF
was also conducted by 3M. Two MEAs were subjected to
extended operation at 1.65 V. Both MEAs showed no sign
of significant performance degradation after 200 hours
(Figure 4b). This has met Milestone 3: PGM loading of less
the 0.5 mg/cm’; electrochemical stability at 1.8 V; voltage
below 1.7V @ 1 Alem”.

CONCLUSIONS AND FUTURE DIRECTIONS

Conclusions

» Ir-based OER catalysts for PEM electrolysis have been
successfully synthesized and characterized at NREL,
3M, and Giner and RDE data show promising activity of
developed catalysts compared to commercial Ir black:

—  Giner: various supports and Ir nanotubes

— NREL: Ir/metal nanowires
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FIGURE 4. Performance of 3M Ir NSTF catalysts (a) impact of Ir loading in the I'NSTF on the electrolyzer performance; (b) a 100-hour durability test of the IINSTF
catalyst (at a current density of 1.5 Alcm?)

3M: Ir NTSF

3M NSTF catalyst-based MEA demonstrates superior
performance:

Comparable performance to standard Ir black
catalyst but at 8 times lower Ir loading

1.675 V at 1.5 A/em” for 100 hours, with Ir loading
<0.5 mg/cm’

Significantly exceeding the milestone set for July
2014

Giner Ir/W-TiO, catalyst MEA demonstrates excellent
performance:

Catalytic activity increased by 3 times compared
with Ir black with same loading

Nearly matches Giner baseline performance but
reduce Ir loading by 5 times

Approaches the performance of 3M NSTF OER
catalyst

Future Directions

Test the duality of the developed catalysts in PEM
electrolyzers

Develop economic analysis of materials and system:

Catalyst and MEA cost from short production

Electrolyzer system cost and efficiency
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Overall Objectives

*  Develop efficient robust materials and operation methods
for a two-step thermochemical redox cycle that will
achieve the DOE cost targets for solar hydrogen

*  Develop a scalable solar-thermal reactor design that will
achieve the DOE cost targets for solar hydrogen

Fiscal Year (FY) 2014 Objectives

*  Synthesize hercynite redox materials that are >80%
active by mass

e Characterize “pseudo-isothermal” redox chemistry in
a stagnation flow reactor to demonstrate a hydrogen
productivity greater than 150 pmole/gram total

* Investigate isothermal and/or “near-isothermal” redox in
the High Flux Solar Furnace at the National Renewable
Energy Laboratory, demonstrating a hydrogen
productivity greater than 150 pmole/gram total on-sun

e Perform robustness testing of “hercynite cycle” redox at
ETH Zurich, demonstrating a hydrogen productivity of
greater than 150 umole/g total after 100 cycles.

e Develop an understanding of temperature-swing vs.
isothermal redox and the relative efficiency for carrying
out each

Technical Barriers

This project addresses the following technical barriers
from the Hydrogen Production section of the Fuel Cell
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Technologies Office Multi-Year Research, Development, and
Demonstration Plan:

(S) High-Temperature Robust Materials

(T) Coupling Concentrated Solar Energy and
Thermochemical Cycles

(U) Concentrated Solar Energy Capital Cost

Technical Targets

TABLE 1. Technical Targets for Solar-Driven High-Temperature
Thermochemical Hydrogen Production

Characteristics Units 2020 Target | Ultimate
Plant Gate H, Cost $/gge H, 3.70 2.00
Chemical Tower Capital Cost $/TPDH, 2.3 MM 11 MM
(installed cost)
Annual Reaction Material Cost $/yr-TPD H, 89,000 11,000
Solar to H, Energy Conversion % 20 26

gge — gasoline gallon equivalent; TPD — tons per day; MM - million

FY 2014 Accomplishments

*  Completed computer model for thermodynamic
efficiency calculations for isothermal and near-
isothermal for cerium oxide

*  Demonstrated over 3x H, production from “hercynite
cycle” materials using near-isothermal Red/Ox cycling
(basis of 100 micromole H,/g in 2013)

*  Determined kinetic model and mechanism for CO,
splitting for “hercynite cycle”

*  Performed computational fluid dynamic modeling on
SurroundSun™ reactor

D T S

INTRODUCTION

Two-step solar thermochemical processes based on
non-volatile metal oxide cycles, as shown in Equations 1 and
2, have the potential to operate at high thermal efficiencies,
are chemically simple, and require less land and water to
operate than competing biomass, artificial photosynthesis
and photovoltaic-driven electrolysis. Traditionally, two
types of non-volatile metal oxide redox chemistries are
utilized in solar thermochemical H,O splitting. The first
is based on non-stoichiometric oxides of which ceria is a
representative example. Such redox materials are thermally
reduced without undergoing phase change, as the lattice is
able to accommodate the strain induced by oxygen vacancy

DOE Hydrogen and Fuel Cells Program



I.C Hydrogen Production / Solar Thermochemical

Weimer - University of Colorado

formation. These materials are thermally quite stable,
although the extent of reduction, and hence cycle capacity, is
small compared to other reducible oxides.

MO_ > MO_, +5/2 0,
MO_,+3H,0 > MO_+3H,

M
@

The second prototypical chemistry utilizes materials of
the spinel structure that form solid solutions upon reduction.
The most common are ferrites where Fe’" in M Fe, O, is
partially reduced to Fe’"; here M can be any number of
transition metals that form spinel type oxides with Fe though
Co, Zn, and Ni are the most studied. In these redox cycles,
the ferrite spinel is heated until it decomposes into a mixture
of metal oxide solid solutions that are thermodynamically
stable at temperatures above which the spinel decomposes.
While these materials theoretically exhibit greater redox
potential than non-stoichiometric oxides, in practice
deactivation induced by irreversible processes such as
sintering or the formation of liquid phases and metal
vaporization lead to loss of active oxide.

APPROACH

Our approach is to develop an efficient cost-effective
hydrogen process through (1) an understanding of Red/Ox
thermal cycling conditions, (2) the development of improved
robust active materials, and (3) a scalable solar thermal reactor
system that is optimal for the materials that we develop.

First, a thorough understanding of the activity of Red/Ox
materials and its impact on type of cycling (isothermal, near-
isothermal, and temperature-swing) and reactor efficiency

is needed to understand how to produce hydrogen in the
most efficient way. This will depend on the specific material

being used, as well as different practical and economic
constraints on operating conditions. In addition to the
reaction cycling conditions, it is important to develop a more
detailed understanding of Red/Ox materials mechanisms and,
hence, methods to improve materials performance. Different
materials and mechanisms (i.e., displacement or oxygen
vacancy) can benefit from different operating conditions, and
so understanding these fundamental differences is important.
Finally, a reactor must be designed which is scalable to large
sizes, is comprised of suitable containment materials, and

is tunable for specific active materials. This will allow for
flexibility in operating the Red/Ox cycle in the most efficient
way possible and allow for the hydrogen production process to
take advantage of economies of scale.

RESULTS

Determining the most efficient way to operate is an
important consideration for solar thermochemical water
splitting. Ermanoski et al. and other groups have suggested
different ways of finding the overall solar-to-hydrogen
efficiency [1], and we have expanded upon the model of
Ermanoski et al. in our own analysis. Some of our results
are shown in Figure 1, and indicate that isothermal cycling
is theoretically the most efficient way to operate ceria Red/
Ox, assuming perfect gas-gas heat recuperation. This gas-gas
heat recuperation efficiency is an important factor in the
overall solar-to-hydrogen efficiency, and in determining the
best possible combination of operational parameters. This
heat recuperation deals with the water entering the system
into the oxidation reactor, some of which reacts to form
hydrogen and then exits the oxidation reactor along with any
excess steam and is cooled to ambient temperatures. The

Highest theoretical efficiency is for isothermal
o4s. & processing & perfect steam/steam heat exchange

AT =68.6 K
app

at AT=130 K T ospaK
4 ATgpp=252-

at AT=240 K

Ceria RedOx

Y,

SGG=0.7

g G‘=0.8

EGG=0.9

gg G=0'95

g G=0.97

EGG=1

Model based on Ermanoski et al, PCCP 2014

041
Parameters:
o T,q= 1800K 035
* P=10Pa
+ Solid heat recuperation = . o3t
0.5 3
* €£gg - gas/gas recuperation % 0.251 Y
efficiency I d
*+ Tapp: temp. difference ® 02
between ox steam and
inlet steam after gas/gas 0.15+
recuperation e
*+ ATy, highest theoretical ot 7
efficiency
0.05 L

L
0 50 100

L I L L I
250 800 350 400 450
AT [K]

L L
150 200 500

FIGURE 1. Solar-to-hydrogen efficiency calculations for cerium oxide based on thermodynamic compositions for
a single reduction temperature and pressure with different oxidation temperatures and gas-gas heat recuperation

efficiencies.
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gas-gas heat recuperation efficiency is a lumped parameter
of how much heat form the cooling of the steam/H, mixture
can be used to pre-heat the water. Here we show that for
ceria, as the heat recuperation approach temperature between
the steam to be fed to the oxidizer and the exiting steam/H,
mixture is minimized and approaches zero (meaning the
gas-gas heat recuperation efficiency approaches 100%),

the overall efficiency of the process is improved and more
isothermal-like operating temperatures are suggested.

Achieving very high gas-gas heat recuperation
efficiencies is a considerable challenge. Metal alloy heat
exchangers are able to heat the steam from ambient to
1,000°C using high-temperature Ni alloys, such as Inconel.
These would be followed by ceramic heat exchangers that
are being developed by a number of companies to take the
steam to even higher temperatures in order to minimize
the approach temperature, or the difference in temperature
between the hot steam and hydrogen entering the heat
exchanger and the fresh water leaving the heat exchanger.
We’ve contacted some of these companies and have been told
that heating gases to 1,200°C is almost guaranteed, 1,300°C
should work, 1,500°C should be possible and even hotter may
be possible. This would then become an economic argument
(as with everything else in the system), and the cost/benefit
tradeoffs will need to be considered.

As discussed in the previous section, it may be desirable
to operate in a near-isothermal mode, where the temperature
difference between the oxidation and reduction steps is
relatively small (<150°C). This will minimize simultaneous
Red/Ox formation of O, and H, while increasing theoretical

efficiency if the perfect gas/gas heat exchange is not achieved.

Therefore, we experimentally investigated the hydrogen
production capacity under near isothermal conditions where
the reduction step is carried out at 1,350, 1,400, 1,450, and
1,500°C while oxidation occurred at 1,350°C. This was done
using 85% active hercynite skeletal material. As expected,
we were able to achieve ~100 pmol H /total gram of material
for 1,350°C isothermal water splitting, and as we increased
the reduction temperature we were able to increase the

H, produced, achieving over 350 umole H,/total gram of
material under 1,500°C reduction, as seen in Figure 2. The
increased reduction temperature increases the extent of
hercynite material reduction, thereby increasing the hydrogen
production capacity, while the high 1,350°C oxidation
temperature reduces the deleterious kinetic effects of lower
oxidation temperatures, leading to the high quantity of
hydrogen generated.

In the past fiscal year, we studied isothermal carbon
dioxide splitting using the laser assisted stagnation flow
reactor at the Livermore branch of Sandia National
Laboratories. We collected data using “hercynite cycle”
material for isothermal operation with temperatures of
1,280-1,420°C and partial pressures of CO, in the range
of 316-576 Torr. During experimental runs catalytic CO,
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FIGURE 2. Near isothermal water splitting gas production. The H, and O,
generation rates under isothermal or near isothermal water splitting conditions
for reduction temperatures of 1,350-1,500°C and an oxidation temperature of
1,350°C.

splitting occurred along the inside of the reactor walls at

the high operating temperatures. In order to correct for this
material-independent splitting, blanks were run at each of

the experimental conditions. The CO curves generated with
the blanks were subtracted from the overall signal in order to
determine corrected CO generation data. The corrected curves
were then used to model the CO, splitting behavior of the
“hercynite cycle” material and the dispersion of CO as the gas
moves through the analytics section as outlined by Scheffe et
al. [2]. However, because of the catalytic CO, splitting and O,
uptake by the hercynite materials from O, resulting from CO,
splitting on the walls of the reactor, we were unable to fit the
CO, production curves using only one of the traditional solid
state reaction models (F1, F2, D1, D2, etc.) shown in Equation
3, where a is the extent of reaction (in this case the extent of
re-oxidation), t is time, k; is kinetic rate coefficient, Y is the
CO, concentration, y is the reaction order with respect to the
CO, concentration, and f(a) is the reaction model.

=K S0 ®

The models had to be expanded to include the reaction
of O, produced on the walls, along with that produced by the
“hercynite cycle” active materials and catalytic CO, splitting.
The overall rate expression for material re-oxidation is shown
in Equation 4, where the first and second terms are the CO,
and O, oxidation contributions, respectively.

da,
=Y (=0 + V(1 -0, @
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We have complete modeling of isothermal CO, splitting
based on surface limited models (Equation 2) and system
dispersion as can be seen in Figures 3 a-d. The surface
limited models give reasonably good fits to the experimental
data. Additionally, Figures 3f-g shows the reaction
progression without dispersion effects. Overall, we found
that the CO, reaction is roughly third and second order with
respect to the CO, pressure, and material respectively, and

the O, reaction is roughly first and second order with respect
to the O, pressure, and material respectively.

Over the past several years, we have developed the
SurroundSun"™ reactor design which is simple to operate
and maintain. In this design, the active material is fixed
within heated reaction tubes which are themselves housed in
an insulating cavity. Concentrated sunlight enters through
a window and directly irradiates the tubes containing
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FIGURE 3. Result of kinetic molding analysis for isothermal CO, splitting using hercynite materials. CO,
production curves as experimentally observed (dots) and modeled (straight lines) for a) 1,420°C and b) 1,280°C
at450 Torr CO,, and at 1,350°C under ¢) 576 and d) 310 Torr. Modeled CO, production curves as modeled using
Equation 2 for isothermal splitting at 1,350°C under 310 Torr. e) total CO generated, f) CO generated without
including the catalytic activity, g) O, oxidation and h) total O, and CO, oxidation. These curves are un-corrected

for dispersion.
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the active materials, as shown in Figure 4. One great
benefit to this design is that there are no moving parts. For
temperature-swing operation, the concentrated sunlight

is moved from one half of the reaction tubes to the other
with reduction occurring in the irradiated tubes while
steam is fed to the other, oxidizing tubes producing H,.

For isothermal operation, concentrated sunlight is directed
such that all reaction tubes are heated uniformly and the
steam is fed into the desired tubes to drive oxidation.

This past year we carried out detailed computational fluid
dynamics modeling of the operation of this reactor design
under isothermal and temperature swing conditions, which
indicate major challenges in the operation of this reactor
design. For temperature swing operation, it is impossible to
achieve substantial differences in temperature between the
reduction and oxidation reaction tubes, while for isothermal
operation there is a substantial temperature variation with
the tubes, thus preventing all of the active material to hold at
a constant temperature. This indicates two major drawbacks
of the SurroundSun™ design: 1) limited control over the
operating temperature within the reactor, as indicated by
the small temperature change achieved during temperature
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swing operations modeling; and 2) inefficient use of the
material because it is not efficiently heated all the way
through to the center of the reducing tubes, as illustrated by
the large temperature gradients across individual reaction
tubes undergoing reduction under both temperature swing
and isothermal water splitting operation. Based on these
results, we have concluded that a new reactor design should
be considered based on the following principles: 1) flowing
particles to enable even material heating, 2) separate
reduction/oxidation reaction containment and 3) decoupled
reduction/oxidation times.

CONCLUSIONS AND FUTURE DIRECTIONS

Determined that isothermal Red/Ox is possible, enabling
large design space for optimization

Determined that optimal change in temperature (AT)
is dependent on active materials, gas/gas heat transfer
efficiency and temperature of H,/H,O separation

Developed oxidation kinetics for high temperature CO,
splitting
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FIGURE 4. Computational fluid dynamics modeling results of SurroundSun™ reactor. a) and b) show the
temperature profile with in the reactor under temperature swing and isothermal conditions. c) shows the
directional focus of the concentrated sunlight during temperature swing operations.
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*  Determined that “near-isothermal” processing enables
high reduction extent and rapid oxidation kinetics
without simultaneous reduction/oxidation occurring

*  Determined that a packed bed, stationary tube,
SurroundSun™ reactor does not enable considerable AT,
and materials heating is uneven across the reactant tubes

*  Will incorporate Red/Ox extents from “hercynite cycle”
and new materials into model to determine “optimal” AT

*  Will develop improved “hercynite cycle” and perovskite
materials using high through-put screening methods and
investigate extent of reduction for various P_, and P,
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Overall Objectives

*  Verify the potential for a solar thermochemical hydrogen
production cycle based on a two-step, non-volatile metal
oxide to be competitive in the long term.

*  Develop a high-temperature solar receiver-reactor (SRR)
and redox material for hydrogen production with a
projected cost of $3.70/gasoline gallon equivalent at the
plant gate by 2020.

Fiscal Year (FY) 2014 Objectives

*  Discover and characterize novel perovskite materials
for a two-step, non-volatile metal oxide water-splitting
thermochemical cycle.

e Calculate theoretical system efficiency for various SRR
operating scenarios that meet or exceed a solar-to-
hydrogen (STH) conversion ratio of 26%.

*  Formulate and refine particle-based SRR designs and
assess feasibility.

»  Construct an engineering test stand and evaluate particle
conveyance and pressure separation concepts under
vacuum at elevated temperature.

*  Conduct H2Av3 analysis of a central receiver-based
particle SRR producing 100,000 kg H /day and identify

FY 2014 Annual Progress Report

a clear path towards meeting DOE projected cost targets
for hydrogen.

Technical Barriers

This project addresses the following technical barriers
from the Hydrogen Production section of the Fuel Cell
Technologies Office Multi-Year Research, Development, and
Demonstration Plan:

(S)  High-Temperature Robust Materials

(T) Coupling Concentrated Solar Energy and
Thermochemical Cycles

(X) Chemical Reactor Development and Capital Costs

(AC) Solar Receiver and Reactor Interface Development

Technical Targets

This project is conducting fundamental studies on
materials for use in concentrated solar power applications
and designing reactor concepts that, when combined, will
produce H, from thermochemical water-splitting (WS)
cycles. Insights gained from these studies will be applied
toward the design and optimization of an SRR that meets the
following ultimate DOE hydrogen production targets:

*  Hydrogen Cost: <$2/kg H,

*  Material of Reaction Cost: <$11K/yr tons/day H,

»  STH Conversion Ratio: >26%

+  1-Sun Hydrogen Production Rate: >2.1x10° kg/s m*

FY 2014 Accomplishments

»  Synthesized 30 different redox materials using AB(Mn
or Fe)O, perovskite oxides (A = Ca, La, Sr, or mixtures
thereof; B = Ce, Ti, or Zr). Compounds were screened for
water-splitting activity using thermogravimetric analysis
(TGA) methodologies. Finding a more effective redox
material increases the likelihood of meeting the DOE
targets for material cost and STH conversion ratio.

*  Developed a thermodynamic model for SrXLal_XMnyAll_
0, perovskite compositions (SLMA2) based on P ,-6-T
data. Predicted the optimal operating temperature (AT),
O, pressure (vacuum), and heat recovery effectiveness
required for SLMA?2 to meet or exceed a STH conversion
ratio greater than 20%. We predict that near-term DOE
technical targets for solar H, can be achieved in a two-
step high-temperature thermochemical cycle using
SLMA2.
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*  Derived performance criteria and thermodynamic
properties for an “ideal” non-stoichiometric oxide. This
hypothetical material strikes a balance between the solar
energy required to heat oxide versus steam, and thus
is predicted to cycle at an optimal reactor efficiency.
Identifying such criteria is key to meeting the long-term
DOE STH conversion ratio target of 26%.

*  Advanced Sandia’s particle bed reactor concept to
include a novel and game-changing approach—
cascading pressure thermal reduction—enabling ultra-
low O, pressure under thermal reduction in vacuum.
This discovery is critical to achieving a STH conversion
ratio greater than 20% for state-of-the-art perovskites.

*  Designed a particle elevator for a 3-5 kW-scale
engineering test stand. Construction is under way. When
completed, it will be integrated into a fully functioning
SRR. Knowledge gained from operating this reactor
will be used to analytically up-scale our technology to a
100,000 kg H./day centralized plant.

*  Analyzed H, cost for a central receiver-based particle
SRR operating at 100,000 kg H /day capacity. Plant
design incorporates a full field beam-down optical layout
for each of many 5 MW central receivers. Analysis
reveals the importance of reactor efficiency to meeting
DOE ultimate cost targets due to the high capital cost of
solar collection.

R R

INTRODUCTION

This research and development project is focused on
the advancement of a technology that produces hydrogen
at a cost that is competitive with fossil-based fuels for
transportation. A two-step, solar-driven WS thermochemical
cycle is theoretically capable of achieving a STH conversion
ratio (i.e. conversion efficiency) that exceeds the DOE target
of 26% at a scale large enough to support an industrialized
economy [1]. The challenge is to transition this technology
from the laboratory to the marketplace and produce H, at a
cost that meets or exceeds the DOE target of <$2/kg H,.

Conceptually, heat derived from concentrated solar
energy can be used to reduce a metal oxide at high
temperature producing O, (Step 1). The reduced metal
oxide is then taken “off sun” and re-oxidized at lower
temperature by exposure to H,O, thus producing H, (Step 2)
and completing the cycle. The ultimate commercial success
of solar thermochemical H, production is contingent upon
developing suitable redox active materials and incorporating
them into an efficient SRR. There are numerous material
chemistries that have attributes suitable for inclusion in a
thermochemical H, production system [2-4]. The challenge
is to identify an optimally performing material. In addition,
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the development of redox material and SRR are not mutually
exclusive, but must be conducted in parallel [S]. To maximize
the probability of success, this project also addresses the
reactor- and system-level challenges related to the design of
an efficient particle-based SRR concept [6].

APPROACH

Thermochemical WS reactors are heat engines that
convert concentrated solar energy (heat) to chemical work.
Our approach is to discover novel materials to accomplish the
WS chemistry and pair these with a novel SRR that, when
combined, can achieve an unprecedented STH conversion
ratio. The material discovery work involves expanding
our understanding of the underlying thermodynamics and
kinetics in order to make performance improvements and/
or formulate new, more redox-active compositions. Sandia’s
patented SRR technology is based on a moving bed of packed
particles that embodies all of the design attributes essential
for achieving high efficiency operation: (1) sensible heat
recovery; (2) spatial separation of pressure, temperature,
and reaction products; (3) continuous on sun operation; and
(4) direct absorption of solar radiation by the redox-active
material. Research efforts are focused on validating design
concepts and deriving optimal operating conditions through
detailed systems modeling.

RESULTS

In this project year, Sandia advanced the understanding
of perovskite oxides as a class of materials for solar H,
production, as well as identified the characteristics of an ideal
redox material that can be incorporated into Sandia’s SRR.
Thirty different perovskite formulations were synthesized
and screened. Our principle focus in FY 2014 was on
chemical modifications of Mn- and Fe- based perovskites
according to the following elemental substitutions: AB(Mn or
Fe)O, oxides; A = Ca, La, Sr, or mixtures thereof; B = Ce, Ti,
or Zr. We found that many of these compounds readily reduce
at temperatures well below that of CeO, (T, ,<1,000°C),
and possess redox capacities in excess of CeO, (i.e., reduce
more deeply, >>0.1). Unfortunately, none of these materials
performed WS chemistry better than the family of SLMA
compounds we discovered last year [4]. Nonetheless, we are
encouraged by the fact that simple modifications of AB(Mn
or Fe)O, oxides yield redox-active materials, and maintain
the position that perovskite oxides hold great promise for
meeting DOE targets.

In FY 2014, we developed specifications for an ideal non-
stoichiometric oxide for use in high-temperature WS cycles
(summarized in Figure 1a). Here, seven key characteristics of
redox-active materials are defined, such as WS temperature
(Tys)> extent of oxygen non-stoichiometry in reduction
(8), H,O/H, ratio during WS, etc. These values (or limiting
ranges) were determined by high-level theoretical analysis of

FY 2014 Annual Progress Report



McDaniel — Sandia National Laboratories

I.C Hydrogen Production / Solar Thermochemical

(a) prop. SLMA IDEAL CeO,
Tor 865°C 900-1200°C 1220°C
Tws 900°C 750-900°C 1000°C

) 0.30 SLMA 0.08

H,O/H,  200/1 CeO, 10/1
*Rateys ~0.04s™ CeO, ~0.01s"
*AHrr  220-320 350-400 400-500
*AStr 100-130 ~Ce0O, 200-300

* Rate=pseudo first order, AH(8)=kJ/mol O, AS(8)=J/K mol O

8.
i— 0
(c) =z
— 0.16
0.24
=53
3
< -0
o
o
-15
-20 - - e 1
1000 1100 1200 1300
Tws (K)

Nsty dominated
by steam heating.

—— SrZry3Mng ;05
— CaTig4Mng 0,
— SLMA2
— CeO,
— SCM

20

(b)

-
o

O, (nmole/s/g)

1 1 1
400 600 800 1000 1200
temperature (C)

- -

-20F : ’% 1 N
1000 1100 1200 1300
Tws (K)

Nsty dominated
by oxide heating.

FIGURE 1. (a) Range of material properties derived for an ideal non-stoichiometric oxide (see text). (b) O, production rate, normalized to material mass,
as a function of temperature measured during thermal reduction under a flow of He gas for several representative perovskite formulations (see legend).
Dark vertical lines denote the onset temperature for O, evolution, which strongly correlates to the reduction enthalpy (AH, ) and WS activity. Shaded
box represents a temperature region where the ideal material will begin to evolve O,. (¢, d) Thermodynamic data for SLMA2, CeO,, and H,0O plotted as
a function of WS temperature (T,), oxygen non-stoichiometry (5), and H,O/H, ratio. For H, production (i.e., water splitting) to be thermodynamically
favored at a particular H,O/H, ratio and temperature, the solid colored lines for the final state 5 must lie below the dashed lines (see text).

Sandia’s SRR using known properties for CeO, and SLMA2
that revealed the controlling factors for STH conversion
ratio. With CeO,, efficiency is dominated by oxide heating.
For SLM A2, it is dominated by steam heating. Therefore,
we postulate that the ideal material properties lie between
these two.

We also discovered a new descriptor to aid in material
screening, defined as “T,,.” This is the temperature at
which O, begins to evolve from the solid and is strongly
correlated to reduction enthalpy, WS activity, and process
viability. With this descriptor, we can accelerate screening
in both the TGA and stagnation flow reactor. Shown in
Figure 1b is the O, evolution rate measured as a function of
temperature during thermal reduction for several perovskite
formulations tested in FY 2014. It is clear that some of our
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newest Mn-based compounds readily reduce, as evidenced
by a T ,<600°C that is well below SLMA?2 or CeO,. We
also know that the reduction enthalpy for SLMA2<CeO,,
and therefore deduce that high T, suggest high reduction
enthalpy. Not surprisingly, T, also strongly correlates to WS
activity. The data in Figures lc and 1d provide evidence for
this. Equilibrium data for SLMA2 and CeO, under various
WS conditions are shown in these two plots. For an oxygen
atom from a H,O molecule to go into the solid (thereby
making H,), the end-state & curve (colored lines) must lie
below that of a dashed curve for a specific WS condition
(Tys and H,O/H, ratio). Ceria’s T, (1,220°C) is higher than
SLMAZ2 (865°C). And by comparison, a larger collection

of colored lines for CeO, (Figure 1d) lie below a H,O/H,
ratio of 10/1 than for SLMA2 (Figure 1c). This implies that
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the driving force for WS on reduced CeO, is greater than
SLMAZ2. Therefore, high T, also indicates high WS activity.
More importantly from a screening perspective, if T, is

too low (below 700°C), as is the case for SrZr  ,Mn, O, and

0773

CaTi, Mn, O,, the oxide will not split water. We believe that
the ideal redox material will have a T, bounded by the grey

shaded area in Figure 1b.

This year we derived a thermodynamic expression
for SLMAZ2 from fitting a solid solution model to TGA
measurements. The results, presented in Figure 2a, allow
us to calculate the chemical state of SLMA2(P,,,, 6, T.,)
given any two of these parameters. The model also predicts
enthalpy and entropy of reduction as a function of oxygen
non-stoichiometry. With this model we have mapped
the theoretical STH efficiency for SLMA2, shown in
Figure 2b, as a function of temperature separation (AT), heat
recuperation effectiveness (g, and €;), and O, pressure in
reduction (p,, Pa) at T, = 1,450°C. It is evident from the
efficiency profiles in Figure 2b that SLM A2 can meet or
exceed the 2020 DOE target for STH conversion efficiency
in Sandia’s SRR. By using SLMAZ2 to decrease the thermal
reduction temperature (T, ) while maintaining a A5>CeO,,
we achieve high STH efficiency without relying on solid-
solid heat recovery (g,=0); a much less demanding reactor
condition than proposed for high-STH operation with CeO,
[6]. In addition, the gas-gas heat recovery effectiveness
(g5) has been limited to exchanger temperatures less than

(@ 30 .
— 1073K
— 1173K
— 1673K
29F & sLMA2

2.8

3-

2.7

-20 -15 -10 -5 0
log4o (O, atm.)

(8 — dp)

MO;_s.
3-5; >

02 > M0O3_s,

=

1,000°C, an important design consideration given the
difficulty of ultra-high temperature heat exchange.

In FY 2014, we made a groundbreaking improvement
to the packed bed reactor design; the invention of a multi-
stage thermal reduction process via pressure cascade [7]
(shown schematically in Figure 3). This approach enables
hitherto unfeasibly low thermal reduction pressures (i.c.,
high vacuum). Achieving ultra-low O, pressure (p,,) during
reduction is critically important to high STH efficiency
operation (see Figure 2b). The practical challenges to
reaching low p,, are extremely large O, flow velocities,
and correspondingly large pumping speeds, required for a
multi-MW tower SRR. In fact, the desired extent of reduction
requires p,,<10 Pa, a physical impossibility in a single-
chambered reactor using existing pumping technology. The
improved cascade approach performs the thermal reduction
in multiple chambers, each operating at a successively lower
pressure. The packed particle bed design inherently provides
for the required pneumatic sealing between chambers.
The data in Figure 3b show the outstanding potential for
decreasing p,, via cascading pressure thermal reduction.
One order of magnitude p,, decrease can be achieved
in only five stages, each operating at the same pumping
speed. In a ceria based cycle for example, a 10-fold p,,
decrease corresponds to a 45% relative efficiency increase.
Furthermore, because ultra-low p,_ is accessible via the new
cascade approach, technically challenging high-temperature
solid-solid heat recovery is no longer vital for efficient reactor

(b) s
1 P SLMA2 cycle, LHV basis
B e T1r=1450°C
35 :?go er=0% (entire T-range)
X 30 [ £6c=0%  (>1000°C)
3 s £6c=97%  (<1000°C)
o
Q20
o 15 //
z ———
“ 10 7 —
5 //
0 ‘§§ E : — e

0 100 200 300 400 500 600 700 800
AT [K]

DOE 2020 target for STH ratio = 20%

FIGURE 2. (a) P,,-6-T relationship map for SLMA2. Solid markers are experimental data measured by TGA, lines are fits to a solid solution model. (b) Predicted

STH efficiency as a function of the temperature difference between T, and T

RED

OXD (

AT) for SLMA2 at various O, partial pressures under reduction (p,., Pa). Practical

limits are assigned to the gas-gas (&) heat recovery effectiveness, and no credit is taken for solid-solid () heat recovery (see inset). The thermodynamic model
derived for SLMA2 was incorporated into this calculation [8]. At a p, <3 Pa, SLMA2 is predicted to exceed the DOE 2020 STH efficiency target in Sandia’s particle-

based SRR.
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FIGURE 3. (a) Conceptual schematic of the 3-5 kW-scale engineering test stand under construction at Sandia. The sketch shows salient features of the device
including two thermal reduction chambers and the particle elevator. (b) A simple schematic illustration of a cascading pressure reactor along with a graph showing
the pumping advantage realized by using a multi-chambered approach. The ratio of p;. ,/p;.; (Where TR,0 is the first chamber) is plotted as a function of the number
of reduction chambers (i). One order of magnitude reduction in p, . is achieved using only five chambers (calculation based on CeO, and other limiting factors such as

solar concentration ratio and practical gas pumping speeds.)

design, representing a significant design innovation and
simplification.

Finally, in FY 2014 we incorporated our extensive
theoretical understanding of this process into the design of a
3-5 kW-scale engineering test stand. The particle elevator and
apparatus for testing radiative heat transfer into particle beds
is shown in Figure 4. When completed, this prototype will be
used to evaluate all reactor functions, first individually and
then within a fully integrated system inclusive of continuous
operation and hydrogen production under simulated solar
radiation. Data collected from this instrument will be used
to further refine reactor designs, and analytically up-scale
Sandia’s technology to a 5-MW centralized tower system.

CONCLUSIONS AND FUTURE DIRECTIONS

»  Discover additional perovskite and phase-change type
oxides with ideal properties identified in FY 2014 for
improved WS activity.

¢ Construct and test a functional SRR test stand sized for
3-5 kW with two reduction chambers.

*  Design tower and field configurations compatible with
multiple reduction chambers.
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FY 2014 PUBLICATIONS/PRESENTATIONS

1. “Cascading Pressure Thermal Reduction for Efficient Solar Fuel
Production”, I. Ermanoski, International Journal of Hydrogen
Energy, (2014) DOI:10.1016/j.ijhydene.2014.06.143.

2. “Efficiency Maximization in Solar Thermochemical Fuel
Production: Challenging the Concept of Isothermal Water
Splitting”, 1. Ermanoski, J.E. Miller, M.D. Allendorf, Physical
Chemistry Chemical Physics, 16 (2014) 8418.

3. “Annual Average Efficiency of a Solar-Thermochemical Reactor”,
I. Ermanoski and N.P. Siegel, Energy Procedia, 49 (2014) 1932.

4. “Advancing Oxide Materials for Thermochemical Production
of Solar Fuels”, J.E. Miller, A. Ambrosini, E.N. Coker,
M.D. Allendorf, A.H. McDaniel, Energy Procedia, 49 (2014) 2019.

5. “Nonstoichiometric Perovskite Oxides for Solar Thermochemical
H, and CO Production”, A.H. McDaniel, A. Ambrosini, E.N. Coker,
J.E. Miller, W.C. Chueh, R. O’Hayre, J. Tong, Energy Procedia, 49
(2014) 20009.

6. “Considerations in the Design of Materials for Solar-Driven
Fuel Production Using Metal-Oxide Thermochemical Cycles”,
J.E. Miller, A.H. McDaniel, M.D. Allendorf, Advanced Energy
Materials, 4, (2), (2014) 1300469. DOI:10.1002/aenm.201300469.

1. “Perovskite-Type Oxides for Efficient Energy Conversion and
Storage”, J. Tong. Invited seminar at Institute of Engineering
Thermophysics, Chinese Academy of Sciences, China, 23 June,
2014.
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(b)

FIGURE 4. (a) Schematic and image of Bucknell’s test platform designed

to study radiant heat transfer into particle beds. The platform consists of a
windowed aperture (hemispherical quartz dome) attached to an insulated
housing, and operates under vacuum with minimal attenuation of incident
radiant energy. Approximately 100 cm® of particles can be placed in the
cavity. (b) Schematic and image of Sandia’s particle elevator. When complete,
approximately 10 kg of redox-active particles can be transported, under
vacuum at high temperature (<1,000°C), to adjacent oxidation and reduction
chambers (not shown). The moving packed particle bed is key to achieving
ultra-low O, pressure during reduction and continuous on-sun operation.

8. “Solar Thermochemical Water Splitting: Advances in Materials
and Methods”, A.H. McDaniel, M.D. Allendorf, I. Ermanoski,

A. Ambrosini, E.N. Coker and J.E. Miller, W.C. Chueh, R. O’Hayre,
J. Tong. Invited seminar at CIMTEC 2014 6™ Forum on New
Materials, Montecatini Terme, Italy, 15-19 June, 2014.
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9. “Solar Chemistry and Fuel Production”, N.P. Siegel. Presented
at the Chemical Engineering Spring Seminar Series, Bucknell
University, Lewisburg, PA, USA, 25 February, 2014.

10. “The Water Splitting Kinetics of Two-Step Solar
Thermochemical Process With CeO,”, D. Arifin, A.H. McDaniel,
AW. Weimer. Presented at the annual meeting of the AIChE, San
Francisco, CA, USA, 3-8 November, 2013.

11. “A Detailed Mechanism of Solar Thermochemical Carbon
Dioxide Splitting With CeO,”, D. Arifin, A.H. McDaniel,
AW. Weimer. Presented at the annual meeting of the AIChE,
San Francisco, CA, USA, 3-8 November, 2013.

12. “High Temperature Solar Fuel Production Using Solid State
Ionic Materials”, J. Tong, R. O’Hayre. Presented at the annual
meeting of Center for Revolutionary Photoconversion, Denver, CO,
USA, 1215 August 2013.
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II.C.3 Electrolyzer Development for the HyS Thermochemical Cycle

Héctor Colon-Mercado (Primary Contact),
William A. Summers

Savannah River National Laboratory

Building 999-2W

Aiken, SC 29808

Phone: (803) 645-7819

Email: Hector.Colon-Mercado@srnl.doe.gov

DOE Manager

Sara Dillich
Phone: (202) 586-7925
Email: Sara.Dillich@ee.doe.gov

Project Start Date: June 1, 2013
Project End Date: Project continuation and direction
determined annually by DOE

Overall Objectives

* Identify and quantify anode electrocatalysts and
advanced proton-exchange membranes to improve the
performance and lower the capital and operating costs
for the electrolysis step of the Hybrid Sulfur (HyS)
thermochemical water-splitting process

*  Demonstrate electrolyzer operation at elevated
temperature and pressure up to 140°C and 2 MPa

* Improve electrolyzer efficiency to achieve 600 mV cell
potential at current density of 500 mA/cm® or higher

Fiscal Year (FY) 2014 Objectives

e Complete integration of major components into the
Pressurized Button Cell Test Facility (PBCTF) that will
ultimately allow testing of catalysts and membranes at
pressures up to 1 MPa and temperatures of 130°C. Major
components include anolyte tank, electrolyzer cell,
hydrogen storage tank, and anolyte pump.

e Identify and screen electrocatalysts with the potential
to reduce oxidation overpotential by >20 mV versus the
state-of-the-art platinum catalyst.

*  Characterize three or more anode catalysts in conditions
of sulfur-dioxide-saturated solutions of 30-50 wt%
H,SO,.

Technical Barriers

This project addresses the following technical barriers
from the Hydrogen Production section of the Fuel Cell
Technologies Office Multi-Year Research, Development, and
Demonstration (RD&D) Plan:

FY 2014 Annual Progress Report

(T) Coupling Concentrated Solar Energy and
Thermochemical Cycles

(W)Materials and Catalysts Development
(X) Chemical Reactor Development and Capital Costs

Technical Targets

This project is conducting studies to improve the
performance and lower the capital and operating costs for the
electrolysis step of the HyS thermochemical cycle. Insights
gained from these studies will be applied toward the design
and demonstration of a solar-driven HyS thermochemical
cycle that meets the following DOE 2020 hydrogen
production targets for high-temperature, solar-driven,
thermochemical processes, as given in Table 3.1.7 of the
Multi-Year RD&D Plan:

e Hydrogen Cost: $3.70/kg
*  Solar to Hydrogen Energy Conversion Ratio: 20%

FY 2014 Accomplishments

* Identified and purchased tantalum-coated parts as a
more cost-effective alternative instead of custom-made
zirconium fittings for construction of the metal parts of
the PBCTF.

*  Finished modification of the original piping and
instrumentation diagram as well as finished construction
of the set-up from earlier large-scale testing to
accommodate the changes in size and type of parts to be
used in the PBCTF.

*  Finished construction and integration of all components.

*  Tested thin-film electrodes as candidate anode
electrocatalysts, including Pt, Pd, Ir, Au, PtAu, and PtV.
Au, PtAu and PtV showed 28 mV, 46 mV, and 13 mV
reduction, respectively, on the anode polarization versus
state-of-the-art Pt catalyst.

R T S

INTRODUCTION

Solar thermochemical hydrogen (STCH) cycles have
the potential to produce hydrogen at competitive costs. The
DOE is supporting research on STCH cycles for hydrogen
production that can be competitive in the long-term and by
2020 be developed to produce hydrogen with a projected
cost of $3.70/gasoline gallon equivalent at the plant gate.
The HyS process is a promising sulfur-based STCH cycle
that depends on a simple, two-step chemical process with
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all-fluid reactants. It contains a low-energy electrolysis step,
making it a thermo/electrochemical hybrid process. In this
process, sulfuric acid (H,SO,) is thermally decomposed

by solar energy at high temperature (>800°C), producing
S0O,, O,, and steam. Sulfuric acid saturated with SO, is then
pumped into a sulfur dioxide-depolarized electrolyzer (SDE)
that electrochemically oxidizes sulfur dioxide with water to
form sulfuric acid at the anode and reduces protons to form
hydrogen at the cathode. The reversible cell potential for
this electrochemical process is -0.158 V (standard hydrogen
electrode, SHE) versus -1.229 V (SHE) for low-temperature
water electrolysis [1]. The overall electrochemical reaction
consists of the production of H,SO, and H,, while the entire
cycle produces H, and O, from H,O with no side products.

The SDE is the major developmental technology in
this cycle, and the objective of the research is to identify,
develop, and demonstrate new SDE components to improve
the efficiency and lower the costs of this key step. The focus
of the research is on the anode electrocatalyst and the proton
exchange membrane. New research has shown that Pt alloys
with transition metals, gold, and gold alloys can decrease
the overpotential for the SO, oxidation reaction [2]. Another
major goal of the research is to develop membranes that
can operate at elevated temperature and pressure (140°C
and 2 MPa) for extended periods without degradation of
performance. Higher-temperature operation is expected to
reduce kinetic polarization losses at the anode and permit
the use of advanced high-temperature membranes (versus
Nafion®). Previous low-temperature results indicate that the
advanced membranes can also reduce the crossover of SO,
through the membrane to the cathode, thereby eliminating or
minimizing elemental sulfur formation that can reduce cell
performance and operating lifetime.

APPROACH

There are two main approaches that were studied
for performance improvements on the SDE: anode
electrocatalysts and expanded operating conditions (operating
temperatures up to 130°C and pressures up to 1 MPa).
Electrocatalyst anode materials that can provide higher
activity for the SO, oxidation were investigated. Materials are
expected to provide similar amount of corrosion resistance
as state-of-the-art Pt electrocatalysts, while increasing the
kinetic current at comparable operating potentials. This
approach will not only improve the overall performance
of the PBCTF system, but will also reduce the amount of
precious metals used in the SDE.

Operation at expanded operating conditions will allow
the system to operate at a higher efficiency by reducing
kinetic and ionic/mass transfer losses. The system is
being redesigned for operation at higher temperatures and
pressures in order to get baseline performance of state-
of-the-art materials (i.e., catalysts consisting of Pt/C and
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Nafion” membranes) at different operating conditions. This
information will be useful for establishing and making
performance comparisons when using next-generation
membranes and electrocatalysts.

RESULTS

Depending on the operating conditions, around 70%
of the losses in efficiency in the electrolyzer arise from
the kinetic losses associated with the anode electrode.
Improvements in anode performance are being sought as
a way to improve overall electrochemical performance of
the electrolyzer. Over the past, the SDE research has been
focused on Pt electrocatalysts. However, new research has
shown that Pt alloys with transition metals, Au, and Au
alloys can decrease the overpotential for the SO, oxidation
reaction [2]. Catalytic thin films were prepared by sputter
deposition on corrosion-resistant coupons for the materials
of interest (Pt, Au, Pd, Ir, etc.) and were evaluated in sulfur-
dioxide-saturated sulfuric acid solutions. Figure 1 shows
the typical Tafel plots for the electrolysis of SO, by Pt. As
observed in Figure 1, the performance consists of two curved
lines coming together to form a point. The top curved line
gives an indication of the reaction rate far from equilibrium
potentials. This top curved line is representative of the current
region where the electrolyzer will be operated. In other
words, a shift to the lower right side of the plot will indicate
significant improvement in the electrocatalyst performance
that will translate to higher plant efficiency. The shaded
area under the dashed lines indicates the milestone target
of 220 mV performance improvement over un-modified Pt
catalysts. The performance of the catalysts tested away from
equilibrium conditions is plotted in Figure 2 at the current
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FIGURE 1. Typical consecutive Tafel plots for the electrolysis of SO, by Pt.
Test performed in SO, saturated with 30 wt% sulfuric acid at room temperature.
Shaded area indicates FY 2013 milestone performance target.
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FIGURE 2. Operation Potential of the Different Catalysts Working at the
Current Density of Pt Operated at 600 mV

density 2.3 mA/cm”. The use of Au or the addition of Au or
V to the Pt catalysts decreases the operational voltage (better
performance). The catalysts with performance better than Pt
(0.6 V or lower voltage): are observed by PtAu alloy (0.554 V)
> Au (0.572 V) > PtAu-HT (0.587 V) > PtV (0.587 V).

In addition to improvements in catalyst activity,
operation of the electrolyzer at higher temperatures and
pressures will facilitate the kinetics and mass transfer and
allow the use of high-temperature membranes, and, therefore,
will improve overall performance. Fabrication of the PBCTF
will facilitate the testing of anode electrocatalysts and
high-temperature membranes at improved SDE-relevant
conditions. Because of the corrosive nature of the sulfuric
acid, specialty instruments and materials need to be used.
Previous experience has indicated that metals such as
zirconium and tantalum can provide both mechanical and
chemical resistance. Polymer use is limited to uses such
as liners due to the operating temperatures and pressures.
Design, procurement, and fabrication were completed.
Major fabrication items include the SO, acid anolyte tank
and the electrochemical cell. All metal-wetted parts of
the anolyte tank are made of Zircalloy, while the wetted
parts of the electrochemical cell are made of graphite and
fluoro-polymers. To integrate all the different components,
tantalum-wetted fittings were used. Figure 3 shows the
complete integration of all the components. With the
setup completed, baseline performance of state-of-the-art
materials, such as Nafion® and platinized carbon, will be
assessed followed by testing of the advanced materials.

CONCLUSIONS AND FUTURE DIRECTIONS

» Identified and procured tantalum-coated parts as a
more cost-effective alternative instead of custom-made
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FIGURE 3. Photograph of Completed System

zirconium fittings for construction of the metal parts of
the PBCTE.

*  Finished modification of the original piping and
instrumentation diagram as well as finished fabrication
of parts to be used in the PBCTF.

*  Finished construction and integration of all components.

*  Tested thin-film electrodes as candidate anode
electrocatalysts, including Pt, Pd, Ir, Au, PtAu, and PtV.
Au, PtAu, and PtV showed 28 mV, 46 mV, and 13 mV
reduction on the anode polarization, respectively, versus
state-of-the-art Pt catalyst.

*  Future work will establish baseline performance of state-
of-the-art materials and start studying the performance
of new high-temperature membranes.
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Overall Objectives

Identify, synthesize, and characterize new semiconductor
materials that have the capability of meeting the criteria for
a viable photoelectrochemical (PEC) hydrogen-producing
device, either as a single absorber or as part of a high-
efficiency multijunction device.

Fiscal Year (FY) 2014 Objectives

*  Design tandem I1I-V semiconductor structures with
lower bandgaps than GalnP,/GaAs that have the
potential to push the boundaries on achievable solar-to-
hydrogen (STH) efficiencies.

*  Demonstrate surface modification for passivation against
corrosion to improve durability for lower-bandgap I11-V
semiconductor electrodes at high current densities.

Technical Barriers

This project addresses the following technical barriers
from the Hydrogen Production section of the Fuel Cell
Technologies Office Multi-Year Research, Development, and
Demonstration Plan:

(AE) Materials Efficiency — Bulk and Interface
(AF) Materials Durability — Bulk and Interface
(AG) Integrated Device Configurations

(Al) Auxiliary Materials
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Technical Targets

This project is a materials discovery investigation to
identify a single semiconductor material that meets the
technical targets for efficiency and stability. The 2015
technical targets from the Multi-Year Research, Development,
and Demonstration Plan PEC hydrogen production goals in
Table 3.1.8.A are the following:

*  15% STH conversion efficiency

*  900-hour replacement lifetime (1/2 year at 20% capacity
factor)

¢ $300/m’ PEC electrode cost.

FY 2014 Accomplishments

*  We contributed to getting the Springer brief,
Photoelectrochemical Water Splitting: Standards,
Experimental Methods, and Protocols, published.

*  We performed outdoor testing with surface-treated
tandem electrodes in a photoreactor mounted on a
solar tracker with moderate optical concentration. We
measured the product gases and found less than unity
Faradaic yields for hydrogen and oxygen. The electrodes
exhibited corrosion after only four hours of operation,
suggesting that the surface passivation treatment needs
further optimization for these high current conditions.

*  We confirmed that our two-step surface passivation,
involving nitrogen ion implantation and flash sputtering
with a noble metal alloy, protects p-InP surfaces under
very high rates of hydrogen evolution. No surface
corrosion was observed after testing at -25 mA/cm’
for 24 hours in 3 M H,SO,, demonstrating that this
treatment we developed on GalnP, works not only on
other III-V materials, but is also viable at the elevated
current densities necessary for high-efficiency solar
water-splitting.

*  We made quantitative measurements of the PtRu
loading in the nitridation/sputtering surface passivation
treatment. Scanning transmission electron microscopy
indicates the morphology of the PtRu is partially
aggregated particles with dimensions on the order of
5 nm covering about 30% of the surface. Inductively
coupled plasma mass-spectrometry reveals that the
equivalent surface coverage (if the morphology was a
continuous film) of PtRu is between 1 and 2 nm.

*  We generated a waterfall chart (presented at the
Annual Merit Review) projecting cost reductions in
PEC hydrogen production by making serial iterations
of the H2A Future Central Hydrogen Production from
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Photoelectrochemical Type 4 Version 3.0 case study with
our anticipated progress toward technical targets.

*  We designed a p-GaAs:n/p-GaAs stacked tandem
configuration that should be able to generate 2.0 V at
open circuit and is theoretically capable of nearly 20%
STH. Using a thinned top cell splits photons in the solar
spectrum with energies above the 1.42-eV bandgap.
Preliminary testing of this device shows it is capable of
unbiased water splitting.

R R

INTRODUCTION

Photoelectrochemistry combines a light-harvesting
system and a water-splitting system into a single, monolithic
device. The catalyzed surface of a semiconductor is the
light-harvesting component as well as one part of the water-
splitting system, with the balance consisting of a spatially
separated counter electrode. Discovering a semiconductor
system that can efficiently and sustainably collect solar
energy and direct it toward the water-splitting reaction could
provide renewable and economically competitive fuel for the
hydrogen economy.

The goal of this work is to develop a semiconductor
material set or device configuration that (i) splits water into
hydrogen and oxygen spontaneously upon illumination
without an external bias, (ii) has a STH efficiency of at
least 10% with a clear pathway to exceed 20%, and (iii) can
ultimately be synthesized via high-volume manufacturing
techniques with a final hydrogen production cost below
$2/kg.

APPROACH

Our approach is to study the current material sets
used in commercial solar cells as well as related materials
that meet near-term STH efficiency targets and to extend
their durability by surface-passivation techniques. The
surface-passivation treatments are engineered to stabilize
the semiconductor at the electrolyte interface, but also, to
maintain the high native efficiencies by ensuring that charge
transfer is not compromised. To help us identify the steps that
initiate corrosion reactions and develop mitigation strategies,
we collaborate with partners who apply state-of-the-art
spectroscopic characterization skills and theory to better
observe and understand our system. Another area of focus
is to investigate new materials that have lower bandgaps and
high quantum efficiencies that could allow them to achieve
DOE’s ultimate STH efficiency target, which is very high.
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RESULTS

Outdoor Photoreactor Testing

We performed outdoor testing with treated p-GalnP,:
n/p-GaAs tandem electrodes in a photoreactor mounted on
a solar tracker with moderate (~4x) optical concentration
provided by a cylindrical lens attached to a Plexiglas”
window (Figure 1). We tested three different electrodes
and all exhibited similar efficiency and durability behavior;
the following results for one of the tested samples are
representative of all three. The cathodic photocurrent at
short circuit started at -33 mA/cm?, but decayed to about
-11 mA/cm® in less than a minute. To maintain a reasonable
current sufficient to generate measureable product gases,
the semiconductor electrode was biased at -1 V (vs. Pt
black counter-electrode), but the current still declined
from -47 mA/cm”® to -13.7 mA/cm® over the 4-hour course
of testing. A total charge of -37.111 Coulombs was passed
during the test, which should have generated 5.80 mL of

FIGURE 1. Photograph of the photoreactor mounted on a solar tracker. A
cylindrical lens was affixed to the front window and focused the sunlight onto
the semiconductor photoelectrode. Captured hydrogen and oxygen gas was
measured in inverted pipettes to determine the Faradaic yield over the 4-hour
test runs.
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hydrogen gas at ambient conditions. The 4.40 mL of H,
and 1.90 mL of O, represent Faradaic yields of 75% and
66%, respectively. The low Faradaic yields could be from
leaks in the prototype photoreactor or surfactant foaming
that prevented accurate measurements of gas volume. The
sample also exhibited damage indicative of corrosion at the
conclusion of testing.

Durability Testing on p-InP at High Current Densities

We applied a protective surface modification that
we had previously developed for p-GalnP, (nitrogen
implantation and/or PtRu or Ru sputtering) to p-InP and
observed dramatically improved photocorrosion resistance.
The bandgap of InP is 1.33 eV, compared with 1.81 eV for
GalnP,, allowing greater utilization of the solar spectrum
and higher theoretical STH efficiencies in an optimized
tandem configuration. NREL’s I1I-V group synthesized a
2-inch-diameter, 4-um-thick, p-InP epilayer by metal-organic
chemical vapor deposition. The wafer was subdivided into
four quarters, with three quarters subjected to different
surface treatments. One quarter received our standard
nitrogen ion implantation followed by a PtRu alloy sputtering.
Neither of the other two quarters were ion implanted; they
only received a sputtering treatment, one with PtRu and the
other just Ru. Each quarter was cut into smaller pieces and
mounted to make electrodes with surface areas on the order
of 0.1 cm®. Photoelectrodes were galvanostatically tested for
durability in 3 M H,SO, electrolytes with the fluorosurfactant
Zonyl FSN-100, with the galvanostat maintaining a constant
photocurrent density of -25 mA/cm® for 24 hours. Electrodes
were illuminated by a 250-watt tungsten light source
calibrated to Air Mass 1.5 Global with a 1.1-eV-bandgap Si
reference cell. All of the tests were accomplished in a two-
terminal configuration with water oxidation occurring at a
5-cm? platinum counter-electrode.

After the 24-hour tests, the electrodes were
deconstructed and the semiconductor surfaces were
qualitatively evaluated with low-magnification optical
photomicroscopy (Figure 2). The degree of surface etching
was also determined with optical profilometry. Inductively
coupled plasma mass spectrometry (ICP-MS) was used to
quantitatively assess indium concentrations in the electrolytes
used for each durability test. The analytes were detected in
parts per billion quantities and converted to nanomoles per
Coulomb to account for variations in electrolyte volume in
the testing cell and electrode surface areas.

All of the untreated InP electrodes and four of the treated
electrodes exhibited dramatically altered surfaces after
durability testing. All of the “failed” electrodes had a similar
appearance, with the surface transformed from a specular
reflective smooth surface to a metallic-looking one (Figure 2,
bottom) in the electrochemically active areas. Most of the
treated electrodes had no obvious signs of degradation, with
surfaces similar to the one on the top of Figure 2.
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FIGURE 2. Photographs of p-InP surfaces after 24 hours of testing at

-25 mAlcm?in 3 M H,S0,. The electrode on the top had nitrogen ion
implantation and PtRu sputtering and there is no obvious difference between the
exposed area and the portion masked by epoxy during testing. The electrode

on the bottom was untreated and experienced significant damage in the area
exposed to the electrolyte.

The physical degradation that was apparent on the failed
electrodes was confirmed with optical profilometry. The
electrodes that failed experienced removal of 3—4 um of InP
from their surfaces over the course of the durability testing.
Optical profilometry was unable to detect any etching on
electrodes that exhibited protection. The area exposed to
electrolyte was indistinguishable from the native surface,
with both having features varying by only a few nanometers.

The concentration of indium detected in durability
electrolytes by ICP-MS correlated well with the degree
of degradation observed (Figure 3). Phosphorous was not
analyzed because background levels made this measurement
unreliable. The normalized indium values for the controls
and treated electrodes that failed are well above the others
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that had no obvious signs of corrosion. Out of 21 treated
p-InP electrodes tested at -25 mA/cm” for 24 hours,

17 electrodes had no visible signs of degradation and only
trace quantities of indium (~25 ppb) in their durability
electrolytes. Conversely, similarly tested untreated p-InP

had several microns of material removed from their surfaces
and indium concentrations in durability electrolytes greater

than two orders of magnitude higher than the treated
electrodes (~4 ppm vs. ~25 ppb). Of the 15 samples that

were treated with PtRu, 14 of the samples were successfully

protected from corrosion. The average normalized value
for all seven N-ion implanted and PtRu sputtered samples
(0.0183 nanomoles/C) was almost identical to the average
of the seven successfully protected (out of eight) PtRu
sputtered-only electrodes (0.0185 nanomoles/C). The three
Ru sputtered-only electrodes that survived testing have
normalized indium values that are slightly higher than

the other two treatments, averaging 0.0321 nanomoles/C,
but well below the average of the untreated electrodes
(3.20 nanomoles/C). The failure rate of the Ru-only

electrodes was 50%, suggesting that platinum is a necessary

component of a successful surface-passivation treatment.

Of the 15 treatments that incorporated PtRu sputtering, only

one failed, resulting in 93% of the electrodes successfully
resisting corrosion under these testing conditions. These
results demonstrate that I1I-V surfaces can be protected
against corrosion under the high flux conditions that
accompany the high-efficiency DOE target of 25% STH.
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CONCLUSIONS AND FUTURE DIRECTIONS

The surface passivation treatment that we developed

for p-GalnP, significantly improves the durability of
p-InP electrode surfaces at high water-splitting current
densities, demonstrating that it is able to protect other
II1-V surfaces and is viable for stabilizing future, higher-
efficiency tandem devices.

To meet STH efficiency targets beyond 20%, we need

to develop new tandem architectures that have a lower
bottom-cell bandgap that allows greater utilization of

the solar spectrum. We will design, synthesize, and
characterize these novel device configurations in the next
year.

We generated a waterfall chart from the H2A Future
Central Hydrogen Production from Photoelectrochemical
Type 4 Version 3.0 that shows a pathway to meeting

the DOE target of PEC hydrogen for <$2/kg through
continued achievable improvements in efficiency,
durability, and absorber costs.

SPECIAL RECOGNITIONS & AWARDS/
PATENTS ISSUED

1. 2014 DOE Hydrogen & Fuel Cells Program R&D Award,
presented at the Annual Merit Review as part of a team award
to Todd Deutsch (NREL), Clemens Heske (UNLV), and Tadashi
Ogitsu (LLNL) for III-V surface validation efforts.

PtRu1

PtRu2
PtRu3
PtRu4
PtRu5
PtRu6
PtRu7
PtRug m=
Ru1 m
Ru2 =
Ru3 m
Ru4
Ru5
Ru6

FIGURE 3. Indium present in 3 M H,SO, durability solutions detected by ICP-MS for InP electrodes that
were untreated (C), nitrogen ion implanted and PtRu sputtered (N + PtRu), PtRu sputtered only (PtRu),
and Ru sputtered only (Ru). Each data point is for an individual electrode run at -25 mA/cm? for 24 hours.
Lower values for the treated electrodes compared with the untreated samples confirm qualitative stability
observations. Electrode N+PtRub corresponds with the top image in Figure 2.
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2. “Stable Photoelectrode Surfaces and Methods,” U.S. patent
application 14/276,425 filed on May 13, 2014, pending.

FY 2014 PUBLICATIONS

1. “Photoelectrochemical Reduction of Nitrates at the [lluminated
p-GalnP, Photoelectrode,” H. Wang and J. A. Turner, Energy
Environ. Sci. 6(6), 1802—1805 (2013).

2. Photoelectrochemical Water Splitting: Standards, Experimental
Methods, and Protocols, Z. Chen, H.N. Dinh, E. Miller,

T.G. Deutsch, K. Domen, K. Emery, A.J. Forman, N. Gaillard,

R. Garland, C. Heske, T.F. Jaramillo, A. Kleiman-Shwarsctein,
K. Takanabe, J. Turner, eds: Z. Chen, H.N. Dinh, E. Miller. New
York: Springer, 2013.

3. “Solar Fuel Production for a Sustainable Energy Future:
Highlights of a Symposium on Renewable Fuels from Sunlight and
Electricity,” H. Wang, D. Chu, and E.L. Miller, Interface, Summer
2013, 69-71.

4. “New Visible Light Absorbing Materials for Solar Fuels,
Ga(Sb )N, ,” S. Sunkara, V.K. Vendra, J.B. Jasinski, T. Deutsch,
A.N. Andriotis, K. Rajan, and M. K. Sunkara, Adv. Mater. 26,
2878-2882 (2014).

5. “Sunlight Absorption in Water — Efficiency and Design
Implications for Photoelectrochemical Devices,” H. Ddscher,
J.F. Geisz, T.G. Deutsch, and J.A. Turner, Energy Environ. Sci.,
7(9), 2951-2956 (2014).

DOE Hydrogen and Fuel Cells Program

PRESENTATIONS

1. “Photoelectrochemistry and the Hydrogen Economy,” DFG SPP
1613, Summer School, Schoenenberg Ellwangen, Germany, October
8, 2013 (Turner) Invited.

2. “Enabling a Sustainable Energy Future Through Hydrogen,”
Science Undergraduate Laboratory Internship seminar, NREL,
October 9, 2013. (Deutsch) Invited.

3. “III-V Nitrides and Tandem Cells for Photoelectrochemical Water
Splitting,” 224" Electrochemical Society Meeting, October 28, 2013
(Turner) Invited.

4. “Materials for Photoelectrochemical Water Splitting,” 224"
Meeting of the Electrochemical Society, San Francisco, CA.
October 28, 2013. (Wang) Contributed.

5. “Hydrogen production: Overview,” Hydrogen Technical Advisory
Committee meeting, October 30, 2013 (Turner) Invited

6. “Semiconductor Materials for Photoelectrolysis: Requirements,
Challenges and Opportunities,” Parthenope University of Naples,
Naples, Italy, December 9, 2013. (Deutsch) Invited.

1. “III-V Surface Treatments and Catalysis for Photoelectrochemical
Water Splitting,” 2014 MRS Spring Meeting, April 22, 2014, San
Francisco, CA. (Turner) Invited.

8. “Materials for Efficient Photoelectrochemical Water Splitting:
The U.S. Department of Energy PEC Working Group,” 2014 MRS
Spring Meeting, April 22, 2014, San Francisco, CA. (Wang) Invited.
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Overall Objectives

To develop critical technologies required for cost-
effective production of hydrogen from sunlight and water
using thin film (tf)-Si-based photoelectrodes.

Fiscal Year (FY) 2014 Objectives

*  Focus on immersion-type photoelectrochemical (PEC)
systems. Further improve the performance of the
photoelectrode with the corrosion-resistant transparent
protective (CRTP)/corrosion-resistant conducting
catalytic (CRCC) novel layer design in an effort to
improve the solar-to-hydrogen (STH) conversion
efficiency and the durability to achieve a cost-effective
PEC system.

e Complete techno-economic analysis of MWOE’s PEC
system.

*  Explore new kinds of transparent, conducting, and
corrosion-resistant (TCCR) coating material to improve
the durability of the electrode.

FY 2014 Annual Progress Report

*  Work towards commercial-size PEC electrodes and
PEC systems, and improve their efficiency and lifetime
performance.

Technical Barriers

This project addresses the following technical barriers
from the Hydrogen Production section (3.1.5) of the Fuel Cell
Technologies Office Multi-Year Research, Development, and
Demonstration Plan:

(AE) Materials Efficiency - Bulk and Interface
(AF) Materials Durability - Bulk and Interface
(AG) Integrated Device Configurations

(Al) Auxiliary Materials

(AJ) Synthesis and Manufacturing

Technical Targets

This project focuses on the development of low-cost
photoelectrode materials and systems using triple junction
tf-Si-based PEC cells to split water and generate hydrogen
using sunlight.

FY 2014 Accomplishments

*  Worked on the novel design for immersion-type PEC
cells, where the illuminated side of the PEC electrode
is divided into areas coated with a CRTP layer for light
absorption and areas coated with a CRCC layer for
oxygen generation.

» Investigated the use of electroplated Pt as the CRCC
layer in a CRCC/CRTP device.

*  Developed an electroplated Ni/Pt bi-layer as the CRCC
layer in a CRCC/CRTP device.

*  Studied the sputter deposition of thick Co,0, layer in
selective regions for the CRCC layer in a CRCC/CRTP
device.

Studied the use of a sputter-deposited SiO, layer as

the CRTP layer for both a CRCC (Ni/Pt)/CRTP (SiO,)
device and a CRCC (Co,0,)/CRTP (SiO,) device. Studies
included the first deposition of CRCC then CRTP, or, the
first deposition of CRTP then CRCC layers.

* Investigated the use of TiO, as a CRTP layer in a CRCC/
CRTP device.

*  Performed techno-economic analysis of MWOE’s PEC
system using DOE’s H2A model. The results indicate
that with 50-ton-per-day (““TPD”) production capacity,
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our system has the potential to achieve a hydrogen
generation cost of $2/gasoline gallon equivalent (gge).

e Worked towards commercial-size PEC electrodes;
achieved 3.3% STH conversion efficiency for immersion-
type PEC cells of 4-inch x 4-inch size using low-cost
electroplated Ni hydrogen evolution reaction (HER).

*  Worked with different PEC groups around the world to
supply both standard and custom-made triple-junction
solar cells and to further PEC research. Sent a triple-
junction PEC device to Caltech for collaboration.

*  Fabricated p-i-n structure solar cells (different from our
normal n-i-p device) for PEC application so that the HER
would take place on the front surface and the oxygen
evolution reaction (OER) would take place on the back
surface.

R R

INTRODUCTION

In this project, MWOE and its subcontractors are jointly
developing critical technologies for cost-effective production
of hydrogen from sunlight and water using tf-Si-based
photoelectrodes. Triple-junction a-Si/a-SiGe/a-SiGe solar
cells are an ideal material for making cost-effective PEC
systems for hydrogen generation. They have the following
key features: (1) an open-circuit voltage (V, ) of ~2.3 V and
an operating voltage around 1.6 V, ideal for water splitting;
(2) they can be put on a conducting stainless steel substrate
which serves as an electrode; (3) they can be produced on
large rolls of 3-ft-wide and up to 5,000-ft-long stainless steel
web in a 25 MW roll-to-roll production equipment, so that
the corresponding PEC electrodes and systems can be made
at very low cost. However, the tf-Si solar cell is not highly
stable in a strongly acidic or strongly basic electrolyte, which
is typically needed for efficient and simultaneous evolution of
oxygen and hydrogen. The tf-Si layers could be corroded by
such electrolytes, especially under light working conditions.
In order to develop a PEC system using triple-junction tf-Si
solar cells, we need to develop a coating that can be applied
onto the solar cell surface and that has the following features:
1) transparent, so that the light can pass through the coating
and reach the solar cells; 2) conducting, so that the voltage
generated by the solar cell under sunlight can be applied to
the electrolyte-electrode interface and generate oxygen and
hydrogen; 3) corrosion-resistant, so that it can protect the
solar cell surface from being corroded in the electrolyte; and
4) capable of being deposited onto the solar cell surface at
200°C or lower, since the solar cell could be damaged if the
temperature is higher than 200°C. In addition, it needs to
act as either an OER catalyst (for n-i-p structure) or an HER
catalyst (for p-i-n structure).
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APPROACH

Three technical tasks were performed during this
reporting period:

*  Development of TCCR coating for triple-junction tf-Si-
based photoelectrodes.

*  Understanding and characterization of photo-
electrochemistry.

*  Development of device designs for low-cost, durable, and
efficient immersion-type PEC cells and systems.

RESULTS

Development of a Durable PEC Device Having a CRCC/
CRTP Structure

Development of a Pt/Ni Plated Layer as a CRCC

We investigated coating the Pt electrode as a CRCC
layer/OER catalyst on top of Co,O, coated on a a-Si
triple-junction solar cell, using H,PtCl, as the electrolyte
(pH ~1) and a Pt mesh as the counter electrode. It is
found that corrosion of Co,0, starts after 90 seconds of
electrodeposition. A similar plating process on the stainless
steel back side as the HER catalyst was successful. When the
pH level was increased to ~6, minimal corrosion occurred.
We explored the plating of Pt onto Co,0, coated with a-Si
with varying plating current densities and varying plating
times. A typical plating condition used is 8 mA/cm” for
60 sec. In order to form a Pt coating in certain areas for a
CRCC layer and expose certain other areas for the application
of a CRTP layer, Kapton® tapes are applied to areas to
prevent Pt plating. A clear coating used in the automotive
industry is used to create the CRTP layer region. Certain
overlap of CRCC and CRTP areas are designed into the
process to avoid undercut corrosion. The effort in generating
a CRCC/CRTP structure using plated Pt is challenged by
device shunting issues, as the plating process corrodes the
transparent conductive oxide layer and the a-Si device.
Future effort will be focused on plating deposition of Pt on
a-Si films under less acidic conditions.

We then explored the use of plated Ni as a buffer layer
prior to the plating of the Pt layer. We investigated plating of
Ni films on Co,0, coating a a-Si device using NiSO /NiCl,
electrolyte with a pH of ~3. A typical plating condition used
is 20 mA/cm? current for 30-180 sec. Again, Kapton® tapes
are used to pre-define areas for plating so that the clear coat
can be applied to create CRTP regions. The device structure
in the CRCC region is stainless steel (SS)/a-Si triple cell/
indium tin oxide/Co,0,/Ni/Pt. Many sets of PEC electrodes
with such a structure were fabricated and studied. The
results show that a Pt/Ni-coated device is more stable than
a Pt-coated device, with an initial STH efficiency of 3.7%.
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The performance drops 50% after approximately 5 hours of
operation. It is interesting to notice that after the sample is
kept overnight in the dark, the STH efficiency is recovered
almost back to its initial value (see Figure 1). This repeats for
five consecutive days. The mechanism for the degradation of
STH efficiency under light and the recovery of efficiency in
dark needs to be further understood.

Development of COQQQ as the CRCC Layer

As electroplating an OER catalyst layer exposes the
semiconductor under corrosive environment, a vacuum
coating process is used to deposit a CRCC layer using sputter
deposition. In this approach, we explored the use of a thick
Co,0, layer as the OER catalyst. Thick Co,0, is deposited on
top of a thin Co,0, layer. A thick Co,0, layer is acceptable
even though its transparency is not high, since only a partial
area of the device front surface is covered with the thick
Co,0, layer. An automotive clear coat, with a thickness of
around 0.5 mm, is used as the CRTP layer. Kapton® tape is
used to define the areas for clear coat coverage. Alternatively,
a sputter-deposited SiO, layer is used as the CRTP layer.
Certain overlap of CRCC and CRTP areas are designed into
the process to avoid undercut corrosion.

Specifically, we deposited Co,0, layers with a thickness
in the range of 500 nm and 1,500 nm as the CRCC layer,
over the 70 nm Co,0, coating that covers all areas, using
magnetron sputter deposition with a power density of around
100 W over a 3” round sputter target. Various devices with
such a Co,0, (CRCC) and clear coat (CRTP) combination
were fabricated. Initial results show an initial STH efficiency
of 3.5% and performance degraded 50% after 55 hours.
Studies of the degraded samples show a change of color in the
clear coat CRTP layer, suggesting the lifetime of the Co,0,
layer may be much longer.
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FIGURE 1. STH efficiency (%) as a function of PEC hydrogen production time
(in hours) for a CRCC (electroplated Ni/Pt)/CRTP (clear coat) device, showing
the recovery of its degradation when the sample is placed in the dark
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In order to have a stable CRTP layer, we used magnetron
sputtering process to deposit the SiO, layer. This is done
for both CRCC layers made using electroplated Ni/Pt layers
and a sputter-deposited Co,0, layer. For CRCC (Ni/Pt)/
CRTP (SiO,) combination, the initial STH efficiency is
around 3.5%, and the STH efficiency drops 50% in about
12 hours, representing an improvement from CRCC (Ni/Pt)/
CRTP (clear coat). It is also observed that the STH efficiency
recovers to 90% of its initial value after the sample is kept in
the dark overnight.

A device structure with CRCC (sputtered-Co,0,)/
CRTP (sputtered-SiO,) was also explored. Two approaches
were studied: (1) first SiO,, then Co,0, (the “SiO,/Co,0,”
device); and (2) first Co,0,, then SiO, (the “Co,0,/SiO,”
device). Kapton” tapes were used to mask out the area during
sputtering so that the deposition would not occur in the
unwanted areas. The Kapton® tapes were applied in such
a way to allow certain overlap of Co,0O, and SiO, layers to
avoid undercut corrosion. The Co,0,/SiO, device showed less
durability, with the device failing after around 30 hours of
PEC operation. The SiO,/Co,0, device showed an interesting
increase in STH efficiency during the first 250 hours of run
time, followed by a drop after 300 hours (Figure 2). Further
research is needed to understand such an increase in STH
efficiency.

Use of TiOZ as a CRTP Layer

We have previously investigated TiO, as a TCCR
material. However, the conductivity of TiO, limits the
performance of the PEC device. In this study, TiO, is used as
the CRTP layer, where the conductivity is not a requirement
due to the unique CRCC/CRTP design. After various baseline
depositions on various substrates and various deposition
conditions, a device with CRCC (sputtered-Co,0,)/CRTP
(sputtered-TiO,) was fabricated. The device has shown

3.5%

3.0% ¢ STH

2.5%

2.0%

151% o

STH (%)

1.5%

1.0%

0.5%

0.0%
0 50 100 150 200 250 300 350 400 450

Running Time (hrs)

FIGURE 2. STH efficiency (%) as a function of PEC hydrogen production time
(in hours) for a CRCC (Co,0,)/CRTP (SiO,) device, showing an increase in STH
efficiency during the first 200 hours of operation
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improved stability, with performance down to 50% at
~40 hours and with >1% STH efficiency even after 100 hours.

Development of a Large-Area PEC Device

Our most efficient PEC device with STH efficiency
of 5.7% was obtained on a 1.5” x 1.5” device with a Co,0,
OER catalyst and a Ru HER catalyst. A standard lower-cost
Ni HER led to a STH efficiency of around 4.1%. During
this year, effort was made to produce a larger-area PEC
device, with an active area of 4” x 4”. One objective is to see
whether a larger device would show reduced performance
due to shunting and degradation, or, size-related reduction
in performance. Results show that the larger 4” x 4” device
exhibits a 3.3% STH efficiency with electroplated Ni as
the HER catalyst, which is about 25% lower than the STH
efficiency obtained on smaller-size devices. The device
lifetime is also reduced to around 40 hours (>1% STH
efficiency), which is reduced from the previously obtained
170 hours for smaller devices. Further work is needed to
reduce the size dependence of the STH efficiency.

Development of Techno-Economic Analysis Using the H2A
Model

During this period, we have performed the techno-
economic analysis of MWOE’s immersion-type PEC
system using the H2A model provided by DOE. The a-Si
triple-junction photovoltaic cells, coated with appropriate
corrosion-resistant catalyst material and/or protective
coatings, are in direct contact with the electrolyte and
produce oxygen gas on the anode side and hydrogen gas on
the cathode side. Circulation pumps are used to maintain
electrolyte concentration and to provide filtration. The
evolved hydrogen is compressed, water is allowed to
condense, and the stream is passed through an intercooler
system to provide cool, dry hydrogen at 300 psi at the
factory gate.

The current variable manufacturing
costs of triple-junction solar cells on a
stainless steel substrate are in the range
of $25/m” (assuming full production of

given the packaging costs of current (2014) commercially
available photovoltaic panels. For example, current 8% a-Si
modules are reported to have a manufacturing cost around
$0.5/Watt, corresponding to a panel cost of $40/m” for a fully
encapsulated and framed panel with junction box and all
other functional components.

We anticipate that some electrodes will require
refurbishment/catalyst regeneration every two years, at a cost
of $6/m” (i.e., 20% of the PEC electrode cost).

We also assume 10% STH conversion efficiency and
1,825 hours of standard sunlight per year. Land costs are
taken to be $500/acre, and 50% coverage is assumed due to
the use of tilt structures. The plant is designed for 1 TPD,
and costs have been scaled to 50 tons/day using a “learning
factor” of 0.78 (supported by Williams et al. 2007). Balance-
of-system costs are based on a Type 3 PEC example system in
a report by Strategic Analysis, Inc. with a projected reduction
in installation costs due to modular design.

This calculation demonstrates that by Year 2017, the
1 TPD system will be able to produce hydrogen at a cost of
approximately $5/gge with an electrode lifetime of 2 years
before refurbishment. Scaling the system by a factor of
50 using a 0.78 learning factor, to 50 TPD, is projected to
reduce costs to under $2/gge, thus meeting DOE’s goal.
Table 1 summarizes H2A Model parameters and results
stated above.

From the model calculation, about 73% of hydrogen
generation cost results from direct capital cost and 26% from
operation and maintenance. As shown in Figure 3, the cost of
PEC cells accounts for about 37% of total direct capital costs,
which is about $2.2M for a plant of 1 TPD production scale.
The second most costly item is installation, and most of it is
for the PEC reactors. The installation cost does not depend
on the total installed wattage, but on the number of panels
installed. If the STH efficiency is improved by 10%, it is

TABLE 1. H2A Model Parameters and Results for MWOE'’s PEC System

a 25 MW plant), and many technology Parameter 2017 (1TPD) Ultimate Case (50 TPD)
impro.vemerllts and the use of glternativ§ Solar to Hydrogen 10% 10%
materials will lead to a reduction of variable Conversion Ratio
: 2
manufactuflng cost down to about $15/m Plant Size 1 TPD =0 TPD
by 2017 (with expanded capacity). We - -
expect that the corrosion-resistant catalytic PEC Electrode Cost $30.00/m $12.80/m
coatings and durable protective layers will PEC $6.00/ m? $2.56/ m?2
add some additional cost, but no more refurbishment/Catalyst
than $15/m?, for a total PEC electrode Regeneration Cost
cost less than $30/m?. The electrode will Catalyst Replacement 2 years (expected) 2 years
be contained in a polymeric housing. The Schedule
cost of the housing, electrical terminals, Balance of Plant Cost $2.8 million $1.2 million/1 TPD base
etc. is expected to be approximately Cost of Hydrogen $4.97/gge $1.95/gge

$10/m*, which is a reasonable assumption
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Direct Capital Costs, total 5.8 MMS$

m PEC electrodes

M Installation

cooler
m PEC housing

m Control system

FIGURE 3. The Capital Cost Allocation for a Flat PEC Array (for a production
scale of 1 TPD)

expected that the installation cost will drop roughly by 10%
because PEC reactors are reduced by 10%. The rest of the
capital cost allocation is also shown in Figure 3.

CONCLUSIONS

The novel design for immersion-type PEC cells where
the illuminated side of the PEC electrode is divided into
areas coated with a CRTP layer for light absorption and
areas coated with a CRCC layer for oxygen generation
has shown promising results.

Techno-economic analysis using DOE’s H2A model
indicates that MWOE’s immersion-type PEC system
based on triple-junction a-Si solar cells has the potential
to achieve a hydrogen generation cost of $2/gge.

Effective TCCR material, oxygen and hydrogen
generation catalyst material, and a PEC electrode
fabrication method have been developed, and a
potentially low-cost PEC system is made possible using
these materials and approaches.

The team collaborated with different research groups
around the world to further extend PEC hydrogen
generation research and development.

As this project is approaching its final phase, we
documented progress made and lessons learned to
position for further research and commercialization in
the future.

FY 2014 Annual Progress Report
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FY 2014 PUBLICATIONS/PRESENTATIONS

1. Xu, L., Deng, X., Abken, A.E., Chen, C., Turner, J., “Critical
Research for Cost-effective Photoelectrochemical Production

of Hydrogen”, 2014 DOE Hydrogen Program and Vehicle
Technologies Program Annual Merit Review and Peer Evaluation
Meeting, Oral presentation, Washington Marriott Wardman Park,
Washington, D.C., June 19, 2014.
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Solar-to-Chemical Fuel Conversion

Tadashi Ogitsu (Primary Contact), Woon Th Choi,
Brandon Wood

Lawrence Livermore National Laboratory

7000 East Ave., L-413

Livermore, CA 94550

Phone: (925) 422-8511

Email: ogitsu@lInl.gov

DOE Manager

Eric Miller
Phone: (202) 287-5829
Email: Eric.Miller@ee.doe.gov

Project Start Date: March 1, 2010
Project End Date: Project continuation and direction
determined annually by DOE

Overall Objectives

*  Develop theoretical tool chest for modeling
photoelectrochemical (PEC) materials to be used for
synergistic theory, characterization, and synthesis
activities.

*  Uncover underlying mechanisms of surface corrosion
and hydrogen evolution at the water-photoelectrode
interface.

*  Elucidate relationship between stability and efficiency.

e Use derived structure-property relationships to develop
device improvement strategies.

Fiscal Year (FY) 2014 Objectives

*  Summarize the ab initio studies of water-InP and water-
GaP interfaces, the development of ab initio-derived
Model Hamiltonian for rapid screening of catalyst
materials, and the interpretation of X-ray spectroscopic
data relevant for corrosion mitigation mechanism,
publish in peer-reviewed journals.

e Analyze the N/Ru/Pt based surface treatment
experimental results provided by the National Renewable
Energy Laboratory (NREL) and the University of
Nevada, Las Vegas (UNLV) and develop a research and
development plan for an effective corrosion mitigation
method with the surface validation (SV) team members.

*  Develop a theoretical hydrogen evolution reaction (HER)
model, which takes hydrogen diffusion at the interface
between I11-V and electrolyte into account. The model

DOE Hydrogen and Fuel Cells Program

is to design an optimized co-catalyst arrangement for a
cost-effective photoelectrode.

*  Compile knowledge database of existing research on
PEC electrode materials (ex. ITI-Vs and GIGS), interfaces
and the other relevant subjects such as catalyst and X-ray
spectroscopy.

Technical Barriers

This project addresses the following technical barriers
from the Hydrogen Production, Photoelectrochemical
Hydrogen Production section of the Fuel Cell Technologies
Office Multi-Year Research, Development, and
Demonstration Plan:

(AE) Materials Efficiency — Bulk and Interface
(AF) Materials Durability — Bulk and Interface

Technical Targets

This project is conducting fundamental theoretical
studies of mechanisms of corrosion and catalysis in
semiconductor-based photoelectrode materials for PEC
hydrogen production. Insights gained from these studies
will be applied toward the optimization and design of
semiconductor materials that meet the following DOE 2015
PEC hydrogen production targets (Table 3.1.8A in ref. [1]):

*  Solar-to-Hydrogen (STH) Energy Conversion Ratio: 15%

»  Electrode Replacement Lifetime: 0.5 year

FY 2014 Accomplishments

*  Continued with compilation, review, and sharing of
available information on III-V electrode materials,
catalysts, and related subjects (ongoing).

*  Three publications in peer reviewed journals.

* A novel hydrogen evolution reaction model, which
takes hydrogen diffusion at the interface between I1I-V
electrode and electrolyte into account, has been proposed.

—  The model might open up a new design strategy for
improved STH conversion efficiency and optimal
co-catalyst use (i.e. reduced cost).

*  Continued collaborations with unfunded external
collaborators to develop theoretical tool chest for PEC
hydrogen research.

*  Continued joint theoretical/experimental X-ray
spectroscopy study on III-V electrode surface (continue
through FY 2014 and beyond).
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INTRODUCTION

Certain II1-V-based PEC cells, notably the GalnP,/
GaAs tandem cell developed at NREL, are known to
demonstrate high STH conversion efficiencies that are
close to the DOE FY 2015 goal [1]. However, durability of
these cells has remained the key unresolved issue so far.
The primary purpose of this project is to perform a detailed
investigation into the microscopic properties of the water-
electrode interface, and to use this information to identify
correlations with device performance, as measured in terms
of STH conversion efficiency and corrosion resistance. The
results will provide key feedback to collaborators at NREL,
helping them develop a coherent performance optimization
scheme for I11-V-based photoelectrodes. State-of-art X-ray
spectroscopic measurements performed by the UNLV team
will bridge remaining gaps in the knowledge obtained
from our atomistic modeling, facilitating comparison
with actual electrode properties. In FY 2014, we had three
major accomplishments. First, the results on I11-V surface
and interfaces as well as development of ab initio-derived
Model Hamiltonian method for catalyst screening have been
summarized and published as three papers in peer reviewed
journals. Second, potential importance of interfacial H
diffusion (publication 2) has led to development of a novel
HER model, which could be used to investigate on a better
surface treatment and co-catalyst arrangement. Third, as
a part of the SV team, we have contributed in improved
understanding of the relevant control parameter for GalnP,
surface treatment based on nitrogen and Cu/Pt impurity.

APPROACH

Further progress in semiconductor-based PEC
photoelectrodes requires in-depth understanding of the
complex relationship between surface stability and catalytic
activity. This in turn relies on knowledge of the fundamental
nature of the electrode-water interface, and of the chemical
pathways explored during surface-active hydrogen evolution.
As such, we are carrying out finite-temperature ab initio
molecular dynamics simulations and energetics calculations
based on density-functional theory to understand the
chemical, structural, and electronic properties of water/
electrode interfaces under equilibrium conditions, as well
as to understand the competing chemical reaction pathways
visited during photocatalysis. Our approach uses (001)
surfaces of InP, GaP and GalnP, as model semiconductor
electrodes. We are investigating on the effect of the foreign
chemical species on the stability and reactivity of the
electrode surfaces, as suggested by our collaborators in
J. Turner and T. Deutsch’s group at NREL [2], as well as
independent reports in the literature that surface oxygen may
play a key role in motivating both the surface photocorrosion
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and the catalytic water splitting reaction [3,4]. Accordingly,
we are evaluating the stability, structure and reactivity of
the I11-V(001)/water interfaces in the presence of surface
oxygen, hydroxyl, and nitrogen, in order to correlate the
results to experimentally observed surface compositions
and morphologies. We also provided ab initio derived

X-ray spectroscopic data to enable direct comparison with
experimental results from Prof. C. Heske’s group at UNLV.
This information is intended to suggest a strategy for device
improvement.

RESULTS

About 1,750 papers relevant for PEC hydrogen research
have been collected, indexed, and stored. Important
information for the NREL/UNLV collaborators was
summarized and shared using online tools such as email
or photoelectrochemical.sharepointsite.net (Contact: Heli
Wang of NREL). Comprehensive analysis on the acquired
knowledge from literatures combined with detailed
information on the experimental condition provided by
NREL and with the UNLV spectroscopic information [7]
led to identification of a few possible causes of performance
variability: partial segregation of GalnP, into thin layers of
InP and GaP [5, 6] and co-existence of ordered/disordered
phases of GalnP,[8-12]. The former was primarily motivated
by the results of photoemission spectroscopy and inverse
photoemission spectroscopy measurements, where careful
non-destructive surface cleaning using low energy ion
sputtering was performed simultaneously. The GalnP,
sample provided by NREL, after the cleaning, has shown
that the surface band gap of about 1.3 eV [7], significantly
smaller than known value of Eg ~1.8-2 eV [8-12] for GalnP,.
This value is rather close to that of InP. It is known that
GalnP, is not thermodynamically stable against segregation
into GaP and InP [5,6], therefore, it was conjectured that the
photelectrode used by NREL might have the segregation
problem, which might have contributed partly to the
performance reproducibility issue. Also, it was discussed
that the disordered phase has a higher conduction band
edge position and the wider band gap [8-12], which is an
advantage for the top absorber for tandem PEC cell, however,
at the expense of shorter charger carrier lifetime [13]. There
are many conflicting material behaviors, and therefore, it
is very important to have comprehensive understanding of
basic material properties in order to develop an effective
research plan.

The research based on ab initio simulations of I1I-V
surfaces and interfaces as well as on ab initio-derived model
Hamiltonian for catalytic reactions being conducted for
FY 2010-2013 [14-17] were summarized and published as
three papers in peer reviewed journals. In publication 3, it
was shown that behavior of a water molecule at the water-
semiconductor interface is fundamentally different from that
of a water molecule adsorbed on a semiconductor surface
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due to the presence/absence of H-bonds around the water
molecule. In publication 2, it was shown that H diffusion at
the water-InP interface is significantly higher than that at
water-GaP interfaces, and combined with the experimental
evidences, it was proposed that facile H diffusion at the
water-semiconductor interface might activate additional
HER pathways, which, in turn, might enhance overall
STH conversion efficiency. An experimental observation
consistent with our proposition has been reported on a
silicon-based metal-insulator-semiconductor device by
Esposito et al. in 2013 [18].

The discovery of potential relevance of H diffusion at
the interface led to further development of a novel HER
model, which ncorporates the interface diffusion into account
(Figure 1). Such a computational model will open up a new
design strategy for highly cost-effective photoelectrodes
via choice of semiconductor surface treatment which will
take full advantage of H diffusion that activates additional
HER channels, and via optimal co-catalyst arrangement
(for example, minimize use of platinum without sacrificing
overall STH conversion efficiency).

In FY 2012, the NREL collaborators have demonstrated
that the nitrogen bombardment of GalnP, photoelectrode
surface improves corrosion resistance. In the following
year, detailed characterization of the nitrogen treated
photoelectrode by the UNLV team led to discovery of un-
intentional metal impurities (Pt and Ru), and they are found
to be crucial for the improved durability. Accordingly, the
focus of SV team shifted from nitrogen alone to separating
the role of these impurities. A systematic experimental
study on the correlation between corrosion resistance and
combination of Pt/Ru/N treatment has been designed by
the SV team, and executed by the NREL team [19]. The
results have led to a significantly clearer understanding on
the extent of correlation between the treatments and the
corrosion resistance, however, it also revealed that there are
yet to be identified factors that affect corrosion resistance.
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FIGURE 2. Experimental (blue lines) and theoretical (red dash lines) N K-edge
XES of three nitride compounds: GaN, InN, and GaP, N, ., as well as the

0.98" 70.02"
energy dependent lifetime broadening profile used for the theoretical spectrum.

The SV team is currently in the process of developing a new
research plan for precise determination of control parameters
for the surface treatment. As a part of this effort, we have
been investigating on the N K-edge X-ray emission spectrum
(XES) of nitrogen-bombarded GalnP,. In FY 2013, we have
established the calculation procedure and identified several
nitrogen defect complexes, which are major contributors

to the measured spectrum. During this process, we have
learned that the experimental XES spectra of InN published
in literature show slight disagreement. Since they were
critical for calibrating theoretical spectrum, the UNLV team
has performed additional measurements on N K-edge XES
of high quality InN, GaN, GaP N, samples provided

by the LANL collaborator, Todd Williamson. After careful
assessments, theoretical analysis was repeated, and concluded
that the FY 2013 results are robust (Figure 2 and 3). We are
now in the process of addressing an issue stemming from
uncertainty in lifetime broadening, and preparing the draft
paper on the characterization of nitrogen impurity states in
GalnP, photoelectrode.

FIGURE 1. (a) Schematics of the novel HER model proposed in the FY 2013 publication 3. In addition to the conventional
HER taking place on Pt co-catalyst, facile H diffusion (and reasonably low Heyrovsky barrier) on the semiconductor surface
will enable additional HER pathway (red arrow). (b) H, evolution activity on the Si-based MIS device reported in ref [18].

Pt catalyst (dashed circle) was found to activate HER in surrounding SiO, surface, which is consistent with our model
described in (a). Copyright 2013: Macmillan Publisher Ltd: Nature Material.
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FIGURE 3. Simulated XESs of nitrogen bombarded GalnP,. The left plot was generated with the lifetime broadening used in Figure 2,
while in the right plot, the lifetime broadening profile was adjusted so as to obtain the best fit to the UNLV results (blue lines). In general,
lifetime of electronic excitation will be decreased by introduction of defects (i.e. larger lifetime broadening), which is expected in the
nitrogen bombarded sample used in the UNLV measurements. However, the extent of change in lifetime broadening is not known.
Nevertheless, the types of nitrogen defects complex used to generate these theoretical XESs are essentially the same, while the rates of

contributions are slightly different.

CONCLUSIONS AND FUTURE DIRECTIONS

e A few potential causes of performance variability
problems were identified through the SV team
discussions and the PEC literature database development.

e Abinitio study of I1I-V surfaces and interfaces as well as
the development of ab initio-derived Model Hamiltonian
for catalyst screening were summarized and published as
three papers in peer reviewed journals.

* A novel HER model, which account for H diffusion
at the semiconductor-electrolyte interface, has been
developed. This model could be used to design a cost-
effective PEC electrode, therefore, continuation of the
model development is desirable.

e Asanpart of the SV team, systematic investigation on
effective surface treatment for improved electrode
durability has been conducted. Unambiguous
identification of the control parameters and development
of better corrosion mitigation strategy will be the priority
for the SV team activity in near future.
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SPECIAL RECOGNITIONS & AWARDS/
PATENTS ISSUED

1. 2014 DOE Hydrogen and Fuel Cells Program R&D Award.

FY 2014 PUBLICATIONS/PRESENTATIONS

Publications

1. W.-L. Choi, B.C. Wood, E. Schwegler, and T. Ogitsu, “Site-
Dependent Free Energy Barrier for Proton Reduction on MoS,
Edges.” J. Phys. Chem. C. 117, 21772 (2013).

2. B.C. Wood, E. Schwegler, W.-1. Choi, and T. Ogitsu, “Hydrogen-
Bond Dynamics of Water at the Interface with InP/GaP(001) and the
Implications for Photoelectrochemistry.” J. Am. Chem. Soc. 135,
15774 (2013).

3. B.C. Wood, E. Schwegler, W.-I. Choi, and T. Ogitsu, “Surface
chemistry of GaP(001) and InP(001) in contact with water.” J. Phys.
Chem. C 118, 1062 (2014).

4. W.-1. Choi, M. Weir, T. Deutsch, T. Williamson, L. Weinhardt,
A. Benkert, M. Blum, F. Meyer, M. Bar, K. George, B.C. Wood,
D. Prendergast, J. Turner, C. Heske, and T. Ogitsu, “Chemical
Envrionment of Implanted Nitrogen Into GalnP,: Characterized
with X-ray Emission Spectroscopy.” to be submitted.
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5. T. Ogitsu, B. Wood, W. Choi, DOE Fuel Cell Technology
Hydrogen Program Annual Merit Review (2014).

6. Y. Liu, K. Hackenberg, W.-1. Choi, T. Ogitsu, M. Wang,

K. Ajayan, B. Yakobson, and B.C. Wood, “Towards surface-
active metal dichalcogenides for efficient hydrogen production.”
submitted.

Presentations

1. Electrochemical Society 224" Meeting, San Francisco, CA,
Oct 2013 (one invited, one oral).

2. Invited lecture at Brigham Young University, Provo, UT,
Nov 2013.

3. Invited seminar at Rice University, Huston, TX, April 2014.
4. Invited seminar at MIT, Cambridge, MA, May 2014.

5. 2014 Materials Research Society Spring Meeting, San Francisco,
CA, April 2014 (poster).

6. DOE Hydrogen and Fuel Cells Program Annual Merit Review,
DC, June 2014 (oral).

1. ICMR Workshop on Ab-initio description of charged systems and
solid/liquid interfaces for semiconductors and electrochemistry,
Santa Barbara, July 2014 (oral).
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Overall Objectives

Minimize, or truncate, the chlorophyll antenna size

in green algae, and the phycobilisome antenna size in
cyanobacteria to maximize culture photobiological solar
energy conversion efficiency and H, production.

Demonstrate that a truncated light-harvesting antenna
(TLA) minimizes absorption and wasteful dissipation
of bright sunlight by individual cells, resulting in better
light utilization efficiency and greater photosynthetic
productivity in high-density mass cultures.

Fiscal Year (FY) 2014 Objectives

Apply the TLA concept in cyanobacteria and test for
improved culture productivity.

Technical Barriers

The project addresses the following technical barriers
from the Biological Hydrogen Production section of the
Production section of the Fuel Cell Technologies Office
Multi-Year Research, Development, and Demonstration Plan:

(AN) Light Utilization Efficiency

Technical Targets

The Fuel Cell Technologies Office Multi-Year Plan
technical target for this project was to apply the TLA concept
in cyanobacteria and to test for the premise of improved
culture productivity. The cyanobacterial project was
competed on schedule. The technical targets for this project
are listed in Table 1.

FY 2014 Accomplishments (TLA effort in
cyanobacteria)

Work on the application of the TLA concept in
cyanobacteria was completed. The work provided
first-time direct evidence of the applicability of the
TLA concept in cyanobacteria, entailing substantial
improvements in the photosynthetic efficiency and

TABLE 1. Microalgal Technical Targets, Milestones and Progress (Sunlight utilization efficiency is shown as percent of
incident solar energy. Maximum possible based on PAR=30%. Maximum possible based on e-PAR=40%.)

2000 | 2003 | 2005

2007

2008 | 2010 | 2011 | 2012 | 2015

Targets
(Light
utilization

3% 10%

efficiency)

15% 20%

Tla strain
with the
highest

efficiency
identified

10%
TLA1

15%
TLA2

25%
TLA3

Gene
cloning
from the

TLA strains

TLAT:
Mov34
MPN

TLA2:
FTSY

TLA3:
SRP43
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productivity of mass cultures upon minimizing the
phycobilisome light-harvesting antenna size.

* A patent application was filed.

e A peer-reviewed paper was published with the following
citation:

— Kirst, H., Formighieri, C., Melis, A. (2014)
Maximizing photosynthetic efficiency and culture
productivity in cyanobacteria upon minimizing
the phycobilisome light-harvesting antenna size.
Biochimica et Biophysica Acta, Bioenergetics DOI:
10.1016/j.bbabio.2014.07.009
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INTRODUCTION

The goal of the research is to generate green algal
and cyanobacterial strains with enhanced photosynthetic
productivity and H, production under mass culture
conditions. To achieve this goal, it is necessary to optimize
the light absorption and utilization properties of the cells
[1]. A cost-effective way to achieve this goal is to reduce the
number of chlorophyll (Chl) molecules (green microalgae) or
phycobilins (cyanobacteria) that function in the apparatus of
photosynthesis.

The rationale for this work is that a truncated light-
harvesting antenna size in green algae or cyanobacteria
will prevent individual cells at the surface of a high-density
culture from over-absorbing sunlight and wastefully
dissipating most of it (Figure 1). A truncated antenna size
will permit sunlight to penetrate deeper into the culture,
thus enabling many more cells to contribute to useful
photosynthesis and H, production (Figure 2). It has been
shown that a truncated Chl antenna size will enable about
3-4 times greater solar energy conversion efficiency and
photosynthetic productivity than could be achieved with fully
pigmented green microalgal cells [2].

APPROACH

A phycocyanin-deletion mutant of Synechocystis
(cyanobacteria) was generated upon replacement of the CPC-
operon with a kanamycin resistance cassette.

RESULTS

The Acpc transformant strains (dcpc) exhibited a green
phenotype, compared to the blue-green of the wild type
(WT), lacked the distinct phycocyanin absorbance at 625 nm,
had a lower Chl per cell content, and a lower Photosystem 1/
Photosystem II reaction center ratio compared to the WT.
Molecular and genetic analyses showed replacement of all
WT copies of the Synechocystis DNA with the transgenic
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version, thereby achieving genomic DNA homoplasmy.
Biochemical analyses showed absence of the phycocyanin
o~ and B-subunits, and overexpression of the kanamycin
resistance NPTI protein in the Acpc. Physiological analyses
revealed a higher, by a factor of about 2, intensity for the
saturation of photosynthesis in the Acpc compared to the
WT. Under limiting intensities of illumination, growth of
the 4cpc was slower than that of the WT. This difference in
the rate of cell duplication diminished gradually as growth
irradiance increased. Identical rates of cell duplication

of about 13 h for both WT and the 4cpc were observed

at about 800 umol photons m™ s~ or greater. (Note: Full
sunlight intensity at sea level is about 2,200 mmol photons
m™s™'.) Culture productivity analyses under simulated
bright sunlight and high cell-density conditions showed that
biomass accumulation by the Acpc was 1.57 times greater
than that achieved by the WT. Results were published in
Kirst et al. (2014) Biochim Biophys Acta DOI: 10.1016/j.
bbabio.2014.07.009.

CONCLUSIONS

Cyanobacterial TLA Project

The work provided first-time direct evidence of
substantial improvements in the biomass productivity of mass
cultures upon minimizing the phycobilisome light-harvesting
antenna size in cyanobacteria.

Green Microalgal TLA Project

The following green microalgal tla strains have
been deposited and are available to the public from the
Chalmydomonas Resource Center (<chlamycollection.org>).
CC-4473 tla3 mt+
CC-4474 tla4 mt+
CC-4475 tla5 mt+
CC-4472 tla2-AFtsY (cwl5) mt+
CC-4476 tla2-AFtsY (CW15+) mt+
CC-4561 tla3-Acpsrp43 (cw+) mt+
CC-4562 tla3-Acpsrp43 (cw+) mt-
CC-4169 tlal cwl5 sr-u-2-60 mt+ Chromosome: 05Locus: TLA1
CC-4170 tlal nr-u-2-1 mt- Chromosome: 05Locus: TLA1

e-PAR Project

In silico work was conducted to advance exploration
of the “extended Photosynthetically Active Radiation”
(e-PAR) concept. Proprietary preliminary information on the
molecular genetic design was arrived at but not disclosed.
Successful implementation of the e-PAR concept is a long-
term project, one that could not be further pursued under the
auspices of this contract.
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Example: The green algae
Fully Pismented Chlamydomonas reinhardtii

Bright
Sunlight

Heat dissipation

Fully pigmented cells over-absorb and wastefully dissipate bright sunlight. ‘

FIGURE 1. Schematic presentation of the fate of absorbed sunlight in fully pigmented (dark green) algae.
Individual cells at the surface of the culture over-absorb incoming sunlight, i.e., they absorb more than can
be utilized by photosynthesis, and ‘heat dissipate’ most of it. Note that a high probability of absorption by
the first layer of cells would cause shading of cells deeper in the culture.
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Truncated Chl antenna cells permit greater transmittance of light and
overall better solar utilization by the culture.

FIGURE 2. Schematic of sunlight penetration through cells with a truncated chlorophyll antenna size. Individual
cells have a diminished probability of absorbing sunlight, thereby permitting penetration of irradiance and H2
production by cells deeper in the culture.

FY 2014 Annual Progress Report 11-65 DOE Hydrogen and Fuel Cells Program



Il.E Hydrogen Production / Biological

Melis — University of California, Berkeley

FUTURE DIRECTIONS

This project has achieved all its objectives and is about to
be officially terminated at the end of September 2014.

FY 2014 PUBLICATIONS

1. Kirst H, Melis A (2014) The chloroplast Signal Recognition
Particle pathway (CpSRP) as a tool to minimize chlorophyll antenna
size and maximize photosynthetic productivity. Biotechnology
Advances 32: 66-72 DOI: 10.1016/j.biotechadv.2013.08.018.

2. Kirst H, Formighieri C, Melis A (2014) Maximizing
photosynthetic efficiency and culture productivity in cyanobacteria
upon minimizing the phycobilisome light-harvesting

antenna size. Biochim Biophys Acta - Bioenergetics DOI:
10.1016/j.bbabio.2014.07.009 in press.
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Overall Objectives

Develop photobiological systems for large-scale, low-
cost, and efficient H, production from water to meet DOE’s
targets (see Table I).

Fiscal Year (FY) 2014 Objectives

*  Quantify the initial and final rates, as well as total H,
yield following a 30-min illumination of wild-type
versus a transformant expressing the more O,-tolerant
Clostridium acetobutylicum Cal hydrogenase.

*  Measure the light conversion efficiency of wild-type and
Cal transformant under solar intensities.

» Initiate genetic crosses to introduce additional traits
to the best H,-producing Cal transformant in order to
further enhance its H, production capability.

Technical Barriers

This project addresses the following technical barriers
from the Hydrogen Production section of the Fuel Cell
Technologies Office Multi-Year Research, Development, and
Demonstration Plan:

(AO) Rate of Hydrogen Production
(AP) Oxygen Accumulation

FY 2014 Annual Progress Report

Technical Targets
The technical targets for this project are listed in Table 1.

TABLE 1. Progress towards Meeting Technical Targets for Photobiological
Algal Hydrogen Production

Characteristic 2014 2015 2020 Ultimate
Status Target Target target
Duration of continuous 7-30 min® 30 min 4h 8h
H, production under full
sunlight intensity
Solar-to-Hydrogen 0.12% 2% 5% 17%

(STH) Energy
Conversion Ratio

?Data variability is responsible for the wide range of values.

FY 2014 Accomplishments

*  Demonstrated initial rates of H, photoproduction for the
Cal transformant strain 55 that correspond to about 8%
of wild-type, final rates of 10% of wild-type and final
net H, yield equal to 90% of that measured with the
wild-type strain upon 30 min continuous illumination
equivalent to solar intensities.

»  Estimated a solar conversion efficiency of 0.12% for the
mutant versus 0.75% for wild-type strain under solar
intensities.

*  Demonstrated a 3.6-fold higher average rate of H,
photoproduction using strains transformed with a
linear plasmid containing the Cal gene versus strain
55 (transformed with a circular plasmid).

R R S S

INTRODUCTION

Hydrogen photoproduction is a characteristic of
certain microbes, including photosynthetic green algae.
Chlamydomonas reinhardtii has been a model green alga
that has been used to increase our understanding of the H,
photoproduction process and to test hypotheses regarding
factors that need to be addressed to increase and sustain
algal H, photoproduction capability. One of these factors
is the sensitivity of hydrogenases to O,, a necessary by-
product of photosynthetic water oxidation. Other factors
include (a) competition for photosynthetic reductant between
carbon fixation and hydrogen production, (b) regulatory
mechanisms that inhibit electron transport from water to the
hydrogenase in the absence of carbon fixation, and (c) the low
light saturation of photosynthesis due to the large number of
light-harvesting molecules associated with its photosynthetic
apparatus.
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NREL’s approach to address the barriers to H,
photoproduction consisted of introducing the gene encoding
the more O,-tolerant hydrogenase from the anaerobic
bacterium Clostridium acetobutylicum into Chlamydomonas,
followed by integration of known genetic traits that
address the other barriers to efficient and sustained H,
photoproduction.

APPROACH

In previous funding periods, we developed methods
to introduce and stably express the Cal hydrogenase
in a Chlamydomonas strain, 4yd-, in which the native
hydrogenase genes, HYDAI and HYDA?2 had been genetically
knocked out. We observed that various samples with a
positive phenotype (H,-production measured with the GFP
assay') had to undergo a couple of rounds of re-plating to
yield homogeneous single colonies. This year, we tested
the effect of introducing different combinations of introns
into the deoxyribonucleic acid (DNA) construct carrying
the Cal gene, as well as the efficacy of using linear versus
circular plasmid in Cal expression. Both approaches have
been shown to increase expression of heterologous genes
in Chlamydomonas. Concomitantly, we started genetic
crosses to introduce the pgri/ and t/a3 mutations into the
hyd- Chlamydomonas strain for future crosses with the
Cal transformant. The pgri/ strain was reported to exhibit
higher rates of H, photoproduction due to the lack of cyclic
electron transport (Tolleter, D., et al.) [1]; the #/a3 mutant has
a truncated light-harvesting antenna and its photosynthetic
rates saturate at much higher light intensities than the wild-
type strain (Kirst, H., et al.) [2].

RESULTS

The first milestone for FY 2014 required us to
benchmark the STH conversion efficiency and duration of
H, production using wild-type versus our best transformant
which, at the time, was strain 55. We performed our
experiments in the Clark electrode chamber, under
illumination from LEDs that emitted 2,000 pEinsteins m™ s,
which is the equivalent to the photosynthetic active radiation
region at one sun intensity (2,500 J/m™ s™). The uncoupler
carbonyl cyanide-p-trifluoromethoxyphenol hydrozone
(FCCP) was used to eliminate the down-regulation of
electron transport by non-dissipation of the proton gradient.
We measured the effect of cell density (represented by Chl
concentration) on H, photoproduction rates and converted
the rates into STH, using the value of 242 kJ for each mole
of H,. Figure 1 shows an STH value of about 0.75% for the
wild-type strain and about 0.12% for strain 55. Although the
reported STH values are low compared to the programmatic
targets, it must be noted that the measurements were done

! Green fluorescent protein-based H,-sensing assay developed by NREL
(Wecker et al., Biotechnol. Bioeng. 111, 1332-1340).
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under less than optimal conditions, using a 2 ml-volume
“photobioreactor” with an essentially zero headspace, due to
technical challenges involved in measuring low rates. The
latter prevented fast equilibration of gases between the liquid
and gaseous phase, and may have limited the observed rates.
Indeed, Kosourov et al. [3] demonstrated that increases in the
gas/liquid volume ratio have a significant effect on the rates
of H, photoproduction.

In order to complete the second quarter Go/No-Go
milestone for FY 2014, we measured H, photoproduction by
wild-type and strain 55 (our best H,-producing strain from a
pool of transformants generated by introduction of a circular
plasmid containing the Cal gene under regulation of the PsaD
promoter) for a total of 30 minutes and estimated initial and
final rates, as well as total H, yield. The results, which are
shown in Table 2, reflect the variability of the measurements,
with very high standard deviations. In summary, the initial
rate target of 11 mmoles H, mg Chl" h”' was met, the final
rate target of 0.06 mmoles H, mg Chl" h™ was not, and the
final net H, yield value was slightly lower than the target
value (equal or higher than wild type, WT). As a result the
decision was a No-Go. The high data variability for WT and
mutant strain is not very well understood; we have attempted
to optimize growth and induction conditions, as well as the
experimental set-up, without much success, so far, and this
needs to be addressed more carefully in the future.

TABLE 2. Estimated Parameters for WT and Ca1-Expressing Strain 55;
Standard Deviations were Calculated from 6 WT and 13 Strain 55 Individual
Curves

Strain | Initial Rate Final rate Total H, Yield
WT (D66) 160 + 35 -0.47£0.14 0.36 £ 0.20
Strain 55 13.25+7.56 -0.05+0.21 0.31+£0.20

As an alternative approach to increase the activity of
the Cal transformants, we used our previous expression
construct (PsaD Cal+) and added three introns into the Cal
open reading frame. We also used two commercial plasmids
(from Invitrogen) under the regulation of the Hsp70A/RbcS2
promoter/terminators that induce high constitutive expression
levels. Into one of the commercial plasmids, we introduced
the codon-optimized Cal gene carrying an intron in its
5’UTR (pChlamy Cal); the second plasmid carried additional
three introns into the Cal open reading frame (pChlamyCal
introns), similarly to the PsaD Cal” construct. Unfortunately,
neither of the new intron-containing plasmids resulted in
higher Cal-expressing strains (not shown).

Our next alternative used an excised plasmid (linear)
containing no introns, under the regulation of the PsaD
promoter (PsaD__. ). We introduced it into the Ayd-
Chlamydomonas strain, screened transformants using
the GFP assay, and selected transformants with high H,
production rates as measure by the Clark electrode. Two of
them were further re-plated and underwent another round of
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FIGURE 1. Left: Rates of H, production (umoles H, mg Chl" s™) by representative WT (top) and strain 55 (bottom) as a function of the Chl concentration in the
electrode chamber. Right: Estimated STH conversion efficiency of WT (top) and strain 55 (bottom) as a function of Chl concentration in the electrode chamber.
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FIGURE 2. Hydrogen levels (measured as volts) in the Clark electrode chamber during a 30-min illumination period. WT (left) and B1 transformant (right). Initial
rates were estimated from the slope of the curves during the initial 100 s; final rates represent the slopes during the last 500 s; total H, yield was determined by
subtracting the voltage at the beginning of the illumination to that at the end of the illumination period and converting the number into moles H, per Chl concentration,
as discussed in the text. Estimated initial rates determined from the representative curves are 163 and 49.5 mmoles H, mg Chl" s for WT and the B1 transformant,
respectively.

GFP selection. Transformants B1 and C2 exhibited average circular plasmid) and 29% of the average WT initial rates
rates 3.5-fold higher than strain 55 (transformed with a (Figure 2 and Table 3). However, there is considerable H,
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uptake during the 30-min experiment, resulting in a total
final H, yield that is similar to those of the WT and strain 55.
We will use either of the two transformants in our final
genetic cross. Nevertheless, the maximum H, peak occurs at
longer times than that recorded for the WT strain, at about
7.2 vs. 2.6 min, demonstrating that the phenotype of the Cal-
expressing mutant is indeed different from that of the WT
strain.

TABLE 3. Total H, Yield, Initial and Final Rates of H, Photoproduction by
Mutant Strains Carrying Excised Plasmid

Strain Initial rate Final rate Total H, yield/Chl
(umoles (umoles (umoles
H,mg Chl"h") | H,mg Chl"h") H, mg Chl)

B1 29 -0.488 0.102

495 -1.59 0.317

C2 78 -2.336 0.554

30.6 -1.036 0.24

Average all 46.8 -1.36 0.303
% average WT' 29 289 84
% average 350 2,700 98

strain 55'

'See Table 2 for average values used here

CONCLUSIONS AND FUTURE DIRECTIONS

e The data show that it is possible to generate Cal-
expressing mutants with final net H, yields comparable
to those of the WT strain. The best transformants to date
(strains B1 and C2) show initial rates equivalent to about
29% of WT, but do not exhibit significantly higher final
net H, yields/Chl, although peak production occurs at
later timepoints.

*  The STH conversion efficiency of mutant (strain 55)
and WT strains are currently very low (0.12 and 0.75%,
respectively) but could be increased through reactor
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engineering approaches. We have not yet measure the
STH of our latest mutants.

* Intron-containing constructs did not increase the levels
of Cal expression by Chlamydomonas, but the use of
linear versus circular plasmids resulted in an average
3.6-fold increase in the initial rates.

»  This project will be terminated at the end of the first
quarter of FY 2015. The work remaining to be completed
in FY 2015 focuses on generating and characterizing
the final transformant strain, pgrll tla3 hyd- Cal. We
expect that the results will direct future research towards
improving algal H, photoproduction.

FY 2014 PUBLICATIONS/PRESENTATIONS

1. Presentation to the Hydrogen Production Tech Team at PNNL
(July 2013).

2. Poster presentation at the International Photosynthesis
Conference, St. Louis (August 2013).
3. Invited speaker at the University of Rochester, NY (Dec. 2013).

4. Invited seminar presentation at the University of Colorado (Jan.
2014).
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Overall Objectives

Optimize rates and yields of hydrogen production in a
sequencing fed-batch bioreactor by varying hydraulic
retention time (HRT) and reactor volume replacement

Optimize genetic tools to transform Clostridium
thermocellum and obtain mutants lacking the targeted
competing pathway to improve hydrogen molar yield

Demonstrate hydrogen production from the NREL
fermentation effluent and harness the energy in a
chemical gradient to improve overall energy efficiency in
hydrogen production using a microbial electrolysis cell
(MEC) reactor

Fiscal Year (FY) 2014 Objectives

Optimize sequencing fed-batch parameters and convert
corn stover lignocellulose to hydrogen by the cellulolytic
bacterium Clostridium thermocellum, aimed to lower
feedstock cost.

Technical Barriers

This project supports research and development on
DOE Technical Task 6, subtasks Molecular and Systems
Engineering for Dark Fermentative Hydrogen Production
and Molecular and Systems Engineering for MEC and it
addresses barriers AX, AY, and AZ.

(AX) H, Molar Yield

(AY) Feedstock Cost

(AZ) System Engineering

Technical Targets

Technical targets for this project are listed in Table 1.

TABLE 1. Progress toward Meeting DOE Technical Targets in Dark
Fermentation

Characteristics Units Current 2015 2020
Status Target Target
Yield of H, from Mole H,/mole 2-3.2 6*
glucose glucose
Feedstock cost Cents/lb 13.5 10 8
glucose
Duration of Time 17 days 3 6
continuous production months months
(fermentation)
MEC cost of $/m? $2,400 $300 $50
electrodes
MEC production rate L-H,/L- 1 1 4
reactor-d

*Yield of H, from glucose: DOE has a 2015 target of an H, molar yield of 6 (4 from
fermentation and 2 from MEC) from each mole of glucose as the feedstock, derived
from cellulose.

Feedstock cost: The DOE Bioenergy Technologies
Office is conducting research to meet its 2015 target of
10 cents/lb biomass-derived glucose. NREL’s approach
is to use cellulolytic microbes to ferment cellulose and
hemicellulose directly, which will result in lower feedstock
costs.

FY 2014 Accomplishments

»  Use the genetic tools developed at NREL tailored for C.
thermocellum and delete the competing ethanol pathway,
aimed to improve hydrogen molar yield via fermentation.

*  Redesign a microbial reverse-electrodialysis electrolysis
cell (MREC) to examine the scalability of the MREC for
hydrogen production from fermentation effluent without
an external energy input, aimed to improve H, molar
yield.

FY 2014 Annual Progress Report I-71

Conducted sequencing fed-batch reactor experiments and
demonstrated that by using a HRT of 48 h and displacing
50% of the reactor liquid every 24 h, C. thermocellum
converted corn stover lignocellulose (5 g/L loading based
on cellulose content) to H, with a maximal rate of 1,102
mL H,/L __ /d. The accumulation of up to 28 g lignin/L

did not inhibit rate of H, production, a promising finding
for using lignocellulosic biomass.
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*  Both total and specific rate of H, production
was increased by nearly 1.5-fold in log-phase C.
thermocellum culture when its formate competing
pathway was deleted using the NREL proprietary genetic
tools. This mutant yielded 1.6-fold more ethanol, which
prompted its deletion, an ongoing effort in FY 2014 to
further improve H, output.

+  Obtained a volumetric current density of 78-110 A/m’
by treating NREL fermentation wastewater in an
MREC with an 8 h HRT and a reverse electrodialysis
stack potential of 0.6—0.75 V. The maximum hydrogen
production rate was 0.9 L-H, L' d"' with a chemical

oxygen demand (COD) removal of 60% and an H, yield

of 1.0 L H,/g COD. Increased HRT to 24 h resulted in

an increase in COD removal to 73%, but decreased H,

production rates to 0.3 L-H, L' d™' and H, yields to

0.8 L H,/g COD.

reactor

R R

INTRODUCTION

Biomass-derived glucose feedstock is a major
operating cost driver for economic hydrogen production
via fermentation. The DOE Fuel Cell Technologies Office
is taking advantage of the DOE Bioenergy Technology
Office’s investment in developing less expensive glucose
from biomass to meet its cost target of 10 cents/lb by 2015.
Meanwhile, one alternative and viable approach to addressing
the glucose feedstock technical barrier (AZ) is to use certain
cellulose-degrading microbes that can ferment biomass-
derived cellulose directly for hydrogen production. One
such model microbe is the cellulose-degrading bacterium
Clostridium thermocellum, which was reported to exhibit
one of the highest growth rates using crystalline cellulose
[1]. Another technical barrier to fermentation is the relatively
low molar yield of hydrogen from glucose (mol H,/mol sugar;
technical barrier AX), which results from the simultaneous
production of waste organic acids and solvents. Biological
pathways maximally yield 4 moles of H, per 1 mole of
glucose (the biological maximum) [2]. However, most
laboratories have reported a molar yield of 2 or less [3,4].
Molecular engineering to block competing pathways is a
viable option toward improving H, molar yield. This strategy
had resulted in improved H, molar yield in Enterobacter
aerogenes [5].

A promising parallel approach to move past the
biological fermentation limit has been developed by a team
of scientists led by Prof. Bruce Logan at Pennsylvania State
University. In the absence of O,, and by adding a slight
amount of negative potential (<250 mV) to the circuit,
Logan’s group has produced hydrogen from acetate (a
fermentation byproduct) at a molar yield of 2.9-3.8 (versus
a theoretical maximum of 4) in a modified microbial fuel
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cell called an MEC [6]. It demonstrates for the first time a
potential route for producing eight or more moles of hydrogen
per mole glucose when coupled to a dark fermentation
process. In FY 2009 the team reported a combined molar
yield of 9.95 when fermentation was coupled to MEC in an
integrated system [7]. Combining fermentation with MEC
could therefore address technical barrier AX and improve

the techno-economic feasibility of hydrogen production via
fermentation.

APPROACH

NREL’s approach to addressing feedstock cost is
to optimize the performance of the cellulose-degrading
bacterium C. thermocellum using corn stover lignocellulose
as the feedstock. To achieve this goal, we are optimizing
the various parameters in a sequencing fed-batch reactor
to improve longevity, yield, and rate of H, production.
To improve H, molar yield, we are selectively blocking
competing metabolic pathways in this organism via genetic
methods. Through a subcontract, Pennsylvania State
University is testing the performance of an MEC and MREC
using both a synthetic effluent and the real waste stream from
lignocellulosic fermentation generated at NREL.

RESULTS

Lignocellulose Fermentation

Lignocellulose is a solid substrate, and, with continuous
feeding, the system will eventually suffer from clogging of
feed lines and over-exhaustion of the feed pump. A more
feasible strategy for lignocellulose fermentation is to feed
the substrate at a predetermined interval instead of using
continuous feeding. This strategy can be realized via the
use of a sequencing fed-batch bioreactor. This method also
simultaneously retains the acclimated microbes to increase
the H, production rate. We carried out the experiment
in a Sartorius bioreactor with a working volume of 2 L.

The medium was continuously sparged with N, at a flow
rate of 16 ccm and agitated at 100 rpm. We used an HRT

of 48 h, a liquid displacement of 50% working volume
every 24 h, and four cycles each of carbon loadings of 2.5,
5.0, or 10 g/L of cellulose (with lignocellulose feedstock
concentration adjusted based on cellulose content). The
pretreated lignocellulose material contained 59% glucan,
3.9% xylan and 27.5% lignin, generated via acid hydrolysis,
kindly supplied by the NREL National Bioenergy Center.
In general the rate of H, increased proportionally when the
cellulose substrate was increased from 2.5 g/L/d to 10 g/L/d,
despite an accumulation of the undigested lignin, up to

28 g/L (Table 2). This finding is promising and suggests
that lignin does not inhibit fermentation, a concern when
fermenting lignocellulosic biomass. Total H, produced at
10 g/L/d feeding, however, was not proportional to that at
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5 g/L/d, suggesting not all carbon substrate is consumed at
this feeding.

TABLE 2. Rate and Yield of Hydrogen Production in Sequencing Fed-
Batch Bioreactor with Clostridium thermocellum Fermenting Corn Stover
Lignocellulose

Pretreated HRT | Displacement | AverageH, Maximum H,
Corn Stover volume (%) Production Production
(gL'd™) (h) (mLL'D") (mLL"d")
2.5 48 50 239 474
5.0 48 50 550 974
10 48 50 902 1,466

Metabolic Engineering

The ultimate goal of this approach is to develop tools to
inactivate genes encoding competing metabolic pathways,
thus redirecting more cellular flux, i.e., electrons, to
improve H, molar yield. Transformation in C. thermocellum
has been challenging, likely due to either an inefficiency
of the plasmids used or an incompatibility of the DNA
restriction system between the host and the plasmid [8]. To
circumvent both challenges, we have achieved the following:
(1) redesigned an in-house plasmid with a gram-positive
origin of replication suitable for C. thermocellum; (2) deleted
the dem gene in the E. coli host used for cloning purpose;
and (3) used C. thermocellum strain DSM 1313 as the model
cellulose-degrader. Following the protocols developed by
Argyros et al. [9], we have created a mutant lacking the
gene of interest encoding a specific competing pathway. The
mutant yielded nearly 60% more ethanol. We have since
used this strain as the recipient to delete the bifunctional
acetaldehyde/ethanol dehydrogenase encoded by the adhE
gene. We have undergone one round of selection based
on resistance to the thiamphenicol antibiotic (indicating
introduction of the plasmid), followed by two rounds of
counter-selections using two suicide substrates (leading to
gene knockout and loss of the plasmid). Work is ongoing
to confirm the genotype via polymerase chain reaction,
followed by phenotyping to quantify both ethanol and H, in
the triple mutant lines.

Microbial Reverse-Electrodialysis Electrolysis Cell

The larger, redesigned MREC (Figure 1) had a total
(anode and cathode chamber) volume of 315 mL. The reactor
was initially fed and tested using a sodium acetate (0.8 g
COD/L) amended 100 mM sodium bicarbonate buffer
solution, followed by a synthetic fermentation effluent (1.2 g
COD/L) containing glucose, lactate, ethanol, and bovine
serum albumin in addition to the acetate. Following that,
the substrate was shifted to diluted fermentation wastewater
(1.2 g COD/L) provided by NREL. The catholyte was 1 M
sodium bicarbonate (55 mS/cm) which was recycled at a rate
of 8 mL/min. The reverse electrodialysis stack (10 cell pairs)

FY 2014 Annual Progress Report

A- MREC Design

Anode
Efffuent L

o
] LC
()
[+1)
=
o
=
= —

Q—Anodeg

FIGURE 1. MREC Flow Diagram

was operated with 10 L of 1.4 M ammonium bicarbonate (90
mS/cm) as the high concentrate solution and distilled water
(1 uS/em) as the low concentrate solution, which were fed
through the stack and recycled at a flow rate of 300 mL/min
until the stack potential dropped to a point where there

was minimal H, production. The anolyte HRT was varied
between 8, 12 and 24 h.

At higher HRT (24 h), the anode potential was unstable,
but at the shorter HRT (8 h), the anode potential stabilized
and the MREC produced higher current densities, suggesting
that there is a level where low COD along the length of the
anode chamber severely limits current density (Figure 2).
The maximum volumetric current densities obtained with
fermentation wastewater (78—110 A/m’, 8 h HRT, 0.6-0.75 V
stack potential) decreased slightly compared to that obtained
with the synthetic wastewater (100130 A/m”). H, production
rate increased from 0.3 to 0.9 L-H, memr" d'and H, yields
increased from 0.8 to 1.0 L/g COD when HRT was decreased
from 24 h to 8 h (Figure 3). The composition of gas collected
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FIGURE 2. Current Generation from Continuous flow MREC using

Fermentation Wastewater at HRTs of 8, 12 and 24

h

was 93-96% H, with the balance as CO,. COD removal
decreased from 73% to 60% with the decrease in HRT, but
the rate at which COD was removed increased from 0.8 g/L/d

to 1.9 g/L/d (Figure 3).

Protein Removal

MEC anodes were conditioned separately to degrade
acetate or protein in order to increase the protein removal
while maximizing H, production by utilizing a system with

two reactors in series. Acetate fed anodes would not produce
appreciable current, and current levels in protein fed reactors
were limited on startup, in 100 mM sodium bicarbonate at pH
8.2t09. Ata buffer pH of 7.6, all anodes started to acclimate
rapidly to produce current. Optimal HRT is being tested for
both acetate and protein removal and then the reactors will be
tested in series.

CONCLUSIONS AND FUTURE DIRECTION

»  Using corn stover lignocellulose (2.5-10 g/L based on
cellulose content) as the substrate in a sequencing fed-
batch reactor, an HRT of 48 h, and displacing 50% of
the reactor liquid volume at 24 h intervals, rate of H,
was proportional to the amount of substrate feeding.
The outcomes also indicate that the accumulation of up
to 28 g lignin/L does not inhibit rate of H, production,
a promising finding for using lignocellulose as the
feedstock.

»  Following published protocols and using the NREL
proprietary plasmid, we deleted the gene of interest.
Its phenotype of increased ethanol production guided
the design to delete the ethanol competing pathway.
Work is ongoing toward making this triple mutant and
quantifying ethanol and H, production. The outcome
should aid in future site-directed mutagenesis effort
by deleting multiple competing pathways to improve
hydrogen molar yield.
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*  Larger scale MRECs can be used to produce H, without
net use of electrical grid energy. HRT has a significant
impact on the anode potential and the current produced
in the MREC. There is a level where the COD drop
within the anode chamber negatively impacts the
anode potential and severely limits current density and
hydrogen production, suggesting the use of a two stage
system for increased COD removal with maximum H,
production rates.

In the future, we will operate the fed-batch bioreactor
fermenting corn stover lignocellulose generated from a de-
acetylated process vs. the acid-hydrolysis pretreatment used
at present. De-acetylation reaction is a milder pretreatment
process and hence eliminates the non-specific binding of
lignin to cellulose. The latter has rendered the lignocellulose
less fermentable. We will determine ethanol and H,
production profiles in the triple mutants with the outcomes
guiding future mutagenesis efforts to delete multiple
competing pathways, aimed to improve H, molar yield. In
the future, we will continue to evaluate the performance of
reactors in series, operated at different HRTs and applied
potentials, for COD and protein removal efficiency as well as
H, production rates. We will also be looking at maximizing
H, production rates while decreasing the electrode cost by
exploring the use of non-precious metal cathodes.
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Overall Objectives

*  Decipher the maturation machinery of the O,-tolerant
hydrogenase in Rubrivivax gelatinosus to transfer
the correct number of genes to build a cyanobacterial
recombinant.

*  Construct a cyanobacterial recombinant by expressing
four hydrogenase genes and six maturation genes from
R. gelatinosus for sustained H, production.

*  Demonstrate H, production in the cyanobacterial
recombinant during photosynthesis for photolytic H,
production.

Fiscal Year (FY) 2014 Objective

Develop an O,-tolerant cyanobacterial system for
sustained and continuous light-driven H, production from
water.

Technical Barrier

This project addresses the following technical barrier
from the Hydrogen Production section (3.1.4) of the Fuel Cell
Technologies Office Multi-Year Research, Development, and
Demonstration Plan:

(AP) Oxygen Accumulation

DOE Hydrogen and Fuel Cells Program

Technical Targets

Characteristics Units 2011 2015 2020 | Ultimate
Target | Target | Target | Target
Duration of continuous Time 2 min 30 min 4h 8h
H, production at full units

sunlight intensity

FY 2014 Accomplishments

* Based on amino acid homology comparison of the
newly sequenced genome, we uncovered additional
hydrogenase maturation genes in Rubrivivax gelatinosus
Casa Bonita strain (hereafter “CBS”). They are s/yD and
carAB; the former is responsible for Ni insertion and the
latter for the synthesis of carbon-nitrogen ligand. Both
are likely involved in assembling the CBS hydrogenase
active site. Synechocystis contains carAB, but not
slydD; hence, only slyD will be genetically transferred
into Synechocystis to assemble the O,-tolerant CBS
hydrogenase.

*  We used the strong psbA promoter to drive the
expression of CBS hydrogenase maturation gene AhypF,
in a Synechocystis recombinant already expressing
CBS hydrogenase and five of the maturation genes
(hypABCDE). When compared to the original weaker
petE promoter, HypF protein levels increased by
near 9-fold with the strong psbA promoter. Yet,
the Synechocystis recombinant still failed to yield
hydrogenase activity, warranting the refactoring of the
genetic construct to afford activity.

R S S

INTRODUCTION

Photobiological processes are attractive routes to
renewable H, production. With the input of solar energy,
photosynthetic microbes such as cyanobacteria and green
algae carry out oxygenic photosynthesis using solar energy
to extract reducing equivalents (electrons) from water. The
resulting reducing equivalents can be fed to a hydrogenase
system yielding H,. However, one major barrier is that most
hydrogen-evolving hydrogenases are inhibited by O,, which
is an inherent byproduct of oxygenic photosynthesis. The
rate and duration of H, production is thus limited. Certain
photosynthetic bacteria are reported to have an O,-tolerant,
H,-evolving hydrogenase, yet these microbes do not split
water and require other more expensive feedstock.
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To overcome these technical barriers, we propose
to construct novel microbial hybrids by genetically
transferring O,-tolerant hydrogenases from other bacteria
into cyanobacteria. These hybrids will use the photosynthetic
machinery of the cyanobacterial hosts to perform the water-
oxidation reaction with the input of solar energy, and couple
the resulting reducing equivalents to the O,-tolerant bacterial
hydrogenase, all within the same microbe. By overcoming
the sensitivity of the hydrogenase enzyme to O,, we address
one of the key technological hurdles (barrier AP) to cost-
effective photobiological H, production, which currently
limits the production of H, in photolytic systems.

APPROACH

Our goal is to construct a novel microbial recombinant,
taking advantage of the most desirable properties of both
cyanobacteria and other bacteria, to serve as the basis for
technology to produce renewable H, from water and solar
energy. To achieve this goal, we transfer known O,-tolerant
hydrogenase from CBS to the model cyanobacterium
Synechocystis sp. PCC 6803.

RESULTS

Probing Hydrogenase Maturation Machinery in CBS

The overarching goal is to construct a cyanobacterial
recombinant harboring the O,-tolerant hydrogenase from
CBS using Synechocystis sp. PCC 6803 as a model host for
sustained photolytic H, production. A prerequisite for success
is to gain better understanding of the CBS hydrogenase and
its underlying maturation machinery to ensure transfer of
the correct genes into Synechocystis to confer hydrogenase
activity. CBS genome was sequenced and annotated in FY
2013 by Michigan State University and Pacific Biosciences.
Using the Basic Local Alignment Search Tool — Protein
(BLASTP) tool, we uncovered a second set of hydrogenase
maturation genes (4yp2) in the CBS genome, which is
different from the set of hydrogenase maturation genes found
earlier (hypl). This raises the question as to which set of
maturation genes is responsible for building an active CBS
hydrogenase and needs to be co-transformed along with the
CBS hydrogenase into Synechocystis. As such we conducted
a detailed comparison of CBS &ypl with hyp2, as well as
with other known hydrogenase maturation proteins. These
data will provide the blueprint to guide genetic engineering
effort toward constructing a Synechocystis recombinant
harboring O -tolerant hydrogenase activity. The homology
comparison in Table 1 using BLASTP reveals that CBS
hypl is quite different from CBS hyp2 based on low level of
identity (34-58%). Data from Table 2 show the homology
comparison of CBS Aypl and CBS Ayp2 with the hyp genes
known to be involved in the maturation of a well-studied
uptake hydrogenase in Ralstonia eutropha (Re). The higher
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level of identity between Re hyp genes with CBS hyp2 (60%
to near 80%), but not with Aypl, clearly supports that CBS
hyp2 genes are involved in the maturation of the uptake
hydrogenase in CBS, while the CBS Ayp! genes are involved
in the maturation of the O,-tolerant evolving hydrogenase.

TABLE 1. Homology Comparison (% amino acid identity) of CBS Hyp1 with
Hyp2 Proteins

CBS Hyp Proteins | Hyp1 vs. Hyp2 (%)
HypA 34.5
HypB 53.6
HypC 39.2
HypD 50.9
HypE 53.8
HypF 37.2

TABLE 2. Homology Comparison (% amino acid identity) of the Hyp proteins
from Ralstonia eutropha with the respective Hyp1 and Hyp2 proteins from CBS

Ralstonia eutropha | CBS Hyp1 (%) | CBS Hyp2 (%)
HypA 31.0 65.5
HypB 52.3 67.4
HypC 38.4 59.5
HypD 474 773
hypE 54.0 74.4
HypF 38.4 60.2

Moreover, after careful search of the CBS genome, we
identified a single s/yD homolog which displays 33% amino
acid identity to its counterpart in E. coli, which was used as
the model system to probe maturation of NiFe-hydrogenases.
Synechocystis genome does not contain a SlyD homolog
based on a BLASTP search. Studies in E. coli suggest
that carbamoyl phosphate synthase (encoded by car4B)
is necessary for hydrogenase maturation. This enzyme
complex synthesizes carbamoyl phosphate, the precursor
for carbon-nitrogen ligand, which is an integral component
of the hydrogenase active site. A search of the CBS genome
revealed card and carB homologs with 64% and 70%
identity, respectively, to the homologs in E. coli. CarA and
CarB homologs with 51% and 60% identity, respectively,
are present in Synechocystis. Therefore, we may need to
minimally evaluate the expression of CBS s/yD in addition
to the hypl genes in order to obtain a more active CBS
hydrogenase in Synechocystis.

Expression of the CBS Hydrogenase in Synechocystis

One strategy to increase H, production is to increase
the amount of active CBS hydrogenase expressed in
Synechocystis by using stronger promoters. We have
systematically re-engineered the Synechocystis recombinant
using the strong psbhA promoter to drive the expression of
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cooLXUH (encoding CBS hydrogenase) and psbA2 promoter
to drive the expression of hyp/ABCDE. The resultant
recombinant is psbA-LXUH/psbA2-ABCDE. Moreover, we
incorporated the CBS maturation gene /4ypF in the above
recombinant driven by the strong psbA promoter. We first
produced a plasmid where the weak promoter petE was
replaced with pshA4 promoter, with its replacement confirmed
by restriction digest analysis and sequencing. We then
transformed this plasmid into Synechocystis (psbA-LXUH/
psbA2-ABCDE) and confirmed the integration of psbA-hypF
into the Synechocystis genome via colony polymerase chain
reaction (PCR) in 8 out of 18 colonies tested (Figure 1A).
Expression of HypF protein was determined via protein
immunoblots. We detected that HypF expression was
enhanced from 1.7- to 8.9-fold in these strains (psbA-LXUH/
psbA2-ABCDE/psbA-hypF) when driven by the strong psbA4
promoter, when compared to expression using the weak petE
promoter (Figure 1B). Yet, the engineered strain failed to
yield hydrogenase activity.

A
psbA
B.
HypF
Protein gel

Fold Increase
over petE

To troubleshoot, expression levels need to be carefully
quantified for further improvements. Therefore, we
performed quantitative protein immunoblots of CooLXUH
and HyplEF (based on available antibodies) to compare levels
of each CBS protein in CBS to that in pshA-LXUH/psbA2-
hypABCDE/psbA-hypF. It was clear from the results that
only CooU, CooH, and HypE1 were expressed at detectable
levels in the Synechocystis strain, and levels were much
lower than those seen in CBS, the latter loaded with two-
third less protein (data not shown). This imbalanced protein
expression prompted us to redesign the expression construct
(Figure 2) that employs the strong ¢rc promoter from E. coli,
which has shown up to 80 times higher expression levels in
Synechocystis when compared to native promoters [1]. In
addition, we also integrated a consensus ribosomal binding
site from Synechococcus 7002 (cpcB gene) shown to have
high levels of expression in Synechocystis [2] in front of each
gene to be expressed to maximize translational efficiencies.
Because we may need to break up the expression constructs

FIGURE 1. Integration and Enhanced Expression of HypF in psbA-LXUH/psbA2-ABCDE/
psbA-hypF Strains—Panel A shows colony PCR confirming the integration of psbA-hypF into the
Synechocystis genome. Primers upstream, downstream, and within the integrated construct (red and
green arrows denoting forward and reverse primers) should produce two products of 803 bp and 1648
bp in size. PCR of colonies confirmed the correct integration of the construct into the Synechocystis
genome. Panel B shows a western immunoblot against the CBS HypF protein. The new recombinants
containing the psbA-hypF construct displayed a higher level of expression compared to that of the
control with petE-hypF. Fold increase was calculated by normalizing to a constant band in the protein
gel and comparing levels of psbA-hypF to the petE-hypF recombinant.
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FIGURE 2. Current and Proposed New Design to Express the CBS

into smaller number of genes expressed per promoter, we
have also inserted unique restriction sites between each gene
to allow for the insertion of additional promoters if necessary.
The new design is modular, affording flexibility in tuning
and balancing gene expression individually, on a need basis,
to ultimately afford O,-tolerant hydrogenase activity in
Synechocystis.

CONCLUSIONS AND FUTURE DIRECTIONS

Conclusions

Amino acid homology comparison reveals that sypl

and Ayp2 are dissimilar, with 4yp2 displaying high level
of homology with the iyp genes in R. eutropha, known
to assemble its H,-uptake hydrogenase. As such, ayp!
likely assembles the O,-tolerant CBS hydrogenase. slyD,
which has a putative role in Ni insertion, was identified
in CBS also, but not in Synechocystis. Initial work will
focus on expressing hypl and slyD genes along with CBS
hydrogenase in Synechocystis.

Use of the strong psbA promoter dramatically enhanced
CBS hydrogenase maturation protein HypF expression
levels by near 9-fold in Synechocystis, yet the
recombinant still lacks hydrogenase activity. We propose
to re-engineer the CBS gene construct to incorporate
strong trc promoter and proven ribosome binding sites to
afford hydrogenase activity.

Future Directions

Further investigate the roles of CBS Aypl and hyp2 in
hydrogenase maturation by directly examining CO
uptake and H, production in the hypl and hyp2 single
and double mutants.
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Hydrogenase and Maturation Genes in Synechocystis

Transform the new designs containing cooLXUH,
followed by Aypl operons to ensure balanced protein
expression. If the protein expression is not balanced,

we will troubleshoot by inserting more frequent trc
promoters in between each gene to tune expression. In
conjunction with this iterative approach, we will perform
in vitro hydrogenase activity assay using reduced methyl
viologen as the mediator.
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Overall Objectives

Demonstrate the operation of a bio-fueled solid oxide
fuel cell (SOFC) integrated with a cost-effective contaminant
control system in a waste-to-energy application

Fiscal Year (FY) 2014 Objectives

»  Complete the fabrication of the 2-kW_ bio-fueled SOFC
module

* Integrate the biogas cleanup skid and the SOFC skid and
carry out a successful field demonstration with biogas at
the Cal-Denier Dairy Farm

*  Prepare a detailed cost analysis and economic
assessment of the biogas-fueled SOFC system

Technical Barriers

This project addresses the following technical barriers
from the Hydrogen Production section of the Fuel Cell
Technologies Office Multi-Year Research, Development, and
Demonstration Plan:

*  Cost Effective Separation of Impurities and High-
Efficiency Electricity Production from Renewable Feed
Stocks

*  SOFCs are known to provide the highest possible
net efficiency for Combined Heat and Power (CHP)
applications. Hence, there is a need to demonstrate
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successful operation of SOFC on biogas and this project
serves this need

*  Impurities present in biogas (such as organic sulfur
species and siloxanes) poison the catalysts and SOFC
stacks, reducing their efficiency and lifetime, and must
be removed to a concentration of less than 10 ppbv

Technical Targets

This project will demonstrate the operation of a bio-
fueled SOFC integrated with a cost-effective contaminant
control system in a waste-to-energy application. The specific
targets/goals are:

*  Develop and demonstrate the efficacy of a sorbent-based
gas clean-up system to remove harmful impurities from
biogas such as sulfur and siloxane to less than 0.1 ppmv

*  Demonstrate operation of a 2-kW_biogas-fueled SOFC
stack integrated with a biogas cleanup system in a waste-
to-energy application

*  Demonstrate the economic viability of our biogas
cleanup technology

FY 2014 Accomplishments

*  Project partner FCE has completed the fabrication of the
2-kW_SOFC module, which is currently being tested at
their facility using simulated gases

» Interface requirements between the biogas cleanup
skid and SOFC skid have been identified and TDA has
completed the design of the interface skid

*  TDA in collaboration with SMUD has completed an
assessment of the site modifications needed at the Cal-
Denier Dairy test site

» Integrated field tests with cleanup and SOFC skids
are scheduled to start at the Cal Denier Dairy Farm in
August 2014

R T S

INTRODUCTION

The energy potentially available from bio-waste
approaches 1.46 quadrillion Btu, only a small amount
of which is currently utilized. The use of this domestic
renewable source will reduce U.S. dependence on fossil
fuels and greenhouse gas emissions. Fuel cells have a great
potential for immediate use in biogas based distributed
hydrogen and power generation systems, if cost-effective
gas clean up system were available. Distributed fuel cell
power generation is becoming a viable alternative to buying
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power from a central grid, particularly for dairy farms, food
industries and waste water treatment plants that produce
anaerobic digester gas (ADG). However, impurities (such

as organic sulfur species and siloxanes contaminants in

the ADG) must be removed from the ADG to prevent
degradation of the fuel cell stacks and poisoning of the
catalysts used in the fuel processor. Even for the more sulfur-
tolerant SOFCs, the sulfur and siloxane concentrations must
be reduced to less than 0.1 ppmv.

In the previous SBIR Phase I and Phase II projects,
TDA developed a low-cost, high-capacity sorbent that
can remove sulfur-bearing odorants from natural gas and
liquefied petroleum gas. TDA demonstrated the performance
of the desulfurization sorbent first in bench scale and then
in the field, integrated with fuel cell systems (with fuel
cell stacks, fuel processor and all auxiliary items). The
technology was commercialized under the SulfaTrap™
name, and spun-off SulfaTrap, LLC as a separate business in
2013 and are now supplying multi-ton quantities to fuel cell
generators operating around the world on natural gas and
liquefied petroleum gas. In this Phase III research TDA in
collaboration with FCE, will demonstrate the ability of our
sorbent to operate in a regenerable manner to carry out bulk
desulfurization of biogas, which will then be used in a 2-kW,
bio-fueled SOFC generator. Successful demonstration of the
integrated system will enable widespread adoption of small-
scale high-efficiency bio-fueled SOFC-based combined heat
and power systems.

APPROACH

TDA’s approach is to use an ambient temperature gas
clean-up system to remove all contaminants to ppbv levels.
The purification system includes a bulk desulfurization
system (regenerable) followed by an expendable polisher
(Figure 1). The key requirement for the sorbent is tolerance
to high levels of moisture (biogas is expected to have at
least 4,000 ppmv moisture) to eliminate the energy penalty
for biogas compression and chilling that are needed with
conventional gas cleanup systems. The commercial systems
are also known to contribute to the formation of very
complex sulfur species that are difficult to remove, such
as the di- and tri-sulfides. TDA’s polishing bed is designed

SULFUR

REMOVAL BLOWER

Bulk H,S

Clean-up System

CONDENSER

Water-soluble
contaminants
(NH3, HCI)

to remove siloxanes and the organic sulfur species. In
collaboration with SMUD integrated field tests with a 2-kW
bio-fueled SOFC module from FCE will be carried out with
TDA biogas desulfurization sorbents at Cal-DeNier Dairy,
Grand Valley, CA.

RESULTS

Prototype Biogas Cleanup Unit

The regenerable desulfurizer demonstration skid is
designed to test TDA’s regenerable sulfur sorbent from a
gas treatment slipstream. Suitable slipstreams could come
from landfills, waste water treatment plants or dairy farms
(ADG), or natural gas pipelines. The flowrate through the
skid is adjustable, but system design was based on a nominal
50 scfm. The system is equipped with an online H,S sensor
that can be manually set to measure H,S concentration at
the inlet or outlet of the regenerable beds, or downstream
of the polisher bed. Other instrumentation includes the O,
sensor for verifying that post-regeneration purge has been
completed, as well as and various pressure and temperature
transmitters and indicators.

The fabrication of the prototype system was completed
in FY 2013. Figure 2 shows the picture of the prototype
test system. The entire system is compactly mounted on
a powder-coated steel skid that is 8 feet long and 4 feet
wide. The height of the skid is roughly 6 feet. All electrical
components have been constructed for a Class 1, Div 2
hazardous location with a Z-purge on the electronics boxes.
The skid is designed to be operated outdoors in any weather.
System automation is implemented with LabVIEW software
running on a National Instruments cRIO controller. The
automation is headless, meaning there is no laptop or other
computer required for the system to operate. All data will
be logged to a file for later viewing and analysis. The user
can also connect wirelessly to the system to view the current
system state and change settings such as adsorption time or
temperature.

In FY 2014, shakedown and system checkout were
performed, verifying all aspects of the safety systems,
normal operations and regeneration capabilities of the
demonstration unit with the reactors fully loaded with the

Clean
POLISHING |Biogas
GUARD BED

Power

Fuel Cell
Organic sulfur

and siloxanes

FIGURE 1. TDA's Biogas Clean-Up System Integrated with a SOFC
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FIGURE 2. TDA's Biogas Clean-Up Skid

SulfaTrap™ sorbent. The final system automation program
modifications that are needed for remotely controlling and
monitoring the desulfurizer skid have been completed and
verified. The skid will operate in an autonomous manner, but
can be viewed either locally or through the internet with this
program. The skid-mounted cellular router makes this remote
connection possible; it also allows data retrieval.

SOFC Module Development at FCE

FCE completed the fabrication of the 2-kW _ bio-
fueled SOFC skid. Figure 3 shows FCE’s integrated 2-kW
bio-fueled SOFC skid with the tilted fagade feature. The
electrical balance of plant was assembled concurrently with
mechanical balance of plant and the hot components section
(fuel cell, reformer, anode gas oxidizer) was completed
subsequently. Prior to completion of the hot components
section both the 16-cell SOFC stack and the 25-cell SOFC
stack were tested for gas tightness. The 16-cell stack was
then compressed and installed in the hot components section.
FCE has completed the programming of the programmable
logic controller. Full functional test of the power conversion
system was completed by FCE. The power conversion
system consists of a DC/DC converter that boosts the fuel
cell output of 10-13 VDC to regulated 24 VDC, useful for
the second power conversion system stage. The second
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FIGURE 3. FCE'’s Integrated 2-kW, Bio-Fueled SOFC Skid

stage consists of a DC/AC inverter that converts 24 VDC to
120/240 VAC. This inverter is a commercial device originally
designed for solar photovoltaic applications and FCE had
made appropriate modifications to operate it with a fuel cell
power source. Functional testing of the DC/DC converter
had verified the high efficiency of power conversion as stated
by the manufacturer. Power quality was verified as well as
minimum input voltage necessary for operation. Functional
testing of the DC/AC inverter showed that the inverter could
be grid-connected with power export and sell capability.
Testing also showed that the inverter supports island mode
operation where the unit is disconnected from the grid and is
powered internally from the fuel cell. The HMI for the bio-
fueled SOFC had been completed.

The 2-kW, bio-fueled SOFC skid is undergoing factory
testing at FCE. Prior to factory testing, which is a live testing
procedure, the unit is being dry tested (functional testing).
This initially consists of instrument checkout and major
component testing, where natural gas fuel is not involved.
This testing is now complete and successful. The next step
will be testing with natural gas and then a change out of
SOFC stacks. The 16-cell SOFC will be replaced by a 25-cell
SOFC prior to shipment to the SMUD demonstration site.

Site Conditioning

In order to demonstrate the capabilities of the
regenerable desulfurizer skid, the apparatus will be taken to
the Cal-Denier Dairy farm in Galt, California. In preparation
for this we completed an assessment of the plumbing and
electrical modification requirements at the site. TDA has
designed an interface skid that will be built on-site to tie the
two skids, i.e., TDA’s desulfurization skid and FCE’s SOFC
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FIGURE 4. Cal-Denier Demonstration Pad

skid. Figure 4 shows the enclosed building and covered
demonstration pad area of the farm. The electrical service to
the building is 480-VAC 3-phase power and a spare 150 amp
circuit breaker is available to power the demonstration skid.
The electrical requirements of the skid are 50 mp of 480-VAC
3-phase so there is excess power already available on-site.
The far side of the pad has an I-Power Energy Systems ENI
65-kW combined heat and power generator that is currently
operating and generating electricity with the biogas from the
digester pond. The raw biogas is compressed to about 1-2
psig with a regenerative blower in the enclosed area in the
demonstration pad, which has been identified as the place
for locating the two demonstration skids. We have identified
the outlet of the regenerative blower as a convenient place

to tee in a supply line to the desulfurizer skid. The outlet
from the desulfurization skid can either be fed to the SOFC
skid (during integrated testing) or flared (during stand-alone
operation). A sample of the biogas H,S level was conducted
and the levels were between 2,000 and 2,500 ppmv. TDA’s
desulfurization skid was shipped to the site on July 24, 2014.
We will install the “interface skid” onsite in the week of
August 4, 2014 and will commence stand-alone operation in
the week of August 11, 2014.
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CONCLUSIONS AND FUTURE DIRECTIONS

Successful demonstration is key for wide spread
utilization of the SOFCs and TDA'’s biogas clean-up
technologies in biogas applications. The remaining activities
include:

* Integration of the biogas cleanup skid and the SOFC skid

*  Successful field demonstration with biogas at Cal DeNier
Dairy Farm

*  Detailed cost analysis and economic assessment of the
biogas-fueled SOFC system

FY 2014 PUBLICATIONS/PRESENTATIONS

1. Jayaraman, A., Alptekin, G., Schaefer, M., Cates, M., Ware, M.,
Hunt, J., Tiangco, V.M. “Novel Sorbents to Clean Up Biogas

for Fuel Cell CHP Systems” at the 2013 Fuel Cell Seminar &
Exposition held between October 21-24, 2013 in Columbus, OH.

2. Jayaraman A., Alptekin, G., “Bio-Fueled Solid Oxide Fuel Cells”
at the DOE EERE Annual Merit Review Meeting held between June
16-20, 2014 in Washington, D.C.
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Characterization of Frontier Orbital Energies and Charge Injection
Processes Using Unique Combinations of Photoemission Spectroscopies
and Waveguide Spectroelectrochemistries

Principal Investigators: Neal R. Armstrong;

Jeffry Pyun, S. Scott Saavedra

University of Arizona,

Department of Chemistry/Biochemistry,

Tucson, Arizona 85721

Phone: (520) 621-8242

Email: nra@email.arizona.edu; jpyun@email.arizona.edu;
saavedra@email.arizona.edu

Names of Team Members: Ramanan Ehamparam,
Nicholas Pavlopoulos, Michael W. Liao,

Lawrence J. Hill (all graduate students supported in
part by this BES award)

University of Arizona,
Department of Chemistry/Biochemistry,
Tucson, Arizona 85721

DOE Program Manager: Dr. Mark Spitler,

Chemical Sciences, Geosciences and Biosciences Division,
Office of Science,
Email: mark.spitler@science.doe.gov

Objectives

We are focused on the development of new
semiconductor nanomaterials which are prototypical
for systems that may be ultimately used to
photoelectrochemically produce fuels from sunlight, and in
understanding how the introduction of catalytic sites (e.g.
metallic tips on a semiconductor nanorod) can alter the band
edge energies (E, ,/E_,) and the dynamics of electron transfer
to/from these nanomaterials.

Technical Barriers

Producing rod-like semiconductor materials, tipped
with catalysts at nanometer length scales, with good
control over composition, size and energetic dispersity,
is extremely challenging. Arranging these materials in
interconnected assemblies without loss of function is even
more challenging. We also need (and are developing) new
ways of characterizing band edge energies of these materials,
and rates of electron transfer, in motifs that apply to their use
in energy conversion platforms — even more challenging! A
key target and technical question is whether the conjugation
of cobalt oxide nanoparticles onto semiconductor nanorods
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offers a route to preparing photosensitized cobalt oxide NPs
for OER.

Abstract

This talk will review our multi-PI study of the formation
of unique semiconductor nanorods (NRs) and NRs decorated
with metallic or oxide catalytic sites, and the characterization
of their band edge energies as catalytic sites are introduced."”
We demonstrate new approaches to a) the characterization of
valence band energies using photoemission spectroscopies,
which for the first time fully take into account local
vacuum level shifts (due to the dipolar nature of the NR),
and b) conduction band energies (E_.;) using waveguide-
based spectroelectrochemical approaches to determine the
potentials (versus vacuum) for electron injection into the NC
or NR. Both approaches show significant shifts in band edge
energies, and the rates of electron transfer (ET), when NCs
and NRs are decorated with metallic and oxide catalytic sites
at the NR tip. Even small Au nano-tips on CdSe NRs, where
the metallic component is less than 1% of the total atomic
content of the NR, introduces shifts in E,, and E_, which
are predicted to alter efficiencies of photoelectrochemically
driven water splitting and related formation pathways toward
solar fuels. This work underpins the rational design of new
photocatalytic materials, and is a necessary step toward a
complete understanding of the effects of modification and
interconnection of NR assemblies on both energetics and
dynamics of ET in these materials.

Progress Report

1. Formation of new semiconductor nanorods with
metallic and oxide catalytic tips:

We have created a series of new semiconductor NR
materials which have been tipped at both end, or one end,
with catalytic sites, either metallic in nature (Pt, Au) or
oxides such as Co,0,. The synthetic methods developed
under this project allow the installation of a photosensitizing
semiconductor nanorod (either CdSe@CdS, CdS, CdSe)
with metallic (Au, Pt), or metal oxide (CoXOy) NP tips. The
modularity of this approach enables spatial and energetic
control in this photoactive nanocomposite. Heterostructured
nanorods based on CdSe@CdS have served as model systems
to develop these synthetic methods, with an emphasis on
installing one, or two NP tips per nanorod. To facilitate
spectroelectrochemical measurements, we have also prepared

DOE Hydrogen and Fuel Cells Program



11.G Hydrogen Production / Basic Energy Sciences

Armstrong - University of Arizona

heterostructured CdSe nanorods that incorporate Au, Co and
CoXOy tips. Our work has focused on these CdSe NRs which
have high bandgap energies and afford ease of synthesis and
tuning of the NR size, shape and functionalization in ways
which leads to insights about their energetics which we think
will be generalizable across a number of material platforms.
Figure 1 at right shows a recent TEM characterization ofi

C

| Welded Au-CdSe@CdSe

Welding through Au NP
o

FIGURE 1. TEM images of (A) synthesized CdSe@CdSe nanorod
heterostructures (L =40.1 £ 4.1 nm; D = 9.6 + 1.2 nm). (B) Au-CdSe@CdSe
heterostructures exhibiting matchstick and dumbbell morphologies, with some
lateral deposition of AuNP observed. (C) Fused Au-CdSe@CdSe nanorod
networks formed by coalescence of AuNP tips. Fusion of CdSe@CdSe NRs
occurs through Au NPs.

individual NRs, Au-tipped NRs and Au-NR fused assemblies
which show intriguing linkages between NRs which, if
controlled, might lead to vectoral charge transport — a
perquisite for photoelectrocatalytic assemblies.

2. Characterization of valence band energies in NCs and
NRs using photoemission spectroscopies, effect of metallic
tipson E, :

We have recently developed a unique approach to the
characterization of NC and NR band edge energies (E,
directly, E_, from E, ; and the optical band gap), using
UV-photoemission spectroscopies (He I and He 11 UPS) for
NC and NR thin films on highly ordered pryolitic graphite
(HOPG), accompanied by removal of He satellite emission
lines and secondary electron background, and correction
for local shifts in vacuum levels due to the dipolar nature of
these NC and NRs. This approach gives us for the first time
good accuracy for determination of E,,, and confidence in
the shifts we see in E, , as NRs are modified with metallic
and oxide catalytic sites. Figure 2 shows, for example, that
there are significant decreases in E, ; (and E_;)for Au-tipping
of CdSe NRs, and even larger decreases in E, ,/E_, when
these NRs are fused through their tips, both effects are
predicted to increase the driving force for proton reduction
on these assemblies, and will factor into the design of new
semiconductor nanomaterials.
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FIGURE 2. Estimates of EVB and ECB from UV-photoemission studies (UPS) of NC and NR thin films on
HOPG (A) and waveguide spectroelectrochemical studies of electron injection (B). In the UPS studies we
were able to uniquely correct for shifts in local vacuum levels (critical) and show that addition of Au tips to the
NR, and NR fusion through the Au tpis, lead to demonstrable decreases in E, ,/E.,. These changes in band

energies are confirmed in the spectroelectrochemical studies of electron injection into E

electrolyte solutions.
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3. Characterization of conduction band energies and rates
of heterogeneous ET in NCs and NRs using waveguide-
based spectroelectrochemistries:

We have also recently demonstrated that waveguide-
based spectroelectrochemical techniques can be used to
monitor injection of electrons into the conduction band of
both NCs and NRs, at coverages on the waveguide that
ensure isolation of the NR or NC, or at coverages where
strong interactions exist between these nano-objects, this
time in contact with electrolyte solutions. As shown in
Figure 3A, we can uniquely monitor the bleaching of the
lowest energy excitonic features in these NRs, as electron
injection proceeds, at potentials which can be translated to
the vacuum scale and compared with PES measurements in
Figure 2. Furthermore, by modulating the potential applied
to the NR assembly and poising at the excitonic wavelength,
we obtain estimates of rates of electron injection/extraction
from optical impedance data (Figure 3B) which show that
electronic coupling to the substrate electrode, and rates of ET,
are greatly improved by introduction of Au tips and fusion of
NRs through these tips.

Future Directions

We are in the process of expanding the scope of this
work by: i) varying tip composition of the semiconductor
NR, adding catalytic sites that function for both hydrogen
evolution (HER) and oxygen evolution (OER), with both
symmetric (dumbbell) and asymmetric (matchstick)
motives; ii) interconnecting the asymmetric assemblies to
create a network which retains the asymmetry (critical for
photoelectrochemical water splitting and related processes),
iii) systematic characterization of the energetics and
dynamics of electron transfer to/from these NR materials, as
isolated nano-objects, and as a function of tip modification
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and interconnection, using both photoemission and
spectroelectrochemical protocols.

Recent publications

1. Shallcross, R.C.; D’Ambruoso, G.D.; Korth, B.D.; Hall, H.K.;
Zheng, Z.P.; Pyun, J.; Armstrong, N.R. Poly(3,4-
cthylenedioxythiophene) - Semiconductor nanoparticle

composite thin films tethered to indium tin oxide substrates via
electropolymerization. Journal of the American Chemical Society
2007, 129, 11310-+.

2. Shallcross, R.C.; D’Ambruoso, G.D.; Pyun, J.; Armstrong, N.R.
Photoelectrochemical Processes in Polymer-Tethered CdSe
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Char, K.; Pyun, J. Colloidal Polymers via Dipolar Assembly of
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FIGURE 3. (A) Bleaching spectra for CdSe NRs on a waveguide spectroelectrochemical substrate, showing the loss of the excitonic band feature as electrons are
injected into the conduction band, the potential for this process defines E; (B) PM-ATR optical impedance data (imaginary versus real components of the optical
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bleach) as a function of frequency, which can be used to estimate the rate of electron injection/extraction (k
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Names of Team Members
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Objectives

Develop novel approaches for studying photo-induced
electron-nuclear dynamics in nanoscale materials and
investigate excited state processes in photovoltaic and photo-
catalytic systems for solar hydrogen production.

Technical Barriers

Theoretical and computational approaches are needed,
capable of accurate description of non-equilibrium electron-
nuclear dynamics, including nuclear quantum effects, and
applicable to systems composed of hundreds of atoms.

Abstract

The growing need for renewable, clean and abundant
energy sources constitutes one of the highest priority
problems of the humankind. If a small fraction of the
Sun energy can be accumulated and transformed into a
convenient form, the problem can be solved. Therefore,
search for novel photovoltaic and photocatalytic materials is
an actively developing field of chemistry. Rational design of
solar materials requires thorough understanding of the charge
separation and photochemical processes, in competition with
charge recombination and energy losses to heat. Many key
steps occur on ultrafast timescales and are best understood
by direct non-equilibrium time-domain simulation. I will
present the non-adiabatic molecular dynamics (NA-MD)
approach for studying quantum dynamics of solar energy
nanoscale materials. The recent implementation of NA-

MD within the open-source package, PYXAID, will be
introduced."” Then, two important applications will be
considered.**
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Progress Report

Sub Topic 1: Non-adiabatic dynamics of singlet fission in
organic photovoltaic materials

The first application focuses on the dynamics of singlet
fission (SF) and charge transfer (CT) at a pentacene/C,
photovoltaic heterojunction.® In the early works on singlet
fission the mechanism involving optically dark multi-exciton
(ME) state has been proposed. According to the scheme,
initially prepared singly excited state, S, the natural product
of direct photoexchitation, is gradually transformed in
otherwise inaccessible ME state. The existence of the ME
state has later been confirmed experimentally, however it
was found that decay of S, and accumulation of ME states
are not directly correlated. The coherent mechanism of the
SF has been suggested, according to which both ME and S,
configurations are excited simultaneously, as the components
of a true wavefunction of multielectron Hamiltonian. In our
work we have performed atomistic time-domain NA-MD
simulations to better understand the nature of the SF process.

In our work we develop a minimalistic model that is
capable of describing singlet fission and charge transfer in
the pentacene/C,, heterojunciton. The model includes six
types of states — single pentacene exciton (S,), pentacene
multiexciton (ME), pair of coupled triplets (Tx2) — a
predecessor of a charge-multiplied state, and three types of
charge transfer between heterojunction components (CT,,
CT,, and CT,). With the minimalistic set of these diabatic
states we propose a comprehensive kinetic scheme that yields
electron transfer timescales in agreement with experimental
observations. The kinetic scheme is parameterized by
energy levels of participating states and by the non-adiabatic
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coupling between each their pair. The energy levels of the
states are chosen on the basis of judicious examination of
comprehensive experimental and theoretical data. For singly-
excited states they agree with our DFT calculations, while for
doubly excited states the differences are substantial, pointing
to importance of electrostatic and exchange-correlation
interaction, which are absent at the level of single Slater
determinants. The non-adiabatic couplings are computed
explicitly using NA-MD approach and real time TD-DFT
simulations. These calculations indicate that the coupling
between S, and ME states is negligible, making them
effectively decoupled from each other. As a result, the ME
state can not be populated by a decay of S, state, supporting
the hypothesis of the coherent mechanism of SF.

By direct examination, we find that alternative kinetic
schemes fail to reproduce the timescales of one or more
kinetic processes. This implies some restrictions on the
order and difference of the involved energy levels, helping
us to resolve some inconsistencies among the available
experimental and theoretical results. On the basis of analysis
of the energy levels and the magnitudes of non-adiabatic
couplings, we propose that the intermediate doubly-excited
states of charge-transfer character are crucially important
for dissociation of the ME state into a pair of coupled
triples, Tx2. Without the corresponding intermediate states,
the direct coupling between ME and Tx2 is vanishing and
singlet fission can not proceed efficiently. The model predicts
that the SF efficiency relies strongly on the availability of
the intermediate states and on its competition with the CT
processes.

Sub Topic 2: Non-adiabatic dynamics of holes in
photocatalytic water splitting

The second application concerns photocatalytic water
splitting at GaN semiconductor. Photochemical water
splitting is a promising avenue to sustainable, clean energy
and fuel production. Gallium nitride (GaN) and its solid
solutions are excellent photocatalytic materials; however, the

Hole
generation/ ks 8
migration 8

>1ns ~50 100 f:
activation relaxation
water
8 * splitting
N-H deprotonation >50 ps * >1 ps
= |8 ps

Proton transfer
~0 35 ps
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efficiency of the process is low on pure GaN, and co-catalysts
are required to increase the yields.

We present the first time-domain theoretical study of
the initial steps of photocatalytic water splitting on a GaN
surface. Our state-of-the-art simulation technique, combining
NA-MD and time-dependent density functional theory
(TD-DFT), allows us to characterize the mechanisms and
timescales of the evolution of the photogenerated positive
charge (hole) and the subsequent proton transfer at the GaN/
water interface. The calculations show that the hole loses
its excess energy within 100 fs and localizes primarily on
the nitrogen atoms of the GaN surface, initiating a sequence
of proton transfer events from the surface N-H group to
the nearby OH groups and bulk water molecules. Water
splitting requires hole localization on oxygen rather than on
nitrogen, necessitating non-adiabatic transitions uphill in
energy on pure GaN. These transitions occur infrequently,
resulting in low yields of the photocatalytic water splitting
observed experimentally. We conclude that efficient co-
catalysts should favor localization of the photogenerated hole
on oxygen-containing species at the semiconductor/water
interface.

Future Directions

We will investigate novel, promising materials for solar
hydrogen production, and will continue developing efficient
theoretical and computational approaches for this purpose.
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Objectives

Within our BES Solar Photochemistry program, we are
developing improved understanding of the interactions at the
liquid-solid interface during catalyzed photoelectrochemistry
using nanostructured photoelectrodes. To understand basic
issues critical to increasing the photocarrier-driven fuel-
producing chemical reaction rates and their selectivity over
parasitic reactions, we apply catalysts to photocathodes
of well-understood, near-ideal semiconductors into
which we can build random or controlled nanostructures
through novel metal-assisted chemistries. The application
of well-understood single-crystal semiconductors like
silicon allows us to separate out and study the important
new photoelectrochemical (PEC) science introduced by
nanostructuring and the interactions of catalysts with the
nanostructured surface.

Technical Barriers

*  Understand how to control fundamental interactions
such as light absorption in molecules and solids, charge
transport and recombination, interfacial electron transfer,
and coupled transfer of multiple electrons and protons
through a catalyst.

*  Based on this knowledge, develop efficient
semiconductor photoelectrodes stable to both photo-
assisted and dark corrosion processes.
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Abstract

Stable and high-performance nanoporous “black
silicon” photoelectrodes with electrolessly deposited Pt
nanoparticle (NP) catalysts are made with two metal-assisted
etching steps. Doubly etched samples exhibit >20 mA/cm®
photocurrent density at +0.2 V vs. reversible hydrogen
electrode (RHE) for photoelectrochemical hydrogen
evolution under 1 sun illumination.

We find that the photocurrent onset voltage of black
Si photocathodes prepared from single-crystal planar Si
wafers increases in oxidative environments (e.g., aqueous
electrolyte) owing to a positive flat-band potential shift
caused by surface oxidation. However, this beneficial oxide
layer becomes a kinetic barrier to proton reduction that
inhibits hydrogen production after just 24 h. To mitigate
this problem, we developed a novel second Pt-assisted etch
process that buries the Pt NPs deeper into the nanoporous Si
surface. This second etch shifts the onset voltage positively,
from +0.25 V to +0.4 V vs. RHE, and reduces the charge-
transfer resistance with no performance decrease seen for at
least two months.

Progress Report

Recently, nanostructured Si photocathodes have been
developed for hydrogen production due to their advantages
of low reflectivity and a higher surface area compared to
bulk planar Si, which improves charge collection, exchange
current density, and hydrogen gas surface-desorption. Our
group and others have focused on the metal-assisted solution
etching of planar Si to prepare nanostructured Si—also
called “black Si”—a process that is suitable for large-scale
manufacture and has been applied to make high-efficiency Si
solar cells.

But the performance of Si electrodes used in any
aqueous PEC system normally deteriorates from surface
oxidation, an effect that appears to be unavoidable because
of the high reactivity of Si with O,, especially in the presence
of water. In a deployed PEC hydrogen production system,
surface oxidation might be expected during the night and at
other times when photoelectrons are not providing cathodic
protection against surface oxidation. Although the deposition
of a surface-adsorbed catalyst such as Pt can help reduce the
kinetic barrier for proton reduction, the PEC properties of
Pt-deposited Si photoelectrodes are also found to degrade
significantly upon surface oxidation.

Here we find that our black Si photoelectrodes with
electrolessly deposited Pt NP catalysts (Pt/b-Si) exhibit
improved PEC hydrogen production performance relative
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FIGURE 1. (A) Schematic of the preparation process for air-stable high-performance nanoporous B-Pt/b-Si photocathodes. (B) Comparison of J-V curves for
the photoelectrochemical production of hydrogen at 0.5 M H2S04 and 100 mW/cm?2 irradiation for a fresh Pt/plSi photocathode (black curve) and a B-Pt/b-Si

photocathode aged for 1 month in air (red curve).

to planar Si (pl-Si) electrodes. In particular, the deleterious
effect of air exposure for more than 1 h on pl-Si or catalyst-
free black Si (b-Si) electrodes are not observed in Pt/b-Si

at aging times greater than 24 h. Instead, the nanoporous
Pt/b-Si electrode exhibits a positive onset potential shift

(by ~200 mV) upon aging for 24 h that improves its PEC
performance. To explore the mechanism for the positive onset
potential shift of nanoporous b-Si after exposure to air, Mott-
Schottky (MS) plots of the pl-Si, b-Si, and Pt/b-Si electrodes
were measured in 0.5 M H,SO, after different aging times.
The MS data confirm that oxide growth results in a positive
flat-band potential shift for the Si photocathodes, which
initially improves PEC performance but eventually degrades
it with further oxide growth.

To address this issue, we have developed a novel re-
etching process as described in Fig. 1A. This process results
in high PEC performance despite the presence of surface
oxide. These black Si photoelectrodes with buried Pt NP
catalysts (B-Pt/b-Si) exhibit an ~300 mV positive shift
for hydrogen evolution compared to a Pt-modified planar
Si photoelectrode and are stable even after months of air
exposure (Fig. 1B). Electrochemical impedance studies
reveal that the second etch leads to a considerably smaller
interfacial charge-transfer resistance than samples without
the additional etch, suggesting that burying the Pt NPs
improves the interfacial contact between the black Si surface
and the Pt catalysts.
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Future Directions

We plan fundamental experiments to probe the
nature of the interface between Pt and b-Si using high-
resolution transmission electron microscopy, scanning
tunneling microscopy, x-ray absorption spectroscopy,
and related techniques. Utilizing this secondary etching
treatment with buried p-n junction photocathodes may
reduce the overpotential for hydrogen evolution and make
possible tandem overall water splitting devices using this
photocathode and an appropriately matched photoanode such
as bismuth vanadate.

Selected Publications
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Objectives

The goal of our program in Solar Photochemistry is to
resolve fundamental mechanisms for solar energy capture
and conversion in artificial photosynthesis and photosynthetic
model compounds. Research goals focus on 1) investigation
of the interplay between structure, ground and excited-state
electronic couplings, and photoinduced energy and electron
transfer processes in linked light-harvesting and electron
donor-acceptor systems, ii) the phenomena of excited state
delocalization and electronic coupling/spin coherence across
different parts of molecular and supramolecular systems,
and their roles in coupling single photon events to multiple
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electron redox processes, and iii) the design, synthesis and
structure-function analyses of photosensitizer-catalyst
assemblies.

The goal of our program in Photosynthetic Systems is
to resolve fundamental mechanisms for light-harvesting
and coupling of excited-state photochemistry to proton-
coupled electron transfer, water oxidation, and chemical
energy conversion in photosynthesis, and to test design
concepts in photosynthesis using photosynthetic hybrid
systems. Photosynthetic hybrids are developed that include
the coupling of abiotic catalytic cofactors to electron transfer
within photosynthetic protein complexes, and the insertion
of abiotic light-harvesting photochemistry and catalytic
functions within redox protein frameworks.

Technical Barriers

A key challenge in solar energy conversion lies in
understanding how to efficiently couple light-generated,
transient, single-electron excited states to long-lived charge
separation and multi-electron, proton-coupled fuels catalysis.

Abstract

This program investigates fundamental mechanisms
for coupling photons to fuels in natural and artificial
photosynthesis, and tests strategies for the design of
sustainable photosynthetic systems for solar energy
conversion. The comparison between natural and artificial
photosynthesis is used to identify fundamental principles
for solar energy conversion and to develop strategies for the
design of sustainable photosynthetic systems for solar energy
conversion. This presentation will provide examples of
chemically-inspired biohybrid designs for multi-electron solar
fuels catalysis, and present results on X-ray characterization
of amorphous oxide water-oxidation catalyst films as an
approach for resolving metal-oxo coordination chemistry
underlying solar fuels-dependent water-splitting.

Progress Report

Program highlights accomplished in FY2013-2014 include the
following.

1. Design of linked light-harvesting, hydrogen-evolving
catalyst supramolecular assemblies. Key problems for
the design of supramolecular assemblies for efficient solar
hydrogen production include creating designs that promote
efficient photosensitizer-to-catalyst excited-state charge
transfer. We succeeded in demonstrating the first example
of a dyad assembly, 1, which accomplishes this transfer

in less than 1 ps (Mulfort et. al. 2013 PCCP). The results
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are remarkable since they demonstrate a metal-to-metal
delocalized excited state analogous to the primary excited
state in photosynthesis, and establish a ligand architecture for
the design for photo-hydrogen generation.

2. Photosynthetic bio-hybrids i
for solar hydrogen production.
We demonstrated biohybrids
that use Photosystem I (PSI) to
drive solar fuel production from
a nickel diphosphine molecular
catalyst (Utschig et. al. JACS
2013). Upon exposure to visible
light, a self-assembled PSI-
[Ni(P,”N,"2](BF,), hybrid
generates H, at a rate 2 orders of magnitude greater than
rates reported for synthetic systems using the same catalyst.
In addition, this work developed a strategy for incorporating
the Ni molecular catalyst using the native acceptor protein

of PSI, flavodoxin. Photocatalysis experiments with this
modified flavodoxin demonstrate a new mechanism for
biohybrid creation that involves protein-directed delivery of
a molecular catalyst to the reducing side of Photosystem I for
light-driven catalysis. This work further establishes strategies
for constructing functional, inexpensive, earth abundant solar
fuel-producing PSI hybrids that use light to rapidly produce
hydrogen directly from water.

H, 5H'
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Tatalyst

3. Redox protein biohybrids. Current research points to the
challenges of creating architectures that support the multiple
electron and proton transfers needed for solar fuels catalysis,
while avoiding a variety of excited-state quenching and
charge recombination pathways. This program demonstrated
opportunities to exploit the tri-heme cytochromes c¢7 from
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Geobacter sulfurreducens as “molecular wire” components
in supramolecular biohybrid synthesis (Tiede et. al Biochem.
2014). This work has mapped out site-dependent photo-
sensitized electron transfer to cofactor hemes using Ru(bpy),
derivatives that are covalently linked to cysteine residues
placed at a variety of positions on the cytochrome c7 surface
through site-directed mutagenesis. Rates of electron transfer
were found to vary from 10" s™ to 10° s depending upon
the site and pathway for electron transfer. Photochemical
quenching processes are found to track in parallel the site-
dependent electron transfer, indicating that both processes
follow similar pathway dependences. These results establish
criteria for constructing photocatalytic pathways in multi-
heme proteins, one that requires multi-step electron transfer
to prevent heme-based sensitizer quenching and rapid charge
recombination pathways.

4. Amorphous oxides as models for deciphering the
chemistry underlying photosynthetic water-splitting and
interfacial photochemistry. Amorphous thin film oxygen
evolving catalysts (OECs) of first-row transition metals

are of wide-spread interest for artificial leaf applications,
and further serve as models for investigating metal-oxo
coordination chemistry underlying photosynthetic water-
splitting. We have developed X-ray atomic pair distribution
function analysis techniques for the characterization of

the “molecular-dimensioned” domain structures within
amorphous oxide water-oxidation catalyst films (Tiede

et. al. PCCP 2014). Our recent work has extended these
measurements to electrode-supported films to resolve
structure linked to photochemical energy conversion at
electrode interfaces and to develop capabilities that can be
extended to molecular-based systems.

Future Directions

Future research will include the following: 1) Biomimetic
assembly of photocatalyst modules, ii) the development of
new redox-active chromophore modules, iii) the development
of homogeneous metal-oxide water oxidation catalytic
clusters, and iv) Metal-organic frameworks (MOFs) as
heterogeneous platforms for solar energy conversion. Within
each thrust, we will also describe high-resolution structural
and physical characterization techniques which will be
critical for in-depth knowledge of the structural factors at the
atomic, molecular, and supramolecular levels which impact
processes relevant to photocatalysis such as light absorption,
photoinduced electron transfer, charge separation and
recombination.

Publication list for D.M. Tiede, 2011-2014,
acknowledging the DOE grant or contract:
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Objectives

The long term goal of this project is to characterize the
reactivity of soluble [NiFe]-hydrogenases (SH) as a model
for energetically relevant multielectron redox catalysis and
to understand what factors control bias towards hydrogen
production (or oxidation) and competing reactions with
oxygen.
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Technical Barriers

Although membrane bound [NiFe]-hydrogenases (MBH)
have been extensively characterized via electrochemical
methods, soluble [NiFe]-hydrogenases have remained largely
unstudied due to difficulty in obtaining stable enzyme
samples and functional attachment to electrode surfaces.

Abstract

The soluble hydrogenase I from Pyrococcus furiosus
(SHI) is the first oxygen-tolerant soluble hydrogenase to be
electrochemically characterized. We demonstrate that the
electrocatalytic activity is highly sensitive to temperature
with the ratio of proton reduction activity to hydrogen
oxidation activity shifting dramatically in favor of proton
reduction with increased temperature. Similarly, reactions of
the active site with oxygen are dependent both on the length
of time the enzyme is exposed to oxygen and the temperature
of the reaction. We show that SHI is an oxygen-tolerant
electrocatalyst, but its catalytic properties are different
from the more commonly studied membrane bound [NiFe]-
hydrogenases and the mechanisms of oxygen tolerance are
likely different.

Progress Report

Pyrococcus furiosus is a hyperthermophilic, strictly
anaerobic archaeon that grows optimally at 100 °C by
fermentation of carbohydrates. It produces three [NiFe]-
hydrogenases: two soluble group 3 enzymes (SHI and SHII)
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FIGURE 1. Temperature Dependence of () H' reduction and (e) hydrogen oxidation catalytic currents and the
ratio of the two activities from adsorbed PfSHI. Experiments were performed in a mixed buffer with pH = 6.5 at the

indicated temperatures with electrode rotation at 2000 rpm.
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and a group 4 H,-evolving membrane-bound hydrogenase
(MBH). SHI is a heterotetrameric enzyme believed to

produce hydrogen physiologically.

Protein film electrochemistry (PFE) is a technique in
which a redox protein is functionally adsorbed to an electrode
surface and electron transfer can be observed as current
without the addition of a chemical mediator. This method
allows exquisite control of electrochemical potential and has
proven invaluable in the study of group 1 membrane-bound
hydrogenases. However, the reactions of an oxygen-tolerant
group 3 SH have not been characterized eletrochemically.
Herein, we describe the characterization of SHI using PFE.
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Electrocatalysis by SHI immobilized at graphite: catalytic
bias

SHI is functional as both a hydrogen oxidation and a
proton reduction catalyst when immobilized at a pyrolytic
graphite electrode. Solution assays of SHI have shown
that the activity is highly dependent on temperature. Thus
the electrocatalytic activity of adsorbed SHI was probed
at pH 6.5 at temperature in the range 25-80 °C. Figure
1 shows the electrocatalytic currents, proportional to
turnover frequency, for both proton reduction and hydrogen
oxidation as well as the ratio of the two catalytic activities.
Both hydrogen oxidation and proton reduction activities
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FIGURE 2. SHI reacts with O, to form two inactive states that are distinguished by the electrochemical potential required
to reactivate them. These reactivation profiles shift to less reducing potentials with increasing temperature. (A) Current-
time trace for a chronoamperometry experiment evaluating the catalytic activity of PfSHI in the presence of different
gases and at different reduction potentials. The potentials and durations of the various electrochemical steps are noted
above the figure. Grey background denotes portions of the experiment in which the potential was more reducing than the
hydrogen couple and white background indicates periods in which the working electrode potential was more oxidizing
than the hydrogen couple. Changes in the gas composition in the experimental apparatus are indicated by arrows on

the current trace. The times at which the currents in later panels were evaluated are indicated by circles. Introduction of
hydrogen is continuous, but oxygen was introduced via injection so that it is only transiently present in solution. Control
experiments indicate that after injection, 200 s are required for the oxygen concentration to decrease to an undetectable

level.
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increase directly with temperature. However, the increase
of proton reduction activity is far more dramatic. The result
of this uneven response is a shift in the catalytic bias of the
enzyme towards a marked preference for proton reduction
at higher temperatures. Typically, [NiFe]-hydrogenases
have been thought of as “uptake” hydrogenases, meaning
their activity is higher for the oxidation direction. These
results demonstrate that this is clearly an oversimplified
understanding of their activities.

Reactions of SHI with oxygen

Prototypical [NiFe]-hydrogenases are known to be
reversibly inactivated by both oxidative anaerobic and
aerobic conditions. In constrast, so-called oxygen-tolerant
[NiFe]-hydrogenases are defined by their ability to maintain
some level of hydrogen oxidation activity in the presence of
oxygen. Chronamperometry experiments were used to probe
the impact of oxygen on the hydrogen oxidation activity of
SHI. As shown in Figure 2A, exposure of an enzyme film
to oxygen results in an immediate decrease in hydrogen
oxidation activity. Although the current decrease is dramatic,
the activity drops to a non-zero level. This is in contrast to
standard [NiFe]-hydrogenases that are completely inactived
by transient exposure to oxygen. Furthermore, after the
experimental conditions were returned to anaerobiosis,
the immobilized sample spontaneously regained some
catalytic activity. Similarly, when the potential was dropped
to more reducing conditions, the activity of the enzyme
was regained on a timescale of seconds. This reductive
reactivation is far faster than that of acrobically inactivated
MBHs. Panel 2D shows that the potential of this reduction
reactivation, like catalytic bias, was also very sensitive to
temperature. It appears that it is thermodynamically easier to
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reactivate inactive enzyme at more physiologically relevant
temperatures.

In addtion to probing the response of SHI to transient
exposure to oxygen, we also evaluated the impact of
prolonged exposure to oxygen on hydrogen oxidation activity.
Figure 3A shows a chronoamperometric trace demonstrating
the impact of constant exposure over 900 s to 1% oxygen on
hydrogen oxidation catalysis. The catalytic activity drops to
zero until the experiment is returned to anaerobic conditions.
Following removal of oxygen, a small amount (<2%) of
catalytic activity is regained without exposure to reducing
conditions. As in the experiments with transient exposure to
oxygen, larger fractions of the activity could be recovered by
short exposures to reducing conditions. This activity, like the
other activities of SHI, also showed a marked temperature
dependence (Figure 3B). At higher temperatures, longer
exposure to oxygen was necessary to observe complete
inactivation. Suprisingly, the inactive form also required
longer reduction to regain catalytic activity. This suggests
that two inactive forms are generated upon long-term
exposure to oxygen, and the ratio of the populations of the
two states is highly sensitive to temperature.

Future Directions

SHI clearly demonstrates oxygen-tolerance and is
the first oxygen-tolerance soluble hydrogenase to be
electrochemically characterize. Oxygen-tolerance in MBHs
is thought to arise from the presence of an unusual [4Fe3S]
cluster, but phylogenetic analysis suggests that SHs do not
possess such a cluster. Thus the explanation of the reactivity
of SHI must lie elsewhere. Future studies will target the
molecule details of this mechanism.
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FIGURE 3. Hydrogen oxidation activity under prolonged O, exposure at 25 °C (A) and 80 °C (B). Gray panels in (A)
and (B) indicate periods where the electrode was held at reducing (-563 mV) potential and white panels indicate periods
where the electrode was held at oxidizing (+197 mV) potentials. Unless otherwise indicated, the electrochemical cell is
under 100% H,. At time indicated by the bracketed line, the gas in the electrochemical cell was switched to 1% O, in 99%
H, while simultaneously injecting an air-saturated buffer into the electrochemical cell for a final O, concentration of 14 uM.
Aerobic inactivation of the enzyme was observed in the form of decreasing H,-oxidation current.
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Objectives

We are investigating the mechanisms of assembly of
energy transducing systems, the processes that regulate
energy-relevant chemical reactions, the architecture of
biopolymers, and the active site protein chemistry leading
to efficient bio-inspired catalysts. The novel protein
complexes under study have the remarkable property of being
synthesized (self-assembling) at temperatures near 100°C in
a so-called hyperthermophilic microorganism. Moreover,
the novel complexes are involved in the conversion of low
potential reducing equivalents into gaseous end products
such as hydrogen and hydrogen sulfide, or the oxidation of C1
compounds such as formate and CO, with the concomitant
conservation of energy in the form of ion gradients. This is
particularly relevant to the DOE mission since a fundamental
problem in all photosynthetic reaction systems is the
conversion of low potential reductant to a useable form of
energy such as an ion motive force.

Technical Barriers

The model microbial system that is being used to study
the energy conservation complexes is Pyrococcus furiosus.
This archacon grows optimally at 100°C and is also a strict
anaerobe that grows in the absence of oxygen.

Abstract

P. furiosus obtains carbon and energy for growth by
fermenting carbohydrates and producing H, and by reducing
clemental sulfur (S°) to H,S. It has a respiratory metabolism
in which it couples H, production by a ferredoxin-dependent,
membrane-bound hydrogenase (MBH) to ion translocation
and formation of a membrane potential that P. furiosus
utilizes to synthesize ATP. P. furiosus also contains a
cytoplasmic hydrogenase (SHI) that has the rare property
of evolving H, from NADPH, a reaction of utility in H,
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production systems. Addition of S° to P. furiosus prevents
the synthesis of MBH and SHI, and induces the synthesis

of a highly homologous membrane complex which we term
MBX. MBX is proposed to oxidize ferredoxin, reduce S°
and conserve energy by an as yet unknown mechanism.

The specific aims of this research are: 1) to characterize the
novel energy-conserving complex MBH, 2) to characterize
the novel energy-conserving complex MBX, and 3) to
structurally characterize native SHI and minimal forms

of SHI and MBH. We are taking advantage of our recent
development of a genetic system in P. furiosus to generate
strains containing deletions of key genes, affinity-tagged
enzymes and/or over-expressed forms of the enzymes of
interest. We are also heterologously expressing in P. furiosus
H,-evolving membrane complexes from related archaea

that are analogous to MBH. The results of this research will
provide a fundamental understanding of energy conservation
in P. furiosus that involve the metabolism of H, gas.

Progress Report

1. Engineering P. furiosus to overproduce its cytoplasmic
[NiFe] hydrogenase SHI. SHI is a complex heterotetrameric
enzyme that contains flavin and multiple iron-sulfur clusters
(Figure 1). Using the new genetic system [1] we have
generated a strain of P. furiosus that yields approximately10-
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FIGURE 1. Proposed structure and cofactor content of hydrogenase | (SHI).
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fold higher amounts of SHI compared to the native
purification and produces the affinity-tagged enzyme
containing a Step tag to facilitate purification [2].

2. Obtaining deletion strains of P. furiosus lacking both
soluble hydrogenases or lacking the membrane-bound
hydrogenase and construction of enzyme variants. A
deletion mutant lacking both hydrogenases SHI and SHII has
been obtained and this shows no phenotype [3]. This means
that these enzymes are not essential for growth and we can,
therefore, generate a range of ‘minimal’ and other variants
of both enzymes. In addition, a deletion mutant of MBH

was obtained and this strain, as expected, only grows in the
presence of sulfur [3].

3. Evidence for the membrane-bound hydrogenase of P.
Sfuriosus as an ancestral H ,-evolving ion-pumping complex.
The 14-subunit membrane-bound [NiFe] hydrogenase
(MBH) of P. furiosus links the thermodynamically favorable
oxidation of ferredoxin with the formation of hydrogen and
conserves energy in the form of an ion gradient thereby
representing a simple respiratory system within a single
complex (Figure 2). This hydrogenase shows a modular
composition represented by a Na'/H" antiporter domain
(Mrp) and a [NiFe] hydrogenase domain (Mbh). With

the availability of a large number of microbial genome
sequences, we have shown that homologs of Mbh and Mrp
are ubiquitous in the microbial world and some species
contain additional domains that catalyze the oxidation of
formate, CO or NAD(P)H. The respiratory-type MBH of

P. furiosus appears to be closely related to the common
ancestor of complex I and [NiFe]-hydrogenases in general [4].

4. Purification of the Intact Functional Fourteen-Subunit
Respiratory Membrane Bound [NiFe|-Hydrogenase
Complex (MBH) of P. furiosus. MBH is encoded by

a 14-gene operon with both hydrogenase and Na+/H+
antiporter modules. A His-tagged form MBH with the
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FIGURE 2. Proposed structure of the 14-subunit membrane-bound hydrogenase
(MBH).
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tag at the N-subunit (Figure 2) was expressed in P.

furiosus and the detergent-solubilized complex purified
under anaerobic conditions by affinity chromatography
(unpublished data). Purified MBH contained all 14 subunits
by electrophoretic analysis (13 subunits were also identified
by mass spectrometry) and had a measured Fe:Ni ratio of
15:1, resembling the predicted value of 13:1. The as-purified
enzyme exhibited a rhombic EPR signal characteristic of the
ready Ni-B state. The purified and membrane bound forms of
MBH both preferentially evolved H, with the physiological
donor (reduced ferredoxin) as well as with standard dyes. The
O, sensitivities of the two forms were similar (half-lives of
~15 hr in air), but the purified enzyme was more thermolabile
(half-lives at 90 degrees C of 1 hr and 25 hr, respectively).
Structural analysis of purified MBH (with John A Tainer,
Lawrence Berkeley National Laboratory) by small angle
x-ray scattering (SAXS) indicated a Z-shaped structure with
a mass of 310 kDa, resembling the predicted value (298 kDa).
The SAXS analyses reinforce and extend the conserved
sequence relationships of group 4 enzymes and Complex I
(NADH quinone oxidoreductase). This is the first report on
the properties of a solubilized form of an intact respiratory
MBH complex that is proposed to evolve H, and pump

Na+ ions.

5. Engineering Hydrogen Gas Production from Formate in
P. furiosus by Heterologous Production of an 18-Subunit
Membrane-Bound Complex. Although H, gas has enormous
potential as a source of reductant for the microbial production
of biofuels, its low solubility and poor gas mass transfer rates
are limiting factors. These limitations could be circumvented
by engineering biofuel production in microorganisms

that are also capable of generating H, from highly soluble
chemicals such as formate, which can function as an electron
donor. We have now engineered P. furiosus, which grows by
fermenting sugars to produce H,, has been engineered to also
efficiently convert formate to H,. Using a bacterial artificial
chromosome vector, the 16.9 kb 18-gene cluster encoding

the membrane-bound, respiratory formate hydrogen lyase
(FHL) complex of Thermococcus onnurineus (Figure 3)

was inserted into the P. furiosus chromosome and expressed
as a functional unit [5]. This enabled P. furiosus to utilize
formate as well as sugars as an H, source, and to do so at
both 80° and 95°C, near the optimum growth temperature of
the donor (7. onnurineus) and engineered host (P. furiosus),
respectively. This accomplishment also demonstrates

the versatility of P. furiosus for metabolic engineering
purposes [5].

6. P. furiosus grows in the presence of oxygen. This
organism had always been regarded as an obligate anaerobe
that grows by fermenting carbohydrates to H,, CO, and
acetate. We have now shown [6] show that it is surprisingly
tolerant to oxygen, growing well in the presence of 8% O,
(v/v). Cell growth and acetate production were not affected
by O, but H, production was reduced by 50%. Analysis of
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FIGURE 3. The formate hydrogen lyase (FHL) of T. onnurineus expressed in P.
furiosus [5]. Colors represent the hydrogenase (green), formate dehydrogenase
(red), the formate transporter (blue) and the Na*/H" antiporter (yellow) modules
of this multiprotein complex. The color-coded 18-gene operon that encodes
FHL is also shown.

deletion mutants showed that electrons from fermentation are
diverted to relieve O, stress at the level of reduced ferredoxin
before H, production occurs. Superoxide reductase and
flavo-diiron protein A were shown to play primary roles in
removing O,. These results bode well for using P. furiosus

to obtain recombinant forms of O,-requiring or utilizing
enzymes [6].

7. Regulation of iron metabolism in P. furiosus. Iron is

a key component of the enzymes of interest in P. furiosus,
namely SHI, MBH and MBX, but how iron assimilation is
regulated is completely unknown. Understanding this issue
is important in order to ensure that highly up-regulated iron-
containing enzymes are not limited for iron. In this work [7]
we showed using DNA microarrays of deletion strains grown
under iron-sufficient and -limiting conditions, in combination
with in vitro DNA binding analyses, that DtxR is the key
iron-responsive transcriptional regulator. DtxR regulates

the expression of the genes encoding two putative iron
transporters, Ftrl and FeoAB while the expected regulator,
Fur, was not functional [7].
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Future Directions

In the future this research will focus on the
characterization of solubilized MBH, the solubilization
of the analogous MBX complex from P. furiosus, and on
the characterization of analogous complexes from other
hyperthermophilic archaea that are heterologously-expressed
in P. furiosus.
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Objectives

The long-term objective of this project is to understand
energy transduction in photochemical systems that combine
the light harvesting, charge-separation of nanoparticles
(NP) with catalytic H, activation by hydrogenases as models
for solar energy conversion. Light-driven production of
H, occurs naturally in photosynthetic microbes, where
hydrogenases couple to low potential reductant pools and
help to maintain electron flow under anaerobic-aerobic
transitions. The ubiquitous role of H, as an energy carrier in
microbial systems is underscored by significant structural-
functional diversity among the different hydrogenase
enzyme classes. Structural properties including active site
coordination, substrate transfer pathways and cofactor
compositions of hydrogenases are being investigated towards
developing a broad understanding of the determinants that
control enzymatic function.

Technical Barriers

The efficiencies of coupling natural or artificial
photosynthesis to production of reduced chemical and fuels
require a more fundamental understanding of the factors
controlling energy transduction reactions, how this process
couples to downstream enzymatic reactions, and the catalytic
mechanisms. These aims of this project are to investigate
the physical, thermodynamic and kinetic parameters of
light-harvesting, charge-transfer and catalysis in molecular
systems for solar hydrogen production.
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Abstract

Photosynthetic light-capture and conversion efficiencies
in plant-type systems are constrained at ~12.5% photon-
to-fuel due to narrow spectral bandwidth, low-light
saturation kinetics and thermodynamic losses during energy
transduction. Together these limitations can constrain
enzymatic rates to levels that are below full turnover
capacities. Semiconducting nanomaterials exhibit a wider
spectral response and higher saturation intensities and are
promising for use in next generation photovoltaics and for
solar harvesting in artificial photosynthetic schemes. To
create and control the essential charge-transfer interactions
between synthetic chromophores and biocatalysts requires
developing a broader understanding of energy transduction
processes at molecular junctions. This project integrates
fundamental research on structure-function mechanisms
of enzymatic H, activation, with steady-state and ultrafast
measurements of photochemical conversion in enzyme-
NP hybrids. The knowledge will be used to help elucidate
the physical, thermodynamic and kinetic control of light-
harvesting, charge-transfer and catalysis in molecular
systems for solar hydrogen production.

Progress Report

Biophysical analysis of [FeFe]-hydrogenase and modeling
of the catalytic mechanism

The [FeFe]-hydrogenase from the green alga
Chlamydomonas reinhardtii, consisting of only the catalytic
H-cluster, was analyzed using EPR and FTIR spectroscopy
of enzymes poised under reducing and oxidizing conditions.
The spectra revealed new paramagnetic signals and IR bands
under various reductive treatments. Collectively these results
have provided new insights on the electronic structure of
the H-cluster, and the basis for a revised catalytic scheme
(summarized in Figure 1) for [FeFe]-hydrogenases. The
model incorporates electron exchange steps between the two
H-cluster ([4Fe-4S],, and 2Fe,) sub-sites during enzymatic
turnover. It has been proposed that oxidation of the 2Fe,
sub-site is concomitant with H, binding and activation, and
necessary for intermolecular electron-transfer reactions to
soluble electron carriers.

Solar energy conversion and catalysis in photobiohybrid
complexes

We have shown that clostridial [FeFe]-hydrogenase can
self-assemble with mercaptopropionic acid (MPA) capped
CdS/CdTe quantum dots into photocatalytic complexes
(Figure 2). Under illumination, NP light adsorption and
charge-separation leads to interfacial electron-transfer
into the bound hydrogenase via the ferredoxin-binding site
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FIGURE 1. EPR (top-left) and IR (bottom-right) spectra of the reduced (green) and H
activated (magenta) H-cluster (center) of [FeFe]-hydrogenases are shown along with the

proposed models for reversible H, catalysis (bottom-left, top-right).

FIGURE 2. NP-hydrogenase complex. Photoexcited electrons from the
nanoparticle are injected into hydrogenase to drive H, production.

adjacent to a surface localized [4Fe-4S]-cluster. Ultrafast
measurements showed photoexcited, interfacial electron-
transfer from NPs leads to injection of electrons into the
[4Fe-48] cluster at a rate of ~10” s™'. We are currently

investigating how altering the kinetics of competing reactions

(e.g., NP charge recombination), and the free-energy of

the electron-transfer step, affect the quantum yields of H,
production. Changing NP dimension (e.g., diameter) provides
a means to control these properties. The interplay of kinetic/

DOE Hydrogen and Fuel Cells Program

thermodynamic effects are complex, and are
further complicated by the inherent heterogeneity
of molecular compositions. Resolving the details
of each of these effects will help to understand

@) Fe(Fe(}-[Hy) the mechanisms that control energy transduction

in nanoparticle-based complexes.

Computational modeling of proton-transfer in

O & retren i ]e== G FelFe}-{1] [FeFe]-hydrogenase

The free energies along proton-transfer
(PT) pathways in [FeFe]-hydrogenase were
investigated using QM/MM and umbrella
sampling techniques. Key residues were
identified along with pK estimations from a
thermodynamics integration method and used to
model PT profiles to the H-cluster.

Single-molecule resolution measurements of
enzyme turnover

In collaboration with the Moore and Gust
group at ASU, clostridial [FeFe]-hydrogenase was
studied on Au electrodes bearing self-assembled
thiol monolayers (SAMs). Binding was mediated
between positively charged patches on the hydrogenase and
carboxylate groups on the SAM. Single-molecule images
were obtained in an electrochemical STM and showed the
tunneling currents increased under an applied bias, which
led to an estimated lower limit k_ value of 20,000 s, in
combination by macroscopic voltammetry.

Future Directions

*  Theoretical calculations on QM/MM H-cluster models
poised under different protonation and redox states
are being completed towards identifying candidate
structures for discrete catalytic intermediates and the
relevant vibrational spectra.

» Investigate algal [FeFe]-hydrogenase proton-transfer
mutants using FTIR, Mossbauer, HYSCORE and EPR
spectroscopy. Current FTIR results indicate disruption
of proton-transfer results in the selective enrichment
of catalytic site intermediates under reduction. Future
work will aim to resolve assignments of IR bands, Fe
oxidation levels, H-cluster spin-states in the context of
reduction and H, oxidation.

*  We have been characterizing the electron-transfer and
photocatalytic properties of complexes between [FeFe]-
hydrogenase and CdS, CdSe and CdTe nanoparticles.
These efforts will be aimed at revealing how the physical
compositions and dimensions of NPs control electron-
transfer rates using ultrafast time-resolved spectroscopy,
and measurement of H, production quantum yields,
towards understanding the thermodynamic and kinetic
control of solar conversion in these systems.
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*  Collaborative studies with Prof Dukovic’s group at CU-
Boulder are aimed towards developing a comprehensive
NP-hydrogenase charge-transfer framework model, and
the effects of interfacial ligands (i.e., chain length, head-
group chemistry) on k. dynamics.
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Objectives

*  Development of fast, efficient and robust molecular
water oxidation catalysts: Design, synthesis and
characterization of molecular water oxidation catalysts
capable of carrying up this reaction with high turnover
frequencies (fast) at low overpotentials (efficient) and
with high turnover numbers (robust).

*  Deep understanding of the mechanism(s) of water
oxidation: Mechanistic studies using a combination of
experimental techniques and DFT calculations to gain
insight into the interplay of thermodynamics and kinetics
in water oxidation catalysis.

*  Development of stable anchoring groups/
heterogenization: Incorporation of anchoring groups
on molecular water oxidation catalysts for attachment to
planar and high surface area electrodes. Evaluation of
catalytic activity in a true device configuration.
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Technical Barriers

*  The development of efficient water oxidation catalysts is
one of the limiting factors in solar fuels production via
artificial photosynthesis.

»  Water oxidation is a complex process involving multi-
electron, multi-proton steps. Isolation/characterization
of intermediates is difficult due to the harsh conditions
used to study this reaction. Progress has been made but
a better mechanistic understanding is needed, especially
on metal oxide surfaces in a true device configuration.

*  Available/known anchoring groups from dye-sensitized
solar cells are usually stable in organic solvents but not
in aqueous solutions under water oxidation conditions.

Abstract

Water oxidation to oxygen in nature’s photosynthesis
is the source of most of the energy we use today. It is also
anticipated to be the source of most of the energy we use in
the future through artificial photosynthesis. For the latter,
one of the main challenges is the development of efficient
and robust water oxidation catalysts. We are developing
new water oxidation catalysts and performing detailed
mechanistic studies using a combination of experimental
and theoretical tools. In addition, we are combining studies
with catalysts in solution using sacrificial oxidants and
electrochemical techniques with studies of “heterogeneous”
catalysis with the catalysts anchored to planar and high
surface area electrodes. We have discovered significant
differences in both catalytic activity and mechanistic details
between solution and surface studies. Furthermore, there
are also significant differences between catalytic behavior
in planar and high surface area electrodes. These results
emphasized the need to study water oxidation catalysis under
true device configuration conditions.

Progress Report

We have developed a series of catalysts that can
efficiently oxidize water to oxygen, Figure 1. These catalysts
seem to follow catalytic cycles involving seven coordinate
intermediates, although different mechanisms are operative
for the different families of catalysts. We have also developed
anchoring groups that are appropriate for these catalyst’s
structural motifs.

We have used a combination of experimental techniques
and DFT calculations to understand how these catalysts
oxidize water. One of the most powerful tools to study
water oxidation catalysis is electrochemistry. We have
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FIGURE 1. Representative structures of catalysts

used this technique to generate intermediates that have
been characterized by X-ray crystallography. In addition,
combining surface anchoring to metal oxide electrodes with
rotating ring-disc electrode techniques has allowed us to

study water oxidation catalysis in a true device configuration.

These experiments provide all the required information
regarding catalytic activity but in addition they also provide
mechanistic insight.
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We have employed high surface area transparent
conductive metal oxide electrodes to perform
spectroelectrochemistry of surface-bound water oxidation
catalysts. We have been able to identify key intermediates in
the water oxidation cycle using this technique by comparison
with calculated absorption spectra from time-dependent DFT
calculations.

Future Directions

We are currently developing new catalysts based on
the gained knowledge from previous experiments and DFT
calculations. We are also developing new approaches for
“surface synthesis” of highly efficient molecular water
oxidation catalysts with long-term surface stability. These
approaches also take into account the combination of
catalysts and chromophores for incorporation into solar cells
for light-driven water splitting.
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Abstract

Artificial photosynthetic systems exploit a variety of
photochemical transformations with the ultimate result
of efficient conversion of the energy of photons into
chemical bonds. The efficiency of these transformations
strongly depends on how successfully PCET processes
are implemented. In this part of our program we focus on
mechanistic understanding of the role of PCET in reactions
such as: (1) photochemical formation and reactivity of
NADPH-like transition metal complexes; (2) hydrogen
atom transfer (HAT) in the excited states of transition metal
systems; and (3) light-driven water oxidation catalyzed by
transition metal complexes.

Progress Report

Photochemical formation and reactivity of NADPH-like
transition metal complexes

Understanding the
Generation of . ability of NADPH model
a Renewable et \
Hydride SR compounds to shuttle

charge in a manner

that is coupled to the
proton movement in
reactions such as HAT
or hydride ion transfer is
crucial for development
of efficient systems
involving light-induced
charge separation, charge
transfer and catalytic
systems. In our early work, we found that the renewable
hydride donor [Ru(bpy)z(panH)]2+ (bpy = 2,2"-bipyridine,
pbn = 2-(2-pyridyl)benzo[b]-1,5-naphthyridine) can be
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generated photochemically in high yields (quantum yield
ca. 21% at 355 nm and quantitative chemical yield) and

its formation in the low pH region is mainly achieved
through disproportionation of a m-stacking dimer via an
intermolecular PCET reaction [1,2]. The net hydride ion
transfer reaction from photo-generated hydride donors was
found to be controlled by steric factors around the hydride
donor sites [4]. The hydride donor ability of the produced
organic hydrides was not sufficient to reduce uncoordinated
CO,, however the further photogenerated one-electron
reduced form shows reactivity towards [CpReI(NO)(CO)2]+
(CO and CH, products were observed) [5]. We have also
investigated the effect of combining both a CO, activation
site and a hydride donating site in the same coordination
sphere of fac-Re(pbn)(CO),Cl on catalytic CO, reduction.

It was found that the second reduction potential (—1.65 V
under Ar) shifted in a positive direction to —1.44 V under
CO, atmosphere (acetonitrile solution containing Re(pbn)
(CO),Cl and ~0.3 M water, indicating a chemical process, i.e.,
CO, binding to the complex. A 12-fold current enhancement
was observed at —2.11 V with 0.26 M CO, in the presence
of water in acetonitrile solution. The rate constant for CO,
reduction was estimated as ~300 M s, Controlled potential
electrolysis of Re(pbn)(CO),Cl at -2.11 V produced CO with
a Faradaic efficiency of ~70 %.[8]

Hydrogen atom transfer in the excited states of transition
metal systems

Within the scope of this project we study light-
driven CPET reactions between a series of NAD" model
compounds, such as [Ru(bpy),(pbn)]*", [Ru(bpy),(bpz)]*",
[Ru(bpz)S]2+ (bpy = 2,2"-bipyridine, pbn = 2-(2-pyridyl)
benzo[b]-1,5-naphthyridine, bpz = 2,2"-bipyrazine) and
hydrogen atom donors, such as substituted hydroquinones
and para-substituted phenols. We found that in solvents with
high donor numbers (e.g., acetonitrile), the strong hydrogen
bonding between phenol donors and solvent molecules results
in significant kinetic solvent effects (KSEs). It is necessary to
account for these effects if any mechanistic conclusions are
based on the rate analysis.
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The use of low coordinating solvents such as
dichloromethane enabled the measurements of CPET rate
constants with minimum contribution from KSE. Based on
the transient spectra and observation of substantial kinetic
isotope effects (KIEs) the quenching of the excited state of
all metal complexes by para-substituted phenols proceeds
through a CPET mechanism except for the [Ru(bpz)3]2+ /
para-nitrophenol pair, which follows an electron-transfer
(ET) mechanism. The analysis of activation parameters for
CPET is indicative of zero or slightly negative activation
energy, with significant negative activation entropies
contributing to the overall free energy barrier. On the other
hand, in the case of the ET reaction a positive activation
energy and virtually zero activation entropy are observed
making it distinctly different from CPET. The analysis of
kinetic data using Marcus theory provides deeper insight into
how the mechanism of CPET compares to ET reactions.

Light-driven water oxidation catalyzed by transition metal
complexes

Another aspect of our work is related to studies of
light-induced catalytic reactions. A system in which a
water oxidation catalyst interacts directly in uni- or bi-
molecular fashion with photoinduced charges can provide
valuable mechanistic insights. In our recent work, we have
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demonstrated that the mononuclear ruthenium catalyst
[Ru(NPM)(pic),]*" (1) (NPM = 4-t-butyl-2,6-di-1°,8 -
(naphthyrid-2’-yl)-pyridine, pic = 4-picoline) can promote
light-driven water oxidation with 9% quantum efficiency
in homogeneous aqueous solution in the presence of
[Ru(bpy),]”" and [S,0,]” [6]. With complex 1, we were able
to reach a TON and TOF of > 103 and 0.12 s™', respectively.
These values render catalyst 1 to be one of the most active
mononuclear ruthenium-based catalysts for light-driven
water oxidation in a homogeneous system. According to
the previously proposed mechanism for water oxidation
catalyzed by 1, a low-energy pathway for O—O bond
formation via the [Ru'V=0]*" intermediate can be achieved
at neutral pH [3], thus enabling the use of a mild oxidant
such as photogenerated (1.26 V vs NHE) [Ru(bpy)z]”. Our
work demonstrates that catalytic pathways for complex 1 can
be tuned by a simple change of proton concentration, and
that the more efficient low energy “direct pathway” enables
photochemical water oxidation using [Ru(bpy)3]2+ with
persulfate . In addition, we have established a comprehensive
model for the accurate description of similar reactions
involving catalyst/sensitizer/quencher systems [7]. We are
planning to extend this work to other catalytic systems in
order to explore their advantages and limitations under
photochemical conditions.

.
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Objectives

The mission of the Joint Center for Artificial
Photosynthesis (JCAP) is to produce fundamental scientific
discoveries and major technological breakthroughs to enable
the development of energy-efficient, cost-effective, and
commercially viable processes for the large-scale conversion
of sunlight directly to fuels. JCAP’s S-year goal is discovery
of robust, Earth-abundant light absorbers, catalysts, linkers,
membranes, and scale-up science required to assemble the
components into a complete artificial photosynthetic system.

Technical Barriers

While a substantial advances in materials components
and subassemblies that demonstrate water splitting have
been reported in the literature, the work has been focused
primarily on making scientific progress rather than creation
of efficient, stable, durable, and scalable solar fuels generator
systems. JCAP’s work aims to bridge that gap.

Abstract

JCAP’s technical program spans discovery science
through early technology demonstration. In this talk an
overview of the Center is presented, highlighting unique
capabilities developed by JCAP, and briefly summarizing
recent scientific advances.
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Progress Report

A cartoon of JCAP’s target, a fully integrated
photoelectrochemical device architecture, is shown in
Figure 1. The assembly is a tandem semiconductor microwire
array embedded in a conductive gas-separation membrane
and decorated with catalysts for water splitting and/or carbon
dioxide reduction. The assembly is immersed in 1 Molar
aqueous acid or base to support photoelectrochemical device
efficiency. The diversity of science and engineering research
challenges that must be met to achieve JCAP’s mission of
building and demonstrating such a device is extremely broad.
In order to focus its portfolio, JCAP’s approach is to start
with development of robust concepts for complete solar-fuels
generators containing the devices, then to break them down
into essential assemblies of active components, and finally
to adapt or discover the materials needed to fabricate those
assemblies, as illustrated in Figure 2.

Prototypes

JCAP’s prototyping strategy is to use robust engineering
principles and processes to design, model, assemble, test
and analyze prototypes of complete artificial photosynthetic
systems. As a result, JCAP’s prototyping team is able to
(a) evaluate component-level performance within integrated
systems under realistic operating conditions; (b) utilize

JCAP fully integrated conceptual system that supports
Hydrogen and Hydrocarbon production
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FIGURE 1. JCAP solar fuels device concept

=111 DOE Hydrogen and Fuel Cells Program



11.G Hydrogen Production / Basic Energy Sciences

Houle - California Institute of Technology

Integrated Assemblies
prototype and
devices processes

LRI

Materials
discovery

FIGURE 2. Schematic of JCAP’s research and development flow.

3-D and 2-D modeling tools to develop and characterize
prototype modules; (¢) gain insight into which scientific and
engineering approaches prove to be more robust and are
therefore preferable; and (d) inform the R&D agenda on key
bottlenecks associated with JCAP’s technology. Specific
focus areas are material selection, assembly and integration
strategies, with evaluation of stability, performance, and
ultimately cost. In the past year, JCAP has initiated analytical
studies aimed at understanding requirements for solar-fuels
generating facilities at the GW scale, and also manufacturing
strategies for solar water-splitting modules.

Materials Integration and processing

In order to assemble solar-fuels generators, JCAP needs
to develop and understand the integration of materials
and processes over a wide range of length scales. One of
JCAP’s most important accomplishments has been the
development of n-p+-Si/n-WO, and n-p+-Si/n-TiO, core-
shell microwire devices for solar water splitting in acidic and
basic electrolytes. These are embodiments of the concept in
Figure 1. Preparation of these complex structures requires
optimization and control of a series of processing techniques
and instruments. Furthermore, even after the procedures
for making highly integrated materials is accomplished at a
laboratory scale (< 1 cm?), there are many other additional
challenges associated with scaleup and characterization
of these processes to dimensions that are necessary for
prototypes (10 cm” or larger). Another critical integration
issue is the ability to protect materials from corrosion and
other damaging processes during operation in extreme
pH in a complete device. JCAP has made significant
progress in the ability to use atomic layer deposition (ALD)
and nanostructuring to protect both photocathodes and
photoanodes for up to hundreds of hours under hydrogen
evolution reaction (HER) and oxygen evolution reaction
(OER) conditions, respectively, in highly acidic and basic
electrolytes. The performance and stability of individual
material components also greatly depend on the integrity of
their interfaces. JCAP is addressing the knowledge gaps in
the field of heterogeneous catalyst-light absorber interfaces
by systematically investigating the effect of catalyst
deposition strategies on photoelectrochemical energy-
conversion, product selectivity, and stability for different
classes of photoanodes and photocathodes to determine
how and why certain physical attachment techniques
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work. Advanced spectromicroscopy and surface mapping
techniques are being utilized to investigate, at the nanoscale,
the surface potential and conductivity of various catalyst

and light capture systems to understand their properties and
to identify why some materials form good contacts while
others do not. The findings will increase understanding of the
criteria necessary for effective device integration and allow
for optimization of the catalyst-semiconductor assemblies.
JCAP is also investigating the stable attachment of molecular
catalysts on photocathodes and photoanodes in aqueous
electrolytes without adversely influencing the performance of
the semiconductor light absorber or catalyst.

Discovery, characterization and understanding of
materials

Many of the materials required for integrated, efficient,
and stable solar-fuels generators do not yet exist. Therefore
the Hub is accelerating the needed discovery process by
utilizing both traditional (i.e.,directed) and high-throughput
synthesis and characterization methods, and by appropriate
use of computational theory and DOE User Facilities.
JCAP materials discovery and characterization efforts have
resulted in the development of entirely new capabilities and
techniques that benefit the entire solar-fuels community.

Objective performance characterization of the most
promising catalyst and light absorbing materials is critical
facilitating of comparisons of newly discovered materials
to existing ones in a meaningful way. JCAP Benchmarking
develops and implements uniform methods and protocols
for characterizing the activities of OER, HER, and carbon
dioxide reduction reaction (CO2RR) catalysts under solar-
fuels generator operating conditions.

To complement JCAP’s directed approach toward
material development, the Hub is heavily invested in
the accelerated, high throughput synthesis and analysis
of promising materials by the High-Throughput
Experimentation Project. The HTE project demonstrated
significant breakthroughs in instrumentation innovation
and has enabled discovery of new classes of water oxidation
catalysts.

JCAP has a portfolio of research projects aimed at the
directed discovery, characterization and understanding of
light absorber, catalyst and membrane materials. JCAP’s
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computational theory effort elucidates how the composition
and structure of molecular and heterogeneous catalysts
affect their activity for the HER, OER and CO2RR. JCAP

is focused on identifying either a single or a tandem
combination of stable, scalable, and efficient light absorbers
that provide the required photovoltage to produce fuels

from sunlight. JCAP has developed suitable materials
choices for photocathodes, including Si and WSe,, that are
relatively stable and have demonstrated high efficiency for
the solar-driven production of H, from H,O. However, a
major technology gap is to obtain a stable earth-abundant
light absorber having a band gap in the 1.7-2.3 eV range,

to either complement these materials in a tandem structure
as a photoanode, or to autonomously enable the direct
production of fuel from sunlight. New photoanodes are
identified through a variety of routes. JCAP has aimed

a significant and fundamental theory effort at this gap,

and is working to predict, using ab initio calculations, the
synthesis conditions, performance, and stability of promising
photoanode materials. Guided by a detailed understanding of
optical interactions, researchers from JCAP and the Center
for Energy Nanoscience, a DOE Energy Frontier Research
Center, demonstrated that a sparse array of GaAs nanowires
(<10% areal coverage) has nearly 100% photoelectrochemical
charge conversion efficiency. JCAP has discovered and
characterized a new class of light absorbers, ZnSn Ge, N,,
whose direct band gap can be tuned from 2 ¢V to 3.1 eV by
simple control of the composition. Two new and scalable
thin-film deposition methods for BiVO,, a photoanode
material composed of earth-abundant elements, were
developed. Both methods provide control of stoichiometry,
which is important for their use. It also enables understanding
of the basic properties of the materials and maximizing OER
performance through learning how to work with complex
oxide film stacks.

Each half reaction in solar water-splitting requires
discovery of stable catalysts that promote the oxidation of
water and the reduction of protons at low overpotentials.
The challenge is to identify earth-abundant elements for use
as catalysts that are comparable or superior in activity to
rare and precious metals. JCAP’s Heterogeneous Catalysis
project is addressing these technical gaps by performing
characterization of the physical and chemical properties of
catalytic materials using state-of-the-art in surface science
and beamline capabilities, and participates in the work
of the HTE project to discover completely new catalyst
systems. JCAP is also investigating molecular catalysts for
CO2RR, because no catalysts (molecular or heterogencous)
exist at present that can selectively reduce CO, at rates and
efficiencies required by a JCAP solar-fuels device.

A fully integrated solar-fuels generator requires
separation of gaseous products for both safety and efficiency,
while maintaining sufficient ion-conduction between the
reduction and oxidation chambers. JCAP is developing
mechanically stable ion conducting and gas impermeable
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membranes that can be fully integrated with assemblies of
photocatalytic units and enable their efficient function.

Future Directions

Work in progress in JCAP places strong focus on
continuing the discovery of new photoanode materials,
corrosion protection schemes, and acid-stable oxygen
evolution reaction catalysts in order to demonstrate stable
devices capable of 10% hydrogen generation efficiency
from water splitting. Catalyst studies have also expanded to
include heterogeneous CO, reduction catalysts with a specific
focus on understanding the reaction mechanisms so that
selective catalysts can be designed.
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Objectives

The mission of the Joint Center for Artificial
Photosynthesis (JCAP) is to produce fundamental scientific
discoveries and major technological breakthroughs to enable
the development of energy-efficient, cost-effective, and
commercially viable processes for the large-scale conversion
of sunlight directly to fuels. In pursuit of this mission, JCAP
has initiated a focused activity devoted to the development
of methods for stabilizing otherwise unstable semiconductor
light absorbers under harsh acidic or alkaline conditions.
This cross-cutting effort, involving multiple JCAP projects
and investigators, aims to greatly expand the range of
materials available for integrated solar water splitting devices
by providing a broadly applicable portfolio of corrosion
protection solutions.

Technical Barriers

A basic requirement for scalable solar fuel systems
is safety; eliminating the possibility of forming explosive
product mixtures necessitates incorporation of membranes
in current integrated architectures and imposes a constraint
for operation under extreme pH conditions, either acidic or
alkaline, in order to eliminate pH gradients in the absence of
recirculation.' At present, the central challenge of artificial
photosynthesis is the availability of photoelectrodes that are
capable of supporting high efficiency operation and possess
long term durability under these harsh aqueous conditions.
Indeed, many materials that are energetically well suited
for driving water oxidation and reduction reactions rapidly
degrade in aqueous environments. Stabilization of existing
semiconductors against corrosion would have a significant
impact on photoelectrochemical energy conversion and
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enable the development of a new generation of robust
integrated devices for efficient solar water splitting.

Abstract

Fabrication of overall water splitting devices requires
the incorporation of all elements - catalysts, light absorbers,
membranes, and interfacial layers - into an integrated system
in which all materials are stable under identical conditions.
Durability and compatibility of materials remain critical
hurdles in the field. In addition to the discovery of new
materials, a primary strategy for overcoming this limitation
is aimed at utilizing thin film surface coatings for preventing
corrosion of photoelectrodes, while also allowing efficient
charge transfer between the semiconductor light absorber
and catalysts. Here, we present a series of case examples
highlighting approaches for thin film corrosion protection
that enable sustained operation of both photocathodes and
photoanodes. Each of these examples represents a significant
technical advancement and provides complimentary insight
into the important roles of interfacial energetics, physical
and chemical structure, photon management, and defect
engineering.

Progress Report

Strategies for stabilizing photoanodes against corrosion
and photocorrosion have been widely explored in recent
years. ENREF 21 General approaches involve introducing
thin corrosion protection layers that allow interfacial
charge transfer of photogenerated minority carriers while
physically protecting the light-absorbers. In an alternative
approach, recent advances in direct conformal deposition of
catalytically active surface layers have been leveraged for
providing corrosion protection without need for an interfacial
later. Case examples of advanced corrosion protection
schemes developed within JCAP and their implications for
development of integrated systems for photoelectrochemical
energy conversion will be presented.

Photocathode protection using atomic layer deposited
TiO,
Favorable band alignment of chemically robust TiO, with
a variety of photocathodes enables direct minority carrier
injection into its conduction band with minimal interfacial
resistance losses. Therefore, deposition of conformal
TiO, layers onto photocathodes using processes that are
substrate-compatible provides a powerful opportunity
for facile corrosion protection. While initial literature
demonstrations were performed on planar, single crystalline
substrates, researchers at JCAP have extended this strategy
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FIGURE 1. SEM image of p-InP nanopillar array formed by reactive ion etching.
The inset shows a schematic of the protected structure, which incorporates a
thin, conformal ALD TiO, layer.”

to encompass high surface area photocathodes. For example,
p-InP nanopillared (NPL) arrays exhibit improved solar-
driven hydrogen generation compared to planar controls due
to a combination of reduced reflectivity and promoted H,
bubble desorption. However, gradual loss of NPL fidelity,
and corresponding hydrogen generation efficiency, over
time was observed. Stable photocathodes were formed by
introducing a thin interfacial layer of ALD TiO, (Fig. 1).?
Given that mesostructured materials with high surface

areas are desired for achieving reaction rates that take

full advantage of the solar energy flux and reducing ionic
transport lengths, the demonstration that ALD TiO, provides
sufficient conformality for long-term corrosion protection of
high surface area photoelectrodes represents an important
advancement.
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In complimentary work, JCAP researchers sought to
extend photocathode protection to amorphous Si (a-Si) solar
cells. In this study, the possibility of replacing ALD with
reactively co-sputtered TiO,, which is an inherently scalable
deposition process, was investigated.’ The resulting structure
provided a stable onset potential of 930 mV vs. RHE, one of
the highest reported to date. Furthermore, the integration of
inexpensive NiMo hydrogen evolution catalysts to replace
precious metal catalyst, such as Pt or Ru, was accomplished
with minimal efficiency loss. The demonstration of high
voltage photocathodes that are entirely formed using Earth-
abundant elements and low-cost manufacturing processes
represents an important advance in the drive towards scalable
solar water splitting technologies.

Photoanode protection using atomic layer deposited TiO,

Although many traditional semiconductors are
energetically well-suited for efficient solar-driven water
splitting, these materials are unstable when operated under
photoanodic conditions in aqueous electrolytes. Recently,
JCAP researchers demonstrated a stabilization method that
enables the use of an entire class of existing, technologically
important semiconductors with optimal band gaps for solar
energy conversion as viable photoanodes in solar-driven
water-splitting schemes.* In this work, Si, GaAs and GaP
photoanodes were stabilized against photocorrosion and
photopassivation in aqueous alkaline media by ALD of thick,
chemically stable, electronically defective TiO, overlayers,
combined with a Ni catalyst for driving the oxygen evolution
reaction. Unlike photocathodes, where electrons can be
expected to inject into the conduction band of stoichiometric
TiO,, the TiO, in this study should present a tunneling barrier
for holes in the valence band. However, the key to enabling
conduction of holes across the thick TiO, protective layers
was the use of unannealed ALD-TiO, which combines
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FIGURE 2. (left) Schematic representation of the corrosion protection scheme based on thick, defective TiO, layers, together with Ni catalyst,
on photoanode surfaces. (right) Stability of Si in 1M KOH(aq) is demonstrated for over 100 h using this approach.*
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optical transparency and high electrical conductivity to both
electrons and holes. The resulting films were electronically
defective and thus highly conductive with the exception of
a thin insulating barrier layer at the surface of the as-grown
film. Importantly, intermixing of the deposited Ni catalyst
provided electrical contact through the insulating surface
layer, thus allowing the thick ALD-TiO, films to act as a
highly effective corrosion barrier while facilitating interfacial
charge transport with minimal resistance loss. The thick
ALD-TiO, films were formed without pinholes and can thus
protect semiconductor material over macroscopic areas.

In addition to enabling a wide range of existing materials

to be further developed for incorporation in autonomous
solar water splitting devices, these results demonstrate the
power of film and defect engineering, as well as interfacial
chemistry, on controlling interfacial charge transport.

Photoanode protection via direct catalyst deposition

As an alternate approach to photoanode protection, JCAP
researchers have explored the possibility of photoelectrode
stabilization via direct deposition of the catalyst onto the
semiconductor light absorber. Although the precursors and
processes for ALD of many catalytically active materials are
available, the properties of atomic layer deposited materials
can differ significantly from those of films fabricated
with more traditional methods. Therefore, it is essential to
understand the structures and morphologies of the deposited
films, the effect of ALD on availability of catalytically active
surface sites, and the physical and chemical properties of the
interfaces between catalysts and underlying semiconductors.
Here, two recent examples of cobalt oxide (CoO ) ALD onto
model photoanode materials, BiVO, and Si, are discussed.

BiVO, is a 2.4-eV band gap n-type semiconductor
that is comprised of Earth-abundant elements but is
kinetically sluggish for water oxidation, which leads to
poor photoelectrical performance and photocorrosion in

alkaline media. Within JCAP, this material has been selected
as a model metal oxide photoanode for detailed studys; it
exhibits many of the complexities associated with this class
of material and can be used to guide understanding that is
expected to be useful in the development of next generation
oxide semiconductors for photocatalysis. Recently, JCAP
researchers demonstrated that the use of ALD to form thin
layers of cobalt oxide on n-type BiVO, produced photoanodes
capable of water oxidation with essentially 100% faradaic
efficiency in alkaline electrolytes.” While improved
performance was observed upon thin CoO, deposition,
decreased performance was found with slightly thicker
layers. This finding highlights a critical consideration that is
central to corrosion protection of photoanode materials: in the
absence of a buried junction, the semiconductor/electrolyte
junction provides the driving force for charge separation
within the photoelectrode and conformal layers for corrosion
protection and catalysis must be optimized to ensure that the
interfacial electronic structure is not adversely affected.

In a separate study, plasma-enhanced ALD of cobalt
oxide directly onto p+n-Si devices was investigated as a
function of surface pre-treatment.6 As shown in Fig. 4,

a combined nanotexturing and ALD process enabled
efficient photoelectrochemical water oxidation and effective
protection of Si from corrosion at high pH (pH 13.6). Physical
sputtering of the Si surface prior to catalyst deposition led

to nanometer scale texturing that was critical to defining

the crystallinity of the deposited catalyst and its electronic
registry with the light absorber. In particular, this process
provided regions of reduced interfacial silica thickness that
improved tunneling probability and dramatically reduced
the interfacial charge transfer resistance. Furthermore,
texturing the surface inhibited crystallization of CoO_ and
enabled formation of a highly conformal amorphous catalyst
layer with reduced pinhole densities in inter-grain regions
compared to crystalline materials. This work revealed that
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FIGURE 3. (left) Schematic illustration of conformal ALD CoQ, on BiVO, photoanode, which provides enhanced
catalytic activity and stability to the material. (right) Oxygen production as detected by probe and coulometry at
0.97 V vs RHE in pH 13 KOH(aq), AM 1.5G illumination. Arrows mark the beginning and end of current flow from

the potentiostat.®
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FIGURE 4. Photoelectrochemical behavior of nanotextured CoO /p*n-Si photoanode in aqueous 1.0 M NaOH
under 100 mW/cm? of simulated solar illumination. (a) J-E response of Co0 /pn-Si (red) under illumination and
Co0 /p" Si (grey) in the dark. (b) Chronopotentiometry of nanotextured CoO /p*n-Si photoanode at a constant

current density of 10 mA/cm?°®

specific engineering of the interface is essential to improving
catalytic activity and enhancing long term durability.

Future Directions

The results presented here highlight the significant
potential for utilization of high efficiency semiconductors in
systems for overall water splitting. Ongoing work is devoted
to integrating materials and processes for assessment of these
corrosion protection schemes in functional demonstration
devices, to deep studies aimed at understanding the
fundamental physical and chemical processes that govern
interfacial charge transport, and to identification and
elimination of deleterious failure mechanisms. Furthermore,
with the demonstration of long-term stability, the need to
develop general protocols for accelerated testing and failure
analysis becomes more urgent. Mechanistic understanding
of factors affecting efficiency and durability, as well as their
sensitivities to processing and environment, will enable the
fabrication of scaled prototypes. Ultimately, application of
these concepts to monolithically integrated mesostructured
materials systems will enable the next generation of high
efficiency solar photoreactors.
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Objectives

The mission of the Joint Center for Artificial
Photosynthesis (JCAP) is to produce fundamental scientific
discoveries and major technological breakthroughs to enable
the development of energy-efficient, cost-effective, and
commercially viable processes for the large-scale conversion
of sunlight directly to fuels. JCAP’s 5-year goal is discovery
of robust, Earth-abundant light absorbers, catalysts, linkers,
membranes, and scale-up science required to assemble
the components into a complete artificial photosynthetic
system. The High Throughput Experimentation (HTE)
project develops state of the art high throughput techniques
and applies them to efficient screening of earth-abundant
composition spaces to identify new electrocatalyst and light
absorber materials.

Technical Barriers

To identify materials that can operate in a solar fuels
device, material screening must be performed under
technologically-relevant conditions. High throughput
instruments that adhere to these conditions must be
developed and then automated to provide robust high
throughput operation. This screening strategy must then
be embedded in a high throughput pipeline that includes
high quality materials synthesis and characterization.
While operation of this pipeline can identify new promising
materials and accelerated discovery, development and
deployment of materials can only be attained by integrating
the high throughput pipeline into a larger consortium that
includes benchmarking, directed research and prototyping
efforts. Successful implementation of this research paradigm
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also requires interplay with theory efforts. JCAP is boldly
solving these exciting technical and research integration
challenges.

Abstract

JCAP-HTE performs accelerated discovery of new
earth-abundant photoabsorbers and electrocatalysts through
operation of a high throughput pipeline for the synthesis,
screening and characterization of photoelectrochemical
materials. To establish the pipeline, several new screening
instruments for high throughput (photo-)electrochemical
measurements have been invented. These instruments
are not only optimized for screening against solar fuels
requirements, but also provide new tools for the broader
combinatorial materials science community. Operation of
the pipeline and its embedment into the solar fuels hub has
yielded the high throughput discovery, follow-on verification,
and device implementation of a new quaternary metal oxide
catalyst. This rapid technology development from discovery
to device implementation is a hallmark of the multi-faceted
JCAP research effort.

Progress Report

The widespread deployment of new energy technologies
requires discovery and development of new functional
materials [Energy Environ Sci 2013, 6, 1983]. Artificial
photosynthesis is a promising energy technology with
several substantial materials challenges [Chem Reviews
2010, 110, 6446]. Proposed designs for an artificial
photosynthesis device, or solar fuel generator, involve
coupling electrocatalysts to light absorbing semiconductors
to provide solar-driven photoelectrochemical reactions.
Successful development of such a device requires discovery
of both photoabsorbers and electrocatalysts for the pertinent
reactions. Desirable traits for new high performance
materials include high earth abundance, facile synthesis
methods and insensitivity to small variations in composition.
To identify new photoabsorbers and electrocatalysts with
these traits, we are building a high throughput pipeline for
accelerated materials discovery.

The development of this pipeline within the solar to fuels
energy innovation hub provides very powerful capabilities
for accelerated discovery. The performance screening
metrics employed in the pipeline are developed according
to the specifications of the directed research and device
prototype experts. Another important capability is the rapid
incorporation of newly discovered materials into a solar fuels
testbed. This capability shortens the time lapse between high
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throughput discovery and technology demonstration from
years to weeks.

The JCAP-HTE accelerated discovery pipeline contains
4 primary sectors as shown in Figure 1, three of which
involve the development of new experimental equipment
and techniques: Materials synthesis, (Light-absorber and
Electrocatalyst) screening, and Characterization. The fourth
sector is Data informatics and distribution and involves the
data connectivity to the other sectors and to users.

Performance Screening

The heart of the high throughput pipeline is the
evaluation of new materials as either electrocatalysts for
solar fuels reactions or solar light absorbers. To create a high
throughput screening platform, semi-quantitative parallel
screening is used to rapidly identify composition regions of
interest, followed by more detailed serial screening on select
samples.

The JCAP-HTE parallel catalyst screening instrument
is based on bubble imaging, a conceptually simple but
technically nuanced technique'. The JCAP-HTE bubble
screening instrument (see Figure 2) images the oxygen
and hydrogen bubbles produced by the Oxygen Evolution
Reaction (OER) and Hydrogen Evolution Reaction (HER).
The bubble screening method can function in all pH
conditions and is suitable for the combinatorial search of
catalysts for any gas evolving reaction, most notably the OER
and HER solar fuels reactions.

To provide more detailed electrochemical screening,
JCAP-HTE developed a scanning droplet cell (SDC)’
_ENREF 2. The JCAP SDC provides a 3-electrode cell for
an individual 1 mm? sample with no o-rings or other physical
contact to the working electrode, other than the electrolyte
solution. The SDC is used to provide quantitative screening

at throughput of less than 10 s per sample. Carefully designed
software allows for real time data analysis so that high
performance materials can be automatically evaluated with
subsequent measurements, of typically longer duration, to
ascertain stability.

For the screening of photoabsorbers, JCAP-HTE is
continuing its development of novel instrumentation for
parallel and serial screening for optical properties, but
the key innovation in light absorber screening has moved
beyond this to fill the technology gap between optical
characterization and photoelectrochemical water splitting.
With the expectation that the best photoanode absorber will
not also be the best OER catalysts, a solar fuels photoanode
is typically made by coupling a catalyst and absorber. To
discover photoabsorbers which are not photocatalysts,

a new screening tool needed to be developed. JCAP’s
recently published solution to this technology gap is another
example of a conceptually simple but technically nuanced
instrument. To alleviate the catalytic requirement, n-type/p-
type photoabsorbers are screened by measuring the photo-
oxidation/reduction of facile redox couples. To mitigate dark
currents, a multiplexed counter electrode is coupled with

the sample-indexed illumination, and to mitigate shunting
of the photocurrent, a carefully engineered thin layer cell is
established.

Discovery of a new class of rare earth-rich OER catalysts
in unpredicted composition spaces

The discovery of Ce-rich OER catalysts was recently
reported’ and followed by a detailed investigation describing
its unique electrochemical performance. The pseudo-
quaternary (Ni-Fe-Co-Ce)O_ library was deposited as an
array of 5456 discrete compositions at 3.3 at% composition
steps using inkjet printing of four separate metal precursor
inks. The relative electrocatalytic performance of each

composition was screened using several different
figures of merit (FOM). The most informative

Materials Light-absorber screening

i Characterization
synthesis

Electrocatalyst screening

Data informatics
and distribution

FOM for photoelectrochemical water-splitting
devices is the overpotential () for the OER at

FIGURE 1. Sectors of the accelerated discovery pipeline, with the screening sector split

for the 2 general material functions of light absorption and electrocatalysis.

Reference electrode

F10 Layer with cument collectors

Array of 1mm? catalyst samples
Image of samples in solution
Catalysts held at potential, t=0
Catalysts held at potential, t=30s

Automated bubble identification

10 mA/cm?, which is mapped in Figure 3A for the
entire composition space. The most active regions
can be seen near the Ni-Fe edge and on the Ni-
Co-Ce face of the tetrahedron. To visualize the

T T L LT T TaTey, L
Piinee dv x

FIGURE 2. Summary of the bubble screening technique. Bubbles of evolved gas appear as white dots above active catalysts. Simultaneous imaging of all samples
and automated image processing yields rapid identification of the most active catalyst compositions.
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FIGURE 3. The OER overpotential for 10 mA/cmis shown for the entire quaternary composition space (A) and for a pseudo-ternary
cross section (B-C). A different composition trend is observed with the OER overpotential for 3 mA/cm? (D). This is due to the different
catalytic behavior of the newly discovered high-Ce catalyst compared to known catalysts (E), prompting exploration of the trends in Tafel

parameters (F-G).

relationship between these composition regions, Figure 3B
demonstrates the extraction of a pseudo-ternary cross section
of the data in Figure 3A, which is plotted in Figure 3C. For
these same compositions, the overpotential () for the OER at
3 mA/cm® is mapped in Figure 3D. This figure demonstrates
that the newly discovered high-Ce catalysts are far superior
to the known Ni-Fe catalysts at low current density. To
further demonstrate this relative performance, Figure 3E
shows the catalytic current for representative compositions
(Ni, [Fe,,Co, .Ce,,,0, and Ni ,Fe  Co ,Ce ,,0), the
former belng a low-Ce composrtlon similar to the known Ni-
Fe catalysts, and the latter being a newly discovered high-Ce
composition. Figure 3E also shows that these 2 compositions
have different characteristic Tafel slopes and corresponding
exchange current densities (Figure 3F-3G). Detailed
composition measurements of these representative samples
both before and after electrochemical testing demonstrate

the fidelity of the inkjet printing synthesis and the stability of
the catalysts. Using the JCAP rapid technology development
platform, this catalyst and its performance have been

verified by benchmarking, improved by directed research,
demonstrated in a prototype device, and understood by
extensive characterization.
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Characterization and Data Informatics

The importance of characterization and informatics
in materials discovery and understanding cannot be
overstated. It is through the characterization of materials
that composition-processing-structure-property relationships
can be developed. Material characterization also facilitates
interactions with theory efforts. Data informatics enables
automated identification of unforeseen trends and completes
a learning feedback loop for identification of superior
materials. By developing state of the art techniques in these
sectors, JCAP-HTE is foundational in using high throughput
methods as tools for performing basic energy science.
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Presenter: Scott Saavedra
University of Arizona

CIS:SEM

Abstract

CISSEM was established on August 1, 2009 as an
EFRC funded by the U.S. DOE, Office of Science, Basic
Energy Sciences, under Award Number DE-SC0001084.
We combine research groups at The University of Arizona
(the lead institution), Georgia Institute of Technology,
Princeton University, the University of Washington and
NREL in a coordinated and integrated multi-investigator
program. CISSEM’s mission is to advance the understanding
of interface science underlying solar energy conversion
technologies based on organic and organic-inorganic hybrid
materials; and to inspire, recruit and train future scientists
and leaders in the basic science of solar electric energy
conversion.

Continued improvement of thin-film photovoltaic (PV)
energy conversion technologies —underpinned by basic
science — is an exciting challenge that engages CISSEM. For
“printable” solar cells based on hybrids of polymers, small
molecules and semiconductor nanocrystals, the open-circuit
photovoltage is limited by: i) the work function difference
between two contacts, which is affected by the composition,
structure and energetics at both contact/active layer
interfaces; ii) the competition between charge harvesting and
charge recombination, both in the active layer itself, and at
the interfaces between electrical contacts and active layer
components; and iii) other detrimental processes such as
charge back injection from the contacts. By incorporating
thin interlayers of appropriate inorganic or organic materials
between each contact and the active layer, we can increase
device efficiency by providing thermodynamic and/or kinetic
barriers to help facilitate the desired preferential or ‘selective’
charge harvesting of either electrons or holes at each contact,
while also minimizing charge back injection.

This poster highlights our experimental and theoretical
research focused on understanding the principles of
efficient charge harvesting, and providing a molecule/
atomic scale understanding of how interface composition,
structure, energetics and rates of charge extraction versus
recombination control PV efficiency, i.e., through better
contact and interlayer design and more efficient charge
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extraction. CISSEM research should ultimately provide
design principles to help create a wide array of new energy
conversion platforms, including the new perovskite-based
PV platform, and the scientific foundations for thin-film PV
technologies and our nation’s pursuit of lowering costs to
transform the sun’s energy into electricity.

Above: Theoretical modeling of the organic hole-
transport layer 4,4'-N,N'-dicarbazole-biphenyl physisorbed
on the important, transition metal oxide surface MoO3
(010) — part of a combined theoretical and experimental
study of facile hole collection and injection. [DOI: 10.1002/
adfm.201301466]

Next Page: Using photoemission spectroscopy at SLAC
to investigate the electronic structure and carrier dynamics
at a model zinc oxide/fullerene (C,)) interface, like those
used to selectively harvest electron in OPV platforms. Hybrid
interface states form in both the ground and excited state
manifold. Using resonant photoemission spectroscopy, we are
able to observe ultrafast carrier delocalization in bare ZnO,
with electrons scattering into bulk states on the time-scale
of less than 500 as. In the presence of C,, (and hybridization
between C,, and ZnO), the resulting interface state formation
leads to carrier localization and long-lived excited states in
the vicinity of the conduction band minimum. [manuscript
submitted]
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Team Members
» Katherine A. Brown (Scientist)
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DOE Program Manager: Gail McLean

Phone: (301) 903-7807
Email: Gail.McLean@science.doe.gov

Objectives

The long-term objective of this project is to understand
energy transduction in photochemical systems that combine
the light harvesting, charge-separation of nanoparticles
(NP) with catalytic H, activation by hydrogenases as models
for solar energy conversion. By coupling hydrogenase
catalysis to semiconductor nanoparticles, light driven H2
production can be achieved by transfer of the nanoparticle
exciton electron into the electron transport network of the
enzyme. Light-driven production of H, occurs naturally
in photosynthetic microbes, where hydrogenases couple to
low potential reductant pools and help to maintain electron
flow under anaerobic-aerobic transitions. Integration of a
nanoparticle with hydrogenase catalysis allows for control
over reductant potential, and will contribute to developing
a broad understanding of the determinants that control
enzymatic function.

Technical Barriers

The efficiencies of coupling natural or artificial
photosynthesis to production of reduced chemical and
fuels require a more fundamental understanding of the
factors controlling energy transduction reactions, how
this process couples to downstream enzymatic reactions,
and the catalytic mechanisms. The aims of this project are
to investigate the physical, thermodynamic and kinetic
parameters of light-harvesting, charge-transfer and catalysis
in nanoparticle-hydrogenase systems for solar hydrogen
production. Investigation of the assembly, charge transfer and
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catalytic properties are providing mechanistic insights into
both nanoparticle and enzyme behavior, as well as design
principles for optimizing artificial photosynthetic systems

Abstract

We have developed complexes of CdS and CdTe
nanorods capped with 3-mercaptopropionic acid (MPA)
coupled to Clostridium acetobutylicum [FeFe]-hydrogenase
I (Cal) that photocatalyze reduction of H' to H, at photon
conversion efficiencies of up to 20% under illumination at
405 nm. Characterization has focused the compositional and
mechanistic aspects of complexes that control photochemical
conversion of solar energy into H,. Complexes self-
assemble by an electrostatically driven association between
nanoparticle ligands and the Cal surface. Production of H,
by the complexes was observed only under illumination,
and only in the presence of a sacrificial donor. Nanoparticle-
to-Cal molar ratio, sacrificial donor concentration and light
intensity each have a pronounced effect on photocatalytic
H, production. Photocatalytic activity appears to depend
on contributions from electron and hole transfer, exciton
recombination, and photon absorption rate. Recent
investigations have focused on electron transfer rate and
the effect of exciton electron potential. Kinetics of electron
transfer play a critical role in the overall photochemical
reactivity, as the quantum efficiency of electron transfer
defines the upper limit on the quantum yield of H, generation.
We investigated the competitiveness of ET with the electron
relaxation pathways in CdS nanoparticles by directly
measuring the rate and quantum efficiency of ET from
photoexcited CdS nanoparticles to Cal using transient
absorption spectroscopy. We found that the electron transfer
rate constant (k) and the electron relaxation rate constant
in CdS (k) were comparable, with values of 107s™,
resulting in a quantum efficiency of ET of 42% for complexes
with the average Cal:CdS molar ratio of 1:1. Given the
direct competition between the two processes that occur
with similar rates, we propose that gains in efficiencies
of H, production could be achieved by increasing &, and/
or decreasing k., through structural modifications of
the nanocrystals (i.e., core-shell particles). We have also
investigated the effect of exciton electron potential on
electron transfer and H, production. By varying nanoparticle
diameter, the band-gap and the conduction band potential
can be controlled. The electron transfer rate into Cal from
CdTe nanoparticles with diameters between 2.0 and 3.5 nm
was measured using time-resolved photoluminescence.

The k_, values were constant across the diameter range,
despite a decrease in the electron overpotential from 250
to 30 mV between 2.0 and 3.5 nm diameter nanoparticles.
Photocatalytic H, production and photon conversion
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efficiencies increased with increasing diameter despite lower
overpotentials. Given the inverse trend in H, production and
the insensitivity of k. to electron overpotential, we conclude fommmmm—mm oo 2
that AG_, is not a determining factor in photocatalysis 1 - Ker H,
by CdTe-Cal complexes, and contributions from other Egl ---~ H,ase
factors, including nanoparticle recombination rates, enzyme i Photochemical 2H*
coverage, and exciton lifetimes, dominate photocatalytic ; energetics i Rl Photochemical
behavior. Future studies will focus on further elucidation of ‘ Wl ‘I kinetics
the interdependent factors which contribute to photocatalysis X
in these systems. v Ky

2X*

Progress Report

Characterization of CdTe-Cal complexes [4]

*  Molecular assembly CdTe-Cal complexes was
mediated by electrostatic interactions and resulted in
stable, enzymatically active complexes. The assembly
kinetics were monitored by CdTe photoluminescence
(PL) spectroscopy and exhibited first-order Langmuir
adsorption behavior.

*  Photocatalytic H, production required the presence of
a sacrificial donor (ascorbic acid), and was found to be
highly dependent on donor concentration and CdTe-to-
Cal molar ratio.

*  Nanoparticle photoluminescence efficiency affected
H, production, likely due to competition for available
exciton electrons.

Characterization of CdS-Cal complexes [2]

*  Complex self-assembly resulted in CdS binding to the
in vivo electron donor (ferredoxin, Fd) binding site, as
evidenced by the inhibition of Fd-driven H, production
by CdS. Competition assays yielded a AG, .. in the

regime between electrostatic and covalent interactions.

*  Photocatalytic H, production was dependent on molar
ratio, and the results were interpreted using a Poisson
distribution. H, production efficiency maximized in
solutions favoring a single Cal per nanorod. Higher Cal
coverage appears to lead to competition of electrons and
loss in efficiency due to back-electron-transfer.

* H, production was limited by light intensities at fluxes up
to approximately 3x solar flux.

*  The quantum yield of H, production measured for
monochromatic 405nm light was 20%.

Electron transfer in CdS-Cal complexes [1]

+  Electron transfer rates of 10’ were measured by transient
absorption. These rates are on the same order as the
recombination rate of the nanoparticle. Quantum
efficiency of electron trasnfer was measured at 42% for
1-to-1 molar ratios, and the efficiency increased with
increasing Cal concentration.
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\ Nanoparticle
N size

* It may be possible to enhance complex efficiency by
manipulating the nanoparticle recombination rates such
that ET is faster that recombination, improving the
completion for exciton electrons.

*  The electron transfer rate was unaffected by catalytic
inhibition of Cal, indicating electron transfer occurs
between the CdS and an accessory Fe-S cluster of the
Cal, followed by transfer through the enzyme electron
transfer pathway to the active site.

CdTe nanoparticle size manuscript in preparation)

*  Electron transfer rates are insensitive the nanoparticle
size, despite increasing electron overpotential with
decreasing nanoparticle diameter.

*  Photocatalytic H, production rates and quantum
efficiencies increasing with increasing diameter, with a
maximum quantum efficiency for 3.5 nm CdTe of 12%.

*  CdTe-Cal electron transfer and photocatalytic H,
production rates are insensitive to electron overpotential
and likely depend on combination of other factors,
including nanoparticle recombination rates, enzyme
coverage, and exciton lifetime.

Future Directions

» Investigate the photocatalytic properties of nanoparticle/
Ni-N,P, complexes in collaboration with Dr. Wendy
Shaw at PNNL.

*  Continue collaborative studies with CU-Boulder on
developing a nanoparticle/~hydrogenase charge-transfer
framework model, effects of interfacial ligands on &,
dynamics, and core-shell complexes.

Integrate metallic nanoparticles into nanoparticle-
hydrogenase complexes to investigate the impact
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of surface plasmon enhancement on artificial
photosynthesis in these systems.

Publication list (including patents)
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Objectives

CNEEC’s mission is to understand how nanostructuring
can enhance efficiency for solar energy conversion to produce
hydrogen fuel and to solve fundamental cross-cutting
problems.

The overarching goal is to increase conversion efficiency
by manipulating materials at the nanometer scale. We
develop advanced synthesis, fabrication and characterization
methodologies to understand how nanostructuring can
optimize light absorption through quantum and optical

confinement and improve catalysis through theory-driven
and bio-inspired design. Each is manipulated to improve
performance and efficiency in solar energy conversion to
hydrogen fuel for storage.

Our research helps understand and expand the scientific
foundation of the underlying physical and chemical
phenomena that can lead to break-out high-efficiency,
cost-effective energy technologies. This multi-disciplinary
approach is enabled by the Center structure that provides
the intellectual environment and the facilities infrastructure
critical to carry out the research projects. A team of CNEEC
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researchers assembled across disciplines and institutions
(see Fig. 1) bring their complementary expertise to bear

on these complex but fundamental issues that cut across

not just conversion of sunlight to hydrogen fuel, but also
many energy conversion and storage devices. To pursue its
mission, CNEEC has organized its research activities in two
interconnected projects:

e Project 1. Optical and quantum confinement for light
absorption.

*  Project 2. Atomic-scale engineering for catalysis.

Technical Barriers

The two projects collectively aim to tackle two primary
technical barriers: (1) the efficient absorption of sunlight
and (2) subsequent conversion it to stored energy in the form
of hydrogen fuel. The project teams work closely together
to integrate the best absorbers from Project 1 with the best

Characterization/
Measurement

Simulation/
Modeling

Goldhaber-Gordon, Zheng
Bent, Brongersma
Grossman

Fabrication

FIGURE 1. CNEEC model.

catalysts from Project 2 and test their solar-to-chemical
conversion efficiency.

Abstract

This poster will cover selected CNEEC highlights from
both Project #1 and Project #2, as well as their integrations,
Fig. 2. In particular, the poster will describe our efforts
to establish nanoconfinement effects, to utilize photonic
concepts for enhanced light absorption, and to develop
sophisticated fabrication and observation platforms to
advance the field of photoelectrochemical (PEC) water-
splitting. The poster will also describe our efforts in catalyst
engineering at the atomic scale in order to develop active
catalysts for both the hydrogen evolution reaction (HER)
and the oxygen evolution reaction (OER). We will also
show our latest results in developing active, stable, low-cost
photoelectrodes for PEC water-splitting.

Progress Report

Selected key accomplishments in CNEEC during this past
year:

*  Demonstrated interparticle electronic coupling between
closely spaced quantum dots using electron energy loss
spectroscopy in the transmission electron microscope
(STEM-EELS).

*  Demonstrated the ability to engineer band energy
positions of PbS quantum dots through passivation by
ligands with different dipole moments.

»  Used atomic layer deposition (ALD) to form engineered
PbS quantum dots and Al,O, barrier layers to improve
charge collection of photo-induced carriers; tested using
quantum dot-sensitized solar cell platform.

Confinement Structures Center on Nanostructuring for Efficient Energy Conversion Photocatalysts
D

Optical confinement

Quantum confinement

> o

—= ]
nano-
. | structured
A

Site specific synthesis

doped
Ti0,

Water

Computational materials design

FIGURE 2. Schematic depiction of CNEEC research projects.
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e Accomplished record absorption coefficients for visible
light using self-assembled plasmonic arrays tuned by
atomic layer deposition.

*  Used optical simulations to demonstrate that judiciously
engineered iron oxide photoanodes based on nanocone
arrays can achieve total above-band-gap solar
absorption.

*  Developed new types of transparent electrodes
consisting of mesoscale and nanoscale metal nanowires
achieving a sheet resistance of 0.36 Ohm/sq and
transmittance of 92%.

*  Demonstrated large-area nanopatterned photoelectrodes
that capitalize on optical (Mie) resonances to boost the
rate of water splitting reactions by a factor of 3.

*  Developed models for the performance limits on PEC
water-splitting based on the current state of materials
research, providing insights into avenues of greatest
impact to improve performance.

* Identified the surface structure of manganese oxide
catalysts under OER and ORR operating conditions
using in-situ synchrotron spectroscopies.

*  Engineered improved catalysts by interfacing manganese
oxide with gold, and explored their interactions with ex-
situ and in-situ synchrotron spectroscopies.

*  Developed precious-metal free regenerative fuel cells for
energy storage by means of water electrolysis, based on
CNEEC-developed OER catalysts.

*  Identified how MoS, surface structure impacts its
semiconductor properties for PEC water-splitting.

*  Employed theory to identify transition metal selenides
for HER and to understand trends in reactivity based on
the electronic structure.

*  Developed methods to calculate Pourbaix diagrams
to assess material stability under PEC water-splitting
conditions, expanding screening-space to include layered
perovskites, double perovskites, and 2400 additional
known materials from the ICSD database, leading to
the identification by theory of several new promising
materials for visible light absorption and catalysis.

* Identified new promising catalyst materials by means of
a computational DFT screening study of several hundred
ABO, perovskite oxides, including strain-induced
systems.

*  Developed ternary oxide OER electrocatalysts deposited
by ALD, complementing theoretical predictions on
mixed metal oxide catalysts made by Nerskov and
coworkers in CNEEC.

* Integrated atomically-engineered molybdenum sulfide
catalysts onto silicon to produce highly active, and stable
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photocathodes for PEC water-splitting without precious
metals.

Future Directions

CNEEC will continue forward with its mission is to
understand how nanostructuring can enhance efficiency for
solar energy conversion to produce hydrogen fuel and to
solve fundamental cross-cutting problems. By manipulating
materials at the nanometer scale through advanced synthesis,
fabrication and characterization methodologies we will
impact optical and catalytic properties of materials to
produce fundamental advancements that can ultimately
enable technology in this field.
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