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Project Introduction

Silicon has received significant attention as an alternative to the graphitic carbon negative electrode presently
used in lithium-ion batteries due to its much higher capacity and general availability. Compared to graphitic
carbons, silicon has nearly an order of magnitude higher capacity (~3600 mAh/g silicon vs 372 mAh/g graphite),
however, several problems that limit its utility in commercial cells have been identified including large
crystallographic expansion upon lithiation (~320%), slow lithium diffusion, and high reactivity at various states
of charge. Combined, these materials properties can result in active particle cracking (stress-strain), particle
isolation, electrolyte reactivity, and electrode delamination issues. These chemical reactivity and volume
changes are manifested in SEI stability and cycling efficiency issues for the cell. Keeping this in mind, the large
number of studies focused on silicon-based electrodes is a testament to the opportunity it presents but also the

size of the challenge and innovation it inspires on multiple fronts. BatPaC, a techno-economic program
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Figure 1.1.9.032.1. Battery Performance and Cost (BatPaC) model utilized to establish relevance by
connecting pack to anode targets.

designed to model lithium-ion battery performance and cost, was utilized to establish program relevance by
connecting DOE/USABC pack performance targets to anode targets. BatPac analysis of the needs for LIB anode
science (see Figure 1.1.9.032.1, left frame) indicated that anode volumetric capacities greater than 1000
mAh/cm® generally minimizes battery cost when coupled to an advanced NMC cathode. Note that higher
capacities result in diminishing savings in cost. The analysis (right frame) also predicts that silicon-graphite
electrodes with less than 75 wt% graphite can achieve the 1000 mAh/cm? target.

Next Generation Anodes for Lithium-Ion Batteries, also referred to as the Silicon DeepDive Program, is a
consortium of five National Laboratories assembled to tackle the barriers associated with development of an
advanced lithium-ion negative electrode based upon silicon as the active material. This research program has
several goals including establishing baseline silicon materials for research consistency obtained in quantities
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sufficient for electrode preparation by the consortiums combined facilities and executing full cell development
strategies that leverage DOE-EERE-VTO investments in electroactive materials and characterization. The
primary objective of this program is to understand and eliminate the barriers to implementation of a silicon-
based anode in a lithium-ion cell. The five National Laboratories involved are focused on a single program with
continuous interaction, established protocols for analysis, and targets for developing both an understanding and
a cell chemistry associated with advance negative electrodes for lithium-ion cells. This undertaking is a full
electrode/full cell chemistry project leveraging common baseline electrodes prepared at the consortium facilities.
All efforts are directed to understanding and developing the chemistry needed for advancing silicon-based
anodes operating in full cells. Materials development efforts include active material development, binder
synthesis, coatings, safety, and electrolyte additives. Efforts include diagnostic research from all partners, which
span a wide range of electrochemical, chemical and structural characterization of the system across length- and
time-scales. Specialized characterization techniques developed with DOE-EERE-VTO funding, include neutron
diffraction studies, MAS-NMR and optical spectroscopy methods, and X-ray based techniques being employed
to understand operation and failure mechanisms in silicon-based anodes. The project is managed as a single team
effort spanning the Labs, with consensus decisions driving research directions and toward development of high-
energy density lithium-ion batteries. A detailed list of participants is given in Figure 1.1.9.032.2.
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Figure 1.1.9.032.2. Program participants including Laboratories, research facilities, and individual contributors.
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Objectives

e Understand and overcome the science and technology barriers to the use of silicon-based anodes in
high-energy density lithium-ion batteries for transportation applications.
o Stabilize the SEI
o Stabilize the electrode structure

e Demonstrate functional prototype lithium-ion cell chemistries that include a silicon-containing anode
which meet the DOE/USABC performance targets.

Approach

Oak Ridge National Laboratory (ORNL), National Renewable Energy Laboratory (NREL), Sandia National
Laboratory (SNL), Lawrence Berkeley National Laboratory (LBNL), and Argonne National Laboratory (ANL)
have teamed together to form an integrated program dedicated to identifying, developing an understanding, and
proposing solutions to the problems associated with the commercialization of silicon as an active component of
a lithium—ion electrochemical cell. Technical targets have been developed and regular communications have
been established across the team. Throughout the program, there is a planned focus on understanding, insights
into, and advancement of silicon-based materials, electrodes, and cells. Advancements will be verified based on
life and performance of full cells. Toward that end, baseline silicon-based materials, electrodes, and cells have
been adopted, along with uniform full cell testing protocols.

In examining improvements, changes to the baseline cell technology will be assessed regularly and will be
updated to reflect advances, new suppliers, and treatments based on the data and assessments from team
members. Studies of the present baseline systems have adopted a testing protocol from the literature that has
worked well for lithium-ion cells with silicon containing anodes. The test starts with three slow (C/20) formation
cycles, an HPPC cycle, and then the C/3 aging cycles. The test ends with another HPPC cycle and three slower
(C/20) cycles. All constant current cycling is symmetric between charge and discharge rates. The tests are run at
30°C. If there is little or no aging in the first 100 cycles, the protocol can be repeated. This protocol effectively
examines capacity, impedance, and aging effects in about a month’s worth of testing. The present baseline silicon
was developed and produced by Paraclete Energy (Chelsea, MI) and has been made available to all participants
on demand. The silicon was purchased in bulk from Paraclete to minimize batch to batch issues and electrode
fabrication was done using consistent materials, compositions, and conditions. The cathode is a commercial 532
NMC Cathode available from CAMP, and the baseline electrolyte is 1.2M LiPFs in a 3:7 ratio of EC/EMC by
weight (Gen2) plus 10 wt% FEC. Scale-up of materials, incorporation of materials advancements into electrodes,
prototype cells, characterization, safety evaluation, abuse tolerance and testing of cells, are part of a wide range
of integrated studies supported by battery research facilities at the National Labs working closely with the
program. These research facilities include the Battery Abuse Testing Laboratory (BATLab), the Battery
Manufacturing Facility (BMF), the Cell Analysis, Modeling, and Prototyping (CAMP), and the Post-Test
Facility (PTF).

The fundamental understanding developed as part of the silicon DeepDive is based on extensive electrochemical
and analytical studies of the components, electrodes, and cells conducted by researchers in the program. This
effort contains in-situ and ex-situ studies on full and specialty cells, including reference electrode cells. Overall,
the diagnostic studies are intended to help establish structure-composition-property relationships, including
lithium-rich surface compounds, bulk transport, and kinetic phenomena. Together they form the basis for
accurately assessing component and electrode failure modes and sets a path for advancements. Supported by
the diagnostic studies, materials development on silicon-based materials, electrodes, and cells has been focused
on enhancement of interfacial stability, accommodation of volume changes on lithiation, improvements in
overall performance and life. A key avenue of research for this goal is the development and testing of surface
coatings and electrolyte additives designed to modify and stabilize the dynamic silicon-electrolyte interface. In
this past year we have added more diagnostic techniques designed to probe the role of additives on the rigidity,
porosity, and transport properties of the surface electrolyte interphase (SEI). Keeping with the goals of using
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full cell for the DeepDive effort, efforts aimed at understanding the slurry properties, role of binder protonation,
and viscosity continues as a multi-Lab pathway to improve the baseline electrodes.

Communication of programmatic progress to battery community is critical. This will generally be accomplished
through publications, presentations, reports, and reviews. Further, the program is open to industrial participation
and/or collaboration that does not limit program innovation or the free flow of information. Finally, the
DeepDive is highly integrated with the SEISta program, a sister program focused on stabilization of the silicon
SEI layer. Generally, SEISta is focused on the development and characterization of model systems, surface
analysis, well-defined thin film electrodes, and interfacial silicate phases and phenomena.

1. Results: Silicon-based Electrodes

Silicon Utilization: The silicon electrode development effort continued a focus on high-silicon (graphite-free)
electrode formulations that it began in FY18. Since volume expansion issues associated with charged silicon
anodes are dependent on the cell voltage, a goal was to understand with a silicon composite electrode (rather
than the just the element) the role silicon particle volume expansion and contraction play in electrode
performance versus extent of lithiation by evaluating multiple voltage window cutoffs for the anode. Previous
efforts by CAMP utilized lithiation to as low as 10 mV versus Li*/Li, with limited enhancement of cycle life.
The initial focus was a performance comparison of electrodes designed with 50 mV and 100 mV lithiation cutoff
potential using three batches of baseline silicon material sourced from Paraclete Energy. Sample one was a Si
batch annealed in air at 400°C to remove surface silica defects using conditions optimized previously. Samples
two and three were high-silicon content electrode compositions noted below:

71:10:19 wt.% (silicon: conductive additive: LiPAA binder)
80:10:10 wt.% (silicon: conductive additive: LiPAA binder)
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Figure 1.1.9.032.3. Lithiation capacity versus lithium metal for various graphite-free silicon electrodes fabricated by the
CAMP Facility. These cells were cycled between 0.05 to 1.5 V or 0.1 to 1.5 V vs. Li*/Li as noted in the legend.

The half-cell performance of these cells is shown in Figure 1.1.9.032.3. From this plot it is noted that the capacity
utilization and fade rate vary significantly between electrodes, however it is clear is that the first lithiation
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capacity is very consistent for the electrode sets using a 50 mV and 100 mV cutoff potential. For samples that
underwent the heat treatment in air at 400 °C, enhanced capacity utilization of the silicon compared to baseline
was observed. This is consistent with previous reports although tradeoffs in lost active material, control of
passivation thickness, and lithium silicate formation and dissolution have been noted in the DeepDive and SEISta
programs.

Figure 1.1.9.032.4 is a comparison of full cell performance of the 15 wt. % silicon-graphite and a high-silicon
graphite-free anodes versus a baseline NMC532 cathode baseline with the 50mV cutoff. The Si electrodes were
matched to the NMC532 capacity loading that were included in this full cell study. This included the original
baseline Si (electrodes: 15 wt.%) from NanoAmor (50-70 nm) from electrodes in the CAMP library at the correct
loading. It is evident that both data sets have a similar but excessive capacity fade rate, regardless of the amount
or source of silicon. The performance of the various sources of Si at 15 wt.% is exceptionally similar. For the 80
wt. % Si electrodes, the best capacity retention was seen for the 400°C air annealed Paraclete Si (black line)
materials. While the same Si that was not heat treated resulted in a lower capacity, the capacity fade rate was
similar for all Si electrodes.
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Figure 1.1.9.032.4. Full cell results using the silicon DeepDive protocol for the high-silicon graphite-free anodes and
15 wt.% Si in graphite composite. All anodes were tested against a capacity-matched NMC532 cathode. The anode to
cathode capacity pairing for the electrode couples was based on the anode capacities achieved upon a 50-mV
lithiation cutoff.

Comparing the half-cell and full-cell results, a portion of which was presented in Figure 1.1.9.032.4, we believe
that the difference in capacity utilization and fade rate for the high-silicon electrodes is most likely due to subtle
uncontrolled variations in mixing and coating of the slurries used to create the electrodes. These subtle variations
are magnified greatly due to the high capacity of silicon, which is ten times the capacity of graphite. Such an
effect would be expected with the relatively lower amounts of conductive additive used in these high-silicon
electrodes. Supported by microscopy studies by ANL Post Test and ORNL teams, it is possible that the silicon
particles are more easily isolated and electronically disconnect (partially or completely) from the electronic
matrix of the electrode during cycling. These observations have led to joint efforts between ANL and ORNL to
develop slurries that lead to more homogeneous electrodes with higher amounts of conductive additive and
silicon content in the 50 — 70 wt.% range. Additional and related work in conjunction with the binder
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development group (Lu Zhang/ANL) has been addressing the role of slurry viscosity, pH, and adhesion to the
active silicon particles as a path to strengthening the physical properties of electrodes. For these tests, the silicon
sources were from Paraclete Energy, the programmatic baseline material, to ensure surface chemistries are
consistent.

Conductive Additives: Using Raman Spectroscopy mapping techniques, electrode homogeneity was explored
and is presented in Figure 1.1.9.032.5. The K-means clustering algorithm was used to analyze the Raman
mapping of each sample. The purpose of using K-means analysis is to partition the large set of the Raman spectra
into a small groups or clusters of spectra that have similarities. Each spectrum in a frame of Raman mapping
was categorized into three clusters, with each cluster color coded in Figure 1.1.9.032.5. The electrode is not
uniform on a microscopic level. The blue region in the Raman map corresponds to a silicon rich, carbon black
deficient region. The red region corresponds to a carbon black rich, silicon deficient region. The green region is
the silicon/carbon black interface. As constructed the electrodes are best described as islands of carbon black
dispersed in a sea of silicon. Because silicon has low intrinsic conductivity, contact between the carbon black
and the majority of the silicon needs to be high to achieve the highest capacity on cycling. Inhomogeneities in
the electrode structure due to particle size
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Figure 1.1.9.032.5. (Left) Raman mapping of pristine electrode. (Right) - cycling data for the electrodes

differences, surface chemistry, incomplete polymer interactions, and processing issues may exist. This
inhomogeneity may translate to poor cycling performances depending on their defect concentrations and local
changes in electrode structure (Figure 1.1.9.032.5 right) that build-up on cycling.

Based on these electrode formulation observations, a study of various types of carbon that can be used to improve
electrode stability and the electronic conductivity of the electrode matrix was performed with a high-silicon
content (60 wt%). Increasing the concentration of conductive additive in these high-silicon electrodes should
ensure that the silicon particles are more firmly connected to the electrode’s electronic matrix during cycling.
Based on small scale tests and discussions, two series of electrodes were created for the CAMP electrode library,
one with 23 wt% electrochemically active Timcal SFG-6-L flake graphitic carbon, 60 wt.% Paraclete Si, 2 wt.%
C45 carbon additive, and 15 wt.% LiPAA binder; the second uses a Kureha hard carbon instead of the graphitic
carbon. These electrodes were designed to operate with a 100 mV lithiation cutoff (vs. Li*/Li) as discussed
previously.

With these different electrode slurries, electrodes required optimization of the coating wet gap, temperature
zone profile, ventilation flow, and coating line speed. This was especially so for the SFG-6-L flakey graphite,
as can be seen in Figure 1.1.9.032.6. for various wet gap settings. The final specifications for both of these
trial electrodes are summarized in Figure 1.1.9.032.7.
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Figure 1.1.9.032.6. Variations in coating quality as a function of wet gap setting for 23 wt.% SFG-6-L flakey graphite with 60
wt.% silicon.

The half-cell performance of these two electrodes with 60 wt.% Si are shown in Figure 1.1.9.032.8 with a
comparison to two 80 wt.% Paraclete Si electrodes that are graphite-free (A-A017 “4 Kd Si” and A-A018 “Dec

2018 Si”; 10wt.% C45 and 10 wt.% LiPAA). Analysis of the data indicates that the Coulombic efficiency is
significantly improved for the electrode with SFG-6-L flakey graphite compared to the 80 wt.% Si electrodes.

Anode: LN3174-80-10

60 wt% Paraclete Energy nSiO "G18-031-MM"
23 wt% Timcal SFG-6-L flake graphite

Anode: LN3174-81-8

60 wt% Paraclete Energy nSiO “G18-031-MM"
23 wi% Kureha Hard Carbon

2  wt% Timcal C45 carbon 2 wit% Timcal C45 carbon
15 wt% LiPAA (H20), LiOH titrated 15 wt% LiPAA (H20), LiOH titrated

PoracietonSi0[G 1803 1-MML "557 = single ided -~ Calendared by hand 31-MM]. Kureha Cartotron P 5(F) Lot® 220601,

Cu Foil: 10 microns Temengnaeen coersmty e

. . Cu Foil: 10 microns
TotaI.EIectr.ode Thickness: 28 um (SS) Total Electrode Thickness: 28 pm (SS)
Coating Thickness: 18 pm (SS)

Porosity: 44.4 % Coating Thickness: 18 pm (SS)
. . 0

T 0,
Total SS Coating Loading: 2.01 mg/cm? Porosity. 49'0, % . 5
Total SS Coating Density: 1.12 g/lem?® Total SS Coating Loading: 1.84 mg/cm

Total SS Coating Density: 1.02 g/lcm?
Made by CAMP Facility Made by CAMP Facility

Figure 1.1.9.032.7. Final specification for the two trial electrodes produced in this quarter based on 23 wt.%
electrochemically active carbon (SFG-6-L flakey graphite and hard carbon) with 60 wt.% silicon.

After the second cycle this Si-flake graphite electrode has a delithiation specific capacity similar to the electrodes
with 80 wt.% Si. Notably, the electrode made with a Kureha hard carbons had noticeably poorer Coulombic
efficiency and lower specific capacity than the electrode made with a graphitic carbon.
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Figure 1.1.9.032.8. Lithiation & delithiation capacity versus lithium metal for 60 wt.% Si electrodes with 23 wt.% of either
SFG-6-L flakey graphite or hard carbon. Comparison made to 80 wt.% graphite-free silicon electrodes (A-A017 “4 Kd Si”
and A-A018 “Dec 2018 Si”; 10 wt.% C45 and 10 wt.% LiPAA), all fabricated by the CAMP Facility. These cells were cycled
between 0.1 to 1.5 V vs. Li*/Li.

Binder Properties: To improve slurry properties, the use of PAA as a dispersant in the silicon electrode slurry
was evaluated using several slurry modifications suggested by the Zeta-potential data from ORNL. Two slurries
were tried with 1.8k PAA as the dispersant with either PAA as the binder, or LiPAA as the binder. Two more
slurries were prepared without the dispersant to establish a baseline for this study. The PAA and LiPAA were
450k molecular weight. The compositions (dry wt. %) were as follows:

1. 80/10/9.5/0.5 [Si/C-45/450k PAA binder/1.8k PAA dispersant, water based]
1l 80/10/10 [Si1/C-45/450k PAA binder, water based]

iil. 80/10/9.5/0.5 [Si/C-45/450k LiPAA binder/1.8k PAA dispersant, water based]
v. 80/10/10 [Si/C-45/450k LiPAA binder, water based]

Early data and discussions have highlighted that the order of addition is a variable that needs to be explored and
will be a focus in FY20. The slurries above were mixed all at once in a planetary ball mill as a first trial. The
rheology of the slurries was investigated and is shown in Figure 1.1.9.032.9 for the slurries based on LiPAA as
the binder, with and without the PAA dispersant. Overall, the viscosity-shear rate behavior was very similar,
with the dispersant lowering the viscosity slightly, as can be expected.

Next Generation Anodes 9
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Figure 1.1.9.032.9. Viscosity vs. shear rate for 80 wt.% Si using LiPAA binder with PAA dispersant (LN3174-115) and
without PAA dispersant (LN3174-116). Rheology measurement performed using a cone-plate geometry with a cone
diameter of 20 mm and an angle of 2°. The temperature was held at 25 °C.

Initial baseline electrode studies based on LiPAA indicated they were much more uniform than the electrodes
based on PAA binder. This was consistent with previously reported CAMP studies establishing the LiPAA-
based electrodes as the baseline. While previous PAA-based slurries and electrodes showed inferior lamination
properties, the addition of the dispersant to date has shown only small changes in electrode quality. However
early state testing of multiple electrodes in a half cell configuration indicates that the cells with PAA as the
binder have far better capacity utilization. For comparison the viscosity versus shear rate plot for an SFG6
graphitic carbon electrode with a LiPAA binder is shown in Figure 1.1.9.032.10.
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Figure 1.1.9.032.10. Viscosity vs. shear rate for a SFG-6L graphite electrode (no silicon) using LiPAA binder dispersant
(black curve, LN3174-111), and for a SFG-6L graphite electrode (no silicon) with PAA binder (magenta curve, LN3174-
112). Slurries consisted of 88 wt.% graphite, 2 wt.% C45 carbon, and 10 wt.% binder. Rheology measurement performed
using a cone-plate geometry with a cone diameter of 20 mm and an angle of 2°. The temperature was held at 25 °C.

To better understand these observations, the solution properties of the slurries were investigated. The role of the
binder, in addition to adhesion to particles and the current collector foil, additionally involves mediating

10 FY 2019 Annual Progress Report


http:1.1.9.032.10
http:1.1.9.032.10

FY 2019 ANNUAL REPORT

electrode formation and homogeneity which will influence SEI formation and electrode stability as the Si
particles expand and contract. To address this interest, ultra-small angle neutron scattering (USANS)
experiments on PAA solutions and PAA solutions with high concentrations of silicon with and without shear
has been performed. These shear conditions reflect what occurs during electrode casting and slurry fabrication.
USANS is an elastic neutron scattering method where incident neutrons are scattered at very small angles to
measure large macrostructural organizations in solids, liquids and mixtures (100-3000 nm). USANS is
particularly sensitive to hydrogen containing molecules (PAA) but insensitive to Si. As a result, the data fit
provides insights to the polymer structure and dynamics.

For these experiments 450K MW PAA and silicon were obtained from the CAMP facility and used as received.
The materials were dispersed in DO which allows significant contrast to observe the complex structure of the
PAA. Figure 1.1.9.032.11 shows the rheology data measured for the PAA solution and a PAA/Si/CB slurry
used to fabricate electrodes at CAMP. The data for the PAA shows an initial flat (Newtonian) viscosity to about
20 Hz followed by a decrease in viscosity attributed to shear thinning due to changes in the PAA conformation
within the suspension. In contrast, the slurry shows a more significant shear thinning processes followed by
Newtonian behavior then a larger shear thinning behavior at shear rates greater than 20 Hz. This rheological
response is indicative of complex interactions within the slurry and point to different polymer structures
depending on shear rates which will influence electrode formation and could help explain the differences in
performance reported in the literature for PAA-based electrodes.

The USANS data collected for the samples at 0 and 30 Hz are shown in Figure 1.1.9.032.12. The data is
presented as intensity versus A'. USANS data was fit with the correlation length model described by Equation
1. The correlation length model characterizes polymer and colloidal solutions on multiple length scales from
polymer chain packing to agglomeration. This allows for the exploration of the slurry system on a length scale
from 200 nm to 10 microns. Q is a length scale measurement in reciprocal space. The first term represents the
Porod scattering at low Q ranges, the second term characterizes the Lorentzian scattering at high Q ranges, and
the third term, B is a background correction term. Porod-type scattering represents large features, such as polymer
aggregation, while Lorentzian scattering represents small features, such as density of polymer chains in a
polymer cluster.

(1) I(Q)=A/Q"+C/(1+(QLY")+B

The exponent n characterizes the shape of the particles or aggregates as surface fractals, while the exponent m
represents the density of polymer chain packing. The scaling factor 4 has an inverse relationship with the amount
of polymer agglomeration on a micron length scale, while the scaling factor C represents polymer aggregation
on a 300 nm to 1-micron length scale. The final parameter L is correlation length which represents the size of a
polymer cluster.
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Figure 1.1.9.032.11. Viscosity versus shear rate curve for silicon electrode slurry. Inset schematic from left
to right depict 1) extremely collapsed polymer chains on a silicon particle, 2) a mixture of extremely
collapsed polymer chains and extended polymer chains as well as polymer that has been sheared and is
now in the water phase, and 3) silicon particle aggregation at high shear rates. The line is added to guide
the eye.

Based on our previous experience, a binder needs to exist as a polymer ellipsoid (n=2-3) where the ellipsoid can
interact with other polymer chains forming a polymer network homogeneously distributed throughout the
electrode slurry with and without shear. Additionally, agglomeration (1-10 pm length scale) and aggregation
(0.3-1 um length scale) of the polymers tend to mediate electrode homogeneity and dispersion. Fitting the PAA
data revealed that PAA agglomerates and aggregates at shear rates less than approximately 50 Hz. (The
agglomeration parameter, A, decreases from 8.9 to 4x10*, and the aggregation parameter, C, increases from
2.1x10° and 9.1x10°.) This is typical behavior in polymer solutions as the polymer becomes entangled with itself
causing an increase in agglomeration. At a certain shear rate, the shear stress overcomes the critical entanglement
parameter of the polymer and the polymer shear thins. Shear thinning occurs when polymer-polymer interactions
are broken by the shear force. The polymer chains then align in the direction of shear and the polymer-polymer
interactions are not reformed until shear is removed. The observed changes in the PAA data are consistent with
the rheology data in Figure 1.1.9.032.11 showing shear thinning behavior and is due to these changes in the
PAA in solution.
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Figure 1.1.9.032.12. Intensity versus Q ultra small angle neutron scattering plots of (a) 14 wt% solution of 450,000 g/mol

poly(acrylic acid) in deuterated water at O Hz and 30 Hz and (b) a 10 wt% solution of 450,000 g/mol poly(acrylic acid) and

silicon nanoparticles (17 wt%) in deuterated water at O Hz (experimental data=blue circles, fitted data=blue lines) and 30
Hz (experimental data=red circles, fitted data=red lines).

The addition of silicon results in major changes in the solution polymer structure. Agglomeration and
aggregation decrease upon an increase in shear rate with the introduction of silicon. This is the opposite of what
was observed with the PAA alone. This may be a result of several possibilities including: 1) PAA chains
interactions strongly adsorb to the silicon surface results but the polymer chains elongate and disentangle, 2)
PAA desorbs from silicon anode upon shear and disentangle from one other, and 3) extra PAA that cannot adsorb
to silicon creates lubrication layers which do not allow PAA chains adhered to other silicon particles to interact
with one another. Analysis of USANS data shows that the PAA chains in the Si/PAA slurry are elongating as
the L parameter increases from 76 nm to 120 nm upon shear. Elongation implies that polymer chains are
disentangling from one another and polymer-polymer interactions are broken. Elongation and disentanglement
of the polymer chains are supported by analysis of n parameter where the aggregate goes from a hard sphere
(n=4) to a polymer ellipsoid (n=2.6) as shear rate is increased. For a polymer to exhibit crystal-like scattering
(n=4), the polymer chain must be highly collapsed and have almost no free volume. For this same polymer to
morph into a polymer ellipsoid upon shear, the polymer chains must elongate and begin to fold back on
themselves and one another. This data is consistent with the rheology data and demonstrates that the origin of
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the shear thinning is a slight elongation of the bound polymers. A schematic of this Si/PAA architecture is
shown in Figure 1.1.9.032.11.

The data analysis reveals some surprising differences between the pure PAA and Si/PAA mixture. The PAA
solution is comprised of large PAA clusters well dispersed in solution (~1000 nm). The addition of the Si
particles causes PAA condensation forming ~76 nm particles, a nearly 10-fold decrease in size due to association
with the silicon materials. These bound PAA molecules are strongly associated and not well dispersed in
solution. This would indicate the PAA is acting to stabilize the Si in suspension but not interacting to form an
extended network which we hypothesize is needed to form a stable electrode.

The properties of the polymeric binder are derived not only from the shear properties and molecular weight, but
also the relative pH, functional groups, and viscosity. For baseline electrodes, LiPAA-based binders were chosen
based on experimental evidence of final electrode structure. This was believed to be derived from superior
viscosity properties associated with slurries with high lithiation. This advantage of better initial electrodes was
in part offset by slightly better performance for cells derived from electrodes that were created using an
approximately pH neutral PAA binder system. The higher pH used for the heavily lithiated PAA binder systems
adversely affects chemical stability of Si particles in the slurry (dissolution of SiO), binding strength of PAA,
and cycling performance of the silicon anodes due to the involvement of strong base of LiOH. Currently, only
N-methyl-2-pyrrolidone (NMP) and water have been widely used as processing solvent for silicon electrodes,
and the fabricated cells behave drastically differently. Despites the drastic impacts, the role of the processing
solvents is not clear

With these observations, we have investigated alternative methods to generate a more basic solution pH but at
lower lithium cation contents to improve the viscosities and processing of the baseline PAA-based slurries.
Initially, ammonia (NH3) and triethylamine (Et;N) were used as alternative neutralizing reagent to improve the
rheological properties of PAA solutions. These additives were in part chosen because after the advantages
associated with processing at a more neutral pH were built into the electrode, gentle heating would remove the
additives from the electrode in a clean one-step process. A series of SAXS (Small Angle X-ray Scattering)
experiments were used to understand the solvation behavior of PAA in various solvents as it related to the basic
additives, processed into Si content electrodes and evaluated in Li half cells. These experiments are
complimentary to the neutron diffraction studies noted earlier.

Slurry Properties: According to our previous study, aqueous PAA-Li solutions have higher viscosity at low
shear rate and better shear thinning at high shear rate than pristine PAA solution. Therefore, more water should
be needed for PAA-Li slurry to achieve the desired fluidity. For example, PAA-85% Li slurry requires three
times of water to reach the ideal state for lamination compared to that of pristine PAA slurry. The resulting PAA-
85% Li slurry is thus more dilute with better dispersion of electrode materials, and less effected by the water
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evaporation, which is observed all the time in dry rooms. However, PAA-Li binders can lead to more degradation
of the fabricated electrodes, which we believe is caused by the increased pH value of the binder solution and
weaker binding strength provided by lithiated binder. To address this issue, ammonia (NH3) and triethylamine
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Figure 1.1.9.032.14. Specific delithiation capacity profiles of Li half cells using electrodes containing 73 wt% graphite, 15
wt% Si, 10 wt% modified PAA binders, and 2 wt% C45 over 100 cycles at C/3 rate.

(EtsN, TEA) were utilized as neutralizing reagent instead of LiOH. These weak bases can modify the viscosity
of the PAA solution in a similar way as LiOH does but with less of an increase of pH value. As shown in Figure
1.1.9.032.13 the viscosity and shear thinning of PAA solutions neutralized by NH; (i.e., PAA-NH3) is
comparable with the current standard PAA-Li binder used by CAMP (i.e., PAA-85%Li with pH of 6). The pH
value of PAA-NH3; solutions (e.g., pH of PAA-85%NH; = 5) is lower than that of PAA-85%Li solution. PAA
solutions modified by EtsN (i.e., PAA-TEA) showed even more viscosity improvements due to the bulky
[EtsNH]* cations. For example, PAA-TEA solution with only 50% of EtsN achieved similar viscosity and shear
thinning as PAA-85%Li solution. The pH of PAA-TEA solutions is even lower (e.g., pH of PAA-50% TEA =
4.5). In addition, these weak bases could be removed from the electrode by thermal decomposition during the
drying process at high temperature in vacuo. IR analysis for PAA-NHj3 binders after thermal treatment showed
a distinct peak around 1700 cm™, indicating the existence of pristine PAA. Therefore, the binding strength of
PAA binder could be restored since the ammonium carboxylate groups will convert to carboxylic acid groups
after thermal decomposition. The capacity profiles of graphite-Si composite electrodes fabricated using these
modified PAA binders were summarized in Figure 1.1.9.032.14. The cells were subjected to three formation
cycles between 0.01 V and 1.50 V at C/20 rate, followed by 100 aging cycles at C/3 rate. PAA-50%TEA cells
have much lower initial capacity (303 mAh/g) than pristine PAA cells (722 mAh/g). By looking into the
differential capacity profile of a PAA-50% TEA cell, most of the capacity resulting from Si was lost during
formation cycles, possibly due to the increased impedance by the large [EtsNH]" cations. On the other hand,
PAA-NH; cells have higher initial capacity, higher average capacity, and better capacity retention than those of
PAA-Li cells. For example, PAA-85%NHj3 cells have initial capacity of 686 mAh/g, average capacity of 492
mAbh/g while PAA-85%Li cells have initial capacity of 569 mAh/g and average capacity of 303 mAh/g.
Interestingly, PAA-100%NHj; cells have slightly lower capacity than PAA-85% NH; cells during the first 50
cycles, then the performance catches up and becomes pretty much identical. PAA-100%Li cell has the worst
performance among the tested cells as expected due to the aforementioned reasons. Overall, PAA-50% NH3
solution seems to achieve a good balance with significantly improved rheological properties and comparable
performance as pristine PAA cells. We feel confident this new binder neutralization approach is superior to the
lithiation approach.
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Small-angle X-ray scattering (SAXS) analysis was utilized to investigate the solvation behavior of PAA binders
at the APS facility at Argonne by beamline scientist Tao Li (Figure 1.1.9.032.15). SAXS can detect the density
difference in a sample at nanoscales and therefore determine size, and shape information of the polymers. The
radius of gyration (Rg) is a key parameter that is related to the particle sizes and can be obtained from SAXS
signals by applying unified fit to the broad peak composed of a Guinier part and a power law tail in each profile.
As shown in Figure 1.1.9.032.15, the results showed that Rg values dropped significantly by adding bases to
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Figure 1.1.9.032.15. (a) Small angle X-Ray scattering (SAXS) profiles for binder solutions; (b) Sample information and Rg of the

modified PAA solutions.

PAA solution. For a given volume, smaller Rg indicates that the shape of the particle is closer to sphere (i.e.,
smaller surface area for a given volume) and larger Rg is related to more stretched polymer conformations. Based
on the results, we suspect that the better cycling performance of PAA binders, whose solution has a large Rg
value (31.63), is maybe resulting from the stretched-out conformation that could prompt the interaction or
adhesion with silicon particles. This may explain why the performance of PAA-NHj cells compared to PAA cell
as the Rg values of PAA-NHj3; solution (5.36) is much smaller.

Moreover, as we observe drastic difference when NMP solvent was used to fabricated silicon electrodes, it is of
crucial importance to understand why the changing of processing solvents impact the cycling performance. We
adapted SAXs to probe this relationship. Several organic solvents or organic solvent/water mixtures were
selected based on certain properties (e.g., boiling point, solubility of PAA, dielectric constant). By using similar
testing protocols as shown above, the Rg values of PAA in these solvents as well as cycling performance of the
corresponding cells were summarized in Figure 1.1.9.032.16. Right away, we notice the bigger Rg is still from
PAA/ water solution and that is also the case in cycling performance. Electrodes fabricated using 1,4-dioxane
(PAA-dioxane) and N,N-dimethylformamide (PAA-DMF) have similar initial capacity compared to electrodes
fabricated using water (PAA-H20), but suffer more severe capacity loss during the first 20 cycles. Electrodes
processed via N-methyl-2-pyrrolidone (PAA-NMP) and ethanol (PAA-EtOH) showed significantly lower initial
capacity than PAA-H20 electrodes. Since PAA-H20 electrodes outperformed all the tested electrodes fabricated
using organic processing solvents, organic solvent/water mixtures were prepared to study
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the role of water. For example, electrodes fabricated using equal weight mixture of 1,4-dioxane and water (PAA-
dioxane/H,0) showed improved performance than PAA-dioxane, but not as good as PAA-H>O electrodes. The
Rg of PAA in 1,4-dioxane/water mixture also falls in between that of pure water and 1,4-dioxane, which is
consistent with our hypothesis relating Rg and cycling performance. The outstanding performance of water
might be a combined result of solubility, pH, dielectric constant, evaporation rate, and is under investigation.
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Figure 1.1.9.032.16 (a) Sample information and Rg of PAA solutions; (b) Specific delithiation capacity profiles of half cells using electrodes
containing 73 wt% graphite, 15 wt% Si, 10 wt% PAA binders in organic processing solvent, and 2 wt% C45 over 100 cycles at C/3 rate; (c)
Specific delithiation capacity profiles of half cells using electrodes containing 73 wt% graphite, 15 wt% Si, 10 wt% PAA binders in mixed
processing solvent, and 2 wt% C45 over 100 cycles at C/3 rate.
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Figure 1.1.9.032.17. Synthetic scheme of PAA analogues with modified
properties.

Binder Modifications: Based on these data, new modifications to the PAA system were suggested relating the
structure-performance relationships of PAA-based binders. As a result several PAA analogues were designed
and synthesized as new binder materials including poly(ethylene-alt-maleic acid monocitrate) (PEMC),
poly(vinyl succinate) (PVS), and poly(acrylic acid-co-butyl acrylate) (PAA-co-PBA) (Figure 1.1.9.032.17).
These polymers have modified properties compared to PAA, such as adhesion/cohesion (e.g., PEMC),
hydrophilicity/hydrophobicity (e.g., PVS and PAA-co-PBA), and glass transition temperature (e.g., PAA-co-
PBA). The purity of these synthesized polymers was confirmed by "H NMR analysis. The cycling tests of these
new polymers as binders for Si electrode are ongoing.

Next Generation Anodes 17



http:1.1.9.032.17
http:1.1.9.032.17
http:1.1.9.032.16

NEXT GENERATION ANODES

Silicon-Binder Interactions: Using silicon nanomaterials is a widely accepted strategy for mitigating the
volume expansion associated with the lithiation of silicon and the accompanying capacity fade. However, the
high surface area of silicon nanomaterials provides more opportunity for electrolyte decomposition which leads
to high irreversible capacity loss and low Coulombic efficiency. By using model crystalline electrodes, a more
thorough understanding of the initial lithiation mechanics of the silicon crystalline particles is possible. This
work is targeted at the initial crack formation of silicon and how the polymeric capping layers associated with
binder interactions are affected by lithiation depth (state of charge) and cracking of the crystalline silicon.

Using thin film samples, the formation of buckled silicon within a thin film induced by the anisotropic lithiation
of crystalline Si during the 1% lithiation along the <110> direction was identified. We also noted that as the
delithiation proceeded, new cracks oriented along the <100> direction appear in the intact area where no
geological deformation occurred during the previous lithiation (Figure 1.1.9.032.18). The <100>-oriented
cracking followed the linear elastic mechanism developed for multilayer structures. Using a linear elastic fracture
mechanic (LEFM) model, the results implied that the <100>-oriented cracking behavior depends on the
mechanical properties of the Si substrate and the amorphous LixSi layer.
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Figure 1.1.9.032.18. Electrochemically Induced Fracture Method. LEFT: Electrochemical cycling conditions used to induce
fracturing, where arrows represent times where samples were analyzed via SEM. RIGHT: SEM data of sample in pristine
state (a) and following (b,d) 2 h and (c,e) 6 h lithiation.

For these studies, the LEFM model assumes an elastic deformation and is known to fail at the plastic zone at the
crack tip. For the LEFM model to be absolutely applicable, the plastic zone at crack tip must be small with
respect to the crack length and dimensions of t