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Determining the surface areas of electrocatalysts is critical for separating the key properties of area-specific activity and electrochemical surface area from mass activity. Hydrogen underpotential deposition and carbon monoxide oxidation are typically used
to evaluate iridium (Ir) surface areas, but are ineffective on oxides and can be sensitive to surface oxides formed on Ir metals.
Mercury underpotential deposition is presented in this study as an alternative, able to produce reasonable surface areas on Ir and Ir
oxide nanoparticles, and able to produce similar surface areas prior to and following characterization in oxygen evolution. Reliable
electrochemical surface areas allow for comparative studies of different catalyst types and the characterization of advanced oxygen
evolution catalysts. They also enable the study of catalyst degradation in durability testing, both areas of increasing importance
within electrolysis and electrocatalysis.
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Within the United States, hydrogen is a significant chemical
commodity primarily produced by steam methane reformation.1 Although a relatively small fraction of hydrogen production comes
from the electrochemical splitting of water today, it is a commercial technology in limited application space that will continue to
grow as costs decrease. Additionally, the process is expected to
have a larger role in the future as the costs decrease and deployment variable renewable sources of energy increase.2,3 Within acidic
electrolyzers, work often focuses on the activity and durability of
anode catalysts in the oxygen evolution reaction (OER) due to the
slower kinetics (relative to hydrogen evolution, HER) and the high
operating potential.4,5 Iridium (Ir) is typically used in acidic electrolyzers for OER due to reasonable activity and stability.6–12 Although platinum (Pt) and ruthenium (Ru) are commonly investigated as alternatives, Pt generally requires a higher overpotential
while Ru has dissolution or durability concerns at typical operating
potentials.9,13–16
The determination of Ir electrochemical surface areas (ECAs) allows for the number of Ir sites electrochemically available to be quantified, as well as the specific activity or quality of those sites in OER.
Determining ECAs is of interest in catalyst development, to compare
different catalyst types including the development of advanced OER
electrocatalysts. Ir ECAs are also of interest in evaluating durability as activity changes can be quantified in terms of deteriorating or
increasing site quantity or quality.17 Ir ECAs have been determined
previously, primarily by hydrogen underpotential deposition, carbon
monoxide stripping, and capacitance, but have typically been limited
to specific catalyst types (hydrogen and carbon monoxide for Ir metal,
capacitance for Ir oxide) and pre-durability measurements.9,18–20 The
underpotential deposition of metals, including mercury onto Ir films,
and lead, copper, cadmium, and zinc onto Ir oxide films has been
reported previously.21–26 No method is widely used, however, to determine the ECAs of both Ir metals and oxides, prior to and following
OER characterization.
This study presents mercury underpotential deposition as a method
to determine the ECAs of polycrystalline Ir, Ir nanoparticles, and Ir
oxide nanoparticles in rotating disk electrode (RDE) half-cells. These
types of studies are critical for baselining catalyst performance and
developing evaluation protocols for OER electrocatalysis.
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Experimental
Polycrystalline Ir (American Elements, product number IR-M03M-D.4MMT, ≥99.9% Ir), Ir nanoparticles (Ir black, Johnson
Matthey, product number C2026/160000, ≥93.0 wt% Ir), and Ir oxide
nanoparticles (Alfa Aesar, product number 43396, ≥84.5% Ir) were
examined. Ir inks consisted of 3.5 mg of Ir catalyst, suspended in 7.6
ml of water, 2.4 ml of isopropanol, and 40 μl of Nafion ionomer (5
wt%, Sigma Aldrich). The inks were put into an ice bath and bath
sonicated for 20 min. After sonication, 10 μl of the inks were pipetted
onto glassy carbon or polycrystalline gold (Au) electrodes and dried
in air at 40◦ C for 20 min. Catalyst loadings from this coating process
were 17.8 μgIr cmelec −2 .
Electrochemical measurements were taken in a RDE half-cell
equipped with a working electrode (polycrystalline Au or glassy
carbon), Au mesh counter electrode, and reversible hydrogen reference electrode (RHE), connected to the main cell through a Luggin
capillary.27 Rotating of the working electrode was controlled by a
modulated speed rotator (Pine Instruments) and electrochemical measurements were taken with an Autolab PGSTAT302N potentiostat
(Eco Chemie, Metrohm Autolab B.V.).
ECA measurements by mercury underpotential deposition were
taken in a 0.1 M perchloric acid electrolyte containing 1 mM mercury
(II) nitrate (Sigma Aldrich), at variable potential ranges and scan rates,
and assumed a Coulombic charge of 138.6 μC cmIr −2 (42% efficiency
of 330 μC cmIr −2 ).22 ECA measurements by hydrogen underpotential
deposition were taken in a 0.1 M perchloric acid electrolyte in the
potential range 0.025−0.55 V vs. RHE and assumed a Coulombic
charge of 179 μC cmIr −2 .18 ECA measurements by carbon monoxide
stripping assumed a Coulombic charge of 358 μC cmIr −2 , and were
completed by holding a potential of 0.2 V for 20 min, the first 10
min with a carbon monoxide purge and the second 10 min with a
nitrogen purge.9,18 Following the 20 min hold, the potential was swept
anodically at 20 mV s−1 to oxidize the adsorbed carbon monoxide.
Throughout the available literature, a range of values are reported
for the Coulombic charge conversion for hydrogen underpotential
deposition and carbon monoxide oxidation on Ir. Since these processes
can be sensitive to the formation of surface Ir oxides, electrode history
and exposure to elevated potential can impact ECA calculations in a
meaningful way. The above Coulombic charge values were used in this
study since they gave a reasonable roughness factor on polycrystalline
Ir. The ECA values produced by these methods, however, may be
impacted by the choice in conversion factor.
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Figure 1. Cyclic voltammograms of (a) Ir nanoparticles, (c) Ir oxide nanoparticles, and (e) polycrystalline Ir in a 0.1 M perchloric acid electrolyte at 100 (red),
50 (blue), 20 (green), and 10 mV s−1 (yellow). Charges associated with hydrogen adsorption on (b) Ir nanoparticles and (f) polycrystalline Ir, prior to (red) and
following (blue) electrochemical break-in for OER. (d) The capacitance of Ir oxide nanoparticles based on scan rate in the potential range 0.025−1.4 V vs. RHE
prior to (red) and following (blue) electrochemical break-in for OER.

Electrochemical conditioning for OER was completed by potential
cycling 10 times in the potential range 1.2−1.8 V vs. RHE at 100 mV
s−1 and 2500 rpm. ECA measurements were completed prior to and
following electrochemical conditioning to evaluate method viability
following OER testing and durability.
The ECA measurements vary with electrode loading and Nafion
content.28 Ir and Ir oxide ECAs decreased at higher catalyst loadings,
likely since lower loadings produced a thinner film and improved
Ir utilization. At lower Nafion content, or in inks without Nafion, the
ECA decreased, likely since the ink formed a visibly poorer dispersion.
At higher Nafion content, the ECAs were not significantly impacted,
although the amount of Nafion used in this study (<0.0098 wt%
of the electrode loading, 0.039 wt% was the highest examined) was
potentially too low to observe an effect.
Brunauer–Emmett–Teller (BET) measurements were taken with
a Micromeritics Autosorb 2020. Prior to measurement, each sample
was heated for 1 h at 120◦ C to desorb any adsorbed water at ambient conditions. BET measurements were taken on Ir and Ir oxide
nanoparticles without any Nafion ionomer added.
Results
The examined Ir nanoparticles (Ir black) were from Johnson
Matthey, product number C2026/160000. The manufacturer-specified

surface area was 25−40 m2 g−1 with an Ir content of ≥93.0 wt%. The
examined Ir oxide nanoparticles (Ir (IV) oxide) were from Alfa Aesar, product number 43396. No manufacturer-specified surface area
was available, and the Ir content was ≥84.5 wt%. The examined
polycrystalline Ir disk was from American Elements, product number
IR-M-03M-D.4MMT and was ≥99.9% Ir.
Hydrogen underpotential deposition.—Cyclic voltammograms
were completed in the potential region for the adsorption and desorption of a monolayer of hydrogen.18,19,29 Assuming a Coulombic
charge of 179 μC cmIr −2 , experiments on a polished, polycrystalline
Ir disk gave a roughness factor of 1.4, supporting that 179 μC cmIr −2
was a reasonable value for calculating ECA from the measured charge
(Figure 1).18 On Ir nanoparticles, the ECA was comparable to the BET
value (28.7 m2 gIr −1 electrochemically, 34 m2 gIr −1 BET). ECA values were also consistent for a variety of scan rates, and only slightly
dropped (to 27.1 m2 gIr −1 ) following characterization for OER. For
Ir oxide, however, no response for hydrogen adsorption and desorption was found. Alternatively, Ir oxide surface areas can be evaluated
by their capacitance in the potential range between HER and OER
(0.025−1.4 V vs. RHE).30–32 In most electrolysis studies, however,
capacitance comparisons are made on a qualitative basis to optimize
catalyst and electrolyzer performance, and are not normalized to a
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Figure 2. Carbon monoxide oxidation voltammograms and accompanying cyclic voltammograms on (a) Ir nanoparticles (first carbon monoxide oxidation
experiment, red; second carbon monoxide oxidation experiment, blue; carbon monoxide oxidation after OER electrochemical conditioning, green), (b) Ir oxide
nanoparticles, and (c) polycrystalline Ir. Experiments were completed in 0.1 M perchloric acid at a scan rate of 20 mV s−1 .

Coulombic charge.6,10,30,33 Reported Coulombic charges for the capacitance of Ir oxide can further vary between 1 and several hundred
mC cmIr −2 based on the experiment type (faradaic or capacitive),
medium, and deposition technique.34–38 The mass-based capacitances
found in this study on Ir oxide are comparable to those previously
found in RDE half-cells and single-cell electrolyzers.6,30 Capacitance
has also been used to determine the ECA of Ir nanoparticles and
baseline its activity in OER.39 Although an ECA on Ir can be determined by capacitance, the conversion factor between metals and
oxides would need to vary greatly (Figure 1). This would not allow
for the comparison of different catalyst types in cases where the oxide
content or degree of oxide formation was not known. It would also not
allow for durability studies, since the degree of oxide or oxide growth
could not be decoupled from the ECA measurement.
While hydrogen underpotential deposition can be used to calculate
the ECA of Ir metals, it cannot be used to calculate the ECA of oxides.
There are also concerns that hydrogen adsorption may be sensitive to
surface oxidation in smaller nanoparticles.9 The method may also be
ineffective with mixed metals/oxides and for measurements following
durability testing at elevated potential, where the oxide layer thickness
can increase.
Carbon monoxide.—Carbon monoxide oxidation has been used
to determine the ECAs of a variety of metals in RDE half-cell
testing.20,40–43 On polycrystalline Ir, integration of the carbon monoxide oxidation peak produced a surface roughness of 1.6, assuming a
Coulombic charge response of 358 μC cmIr −2 (Figure 2).9,18 Increasing the upper bound potential, however, did distort the cyclic voltammogram. The large positive charge response during anodic sweeps
were likely due to surface Ir oxidation; subsequent cathodic scans
produced a large plateau likely due to surface reduction, blurring the
double charging layer and hydrogen adsorption region. The oxidation
of an adsorbed carbon monoxide layer on Ir nanoparticles yielded an
ECA of 30.8 m2 gIr −1 , comparable to the ECA from hydrogen underpotential deposition. This value, however, was only attainable if the
catalyst never saw potentials above 0.6 V. Following one sweep to

1.2 V, the next carbon monoxide oxidation experiment produced an
ECA of 6.6 m2 gIr −1 , and after OER characterization, no carbon
monoxide could be adsorbed. Carbon monoxide could also not be
adsorbed onto the Ir oxide nanoparticles. Although carbon monoxide
can produce reasonable ECAs when performed on Ir metals, it was
ineffective on oxides or once substantial surface oxides were formed.
Mercury underpotential deposition.—Mercury underpotential deposition was previously completed on polycrystalline Ir and found to
produce a Coulombic charge of 138.6 μC cmIr −2 for the desorption of
an adsorbed monolayer.22 In this study, experiments on polycrystalline
Ir using 138.6 μC cmIr −2 as a conversion factor produced a roughness
factor of 1.3, consistent with hydrogen underpotential deposition and
carbon monoxide stripping (Figure 3d). Ir nanoparticle ECAs were
also reasonable compared to those determined during BET measurements and the aforementioned electrochemical approaches (Figure
3a). Cyclic voltammograms of mercury-Ir contained several features
(Figure 3b).22 A monolayer of mercury adsorbed onto Ir in the cathodic peak at 0.25 V. At potentials lower than 0.25 V, bulk mercury
reduction (cathodic) occurred. During the anodic scan, bulk mercury
oxidation occurred at potentials greater than −0.2 V, depending on
the lower bound potential, and the mercury monolayer desorbed in
the anodic peak at 0.35 V. If significant amounts of mercury deposited
onto Ir by scanning to lower potentials, those layers oxidized over a
wide range of potentials during the anodic scan and in some cases
caused distortion. Mercury adsorption and desorption also occurred
on Ir oxide nanoparticles, producing ECAs comparable to BET values
(Figure 3c).
Ir and Ir oxide ECAs were calculated by integrating the charge of
the anodic peak for the desorption of a mercury monolayer (Figure 4).
Cyclic voltammograms, in the absence of mercury nitrate, were used
as background subtraction to remove charges due to capacitance or
the double charging layer. For both Ir and Ir oxide nanoparticles, similar ECAs were obtained at various scan rates, as well as before and
after OER characterization. Cathodic peaks could similarly be used
in the calculation of ECA values; a slight tilt in the voltammograms
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Figure 3. Cyclic voltammograms of (a–b) Ir
nanoparticles, (c) Ir oxide nanoparticles, and
(d) polycrystalline Ir in 0.1 M perchloric acid
containing 1 mM mercury nitrate. Voltammograms in (a), (b), and (d) were in the potential range 0.025−0.55 V and at 100 (red), 50
(blue), 20 (green), and 10 (yellow) mV s−1 .
Voltammograms in (b) were at a variable potential range and at 50 mV s−1 .
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Figure 4. Cyclic voltammograms of Ir
nanoparticles, (a) 50 and (b) 20 mV s−1 , and
of Ir oxide nanoparticles, (c) 50 and (d) 20
mV s−1 , in a 0.1 M perchloric acid electrolyte (blue) and a 0.1 M perchloric acid
electrolyte containing 1 mM mercury nitrate
(red). Charges associated with mercury adsorption on (e) Ir nanoparticles and (f) Ir oxide nanoparticles prior to (red) and following
(blue) electrochemical break-in for OER.

Journal of The Electrochemical Society, 163 (11) F3051-F3056 (2016)
b) 0.6

a) 0.9

i [mA cmelec−2]

i [mA cmelec−2]

0.6
0.3
0.0

-0.3
-0.6

F3055

CO
CV

0.4
0.2
0.0
-0.2

-0.9
-1.2

-0.4
0

0.1

0.2 0.3 0.4
E [V vs. RHE]

0.5

0.6

0

0.1

0.2 0.3 0.4
E [V vs. RHE]

0.5

0.6

0

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
E [V vs. RHE]

c) 0.9

i [mA cmelec−2]

0.6
0.3
0.0

-0.3
-0.6
-0.9
-1.2
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deposition experiments. (a) Hydrogen underpotential deposition experiments were completed by cyclic voltammograms in 0.1 M perchloric acid at 100 (red), 50
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at slower scan rates, however, may make the integration bounds less
clear graphically. Significant advantages of the mercury underpotential deposition method include the ability to measure ECAs on Ir and
Ir oxide, and the method’s apparent insensitivity to OER characterization at high potentials.
The electrochemical characterization of Ir catalysts for OER requires elevated potentials in RDE half-cells, typically to 1.8 or 2.0 V.
Durability testing of the materials, whether by potential hold or cycling, requires exposure to elevated potentials over significant periods
of time. Working electrodes for OER characterization in RDE halfcells, therefore, typically consist of polycrystalline Au as opposed to
glassy carbon.16 A polycrystalline Au electrode was examined and
found to have no participation in hydrogen adsorption and desorption
(Figure 5a). Polycrystalline Au oxidized carbon monoxide, but the
potential at which the reaction occurred was much higher than on Ir
metal (Figure 5b).42 In mercury underpotential deposition, however,
Au did adsorb and desorb mercury in a similar potential range to Ir
(Figure 5c).44 Compared to moderately high surface area Ir catalysts,
the charges from polycrystalline Au were small and could be subtracted as background; at smaller surface areas and catalyst loadings,
however, the contribution from the polycrystalline Au substrate may
produce a meaningful interference. For the Ir and Ir oxide nanoparticles characterized in this study, similar ECAs were produced with
glassy carbon and polycrystalline Au substrates if the Au-based data
was background subtracted for the Au contribution.
On polycrystalline Ir, hydrogen underpotential deposition, carbon monoxide oxidation, and mercury underpotential deposition gave
roughness factors of 1.4, 1.6, and 1.3. These roughness factors are typical and within reasonable values, but do vary based on the evaluation
method. The ECA values produced by these methods may be impacted
by the choice in conversion factor. Ir and Ir oxide nanoparticle catalysts were also evaluated by BET, which appeared to give comparable
values to those measured electrochemically (Table I). The observed
ECAs were close to but lower than the BET values, expected since the
ECA measurement depends on coating quality and catalyst loading.

Hydrogen underpotential deposition and carbon monoxide oxidation
produced reasonable ECAs on Ir nanoparticles. Capacitance has also
previously been used to evaluate the ECAs of Ir and Ir oxide nanoparticles, but would need two different Coulombic charge conversion
factors for Ir and Ir oxide (Figure 1).6,10,30,33,39 Only mercury underpotential deposition, however, has produced reasonable ECAs for both
Ir and Ir oxide, before and following OER characterization, and using
the same Coulombic charge conversion factor. Although mercury underpotential deposition on Ir and Ir oxides may occur through different
mechanisms, Ir oxidation did not appear to impact the charges due to
mercury adsorption and desorption. The ability to evaluate Ir and Ir
oxide ECAs permits comparisons of different catalyst types (metals,
oxides, surface oxides) and durability studies, since it can decouple
surface oxides and their growth from the ECA measurement.
The use of mercury in electrochemical testing presents health
and environmental hazards. The National Renewable Energy Laboratory takes specific precautions to limit exposure risks including
specific weighing, ventilation, and disposal protocols, and limits to
the amount and concentration of mercury used. Due to the associated
hazards, mercury is not something we are suggesting for widespread
use. Beyond exposure concerns, there are also significant logistical
difficulties using mercury measurements in electrolyzer testing. Still,
however, we have found a benefit using this technique in performing
ex-situ tests and developing novel catalysts.28
Table I. Surface areas of Ir and Ir oxide nanoparticles as
determined by mercury underpotential deposition, hydrogen
underpotential deposition, carbon monoxide oxidation (denoted
CO), and BET measurements.

Ir
Ir oxide

Mercury
[m2 gIr −1 ]

Hydrogen
[m2 gIr −1 ]

CO
[m2 gIr −1 ]

BET
[m2 gIr −1 ]

29.4
28.7

28.7
−

30.8
−

34
35

F3056

Journal of The Electrochemical Society, 163 (11) F3051-F3056 (2016)
Conclusions

Determining Ir ECAs is critical in evaluating OER catalysts and
their activities. ECA values allow for the electrochemical baselining of conventional electrolyzer anode catalysts and for comparisons
between different catalyst types. These measurements also support
durability studies, which can examine catalyst degradation modes and
whether losses in activity are due to deteriorating site quantity or
quality.
To date, no method commonly used for evaluating Ir ECAs can account for Ir metals, Ir oxides, and produce similar ECAs prior to and
following OER characterization using the same Coulombic charge
conversion. Hydrogen underpotential deposition can be used to determine the ECAs of Ir metals, but not on oxidized surfaces which
form on Ir after operation, and could lead to misinterpreting formed
oxides as decreasing site numbers. Carbon monoxide oxidation similarly cannot evaluate oxides and appears to be more sensitive to oxide
formation and electrode history, unable to produce ECAs on Ir metals
after they have been cycled to high potential. Capacitance can be used
to evaluate the ECAs of metals and oxides, but requires two separate conversion factors and cannot decouple oxides and their growth
from the ECA measurement. Mercury underpotential deposition was
presented in this study as an alternative. This method was previously
developed for polycrystalline Ir, and was expanded in this study to
include high surface area Ir catalysts, oxides, and OER relevant testing conditions.22,23 Data for each method are summarized in Table
I. The benefits of mercury adsorption/desorption include the ability
to produce surface areas electrochemically that are reasonable and
comparable to BET values for Ir and Ir oxide nanoparticles. Mercurybased ECAs also appear immune to cycling at elevated potential,
producing surface areas within 5% of the original value after OER
electrochemical conditioning. These types of results and studies are
critical to evaluating OER catalysts, and to establishing baselines and
testing protocols within electrocatalysis. Having reliable surface area
values enables comparative studies on advanced OER electrocatalyst
activity and their durability, areas becoming increasing vital within
the electrolysis community.
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