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ABSTRACT: Objective comparisons of electrocatalyst activ-
ity and stability using standard methods under identical
conditions are necessary to evaluate the viability of existing
electrocatalysts for integration into solar-fuel devices as well as
to help inform the development of new catalytic systems.
Herein, we use a standard protocol as a primary screen for
evaluating the activity, short-term (2 h) stability, and
electrochemically active surface area (ECSA) of 18 electro-
catalysts for the hydrogen evolution reaction (HER) and 26
electrocatalysts for the oxygen evolution reaction (OER)

OER

Activity of Various Catalysts after 2 h at 10 mA cm?

Overpotential at 10 mA cm

under conditions relevant to an integrated solar water-splitting device in aqueous acidic or alkaline solution. Our primary figure of
merit is the overpotential necessary to achieve a magnitude current density of 10 mA cm ™2 per geometric area, the approximate
current density expected for a 10% efficient solar-to-fuels conversion device under 1 sun illumination. The specific activity per
ECSA of each material is also reported. Among HER catalysts, several could operate at 10 mA cm™ with overpotentials <0.1 V in
acidic and/or alkaline solutions. Among OER catalysts in acidic solution, no non-noble metal based materials showed promising

activity and stability, whereas in alkaline solution many OER catalysts performed with similar activity achieving 10 mA cm™

2

current densities at overpotentials of ~0.33—0.5 V. Most OER catalysts showed comparable or better specific activity per ECSA
when compared to Ir and Ru catalysts in alkaline solutions, while most HER catalysts showed much lower specific activity than Pt
in both acidic and alkaline solutions. For select catalysts, additional secondary screening measurements were conducted including

Faradaic efficiency and extended stability measurements.

B INTRODUCTION

The identification of efficient electrocatalysts comprised of
earth-abundant materials for the oxygen evolution reaction
(OER) and the hydrogen evolution reaction (HER) is crucial
for the development of solar water-splitting devices.'™'® In
particular, the discovery of new electrocatalytic materials for
water-splitting reactions is a prominent and growing field of
research. An examination of the literature shows that hundreds
of electrocatalytic systems for HER and OER have been
reported with numerous different elemental compositions and
microstructures prepared in a variety of ways.” "> This number
will likely increase dramatically in coming years due to the
expanded use of high-throughput combinatorial techniques for
the discovery of new OER and HER catalzsts in various ternary
and quaternary composition spaces.'®">* However, reliable
methods for measuring and reporting the performance of these
materials under identical conditions have not been uniformly
applied, complicating meaningful comparisons of the catalytic
activity and stability of these systems. There is a need for
standardization in the evaluation of catalytic performance for
OER and HER systems to evaluate the utility of existing
catalysts for device integration, provide experimental evidence
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to aid or corroborate theoretical models of catalyst systems,****

and highlight existing technological gaps to help inform the
development of new catalyst materials.

We have previously reported a benchmarking protocol to
measure the activity, stability, and Faradaic efficiency of a series
of representative OER catalysts in acidic and alkaline solution.>®
This protocol was specifically developed to allow for the rapid
screening of electrocatalytic performance using standard
electrochemical procedures and equipment easily accessible to
a typical researcher in the field of electrocatalysis. Absent from
the previous study was the evaluation of HER catalysts, a
critical need for the identification of active and stable catalysts
for integrated water-splitting devices. Herein, we have further
established the viability of this benchmarking methodology as a
primary screen for HER catalyst performance by evaluating 16
HER non-noble metal electrocatalysts (Table 1) under
conditions relevant to an integrated artificial photosynthetic
device under 1 sun illumination in 1 M NaOH or 1 M H,SO,.
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Table 1. Catalysts Investigated in Benchmarking Study”

HER elements from OER elements from
catalyst XPS¢ ref catalyst XPS¢ ref
Co-(a) Co, Na, CI 34 Co-(b) Co, Na 35
CoMo Co, Mo 36 Co/B Co, K, B 37
CoNiFe Co, Ni, Fe, 38 Co/P-(a) Co, K, P 39
Na, Cl
CoW Co, W, Na 36 Co/P-(b) Co, Na, P 40
Fe-(a) Fe 41 CoFe Co, Fe, S 35
FeMo Fe, Mo, Na 42 Cu Cu 35
Mo/S Mo, S, Na 43, Fe-(b) Fe, S 35
44
Ni-(a) Nj, S, Na 41 FeMn Fe, Mn 35
NiCo-(a)  Ni, Co, Na 45 Ir Ir 33
NiFe-(a)  Nj, Fe, Cl 41 Ni(b) Ni 46
NiMo-(a)  Ni, Mo, Na 36, Ni/B Ni, B 48
47
NiMo-(b)  Ni, Mo, Na, 49 NiCe Ni, Ce, N 46
K P
NiMoCo Ni, Mo, Co S0 NiCo-(b) Ni, Co, N 46
NiMoFe- Ni, Mo, Fe, S1 NiCo-(c) Ni, Co, B, S 52
(a) Na, K
NiSn-(a) Ni Sn, K, Cl 53 NiCr Ni, Cr, S 54
NiWw-(a)  Ni W,Na, K 45, NiCu Ni, Cu, N 46
47
Pt-(a) Pt - NiFe-(b) Nj, Fe, S 35
Pt-(b) Pt, Cl 55 NiFe-(c) Ni, Fe 56
NiFeCoCe-  Nj, Fe, Co, Ce? 23
(a)
NiFeCoCe-  Ni, Fe, Co, Ce? 23
(b)
NiLa Ni, La, N 46
NiMoFe-(b)  Ni, Fe, Mo, Na, 57
K S
NiSn-(b) Ni Sn, K, Cl, 58
P, N
NiZn Ni, K° 58
Ru-(a) Ru 59
Ru-(b) Ru 33

“Because quantitative analysis of the surface composition of each
catalyst during operation is beyond the scope of this manuscript, only
the metal components of each catalyst are used for naming the
materials. Exceptions are made for materials for which the reported
composition by which the material is known includes a nonoxide anion
(e.g, MoS, = Mo/S, CoP; = Co/P-(a), CoP = Co/P-(b), etc.). *The
various catalysts shown for OER are assumed to form surface oxides
under oxidative conditions. However, because we do not measure the
quantitative surface-composition during operation and several systems
are argued to incorporate nonoxide anions into the catalytic surface
layer, we chose not to make any suggestion of oxide surface
stoichiometry and instead listed the OER catalysts using the same
naming protocol as with the HER materials. “The listed elements are
based on the assigned peaks from the XPS spectra in Figures S21—S62.
C and O are not listed, but are present in every sample. Si is also not
listed, although it is present in some samples due to residual SiC from
the electrode polishing procedures. No effort was made to distinguish
whether nontransition metal elements such as Na, K, Cl, B, N, P and S
are incorporated into the film or simply from adsorbed ions on the
material surface. “The elemental composition listed here is based on
previously reported EDX and XPS characterization.”® “The lack of Zn
in the XPS spectra is likely due to Zn dissolution during the
postelectrodeposition 24 h immersion in 28% KOH.

Additionally, we have expanded the number of OER catalysts
evaluated from the previous study to include 23 non-noble
metal electrocatalysts (Table 1). A Pt disk electrode and
platinized Pt electrode were also investigated as HER standards,
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and a sputtered Ir catalyst and 2 different deposited Ru catalysts
were investigated as OER standards. The primary figure of
merit is the overpotential necessary to achieve a magnitude
current density per geometric area ljl = 10 mA cm™? the
approximate current density expected for an integrated solar
water-splitting device under 1 sun illumination operating at
10% solar-to-fuels efficiency.”””*®* The current manuscript
provides one of the most comprehensive, self-consistent studies
of the activity and stability of HER and OER catalysts.

For selected catalysts, a secondary screen was used to
evaluate the Faradaic efficiency and longer-term, 24 h stability
of 12 OER catalysts in 1 M NaOH and 5 HER catalysts in 1 M
H,SO, and S HER catalysts in 1 M NaOH. In particular, the
NiMo-(a) HER catalyst showed remarkable activity and 24 h
stability under constant polarization in 1 M H,SO,, warranting
a tertiary screen of catalyst stability using rapid potential cycling
for 10 000—40 000 cycles.

B EXPERIMENTAL SECTION

Materials. All reagents were purchased from commercial sources
and in analytical or reagent grade when possible. A full list of chemicals
used including the vendor and reported purity can be found in the
Supporting Information. All water used was purified using a Thermo
Scientific Barnstead Nanopure water purification system (18.2 MQ-cm
resistivity). Oxygen (O,, Alphagaz-1 grade 99.999%) and hydrogen
(H,, Alphagaz-1 grade, 99.999%) were purchased from Air—Liquide.
Nitrogen (N,) was boil-off gas from a liquid nitrogen source. All gases
were water-saturated by bubbling through a gas washing bottle filled
with water.

Analytical Equipment. All electrochemical measurements were
conducted with a Bio-Logic VMP3 multichannel potentiostat/
galvanostat with a built-in EIS analyzer. The working electrodes
were § mm diameter disk electrodes with a surface area of 0.196 cm?.
The working electrodes were mounted in a Pine Instrument Company
E6-series ChangeDisk rotating disk electrode (RDE) assembly in an
MSR rotator. The auxiliary electrodes were carbon rods (99.999%,
Strem Chemicals), and the reference electrode was a commercial
saturated calomel electrode (SCE) (CH Instruments) that was
externally referenced to a solution of ferrocene carboxylic acid
(Sigma-Aldrich) in a 0.2 M phosphate buffer at pH 7 (0.284 V vs
SCE).?® All data were recorded using the Bio-Logic EC-Lab software
package.

X-ray photoelectron spectroscopy (XPS) analysis was conducted
using a Kratos Axis Nova spectrometer with DLD (Kratos Analytical).
The excitation source for all analysis was monochromatic Al K, , (hv
= 1486.6 V) operating at 30 mA and 15 kV. The X-ray source was
directed 45° with respect to the sample normal. A base pressure of 1 X
107° Torr was maintained in the analytical chamber, which rises to § X
107° Torr during spectral acquisition. All spectra were acquired using
the hybrid lens magnification mode and slot aperture, resulting in an
analyzed area of 700 ym X 400 um. Survey scans (0—1200 eV) were
collected using 160 eV pass energy, and higher-resolution scans (270—
340 eV) used 20 eV pass energy. XPS data analysis was performed
using CasaXP$ version 2.3.16 (Casa Software Ltd.; Teignmouth, UK),
and XPS survey peaks were assigned using the CasaXPS software
package, the NIST X-ray Photoelectron Spectroscopy Database,*® and
the PerkinElmer Handbooks of X-ray Photoelectron Spectroscopy.>™**

Electrode Preparation and Catalyst Deposition. Catalysts
were deposited onto S mm diameter, 4 mm thick Sigradur G glassy
carbon (GC) disks (HTW Hochtemperatur-Werkstoff GmbH). Prior
to deposition, the GC disks were first polished with 600 grit Carbimet
SiC grinding paper (Buehler) on a Struers LaboPol-S polishing wheel
at 200 rpm for 1 min and sonicated briefly in ~1.5 M HNO; for 1 min.
The disks were then sequentially polished with 9, 6, 3, 1, and 0.1 ym
MetaDi Supreme diamond slurries (Buehler) with an MD-Floc
synthetic nap polishing pad (Struers) on a Struers LaboPol-S polishing
wheel at 200 rpm for 30 s, then sonicated for 10 min in pure water, 5
min in acetone, 5 min in isopropanol, and 10 min again in pure water.
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Pt disks (Pt-(a)) were polished in an analogous manner to that used
for the GC disks. Polishing and grinding pads used for the preparation
of Pt disk were kept separate from those used to prepare GC disks to
prevent possible cross-contamination. Platinized Pt electrodes (Pt-(b))
were prepared by polarizing polished Pt disk electrodes at —50 mA
cm™ for 1 min in a solution of 0.052 g of chloroplatinic acid hydrate in
5 mL of 0.1 M HCl in water.

A list of all HER and OER catalyst investigated in this study is
shown in Table 1. Note that for the purposes of catalyst identification
in this manuscript, we list only the metal components of each system
(as confirmed by XPS survey scans). Exceptions to this general naming
protocol are made for materials for which the reported composition by
which the material is known includes a nonoxide anion (e.g., MoS,, =
Mo/S, NiB; = Ni/B, etc.). We use this naming protocol even for the
OER catalyts, which we can safely assume form surface oxides under
OER conditions. However, measuring the quantitative surface
composition during operation is beyond the scope of this study, and
several systems are argued to incorporate nonoxide anions into the
catalytic surface layer forming nonsimple oxide surfaces. For these
reasons, we chose not to make any suggestion of oxide surface
stoichiometry and instead list both OER and HER catalyts using the
same naming protocol.

The deposition conditions for each electrodeposited catalyst were
adapted from literature procedures and are summarized in Tables S1—
S2. Each electrodeposition was conducted in a 100 mL cell with 40 mL
of deposition solution, and the auxiliary electrode was separated from
the working and reference electrodes using a fine-porosity glass frit
(BioAnalytical Systems, Inc.). When applicable, pH measurements of
deposition solutions were conducted with a VWR Symphony
multiparameter meter with a Thermo Scientific Orion refillable Ag/
AgCl pH electrode filled with Orion Ag/AgCl reference electrode
filling solution. The pH meter was calibrated with a 5 point calibration
curve at pH = 1.68, 4.00, 7.00, 10.00, and 12.45.

In addition to the electrodeposited catalysts, several catalyst systems
were deposited via other methods. Ir and Ru-(b) were sputtered
directly onto glassy-carbon electrode disks based on a reactive-
sputtering method adapted from a previously reported procedure.*
Glassy-carbon electrode disks were affixed to a glass slide using
double-sided Kapton tape, and then Ir and Ru were sputtered on the
electrode surface from an RF source at 200 W at 300 °C for 30 min
under a constant flow of 3.0/3.0 sccm Ar/O, for Ir and 4.5/0.5 sccm
Ar/0, for Ru-(b) using Ir and Ru targets, respectively (>99.9% from
AJA International). Moreover, NiFeCoCe-(a)
(Nig sFeg 3C04 17Ceg 0350,) and NiFeCoCe-(b)
(Nig3Fe(0,C09,Ce430,) were inkjet-printed directly onto GC
electrodes from metal precursor inks as previously described,”® and
were evaluated for OER in alkaline solution.

Electrochemical Measurements. All activity, stability, and
surface area measurements were conducted in a modified 2-chamber
U-cell in which the first chamber held the working and reference
electrodes in ~150 mL of solution and the second chamber held the
auxiliary electrode in ~25 mL of solution as previously described.*®
The two chambers were separated by a fine-porosity glass frit. The cell
was purged for ~30 min with O, or H, prior to each set of
experiments. For the static voltammetry measurements, the solution
was blanketed under O, or H, during the measurement. During
rotating disk electrode (RDE) measurements, the solution in the
working electrode chamber was continuously bubbled with O, or H,.
The uncompensated resistance was measured with a high-frequency
impedance measurement at 100 kHz with 20 mV amplitude about the
open-circuit potential (OCP). Cyclic voltammetry and chronoamper-
ometry measurements were corrected for IR drop at 85% using the
Biologic EC-Lab software. Chronopotentiometry measurements were
manually corrected for IR drop. Our typical electrochemical setup
resulted in R, = ~6 Q in 1 M H,SO, and R, = ~10 Q in 1 M NaOH.

Electrochemical capacitance was determined using cyclic voltam-
metry (CV) measurements.”® The potential range where there is a
non-Faradaic current response was determined from CV. This range is
typically a 0.1 V window centered at OCP of the system. CV
measurements were conducted in quiescent solution by sweeping the
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potential across the non-Faradaic region from the more positive to
more negative potential and back at 8 different scan rates: 0.005, 0.01,
0.025, 0.05, 0.1, 0.2, 0.4, and 0.8 V s~". The working electrode was held
at each potential vertex for 10 s before beginning the next sweep.2%%

Faradaic Efficiency. For Faradaic efficiency measurements,
dissolved O, and H, was quantified using Unisense Ox-500 oxygen
probe and H2-500 hydrogen probes, respectively, controlled by a
Unisense Microsensor Multimeter. The Ox-500 oxygen probe was
calibrated with a 3 pt calibration in O,-saturated, air-saturated (20.8%
0,), and N,-sparged solution. The H2-500 hydrogen probe was
calibrated with a 2 pt calibration in H2-saturated and N,-sparged
solution. The saturation concentration of dissolved H, at 20 °C in 1 M
H,SO, and 1 M NaOH were calculated using the empirical gas
solubility model by Weisenberg and Schumpe61 to be [H,]qumated =
0.72 mM in 1 M H,SO, and 0.56 mM in 1 M NaOH. The saturation
concentrations of dissolved O, at 20 °C were determined from linear
interpolation of solubility data reported at 15 and 25 °C: [0, ] urated =
1.04 mM in 1 M H,SO, and 0.83 mM in 1 M NaOH.®**

Faradaic efficiency measurements were conducted in a custom-built
two-compartment cell (Figure S1). The first compartment was gastight
and housed the working electrode, reference electrode, and either the
hydrogen or oxygen probe with a total volume of 73 mL. The second
compartment housed the carbon-rod auxiliary electrode, and the two
compartments were separated by a 0.007 in. thick Nafion-117
membrane (Sigma-Aldrich). Both compartments were filled with
electrolyte, and the first compartment was filled such that there was no
appreciable headspace. For H,-measurements, the solution was
sparged for ~30 min with N, under vigorous stirring. For O,-
measurements, the solution was air-saturated prior to use.

The concentration of dissolved gas was monitored for 1 min at open
circuit, and then the working electrode was held at a magnitude
current density of |jl = 10 mA cm™ for 15 min passing a total of 1.755
C of charge for H, measurements and 30 min passing a total of 3.510
C charge for O, measurements. The increase in dissolved gas
concentration was monitored during this time, and from this the total
amount of O, or H, produced was determined. The amount of
measured O, or H, was then divided by the amount calculated from
the total charge passed to determine the Faradaic efficiency.

B RESULTS AND DISCUSSION

Benchmarking Measurement Protocol. The protocol
used in the current study shown in Figure 1 is adapted from
one that has been previously described in detail.*® The specific
measurements conducted in this study are briefly outlined
below. The benchmarking protocol used was designed to
evaluate and compare the performance of OER and HER
electrocatalysts under conditions relevant to an integrated solar
water-splitting device under 1 sun illumination with moderate
throughput.

The qualitative elemental composition of each catalyst was
determined from XPS survey scans from 0 to 1200 eV binding
energy. To test for the unexpected presence of noble metals,
high-resolution scans between 270 and 340 eV binding energy
were taken of each surface and investigated for the presence of
photoemission originating from Pt,g, Ir,g, and Rusy. In general,
no peaks associated with any noble metals were observed
except when evaluating Ru, Ir, and Pt catalysts. The XPS
analysis suggests there is no noble-metal contamination in the
non-noble metal electrodeposited catalysts within the ~0.1
atom % detection limit of XPS.5%

The electrochemically active surface area (ECSA) and
roughness factor (RF) of each catalyst were estimated by
determining the double-layer capacitance of the system from
CV. First, a non-Faradaic potential range was identified from
CV in quiescent solution. This non-Faradaic region is typically
a 0.1 V window about OCP, and all measured current in this
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1 atm O,/H,, 1600 rpm

Figure 1. Protocol for benchmarking the performance of heteroge-
neous electrocatalysts for HER and OER.

region is assumed to be due to double-layer charging. Based on
this assumption, the charging current, i, is equal to the product
of the electrochemical double layer capacitance, Cp;, and the
scan rate, v, as shown in eq 1.60’66_68

i. =vCpy

(1)

Plotting i. as a function of v yields a straight line with slope
equal to Cp;. Representative samples of Cp; measurements for
NiMo-(a) and Co-(b) are shown in Figures S2—SS.

The electrochemically active surface area (ECSA) of the
catalyst can be calculated by dividing Cpp by the specific
capacitance of the sample as shown in eq 2.

C
ECSA = 2L
Cq 2)

Here we use a general specific capacitance of 0.035 mF cm™

in 1 M H,SO, and 0.040 mF cm™ in 1 M NaOH. The choice
of specific capacitance is based on typical values reported for
metal electrodes in aqueous H,SO, and NaOH solutions as
previously described.”® The roughness factor (RF) is then
calculated by dividing ECSA by 0.196 cm?, the geometric area
of the electrode. The RF values determined for each material
are summarized in Tables S3—S6, and for select catalysts in
Table 2. Note that the standard deviations reported for the RF
measurements do not necessarily reflect the accuracy of the
determined RF, but instead are an indication of the precision of
the measurements. In general, we believe the accuracy of the
RF measurements within about an order of magnitude,26 and
emphasize that the values should be considered only as an
approximate guide for comparing electroactive surface area.
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The catalytic activity of each system was measured using a
combination of rotating-disk electrode (RDE) voltammetry
measurements at 0.01 V s™! scan rate, 30 s controlled current
chronopotentiometric steps, and 30 s controlled potential
chronoamperometric steps all at 1600 rpm rotation rate.
Representative RDE voltammograms for NiMo-(a) and Co-(b)
along with steady-state currents determined from potential and
current step measurements are shown in Figures S6—S9. The
primary figure of merit for this study is the overpotential
necessary to achieve a magnitude current density ljl = 10 mA
cm™? per geometric area. The resulting measurements of the
overpotentials necessary to achieve ljl = 10 mA cm™? at time = 0
(Mi2o) and at time = 2 h (#,.,,) are summarized for every
catalyst investigated in Tables S3—S6, and for select catalysts in
Table 2.

A graphical representation of the relevant benchmarking
parameters for OER and HER catalysts in 1 M H,SO, and 1 M
NaOH is shown in Figure 2. The x-axis represents the
magnitude of the overpotential necessary to achieve |jl = 10 mA
cm™? at t = 0, our primary figure of merit for catalytic activity.
The y-axis represents the magnitude of the overpotential
necessary to achieve ljl = 10 mA cm™ after 2 h of constant
polarization at 10 mA cm™, a primary measure of short-term
catalyst stability. A diagonal dashed black line represents the
expected response for a stable catalyst that shows the same
activity at £ = 0 and ¢ = 2 h. The color of each point represents
the roughness factor of the catalyst with a bin size of 1 order of
magnitude, approximately the estimated accuracy of our
surface-area measurements.”® The size of each point is inversely
proportional to the standard deviation in the RF measurements.
The best catalyst materials should operate with low over-
potentials and have high specific activity (and therefore low
surface area), and thus they will appear toward the bottom left
of each plot and would ideally be light-green in color. Zoomed-
in regions of the graphical representation for HER in 1 M
NaOH and 1 M H,SO, between 0 and 0.3 V and OER in 1 M
NaOH between 0.28 and 0.5 V are shown in Figure 3.

In general, the target combined overpotential for OER and
HER in a 10% efficient integrated solar water-splitting device
should be Iyl < 0.45 V according to previously reported device
models.”"%%7° Accordingly, we propose that a reasonable
HER catalyst should operate at |jl = 10 mA cm™ at Iyl ~ 0.1V,
leaving Iyl ~ 0.35 V available for OER at 10 mA cm™> Thus,
our primary region of interest is defined by l5,_¢| = l,_5] < 0.1
V for HER and I#,_o| = 117,54 < 0.35 V for OER. The boundaries
of this region are shown as dashed blue lines in Figure 2. The
current density per geometric area of each OER and HER
catalyst at # = 0.35 V and = —0.10 V, respectively are
summarized in Tables S3—S6.

In addition, the average specific current density, j, of each
catalyst normalized for ECSA at # = 0.35 V for OFR and 7 =
—0.10 V for HER are also summarized in Tables S3—S6, and
for select catalysts in Table 2. Here, the specific activity is
calculated by dividing the current density per geometric area at
n = 0.35 V by the determined roughness factor. The standard
errors reported along with the j; values are calculated from the
standard deviations in the measurements of the RF and current
density per geometric area, and are indicative of the precision of
the measurements. Due to the inherent inaccuracies in
determining RF, we caution that j; values do not supplant
N0 as a primary figure of merit for catalytic activity, and should
instead be used as an approximate guide in comparing specific
activity. In particular, a recent report has investigated the OER
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Table 2. Relevant Benchmarking Parameters for Select HER and OER Catalysts”

catalyst RF N0 (V) Hean (V) Hiaan (V) lj) (mA cm™) (ECSA)” €
HER in 1 M H,SO,
CoMo 1100 + 600 —0.10 + 0.02 —0.10 + 0.01 —0.09 + 0.02 0.004 + 0.003 0.99 + 0.08
NiMo-(a) 1200 + S00 —0.045 + 0.004 —0.039 + 0.003 —0.030 + 0.002 0.074 + 0.048 0.96 + 0.03
NiMo-(b) 1000 + S00 —0.11 + 0.02 —0.12 + 0.02 —0.12 + 0.03 0.007 + 0.005 0.99 + 0.03
NiMoCo 1200 + SO0 —0.05 + 0.01 —0.05 + 0.01 —0.04 + 0.01 0.043 + 0.028 0.93 + 0.03
Niw 1200 + 600 —0.06 + 0.02 —0.11 £+ 0.05 —0.33 + 0.06 0.014 + 0.011 1.00 + 0.03
HER in 1 M NaOH
CoMo 700 + 400 —0.10 + 0.02 —0.10 + 0.02 —0.10 + 0.02 0.014 + 0.008 0.92 + 0.02
NiMo-(a) 800 + 400 —0.04 + 0.02 —0.03 + 0.01 —0.03 + 0.02 0.047 + 0.038 0.93 + 0.08
NiMO—(b) 1000 + 700 —0.07 £+ 0.02 —0.10 + 0.03 —0.13 + 0.03 0.020 + 0.014 0.90 + 0.04
NiMoCo 900 + 400 —0.07 + 0.03 —0.09 + 0.04 —0.11 + 0.05 0.020 + 0.015 0.93 + 0.02
Niw 900 + 500 —0.20 + 0.03 —0.20 + 0.05 —0.21 +£ 0.01 0.002 + 0.001 091 + 0.07
OER in 1 M H,SO,

Ru—(a) 71 + 8 0.28 + 0.03 0.34 + 0.0 0.82 + 0.40° 042 + 0.13 0.92 + 0.04
Ir 160 + 20 0.34 + 0.01 0.36 + 0.02 0.44 + 0.02 0.09 + 0.03 0.93 + 0.04
OER in 1 M NaOH
Co-(b) 1+ 041 + 0.03 0.40 + 0.04 0.81 + 0.43° 0.05 + 0.04 0.97 + 0.01
Co/P-(a) 17+ 9 0.39 + 0.02 038 + 0.02 0.35 + 0.02 0.04 + 0.03 091 + 0.05
Co/P-(b) 80 + 50 0.38 + 0.02 0.36 + 0.02 0.34 + 0.02 0.04 + 0.03 0.92 + 0.05%
CoFe 10 + 0.35 + 0.01 0.36 + 0.01 0.36 + 0.03 0.53 + 0.24 0.98 + 0.03
Ni-(b) 2+1 0.47 + 0.04 0.47 + 0.03 1.23 + 0.06 0.34 + 0.23 0.90 + 0.02
NiCo-(b) 342 042 + 0.02 042 + 0.03 117 + 0.32 031 + 021 091 + 0.05
NiCo-(c) 9+ 4 0.38 + 0.01 0.35 + 0.01 0.34 + 0.01 024 + 0.14 0.92 + 0.02
NiCr 9+3 0.39 + 0.02 0.39 + 0.02 0.79 + 0.45° 0.20 + 0.12 0.90 + 0.04
NiFe—(b) 4+1 0.34 + 0.02 0.37 + 0.02 0.37 + 0.03 2.78 + 1.65 0.93 + 0.02
NiMoFe-(b) 9+3 0.34 + 0.02 0.33 + 0.02 0.32 + 0.01 21+ 14 0.97 + 0.05
NiZn—(b) 200 + 100 0.36 + 0.02 0.35 + 0.03 0.34 + 0.03 0.03 + 0.02 0.90 + 0.05
Ru-(a) 70 + 20 0.29 + 0.03 0.32 + 0.02 0.36 + 0.02 0.49 + 0.24 0.93 + 0.07

“Values reported are averages from at least 3 measurements with standard deviations. ®Measured at 7 = —0.1 V for HER, and 77 = 0.35 V for OER.
Note that the standard errors reported along with the j, values are calculated from the standard deviations in the measurements of the RF and current
density per geometric area, and are indicative of the precision of the measurements. “Ru-(a) in H,SO, and Co-(b) and NiCr in NaOH showed
variable 24 h stability in multiple (7) experiments. Chronopotentiometric data shows a catastrophic (rather than gradual) loss of catalytic activity
occurring at times greater than ~16 h. Representative 24 h chronopotentiometric data are shown in Figures S15—S17. “Faradaic efficiency measured
after holding the electrode at 10 mA cm™ for 24 h. The Faradaic efficiency measured for the electrodeposited material before the 24 h activation is

0.70 £ 0.0S.

specific current density in 0.1 M KOH per oxide-surface area
for the (110) and (100) orientations of smooth, pulse-laser
deposited films of Ir and Ru on (001)-oriented SrTiO;”" The
reported specific current densities at 7 = 0.35 V for the
Ru0,(110) (jruo, ~ 04 mA ecm ™) and IrO,(100) (j, 1o, ~

0.03 mA cm™2,) surfaces match closely to the specific current
densities measured in this study for Ru-(a) (jsga.(;) = 0.5 £ 0.2
mA cm™?) and Ir (j, = 0.022 + 0.005 mA cm™) in 1 M
NaOH (Table S6).

Note that the specific activity for Ru-(b) is somewhat lower
than that for Ru-(a) and RuO,(110) with j, = 0.09 + 0.04 mA
cm™2 Sputtered Ru films such as Ru-(b) are known to be
nanoporous,® which helps to account for its relatively high
roughness factor. However, slow mass-transport of OH™ into
and O, out of porous electrodes can cause interior active sites
within the porous film to become catalytically inaccessible
during OER operation. Any loss of accessibility to interior
active sites would result in a lower calculated specific activity for
the Ru-(b) film.

While the close correlation between the measured j; values
for Ru-(a) and Ir compared to previously reported values for
planar surfaces lend credibility to the use of ECSA measure-
ments in calculating specific activity, the results for Ru-(b)
highlight a fundamental limitation of the approach when

4351

considering nanostructured and porous films. We again
emphasize that any use of j; values calculated from ECSA
should be used as an approximate guide for comparing specific
activity and should not be interpreted as an absolute reflection
of turnover frequency, especially when comparing high-surface
area and/or nanoporous films.

For particularly active catalysts, additional experiments were
conducted to determine the Faradaic efficiency and to study
longer-term stability. A list of the catalysts for which these
additional studies were performed is shown in Table 2. As a
secondary screen of catalyst stability, we conducted longer term
stability studies on particularly active catalysts. These studies
consisted of holding the electrode at a constant magnitude 10
mA cm”” current density for 24 h and measuring the change in
overpotential during this time. The overpotentials necessary to
achieve 10 mA cm™ current density at time = 24 h (77,,4n)
averaged from at least 3 independent experiments are
summarized for select catalysts in Table 2.

In addition, the Faradaic efficiencies, £, of OER and HER
catalysts were determined by quantifying the amount of
dissolved O, or H, generated during an electrolysis using O,
and H, probes and dividing that by the amount of O, or H,
expected based on the charge passed during that electrolysis.
Representative Faradaic efficiency measurements for HER at
NiMo-(a) in 1 M H,SO, and 1 M NaOH, and OER at Co-(b)
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Figure 2. Plots of catalytic activity, stability, and electrochemically active surface area for HER (left) and OER (right) electrocatalysts in acidic (top)
and alkaline (bottom) solutions. The x-axis is the overpotential required to achieve 10 mA cm™ per geometric area at time t = 0. The y-axis is the
overpotential required to achieve 10 mA cm™ per geometric area at time ¢ = 2 h. The diagonal dashed line is the expected response for a stable
catalyst that does not change in activity during 2 h constant polarization. The color of the each point represents the roughness factor of the catalyst
with a bin size of 1 order of magnitude with light green representing RF = 1, and dark red representing RF > 10*. The size of each point is inversely
proportional to the standard deviation in the ECSA measurements. The region of interest for benchmarking is the unshaded white region of the plot
where the overpotential required to achieve 10 mA cm™ per geometric area at time t = 0 and ¢ = 2 h is less than 0.55 V. There is a break and change
in scale in both axes at overpotentials >0.55 V, and the corresponding region of the plot is shown in gray. Catalysts whose activity and stability
measurements fall inside this gray area are outside the region of interest for benchmarking, but their activity and stability measurements are included
for completeness. The blue boxed regions are the target regions for HER and OER catalysis under the given conditions.

in 1 M NaOH are shown in Figures $10—S12. The measured ¢
for selected OFER and HER catalysts measured at a disk current
of 10 mA cm™ are shown in Table 2. In general, each catalyst
produced H, or O, with near-unity Faradaic efficiency.

One exception is the Co/P-(b) OER catalyst. The as-
deposited Co/P-(b) catalyst operates with a Faradaic efficiency
of e ~ 0.7 at 10 mA cm™ in 1 M NaOH. However, an
examination of 24 h controlled-potential electrolysis experi-
ments shows an increase in catalytic activity over the course of
the first ~16 h of OER performance (Figure S13). This
suggests that some of the initial current in the OER
experiments is going toward catalyst activation instead of
water oxidation, which could account for the lower-than-unity
Faradaic efficiency of the as-deposited material. Faradaic
efficiency measurements on the material subsequent to 24 h
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OER measurements showed near-unity Faradaic efliciency
(Figure S14), which supports this hypothesis.

Comparison of HER Catalyst Performance. In the case
of HER, the polished polycrystalline Pt-(a) electrode and
platinized Pt-(b) electrode show the highest activity in acidic
solution, achieving 10 mA cm™ at 77,y ~ —0.04 in agreement
with previous studies.”>”’* However, the electrodeposited
NiMo-(a) and NiMoCo, show similar geometric activity in
acid to that of Pt-(a) and Pt-(b), achieving 10 mA cm™> at 7,
= —0.045 + 0.004 V and 7., = —0.05 + 0.01 V, respectively,
with no loss of activity after 2 h of constant polarization. It is
important to note that the ECSA determined for electro-
deposited NiMo-(a) and NiMoCo catalysts is over 100X larger
than that of Pt-(a) and over 10X larger than that of Pt-(b), and
thus the two electrodeposits have significantly lower specific
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Figure 3. Zoomed in region for (a) acidic HER, (b) alkaline HER, and
(c) alkaline OER from Figure 2. The x-axis is the overpotential
required to achieve 10 mA cm™ per geometric area at time t = 0. The
y-axis is the overpotential required to achieve 10 mA cm™ per
geometric area at time t = 2 h. The diagonal dashed line is the
expected response for a stable catalyst. The color of the each point
represents the roughness factor of the catalyst with a bin size of 1
order of magnitude as shown in Figure 2. The size of each point is
inversely proportional to the standard deviation in the ECSA
measurements.

activity. Other catalysts that show high activity and 2 h stability
in 1 M H,SO, with 7y ~ 7., < 0.15 V include CoMo,
NiMoCo, NiMo-(b), NiMoFe-(a), and NiW-(a).

Note that the activity of Pt-(a) and Pt-(b) in 1 M H,SO, as
measured by rotating disk voltammetry is lower than the
expected true activity of Pt.”*’”*”77 This is because Pt is
sufficiently active such that the HER activity of Pt in an RDE
measurement is limited by a hydrogen diffusion overpotential
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rather than the intrinsic kinetics of the catalytic reaction.”*”””®

The existence of this diffusion overpotential also explains why
planar Pt-(a) shows roughly equivalent activity per geometric
area to that of platinized Pt-(b) in 1 M H,SO,. While RDE
measurements cannot be used to establish the true kinetically
limited HER activity of Pt, they are still likely an appropriate
approximation for the mass-transport limited operating activity
relevant to an integrated device. This is because in a typical 2-
electrode integrated water splitting cell, mass transport is
controlled either by turbulent mixing via bubble formation or
rapid stirring, or by controlled flow in a flow-cell
geometry.”” ™ In such setups, similar diffusion overpotentials
to those in the RDE measurements will limit Pt activity.

When investigating HER in 1 M NaOH, Pt-(a) shows lower
activity compared to its activity in 1 M H,SO,, achieving 10 mA
em™2 at 77,y ~ —0.10 = 0.02 V. The lower HER activity of Pt in
alkaline solution as compared to acidic solution is previously
reported,”¥**** although no consensus exists as to the reason
for this decreased activity and the broader topic of the effect of
pH on noble-metal catalysis is currently a topic of vigorous
scientific discussion.**®” Note that higher-surface area plati-
nized Pt-(b) operates with higher activity than planar Pt-(a) as
one would expect, operating with at 10 mA cm™2 current
density at 57, ~ —0.04 in 1 M NaOH. The activity per
geometric area of Pt-(b) in 1 M NaOH is equivalent to the
activity of Pt-(a) and Pt-(b) in 1 M H,SO,, although the
specific activity of Pt-(b) in 1 M NaOH is roughly 5—20%
lower than that of Pt-(a) or Pt-(b) in acidic solution.

Pt-(a) also shows a much larger decrease in activity during 2
h polarization measurements in 1 M NaOH compared to 1 M
H,SO,, with the overpotential necessary to achieve 10 mA
cm™? increasing in magnitude by ~0.1 V to 7,5, = —0.19 +
0.06 V in 1 M NaOH after 2 h of constant polarization,
compared to an increase in magnitude of only 0.03 V from ~
—0.04 to —0.07 V in 1 M H,SO,. Note that this loss of activity
is likely at least partially due to surface poisoning from leached
contaminants from the glass cells used in the measure-
ments.**® By comparison, higher surface area platinized Pt-
(b) showed greater stability as one would expect: leached
contimants will poison a smaller fraction of the high-surface
area Pt, leading to increased comparative stability to planar Pt.

In comparison to Pt-(a) and Pt-(b), several materials show
similar activity in 1 M NaOH, including NiMo-(a), NiMoCo,
CoMo, NiMo-(b), NiFe-(a), and NiMoFe-(a). Again, each of
these materials have 1—3 orders of magnitude higher surface
area than Pt-(a) and Pt-(b), and this increased surface area
likely accounts at least partially for the relatively greater
geometric activity of these materials.

Longer term, 24 h stability measurements were conducted in
1 M H,SO, and 1 M NaOH for S HER catalysts as summarized
in Table 2. In general, each material investigated for the 24 h
stability test showed reasonable stability under constant
polarization with operating overpotentials at —10 mA cm™2,
changing by less than 0.06 V. One exception is NiW which
shows a decrease in HER activity in 1 M H,SO, as evidenced
by the >0.2 V increase in the magnitude overpotential at 10 mA
cm™2 over the course of 24 h.

Comparison of OER Catalyst Performance. A few key
observations become apparent from an examination of the OER
data in Figure 2. The most striking result is that none of the
non-noble metal catalysts investigated were stable under OER
conditions in 1 M H,SO,. This is not surprising given the
general thermodynamic instability of many transition metal
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oxides such as cobalt- and nickel-oxides under oxidative
conditions in strong acid as shown in Pourbaix diagrams.”*""

Another noteworthy observation is that under alkaline
conditions, most catalysts operate with roughly equivalent
activity for OER, achieving 10 mA cm™> current densities at
overpotentials of 77, = 0.35—0.50 V. This observation is similar
to the trend we previously observed in our preliminary
benchmarking study for OER*® albeit now with a larger
sample set, and may suggest common mechanistic limitations.
It has been postulated that oxide-based OER catalysts operate
via a common mechanism that includes the formation of a
surface hydroxide OH* intermediate which is oxidized by two
electrons to a surface hydroperoxy OOH* intermediate.”>”"*
DFT calculations suggest that the difference in binding energies
of these two intermediates is similar regardless of the metal
oxide surface to which the intermediates are coordinated.”®
This “scaling relation” implies that there is a minimum
“thermodynamic overpotential” of ~0.4 V for OER at planar
metal-oxide surfaces calculated assuming only thermodynamic
considerations.”””> This hypothesis is quantitatively consistent
with the activity measurements reported in this study: all non-
noble metal catalysts evaluated operate at j = 10 mA cm™ with
overpotentials 7,y > 0.30 V in 1 M NaOH.

Although many of these catalysts are roughly equivalent in
activity, one can still identify a few catalysts with relatively high
activity and stability compared to the others. Upon examination
of the zoomed-in region of interest for OER in 1 M NaOH
shown in Figure 3, one can quickly identify NiMoFe-(b) as the
only non-noble metal catalyst evaluated that operates at 10 mA
cm™* with an overpotential 77,y ~ 7,5, < 0.35 V. Although Ir,
Ru-(a), and Ru-(b) have equivalent or higher activity per
geometric area than NiMoFe-(b), they have lower specific
activity due to their relatively higher surface areas. Additional
catalysts that operate at 10 mA cm > with overpotentials of 0.35
V < ieg ~ Miean < 0.39 V include Co/P-(b), CoFe, NiCo-(c),
NiFe-(b), NiFeCoCe-(a), NiFeCoCe-(b), NiSn-(b), and NiZn.
An additional tier of catalytic materials that operate with
overpotentials of 0.40 V < 17,9 ~ 7y, < 0.45 V includes Co-
(b), Co/B, Co/P-(a), NiCo-(b), and NiCr.

Longer term, 24 h stability measurements were conducted in
1 M NaOH for 12 OER catalysts as summarized in Table 1. Of
the OER catalysts investigated, Co/P-(a), Co/P-(b), CoFe,
NiCo-(c), NiFe-(b), NiMoFe-(b), NiZn-(b), and Ru-(a)
showed excellent longer-term stability as the overpotential
required to maintain a current density of 10 mA cm™ either
held constant or even decreased over the 24 h. Both Co-(b)
and NiCr showed variable 24 h stability in multiple
experiments, with roughly half the samples prepared exhibiting
24 h stability and half suffering a catastrophic loss of activity
after ca. 18—22 h (Figures S16—S17). This suggests that these
two materials would likely be unstable to more rigorous
stability testing. Ni-(b) and NiCo-(b) lost all catalytic activity
and showed background GC activity after 24 h of constant
polarization.

Stability of NiMo in H,SO, for HER. The 24 h stability of
NiMo-(a) and NiMo-(b) are particularly interesting consider-
ing the §enerally accepted acid instability of NiMo-based
catalysts.”>”” Corrosion studies of pure NiMo alloys with >20%
Mo composition report corrosion rates in 10% HCI at 70 °C of
~300 mg dm™* day ' (mdd), although this drops to ~50 mdd
in deaerated solutions at 70 °C and to rates below the
detectable limits in 10% HCI solutions at 25 °C.”® However,
the reported corrosion rate for NiMo materials with 27% Mo
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content electrodeposited from solutions containing citrate
anions onto carbon electrodes and measured in 1 M H,SO,
at 60 °C is 5.8 X 10° mdd.”

Of the few reports that examine the HER activity of NiMo in
acid,*?719°71%7 ‘most do not address the stability of the
material under HER conditions. However, NiMo nanoparticles
have been reported to be unstable in acid under HER
conditions, increasing in overpotential by ~0.04—0.05 V after
~20 h of constant polarization at —20 mA cm™ in 1 M
H,50,,'* and fully degrading after 2000 cycles between —0.3
to 0.9 V vs RHE in 0.1 M HCIO,.”” NiMo-nitride nanosheets
have been reported to have enhanced stability over the course
of 2000 cycles between —0.3 to 0.9 V vs RHE in 0.1 M
HClO,.*”

Additional stability measurements were conducted to test the
stability of the NiMo-(a) electrodeposit under HER conditions
by measuring multiple cyclic voltammograms between —0.1 to
0.1 V vs RHE for 10 000 cycles at 50 mV s~ scan rate in 1 M
H,SO,. This range was chosen such that the positive limit is
slightly positive of the thermodynamic H*/H, potential and the
negative limit is sufficiently negative to achieve initial maximum
current densities on the order of —100 mA cm 2. Every 50th
voltammogram was conducted at a scan rate of 10 mV s~!
followed by a 30s chronopotentiometric step at —10 mA cm™>
current density. The overpotential measurements at —10 mA
cm™? current density after 500 cycle intervals for NiMo-(a) for
10 independent experiments are shown in Figure S18. There
was a modest increase in the magnitude of the overpotential by
~0.050 V over the course of the 10000 cycles to #7;0000cycles =
—0.087 + 0.046 V. A comparison of the average overpotential
measurements at 10 mA cm ™ for the 10 000 cycle experiments
and the 24 h constant polarization experiments for NiMo-(a)
are shown in Figure 4. The result from the cycling experiment
is qualitatively and quantitatively different than the 24 h
constant polarization measurements, which showed a very
modest enhancement of catalytic activity after cathodic
polarization. A longer-term stability test in which the potential
was cycled using the same procedure but for >20000 cycles
showed an increase in the magnitude of the overpotential by
~0.15 V over the course of 20 000 cycles to #735900cyctes = —0-20
+ 0.12 'V, and by >0.4 V after 30 000 cycles (Figure S19). This
suggests that the shorter-term, 24 h stability studies are
insufficient probes of long-term catalyst stability. For
comparison, NiMo-(a) shows enhanced catalyst stability in 1
M NaOH, increasing in magnitude overpotential by <0.02 V
over the course of 40 000 cycles (Figure S20).

These stability results for NiMo-(a) highlight the need for
further long-term stability and accelerated durability inves-
tigations in acid of NiMo and other HER materials to
determine their feasibility for incorporation into integrated
solar-fuel devices. Such protocols would allow for the stability
of catalysts such as NiMo-(a) to be directly compared to other
reported acid-stable catalysts such as various Ni/ P,m3'108 Co/
P, % and Mo/S materials.*>°%!1°

B CONCLUSIONS

A benchmarking protocol was used to evaluate the performance
of 16 HER and 23 OER catalysts comprised of earth-abundant
materials in 1 M NaOH and 1 M H,SO, at current densities
relevant to a 10% efficient solar water splitting device under 1
sun illumination. Each material was deposited onto a glassy
carbon substrate, and the activity, stability, and electrochemi-
cally active surface area of each material was measured. These
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Figure 4. Extended stability studies for NiMo-(a) in 1 M H,SO,. The
green circles are the average measured overpotentials during 24 h
constant current electrolysis measurements plotted vs the polarization
time on the top x-axis. The blue squares are the average measured
overpotentials from intermittent 30 s chronopotentiometric steps
during 10 000 cycle experiments plotted vs the number of cycles on
the bottom x-axis. Note that the 10 000 cycle experiment lasts ca. 25 h,
and the top axis also reflects the time point in the cycling measurement
at which the operating overpotential was measured. The 24 h
measurements were averaged from three separate experiments, and the
10000 cycle measurements were averaged from ten separate
experiments (Figure S18). The error bars show the standard deviation
of the measurements. The catalyst remains active during both stability
studies, with the magnitude of the overpotential at 10 mA cm™
decreasing by ~0.010 V to #.,,, = —0.034 + 0.006 V during 24 h
constant polarization and increasing in magnitude by ~0.050 V to
1110000cycles = —0-087 + 0.046 over the course of 10 000 potential cycles
between —0.1 to 0.1 V vs RHE.

measurements are summarized in a graphical representation
(Figure 2) for easy comparison of catalytic data. A Pt disk
electrode and a platinized Pt electrode were also investigated
for comparison for HER, and a sputtered Ir catalyst and 2
different deposited Ru catalysts were investigated for
comparison for OER.

In the case of OER, most catalysts investigated were
oxidatively unstable in acidic conditions. Only Ir, Ru-(a), and
Ru-(b) showed appreciable activity and stability in 1 M H,SO,,
maintaining 10 mA cm™? current density at 7 < 0.36 V after 2 h
constant polarization. This suggests that there is a need to
develop non-noble metal OER catalysts that are oxidatively
stable in acid if precious metals are to be avoided in solar water-
splitting devices operating in acidic solution. In 1 M NaOH,
most OER catalysts investigated in this study showed fairly
similar activity to one another, achieving 10 mA cm™ current
densities at overpotentials between 0.3 V < n < 0.5 V. Of
particular note is the NiMoFe-(b) catalyst that showed
comparable activity per geometric area and higher specific
activity than the various Ir and Ru catalysts investigated, as well
as promising 24 h stability under constant polarization. All non-
noble metal catalysts investigated required # > 0.3 V driving
force to achieve current densities of 10 mA cm™2.

Several HER catalysts show high activity and stability in 1 M
H,SO, and/or 1 M NaOH, achieving —10 mA cm™? with
magnitude overpotentials 77l ~ l77,_5,] < ~0.1 V. The stability
of the NiMo-based catalysts was particularly surprising given
the reported acid instability of NiMo nanoparticles.””'*®
Potential cycling experiments between 0.1 to —0.1 V vs RHE
were conducted to further test the long-term stability of NiMo-
(a), and the magnitude overpotential necessary for the catalyst
to achieve 10 mA cm ™ increased by <0.05 V after over 10 000
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cycles. The NiMo-(a) catalyst shows the same activity and
stability as many recently reported acid-stable HER cat-
laysts,*>0193198710 However, the NiMo-(a) catalyst degraded
in catalytic activity over time, eventually operating with >0.4 V
magnitude overpotential at —10 mA cm™* after 30 000 cycles.
This result highlights the need for the development of an
accelerated durability protocol, perhaps similar in concept to
the one proposed for fuel-cell catalyst testing,''' "¢ to better
evaluate catalyst stability under relevant device conditions.
The benchmarking protocol reported here allows for rapid,
preliminary evaluation of catalyst performance. However,
further in-depth catalyst testing for promising materials is
necessary to better evaluate catalyst performance under specific
operating conditions once they are defined. This may include
the establishment of accelerated life testing to better probe the
long-term stability of various OER and HER materials and the
study of light absorbing properties of catalyst materials under
operating conditions. It is important to consider that the
benchmarking conditions and figures of merit reported here are
specific to an integrated solar water-splitting device operating in
strongly acidic or alkaline conditions under 1 sun illumination;
these conditions may be different than those required to
evaluate catalyst performance for other devices or operating
conditions, such as PEM and alkaline water electrolyzers or
integrated water-splitting cells under multiple-sun illumination.
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