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Evaluating Hydrogen Evolution and Oxidation in Alkaline Media

to Establish Baselines
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This paper fills a significant gap in the literature for alkaline hydrogen evolution (HER) and oxidation (HOR) baseline performance,
while reviewing the different variables that influence observed properties. Although high-performing HER-HOR catalysts in acidic
electrolytes are too active to measure kinetic in rotating disk electrode (RDE) half-cells, under alkaline conditions RDE kinetics
evaluations are relevant and half-cell performances are comparable to hydrogen pump data. This paper focuses on best practices to
ensure that half-cell tests don’t unnecessarily lower platinum group metal (PGM) performance or improve non-PGM performance.
Specific aspects examined include experiments on PGMs minimizing the impact of impurities (electrolyte, cell material) and
experiments on non-PGMs minimizing the impact from test protocols (counter electrode).
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Alkaline hydrogen evolution (HER) is a growing area of inter-
est, largely driven by the possibility of performing electrolysis with
non-platinum (Pt) group metal (PGM) catalysts in alkaline media.
Although numerous efforts have focused on improving HER and hy-
drogen oxidation (HOR) activity'~ and developing PGM?®'* and non-
PGM catalysts,''™>* a comprehensive baselining paper doesn’t exist.
This has led to a number of difficulties for the community that are
highlighted in this paper, including using robust PGM performance
and durability baselines and using test protocols that don’t artificially
lessen the gap between PGMs and non-PGMs. We have pursued es-
tablishing alkaline HER-HOR baselines to fill this gap and since it is
necessary for the community to build on.

Studies attempting to obtain rotating disk electrode (RDE) kinetic
data in acid are usually fruitless because the kinetic rates of high
performing catalysts are so high that mass transport becomes the lim-
iting factor.>?> This has resulted in a lack of agreement, where RDE
half-cell performance is significantly lower than membrane electrode
assemblies (MEASs) in hydrogen pump data.>* RDE measurements are
relevant in alkaline media where kinetic rates are slower and therefore
can be separated from mass transport.” Under alkaline conditions,
half-cell performances (exchange current densities) are comparable
to MEA-hydrogen pump data and RDE-HOR does not meet the Ner-
stian diffusion limited overpotential in the kinetic region.?>>

This paper focuses on protocols and best practices to ensure that
half-cell tests don’t unnecessarily lower PGM performance or im-
prove non-PGM performance, and includes: PGM experiments on
minimizing the impact of impurities (electrolyte, cell material); and
non-PGM experiments on minimizing the impact from test pro-
tocols (counter electrode). Electrochemical baselines for alkaline
HER-HOR performance have previously been investigated, and the
specific test concerns evaluated here have been studied to some extent
elsewhere.**6-8:2527-29 Mayrhofer and Arenz et al. among others have
demonstrated the impact of glass corrosion and related contaminants
on performance evaluations; this study, however, adheres to more
typical testing conditions (cycling > 0.5 V) to evaluate the neces-
sity of polytetrafluoroethylene cells under standard test protocols.?s*
Markovic et al. among others have examined electrolyte impurities,
demonstrating an effect on Pt; this work, however, evaluates a vari-
ety of commercially available electrolytes in an effort to minimize
contaminant contributions on testing.?! Additionally, Pt dissolution
concerns at elevated potential are obvious and addressed in a variety
of publications; this work, however, uses electrochemical condition-
ing procedures adapted from literature to quantify how test choices
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can overestimate non-PGM HER kinetics. This work is focused on
bringing these different aspects together under standardized testing
parameters, to set realistic expectations for the kinetic capabilities of
various materials in HER-HOR.

These baseline studies were pursued for the community to build
on in alkaline HER catalyst development for electrolysis applications.
Electrolysis, or electrochemical water splitting, is currently used in
limited commercial applications, but greater use is expected for hydro-
gen consuming applications (transportation, agriculture) and energy
storage with increasing use of low-cost renewables.?>3 Anion ex-
change membrane (AEM)-based electrolyzers are attractive because
non-PGM catalysts can potentially provide high performance and im-
proved durability.!>3¢37 In alkaline media oxygen evolution is kineti-
cally slower than HER (~3 orders of magnitude in AEM); slower HER
kinetics (compared to acid) means that catalyst performance/loading
is a crucial consideration.

Experimental

Polished metal electrodes were evaluated and included Pt (Pine
Research Instrumentation, AFESTO50PT), palladium (Pd, Pine Re-
search Instrumentation, AFEST050PD), and nickel (Ni, American EI-
ements, NI-M-03M-D.4MMT). Nanoscale catalysts were evaluated
and included Pt nanoparticles supported on high surface area carbon
(Pt/HSC, Tanaka Kikinzoku Kogyo, TEC10ESOE), Pt nanoparticles
supported on Vulcan (Pt/Vu, Tanaka Kikinzoku Kogyo, TEC10V50E),
Pt-ruthenium (Ru) nanoparticles supported on Vulcan (PtRu/Vu, Alfa
Aesar, 44172), Pd nanoparticles supported on Vulcan (Pd/Vu, Alfa
Aesar, A12012), and Ni nanoparticles (Alfa Aesar, 45505). These
materials were chosen because: Pt is a commonly used HER-HOR
catalyst; Pt-Ru provides nominal improvement to Pt; Pd is a com-
monly used PGM alternative to Pt; and Ni is the most commonly
investigated non-PGM HER catalyst.

Nanoscale catalyst surveys were completed at loadings of
17.8 jLgy cmepe. 2. Inks contained 3.49 mg of metal in 7.6 ml water and
2.4 ml isopropanol. The metal mass corresponded to 7.60 mg Pt/HSC
(45.9 wt% Pt), 7.52 mg Pt/Vu (46.4 wt% Pt), 5.81 mg PtRu/Vu (60 wt%
Pt-Ru), 34.89 mg Pd/Vu (10 wt% Pd), and 3.49 mg Ni (unsupported).
The inks were iced for 5 min, and Nafion ionomer (5 wt%, Sigma
Aldrich, 527084) was added to an ionomer to carbon ratio (I:C) of
0.45. Since the Ni nanoparticles were unsupported, the ionomer con-
tent was kept constant to Pt/HSC on a metals basis (I:metal 0.38). After
20 min of bath sonication in ice, 10 pl of ink were pipetted onto glassy
carbon electrodes (Pine Research Instrumentation, AFEST050GC) ro-
tating at 100 rpm. The electrodes were dried for 20 min in air at room
temperature, after the rotation was increased to 700 rpm.
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Figure 1. (a) Polarization curves and (b) Butler-Volmer fits of Pt/HSC, Pt/Vu, PtRu/Vu, and a polished Pt electrode (Poly Pt). (c) Polarization curves and (d)
Butler-Volmer/Tafel fits of Pd/Vu, a polished Pd electrode (Poly Pd), unsupported Ni (Ni), and a polished Ni electrode (Poly Ni). Polarization curves were taken
cathodically at 10 mV s~! and 2500 rpm using a 0.1 M NaOH electrolyte (Honeywell Research Chemicals, TraceSELECT) in polytetrafluoroethylene cells. The
dashed black line (a, c) is the Nernstian diffusion limited overpotential. (¢) Summary of mass (red) and specific (blue) exchange current densities, with dashed
blue lines corresponding to the specific activities of metal electrodes (Pt, Pd, Ni, lines above respective commercial nanoparticles).

Studies were performed to evaluate the effect of ionomer content
and catalyst loading on performance. Ionomer contents of 0, 0.1, 0.45,
and 0.8 were tested, and the inks were identical to those described
above with the exception of the amount of ionomer added. Pt/HSC
loadings of 4.5, 8.9, 17.8,35.6, and 71.2 g CMeee > Were tested, and
the inks were adjusted by modifying the catalyst concentration while
keeping the ionomer content (I:C ratio 0.45) constant.

Nafion ionomer was used in inks for the testing of nanoparticle-
based catalysts (Pt, Pt-Ru, Pd, Ni). Nafion ionomer would not be used
in AEM-based MEAs, since the ionomer is needed to transport hy-
droxide between the catalyst site and membrane. Since the half-cell
tests were conducted in a liquid alkaline electrolyte, a hydroxide con-
ductor was not needed. Nafion ionomer was added in small amounts to
improve ink dispersion and catalyst performance, and some optimiza-
tion was completed for all catalysts evaluated. The Nafion ionomer
was provided in proton form and was not converted prior to its use
in catalyst inks or electrochemical testing. Although in the proton
form, the Nafion ionomer was not acidic as soon as it contacted the
alkaline electrolyte. lonomer use also did not result in catalyst disso-
Iution (Pt, Pt-Ru, Pd, Ni), confirmed in inductively coupled plasma
mass-spectrometry (ICP-MS) for all electrolytes regardless of test pa-
rameters (conditioning, durability testing) and the amount of Nafion
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ionomer added. In all cases, dissolved metal amounts were compara-
ble to the detection limit of the ICP-MS (approximately 1 ppt Pt, Ru,
Pd and 10 ppt Ni) and represented less than 0.04 wt% of the catalyst
mass on the working electrode.

Catalysts were evaluated in RDE half-cells using a three electrode
setup. A modulated speed rotator (Pine Research Instrumentation,
AFMSRCE) controlled working electrode rotation and electrochem-
ical measurements were taken with an Autolab PGSTAT302N po-
tentiostat (Eco Chemie, Metrohm Autolab). Pt, gold (Au), or carbon
counter electrodes were used depending on the experiment, and differ-
ent reference electrodes were used depending on whether tests were
completed in polytetrafluoroethylene (Pine Research Instrumentation,
ALK-R-CELL-1) or glass electrochemical cells. The glass electro-
chemical cell incorporated a bubbler into the cell body design; for
the polytetrafluoroethylene cell, a pipette tip (0.1—1.0 ml) was used.
The polytetrafluoroethylene cell used a mercury/mercurous oxide ref-
erence electrode (Koslow Scientific Company, 5088) connected to
the main cell by a handmade Luggin capillary formed by heating
a heat-shrinkable polytetrafluoroethylene sleeve (Koslow Scientific
Company, 5089). The glass cell used a Pt wire in a hydrogen-saturated
electrolyte connected to the main cell by a Luggin capillary as a re-
versible hydrogen electrode (RHE) reference. Although later portions
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Table I. Survey of published mass (iy,n) and specific (ips) exchange current densities of nanoparticle-based Pt (Nano Pt), Pt-Ru (Nano Pt-Ru), Pd
(Nano Pd), and Ni (Nano Ni) baseline catalysts, along with the published specific exchange current densities of polished Pt, Pd, and Ni electrodes.??

Author Ref. Type Details % Metal [wt%)] iom [A mgy '] ips [MA cmy~2]
Platinum nanoparticles
This work Nano Pt TKK 46 0.550 0.595
Gasteiger et al. 6 Nano Pt TKK 5 1.2 1
Abruiia et al. 46 Nano Pt Not specified - 0.393 0.48
Wang et al. 47 Nano Pt TKK 46 0.38 -
Gasteiger and Shao-Horn et al. 25 Nano Pt TKK 46 0.35 0.57
Yan et al. 10 Nano Pt Not specified - 0.35 0.58
Yan et al. 48 Nano Pt Not specified — 0.35 0.58
Papandrew et al. 8 Nano Pt Self-made — 0.265 0.49
Xu and Yan et al. 49 Nano Pt Premetek 5 - 0.48
Yan and Chen et al. 50 Nano Pt TKK 46 - 0.479
Jiang, Fu, Xie et al. 51 Nano Pt Alfa Aesar 20 — 0.458
Wong et al. 52 Nano Pt Not specified — — 0.202
Ohyama and Satsuma et al. 53 Nano Pt Not specified — 0.18 0.195
Markovic et al. 54 Nano Pt TKK — 0.145°¢ —
Gong et al. 55 Nano Pt Not specified - 0.166° -
Mukerjee et al. 56 Nano Pt TKK 46 0.0726 —
Tang et al. 57 Nano Pt M 20 - 0.0676°
Ohyama et al. 58 Nano Pt TKK 50 0.0676° 0.0573¢
Mukerjee et al. 59 Nano Pt Not specified — 0.067¢ —
Mukerjee et al. 60 Nano Pt TKK 47 0.0408°¢ -
Serov et al. 61 Nano Pt Not specified — 0.0121¢ —
Xu et al. 62 Nano Pt Not specified 20 0.00292 -
Jing and Yin et al. 63 Nano Pt Not specified — 0.00283¢ -
Qiao et al. 64 Nano Pt Not specified - 0.001813 0.002342
Asefa et al. 65 Nano Pt Sigma Aldrich 1 2.16E-07¢ —
Polished Pt
This work Pt - — 1.21
Markovic et al. 66 Pt - — 1¢
Yan et al. 10 Pt — - 0.75
Yan and Chen et al. 50 Pt - - 0.741
Markovic et al. 67 Pt — - 0.728
Gasteiger et al. 68 Pt - - 0.7
Gasteiger and Shao-Horn et al. 25 Pt - — 0.69
Yan et al. 3 Pt - — 0.631
Chen and Yan et al. 13 Pt - - 0.61
Gasteiger et al. 38 Pt — - 0.55
Chen and Yan et al. 69 Pt - - 0.53
Markovic et al. 70 Pt — - 0.441°¢
Santos et al. 71 Pt - - 0.00103
Pt-Ru Nanoparticles
This work Nano Pt-Ru Alfa Aesar 60 0.545 0.861
Mukerjee et al. 56 Nano Pt-Ru M 20 0.988¢ —
Papandrew et al. 8 Nano Pt-Ru Self-made — 0.696 1.42
Ohyama and Satsuma et al. 53 Nano Pt-Ru Not specified — 0.39 0.585
Papandrew et al. 8 Nano Pt-Ru Self-made - 0.345 0.41
Wang et al. 47 Nano Pt-Ru TKK 53 0.3096 —
Mukerjee et al. 60 Nano Pt-Ru ETEK 58 0.105¢ —
Serov et al. 61 Nano Pt-Ru Not specified - 0.0114¢ —
Pd Nanoparticles
This work Nano Pd Alfa Aesar 10 0.0800 0.108
Gasteiger et al. 6 Nano Pd Premetek 10 0.063 0.06
Yan et al. 48 Nano Pd Not specified — 0.04 0.05
Yan et al. 72 Nano Pd Premetek 20 0.038 0.052
Xu and Yan et al. 49 Nano Pd Premetek 20 - 0.045
Abruiia et al. 46 Nano Pd Not specified - 0.0333 0.025
Papandrew et al. 8 Nano Pd Self-made — 0.02215 0.05
Polished Pd
This work Pd — - 0.501
Yan et al. 48 Pd - - 0.18
Yan et al. 3 Pd — - 0.126
Ni Nanoparticles
This work Nano Ni Alfa Aesar 100 0.00301 0.00848
Xu et al. 62 Nano Ni Self-made 100 0.0000356 -
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Table I. (Continued).

Author Ref. Type Details % Metal [wt%] iom [A mgM’l] ips [mMA cmy 2]
Polished Ni
This work Ni - - 0.0199
Shervedani et al. 73 Ni - - 0.02
Markovic et al. 67 Ni - - 0.018¢
Tanaka et al. 74 Ni - - 0.0109
Weininger and Breiter 75 Ni - - 0.01
Angelo et al. 76 Ni - - 0.009
Yan et al. 3 Ni - - 0.00794
He et al. 77 Ni - - 0.007
Oshchepkov et al. 78 Ni - - 0.0022
Shervedani et al. 79 Ni - - 0.002
Kubisztal et al. 80 Ni - — 0.00108
Lietal. 81 Ni - - 0.00112
Pérez-Herranz et al. 82 Ni - - 0.00016
Kellenberger et al. 83 Ni - - 0.0000257

2Values were only included for experiments conducted on HER-HOR (not photo-assisted or combined processes) in alkaline electrolytes (not acidic or
buffers) and focused on baseline materials. References to catalyst development efforts that tuned composition or structure to improve material performance
were generally avoided; self-made materials that focused on reaction mechanisms, however, were included.

bValues were not included for publications that referenced baselines from other publications. The values of the original (referenced) publication were
included provided that the experiment was conducted in an alkaline electrolyte.

“Exchange current densities were approximated for publications that provided polarization curves but did not calculate exchange current densities. For Pt,
Pt-Ru, and Pd catalysts, the exchange current densities were approximated by the Butler-Volmer equation assuming an anodic charge transfer coefficient
of 0.5 and fit to the HER portion, since HOR approximations were difficult in the limited potential range between 0 V and the diffusion limited current.
For Ni, the exchange current density was approximated using the Tafel equation and fit to the HER portion using two data points (to approximate a Tafel
slope). Values were not provided for publications that did provide an experimental RHE correction.

of this paper investigate the impact of a Pt counter electrode on perfor- Electrochemical cells were cleaned by submerging in a sulfuric
mance evaluations, a Pt-based reference electrode was of less concern acid bath overnight, followed by a Nochromix bath overnight. The
because: the reference sees lower potential (0 V) than the counter cells were then boiled in 18 M2 deionized water eight times prior
(> 2.5 V); and Ni evaluations used the polytetrafluoroethylene cell to testing, and were stored in 18 M2 deionized water when not in
with a mercury/mercurous oxide reference electrode. use.
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Figure 2. (a) Cyclic voltammograms and (b) polarization curves of Ni nanoparticles following conditioning at negative potential, including: red, first scan with
no conditioning; blue, 10 cycles —0.4—0 V vs. RHE; green, 10 cycles —1—0 V vs. RHE; and yellow, 10 min hold at —1 V vs. RHE. (c) Cyclic voltammograms
and (d) polarization curves of Ni nanoparticles following conditioning at positive potential, including: red, first scan with no conditioning; blue, 10 cycles 0—0.4 V
vs. RHE; green, 10 cycles 0—1.2 V vs. RHE; and yellow, 10 min hold at 1.2 V vs. RHE. Cyclic voltammograms were taken at 20 mV s~ ! and polarization curves
were taken cathodically at 10 mV s~! and 2500 rpm using a 0.1 M NaOH electrolyte (TraceSELECT, Honeywell Research Chemicals).
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Figure 3. (a, c) Polarization curves and (b, d) Butler-Volmer fits of a polished Pt electrode using 0.1 M (a—b) NaOH and (c—d) KOH electrolytes. Polarization
curves were taken cathodically at 10 mV s~! and 2500 rpm in polytetrafluoroethylene cells. The dashed black line (a, c) is the Nernstian diffusion limited
overpotential. () Summary of specific exchange current densities for NaOH (red) and KOH (blue). Tested electrolytes include TraceSELECT (TS, Honeywell
Research Chemicals), Suprapur (Su, EMD Millipore), EMSURE (EM, EMD Millipore), BDH (sodium hydroxide, VWR International), and Macron (Ma, potassium
hydroxide, Avantor Performance Materials). (f) Table of tested sodium and potassium hydroxide electrolytes with selected contaminants, color coded (darker
corresponding to increased concentration) based on binning: 0.001—0.01 ppm; 0.01—0.1 ppm; 0.1—1 ppm; 1—10 ppm; and > 10 ppm. The sodium or potassium

carbonate (CO3) content was also listed by percentage.

For Pt/HSC, Pt/Vu, and Pd/Vu, electrodes were electrochemically
conditioned in 0.1 M perchloric acid (50 cycles, 0.025—1.0 V vs
RHE) in a separate glass electrochemical cell prior to being rinsed in
water and tested in alkaline electrolytes. This process improved elec-
trochemical surface area (ECA) and HER-HOR performance. This
process was not completed on PtRu/Vu or Ni, since it resulted in
excessive dissolution (Ru, Ni) and lower measured activity.

A number of sodium and potassium hydroxide sources were eval-
uated. For sodium hydroxide, these sources included TraceSELECT
(Honeywell Research Chemicals, 01968, formerly Sigma Aldrich),
Suprapur (EMD Millipore, 106466), EMSURE (EMD Millipore,
106495), and BDH (VWR International, BDH9292). For potassium
hydroxide, these sources included TraceSELECT (Honeywell Re-
search Chemicals, 60371, formerly Sigma Aldrich), Suprapur (EMD
Millipore, 105002), EMSURE (EMD Millipore, 105021), and Macron
(Avantor Performance Materials, 6984). Outside of the electrolyte sur-
vey, TraceSELECT sodium hydroxide (Honeywell Research Chem-
icals) was used throughout the study, since it produced HER-HOR
activity on a polished Pt electrode representative of higher purity
electrolytes. For this electrolyte source, 0.01, 0.1, and 1.0 M were

evaluated; a 0.1 M concentration was used throughout the remainder
of the study since it resulted in optimal performance on a polished Pt
electrode.

Electrochemical conditioning in alkaline electrolytes was com-
pleted for 20 cycles at 2500 rpm and 500 mV s~! in an electrolyte
bubbled with hydrogen; the potential range, however, depended on
catalyst type. PGM catalysts (Pt, Pt-Ru, Pd) were cycled —0.1—-1.0 V
vs RHE. In the case of Pd, particular care was taken to avoid ex-
posing the electrode to less than —0.1 V and formation of Pd hy-
dride. Ni, however, was cycled at lower potential (—0.4—0.0 V vs
RHE) to minimize the impacts of oxide layers. Polarization curves
(2500 rpm, 10 mV s~!) were completed cathodically in the potential
ranges —0.1—1.0 V (Pt, Pt-Ru, Pd) and —0.3—0.1 V (Ni), immedi-
ately following conditioning. Testing protocols were set with exposure
times in mind (glass dissolution, carbonation), and cycling was typ-
ically started prior to complete hydrogen saturation. From bottle to
evaluation, it took 10—12 min to prepare (weigh, dissolve), condition
(deaerate, cycle), and take polarization curves.

HER-HOR polarization curves were corrected for internal resis-
tance (20—27 2, depending on the electrode) and correction values
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Table II. Survey of published specific (iy,s) exchange current densities of polished Pt electrodes and the electrolytes (type, manufacturer, product)

they were tested in.

Author Ref. Type Manufacturer Product ig,s [MA cmy -2
This work 0.1 M NaOH Honeywell Research Chemicals TraceSELECT 1.21
This work 0.1 M NaOH EMD Millipore Suprapur 1.10
This work 0.1 M NaOH EMD Millipore EMSURE 1.03
This work 0.1 M NaOH VWR International BDH 0.538
This work 0.1 M KOH Honeywell Research Chemicals TraceSELECT 1.03
This work 0.1 M KOH EMD Millipore Suprapur 1.19
This work 0.1 M KOH EMD Millipore EMSURE 1.06
This work 0.1 M KOH Avantor Performance Materials Macron 0.650
Markovic et al. 66 0.1 M KOH Sigma Aldrich Not specified 1
Yan et al. 10 0.1 M KOH Not specified Not specified 0.75
Yan and Chen et al. 50 0.1 M KOH Not specified Not specified 0.741
Markovic et al. 67 0.1 M KOH Multipharm, Sigma Aldrich, JT Baker, Alfa Aesar Not specified 0.728
Gasteiger et al. 68 0.1 M KOH Merck Suprapur 0.7
Gasteiger and Shao-Horn et al. 25 0.1 M KOH Sigma Aldrich Not specified 0.69
Yan et al. 3 0.1 M KOH Sigma Aldrich Not specified 0.631
Chen and Yan et al. 13 0.1 M KOH Sigma Aldrich Not specified 0.61
Gasteiger et al. 38 0.1 M NaOH Sigma Aldrich TraceSELECT 0.55
Chen and Yan et al. 69 0.1 M KOH Sigma Aldrich Not specified 0.53
Markovic et al. 70 0.1 M KOH Sigma Aldrich Not specified 0.441
Santos et al. 71 8 M KOH AnalaR NORMAPUR 0.00103

were taken with a built in current interrupter at 0.4 V vs RHE. These
curves were fit to the Butler-Volmer (Pt, Pt-Ru, Pd) and Tafel (Ni)
equations. The observed HOR diffusion limited currents (2.6—2.7 mA
CMeec %) Were expected at the elevation (5674 ft) and partial pressure
(83.2 kPa) of our labs, and predicted by the Koutecky-Levich equa-
tion. Kinetic HER-HOR exchange current densities were corrected
for the partial pressure of hydrogen, assuming a 0.6 reaction order.*®
These corrections were completed only for the kinetic comparisons
and were not incorporated into either the linear polarization curves or
fitting (log plots).
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ECA measurements were taken after the activity determina-
tions. Ni ECAs were evaluated by cyclic voltammograms, from the
charge due to hydroxide desorption, although similar values could
be achieved from capacitance.’**! Pt, Pt-Ru, and Pd ECAs were
evaluated by carbon monoxide stripping.*>** Carbon monoxide ex-
periments were completed by holding a potential of 0.1 V vs RHE
for 20 min: 10 min while bubbling carbon monoxide; and the second
10 min while bubbling nitrogen. During the experiment, the working
electrode was rotated at 2500 rpm to prevent bubbles from collecting
on the surface. The gas flow was adjusted to blanket the electrolyte

1000
100

10 <1.0M

=01 M

0.1 =0.01M

0.01

0.001 - -
01 -0.05 0 005 0.1
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Figure 4. (a) Polarization curves and (b) Butler-Volmer fits of a polished Pt electrode using TraceSELECT NaOH (1.0, 0.1, and 0.01 M) electrolytes. Polarization
curves were taken cathodically at 10 mV s~! and 2500 rpm in polytetrafluoroethylene cells. The dashed black line (a) is the Nernstian diffusion limited overpotential.
(c) Summary of initial (red) specific exchange current densities and specific exchange current densities in electrolytes that had been aged 1 wk (blue, purged with

hydrogen).
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Figure 5. (a) Mass (closed data points) and (b) specific (open data points) exchange current densities of Pt/HSC, Pt/Vu, and PtRu/Vu as a function of the ionomer to
carbon ratio (I:C). (c) Mass exchange current densities and (d) diffusion limited currents of Pt/HSC as a function of the electrode loading. Polarization curves were
taken cathodically at 10 mV s~! and 2500 rpm in polytetrafluoroethylene cells using a 0.1 M NaOH electrolyte (TraceSELECT, Honeywell Research Chemicals).

Inks (c-d) were made with Nafion ionomer at an I:C ratio of 0.45.

and rotation was turned off 30 s prior to the end of the potential hold.
Cyclic voltammograms (0.025—1.2 V) were run immediately after,
the first cycle for the ECA measurement and subsequent cycles to
ensure that carbon monoxide beyond an adsorbed monolayer had not
persisted in the electrolyte. Pt and Pt-Ru ECAs were also evaluated by
hydrogen underpotential deposition and carbon monoxide stripping in
0.1 M perchloric acid.*** ECA measurements on polished metal elec-
trodes gave roughness factors of 1.21 (Pt), 1.35 (Pd), and 1.63 (Ni)
CInECA2 Cmelec_z-

Durability tests were completed in polytetrafluoroethylene and
glass cells, using Pt, Au, and carbon counter electrodes. Potential
cycling was completed in the range —0.2—0.2 V (Pt) and —0.4—-0.0 V
(Ni) vs RHE, for 100,000 cycles at 2500 rpm and 500 mV s~! in a
hydrogen-saturated electrolyte. In the case of electrochemical cell
material comparisons (polytetrafluoroethylene vs glass), electrolytes
were also aged for 1 wk in a hydrogen-saturated electrolyte without
electrode cycling.

Results

The results of this paper have been divided into the subsec-
tions Catalyst baselines, Electrochemical cell material, and Counter
electrode material, to organize results based on the specific aim
of individual experiments. The Catalyst baseline subsection exam-
ines the activities of PGM and non-PGM catalysts, commercial
nanoparticles and polycrystalline electrodes, as well as investigates
the effect of the electrolyte and ink composition on performance.
Later subsections examine specific testing concerns, including the
choices of: glass versus polytetrafluoroethylene testing cells (Elec-
trochemical cell material); and Pt versus non-Pt counter electrodes
and their influence on performance and durability (Counter electrode
material).

Catalyst baselines.—Catalyst evaluations were made for commer-
cial nanoparticles and polycrystalline electrodes, for PGM (Pt, Pt-Ru,
and Pd) and non-PGM (Ni) catalysts (Figure 1). As previously men-
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tioned, RDE tests in acidic electrolytes are invalid since the experi-
mental setup underestimates Pt kinetics.>*** In alkaline electrolytes,
however, RDE testing provides useful kinetic data; the validity of this
data is confirmed by the similarity between RDE and MEA-hydrogen
pump exchange current densities and since the Pt-HOR performance
does not meet the Nernstian diffusion limited overpotential in the
kinetic region (dashed black line, Figure 1a).>>2¢

Several testing parameters and analysis choices were of impor-
tance. HER-HOR activities were evaluated and compared based on
their exchange current densities, from the Butler-Volmer equation
(HER-HOR) for PGMs and the Tafel equation (HER only) for Ni. Al-
though many non-PGM HER studies make comparisons to Pt based
on lost overpotential, exchange current densities were used since
these may be better suited for evaluating catalysts’ intrinsic capa-
bilities, particularly for reactions (HER-HOR) with fast kinetics, and
for ex-situ half-cell tests.!!!415:18-2145 At HER currents greater than
35 mA cmy. 2, transport losses were observed and were not included
in the fits (Butler-Volmer) for exchange current density determina-
tions. Polarization curves were also taken in the cathodic direction,
since HER on Pt at high current density produced hydrogen bubbles
that could reduce the observed HER-HOR current through electrode
coverage. Pt and Pd catalysts were generally equally active for HER
and HOR (anodic charge transfer coefficients, o, = 0.47—0.51). Pt-
Ru, however, was a slight exception and marginally more active for
HOR than HER (a, = 0.60). For Ni, no HOR activity was observed,
and Ni-HER exchange current densities were evaluated by the Tafel
equation.

The performances found in this study were compared to pub-
lished values in literature, for both nanoparticle-based materials (Pt,
Pt-Ru, Pd, Ni) and polished electrodes (Pt, Pd, Ni, Table I). These
types of comparisons are complicated by differences in the spe-
cific baseline evaluated (manufacturer, composition) and test choices
(electrolyte, cell, conditioning, user). They do, however, illustrate
the need for universally applied baselines as these performances can
vary by several orders of magnitude. The specific exchange current
densities of polished electrodes presented here are generally
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Figure 6. Carbon monoxide stripping and
cyclic voltammograms of (a—b) Pt/HSC,
(c—d) Pt/Vu, and (e—f) PtRu/Vu, in 0.1 M
(a,c,e) sodium hydroxide and (b,d,f) perchloric
acid. ECAs were determined in 0.1 M sodium
hydroxide by carbon monoxide stripping us-
ing cyclic voltammograms as a background
subtraction (CO NaOH, 420 p.C cm~2, red)*
and a fixed potential window (CO NaOH, 390
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comparable to or exceed the activities published elsewhere, poten-
tially due to electrolyte purity and conditioning protocols. In certain
instances, however, nanoparticle-based materials outperformed the ac-
tivity of the Pt and Pt-Ru baselines (Pt/HSC from Tanaka Kikinzoku
Kogyo TEC10ESOE and PtRu/Vu from Alfa Aesar 44172), which may
be due to differences between the individual catalysts.

A number of testing choices were made that influenced half-cell
performance. Pt and Pd catalysts were electrochemically conditioned
in 0.1 M perchloric acid (50 cycles, 0.025—1.0 V) to clean the surface,
which improved surface area and HER-HOR activity; afterwards, the
electrode tips were rinsed in water and conditioned in alkaline elec-
trolytes prior to activity evaluations. Pt-Ru, however, was not condi-
tioned in acid since these protocols led to Ru dissolution and lower
performance. Particular care was taken with Pd conditioning, and Pd
catalysts were not exposed to less than —0.1 V to avoid subsurface hy-
dride formation. Conversely, Ni catalysts were conditioned at negative
potential (—0.4—0.0 V) to limit the impact of the surface oxide layers,
and because higher HER performance was observed if the catalyst did
not spend extended time at elevated potential.

0.4

06 08 1

E [V vs RHE]

Ni conditioning can have a significant impact on HER perfor-
mance, either due to extended time spent at low potential forming Ni
hydrides or at high potential forming Ni oxides (Figure 2). Although
Ni nanoparticle conditioning at negative potential was used in this
study (10 cycles, —0.4—0.0 V), it resulted in identical performance
to the catalyst when unconditioned. Conditioning at a more negative
potential, however, resulted in positive current above 0 V, likely due to
the oxidation of formed surface hydrides. The positive current, how-
ever, only persisted for a few cycles and the original HER polarization
curve could be reproduced. Conversely, conditioning to elevated po-
tential produced larger negative current in the cyclic voltammograms,
likely due to the reduction of formed surface oxides. Although the
original HER polarization curves could be reproduced in most cases,
conditioning at 1.2 V for > 10 min resulted in slightly lower perfor-
mance that could not be recovered without reconditioning at negative
potential. Conditioning can also significantly affect Pd performance,
where exposure to excessive negative potential appeared to form hy-
drides and positive current above 0 V that in cases was more difficult
to remove.
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Figure 7. Electrochemical surface areas of (a) Pt/HSC, (b) Pt/Vu, and (c) PtRu/Vu, determined by carbon monoxide stripping and hydrogen underpotential
deposition. ECAs were determined in 0.1 M sodium hydroxide by carbon monoxide stripping using cyclic voltammograms as a background subtraction (CO NaOH,
420 nC cm~2, rc:d)42 and a fixed potential window (CO NaOH, 390 nC cm~2, blut:),43 and hydrogen underpotential deposition (HUPD NaOH, 145 nC cm~2,
green).*> ECAs were determined in 0.1 M perchloric acid by carbon monoxide stripping using cyclic voltammograms as a background subtraction (CO HCIOy,
420 n.C cm~2, yellow)*? and hydrogen underpotential deposition (HUPD HCIOy, 210 wC cm™—2, gray).*

The electrolyte manufacturer and purity was found to impact the
observed HER-HOR performances (Figure 3). Markovic et al. among
others have examined electrolyte impurities and demonstrated an
effect on Pt HER-HOR.?! The focus of this study was to minimize
impurity impacts by evaluating a number of commercially available
electrolytes and to produce robust performance baseline. The choice
of electrolyte tended to more strongly influence polished metal elec-
trodes and higher performing PGMs, and the activity of a polished Pt
electrode was the most affected by changes to the electrolyte. Manu-
facturer specifications were examined for potential causes in variable
HER-HOR performance, however this was somewhat complicated
by data availability and the contaminant ranges specified. In general,
however, higher activity tended to correspond to lower contaminant
levels. An exception was the amount of sodium or potassium car-
bonate reported, which did not align to these activity trends. Since
the evaluated chemicals contained low amounts of carbonate (< 2%),
small differences may be mitigated by air exposure prior to testing
(10—12 minutes to weigh, dissolve, deaerate, and test) or may be less
critical than other contaminant levels. For nanoparticle catalysts, elec-
trolyte purity effects generally tended to be smaller, similar to previous
findings in Pt-oxygen reduction baselines in acidic RDE half-cells.®*
While the effect was smaller for the commercial nanoparticles eval-
uated, contaminant effects may be larger at lower catalyst loading or
for catalysts with lower surface area.

The performances found in this study on a polished Pt electrode
were compared to published values in literature (Table II). These types
of comparisons are complicated since: researchers rarely specify the
product used to make electrolytes; and electrolyte impurity is not the
only source of contamination or the only reason behind performance
differences. The comparison, however, illustrates the need for estab-
lished best practices in the testing of HER-HOR catalysts.

TraceSELECT sodium hydroxide (Honeywell Research Chemi-
cals) was used throughout the remainder of this publication, since it
produced HER-HOR activity on a polished Pt electrode representa-
tive of higher purity electrolytes. A 0.1 M concentration was also used

since it produced optimal performance, rationalized as a balance be-
tween hydroxide abundance resisting carbonation and contaminants
competing for Pt sites (hydroxide itself or impurities, Figure 4).

Ink optimization was investigated by varying ionomer content and
electrode loading, to find peak PGM performance (Figure 5). Trends
observed while varying the amount of ionomer included: a specific ac-
tivity drop with increasing ionomer content; and surface area peaking
at moderate ionomer amounts (I:C of 0.1—0.6). Low ionomer content
resulted in low surface area and high specific activity, attributed to
a combination of poorly dispersed inks (low surface area) and min-
imal ionomer contamination (high specific activity). High ionomer

Table III. Comparison of the specific exchange current densities
of a polished Pt electrode in half-cell durability tests using
polytetrafluoroethylene (PTFE) and glass cells to a previous study
examining glass contamination.

Author Ref. Cell  Time igg [MA cmy 2]

This work PTFE 0 1.21

This work PTFE 27 min 1.01

This work PTFE 1 wk 0.289 (1.18)*
This work Glass 0 1.21

This work Glass 27 min 1.01

This work Glass 1 wk 0.242 (1.17)2
Mayrhofer and Arenzetal. 28  Glass® 0 0.430°
Mayrhofer and Arenz etal. 28  Glass® 15 min 0.0428¢

2Two values for the specific exchange current density were provided,
the first in the original electrolyte and the second (in parentheses) in a
fresh electrolyte.

YExperiments were conducted by Mayrhofer and Arenz et al. in a PTFE
cell with simulated glass contamination.

“Exchange current densities were approximated by the Butler-Volmer
equation assuming an anodic charge transfer coefficient of 0.5.
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Figure 8. (a,c) Polarization curves and (b,d) Butler-Volmer fits of a polished Pt electrode using (a—b) polytetrafluoroethylene and (c—d) glass electrochemical
cells. Polarization curves were taken cathodically at 10 mV s~! and 2500 rpm using a 0.1 M NaOH electrolyte (TraceSELECT, Honeywell Research Chemicals).

The dashed black line (a, c) is the Nernstian diffusion limited overpotential.
polytetrafluoroethylene (PTFE, red) and glass (blue). The two values for 1 wk
electrolyte.

amounts, however, resulted in both low surface area and specific ac-
tivity, attributed to the larger ionomer content blocking catalyst sites,
which in cases (I:C of 0.8) resulted in a visible sheen covering the
electrode. Nafion ionomer was used in this study to optimize inks.
While Nafion is inappropriate in AEM devices, the alkaline elec-
trolyte provides abundant hydroxide conductivity and the ionomer’s
primary purpose in half-cell tests is to promote ink uniformity and
coating quality. The Nafion ionomer resulted in electrodes with higher
HER-HOR performance compared to commercial (Tokuyama AS-4)
and novel AEM-based ionomers, and performance differences may be
due to the relative contaminate effects of these ionomers (ammonium-,
imidazolium-, phosphonium-based compounds).?®%5 At lower catalyst
loading, it was also found that higher mass-normalized exchange cur-
rent densities could be produced. Moderate PGM loadings (17.8 pg
CMeec %), however, were used in the baseline evaluations since they
reached full diffusion limited currents without the complications of
high loading, including the early onset of HER transport limitations,
reaching the Nernstian diffusion limited overpotential (HOR), and
underutilizing the catalyst layer.

In this study, carbon monoxide oxidation was used to evaluate the
ECAs of Pt and Pt-Ru catalysts, using a Coulombic charge of 420 pC
cmp, 2 (Figures 6 and 7). Since this method is not universally applied

(e) Summary of mass (red) and specific (blue) exchange current densities for
corresponded to experiments in the original (low values) and fresh (high values)

throughout literature, a number of other approaches were evaluated
and include different charge correction factors, fixed potential limits,
and hydrogen underpotential deposition.*>%¢37 This effort was com-
pleted to explain why carbon monoxide oxidation (420 LC cmp,~2)
was used in this study, and since differences in ECA determinations
have an obvious impact on reported specific activities. Carbon monox-
ide stripping can be somewhat complicated in alkaline electrolytes,
since hydroxide abundance produces heterogeneous hydroxide ad-
sorption and a range of stripping potentials. Methods have been de-
veloped for charge integration over a fixed range, which simplify the
calculation and produce reasonable surface areas on Pt electrodes.*
These methods, however, do not account for differences in support
capacitance and may need to be recalibrated with changes in catalyst
type (PtRu/Vu). Similarly, hydrogen underpotential deposition can be
useful in determining Pt surface areas, but is less effective on PtRu/Vu.
While carbon monoxide stripping voltammograms on Pt in base occur
over a wide potential range, this method (carbon monoxide oxidation,
420 nC cmp2) was used to calculate ECAs and specific exchange
current densities in this study since it produced reasonable values for
each of the Pt-based catalysts evaluated (Pt, PYHSC, Pt/Vu, PtRu/Vu).

In addition to the test choices of electrolyte, conditioning pro-
tocol, and ink composition, the catalyst itself has obvious impacts
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Figure 9. (a,c) Polarization curves and (b,d) Butler-Volmer fits of Pt/HSC using (a—b) polytetrafluoroethylene and (c—d) glass electrochemical cells. Polarization
curves were taken cathodically at 10 mV s~! and 2500 rpm using a 0.1 M NaOH electrolyte (TraceSELECT, Honeywell Research Chemicals). The dashed black
line (a, c) is the Nernstian diffusion limited overpotential. (¢) Summary of mass exchange current densities for polytetrafluoroethylene (PTFE, red) and glass
(blue). The two values for 1 wk corresponded to experiments in the original (low values) and fresh (high values) electrolyte. (f) Cyclic voltammograms of Pt/HSC
following cycling in the potential range —0.2—0.2 V vs. RHE. The two voltammograms for 100,000 cycles corresponded to experiments in the original (gray) and

fresh (black) electrolyte.

on the observed performance. Surface structure, including particle
size, lattice spacing, faceting, and coordination number may have a
significant effect on the HER-HOR activity of materials. Additional
effects including alloying (lattice spacing) and bifunctionality (ox-
ophilicity) may modify catalyst reactivity and have been previously
presented as routes to develop catalysts."% Previous studies have con-
firmed activity differences on low-index Pt facets and a Pd particle
size effects; these conclusions, however, are not universally agreed
upon in literature and studies have not been completed systematically
for the other materials evaluated here (Pt-Ru, Ni).>>7>% Differences
between the specific exchange current densities of nanoparticle cat-
alysts and polished electrodes in this study, however, suggest that a
particle size effect is plausible for Pt, Pd, and Ni (Figure 1).

Electrochemical cell material.—Durability tests were completed
on Pt/HSC and a polished Pt electrode to determine whether half-
cell durability tests were viable in alkaline electrolytes, and whether
polytetrafluoroethylene electrochemical cells were necessary to avoid
contaminant-based performance loss. Mayrhofer and Arenz et al.
among others have previously demonstrated the impact of glass corro-
sion and related contaminants on performance evaluations.?* While
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aspects of this issue have previously been presented, it required that
the working electrode only saw low potential (< 0.5 V). This study
used typical testing conditions (10 cycles, —0.1—1.0 V prior to each
HER-HOR polarization curve) to evaluate whether polytetrafluo-
roethylene cells were truly necessary to evaluate catalyst performance
and durability in RDE half-cells.

Durability cycles were completed in the potential range
—0.2—0.2 V (anticipated operation range in reversible fuel cells) up
to 100,000 cycles (44.4 h). Electrolytes were also aged for 1 wk
in glass and polytetrafluoroethylene cells under continual hydrogen
flow, to test the furthest extent of this comparison. While loss was
observed on a polished Pt electrode, these losses were similar in ei-
ther electrochemical cell and were rationalized as either carbonation
affecting electrolyte composition or electrolyte impurities adsorbing
onto the working electrode over time (Figure 8). Although glass cor-
rosion and glass-related contaminant adsorption appear to be highly
impactful when the electrode only sees low potential (< 0.5 V),?53
polytetrafluoroethylene and glass cells produced similar performance
and durability results when the electrode was evaluated with typical
test conditions (—0.1—1.0 V). Since performance decreases were ob-
served for polytetrafluoroethylene and glass cells alike, the loss was
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Figure 10. (a,c) Polarization curves and (b,d) Butler-Volmer fits of a polished Ni electrode using (a—b) Au and (c—d) Pt counter electrodes. Polarization curves
were taken cathodically at 10 mV s~! and 2500 rpm using a 0.1 M NaOH electrolyte (TraceSELECT, Honeywell Research Chemicals) in polytetrafluoroethylene
cells. (e) Summary of specific exchange current densities for a polished Ni electrode using Au (red) and Pt (blue) counter electrodes.

likely due to carbonation and contaminants inherent to the electrolyte
and not dramatically affected by the addition of contaminants due to
glass dissolution.

Care was taken in these tests to ensure that the polytetrafluo-
roethylene cell contained no glass, including in the reference electrode
(felt tip, plastic body), Luggin capillary, and bubbler. While continual
gas flow mitigated carbonation effects, loss could not be prevented.
Alternative electrochemical cells may accentuate or minimize these
losses, and design aspects of the tested cells may reduce air exposure,
including an extended cell neck (glass) and tight electrode fittings
(polytetrafluoroethylene). The glass composition (impurity species
and quantity) may also impact performance and performance changes
over time.

The results found in this study using polytetrafluoroethylene and
glass cells were compared to the work of Mayrhofer and Arenz et
al. who previously demonstrated the impact of glass corrosion and
related contaminants on performance evaluations (Table III).2® Al-
though there may have been differences between the projected and
actual amount of contaminants in the electrolyte, electrode condi-
tioning (10 cycles, —0.1-1.0 V prior to each HER-HOR polarization
curve) likely plays a significant role and may be necessary to acquire
accurate and reproducible performance.

While significant loss was observed in the testing of a polished Pt
electrode, these performance losses were less severe for Pt/HSC and

corresponded to 14% after 30,000 cycles (20% after 1 wk, Figure 9).
In both cases the losses could be recovered with testing in a fresh
electrolyte (Figures 8e and 9e).

From these results, two conclusions were made. First, half-cell ac-
celerated stress tests gave reasonable results for Pt durability, in that
no loss was expected in the examined potential range (—0.2—0.2 V).%’
Since fresh electrolyte replacement resulted in no performance losses,
the observed losses could have been due to electrolyte deterioration
(carbonation) or the adsorption of contaminants (within the elec-
trolyte) over time onto the working electrode. While electrolyte losses
were less severe for Pt/HSC, they may be significantly larger for
catalysts with lower surface area or at lower loading. Secondly, the
electrochemical cell material (glass versus polytetrafluoroethylene)
did not appear critical in testing, and these configurations gave similar
results in initial and post-durability performance. Polytetrafluoroethy-
lene cells can potentially be advantageous after extended use, since
glass etching may increase the cell surface area and increase disso-
lution rates over time. Alternatively, glass cells can potentially be
advantageous in novel catalyst testing where electrochemical condi-
tioning is needed to remove less active metals, ligands, and impurities,
since glass cells can potentially be cleaned more effectively than poly-
tetrafluoroethylene.

Extended operation may have a significant effect on electrocata-
lyst performance, depending on the device of interest and the potential
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Figure 11. (a,c) Polarization curves and (b,d) Butler-Volmer fits of a polished Ni electrode held at (a—b) —0.4 V and (c—d) —1.0 V using Pt counter electrodes.
Polarization curves were taken cathodically at 10 mV s~! and 2500 rpm using a 0.1 M NaOH electrolyte (TraceSELECT, Honeywell Research Chemicals) in
polytetrafluoroethylene cells. (¢) Summary of specific exchange current densities for a polished Ni electrode: held at —1.0 V (red), held at —0.4 V (blue), and
cycled between —0.4—0.0 V (green). (f) Cyclic voltammograms of a polished Ni electrode following holds at —1.0 V. Each test used a Pt counter electrode.

range explored. Surface structure, including particle size, lattice spac-
ing, faceting, and coordination number may not be affected equally
and can result in differences between the durabilities of individual
catalysts. In this case, however, a potential range of —0.2—0.2 V vs.
RHE was probed to baseline HER-HOR catalysts intended as hydro-
gen electrodes in AEM electrolyzers and fuel cells. Since durability
testing at these potentials did not reach Pt redox or dissolution, min-
imal loss was expected and found.’” A slight decrease was observed
in P/HSC performance after 1 wk; since this loss was recovered
upon using a fresh electrolyte, the loss was attributed to electrolyte
deterioration. Slight changes were also observed in Pt/HSC cyclic
voltammograms and carbon monoxide voltammograms after 100,000
cycles (increase in capacitance, decrease in Pt surface features). Since
these changes largely disappeared when the catalyst was retested with
a fresh electrolyte, they were likely not due to Pt loss or growth.

Counter electrode material.—Potential cycling (—0.4—0 V) was
completed on a polished Ni electrode, using Pt and Au counter elec-
trodes, to evaluate the effect of the counter electrode on activity and
durability evaluations (Figure 10). These experiments were completed
with the aim of quantifying the impact of Pt counter electrode dis-
solution on non-PGM performance. While Pt dissolution concerns at
elevated potential are obvious and addressed elsewhere, many recent

non-PGM HER studies use Pt counters. This work uses electrochem-
ical conditioning procedures adapted from literature to quantify how
test choice can overestimate non-PGM HER kinetics.

While both configurations produced comparable initial perfor-
mance (first polarization curve), the results quickly deviated and a
Pt counter electrode improved Ni performance 60% within 30 min
(1000 cycles). This improvement was rationalized as Pt deposition on
the working electrode increasing activity.>>>” With a lower bound of
—0.4 'V, a polished Ni electrode routinely produced currents in excess
of 2 mA, pushing the counter electrode (Pt mesh, 125 cm? approx-
imated by hydrogen underpotential deposition) to potentials above
2.5 V. Although polycrystalline Ni initially produced no HOR activ-
ity, small amounts of activity were observed after extended operating
times (30,000 cycles, 13.5 h). In the case of Au, the counter electrode
also saw high potentials (> 2.5 V) and may have deposited on the Ni
working electrode. A performance benefit, however, was likely mit-
igated since Ni and Au have comparable HER activity, and the use
of a carbon counter electrode produced similar results. Although Au
did not improve Ni activity in this case, it may improve performance
when testing catalysts less active for HER.

Potential holds at —0.4 and —1.0 V were also completed on pol-
ished Ni electrodes, using Pt counter electrodes, to evaluate the ex-
tent that counter electrode plating could improve Ni performance
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(Figure 11). These tests were limited by time (4.4 h, time equivalent
to 10,000 cycles —0.4—0 V) and potential (> —1.0 V) to focus on
possible gains through catalyst conditioning and to not damage the
counter electrode. Greater time spent at more negative potential re-
sulted in larger performance improvements, and these improvements
increased in the order —0.4—0.0 V cycle < —0.4 V hold < —1.0 V
hold. Following 4.4 h at —1.0 V, significant HOR activity was ob-
served on Ni, and the HER-HOR exchange current density was within
80% of polycrystalline Pt. Additional factors may influence the poten-
tial at the counter electrode and its dissolution rate, including the ECA
of the counter and the performance of the working electrode (intrinsic
activity, loading, ECA). In any case, the use of a Pt counter is not ideal,
as the metal is highly active for HER-HOR and susceptible to disso-
lution (plating) at working electrode-relevant test conditions. These
results are of concern since many non-PGM HER catalyst evaluations
still use Pt counter electrodes, and on occasion, use highly negative
potentials during electrochemical conditioning. It appears prudent to
use materials in the electrochemical cell that are less active than the
catalyst of interest, to ensure confidence in the measurement.

Conclusions

Polished metal electrodes and commercial catalysts (Pt, Pt-Ru, Pd,
and Ni) were evaluated for HER-HOR activity in RDE half-cells. A
number of testing choices, including electrolyte purity, ink compo-
sition, electrochemical cell material, and counter electrode material
were evaluated to quantify the effect of protocols on half-cell per-
formance and durability. Electrolyte manufacturer produced a range
of activities, which generally correlated to contaminant levels; these
electrolyte effects, however, tended to be stronger for polished metal
electrodes than nanoscale catalysts. Ink composition impacted com-
mercial catalyst activity, and moderate ionomer content (I:C 0.1—0.6)
was needed to balance dispersion quality and contaminant effects.

Minimal performance differences were found when comparing
glass and polytetrafluoroethylene electrochemical cells, either initially
or following electrolyte aging, and durability losses were driven by
electrolyte deterioration. These losses were small for nanoscale cat-
alysts (P/HSC, 14% after 30,000 cycles), suggesting that alkaline
durability tests are viable provided they have a limited timeframe and
the electrolyte is refreshed prior to activity evaluations. The choice
of counter electrode also impacted performance, and a Pt counter im-
proved Ni activity, significantly when cycling at modest negative po-
tential (x3 improvement, 100,000 cycles, —0.4—0.0 V) or extremely
when holding at high negative potential (x35 improvement, 4.4 h,
—1.0 V). The degree of benefit may change under reasonable cir-
cumstances, including catalyst differences at the working electrode
(intrinsic activity, loading, ECA), higher overpotential, lower surface
area counters, or incidental current excursions.

RDE half-cells are typically used to evaluate the kinetic capa-
bilities of different catalysts and gauge their relative performance.
Establishing performance baselines is critical for setting realistic ex-
pectations, particularly in the absence of device testing, when RDE
half-cell activity can be used to infer MEA performance. Wider im-
plementation of performance baselines is needed, particularly when
comparing PGM and non-PGM activity, and when assessing the ben-
efit of catalyst developments.
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