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ABSTRACT: Anion exchange membrane water electrolyzers (AEMWEs)
represent a promising technology for hydrogen production. The big advantage
of the technology is that it allows for the use of platinum group metal-free
(PGM-free) electrocatalysts at both electrodes, including catalysts for the
hydrogen evolution reaction (HER) at the cathode. In addition to fulfilling the
cost requirement, PGM-free HER catalysts need to meet the activity and
durability targets of the AEMWEs. In this work, we developed several carbon-
supported, xerogel-derived nickel (Ni) HER electrocatalysts and evaluated the
effect of various synthesis conditions, such as the type of carbon support, Ni-to-
carbon ratio, and heat-treatment temperature and time, on their performance.
Scanning transmission electron microscopy combined with energy-dispersive X-
ray spectroscopy (STEM-EDS), X-ray diffraction spectroscopy (XRD), and X-
ray photoelectron spectroscopy (XPS) revealed the formation of Ni nano-
particles with an oxygen-rich layer on the outside. Durability of the best-performing catalyst was assessed via a constant-current hold
at 10 mA cm−2 over 100 h. This catalyst was found to be more active and durable than the reference PGM-free material, a
commercial Ni catalyst supported on a Vulcan XC-72. The catalyst was also tested in the cathode of a fully PGM-free AEMWE,
allowing to reach 1.90 V (1.84 V HFR-free) at 1 A cm−2 at 80 °C.
KEYWORDS: hydrogen evolution reaction, platinum group metal-free electrocatalysts, sol−gel method, nickel electrocatalyst,
anion exchange membrane water electrolysis

■ INTRODUCTION
Hydrogen is an energy carrier that holds an immense potential
for energy storage and conversion.1,2 It can be produced from a
variety of sources, including water electrolysis, by far the most
promising method long-term.3 Proton exchange membrane
water electrolyzers (PEMWEs) require platinum group metal
(PGM) catalysts, which are the only stable materials in the
strongly acidic PEMWE environment. In particular, they rely
almost exclusively on iridium for catalyzing the oxygen
evolution reaction (OER) at the anode. The high cost of
PGM catalysts has hindered widespread commercialization of
the PEMWE technology.4,5 By allowing for the use of PGM-
free catalysts, the anion exchange membrane water electro-
lyzers (AEMWEs) offer an alternative for hydrogen generation
at substantially lower cost.4,6

In addition to much needed improvements to the perform-
ance and durability of anion exchange membranes and
ionomers, the ultimate success of AEMWEs requires develop-
ment of high-performance HER and OER electrocatalysts.7,8

Nickel-based materials have been widely used to catalyze both
OER and HER in alkaline media, exhibiting good activity and
durability.9,10 Inexpensive Raney Ni is a commercially available
alloy, often used as an HER catalyst in liquid alkaline water

electrolyzers (LAWEs).11,12 However, HER at this catalyst
occurs at a relatively high overpotential of ca. 0.30 V.11 Ni
supported on N-doped carbon nanotubes is one of the state-of-
the-art PGM-free catalysts for HER/HOR in alkaline
media.13,14 However, it uses an expensive carbon support
and relatively elaborate synthesis method, which limit its
viability for large-scale application in commercial AEMWEs.15

The selection of an Ni-based catalyst synthesis route can
remarkably alter the resulting material properties such as
surface area, particle size, crystallinity, and ultimately its
activity.16 Therefore, finding novel and easily implementable
synthesis methods for Ni-based catalysts is important for
further improvements in their performance.10,17 Ni(II)-based
aerogels represent a promising class of materials with relatively
high-surface area and small crystallite size (on the order of 5
nm).18,19 However, their synthesis requires a drying process in
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supercritical CO2 that increases the process cost and
complexity.20,21 Letting the gel dry in air (xerogel synthesis)
could help to reduce the complexity and thus the catalyst
cost.22 Introducing carbon into the sol before the gel is formed
promises to effectively fill the pores with the gel (Ni
precursor). After drying, the thus-obtained xerogel uniformly
covers the carbon support, facilitating formation of homoge-
neously dispersed Ni particles during the heat treatment.23,24

While often overlooked in research studies, careful
optimization of the synthesis conditions is crucial for
performance improvements. Future studies, focusing specifi-
cally on rational design of sol−gel-derived electrocatalysts, are
expected to result in HER activity improvements. Our findings
underscore the importance of optimizing the synthesis
conditions of xerogel-derived Ni catalysts to achieve a uniform
distribution of Ni nanoparticles and thus enhance the catalytic
activity. The type of carbon support and heat-treatment
temperature and time are examples of conditions that impact
HER performance in a major way. We also found that the
formation of a 2−4 nm thick oxygen-rich layer on Ni
nanoparticles is essential for attaining high HER activity. We
believe that these findings are important for guiding the further
development of high-performance HER electrocatalysts for
AEMWEs.

■ EXPERIMENTAL SECTION
Materials. NiCl2·6H2O (Fisher Scientific), poly(acrylic acid)

(PAA, MW = 450,000, Sigma-Aldrich), ethanol (200 proof, Sigma-
Aldrich), Vulcan XC-72 (VC) (Cabot), Ketjenblack (KB) EC-300J
(Nouryon), Black Pearls (BP2000) (Cabot), propylene oxide (PO,
Sigma-Aldrich), KOH pellets (Sigma-Aldrich, ACS reagent grade
purity), 40% Ni catalyst supported on Vulcan XC-72 (Fuel Cell
Store), D521 Nafion dispersion (5 wt %, equivalent weight 1100 g
eq−1, Ion Power), and PiperION-A5-HCO3EtOH dispersion (5 wt %,
equivalent weight 425.5 g eq−1, Versogen) were used.

Catalyst Synthesis. Xerogel-derived, carbon-supported Ni HER
catalysts were prepared by using a sol−gel method (Scheme 1). PAA
(25 mg), a nucleation agent,19 was first dissolved in 17.5 mL of
ethanol, followed by addition (1.80 g) of a Ni precursor (NiCl2·
6H2O) to form the sol. Once complete dissolution was achieved,
carbon was dispersed in the solution, and 2 mL of a gelation agent
(propylene oxide, PO) was slowly added at a rate of ca. 1 mL min−1 to
form a hydrogel, which was then aged by storing in a closed vial for 2
days at room temperature and then washed with ethanol to remove

remaining PO. Ethanol was replaced four times over 48 h to ensure
thorough gel washing. To form the xerogel, the solvent was first
evaporated in a fume hood for few hours at room temperature, then
the vial was placed in a vacuum oven at 60 °C overnight. The xerogel
(ca. 0.15 g) was heat-treated under a reducing atmosphere (5% H2 in
N2) in a tube furnace to yield the catalyst (Ni-XG/C). A carbon-free
catalyst (Ni-XG) was obtained using the same procedure but without
carbon addition. We investigated several synthesis conditions such as
(i) ex-situ carbon addition (xerogel mechanically mixed with the
carbon support before the heat treatment); (ii) type of carbon
support; (iii) aerogel vs xerogel synthesis approaches; (iv) Ni-to-
carbon ratio (1:1, 2:1, and 3:1); (v) heat-treatment temperatures
(300, 400, and 500 °C); and (vi) heat-treatment time (1, 2, and 3 h).
These conditions for all catalysts in this study are summarized in
Table S1.

For the synthesis of the aerogel-derived catalyst, the gel was dried
in supercritical CO2, transferred into a stainless-steel sample-holder
equipped with a fine (2 μm) metal grid, and then inserted into a
chamber of an automated supercritical CO2 dryer (Autosamdri-931,
Tousimis, USA). The chamber was filled with ethanol before the
supercritical drying process was started. Drying consisted of 5 cycles
of purging with liquid CO2, each followed by 3 h dwell time, with a
final step of holding at supercritical conditions (38 °C and 82 bar) for
2 h.

Physical and Chemical Characterization. X-ray Diffraction
(XRD). XRD patterns were collected to determine the crystallographic
structure of the catalysts. Measurements were performed on a
Siemens D5000 diffractometer using a Cu Kα radiation source and a
graphite monochromator. Diffraction patterns were recorded in the
2θ range between 20° and 90° with a 0.1° step. Jade9 software was
used to determine crystallographic phases associated with the XRD
peaks.

X-ray Photoelectron Spectroscopy (XPS). XPS characterization
was carried out using a Thermo Scientific (Waltham, MA, USA)
Model K-Alpha instrument, utilizing monochromated, microfocused,
Al Kα X-rays (1486.6 eV) with a variable spot size (30−400 μm). A
400 μm X-ray spot was used for the maximum signal and to obtain an
average surface composition over the largest possible area. The
instrument had a hemispherical electron energy analyzer equipped
with a 128-channel detector system. Base pressure in the analysis
chamber was typically 2 × 10−9 mbar or lower. The powders were
prepared for analysis by dispersing materials onto double-sided tape
on clean glass slides. Sufficient material was used to prevent any
interference signals from the tape. For analyzing the impact of
durability on the surface composition, two electrodes were prepared
using carbon paper as a substrate where the ink (5 times the volume
used in the RDE experiments) was cast on 1 cm2 electrode area. The

Scheme 1. Synthesis of Xerogel-Derived, Carbon-Supported Ni Electrocatalysts
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first electrode was tested only for the initial HER activity. The second
electrode was also subjected to the HER durability test via a constant-
current hold at 10 mA cm−2 for 20 h. The electrodes were attached
directly to the XPS sample holder by using metal clips. After the
sample was transferred into the analysis chamber, a survey spectrum
(step size 1 eV, pass energy 200 eV) was acquired to determine all
elements present. Next, high-resolution core level spectra (step size
0.1 eV, pass energy 50 eV) were acquired for a detailed chemical state
analysis. C KLL (Auger) spectra were recorded using a step size of 2
eV and a pass energy of 100 eV. All spectra were acquired with the
charge neutralization flood gun (combination of low energy electrons
and argon ions) turned on to maintain stable analysis condition. A
typical pressure in the analysis chamber with the flood gun operating
was 2 × 10−7 mbar. Data were collected and processed using the
Thermo Scientific Avantage XPS software package (v.5.96).

Electron Microscopy. Scanning electron microscopy (SEM) images
were acquired using a Quattro S microscope (ThermoScientific)
operated at 20 kV. Catalyst morphology and composition were
determined by aberration-corrected scanning transmission electron
microscopy (STEM) using a JEOL NEOARM equipped with dual
100 mm2 solid-state detectors for energy-dispersive X-ray spectros-
copy (EDS). High-angle annular dark-field (HAADF) images were
recorded at 200 kV by using DigitalMicrograph software (Gatan,
Inc.). Atomic-resolution STEM-EDS maps were acquired and
processed in JEOL analysis station software using the standardless
Cliff-Lorimer routine. For investigating the impact of durability, the
previously mentioned two carbon paper electrodes (XPS section)
were further analyzed via STEM-EDS.

BET Surface Area and Pore Size Distribution. The surface area
and pore-size distribution of some of the catalysts were measured with
a Quantachrome Autosorb-iQ instrument at 77 K using liquid N2.
Before the analysis, the samples were placed in the glass sample tube
used for the analysis and degassed under vacuum for 3 h at 180 °C.
The surface area was calculated using the Brunauer−Emmett−Teller
(BET) method within the relative pressure range of 0.05 and 0.3 on
the adsorption isotherm branch. The pore volume and pore-size
distribution were obtained using the Barrett−Joyner−Halenda (BJH)
method included in instrument software.

Electrochemical Testing. Three-Electrode Cell Testing. A
rotating disk electrode (RDE) setup (Pine Research, USA) and a
BioLogic SP-300 potentiostat were used to evaluate the HER activity
of catalysts. The working electrode was prepared by drop-casting the
catalyst ink onto a glassy carbon (GC) tip. The ink was prepared
similarly to a procedure used previously.18,25 Briefly, 7 mg of the
catalyst powder was dispersed into a mixture of deionized water and
2-propanol at a volume ratio of 2:1. Neutralized D521 Nafion

ionomer suspension was added to the mixture as a binder. The ink
was then sonicated for 30 min to form a homogeneous dispersion, and
an aliquot was pipetted onto a GC tip to obtain the desired catalyst
loading. Metal loading was adjusted to be ca. 0.5 mg cm−2, and the
ionomer-to-catalyst ratio was kept at 0.6. A reversible hydrogen
electrode (RHE) and a graphite rod were used as the reference and
counter electrodes, respectively. The electrolyte solution was 0.1 M
KOH (or 1.0 M KOH in durability experiments) saturated with Ar
gas. The electrochemical tests were performed using a PTFE cell to
avoid any possible corrosion of glass components in contact with the
alkaline electrolyte. The HER test protocol consisted of 10 cyclic
voltammograms (CVs) between 0.0 and 1.0 V vs RHE at a scan rate
of 50 mV s−1, followed by additional 3 cycles at 10 mV s−1 in the same
potential range. Finally, 3 more CV cycles at 50 mV s−1, followed by 3
CV cycles at 10 mV s−1, were measured between 0.4 and −0.50 V vs
RHE.

The HER activity was evaluated by staircase voltammetry (SV) in
the potential range between 0.1 and −0.5 V vs RHE using 10 mV
potential steps and 10 s hold time at each potential in both forward
and backward scan directions. The rotation speed was set to a high
value of 2500 rpm to minimize the H2 bubble growth and to ease their
removal from the catalyst layer surface. The high-frequency resistance
(HFR) was measured by electrochemical impedance spectroscopy
(EIS). The EIS measurements were performed in both the
potentiostatic mode at the open-circuit potential and the galvanostatic
mode at 10 mA cm−2 in the frequency range from 1 Hz to 100 kHz.
The intercept with the real axis of the EIS Nyquist plot was used to
correct the polarization curves for the ohmic (iR) drop. Both EIS
measurement modes yielded the same HFR values. iR-correction of
the polarization curves was performed on the raw experimental data.

Catalyst durability was assessed through a protocol that involved
HER testing to evaluate catalytic activity at the beginning of the test
(BOT), followed by constant-current hold at a current density of 10
mA cm−2 for 100 h, and HER testing to evaluate catalytic activity at
the end of the test (EOT). The catalyst degradation rate is expressed
in terms of a per-hour potential loss at a current density of 10 mA
cm−2 (mV h−1), based on polarization curves recorded at BOT and
EOT.

MEA Preparation. Membrane electrode assemblies (MEAs) for
AEMWE testing were prepared as described before.18 The anode
catalyst, labeled PTL-supported NiFe/Ni-foam, was an ionomer-free
Ni−Fe hydroxide on the surface of a commercial Ni foam, and it was
synthesized via a modified Fe-catalyzed Ni foam approach, reported
elsewhere,26 with some modifications to the precursors and reaction
time. The carbon-supported xerogel-derived Ni cathode catalyst was
sprayed onto a piece of carbon paper (MGL370, AvCarb) using an

Figure 1. iR-corrected polarization curves measured in the RDE cell with (a) various HER catalysts (polarization plots for Vulcan and GC tip alone
given to demonstrate negligible activity of the carbons) and (b) Ni-XG supported on different carbons (compared with KB alone). Catalysts heat-
treated 500 °C for 2 h; Ni-to-C ratio 3:1; 0.1 M KOH electrolyte; RDE at 2500 rpm.
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automated ultrasonic spray coating system (Sono-Tek ExactaCoat).
The catalyst powder was mixed with DI water, IPA, and a commercial
anion exchange ionomer (PiperION-A5-HCO3EtOH,Versogen) to
prepare the catalyst ink for electrode spraying. For comparison, a
PGM benchmark cathode was prepared using a commercial PtRu/C
catalyst (Pt 20%, Ru 10% on carbon black, HiSPEC 10000, Alfa
Aesar). The metal loading of the carbon-supported xerogel-derived Ni
catalyst was adjusted to be ca. 1.25 mg cm−2, and the ionomer-to-
catalyst ratio was kept as 0.45. As for the commercial PtRu/C catalyst,
the total metal loading was ca. 0.75 mg cm−2 and the ionomer-to-
catalyst ratio was kept as 0.77. Before testing, catalyst-coated
substrates (CCSs) were stored in 1 M NaOH solution overnight to
convert ionomer from the original HCO3

− form to the OH− form.18

Commercial AEMs (PiperION-A40-HCO3, Versogen) were also
treated with 1 M NaOH for the same purpose before their assembly
in the cell hardware for electrolyzer testing. The anode and the
cathode were placed on opposite sides of the membrane and held
together with two fiber-reinforced PTFE gaskets (250 μm thickness)
inside the cell hardware. No hot pressing was used.

AEMWE Testing. AEMWE testing was carried out at either 70 or
80 °C with 1 M KOH flowing only through the anode compartment
at a flow rate of 10 mL min−1. Polarization curves were recorded using
a BioLogic VMP3 potentiostat operating with a VMP3B-20 booster
(20 A maximum current) in the constant-current mode between 0.1
and 2.0 A cm−2 and 3 min holds at each current density. The voltage
values were collected every 0.1 A cm−2 over the last 30 s of each step
and then averaged. Electrochemical impedance spectra were logged in
the constant-current mode between 0.1 and 1 A cm−2 to determine
the HFR value for the iR-correction of polarization curves as
described before. Durability experiments were carried out at 80 °C via
a constant-current hold at 1 A cm2.

■ RESULTS AND DISCUSSION
Effect of Carbon Substrates. We explored the effect of ex

situ vs in situ addition of carbon (Vulcan XC-72, VC) to a
carbon-free xerogel-derived Ni catalyst (Ni-XG). The current
density of 10 mA cm−2 was reached with Ni-XG at ca. −0.55 V
(iR-corrected), Figure 1a, which decreased by ca. 100 mV

following ex situ carbon addition (the “Ni-XG/VC ex situ” plot
in Figure 1a), and by ca. 140 mV more after the in situ carbon
addition (“Ni-XG/VC” plot in Figure 1a). An SEM image of
the Ni-XG catalyst synthesized in the absence of carbon
(Figure 2a) points to the agglomeration of Ni, which reduces
the surface area available for the reaction. This surface area loss
can explain inferior HER performance of Ni-XG.

According to previous reports, the drying method (vacuum
oven vs supercritical CO2 drying) can impact the structure and
morphology of the resulting Ni oxide/hydroxide.27−29 For
example, Jiang et al. measured higher surface and smaller
particle size with Ni/Al2O3 aerogel compared to the xerogel.29

Figure 1a also includes comparison of the xerogel-derived Ni
catalyst and the aerogel-derived one (Ni-AG/VC) after an in
situ addition of the carbon. The performance difference
between the two catalysts was no more than 10 mV at 10
mA cm−2. Figure 2b,c shows that both the aerogel- and
xerogel-derived Ni catalysts have a similar morphology. The
VC addition allowed for achieving a similar dispersion of the
two catalysts after the heat treatment, preventing the particle
agglomeration observed in Figure 2a. Given these results, we
selected the xerogel synthesis approach with in situ carbon
addition (Scheme 1) for further investigation as it does not
require the more complex drying step in supercritical CO2.

Next, we investigated the effect of different carbon supports
on the performance of the xerogel-derived catalyst. Figure 1b
summarizes the performance of xerogel-derived Ni catalysts
synthesized under the same conditions (Ni-to-C ratio of 3:1,
heat treatment at 500 °C for 2 h) but supported on three
different commercial carbons: Ketjenblack (KB), Vulcan (VC),
and Black Pearls 2000 (BP200). Ni-XG/KB showed the best
HER performance with the reference current density of 10 mA
cm−2 reached at −0.17 V (iR-corrected). The performance was
lower with Ni-XG catalyst supported on Black Pearls
(BP2000) and Vulcan (VC), with 10 mA cm−2 reached at

Figure 2. SEM images of (a) Ni-XG (carbon-free), (b) Ni-AG/VC, and (c) Ni-XG/VC. (d) Low-magnification HAADF image of Ni-XG/KB, (e)
high-magnification HAADF-STEM image of the Ni-XG/KB catalyst, and (f−h) corresponding STEM-EDS maps of Ni, O, and Ni + O + C).
Catalyst heat-treated at 500 °C for 2 h; Ni-to-C ratio 3:1.
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−0.25 V and −0.29 V, respectively. These results demonstrate
that the carbon support can play an important role in
increasing HER activity of Ni catalysts, possibly by assuring
homogeneous dispersion and enhancing the surface area of the
catalyst. This can be linked in turn to morphological properties
of the supports, such as their specific surface area and pore-size
distribution.30 See the Supporting Information, Figure S1 and
Table S2 for the surface area, pore-size distribution results, and
more details. A low-magnification HAADF-STEM image of Ni-
XG supported on KB shown in Figure 2d attests to uniform
distribution of small Ni nanoparticles, which likely results in a
surface-area enhancement and increased activity relative to Ni-
XG and Ni-XG/VC catalysts. A high-magnification HAADF-
STEM image of Ni-XG/KB in Figure 2e reveals a spherical
morphology of the nanoparticles with an average diameter of
ca. 20 nm. STEM-EDS maps in Figure 2f−h further points to a
metallic Ni core and oxygen-rich, 2−4 nm thick layer on the
outside, likely the result of the catalyst exposure to atmospheric
air after the heat treatment.31

Effect of Heat-Treatment Temperature and Ni-to-C
Ratio. The as-synthesized xerogel, composed mostly of
3Ni(OH)2·2H2O (PDF#00-022-0444, see XRD image in
Figure S2a), was found to be HER inactive (Figure S2b). It
was the heat treatment that proved to be crucial for imparting

HER activity. Heat-treating the xerogel above 500 °C (e.g., 750
°C) and below 300 °C (e.g., 250 °C) resulted in a significant
increase in the HER overpotential (Supporting Information,
Figures S3a,b for more details). Thus, we explored the effect of
heat treatment over a narrower range of temperature, that is,
300, 400, and 500 °C on Ni-XG/KB catalysts with three
different Ni-to-C ratios (1:1, 2:1, and 3:1) to assess whether
the impact of temperature on HER performance remains
consistent across these ratios. The RDE polarization curves for
the best-performing catalyst, Ni-XG/KB-2:1, obtained at the
three heat-treatment temperatures are shown in Figure 3a,
while the results for catalysts with two other Ni-to-C ratios, 1:1
and 3:1, are summarized in Figure S4. Figure 3a also shows
polarization plots recorded with a commercial PtRu/C,
benchmark HER catalyst for alkaline media,32,33 and with
commercial 40 wt % Ni catalyst supported on Vulcan XC-72.

Figure 3b offers an activity comparison for all studied
catalysts at a reference current density of 10 mA cm−2. All
xerogel-derived Ni-XG catalysts show superior HER activity,
by between 50 and 100 mV, to that of the commercial Ni/VC
catalyst, with Ni-XG/KB-2:1 heat-treated at 300 °C delivering
10 mA cm−2 at the lowest overpotential of −0.13 V. However,
even the most active of Ni-XG/KB catalysts trails the
benchmark PtRu/C catalyst by ca. 100 mV. This performance

Figure 3. (a) iR-corrected polarization curves measured in the RDE cell with Ni-XG/KB-2:1 catalysts heat-treated at various temperatures for 2 h;
polarization curves for commercial Ni/VC and PtRu/C catalysts included for comparison. (b) iR-corrected potentials vs RHE at a current density
of 10 mA cm−2 for different HER catalysts. (c) XRD images and (d) cyclic voltammograms recorded with Ni-XG/KB-2:1 catalysts heat-treated at
various temperatures for 2 h and commercial Ni/VC catalysts. 0.1 M KOH electrolyte; RDE at 2500 rpm; scan rate in (d) 10 mV s−1.
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gap needs to be reduced before the cost benefit of Ni catalysts
balances out the activity advantage of the PtRu alloy.12,34

Ideally, the HER overpotential should be lowered to ca. 50 mV
at 10 mA/cm2.34

The effect of the heat-treatment temperature on the HER
activity was more obvious, especially for catalysts with Ni-to-C
ratios of 2:1 and 3:1 (Figures 3a and S4). With Ni-to-C ratio
2:1, a decrease in the HER performance was observed when
the heat-treatment temperature increased from 300 to 500 °C.
XRD images of these three catalysts as well as that of the
commercial Ni/VC catalyst are shown in Figure 3c. All
catalysts contain Ni nanocrystals, the presence of which gives
rise to XRD peaks at 2θ values of 44.4, 51.8, 76.3, and 92.9°
(PDF#01-071-3740) in Figure 3c. They correspond to
diffractions from the (111), (200), (220), and (311) planes
in Ni. The peak at 23° is assigned to the main (002) plane of
turbostratic carbon.35 More information on Ni-XG/KB-2:1 can
be gained from the inset in Figure 3c that focuses on the 2θ
range from 20° to 70°. Characteristic peaks for two Ni-oxide
phases are observed in the xerogel-derived samples (not
present in commercial Ni/VC sample). Peaks at 2θ values of
37.2, 43.3, and 62.8° are assigned to NiO (PDF#00-044-1159),
and the peak at 31.9° is assigned to the (002) plane of Ni2O3
(PDF#00-014-0481). According to XRD results for Ni-XG/
KB-2:1 in Figure 3c, there is a negligible increase in metallic
nickel peak intensities and average crystallite sizes calculated
from XRD patterns (ca. 0.6 nm) in these catalysts with
increasing temperature. The average crystallite size of the
commercial Ni/VC is ca. 27 nm, which is ca. 1.6 times larger
than that in Ni-XG/KB-2:1 catalysts, see Table S3. This
observation likely explains the lower performance of the
commercial Ni/VC compared to our catalysts.

To better understand the temperature effect, we conducted
voltammetric characterization of the three Ni-XG/KB-2:1
catalysts and the commercial Ni/VC catalyst. The CV cycles of
fully broken-in catalysts in the potential range from 0.4 to −0.5
V are shown in Figure 3d (the figure displays only the zoomed-
in portion to focus on differences in the Ni redox peaks). They
reveal very similar redox behavior attributed to the Ni metal
oxidation/Ni hydroxide reduction36,37

V+ + ++Ni 2H O Ni(OH) 2H 2e2 2 (1)

The peak heights are different for the different catalysts,
despite the same catalyst loading used. There is a decrease in
the height of Ni redox peaks with an increase in the heat-
treatment temperature from 300 to 500 °C, indicating a
possible reduction in the active surface area of Ni.38,39 The
lowest peak height was recorded with the commercial Ni/VC
catalyst, which correlates well with less active surface area and
different surface composition of this catalyst compared with
the Ni-XG/KB-2:1 catalysts (confirmed by microscopy and
XPS results below). The STEM-EDS images of Ni-XG/KB-
2:1−300 (Figure 4a−e) and Ni-XG/KB-2:1−500 (Figure 4f−
j) do not show significant growth in the particle size with an
increase of heat-treatment temperatures. This is also evident in
the low-magnification images in Figure S5. HAADF-STEM
images of the commercial catalyst are shown in Figure S6,
which reveal poor dispersion of Ni particles on the VC support
that should reduce active surface available for HER. High-
magnification STEM−EDX images of an individual particle in
the commercial Ni/VC (Figure S7) are very similar to those of
Ni-XG/KB (Figure 4), although the Ni particle size is larger in
the commercial catalyst. This attests to the effectiveness of the
xerogel synthesis approach that results in uniform distribution
of small Ni particles on the carbon support.

The oxygen-rich outer layer in the nanoparticles is more
than 2 nm thick and is likely to play an important role in HER
electrocatalysis. Arguably, the main challenge in alkaline water
electrolysis is the need for an energy input to cleave the H−
OH bond to produce an H atom. It has been suggested that
the presence of oxygen-containing species on the catalyst
surface should favor HER since water is the proton source in
alkaline media (slow kinetics compared to acid where protons
are present).40 In support of this concept, Ni(OH)2 has been
found to be an effective cocatalyst for various HER catalysts,
e.g., Pt, Ru, and Ni.37,41,42 Subbaraman et al. found that
Ni(OH)2 clusters on the platinum surface accelerate
dissociative adsorption of water and enhance adsorption rate
of hydrogen intermediates on the nearby Pt metal site.41 For
the Ni-XG/KB-2:1 catalysts, the change in activity with the
heat-treatment temperature can be attributed to a change in

Figure 4. (a,b) HAADF-STEM and (c−e) Ni, O, and Ni + O + C STEM-EDS maps for Ni-XG/KB-2:1−300 heat-treated for 2 h. (f,g) HAADF-
STEM and (h−j) Ni, O, and Ni + O + C STEM-EDS maps for Ni-XG/KB-2:1−500 heat-treated for 2 h.
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the oxygen content on the surface of the nanoparticles. EDS
shows O-to-Ni ratio of 0.41 after the heat treatment at 300 °C
that decreases to 0.24 following heat treatment at 500 °C.
Elemental content values obtained from STEM-EDS images in
Figure S5 are given in Table S4. The decrease in the oxygen
content in the sample heat-treated at higher temperature is
likely the result of harsher reducing conditions.

To gain more information on the surface/near-surface
catalyst composition, we conducted XPS characterization of
the best-performing Ni-XG/KB-2:1−300 catalyst heat-treated
for 2 h and of the commercial Ni/VC catalyst. According to
the survey spectra in Figure S8 and near-surface elemental
composition Table S5, the total C content in commercial Ni/
VC catalyst is higher than that in Ni-XG/KB-2:1−300 (ca. 90
at. % vs ca. 82 at. %), while the Ni content is higher in Ni-XG/
KB-2:1−300 (ca. 6 at. % vs ca. 1 at. %). Both catalysts contain
ca. 10 at. % O (Ni-XG/KB-2:1−300 also contained small
amounts of Cl and Na ca. 1 at. % that are likely residuals from
the precursors used in the xerogel synthesis process). C 1s, O
1s, and Ni 2p core level spectra of the two samples are shown
in Figures S9 and 5. The C 1s spectrum for the Ni-XG/KB-
2:1−300 sample is due to C−C (sp2), with π to π* satellite

structure at a binding energy of 290−294 eV, Figure S9. As for
the C 1s spectrum of the commercial Ni/VC, Figure S9, the
peak is also due to C−O and O�C−O species.35 The O 1s
spectra for both samples show peak at ca. 530 eV assigned to
O−Ni bond, i.e., an Ni oxide, and another peak at ca. 531.5 eV
assigned to Ni-hydroxide, Figure 5a.18 The O 1s spectrum for
the Ni/VC sample shows prominent peaks related to the O−C
bonds, consistent with the C 1s data, Figure S9. The Ni 2p
spectrum of Ni-XG/KB-2:1−300 shows a prominent Ni-metal
peak along with Ni-hydroxide and Ni-oxide peaks at higher BE
values, Figure 5b. On the other hand, the commercial Ni/VC
catalyst shows very little, if any, metallic content at/near the
surface and complex surface oxide/hydroxide structure, Figure
5b.43 The XPS results confirm the partial surface oxidation of
the xerogel-derived catalyst. The coexistence of metallic Ni
with oxides and hydroxides in Ni-XG/KB-2:1−300 could
explain higher HER activity of this catalyst compared to the
commercial Ni/VC material, which does not show any
presence of metallic nickel on the surface. The latter
hypothesis agrees with Gong et al., who measured better
HER performance with a catalyst containing both nickel oxide
and metallic nickel phases, compared to materials based on

Figure 5. High-resolution XPS data of Ni-XG/KB-2:1−300 heat-treated for 2 h and commercial Ni/VC catalyst: (a) O 1s; (b) Ni 2p. Data in
Figure 3b above point to relatively small effect of the Ni-to-C ratio on HER activity of Ni-XG/KB catalysts. In the specific case of the most active
catalysts heat-treated at 300 °C, the activity differences for samples with different Ni-to-C ratios are especially small.

Figure 6. (a) Durability curves at constant-current hold of 10 mA cm−2 in the RDE cell recorded with Ni-XG/KB-2:1−300 catalyst heat-treated for
2 h and commercial Ni/VC catalyst. (b) iR-corrected polarization curves for the two catalysts recorded at the beginning and end test. 1 M KOH
electrolyte; RDE at 2500 rpm.
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Figure 7. (a−c) HAADF-STEM images at various magnifications and (d−f) Ni, O, and Ni + O + C STEM-EDS maps of Ni-XG/KB-2:1−300
catalyst, heat-treated for 2 h, after the durability testing. See HAADF-STEM and STEM-EDS images at the BOT in Figure 4a−e.

Figure 8. (a) AEMWE polarization curves recorded with Ni-XG/KB-2:1−300 catalyst heat-treated for 2 h and PtRu/C cathode catalyst at 70 °C
and (b) corresponding Nyquist plots obtained with both MEAs. (c) Durability curve at constant-current hold of 1 A cm−2 and (d) AEMWE
polarization curves recorded with Ni-XG/KB-2:1−300 catalyst in the cathode at the beginning and end test at 80 °C. 1 M KOH fed to the anode
(PTL-supported NiFe/Ni-foam).
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pure metallic Ni or NiO.43 This was explained by preferential
binding of OH− generated from water dissociation to NiO
(strong electrostatic affinity to positively charged Ni2+ species),
with a nearby Ni site facilitating H adsorption and thus the
HER.43 In this context, it is worth noting that Ni oxides/
hydroxides are known to be poor HER catalysts due to an
unfavorable adsorption energy of the hydrogen atom at their
surfaces.44−46

We also studied the impact of heat-treatment time for the
best-performing Ni-XG/KB-2:1−300 for time durations of 1,
2, and 3 h (see the Supporting Information, Figure S10a,b for
more details). No enhancement was observed when the heat-
treatment time extended or reduced from 2 h. Table S6 lists
the HER performance of our best-performing catalyst and
other Ni and Ni-based catalysts reported in the literature.

Durability Measurements. The durability of the Ni-XG/
KB-2:1−300 catalyst heat-treated for 2 h and of the
commercial Ni/VC catalyst was assessed at a constant current
density of 10 mA cm−2 over 100 h (Figure 6a). The potential
loss incurred at that current density by Ni-XG/KB-2:1−300,
calculated from the polarization plots in Figure 6b, was from
ca. −0.13 V at the beginning of test (BOT) to ca. −0.17 V at
the end of test (EOT), which corresponds to an average
performance degradation rate of ca. 0.4 mV h−1. By
comparison, the commercial Ni/VC catalyst delivered 10 mA
cm−2 at BOT at a significantly lower potential of ca. −0.21 V,
which decreased to ca. 0.26 V at EOT for an average
performance loss of ca. 0.5 mV h−1 over 100 h. The latter
numbers attest to both the inferior activity and durability of
this catalyst. Based on our observations in Figure 6a,b, it
appears that the SV allows for regaining significant fraction of
performance lost by Ni XG/KB-2:1−300 catalyst (ca. 110 mV)
and Ni/VC catalyst (ca. 50 mV). While evidence for the
recovery mechanism is not yet known, we can speculate that it
is related to the removal of surface species blocking catalytic
active sites and/or the removal of hydrogen bubbles, both
facilitated by changing electrode potential during SV testing.

HAADF-STEM and STEM-EDS images for the Ni-XG/KB-
2:1−300 catalyst after the durability testing are shown in
Figure 7 (see HAADF-STEM and STEM-EDS images at the
BOT in Figure 4a−e), whereas XPS characterization data for
the Ni-XG/KB-2:1−300 catalyst before and after the durability
testing are shown in Figures S11 and S12. The images in
Figure 7a,b attest to some particle agglomeration during the
durability test (see Figure S13 for the durability test where
images in Figure 7 were taken afterward), possibly resulting in
the active surface area loss. Figure 7c−f also reveals partial
deformation of the oxygen-rich layer in the nanoparticle after
the durability testing. The XPS survey data in Figure S11 and
in Table S7 show similar elemental compositions for catalysts
before and after testing: 52−56 at % C, ca. 11 at % O, ca. 4 at
% Ni, 26−30 at % F, plus small quantities of N and Cl (≤1 at
%). The lack of a significant change in the catalyst composition
during testing is confirmed by high-resolution C 1s, O 1s, and
-Ni 2p spectra in Figure S12. The C 1s spectra in Figure S12a
show two large peaks ca. 284.6 eV and ca. 292 eV, assigned to
C−C and to C−Fx bonds, respectively. Peak assigned to C−Fx
bonds is due to the presence of Nafion in the catalyst ink.47

Two small peaks, assigned to C−O and O�C−O bonds, are
also observed.35 Regarding the O 1s, in Figure S12b, both
samples showed multiple O species: O−Ni, O that is part of
hydroxide, O that is assigned to O−C bonds, and a peak at ca.
535 eV that is likely due to the adsorbed water.18 The Ni 2p

spectrum in Figure S12c is somewhat distorted because of the
overlap with F-Auger features at ca. 861 and 879 eV. For the
most part, the Ni 2p spectrum appears to be primarily Ni-
hydroxide.18 No significant changes were detected in the near-
surface composition that could explain the activity loss in the
durability test. The absence of metallic signature in both
samples is likely due to the hydroxide layer growing thicker
during HER testing.31

AEMWE Testing. AEMWE testing was performed with two
HER catalysts: the Ni-XG/KB-2:1−300 catalyst heat-treated
for 2 h and PtRu/C (a state-of-the-art PGM benchmark
catalyst) using a PGM-free PTL-supported (ionomer-free)
NiFe/Ni-foam anode catalyst in both cases. Polarization curves
recorded with both catalysts at 70 °C are shown in Figure 8a.
The HFR-free voltage difference between MEAs with the PGM
and PGM-free cathodes, amounting to ca. 0.1 V at a current
density of 0.1 A cm−2, increases to ca. 0.25 V at higher current
densities of 1−2 A cm−2 (Table S8). A fully PGM-free
AEMWE operating with Ni-XG/KB-2:1−300 catalyst at the
cathode reached 1.95 V at 1 A cm−2 which demonstrates
superior performance compared to previously reported
works.48−50 The HFR value measured with the fully PGM-
free MEA is by ca. 0.01 Ω cm2 higher than that for the MEA
with the PGM cathode, likely due to a thicker catalyst layer
(Figure S14) because of the higher catalyst loading. The
Nyquist plots recorded with both MEAs at a current density of
0.4 A cm−2 comprise two semicircles (Figure 8b). Vincent et
al. attributed the semicircle at higher frequencies to the charge-
transfer resistance of the anode and the one at lower
frequencies to the charge-transfer resistance of the cathode,51

which was confirmed in our experiments. We used the same
PTL-supported NiFe/Ni-foam catalyst at both anodes, which
resulted in high-frequency semicircles of the same diameter.
Not surprisingly, this was not the case for the low-frequency
semicircles in the two cases as they involved different HER
catalysts. A smaller diameter was observed with the PGM
cathode, attesting to faster HER kinetics at PtRu/C than that
at Ni-XG/KB-2:1−300.

Durability performance of the fully PGM-free MEA was
assessed at 80 °C via a constant-current hold at 1 A cm−2 for 5
h (Figure 8c). The MEA with Ni-XG/KB-2:1−300 catalyst
showed a high BOT performance, with a current density of 1 A
cm−2 reached at 1.90 V (1.84 V HFR-free), a ca. 50 mV
improvement over the test recorded at 70 °C, Figure 8a,d. The
voltage loss at 1 A cm−2, calculated from the difference in
voltage values at BOT and EOT (polarization curves in Figure
8d), is ca. 0.05 V. The corresponding performance degradation
may be attributed to several factors such as the anode and/or
cathode catalyst deactivation, ionic conductivity loss within the
cathode catalyst layer, or membrane and ionomer degrada-
tion.52 Identification of the dominant degradation pathway and
systematic optimization of the MEA fabrication process are
expected to be key to further improvements in the PGM-free
AEMWE performance.

■ CONCLUSION
In this study, a sol−gel method was used to synthesize xerogel-
derived Ni catalysts supported on carbon with synthesis
conditions largely deciding HER activity of the resulting
materials. Carbon support was found to be key to achieving a
uniform distribution of Ni nanoparticles and preventing severe
particle agglomeration that can otherwise occur during heat
treatment. Physicochemical characterization revealed the
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formation of a few nanometers thick, partially oxidized layer on
the outside of the nanoparticles. It is hypothesized that the
hydroxide species present in this layer play an important role in
facilitating dissociative adsorption of water and formation of
hydrogen intermediates on adjacent Ni sites, ultimately leading
to H2 evolution.

The catalyst heat-treated at a relatively low temperature of
300 °C for 2 h showed the highest HER activity of all studied
xerogel-derived catalysts, likely due to an optimal ratio of
metallic Ni to Ni(OH)2 at the surface. In general, the Ni-XG/
KB catalysts exhibited better activity and durability than the
commercial Ni/VC catalyst. The most active of these catalysts
was used in the cathode of a fully PGM-free AEMWE, reaching
a highly respectable performance (1.90 V at 1 A cm−2).
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