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ABSTRACT

We report on the optimization of nickel-copper catalysts for superior performance as a cathode catalyst in
anion exchange membrane (AEM) water electrolysis. The bifunctional system of NiCu mixed metal oxide
(MMO) nanosheets includes Ni metallic, NiO, and CuO oxides provide rapid kinetics for the hydrogen-
evolution reaction (HER) of the Volmer step. In-situ Raman spectroscopy for NiCu MMO proved that
nickel hydroxide was sustained under HER conditions for at least 30,000 s, which may explain why the
exceptional activity of NiCu MMO as compared to other nickel-copper catalysts is maintained over time.
The activity of the NiCu MMO for the HER activity in alkaline electrolytes increased as KOH concen-
tration raised from 0.1 M to 1 M. The NiCu MMO nanosheets showed superior stability under alkaline
HER conditions for 30 h. The use of Nafion ionomer in the ink resulted in a higher HER current density
as compared to inks with a Fumion anion ionomer. The maximum HER performance was achieved at a
Nafion ionomer to catalyst weight ratio of 0.5. Using Ir black as the anode, the NiCu MMO cathode gave
an AEM electrolyzer performance of 1.85 A/cm? at 2 V in 1 M KOH at 50 °C. The NiCu MMO catalyst

developed here delivers AEM performance comparable to PEM water electrolysis.

© 2021 The Author(s). Published by Elsevier Ltd.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Efficient and cheap renewable hydrogen production from water
electrolysis is a crucial challenge for a sustainable society [1,2]. An-
ion exchange membrane (AEM) water electrolysis aims to combine
the low cost of alkaline with the advantages of proton exchange
membrane (PEM) electrolyzers [3,4]. Nickel is the most active and
cheapest non-noble metal catalyst reported for hydrogen evolution
reaction (HER) in alkaline electrolysis [5,6]. Nickel initially shows
a high HER activity, but the activity deteriorates rapidly over time
due to the formation of metal hydride under HER conditions [7].
Alloying nickel with other elements such as Mo, P, S, Cu increases
HER activity and stability [8]. Sluggish HER kinetics in alkaline
electrolytes causes high overpotentials thus remains a challenge to
develop a highly active and stable HER catalyst [9,10]. The mecha-
nism of the HER in alkaline media is usually discussed in terms of
the Volmer, Heyrovsky, and Tafel reactions [11], and a fundamen-
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tal understanding of the factors influencing the rates of these steps
may provide important clues for catalyst design.

NiCu has been reported as an active HER catalyst in alka-
line electrolytes. NiCu catalysts have been synthesized using dif-
ferent processes such as freeze casting [12] electrodeposition
[13] and powder metallurgy [14]. He et al. obtained a current of
—10 mA/cm? at 117 mV with NiCu synthesized by galvanostatic
deposition and with an atomic ratio of Ni to Cu equal to one [15].
Electrodeposited NiCu nanosheets exhibited enhanced HER activity
with an onset potential of 48 mV vs. RHE [16]. Solmaz et al. re-
ported that NiCu showed higher HER activity than Ni and Cu due
to the roughness effect and synergistic interaction between Ni and
Cu atoms [17,18]. Oshchepkov et al. found that high mass activity
of Nigg5Cugs/C is due to the electronic influence of Cu on Ni [19].
However, there is a deficiency in the literature of results demon-
strating NiCu catalyst as a cathode in real alkaline electrolyzers.

Mixed metal oxide (Ni/NiO-transition metal oxide (TMO)) com-
posite structures exhibit superior HER activity [20-22] NiO attracts
OH,4s while the metallic Ni attracts H,q4 intermediate during HER,
thus lowering the free energy of the first step in the HER, viz. the
formation of adsorbed hydrogen through the Volmer step of the
reaction. The other TMO oxide, such as Cr,03; or Fe304 appears
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to stabilize the composite NiO component under HER conditions
[20-23]. Therefore, it is beneficial to design HER catalyst contain-
ing both a catalytic element and elements (or oxides) stabilizing
mixed oxidation states for the catalytic element. Below we sug-
gest NiCu mixed metal oxide (MMO) to catalyze the HER so that
the catalyst contains both Ni (which has an affinity for H,q) and
NiO (which has an affinity for OH,4), the simultaneous presence of
these being stabilized by CuO under HER conditions.

Ionomers are frequently employed in electrochemical testing
is to promote ink uniformity and coating quality [24]. The pres-
ence of the ionomer may also increase ionic conductivity and min-
imizes mass-transport limitations related to the diffusion of the
ionic species [24]. The literature has reported that catalytic layers
containing Nafion ionomer result in higher HER activity compared
to catalytic layers with other anion exchange ionomers [4,21]. The
activity difference has been attributed to several factors, such as
ionomer head groups, and ionomer backbone chemistry [4,21].
However, tuning ionomer to catalyst ratio is required for optimum
catalyst utilization [25]. Not only its activity and stability but also
the interaction of NiCu metal mixed oxide catalyst with ionomers
and effects of an aqueous electrolyte, is therefore also important if
this catalyst is to play a role in upscaling to AEM water electrolyzer
devices, preferably including not only experiments in aqueous cells
but also electrolyzer testing.

In this work, we investigate the HER activity of various nickel-
copper catalysts such as NiCu alloy, NiCu oxide, and NiCu mixed
metal oxide (MMO) synthesized by chemical reduction. As we will
show below, NiCu MMO shows an exceptional HER activity in alka-
line media. In situ Raman spectroscopy under HER conditions was
carried out to investigate the state of copper and nickel species
present and how these states vary over time for various nickel
copper catalysts and correlate this with their activity for the HER.
The electrochemical activity of NiCu MMO was further optimized
in terms of the type of ionomer binder, KOH concentration in the
aqueous electrolyte, and the ionomer to carbon ratio. An AEM wa-
ter electrolyzer based on membrane electrode assembly (MEA) of
NiCu MMO at the cathode and Ir black at the anode was fabricated,
tested, and compared to Pt/Ir MEA. The NiCu MMO/Ir MEA shows
comparable performance to Pt/Ir MEA which indicates that it could
replace scarce and expensive Pt catalyst.

2. Experimental
2.1. Catalyst synthesis

NiCu alloy and NiCu oxide were synthesized by mixing
10 mmol of nickel nitrate hexahydrate Ni(NO3),.6H,O0 (97.0%,
Sigma Aldrich) and 10 mmol Copper(ll) sulfate pentahydrate
(98.0%, Sigma Aldrich) in 500 ml water (18.2 M2 cm, 3 ppb TOC,
Milli-Q ultrapure water). The precursor mixture was stirred for
15 min at 750 rpm. 200 ml of 0.15 M NaBH4 (98%, Sigma Aldrich)
was added dropwise while bubbles were observed. The solution
mixture was stirred for another 1 hour to ensure the complete
chemical reduction of precursors. The resulting precipitate was
centrifuged 5 times at 8000 rpm for 6 min and cleaned with wa-
ter and ethanol three times. The produced precipitate was dried
in a vacuum oven at 80 °C overnight. The dried powder was an-
nealed in an air atmosphere to obtain NiCu oxide or 5%H;/Ar to
obtain NiCu alloy. The annealing was done at 500 °C for 6 h with
a ramping rate of 10 °C/min.

In order to make NiCu MMO, 100 ml of 1 M Na,CO3 (>99.5%,
Sigma-Aldrich) were added to nickel-copper precursors solution
until the solution became milky and pH reached 10. The mixture
was then stirred for another 15 min, followed by the addition of
NaBH4 dropwise. The produced catalyst was subjected to the same
procedure for cleaning and drying as above. The dried powder was
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annealed in 5%H,/Ar atmosphere at 500 °C for 6 h with a ramping
rate of 10 °C/min.

For catalyst supported on carbon, Ketjen black EC-600JD (Ak-
zoNobel) was dispersed in the precursors’ solution mixture to get
(60 wt% catalyst supported on carbon) and stirred for another
1 hour before adding NaBH4 and complete the chemical reduction
step.

2.2. Structural and electrochemical characterization

Scanning electron microscopy (SEM, Carl Zeiss supra 55) and
energy dispersive X-ray (EDX) spectroscopy in the SEM device were
used to study the morphology and elemental composition of cata-
lysts. The catalyst morphology was further studied using Hitachi S-
5500 via scanning transmission electron microscopy (STEM) mode.
Bruker D8 A25 DaVinci X-ray device (Cu-Ko radiation with a wave-
length of 1.5425 A) was used to examine the crystalline character-
istics of catalysts. X-ray diffraction (XRD) patterns were taken be-
tween 15 [260] and 75 [26] using a step size of 0.3 [20]. WITec al-
pha300 R Confocal Raman device with a 532 nm laser was used
to collect the Raman vibrational characterstics of catalyst pow-
ders. X-ray photoelectron spectroscopy (XPS) was done via an Axis
Ultra DLD instrument (Kratos Analytical) equipped with Al X-ray
monochromatic source.

Electrochemical investigation of the catalysts was carried out
in a three-electrode cell using a rotating disk electrode (Pine Re-
search,) with an (Ivium-n-Stat) potentiostat. Carbon paper (Toray
090, Fuel cell store) was used as the counter-electrode while
Hg/HgO electrode (Pine Research) was served as the reference elec-
trode. The working electrode was catalyst deposited on glassy car-
bon (GC) electrodes (5 mm diameter, Pine Research). The GC elec-
trode was polished using alumina suspension (5 and 0.05 pm, Al-
lied High-Tech Products, Inc.) on polishing pads. The GC electrode
was then washed, sonicated in 1 M KOH for 5 min, and finally
rinsed with water. The catalyst ink was prepared by dispersing
10 mg catalyst powder in 1.0 mL of a solution [500 wL water, 500
uL isopropanol]. The ionomer used was either Nafion (5 wt%, Alfa
Aesar) or anion exchange ionomer Fumion FAA-3 (10 wt% fumat-
ech) with an ionomer to catalyst weight ratio of 0.2. The Nafion
ionomer to catalyst weight ratio in the ink was then optimized
from a selection of weight ratios equal to 0.1, 0.3, 0.5, 0.7, and
0.9. The ink was then sonicated for 30 min in an ice bath. Cata-
lyst loading on the GC surface was kept 250 pg/cm?.

The catalyst ink was spin-coated on a GC electrode turned up-
side down and rotated to assure a homogenous catalyst distri-
bution. A water drop was deposited on the electrode before im-
mersed in the electrolyte to prevent air bubbles from forming at
the electrode surface. All the electrochemical measurements were
conducted in Ny-saturated 1 M KOH electrolyte at room tempera-
ture (20 £ 2). The electrolyte was purged for 30 min with N, gas
before using and during the experiment to remove any dissolved
gasses during electrochemical measurements. The electrolyte was
prepared by using KOH (Sigma Aldrich, 85%), and water (18.2 M2
cm, Milli-Q® Integral ultrapure water). The electrolyte was purified
according to the procedure reported by Trotochaud et al. [26].

The working electrode underwent electrochemical activation by
cycling between —-0.8 to —1.5 V vs Hg/HgO at a scan rate of
100 mV/s for 50 cycles. The linear sweep voltammetry (LSV) po-
larization curves were recorded in a potential range of —0.8 to
—1.5 V vs. Hg/HgO at 1 mV/s sweep rate under continuous stirring
at 1600 rpm to avoid the accumulation of gas bubbles over the
GC electrode. The electrochemical impedance spectroscopy (EIS)
measurements were collected at specific overpotentials (—100 to
—250 mV) in a frequency range of 0.1 — 10° Hz with an amplitude
of 10 mV alternative current (AC) perturbation. In this work, ohmic
resistance (IR) drop was compensated at 85% of high-frequency
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resistance, which was measured by the EIS technique. The poten-
tial was compensated by the following equation:

(1)

where Ecompensated @04 Eneasured are compensated and measured
potentials, respectively.

The Hg/HgO potentials were converted to RHE by measuring the
voltage at zero current of the HER curve in a hydrogen-saturated
electrolyte on Pt electrodes. The Hg/HgO reference electrode poten-
tial was converted to RHE in 1 M KOH using the following equa-
tion:

Ecompensated = Emeasured —iR

(2)

All the reported current densities were normalized to the geomet-
ric area of the electrode.

The electrochemical active surface area (ECSA) was measured
by the electrochemical double-layer capacitance method. Then ca-
pacitance from 0.9 to 1 V vs RHE at scan rates of 50, 100, 150, 200,
250 mV/s. The CV used for electrochemical double-layer capaci-
tance (Cy;) calculation was acquired in a potential window where
no Faradaic process occurred. To derive the Cy, the following equa-
tion was used:

L
Vv

Eysgue = Evshg/hgo + 0.9

Ca = (3)
where Cy is the double-layer capacitance (mF/cm?) of the elec-
troactive materials, I is the charging current (mA/cm?2), and v is
the scan rate (mV/s).

Chronoamperometry was measured at a fixed potential (-0.4 V
vs. RHE) for 30 h. The stability of the catalyst material was also
evaluated using an accelerated stress test (AST). AST was carried
out by cycling the electrode between —0.8 to —1.3 V at a scan rate
of 100 mA/cm? for 5000 cycles. The Hg/HgO reference electrode
was calibrated versus a reversible hydrogen electrode (RHE) in 1
and 0.1 M KOH. The electrochemical data shown are average data
from 3 inks from every powder for each catalyst.

2.3. In situ Raman measurements

In situ Raman measurements were carried out with a lab-made
Teflon cell. The catalyst deposited on GC (pine research), a car-
bon paper (fuel cell store), and Hg/HgO (Pine Research) was used
as a working, counter, and reference electrode, respectively as in
Fig. 1. In situ Raman spectra were collected using a WITec al-
pha300 R Confocal Raman microscope [532 nm laser with a power
of 5.0 mW] coupled with Zeiss EC Epiplan 10x objective and G1:
600 g/mm BLZ=500 nm grating. The GC surface was polished with
pum-sized alumina powders, then sonicated in 1 M KOH for 5 min
and then rinsed with water and dried in air. The experiments was
carried out using purified Nj-saturated 1 M KOH electrolytes. The
laser is emitted on the working electrode through a transparent
quartz glass window that reduces contamination and interference.
All the experiments were conducted at room temperature (20 + 2
°C). All the data points were processed using origin software.

In situ Raman-chronoamperometry study was done at —0.4 V
vs. RHE for 30,000 s for NiCu catalysts. The Raman spectra were



A.Y. Faid, A.O. Barnett, . Seland et al.

Electrochimica Acta 371 (2021) 137837

Cathode/anode catalytic

layers

KOH + H, <:j

Current collector

(%]
@
oo
e
T
o
£
B
©
(3]
o
.
v
Q
©
Q
c
o
0
=
©
o

@
©
o
<
=
o
L
]
c
L]
w
=
£
©

KOH

[ ) xoH+0,

Current collector

KOH

Membrane

Fig. 2. Schematic of the membrane electrode assembly for AEM water electrolyzer.

collected at the applied potential in 1 M KOH every 10 sweeps
(10 s/sweep) from 100 to 2000 cm~'. The spectrum shift of sili-
con wafer Raman peak at 520.7 cm~! was used for calibration.

2.4. Membrane electrode assembly (MEA) fabrication and
pretreatment

Catalyst inks were fabricated by mixing catalyst powder with
water: isopropanol (1:1), and ionomer (Fumion FAA-3-SOLUT-10
(Fuel Cell Store)). The solution was sonicated for 30 min to en-
sure fine and well-dispersed ink. Cathode catalysts loadings were
1 mg/cm? for Pt/C (60 wt% metal on support, Alfa Aesar) and
5 mg/cm? for 60 wt% NiCu MMO/Ketjen black. An Ir black bench-
mark catalyst with a loading of 3 mg/cm? (Alfa Aesar) was used at
the anode for all MEAs. Catalyst layers were sprayed at 60 °C using
a Coltech airbrush (0.35 mm nozzle) on Toray 090 carbon paper
(25 cm?, Fuel Cell Store) for the cathode, and Ti felt (Bekaert Inc.)
coated with Au for anode as catalyst coated substrates (CCSs). The
area of carbon paper equals the area of Ti felt and represents the
electrode surface area (25 cm?). The Ti felt was pretreated by etch-
ing in HCI (37 wt%, Sigma Aldrich) for 2 min to remove the non
conductive surface oxide and then sonicated for 5 min in water
and ethanol before being sputter-coated with Au using an Edwards
sputter coater to reduce interfacial contact resistance (ICR) within
the cell. The coating was carried out at a vapor deposition pressure
of 0.15 atm at 20 mA for 2 min on each side. The ionomer content
amounted to 25 and 7 wt% of the total solids in ink for cathode
and anode, respectively. The membrane, Fumapem-3-PE-30, was
sandwiched between cathode and anode gas diffusion electrodes
as in Fig. 2. The MEAs were conditioned and exchanged to the OH
form in 1 M KOH overnight. The AEM water electrolyzer setup con-
sisted of a 5 L Teflon tank with heaters and a peristaltic pump.
Tests were conducted at T = 50 °C. The concentrations of KOH em-
ployed were 1 and 0.1 M KOH (ACS reagent, >85%, pellets, Sigma
Aldrich). The flow rates of the pumps were 250 ml/min.

2.5. Polarization curve and electrochemical impedance measurements

A high-current potentiostat (HCP-803, Biologic) was used to
control cell voltage and measure impedance in the single-cell mea-
surements. The polarization curve was recorded galvanostatically,

ramping the current from 0 to 2 A/cm? at a rate of 80 mA/cm? per
minute. Electrochemical impedance spectroscopy (EIS) was em-
ployed to determine the cell resistances and performed at different
current densities, such as 0.2 A/cm?, in the AC frequency range of
100 kHz-1 Hz. The NiCu MMO catalytic layers were post analyzed
by SEM and EDX.

3. Results and discussions
3.1. Structural characterization

SEM and STEM images of the nickel-copper catalyst synthe-
sized by chemical reduction with the addition of Na,CO3 and an-
nealed in 5% Hy/Ar (NiCu MMO) are shown in Fig. 3. The Figs. 3a
and 3b show that NiCu MMO catalysts have dense areas of ag-
glomerated nanosheet morphology. The STEM image in Fig. 3c dis-
plays that NiCu MMO nanosheets are loaded on the carbon sup-
port (Ketjen black EC-600JD) with a dark thick region of NiCu
nanosheets. Fig. 3d confirmed the loosely stacked nanosheets mor-
phology of NiCu MMO catalysts. Similar catalyst morphology pro-
duced by chemical reduction by sodium borohydride has given
various names from nanocotton [29], nanosponges [30-32, and
nanosheets [33-39] and in this work, we will refer to these cata-
lysts as nanosheets. During the chemical reduction process, sodium
borohydride reacts quickly with transition metal cations to precip-
itate metal boride MyBy species [39-42]. In the case of NiCu MMO,
Na,CO3 was added during the synthesis process to precipitate ox-
ide species [21]. We investigated another nickel-copper catalyst
without the addition of Na,CO3; and annealed the resulted powder
in the air (NiCu oxide) and 5% H,/Ar (NiCu alloy) and they exhib-
ited also an agglomerated nanosheets morphology similar to NiCu
MMO as seen in (Fig. S1). Energy dispersive x-ray spectroscopy
(EDX) of NiCu MMO is shown in Fig. 4a. The EDX spectrum dis-
plays peaks corresponding to Ni, Cu, O, and C with Ni: Cu weight
percentage as 52.3:47.7, which is in good agreement with precur-
sors percentage. The EDX spectrum displays peaks corresponding
to Ni, Cu, O, and C. Impurities or remaining elements from the syn-
thesis process appear to be absent.

The XRD pattern of NiCu MMO in Fig. 4b shows peaks at 26
values of 32.5°, 35.6°, 37.2°, 38.9°, 43.2°, 44.56°, 48.9°, 51.93°, and
62.8°. The diffraction peaks at 26 values of 44.5° and 51.93° are
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Fig. 3. a) and b. SEM images, c¢) STEM image NiCu MMO supported on Ketjen black, and d) high magnification STEM image of NiCu MMO nanosheets.

associated with Ni (111) and Ni(200) crystal planes of nickel face-
centered cubic (FCC) structure with (JCPDS card No. #04-0850)
[43]. The peaks at 26 values at 37.2°, 43.2°, and 62.8° correspond
to (111), (200), and (220) diffraction planes of NiO (JCPDS card no.
#47-1049) [44]. The diffraction peaks at 26 values of 32.5°, 35.6°,
38.9°, 48.9° values correspond to CuO crystal structure (JCPDS card
no. #80-0076) [45].

NiCu alloy shows peaks at 20 values of 44.5° and 51.93° that
correspond to pure Ni (JCPDS No. 04-0850) [43] while the peaks
at 44° and 51.2° correspond to pure Cu (JCPDS No. 04-0836) [46].
While NiCu oxide shows peaks at 20 values of 37.2°, 43.2°, and
62.8° correspond to NiO (JCPDS card no. #47-1049) and peaks
at 20 values of 32.5°, 35.6°, 38.9°, 48.9° of CuO crystal structure
(JCPDS card No. #80-0076) [44,45]. The NiCu MMO vibrational
modes were characterized by Raman spectroscopy in Fig. 4c. The
Raman spectrum in Fig. 4c shows Raman peaks at 490, 606, 810,
1020, and 1100 cm~! respectively. The Raman peak at 490 cm!
corresponds to Cu(OH), while the Raman peak 606 cm~! corre-
sponds to the B Raman mode of CuO [47-50. The Raman peaks
at 810, 1020, and 1100 cm~! correspond to two-phonon (2P) NiO
vibrational modes [51-55.

XPS analysis provides sensitive information about the surface
chemical composition of NiCu MMO catalyst. NiCu MMO survey
spectrum is shown in Fig. 4d. The survey spectrum indicates the
presence of Ni, Cu, B, O, and C peaks. Ni 2p high-resolution XPS
spectrum is shown in Fig. 5a and 5b. The Ni 2p XPS spectrum is
divided into two main peaks (Ni-2p;;, and Ni-2p;;;) due to the
spin-orbit effect and two oxidation states for nickel (Ni® and Ni%*)
can be deconvoluted. The XPS peaks at 853.8 eV and 871.4 eV can
be assigned to Ni 2p3, and Ni 2pyj, of Ni% [20,56]. The XPS peaks

located at 855.4 eV with a satellite at 860.9 eV correspond to Ni
2p;p, of Ni?*. The peak at 872.5 eV with a satellite at 879.4 eV
can be attributed to Ni 2py, of Ni2+ [20,56] Cu-2p high-resolution
spectrum is shown in Fig. 5c and 5d. The XPS peaks at 932.6 eV
and 952.4 eV correspond to Cu 2p3j, and Cu 2pyj, of Cu® [57]. The
XPS peak at 933.7 eV corresponds to CuO [58]. The peaks at 934.8
and 954.4 eV are associated with Cu(OH);, [58]. Cu(OH), appears to
form due to CuO reaction with chemisorbed water on the catalyst
surface.

The high-resolution Ni 2p XPS spectrum in NiCu alloy exhibits
peaks at 852.4 and 869.5 eV which correspond to Ni 2p3;, and
Ni 2p;j, peaks of metallic Ni°) Fig. S2a ([59]. The Cu 2p spectrum
shows two peaks at 932.5 and 952.3 eV which are assigned to Cu
2ps); and Cu 2py ), of metallic Cu® (Fig. S2b) [16].

The high-resolution XPS spectrum of Ni 2p in NiCu oxide shows
that the Ni 2p;, main peak and its satellite at 854 and 862 eV,
and the Ni 2py;, main peak and its satellite at 872 and 879 eV, re-
spectively confirming the presence of Nit? state (Fig. S2c) [60]. The
high-resolution XPS spectrum of the Cu 2p spectrum of NiCu oxide
shows peaks at 933.7, 943.1, 954.3, 962.9 eV. The peaks at 933.7
and 954.3 eV correspond to the Cu 2p3;, and Cu 2py),, respec-
tively. Also, there are two satellite peaks centered at about 943.1
and 962.9 eV, demonstrating the presence of Cut? state (Fig. S2d)
[61].

Based on the structural characterization. NiCu mixed metal ox-
ide (MMO) nanosheets have Ni, NiO, CuO phases and hydroxide
species such as Cu(OH), which can be beneficial for HER in alka-
line electrolytes [62] as we will see from the electrochemical mea-
surements. NiCu alloy contains pure Ni and pure Cu phases while
NiCu oxide contains NiO and CuO phases.
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Fig. 4. a) EDX spectrum of NiCu MMO catalyst, b) XRD spectrums of NiCu alloy, NiCu MMO, and NiCu oxide catalysts, ¢) Raman spectrum and, d) XPS survey spectrum of

NiCu MMO catalyst.

3.2. Electrochemical characterization

Fig. 6a shows linear sweep voltammetry (LSV) curves of NiCu
alloy, NiCu MMO, and NiCu oxide in 1 and 0.1 M KOH. All catalyst
loadings were equal to 250 pg/cm?. NiCu MMO has the highest
HER activity in 1 M KOH by achieving —10 mA/cm? at —200 mV
compared to the —250 and —300 mV for NiCu alloy and NiCu ox-
ide, respectively, to obtain the same current density. As seen from
Fig. 6a, the current density normalized to geometric surface area
for NiCu MMO at —0.35 V vs RHE in 1 M KOH is five times higher
than 0.1 M KOH. However, the activity trend for the nickel-copper
catalysts is the same in 0.1 M KOH. Fig. 6b shows a comparison
between the NiCu MMO HER activity and data from the literature.
The NiCu MMO shows one of the best mass active HER catalytic
activities reported in Table S1, Table S2, and Fig. 6b.

The LSV curves in Fig. 6a show that the HER activity increases
with increasing KOH electrolyte concentration, which in agree-
ment with literature [63,64]. Lasia et al. found that the rate con-
stants of Volmer and Heyrovsky reactions depend on the bulk
OH~concentrations [65]. An appropriate rise of the KOH electrolyte
concentration increases hydroxide ion activity [64-67]. Recently
Wang et al. showed that the high HER activity at high KOH con-
centration is due to H3O" intermediates generated on nanocatalyst
surface [68].

Electrocatalytic active surface area (ECSA) measurements were
carried out to evaluate the intrinsic catalytic activity of nickel-
copper catalysts. The ECSA was estimated by measuring the elec-

trochemical double-layer capacitance (Cy4;) from cyclic voltammo-
grams at various scan rates over a non-faradaic (totally polarized)
potential range, as in Fig. S3 in the Supplementary Information.
The NiCu MMO catalysts exhibit the largest double-layer capaci-
tance Cy of 9.16 (mF/cm?) compared to those of the NiCu alloy
(6.58 mF/cm?2) and the NiCu oxide (3.80 mF/cm?2), showing that
a larger ECSA of NiCu MMO allows more exposed active sites to
promote HER performance. The specific surface area of the NiCu
catalysts was also investigated with Brunauer-Emmett-Teller (BET)
measurement (Figure S3, ESIT). The specific surface area has a simi-
lar trend as ECSA. NiCu MMO possesses a surface area of 156 m2/g
which is far higher than that of NiCu alloy (112 m2/g) and NiCu
oxide (92 m2/g). When normalized to electrochemical surface area
(Fig. S3, ESIT) the differences in catalyst activity become less, espe-
cially in the lower potential range. However, NiCu MMO still pos-
sesses the highest intrinsic activity.

The linear regions of Tafel plots in Fig. 6¢ are fitted to the Tafel
equation, yielding Tafel slopes of 120, 130, and 195 mV/dec for
NiCu MMO, NiCu alloy, and NiCu oxide respectively. The kinetic
parameters for the nickel-copper catalysts (jo and b) presented in
Table 1 were derived from the Tafel equation:

n=a+blogj (4)

Where 7 (V) is the applied overpotential, j (mA/cm?2) is the current
density, b (V/dec) is the Tafel slope, and a (V) is the intercept.
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Table 1
Overpotential at —10 mA/cm?, Tafel slope b, charge transfer resistance (a), and exchange current density jo for NiCu catalysts
in 1 M KOH.
Catalyst Overpotential (V) at —10 mA/cm?  Tafel Slope mV/decade  charge transfer coefficient(e)  Jo (nA/cm?)
NiCu alloy —0.250 130+2 0.454 9.70
NiCu oxide —0.300 195+1 0.302 4.62
NiCu MMO —0.200 120+2 0.492 9.98

The exchange of current density j, can be obtained by extrapo-
lating the Tafel plots to the x-axis or assuming 7 is zero.

a = (2.3RT)/(«F)log j,

b = (2.3RT)/(aF) (5)

where R is the gas constant (8.314 k] mol~! K — 1), T is the temper-
ature in K, « is the charge-transfer coefficient, and F is the Faraday
constant (96,485 C mol~1).

Table 1 summarizes the kinetic parameters for nickel-copper
catalysts. NiCu MMO shows the lowest Tafel slope and highest
charge transfer coefficient and exchange current density over NiCu
alloy and NiCu oxide which confirms the superior activity of NiCu
MMO.

In view of the Tafel slope being close to 120 mV/dec, it is likely
that the charge transfer coefficient represents the symmetry factor
of the Volmer step in this case. The Tafel slopes reflect an intensive
property of the HER catalysts from which some indication about

the reaction mechanism of the HER and the rate-determining step
(rds) can be obtained. The Volmer reaction involves the electrore-
duction of water molecules with hydrogen adsorption as in Eq. (6),
while the Heyrovsky’s reaction involves electrochemical hydrogen
desorption eq (7). The Tafel reaction involves chemical desorption
Eq. (8) [65].

M + H;0 + e~ <+ MH,4s + OH™ Volmer (6)
MH,q4s + H,O +e~ < Hy, + M+ OH™ Heyrovsky (7)
MH,¢s + MH,qgs <> Hy + M Tafel (8)

A detailed analysis shows that rds for the HER at NiCu MMO is
the Volmer reaction, then a Tafel slope in the order of 120 mV
would result. Whether the next step in the reaction sequence is the
Heyrovsky or Tafel step [65] cannot be determined by this analysis,
however.
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Fig. 6d shows impedance complex plane plots of NiCu alloy,
NiCu oxide, and NiCu MMO in 0.1 and 1 M KOH at an applied
potential of —250 mV vs. RHE after subtracting ohmic resistance.
In the complex plane plots, only one semicircle is observed, which
can be attributed to a charge transfer process related to the HER
[70-72]. The charge transfer resistance (Rct) is represented by the
diameter of the semicircle. The radius of the semicircle decreases
at higher KOH concentration, signifying a lower charge transfer re-
sistance (R¢t) and a higher rate of hydrogen evolution. NiCu MMO
exhibit R¢ value of 6.96 2 at an applied potential of —250 mV
compared to NiCu alloy (10.38 €2) and oxide (13.81 2) which fur-
ther confirm the superior activity, faster reaction kinetic and high
electron transfer efficiency of NiCu MMO [72].

The equivalent circuit for the NiCu alloy, NiCu MMO, and NiCu
oxide in Fig. 6d is characterized by a single time constant, and
we modeled the impedance by a series resistance (R, related to
ohmic solution resistance), in series with one parallel circuit con-
sisting of a charge transfer resistance (R¢t) and a constant phase
element (CPE) related to the double-layer capacitance. This equiv-
alent circuit has previously been used in literature to describe HER
on polycrystalline Ni and Ni-based materials [73]. (The constant
phase element (CPE) was used instead of capacitance due to fre-
quency dispersion and the appearance of depressed semicircles in
the impedance plane plots). The charge transfer resistance (Rct)
represents the kinetics of the HER at the electrode/electrolyte in-
terface. The absence of Warburg impedance indicates that mass
transport is rapid enough so that the reaction is kinetically con-

trolled [70,71,74]. The impedance complex plane plots for different
applied overpotentials are shown in Fig. S4a in the ESI}, and these
show that the R decreases with increasing potential as it would
if the current-voltage relationship is described by Eq. (4) above.
(The lower R¢ value at higher potential reflects the exponential
dependence of the current on the overpotential and thus the ac-
celerated electron transfer and higher rates of the HER at higher
overpotential [70,71,74]. As can be shown by a simple differentia-
tion of Eqn. 4 above, the Tafel slope may be obtained from plots of
potential vs. log (Ret)~!. From our plots, we obtain 120 mV/dec,
see Supplementary Information, Figure S4b, which is the same
as that obtained from the LSV curves. The same Tafel slope be-
ing obtained with impedance spectroscopy thus validates the iR-
corrected linear-sweep voltammograms.

Fig. 7a shows the current vs. time recorded in chronoamper-
ometric measurements performed by applying a constant poten-
tial of —400 mV for 30 h on NiCu alloy, NiCu MMO, and NiCu
oxide. For all samples but NiCu MMO in 0.1 M KOH, the current
density decreases (i.e. the activity decreases) rapidly during the
first few minutes. For NiCu MMO in 0.1 M KOH and NiCu oxide
in 1 M KOH, the current density then levels off and remains con-
stant at approximately —11 mA/cm? and —50 mA/cm?, respectively.
NiCu oxide shows stable performance at —50 mA/cm? for 30 h.
For NiCu alloy in 1 M KOH, the current density slowly increases
(activity increases) with time from approximately —90 mA/cm?
to —100 mA/cm? after 30 h. For the NiCu MMO sample in
1 M KOH, the current density reaches a minimum activity after
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approximately 30 min at which the current density is approxi-
mately —180 mA/cm?, and then slowly increases to a little below
—200 mA/cm? at 30 h. The chronoamperometric measurements
confirm the higher HER activity of NiCu MMO in 1 M KOH than in
0.1 M KOH and over NiCu alloy and NiCu oxide in the same elec-
trolyte. The current densities observed from chronoamperometry
are in good agreement with those observed in the LSVs.

Fig. 7b shows in-situ Raman spectra of NiCu MMO under an
applied potential of —0.4 V vs RHE at different time intervals. All
the spectra in Fig. 7b display peaks at 292, 530, 1060, 1350, and

1585 cm~!. The peak at 292 cm~! can be assigned to copper hy-
droxide Cu(OH), species [47] while the peak at 530 cm~! can be
assigned to nickel hydroxide Ni(OH), [75]. The peak at 1060 cm~!
can be assigned to carbonates [76] while the peaks at 1346, and
1585 cm~! correspond D band, and G band peaks of carbon re-
spectively [77,78]. The spectra show clear peaks of Ni(OH), and
Cu(OH), at the beginning of HER. However, the Cu(OH), peaks de-
creased more significantly than the Ni(OH), peaks. In other words,
whereas both Cu(OH), and Ni(OH), both exist during the entire
period of 30,000 s, both Cu and Ni hydroxides get slowly reduced,
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but Cu more so than Ni. The reduction of these elements is consis-
tent with the Pourbaix diagrams of Cu and Ni which predict that
both Ni(OH), and Cu(OH), would be reduced to metallic nickel and
copper at this potential [79].

The NiCu oxide also displayed peaks corresponding to Ni(OH),
and Cu(OH),, but these peaks disappeared completely after
15,000 s, as shown in Fig. 7c. However, the HER activity of the
NiCu oxide is much lower than that of NiCu MMO. This confirms
the importance of the presence of metallic species on the catalyst
surface, as found by Danilovic et al. [80], for superior HER activity.

Finally, the Raman spectrum for the NiCu alloy catalyst also
shows peaks related to Ni(OH), and Cu(OH), surface species when
the catalyst is immersed in KOH, which confirmed the hypothesis
that Ni metal will convert to oxide species once in contact with
KOH [80,81]. The hydroxide species on the NiCu alloy gets reduced
rather rapidly (< 5000 s) at the surface, as shown in Fig. 7d, com-
pared to NiCu MMO and NiCu oxide and did not lead to excep-
tional activity compared to NiCu MMO.

NiCu MMO thus showed the best HER activity in the alka-
line electrolytes with a Tafel slope of 120 mV/dec. The bifunc-
tional system of NiCu MMO catalyst includes Ni metal, NiO, and
CuO oxides, and provide a rapid Volmer step and thus rapid over-
all HER reaction kinetics. The improved HER kinetics of the NiCu
MMO can be attributed to the presence of both Ni and NiO where
NiO sites to facilitate water dissociation and bind OH,q4 while Ni
metallic binds H,4; and CuO stabilizes NiO under HER conditions.
Similarly, Bates et al. found that the synergistic HER enhance-
ment of Ni/NiO is due to NiO content and Cr,0O3 appears to sta-
bilize NiO under HER conditions [82]. The in situ Raman results
show that the presence of both metal and oxide phases is es-
sential to sustain a high HER activity, the performance of NiCu
MMO relative to that of NiCu alloy or NiCu oxide. We relate this
to the in situ Raman data showing that copper hydroxide gets re-
duced and nickel hydroxide is to some extent preserved under HER
conditions.

We attribute the rapid decay in electrocatalytic activity in all
samples to an initial and rapid adjustment of the surface state
of all catalysts, whereas the long-term behavior is more com-
plex. For the NiCu oxide, there is no further change in the sur-
face state after 15000s (Fig. 7c), and the electrocatalytic activity
remains the same as that immediately after the initial transient.
The current transient is thus fully consistent with the Raman spec-
tra for NiCu oxide in Fig. 7c. Since the Raman spectra of the NiCu
alloy (Fig. 7d) indicate a surface at which hydroxides are com-
pletely absent after 5000 s, however, the slow increase in cat-
alytic activity with time in Fig. 7a for this catalyst may be re-
lated to a slow change in the composition or surface area, i.e. to
catalyst instability. For NiCu MMO in 1 M KOH, the initial tran-
sient is followed by a slower increase in catalytic activity. A corre-
spondingly slow change in the surface state, c.f. the Raman spectra
in Fig. 7b, appear to persist throughout the chronoamperometry
experiment.

We relate this difference to the synthesis. For the NiCu alloy,
only a thin layer of the hydroxides will form as the NiCu alloy is
exposed to the KOH solution. This layer is rapidly reduced as the
catalyst is subjected to a negative potential. However, since there is
no indication of any metal phase in the NiCu oxide in the diffrac-
tograms, we may assume that during exposure to negative poten-
tials these catalysts will be reduced continuously until the entire
catalyst is converted to metal. For the NiCu MMO, this seems to
have combined behavior (mixed metal oxide (Ni-NiO-CuO) cata-
lyst), since the oxidation due to the annealing is not complete, c.f.
the diffractograms in Fig. 4b which displays a substantial peak cor-
responding to Ni(111). This catalyst heterogeneity of metallic and
oxide phases will cause mixed behavior of a continuous but slow
change in the surface state throughout the experiments, which
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may be related to a slow diffusion-limited process in the sample.
The surface is therefore also slowly reorganized and will consist of
a mix of phases and a slowly changing activity.

NiCu MMO also showed good stability during an accelerated
stress test consisting of 5000 potential cycles from between —0.8
to —1.3 V at a scan rate of 100 mV/s. The LSV for NiCu MMO be-
fore and after the procedure showed only a 20 mV difference in
the potential required to achieve - 100 mA/cm? as shown in Fig.
S5 ESIf.

Fig. 7e shows The HER activity using Nafion and anion exchange
ionomer (Fumion ionomer) of NiCu alloy, NiCu MMO, and NiCu ox-
ide. The activity for the HER of nickel-copper catalysts decreased if
Fumion ionomer replaced Nafion in the catalyst ink, and resulted
in a potential shift of 30 mV at —100 mA/cm? as compared to
the Nafion ionomer. Catalyst inks with Nafion resulted in higher
HER activity compared to catalyst inks with Fumion ionomer. We
assign the difference in activity between catalysts in inks with
Nafion and those with Fumion ionomers to the nature of the
ionomer backbone and its chemistry (ammonium-, imidazolium-,
phosphonium-based compounds in anion exchange ionomers such
as Fumion, or sulphonic acid groups (SO3~) in Nafion) [83,84]. The
SO3~ moiety in Nafion interacts only weakly with the catalyst sur-
face, and the effect of SO;~ adsorption on electrocatalyst perfor-
mance is expected to be negligible, particularly in the HER re-
gion where the negative charge on the catalyst surface would repel
sulfonate species [21]. The quaternary ammonium (QA) functional
group used for OH™ transport in anion exchange ionomer (AEI), on
the other hand, appears to poison NiCu MMO catalyst and block
active catalyst sites. Fumion ionomer shows higher total polariza-
tion resistance than Nafion as shown in the impedance complex
plane plot of NiCu MMO using Nafion and Fumion ionomers (Fig.
S6.a). The small semicircle at the low-frequency region for Fumion
ionomer (Fig. S6.a) has been suggested to correspond to quater-
nary ammonium adsorption [85]. The results show that the anion
ionomer not only serves as a binder but also affects the electrocat-
alyst’s HER activity [4].

We consequently investigated the impact of the Nafion ionomer
content to find the composition at which the HER performance
peaks for NiCu MMO. The results are shown in Fig. 7f. The HER
activity thus increases with increasing Nafion ionomer to the cat-
alyst weight ratio (I/C), and a maximum appears at a weight ratio
of I:C of 0.5. The NiCu MMO at I/C = 0.5 achieves —10 mA/cm?
at 170 mV, which indicates better catalyst utilization, lower total
polarization resistance, and optimum HER performance as shown
in Fig. S6b and S6c. The low performance with a low ionomer con-
tent is attributed to the poor dispersion of the ink. At high ionomer
content, the HER activity is small due to increased aggregation of
Nafion and the associated blocking of mass transport and active
sites [25]. The moderate I/C ratio indicates that Nafion improves
the catalyst dispersion and distribution and reduced transfer resis-
tance. The optimized ionomer content provides an efficient path-
way for OH™ (in the aqueous electrolyte) and electrons and forms
a stable reaction interface [86].

3.3. Anion exchange membrane (AEM) electrolysis

To test the activity of NiCu MMO in an actual AEM electrol-
ysis environment, NiCu MMO and Ir black MEAs were fabricated
and mounted in an AEM water electrolysis cell as explained in
the Supplementary Information and Fig. S7 ESIf. Two types of
MEAs will be mentioned in Results Pt/C cell and NiCu MMO cell
for NiCu MMO-Ir and Pt/C-Ir cells respectively. Fig. 8 shows the
impedance complex-plane plot at 0.2 A/cm? for NiCu MMO cells
(Fig. 8a) and Pt/C cells (Fig. 8b) in 0.1 and 1 M KOH. The impedance
complex-plane plots appear to consist of two partly overlapping
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Fig. 8. a) Impedance complex plane plot of NiCu MMO/Ir cell, b) Impedance complex plane plot of Pt/Ir cell, ¢) Raw polarization curves and d) HFR-corrected Polarization

curves of NiCu MMO/Ir and Pt/Ir cell in 1 and 0.1 M KOH.

and depressed semicircles. The ohmic resistance of the cell was
determined from the high-frequency resistance (HFR), i.e., from the
intercept with the real (Re) axes [87].

In Fig. 8, we show the equivalent circuit that is used to fit the
impedance data taken at 0.2 A/cm? in both NiCu MMO and Pt/C
cells. We assign the low-frequency arc to mass transport [87,88]
and the high-frequency arc to electrode kinetics contributions to
the cell voltage from the NiCu MMO and Pt/C cathodes. The fitted
electrical circuit is comprised of a series combination of two par-
allel circuits each consisting of a resistance and a constant phase
element (CPE), in series with a resistor, Rg. The R corresponds to
the ohmic resistance of the cell (catalyst layer, current collectors
and membrane). The R.; describes the charge transfer resistance of
the cathode and anode. CPE; is the constant phase element that
represents the electrode roughness. The circuit has an additional
RC combination, constant phase element, and the resistance (CPE,
and R;), which is suggested to describe the mass transport related
to bubble formation at the electrode-electrolyte interface [88]. All
parameters extracted from the fitting of the impedance data to are
presented in Table S3. For 1 M KOH, NiCu MMO cell has an HFR
of 0.195 Q.cm? while Pt/C based AEMWE cell has an HFR of 0.115
Q.cm?. NiCu MMO cell displays an HFR of 0.295 €2.cm? while Pt/C
achieves 0.225 Q.cm? in 0.1 M KOH. NiCu MMO (5 mg/cm?) higher
loadings resulted in thicker catalyst layers and higher HFR com-
pared to Pt/C. The HFR increases as KOH concentration decreases
to 0.1 M KOH. This HFR increase with decreasing KOH concentra-

1

tion may indicate insufficient ionic conductivity of the membrane
[26].

The impedance data were converted to Tafel impedance. The
Tafel slope can be estimated from the Tafel impedance, for a kinet-
ically limited process, as the diameter of the impedance arc [89].
The Tafel impedance shown in Fig. S8 ESI} is the impedance mul-
tiplied with the steady-state current density at which it was ob-
tained. We thus estimate the Tafel slope in 1 M KOH to be 40 mV
for Pt and 65 mV for NiCu MMO at 0.2 A/cm?2. The Tafel slope from
the impedance data is in the range of 50 millivolts, whereas the
slopes from the polarization curve are twice this value (see Fig. S9
ESI) suggested that the polarization curves are dominated by the
ohmic resistance. Fig. 8c and 8d show the potentiostatic polariza-
tion curves of both HFR-corrected and uncorrected voltages for the
AEMWE at different KOH concentrations for NiCu MMO and Pt/C
cells.

Fig. 8c and 8d show the AEM electrolyzer performance of NiCu
MMO and Pt/C cathode catalysts in 1 and 0.1 M KOH at 50 °C using
Ir black as an anode. In 1 M KOH, with NiCu MMO a cell perfor-
mance of 1.85 A/cm? at 2 V achieved, which may be compared to
Pt /Ir cell that delivers 2 A/cm? at 2 V in 1 M KOH while both
cells achieved 1 A/cm? at 2 V in 0.1 M KOH. The increase in KOH
electrolyte concentration leads to a higher AEM electrolyzer per-
formance.

Fig. 8d showed that NiCu MMO cell exhibits higher performance
than Pt/C catalyst when HFR-corrected. NiCu MMO (5 mg/cm?2)
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shows higher resistance than Pt/C (1 mg/cm?2) in 1 and 0.1 M KOH
(Fig. 8a and 8b). Since the cell hardware, components, electrolyte,
temperature is the same and the only difference is the cathode cat-
alyst, the origin of high resistance is the higher loading and the
presence of oxide species in NiCu MMO (Ni-NiO-CuO). This leads to
a higher resistance in the NiCu MMO catalytic layer itself as com-
pared to the Pt/C, with its lower loading and metallic conductivity.

The results suggest that the differences in the activity of the
samples (Fig. 8c) are not merely due to their different intrinsic
activities, but also partly due to low electronic resistance in the
catalytic layer. This contribution to the resistance will be particu-
larly significant for poorly conducting oxides such as those of NiCu
MMO. The high-frequency resistance (HFR) corrected polarization
curves in Fig. 8d confirm that the electronic resistance of the cath-
ode catalyst layer significantly affects cell performance. Similar re-
sults can be found in the literature. Yu et al. [90] showed that for
catalysts with widely different conductivity the ranking depends
on whether iR compensation is applied or not. Xu et al. [91] re-
ferred the differences in AEM electrolyzer performance partially to
differences in the OER catalyst phases electrical conductivity. Fi-
nally, D. Chung et al. [92] showed that poorly conductive MoS,
HER activity is affected by the ohmic losses and recommend that
electrical conductivity should be considered when designing active
catalysts for water electrolysis.

The NiCu MMO/Ir MEA activity shows a good reproducibility
for three different MEAs in 1 M KOH at 50 °C as in Fig. S10 ESIf.
The post-mortem analysis of NiCu MMO catalytic layers shows no
visible cracks which prove the stability of catalytic layers during
AEM water electrolysis as indicated in Fig. S11. Energy dispersive X-
ray (EDX) mapping of NiCu MMO catalytic layers and cross-section
shows the presence of nickel, copper, carbon, and a thin potassium
layer after the electrolysis experiment Fig. S12, and S13 ESIf.

The excellent performance of 1.85 A/cm? at 2 V in 1 M KOH
obtained for the NiCu MMO hydrogen catalyst outperforms most
of those summarized in (Fig. S14 and Table S4 ESIf) allows for
an active and cheap catalyst for AEM water electrolysis operation
on a commercial scale [93,94| and comparable to the state of the
art performance of PEM electrolysis as summarized by Ayers et al.
[95].

Conclusions

NiCu mixed metal oxide (MMO) nanosheets synthesized by
chemical reduction showed an exceptional activity for the HER
compared to NiCu alloy and NiCu oxide catalysts, with higher per-
formance in 1 M KOH than 0.1 M KOH. The improved HER kinet-
ics of the NiCu MMO bifunctional system can be attributed to the
presence of both Ni and NiO where NiO sites to facilitate water
dissociation and bind OH,4 while Ni metallic binds H,4s and CuO
stabilizes NiO under HER conditions. In situ Raman spectroscopy
at the NiCu MMO catalysts showed that a substantial fraction of in
situ formed nickel hydroxide remained after 30,000 s at HER con-
ditions, which may explain why the NiCu MMO is able to main-
tain its very high activity as compared to that of NiCu alloy and
NiCu oxide over longer periods of time. Despite that anion ex-
change ionomers would be expected to be suitable ionomers in
an AEM environment, the application of anion exchange ionomers
in catalytic layers resulted in a lower HER activity as compared to
catalytic layers with Nafion as the ionomer. Using Ir black as an
anode catalyst, cells with NiCu MMO nanosheets as cathode cata-
lyst achieved AEM electrolyzer performance of 1.85 Ajcm? at 2 V
in 1 M KOH at 50 °C.
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