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ABSTRACT: Replacing the oxygen evolution reaction with other less energy-intense oxidizing =
reactions is an attractive option to reduce the energy demand for hydrogen production in an anion & 2.4 ‘L’J"fe‘:’;;f:gfy'gfs's
exchange membrane (AEM) water electrolyzer using transition metals and their alloys. Since urea £20 m—
is commonly available as a waste product, pairing the urea oxidation at the anode with hydrogen > 1.6 %
evolution at the cathode in alkaline electrolysis can alleviate environmental issues while g 1.2 _ _ _ :
simultaneously producing hydrogen. In this respect, we prepared nickel—copper films on nickel felt 0 500 100 150 200
i . g urrent, mA
substrate as a urea oxidation catalyst, which exhibited a lower Tafel slope compared to oxygen
evolution, indicating a more favorable reaction pathway. Confirming the improvement, in an AEM
electrolyzer, a current density of SO mA cm™ required a cell voltage of 1.60 V for urea coupled hydrogen production compared to
1.83 V for water oxidation. Nitrogen and carbon dioxide were identified using mass spectrometry (MS) as the main gaseous products
during urea electrolysis. A relatively stable zero-gap AEM urea electrolyzer operation at room temperature for over 120 h and at
323.15 K under intermittent power conditions, using nickel—copper catalyst as anode and nickel-molybdenum catalyst as cathode,
was demonstrated. Finally, an efficient hydrogen production in the zero-gap alkaline urea electrolyzer at a lower voltage than for
water electrolysis was proven using online MS analysis. These results validate the feasibility of reducing the specific energy
consumption of electrolyzers used for low-carbon hydrogen production with renewable energy sources.
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B INTRODUCTION hydrogen-carrying chemicals (2—2.5 wt %) from waste
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Alkaline water electrolysis is one of the sustainable ways to
produce hydrogen using catalysts composed of abundantly
available materials such as nickel, iron, and copper, as well as
their alloys. Alkaline water electrolysis proceeds according to
the following reactions

oxygen evolution reaction (OER): 4OH™ — O, + 2H,0

+4e”, E” = 4040V vs SHE (1)

hydrogen evolution reaction (HER): 4H,0 + 4e”

— 2H, + 40H", E’ = -0.83Vvs SHE )

E’=-123V
()
However, the slow reaction kinetics of the oxygen evolution
reaction (OER) at the anode elevate the overall voltage needed
for the net electrochemical water splitting reaction, leading to a
higher energy consumption for sustainable hydrogen produc-
tion. This limitation can be overcome by replacing the energy-
intensive OER with easily oxidizable molecules such as
alcohols, urea, ammonia, amines, etc., to produce hydrogen
at a lower energy consumption.”” Furthermore, utilizing

overall reaction: 2H,0 — 2H, + O,,
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environments not only alleviates environmental pollution but
also yields hydrogen.” Urea has gained attention due to its
substantial hydrogen content (6.67 wt %), cost-effectiveness,
and lower theoretical thermodynamic voltage for urea
oxidation compared to conventional water electrolysis (1.23
V).>® Urea electrolysis produces N,, which is nontoxic, and
CO, which can be used as a high-purity feedstock for chemical
or fuel synthesis. In alkaline media, under standard conditions,
the thermodynamic potential of urea oxidation reaction
(UOR) at the anode is —0.746 V vs SHE while that of the
hydrogen evolution reaction (HER) at the cathode is —0.83 V
vs SHE. The corresponding half equations are given below:

UOR on the anode: CO(NH,), + 60H"
— N, + SH,0 + CO, + 6e” (4)
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HER on cathode: 6H,0 + 6e” — 3H, + 60H" )
overall reaction: CO(NH,), + H,0 - N, + CO, + 3H,
(6)

The UOR can be efficiently catalyzed by noble metals, but,
as large-scale use demands cost-effectiveness, transition metals
(TMs) are an attractive alternative option.”” " Nickel-based
electrocatalysts have been reported for UOR, but improve-
ments such as use of a conventional method to prepare
catalysts on a large scale and using low-cost precursor
materials, without compromising the activity and durability
of the electrocatalysts, are needed. Nickel is an example of a
nonprecious metal that is an effective electrocatalyst for UOR
and whose catalytic activity can be tuned by the synthesis
method and by tailoring the surface properties to improve
further catalytic efficiency.'’”™"? Nickel-based alloys like
nickel—cobalt (NiCo),"*'* nickel-molybdenum
(NiMo),"*~'* nickel—copper (NiCu),""™*" nickel—iron
(NiFe),”>** and TM sulfides, phosphides, fluorides, nitrides,
and analogues” >’ have been also reported to increase the
reaction kinetics of UOR. Specifically, alloying with a second
element has proven to be an effective approach to tune d-band
electronic properties”” and has been extensively studied for
water electrolysis catalysts that could provide an understanding
to further develop better urea electrolysis catalysts. For
example, copper attracts e, orbital electrons on iron which
further weakens the intermediate species adsorption.’
Furthermore, in situ Raman studies on Ni confirmed that, in
the first step, Ni** (Ni(OH),) electrochemically oxidizes to
Ni** (NiOOH), which acts as an active site to dissociate the
urea molecule followed by chemical reduction of Ni** back to
Ni**** Due to the high oxidation potential, the inactive Ni**
electrochemically oxidizes back (regeneration) into active Ni**
(NiOOH) which can further dissociate the urea molecules.*”
In particular, @-Ni(OH), has a superior catalytic activity to /-
Ni(OH), for urea electrolysis since the y-NiOOH/a-Ni(OH),
redox couple enables efficient electron transfer.”> These
observations imply that the active center for UOR is Ni**
(NiOOH) characterized by its high-valence state, rather than
the Ni** valency state. Therefore, alloying the nickel with a
second transition metal is a simple and effective approach to
increase the catalyst efficiency for UOR.

Role of Cu and Mo in UOR and HER. In addition to
catalytic activity, the potential catalysts must be durable to
withstand real-world operating conditions, that is, be
insensitive to catalyst poisoning and efficiently drive UOR
electrolysis under constant or intermittent power supply (e.g.,
photovoltaic or wind energy coupled electrolysis).***° During
the urea electrolysis, the intermediate products (CO and other
carbonaceous intermediates) may adsorb on and deactivate the
catalyst active sites before forming the CO,. In addition, CO
desorption from the catalyst is one of the rate-determining
steps in the six-electron transfer process in UOR.” In this
aspect, Cu possesses excellent resistance against persistent
adsorption of CO intermediates by effectively promoting the
CO desorption which is primarily needed to develop the highly
stable urea electrolysis catalysts.”**” Cu also decreases the
energy requirements for urea adsorption, promoting the
oxidation of the energetically favorable *NHCONH, inter-
mediate by altering the electronic structure of the surrounding
Ni sites.”” Cu disturbs the OH™ ions density which effectively
allows the adsorption of urea, facilitating the N—N coupling to
form N, as the major product. This improves the selectivity to
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N, and not the NO, compounds.*”*' Another recent study
showed that CuO modulates the electronic states of Ni, which
results in Ni—O bonds stretching thus promoting urea
molecule dissociation.”” On the other hand, the performance
of a urea electrolyzer is also affected by the cathode reaction,
that is alkaline HER for which several TMs and their alloy-
based catalysts were already reported with high-current
operation.””** Among the TMs, NiMo alloy has proven to
be a highly durable industrial use catalyst for alkaline HER
allowing stable continuous and intermittent operation.”**>*°
The activity of NiMo catalysts originates from the interfaces of
alloy oxides and hydroxides that can weaken the HO—H bond
of absorbed water to facilitate water dissociation in the
heterointerfaces by minimizing the free energy for hydrogen
adsorption.”” Mo has been proven to have effective corrosion
resistance in alkaline medium via passivation, and the
adsorption of MoO can promote the HER activity on
Ni.*®*™° Therefore, both Cu and Mo provide an electronic
synergy and increased activity toward catalysis when alloyed
with Ni.

Based on the above considerations, we prepared NiCu as a
UOR catalyst and NiMo as an HER catalyst on nickel fiber felt
(NF) via electrodeposition. Then, the prepared NiCu catalyst
was electrochemically activated to enhance the active hydroxyl
and oxyhydroxyl species on the surface and studied for the urea
electrolysis reaction. Following this, both NiCu and NiMo
were applied as the anode and cathode catalysts, respectively,
in an alkaline anion exchange membrane urea electrolyzer. The
electrolyzer was additionally operated under voltage cycling to
demonstrate performance stability over 120 h. Simultaneously,
the gaseous byproducts generated at different voltages during
the electrolyzer operation were also analyzed using mass
spectrometry. The structural and compositional changes of the
catalysts were also characterized on pre- and postelectrolysis to
understand the causes of degradation after extended operation.

Bl RESULTS AND DISCUSSION

Morphological and Structural Characterization of the
Catalysts. Nickel is easily converted into Ni(OH), in alkaline
medium (containing KOH or NaOH), and at alkaline anodic
reactions, the valence state of nickel is usually equivalent to
that of nickel oxides and oxyhydroxides.”' Over the course of
an electrochemical reaction, the catalyst may suffer irreversible
(morphology) and reversible (phase transformation) changes
so that the prepared pristine catalyst characteristics are altered
after the tests.”” In this context, the electrodeposited NiCu was
electrochemically oxidized in 1.0 M KOH alkaline medium
prior to the UOR studies (Figure S1). After 100 cycles of cyclic
voltammetry (CV), the deposited catalyst attains a stable
voltammogram. The electrochemical activation step causes
surface restructuring presumably via dissolution-redeposition
and thereby enhances the NiCu hydroxyl and oxyhydroxyl
species on the surface.””>* This was further confirmed with X-
ray photoelectron spectroscopy (XPS) analysis, which will be
discussed later. To explore the effect of adding Cu to Ni, the
precursor ratios of nickel and copper in the solutions used for
electrodeposition were varied (Figure S2) and electrochemical
UOR catalytic analysis of the resultant material was carried out.
The solution used for electrodeposition consisted of 0.3 M
C¢H(Na;0,2H,0, 1.0 M (NH,),SO,, and different molar
ratios of NiSO,-6H,0 and CuSO,-5H,0: 0.175/0.08, 0.075/
0.025, 0.025/0.075.>> Herein, the corresponding samples were
named as Nig;75Cug0s Nigo7sCugozs) and Niggy5Cug 75,
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Figure 1. SEM images of (a) cleaned NF, (b) electrodeposited Nig,5Cuggg on NF, (c) electrochemically activated Niy;75Cuq g and (d-1—d-4)
EDX elemental mapping corresponding to SEM of electrochemically activated Nij ;,5Cug g

respectively. The catalysts deposited using precursors with
three different Ni/Cu compositions exhibited a similar
performance for alkaline UOR. However, the best performance
was observed for Niy ;,5Cug s compared to the other NiCu and
plain Ni catalysts. About 135 mg of Ni, ;,5Cug og was loaded on
NF (1.0 cm?) as determined by subtracting the weight of the
dried bare NF before from that coated by electrodeposition.
Scanning electron microscopy (SEM) images show that the
NF has a fibrous structure (Figure la) while the electro-
deposited Nij,5Cugg has a three-dimensional (3-D) nodular
structure (Figure 1b).°° The surface of electrodeposited
Nij;75Cugos took on a porous dendritic structure after
electrochemical activation in 1.0 M KOH as shown in Figure
lc. Energy-dispersive X-ray (EDX) elemental mappings
confirmed a uniform distribution of oxygen, Cu, and Ni.
(Figure 1d-1—d-4). The elemental weight percentage of
activated Niy,5Cuggg is 25 and 63 atom % of Ni and Cu,
respectively (Figure S3). Wavelength-dispersive X-ray fluo-
rescence spectroscopy (XRF) was used to confirm the
elemental atomic composition of Ni/Cu (atom %:atom %)
of Nig,75Cugos Nipg7sCugpas and NiggpsCuggrs as 38:62,
53:47, and 18:82, respectively. The phase structures of three
different Ni to Cu catalysts and their corresponding electro-
chemically activated samples were characterized using GI-
XRD. As shown in Figure 2, the Nij,,5Cuggs and electro-
chemically activated Nij;,5Cugog contain several crystalline
phases. The peaks at 44.48, 51.82, and 76.34° are consistent

®Ni 9Cu,0 &Ni(OH),

Nig 175CUy 5 after activation
(c)

Cu,

(b)

3% 38
20 (degrees)
A

ok
. . Nip
Nzl a3

I 1

50 60 70
20 (degrees)

Intensity, a.u.

Ni felt
(a)
80

30 40

Figure 2. GI-XRD patterns of (a) cleaned NF, (b) electrodeposited
Nig.175Cug0s and (c) electrochemically activated Ni,;75Cug,os-
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with 111, 200, and 220 reflections of nickel’s fcc phase (ICDD
00—04—0850) and the peaks at 43.3, 50.46, and 74.16° are
representative of fcc copper (ICDD 01-070—3039).°” The
appearance of small peaks after the electrochemical activation
at 38.62 and 35.5° correspond to the (101) reflection of f-
Ni(OH),, and the (111) reflection of a-Ni(OH), respec-
tively.”® The new hydroxide peaks further confirmed that the
prepared Nij,,5Cuggg catalysts had undergone a structural
change, possibly on the surface, during the electrochemical
cycling from Ni** to Ni*" and back to Ni** and attained a
NiCu-(OH), phase. Similar crystalline phases were found for
the Nig75Ctg.025 and Nig ,sCuq g5 catalysts (Figure S4). The
electrochemically activated Ni (a-Ni-NF) confirmed the
presence of the f-Ni(OH), phase (Figure S4). The most
active catalyst (for urea electrolysis), Niy ;75Cug g, Was used for
further studies and will henceforth be represented as NiCu-NF
and its corresponding electrochemically activated as a-NiCu-
NF, unless otherwise specified.

XPS measurements were performed on the surface of the
NiCu-NF catalyst to understand the chemical composition
changes before and after electrochemical activation. Figure S5
shows the XPS spectrum of a wide region of NF, NiCu-NF,
and a-NiCu-NF. In Figure 3a, the peaks located at 857.10 and
874.85 eV in the Ni 2p spectrum of NiCu-NF are assigned to
Ni** and the peaks at 855.79 and 873.65 eV are designated to
Ni?* species.””*”*° While this allocation is quite common in
the literature, it is also highly debatable due to the multiple
splitting of the photoemission peaks of both Ni** and Ni**,
which leads to a large number of additional peaks and a very
complicated envelope structure, which is not easy to
deconvolute.”" For the sake of simplicity, we therefore use
the assignment described above while we are aware of the
problems that this can cause in quantification. The Cu 2p;,,
spectrum of NiCu-NF was deconvoluted into several peaks at
932.68, 952.13 eV and 934.77, 954.72 €V which match the Cu*
and Cu®* states, respectively (Figure 3b).””°*7%* After the
electrochemical oxidation, there is a distinct intensity increase
of the Ni and Cu species which confirms a surface enrichment
of Ni(OH),, CuO, and Cu(OH), species after the electro-
chemical cycling in KOH. It is well reported that the NiO films
quickly form Ni(OH), on exposure to alkaline medium and
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Figure 3. Primary core-level XPS spectra for (a) Ni 2p, (b) Cu 2p, and (c) O Is, of the a-NiCu-NF (top row) and NiCu-NF (bottom row).

applying a bias voltage of approximately 1.4 V vs RHE results
in the formation of NiOOH.®® Furthermore, the peaks of Ni
and Cu species shifted by a few eV before and after the
electrochemical activation. For example, the peak at 874.85 eV
of NiCu-NF shifted by 0.34 eV to 874.51 eV after the
electrochemical activation, suggesting a reduction in the
electronegativity of the atoms bonded to Ni. In contrast, the
Cu® peak at 934.77 eV shifted to 934.02 eV after the
electrochemical activation, indicating an increase in the
electronegativity of the atoms bonded to Cu. This was
possibly due to the interaction of Cu and Ni species on the
surface”®” and may be interpreted as a concurrent reduction
and increase in the number of oxygen neighbors of Ni and Cu,
respectively. This is also seen with the increase in the size of
the Ni** peak relative to that of Ni** accompanied by an
increase in the size of the peak corresponding to Cu®' relative
to that of Cu" after electrochemical activation. The peaks at
529.76, 531.52, and 533.15 eV were ascribed to M—O (M—Ni
or Cu), M—OH (M—Ni or Cu), and adsorbed H,O molecules,
respectively.”>*® In Figure 3¢, the ratio of the M—OH peak
area relative to that of the M—O peak in the O 1s spectrum of
a-NiCu-NF was higher than that of the starting NiCu-NF
confirming the formation of NiCu-(OH),-NF after electro-
chemical oxidation. The enhancement of M—OH species was
consistent with the presence of a-Ni-NF (Figure S6). Also, the
deconvoluted area of the Ni** and Ni** species after the
electrochemical activation of a-NiCu-NF further confirmed the
rearrangement of the surface of the prepared electrocatalyst
and the enhanced concentration of hydroxyl species on the
surface (Table S1).

The electrodeposited NiMo on Ni fiber felt (NiMo-NF)
exhibits a fine platelike structure, and after the electrochemical
cycling for 20 cycles between —0.5 and —2.0 V vs Hg/HgO
(1.0 M KOH), the surface transformed into a uniform 3-D
rough structure (Figure 4ab). The elemental weight
percentage determined by XRF of NiMo is 79 and 30 atom
% of Ni and Mo, respectively. The XPS survey spectra of NiMo
catalysts are presented in Figure S7. Figure 4c,4d presents the
high-resolution XPS spectra of electrodeposited NiMo and the
electrochemically activated NiMo catalyst (a-NiMo-NF). The
peaks observed at 855.59 and 873.37 eV can be attributed to
the Ni*" states, whereas the peaks at 856.48 and 874.74 eV
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Mo 3d

Ni 2p

Activated NiMo-NF Activated NiMo-NF
Mo 3d,, Mo 3dy,
Mo® mottp Mo™
Mo*
3 3
s s
2 2
g NiMo-NF 2 NiMo-NF
ko) [}
2 2 Mo 3dg,
Ni 2p.
N Ni2py, .
sat , Ni™* A Ni?
Ni sat
880 870 860 240 236 232 228

Binding energy, eV Binding energy, eV

Figure 4. SEM images of (a) electrodeposited NiMo-NF, (b)
electrochemically activated NiMo-NF, and (c, d) primary core-level
XPS spectra for Ni 2p and Mo 3d of NiMo-NF and a-NiMo-NF.

correspond to Ni** states in the electrodeposited NiMo. These
results agree with those observed in other Ni-based catalysts.>”
Following the electrochemical activation, we observed an
increase in the Ni** content, accompanied by a decrease in the
Ni** content. This correlation arises from the electrochemical
activation occurring at the cathodic side, that is, reduction
reaction. Peaks at 856.68, 875.04 eV and 856.04, 873.40 eV
correspond to the Ni** and Ni** states of a-NiMo-NF,
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respectively. For the Mo 3d spectra, the peaks at 230.63 and
233.79 eV are ascribed to Mo* (MoO,) and the peaks at
232.35 and 235.64 €V are to Mo® (MoO;,) states.”” ~%” The
content of Mo*" in relation to Mo®>" did not change
significantly after activation. Thus, a-NiMo-NF consisted of
bimetallic oxide species of Ni and Mo on the surface.
Electrochemical Characterization of the Catalysts.
The a-NiCu-NF and a-NiMo-NF electrocatalysts were
characterized by the presence and absence of urea in KOH
for UOR and HER, respectively. Though nickel is also highly
active for urea electrooxidation, the addition of a small amount
of copper further increases the activity of the urea electrolysis
in alkaline medium (Figure S2). The enhanced activity of
UOR after Cu addition on Ni has been reported already in
some studies."”™>""% For the a-NiCu-NF electrode (Figure
Sa), the anodic peak at 1.37 V vs RHE corresponds to a
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Figure S. Steady-state polarization curves determined from
chronoamperometry response of (a) a-NiCu-NF (O, @), Pt/C
(O,M) for UOR and (b) a-NiMo-NF (O, @), Pt/C (M) for HER in
1.0 M KOH in the presence and absence of 0.33 M urea at 298.15 K.
Semilog plots for Tafel slopes at 298.15 K, derived from SS-CA
response, of (c) a-NiCu-NF for UOR and OER and (d) a-NiMo-NF
catalysts for HER in 1.0 M KOH in the presence and absence of 0.33
M urea.

transformation of NiCu" to NiCu™ in 1.0 M KOH which was
also observed during the electrochemical activation step
(Figure S$1).>* It can be seen in Figure Sa, that in the presence
of urea, the geometric current density jg., reached a maximum
value of 180 mA cm™> at 1.45 V vs RHE, exhibiting high
catalytic activity. The related current density (jpcga) calculated
with respect to the electrochemical surface area (ECSA) is
shown in Figure S8. The onset potential of a-NiCu-NF for
UOR is 1.35 V vs RHE which is in agreement with the value
previously reported Ni alloy catalysts'>****** and CuO
catalysts (Table $2).”" In the absence of urea, that is, for the
electrooxidation of water, a-NiCu-NF catalyst needs 1.61 V vs
RHE to reach 78 mA cm™ compared to 1.40 vs RHE for
UOR. The graphs in Figure Sa show that the a-NiCu-NF has a
lower onset potential for urea oxidation than Pt/C catalysts.””

In the case of HER, the a-NiMo-NF electrode achieved a
value of jg., of 30 mA cm™2 at —0.26 V vs RHE as shown in
Figure Sb. Figure S8 shows the corresponding current
density—potential plots derived from ECSA. When urea was
added, there was an increase in the overpotential by 12 mV at
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jgeo = 30 mA cm™2 The increase in overpotential in the
presence of urea is caused by the adsorption of amino and
carbonyl groups from urea onto the Mo reactive sites which
could reduce catalytic activity toward HER because Mo is also
an effective UOR catalyst.'” Other researchers also reported a
10 mV increase in overpotential for the HER in the presence of
0.5 M urea for the nickel phosphide catalysts.”> Compared to
Pt/C, a-NiMo-NF showed an overpotential of 170 mV for
HER at j,,, = 50 mA cm ™ (Figure 5b). The addition of Mo to
Ni lowers the overpotential by about 200 mV for HER at j,., =
10 mA cm™* (Figure $9).”* Steady-state chronoamperometry
(SS-CA) measurements were performed to determine the
Tafel slopes. For the a-NiCu-NF electrode, a Tafel slope of 25
mV dec™ was obtained for the UOR at relatively low current
densities (Figure Sc). This agrees with the recently reported
article from Zhang, et al. (23 mV dec™).”! The lower Tafel
slopes revealed faster UOR kinetics, due to the enrichment of
—(OH), and —OOH active sites on the surface in the KOH
medium.”” Some other UOR catalysts show Tafel slopes in the
range between 19 and 50 mV dec™''®”" and these differences
may arise because of differences in techniques used to acquire
the data, corrections for internal resistance, and/or choice of
the fitting region. As the potential gets more positive, we
observe a loss in linearity of the relationship between log j,.,
and E-iR, probably due to a change in the rate-determining
step caused by either a change in surface coverage of adsorbed
species or the commencement of an additional reaction, likely
the OER or even the corrosion of Cu. In the absence of urea, a-
NiCu-NF catalyst exhibited a Tafel slope of 63 mV dec™
within the oxygen evolution region, consistent with that of
documented NiCu catalysts.® This lies close to the slope value
of 60 mV dec™!, which confirms that the second reaction step
is the rate-determining step, that is *OH — *Q.”> Thus, the
lower Tafel slope of the UOR indicates more favorable
catalytic kinetics than those of the OER. Turning to the HER,
in the low-overpotential region, the a-NiMo-NF electrode
exhibited a Tafel slope of 114 mV dec™' (Figure 5d). This
suggests that the Volmer step (* + H,O + e~ » H* + OH") is
rate-limiting, agreeing well with observations for other NiMo
catalysts.””’®”” In the presence of urea, the Tafel slope
increased to 166 mV dec™" reflecting a change in the reaction
kinetics. Furthermore, at high overpotentials, the Tafel slopes
of the a-NiMo-NF catalyst almost converge reaching 94 and
104 mV dec™ for 1.0 M KOH with and without 0.33 M urea
added. This observation suggests that the presence of a small
urea content does not significantly impact the hydrogen
evolution kinetics at higher overpotentials, given that HER
relies on water as the reactant. The apparent activation
energies for the a-NiCu-NF and a-NiMo-NF samples (Figure
S10) were calculated using the Arrhenius equation,
dlog(i,) _
()
is the temperature, E,pis the apparent activation energy, and R
is the universal gas constant. For a-NiCu-NF in 1.0 M KOH,
the E,,, was determined to be 43 and 41 kJ mol ™/, respectively,
in the absence and presence of 0.33 M urea. Conversely, for
the a-NiMo-NF catalyst, the corresponding E,,, was found to
be 28 and 49 kJ mol ! in the absence and presence of urea,
respectively, which are close to previous reports. For example,
Shinagawa et al. reported E,,, of Ni and NiCu alloy of 22 and
57 kJ mol ™", respectively, for HER.”® Tasic et al. also reported
the NiMo catalysts exhibited an E,;, of 22 kJ mol ™! for HER.”’
Notably, Mo facilitates the binding of urea’s carbonyl group,

E“PP
T 23R’

where i, is the exchange current density, T
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thereby suppressing the HER activity of the catalyst.'”'” The
E,,, of the a-NiCu-NF catalyst in the context of both the OER
and UOR remains the same. This observation is in
concordance with findings in certain Ni-based catalysts for
OER.*° However, when compared to other NiCu-based UOR
catalysts, our calculated value is notably higher than the value
reported by Zhang et al. (20 kJ mol™").”" Since activation
energy data for Ni-based UOR catalysts are relatively scarce,
direct comparisons are challenging. We also tested the activity
of a-NiCu-NF catalysts at different urea concentrations,
specifically, 0.05 and 1.0 M, in 1.0 M KOH (Figure S11).
The current density increases with the concentration of urea
for a given potential vs Hg/HgO. Significantly, the kinetics of
urea electrolysis are dependent on the KOH concentration,
particularly at higher urea concentrations.””*" A density
functional theory analysis by Daramola et al. elucidates that
the rate-determining steps in urea dissociation are dependent
upon hydroxide ions. Moreover, the comparable binding
energies of urea molecules and hydroxide ions exert an
apparent impact on molecular adsorption onto the catalyst
surface.”’

Single-Cell Test and Gas Analysis. To make compar-
isons with other reported studies, two-electrode measurements
without a membrane were employed, with a-NiCu-NF as the
anode and a-NiMo-NF as the cathode, respectively. In our
two-electrode measurements, 1.60 V is required for anodic
urea electrolysis to achieve 100 mA cm™ 260 mV less than
that required to achieve the same current density by anodic
water electrolysis, clearly demonstrating the efficiency of urea
electrolysis (Figure S12). The catalytic performance of a-
NiCu-NF and a-NiMo-NF was also consistent with those of
other nickel-based catalyst studies (Table S3). Yu. et al.
reported that Ni—Mo—O catalysts for urea electrolysis
required 1.55 V to reach 100 mA cm™"® Zhuo et al. reported
that Ni;S,—NiMoO, catalysts effectively catalyzed the UOR,
requiring 1.47 V to reach 100 mA cm™”° Lu et al. reported
that phosphorized CoNi,S, catalysts reached 100 mA cm™ at
1.4 V.*? 1t is worth noting that our catalysts were prepared in a
facile one-step electrodeposition process, and their perform-
ance is comparable to that reported in studies for hydrogen
production through urea and other oxidants (Table S4).

To emulate real-world conditions, the durability of the urea
electrolysis catalyst performance was further evaluated with a
zero-gap single-cell electrolyzer, with the anode and cathode
separated by an FAA-3—50 anion exchange membrane (Figure
S13) operated at room temperature and at 323.15 K. Aqueous
solutions of 1.0 M KOH and 1.0 M KOH containing 0.33 M
urea were used as catholyte and anolyte, respectively. At room
temperature, as shown in Figure 6a, UOR-coupled HER
electrolysis proceeded with a cell voltage that was 200 mV
lower than that of conventional alkaline water electrolysis
(OER coupled HER). The urea electrolyzer required 1.77 V to
reach 100 mA cm ™% We tested for the stability of the cell by
varying the applied voltage at periodic intervals (Open circuit
voltage (OCV), 1.6 and 1.8 V; each for 10 min) to mimic the
fluctuations typical of photovoltaic coupled electrolysis
conditions. Variations in the cell performance with time were
observable, at the upper cell voltage of 1.8 V (Figure 6¢). For
the first 3 days, we replaced the spent electrolyte with a fresh
one after 24 h, and for the remaining 2 days of testing, the
electrolyte was neither changed nor replenished. During the
cell operation, at a cell voltage of 1.8 V, the electrolyzer
achieved a current density of 75 mA cm ™ at the start and this
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Figure 6. Polarization curves scanned at 10 mV s™! in 1.0 M KOH
and in 1.0 M KOH containing 0.33 M urea at (a) room temperature
and (b) 323.15 K operation. Intermittent electrolyzer operation
between OCV, 1.6 and 1.8 V with a hold of 10 min at (c) room
temperature and (d) 323.15 K. Polarization curves at 10 mV s~
measured at the end of specific periods after replenishing the
electrolyte in 1.0 M KOH and 0.33 M urea at (e) room temperature
and (f) 323.15S K

gradually decreased to 55 mA cm™ over the space of 24 h.
After the feeds were replaced with fresh urea electrolyte, the
current density recovered to higher values as confirmed for the
first 3 days of operation. The variation in current densities
between 0 and 24 h after the electrolyte replenishment is likely
due to catalyst restructuring and activation processes during
the first day of electrolyzer operation (Figure 6e). After 72 h of
electrolyzer operation, the performance gradually decreased
mainly due to the consumption of urea in the electrolyte and
probably blockage of the active catalyst sites with inter-
mediates. We believe that the former was more likely because
the polarization curves measured at specific periods of time
after 72 h did not significantly vary from each other (Figure
6e). This was further confirmed with Nyquist plots from
electrochemical impedance spectroscopy (EIS) measurements
that show no significant changes in the uncompensated
resistance, that is, the anion exchange membrane (AEM) did
not degrade (Figure S14a—c) at different time intervals during
the test. At low current densities tested after 24 and 48 h of cell
operation, two arcs were observed, indicating kinetic
limitations at both the anode and the cathode. After 96 h
operation, the lower-frequency arc diminished, leaving one
with an almost unvaried charge transfer resistance. At higher
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current densities, the spectra all had a single-arc feature with a
smaller charge transfer resistance than at the lower cell voltage
of 1.6 V and no differences were observed over time. This
confirms that although the cell performance changed, the urea
electrolysis, specifically the catalyst performance, remained
stable for over 120 h of intermittent operation at room
temperature.

To simulate the challenging conditions of high-temperature
environments, the electrolyzer was subjected to testing at
323.15 K. Under these elevated temperature conditions,
operating at 1.80 V, j,, is 94 mA cm™2, which is 40 mA
cm™? higher than that operating at room temperature (Figure
6b). The increase in temperature certainly improved the
reaction kinetics. During the cell operation at 1.80 V, the
current density started at 150 mA cm™ and drastically reduced
to 75 mA cm™* at the end of day. Then, the anolyte (KOH
with urea) was refreshed, allowing the electrolyzer to regain its
performance (Figure 6d). In contrast to room-temperature
operation, the electrolyzer exhibited a decline in performance
over the 24 h, primarily because of the significantly higher
consumption of urea (~85%), as evidenced by the polarization
curves acquired at various time intervals (as shown in Figure
6f). This was further corroborated by the Nyquist plots, which
showed no changes at the OCV (Figure S14d). In Figure Sl4e,
a clear increase in charge transfer resistance arising from the
catalyst kinetics toward reaction was observed at the end of the
day’s operation after the electrolyte was replenished. Addi-
tionally, it was noted, especially at high-current-density
operation, that the series resistance progressively increased
over time, suggesting a possible change in resistance within the
membrane, given that the cell remained stable throughout the
operation period (Figure S14f). The change in catalyst kinetics
was further confirmed with the Nyquist plots after operation
for 24 h (Figure S15). Following the electrolyte replenishment,
the charge transfer resistance decreased compared to the
resistance at the end of day; nevertheless, it did not attain the
value at the zeroth hour of testing. Notably, at an electrolyzer
voltage of 1.8 V, there were no significant changes observed,
likely attributed to the OER as OH™ acts as a reactant.

The gas products of the zero-gap urea electrolyzer operation
at room temperature were analyzed by using a JEOL INFITOF
mass spectrometer. As depicted in Figure 7, the MS signals
exhibit high intensities of N, and CO, at 1.6 V, indicating the
decomposition of urea into CO, and N, gaseous products
under the urea electrolyzer operating conditions. Upon
increasing the cell voltage to 1.8 V, an O, signal was identified,

0
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24

Figure 7. Signal intensity of urea electrolysis products detected by
mass spectrometry from the anode at different electrolyzer voltages
during room-temperature operation.
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suggesting the occurrence of water electrolysis in conjunction
with urea electrolysis. Further increases in electrolyzer voltages,
specifically at >2.0 V, resulted in clear O, signals along with N,
and CO, gaseous products. No other byproducts were
observed under these operating conditions (Figures S16 and
S17). The intensity of CO, gas is comparatively lower than the
N, gas signal, and this may be ascribed to losses arising from
the immediate formation of CO;*~ in the OH™ environment,
driven by thermodynamically favorable reaction energy (AG® =
—56 kJ mol™'), in conjunction with losses via AEM
crossover.””®’ Moreover, step voltages were applied for over
2 h to monitor the intensity of MS signals. Figure 8a,b shows
the MS signals for water electrolysis and urea electrolysis,
respectively. The hydrogen signal from the cathode in both
water and urea electrolysis decreased with a decrease in the
applied voltages, indicating a decrease in the volume of
produced hydrogen over time. The MS signals for CO, and O,
showed a slight decreasing trend, unlike the N, signal, which
followed the trend of applied voltages during the urea
electrolyzer’s operation. Considering an electrolyzer fed with
the urea-containing electrolyte and an operating voltage of 1.8
V, N,, CO,, and O, were detected as gaseous products. In
water electrolyzer mode, at lower voltages, the MS signals for
H, and O, approached zero, indicating minimal gas
production. At higher voltages, the expected H, and O, MS
signals were measured. Actual quantification of the gaseous
products is difficult because, under normal operating
conditions, the 1.0 cm® electrolyzer size produces relatively
low amounts of gas. Additionally, some of the produced gas
might dissolve in the electrolyte, causing electrolyte saturation
with the remaining gas being available for detection.®*
Nevertheless, under these conditions, we did not detect any
gas crossover MS signals, that is, H, on the anode exhaust nor
N,, CO,, and/or, O, on the cathode side.

Postmortem Analysis of Catalysts—Structural and
Material Characterization. The catalysts utilized in the
electrolyzer operation were tested to analyze their condition
following the voltage variation test, employing structural and
material characterization techniques. Figure 9 shows the SEM
images of the anode and cathode catalyst surfaces, which reveal
structural changes after intermittent operation. In particular,
the highly porous structure of the a-NiCu-NF transitioned into
a flat plate configuration both at room temperature (Figure 9b)
and during operation at 323.15 K (Figure 9c). In contrast, the
structure of a-NiMo-NF remained relatively unaltered, as
evidenced in Figure 9d—f. Furthermore, EDX analysis
confirmed substantial alterations in the elemental distribution
on the catalysts” surfaces, as summarized in Table 1. In the case
of the a-NiCu-NF catalyst, a decrease in Cu content was
observed, while K and O were enriched. Additionally, a trace
amount of Fe (0.32 atom %) was detected following the urea
electrolyzer operation, likely stemming from the KOH
electrolyte (either already containing some iron or that
dissolved from the electrolyzer end plates) used durin
room-temperature operation over a period of § days.gs’8
These findings align with results obtained from surface-
sensitive XPS analysis, as illustrated in Figure 10a,10c.
Conversely, for the cathode a-NiMo-NF catalyst, we observed
a noticeable reduction in the concentration of the Mo content
within the catalyst structure. However, the alterations in the
composition of other elements did not follow a consistent
pattern across both operating temperatures. This variance
could be attributed to several factors, including the inherent

https://doi.org/10.1021/acssuschemeng.4c02424
ACS Sustainable Chem. Eng. 2024, 12, 9908—9921


https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.4c02424/suppl_file/sc4c02424_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.4c02424/suppl_file/sc4c02424_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.4c02424/suppl_file/sc4c02424_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.4c02424/suppl_file/sc4c02424_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.4c02424/suppl_file/sc4c02424_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.4c02424/suppl_file/sc4c02424_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.4c02424?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.4c02424?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.4c02424?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.4c02424?fig=fig7&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.4c02424?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sustainable Chemistry & Engineering

pubs.acs.org/journal/ascecg

Research Article

@

0

MS signal (a.u.

'Anode

Cathode  H,

o T AR I S ttivy Rpae wee
{ —

s>

|

N b
o o
o OO

SN
® o N s

{

; 2
Voltage, Vlgeor MA €M

o

t, minutes

30 60 90 120

2

< |Cathode H,
< —_— /

S [P s
o

5 |
» |Anode 0,
[2)

'g 400 _

< Sty

E 200 o

i —

> 29—

g 22 _—

£ 20 _—
218 —

0 30 60 90 120
t, minutes

Figure 8. Time evolution of the gaseous products of (a) urea and (b) water electrolyzer operation in response to varying and holding the cell

voltage for steps of 30 min.

Figure 9. SEM images of a-NiCu-NF (a—c) and a-NiMo-NF (d—f), catalysts fresh (a, d), S days of intermittent operation in a urea electrolyzer at
room temperature (b, e), and 2 days of intermittent operation in a urea electrolyzer at 323.15 K (, f).

Table 1. Elemental Composition Determined from EDX Analysis before and after Intermittent Operation in an Alkaline Urea

Electrolyzer
catalysts a-NiCu-NF
elemental atomic % Ni Cu (@)
0 h, prior to operation 24.84 62.91 11.23
operation at room temperature 29.13 4.36 61.52
operation at 323.15 K 17.76 2.02 61.43

a-NiMo-NF
K Ni Mo O K
1.03 63.21 4.70 28.97 3.13
4.68 (Fe-0.32) 82.26 3.37 13.70 0.67
18.79 56.91 0.42 35.95 6.72

sensitivity of the EDX technique, which may lead to variations
in the measured elemental content. Additionally, the challenges
associated with precisely replicating measurement locations
before and after the testing regime can introduce some degree
of uncertainty. Interestingly, our XPS measurements provided
further insights and clearly revealed a reduction in the presence
of molybdenum oxides on the catalyst’s surface as shown in
Figure 10b. These observations signify the dynamic nature of
transformations within the catalysts, exerting an influence on
both their elemental composition and structural attributes as
they depend on the conditions of the operational environment.
Overall, the NiCu catalyst showed significant stability under
intermittent operation over at least 48 h at elevated
temperature (323.15 K) in alkaline AEM urea-assisted
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hydrogen production via electrolysis. The incorporation of
Cu, its resistance to CO poisoning, and the presence of
Ni(OH), at oxidation potentials enhance the oxidation of urea
effectively.

Other researchers achieved 100 mA cm™ at 1.50 V on
slightly larger 4 cm® electrodes with a Sustainion X37—50
anion exchange membrane at room temperature.”* The UOR
catalyst used in that case was nickel ferrocyanide whose
deposition took at least 24 h. In comparison, we used a-NiCu-
NF and a-NiMo-NF catalysts, grown in a few minutes by
electrodeposition, albeit on smaller 1.0 cm? electrodes, and
reached 100 mA cm ™ at 1.8 and 1.7 V at room temperature
and 323.15 K, respectively, with an FAA-3—50 membrane.
Though our electrolyzer was smaller and perhaps not as
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Figure 10. High-resolution XPS spectra of Cu 2p core level of (a) a-NiCu-NF, (b) Mo 3d core level of a-NiMo-NF, and (c) Fe 2p core-level
impurities of a-NiCu-NF measured after the single UOR/HER cell tests at room temperature and 323.15 K. The corresponding spectra of the
activated catalysts in a state just before the commencement of the test are included as a reference.

efficient, we went a step further to demonstrate relatively stable
operation under cyclic conditions at room and elevated
temperatures, unlike the previous report. In contrast to several
other reports, our research involved the identification of
gaseous products directly from the zero-gap alkaline urea
electrolyzer through online MS. Also, the dynamic voltage
cycling test of the catalysts at room and 323.15 K operation in
a zero-gap cell clearly represents a step forward toward
practical real-world applications. The post characterization
analysis elucidates the dynamic nature of the electrocatalysts
under realistic operating conditions. Finally, the tested urea
electrolyzer cell showed sustained H, production at a lower
voltage than the alkaline water electrolyzer, which was further
confirmed with MS measurements.

B CONCLUSIONS

In summary, we successfully prepared NiCu and NiMo
bimetallic catalysts via electrodeposition and subsequent
activation in an alkaline medium to enhance the active
—(OH), species on the catalyst surface. Due to the simplicity
of electrodeposition, these catalysts can be prepared beyond
the lab scale (e.g, 100 cm® area) to test in electrolyzers at
semi-pilot scale. The prepared electrocatalysts, a-NiCu-NF and
a-NiMo-NF employed as anode and cathode in an alkaline
urea electrolyzer cell, need only 1.65 V to reach S0 mA cm™ at
room temperature. In addition, under intermittent operating
conditions at both room temperature and 323.15 K, the
electrodes showed relatively high stability toward urea
electrolysis. This study demonstrates that NiCu and NiMo
bimetallic catalysts are promising catalytic materials for low-
energy hydrogen production from alkaline urea-assisted water
splitting. Gas analysis measurements confirmed nitrogen and
carbon dioxide as byproducts of urea electrolysis and the
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sustained hydrogen generation, even at cell voltages that are
usually too low for that in water electrolysis. Postmortem
material characterization analysis confirmed that the catalyst
activity was relatively stable under intermittent operating
conditions despite ex situ observation of the structural and
elemental composition changes after several hours of
operation. These catalytic materials may potentially allow
more efficient photovoltaic coupled urea electrolysis because of
the significant reduction in the voltage to drive electrolysis with
UOR instead of an OER at the anode to produce hydrogen at a
relatively lower electrolyzer input power. This work also paves
the way for the development of alternative electrocatalysts for
efficient urea electrolysis characterized by enhanced stability
and activity.

B EXPERIMENTAL SECTION

Chemicals and Materials. For this study, the following chemicals
were used without any further purification (Table 2).

Nickel fiber felt (Bekipor Nickel, 20 ym fiber diameter, 0.5 mm
thickness, 80% porosity from NV Bekaert SA Bekaert Fiber
Technologies) and Fumasep FAA-3—50 (45—S55 um thickness, from
FUMATECH BWT GmbH) anion exchange membranes (AEM)
were used as catalyst supports and the ion conducting half-cell
separator, respectively, in an electrolysis cell. All electrolytes were
prepared using deionized water (DI) with a resistivity of 18.2 MQ-cm
obtained from a Barnstead Smart2Pure Pro Water Purification System
(Thermo Scientific).

Electrodeposition. Prior to the electrodeposition, the NF was
cleaned by ultrasonicating it for 10 min each in the following
sequence of solvents: first in 25% HCI, followed by DI water, acetone,
DI water, isopropanol, and finally again with DI water.

Electrodeposition of NiCu on NF and Electrochemical
Activation. The electrochemical bath used to grow NiCu contained
0.08 M CuSO,.5H,0, 0.175 M NiSO,-6H,0, 0.3 M C4HNa,O,-
2H,0 and 1.0 M (NH,),SO,. The pH of the electrolyte was adjusted
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Table 2. Chemicals and Their Intended Uses in This Study

no. chemical name and details purpose

1 acetone (>99% Technical, VWR Chemicals) cleaning

2 ammonia (20% (wt %, as NH;) for analysis, pH adjustment
PanReac AppliChem)

3 ammonium sulfate ((NH,),SO,, Baker analyzed electrodeposition
ACS reagent, J.T.Baker)

4 copper(Il) sulfate pentahydrate (CuSO,-SH,O, electrodeposition
>98.5%, purified, VWR Chemicals)

S deionized water (18.2 MQ-cm, Thermo cleaning,
Scientific) electrolyte

6  hydrochloric acid ((HCl), 25% for analysis cleaning, pH
EMSURE, Merck) adjustment

7 isopropanol (>98% Technical, VWR Chemicals) cleaning

8 nickel(II) sulfate hexahydrate (NiSO,-6H,0, electrodeposition
>98%, extra pure, Carl Roth GmbH + Co. KG)

9 potassium chloride 3.0 M (KCl, Metrohm reference electrode
Deutschland) filling solution

10  potassium hydroxide (KOH, pellets EMPLURA, electrolyte
Merck)

11  sodium citrate tribasic dihydrate ( electrodeposition
C¢H:Na;0,-2H,0, puriss. p.a., ACS reagent,
>99.0%, Sigma-Aldrich)

12 sodium molybdate dihydrate (Na,MoO,-2H,0, electrodeposition
>99%, pure, Carl Roth GmbH + Co. KG)

13 platinum, 10% on carbon, dry (Alfa Aesar) catalyst

14  fumion (FAA-3) solution (Fuel cell store) catalyst

preparation
15 urea (GR for analysis ACS, Reag. Ph Eur) electrolyte

to 4.0 with a FiveEasy F20 pH meter (Mettler-Toledo AG). The
galvanostatic electrodeposition was performed under stirring at 300
rpm by using the NF (1.0 cm X 1.0 cm as deposition area), an Ag/
AgCl electrode (double junction, Metrohm) filled with 3.0 M KCl
and nickel foam (>99.99% purity, 1.6 mm thickness, >95% porosity,
Nanografi, 3.0 cm X 5.0 cm) as the working, reference, and counter
electrodes, respectively. A constant current density of —20 mA cm™
was applied for 1800 s by using a Parstat 4000+ potentiostat
(AMETEK, Inc.). The electrodeposited catalyst was activated to
restructure the catalyst surface via electrochemical cycling using the
CV technique. The procedure consisted of 3 CV cycles at 20 mV s™!,
followed by 200 CV cycles at 100 mV s, and then 3 CV cycles at 20
mV s™! between the potentials 0 to 0.8 V vs a reference electrode
consisting of Hg/HgO filled with 1.0 M KOH (Pine Research
Instrumentation) (Figure S1).

Electrodeposition of NiMo on NF and Electrochemical
Activation. The electrodeposition of NiMo was carried out using the
same equipment as that for NiCu. The electrolyte bath used to grow
the NiMo catalyst contained 0.030 M NiSO,-6H,0, 0.020 M
Na,M00,2H,0, and 0.030 M C¢HNa;0,-2H,0.”* The galvano-
static electrodeposition was performed under stirring at 300 rpm by
using the NF (1.0 cm X 1.0 cm as deposition area); an Ag/AgCl
electrode filled with 3.0 M KCl and nickel foam (3.0 cm X 5.0 cm
area) were used as working, reference, and counter electrodes,
respectively. A constant current density of —24 mA cm™?, respective
to the geometric area of the working electrode, was applied for 1800 s.
The electrodeposited catalysts were activated for 20 cycles between
—0.5 and —2.0 V vs Hg/HgO (1.0 M KOH) at 100 mV s™".

Pt/C Preparation on NF. 1.0 mg portion of Pt/C was dispersed
in 500 uL of 2-propanol, S00 uL of distilled water, and 100 uL of 5%
Fumion (FAA-3) solution and ultrasonicated for 60 min to acquire
the homogeneous suspension. Afterward, the ink was spread onto a
piece of NF (1.0 cm*) and dried.

Structural Characterization. Scanning electron microscopy
(SEM) images and energy-dispersive X-ray (EDX) measurements of
the catalyst-coated NF were collected using a Leo Gemini 1530
instrument from Zeiss. The elemental composition was measured by
wavelength-dispersive X-ray fluorescence (XRF) by using a Rigaku
Primus II+ system. The crystalline structure of the prepared
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electrocatalysts was analyzed by grazing incidence X-ray diffraction
(GI-XRD) using a Bruker AXS D8 Advance X-ray diffractometer with
Cu Ka radiation (4 = 0.15406 nm). The incidence angle for GIXRD
was set to 1°, the step size to 0.02°, and the time per step to 1 s. X-ray
photoelectron spectroscopy (XPS) was performed on the prepared
catalysts to determine their surface chemical composition in the
CISSY setup at the BESSY II synchrotron in Berlin®” Mg Ka
radiation of 1253.6 eV was used as the excitation source. The detailed
results of the XPS measurements are presented in the Supporting
Information (Table SS).

Electrocatalytic Studies. For the three-electrode measurements,
a Hg/HgO electrode filled with 1.0 M KOH (Pine Research
Instrumentation) and graphite plate (4.0 cm X 4.0 cm, Alfa Aesar)
were used as reference and counter electrodes, respectively. The
three-electrode electrochemical measurements were carried out by
using a Zennium E4 potentiostat (Zahner, Germany). To test the
single-cell electrolyzer, a Biologic SP-150 (Biologic, France) or Parstat
4000+ (AMETEK) was used. The onset potentials were determined
by measuring S times the baseline current. For the temperature
variation measurements, a Hg/HgO reference electrode filled with 1.0
M KOH from ALS Co., Ltd. was used, in which the electrode was
kept at room temperature and connected with the ceramic tip liquid
junction filled with 1.0 M KOH, to keep the reference electrode
potential constant irrespective of the electrolyte temperature. The
Hg/HgO reference electrode was calibrated with respect to the
reversible hydrogen electrode (RHE) as follows. The Hg/HgO (1.0
M KOH) and the RHE (HydroFlex from Gaskatel GmbH, Germany)
used as reference and working electrodes, respectively, and a platinum
wire as the counter electrode, were immersed in N,-saturated 1.0 M
KOH for at least 2500 s. Then, the offset potential was determined by
recording the constant open circuit potential ((OCP) calibration
value), which was found to be 0.934 V (Figure S18). This was used to
correct the Hg/HgO electrode against RHE in 1.0 M KOH as follows:
Epug = Eng/ngo + 0.934 V. Chronoamperometry (CA) for 120 s was
used to acquire each data point for the polarization curves. The
integral area of the redox peak method was used for the
electrochemical surface area (ECSA) calculations.®®

Determination of Tafel Slopes. A series of SS-CA were carried
out to acquire the Tafel slope plots.*” The CA technique was used to
apply constant potentials for 120 s, ranging from 0.30 to 0.80 V vs
Hg/HgO (1.0 M KOH), with an increment of 20 mV. In our case, the
mean of the last 20 s was chosen for each potential for the Tafel plot.
For the cathodic reaction, i.e., HER studies, negative potentials were
applied and calculated in the same manner. Then, the measured
currents were corrected to remove the uncompensated resistance
(100% iRs corrected). The uncompensated resistance was determined
using EIS which was measured between the frequency range from 100
kHz to 10 mHz with an amplitude of 10 mV at 0.40 V. For the SS-CA,
in our case, the electrolyte was stirred under 300 rpm using a
magnetic bead to prevent mass transport limitations.

Two-Electrode Measurements. Two-electrode measurements
were conducted to test the stability performance of the catalyst at the
preliminary stage. An a-NiCu-NF (active area: 1.0 cm X 1.0 cm) and
a-NiMo-NF (active area: 1.0 cm X 1.0 cm) electrode were connected
via a tantalum contact sample holder (Redoxme AB) as an anode and
a cathode, respectively. The 1.0 cm wide spacing between the anode
and cathode was filled with 1.0 M KOH with or without the addition
of 0.33 M urea. The electrolyte was mixed using mild stirring (300
rpm), and its temperature of the electrolyte was determined to be
298.15 K. Intermittent operation was mimicked by applying 1.25 V
for 10 min followed by applying 1.65 V for another 10 min across the
electrodes, and this cycle was repeated for 48 h. The electrolyte was
replaced with fresh 1.0 M KOH containing 0.33 M urea after 24 h to
compensate depletion of the urea during operation.

Single-Cell Test. The durability of the a-NiCu-NF electrode was
tested using an in-house developed 1.0 cm* electrode area zero-gap
full electrolyzer cell. For this, a-NiCu-NF as anode and a-NiMo-NF as
cathode separated by an FAA-3—50 AEM were used for urea
electrolysis. Ethylene propylene diene monomer (EPDM) gaskets
were used to seal the cell, and a bolt torque of 1.5 N-m was applied to
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the screws of the cell to ensure leak tightness and a low ohmic contact
resistance between the flow fields and the electrodes. The FAA-3—50
AEM was activated by soaking it in 0.5 M KOH for at least 24 h
before the single-cell measurements. Peristaltic pumps (Watson-
Marlow GmbH) were used to feed the cell with 1.0 M KOH
containing 0.33 M urea as anolyte and 1.0 M KOH as catholyte, both,
at a flow rate of 15 mL min™". The cell was subjected to cyclic
operation by first measuring the OCV for 10 min, followed by
applying a constant voltage of 1.6 V for another 10 min, then applying
1.8 V for another 10 min, and this cycle was repeated for several
loops. EIS measurements were performed from 100 kHz to 20 mHz
with a 10 mV amplitude at open circuit and at selected applied
voltages.

Gas Analysis. Gas analysis was performed by continuous sampling
of the cell output via 100 ym inner diameter capillary tubing (Agilent
Technologies) connected to the sample insertion interface of a mass
spectrometer MS (INFITOF JMS-MT3010HRGA, JEOL, Japan).
The spectrometer is configured with a two-turn flight path, S0 #A ion
current, 100 °C jon chamber temperature, and 70 V ionization
voltage. ALPHAGAZ 1 ARGON (Ar > 99.999) from Air Liquide was
used as the carrier gas. A schematic illustration of the gas analysis
setup is shown in Figure S19. Before initiating the measurements, the
KOH electrolytes were purged with argon for at least 90 min, both in
the presence and absence of urea. Subsequently, the electrolyte was
circulated within the cell, which was accompanied by a continuous
purge of argon. This process was continued until the elimination of
excess gases, ensuring the exclusive detection of the argon signal in
the MS. For the detection of UOR products, constant voltages were
applied for 30 min, and then the MS signals were measured.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acssuschemeng.4c02424.

Additional XRD; XPS and electrochemical character-
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