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ABSTRACT: Exploring reactive and selective Ni-based electrocatalysts for the urea
oxidation reaction (UOR) is crucial for developing urea-related energy conversion
technologies. Herein, synergistic interactions in Ni/Co mixed oxides/hydroxides
enhanced the UOR with low onset potential, fast reaction kinetics, and good selectivity
against the oxygen evolution reaction (OER). Our electrochemical measurements and
theoretical calculations signified the collaborative interaction of Ni/Co mixed oxide/
hydroxide heterostructures to enhance UOR activity. Our results showed that Ni3+
species, formed at high anodic potential, produced a high anodic current primarily from
unwanted OER. Instead, the Ni/Co heterostructures with dominant Ni2+ and Co3+
species remained stable at low anodic potential and exhibited anodic current exclusively
attributed to UOR. This work highlights the importance of tuning valence charges for
designing high-performance and selective UOR electrocatalysts to benefit the
environmental remediation of urea runoff and enable urea electrolysis for hydrogen
production by replacing conventional OER with UOR at the anode.

Hydrogen is increasingly crucial for carbon-neutral energy
systems. However, economically viable hydrogen

production via water electrolysis is limited mainly by the
sluggish kinetics of the oxygen evolution reaction (OER, eq
1).1 Although significant efforts have been made to design
OER catalysts with reduced overpotential and improved
stability, there is emerging research interest in the electrolysis
of small organic molecules (SOMs) for hydrogen production.
There is interest in the electrooxidation of methanol, ethanol,
or urea fuels as an alternative to the OER at the anode due to
the lower overpotential required to drive SOMs oxidation
compared to OER.2 Compared to alcohols, urea has several
unique characteristics, making it a potential hydrogen storage
medium that could offer viable on-demand hydrogen
production. For instance, urea is nontoxic, has high water
solubility, and has high hydrogen content (6.7 wt %).2 In
addition, the equilibrium potential (E⊖

A) for the urea oxidation
reaction (UOR, eq 2) is −0.46 V (vs SHE at pH 14) at the
anode. Given that the hydrogen evolution reaction (HER)
happens at a theoretical potential (E⊖

C) of −0.83 V at the
cathode, the urea electrolysis alkaline cell at pH 14 offers a
theoretical cell voltage window of 0.37 V (E⊖

A − E⊖
C), much

narrower than water electrolysis (1.23 V). Thus, urea
electrolysis for hydrogen production is more energy-efficient
and economical than water electrolysis.3−5

As the major nitrogen fertilizer and feed additive, urea was
commercially produced as early as the 1920s with the Haber−
Bosch process and was produced globally with ∼180 million
metric tons in 2021.6 Besides catalytical production, urea can
be derived from natural sources, where an adult produces 1.5 L

of urine daily, equivalent to 11 kg of urea and 0.77 kg of
hydrogen gas yearly. While urea is a low-cost nitrogen
agriculture fertilizer and a natural product from human
metabolism, urea-rich agricultural runoff and municipal
wastewater discharge cause eutrophication with harmful algal
blooms and hypoxic dead zones, adversely impacting the
aquatic environment and human health.7 Therefore, utilizing
urea in waste streams through electrolysis processes facilitates
energy-efficient production of hydrogen fuel and sequesters
urea from water to maintain the long term sustainability of
ecological systems, bringing a revolutionary impact on the
water-energy nexus.8

4OH O 2H O 4e2 2+ + (1)

CO(NH ) 6OH 6e N CO 5H O2 2 2 2 2+ + + + (2)

Ni(OH) OH NiOOH e H O2 2+ + + (3)

CO(NH ) H O 6NiOOH 6Ni(OH) N CO2 2 2 2 2 2+ + + +
(4)

Although urea electrolysis is of great importance in environ-
mental remediation and energy technologies, the UOR suffers
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from intrinsically sluggish kinetics due to a complex six-
electron transfer process and the interference of water
electrolysis.9 Great advances have been made in nickel-based
catalysts to catalyze the UOR as alternatives to precious metals,
including oxides/hydroxides,10 cyanides,11 nitrides,12 and
alloys.13 However, the UOR-active phases of Ni-based
electrocatalysts still need to be experimentally elucidated.
Several studies suggested that high-valence Ni3+ species are
active toward UOR in alkaline media. They proposed two
generalized mechanisms, including direct and indirect path-
ways, to describe possible steps through which the UOR may
take place on high-valence Ni-based hydroxides/oxyhydr-
oxides.14,15 It was suggested that Ni2+ species, in the form of
NiO or Ni(OH)2, were oxidized electrochemically to the
catalytically active 3+ oxidation state (e.g., NiOOH, eq 3). The
electrooxidation of urea could be catalyzed by NiOOH (eq 2)
in a direct pathway. Alternatively, urea reacted with Ni3+
species to form CO2, N2, and H2O products while regenerating
the Ni2+ catalyst via a nonelectrochemical step (eq 4) via an
indirect pathway.
Notably, the mechanisms described above based on the

NiOOH active phase for UOR have been challenged by several
recent studies, suggesting that Ni species, other than Ni3+, were
more active toward UOR in alkaline media. For example, a
lattice-oxygen-involved UOR reaction mechanism was studied,
suggesting Ni4+ might be a more UOR-active phase.16 On the
contrary, recent work on Ni2Fe(CN)6 electrocatalysts showed
that both Fe2+ and Ni2+ species were not oxidized to FeOOH
and NiOOH even after a long-term UOR process, suggesting
low-valence transition metals (e.g., Fe2+ and Ni2+) can be
active species for a highly stable UOR electrocatalyst.11
Therefore, explicit evidence of the Ni active phase/valence
and reaction mechanism is still unsettled, which requires
detailed electrochemical measurements coupled with in situ
spectroscopic analysis.
While Ni species have been considered the most promising

UOR electrocatalysts in alkaline media, experimental and
computational studies also pointed out the necessity of
forming multicomponent electrocatalysts to mitigate surface
blockage of reaction intermediates and increase UOR
kinetics.17 Such synergistic effects have been demonstrated in
multicomponent Ru−Ni,18 Ni−Fe−O,4,19 Ni−Mo−O,20 and
Ni−Co−Ge-O21 catalysts, where one component promotes
the deprotonation reactions, and the other component
facilitates the generation of reactive hydroxyl radicals (*OH)
on the catalyst surface as an oxidant agent to react with urea
molecules and reaction intermediates (e.g., *CO (NH)2, *CO
(N)2, or *CO) for the complete oxidation to CO2, N2, and
H2O. Notably, the generation of *OH from the dissociative
adsorption of water on the catalyst surface requires high anodic
potential, which, on the other hand, could cause structure
reconstruction or even impair the catalyst stability. In addition,
the high anodic potential could also trigger the OER, as water
dissociation is one of the first elementary steps of the OER and
thus impairs the Coulombic efficiency of electrochemical
processes. Therefore, it remains a tough challenge and
technically significant to design Ni-based oxides that are
highly stable, retain the catalytically active crystalline phase,
and can also form reactive oxygen species (e.g., *OH) via
water activation to selectively react and remove surface blocked
*CO species to promote complete UOR versus the O2
formation via OER.

In this study, enhanced electrocatalytic UOR activity was
observed in homogeneously mixed Ni/Co oxide and hydroxide
heterostructures. Synergistic effects indicated a decreasing
onset potential (0.39 V vs Hg/HgO at a current density of 1
A/m2) and improved UOR reaction kinetics (a Tafel slope of
77.7 mV dec−1), superior to NiO (0.45 V and 112.8 mV
dec−1), NiOOH (0.54 V and 200.5 mV dec−1), Co3O4 (0.65 V
and 101.5 mV dec−1), and commercial Pd/C catalysts (0.49 V
and 193.8 mV dec−1). Our results not only support the
electrooxidation mechanism in UOR (direct pathway, eq 2)
but also elucidate the complex role of Ni and Co valence in
catalyzing UOR against unwanted OER via staircase
voltammetry electrochemical measurements, synchrotron X-
ray absorption spectroscopy, X-ray diffraction, and XPS
analysis. We discovered that Ni/Co oxide heterostructures
have dominant Ni2+ and Co3+ species that could catalyze the
UOR with nearly 100% Coulombic efficiency without
triggering the OER. Unlike previous studies suggesting high-
valence-Ni (Ni3+ or Ni4+) is highly active for UOR, our results
showed that Ni3+ species, formed at high anodic potential,
indeed produced a high anodic current; however, a large
portion of the anodic current was from unwanted OER.
Instead, the Ni/Co mixed oxide heterostructures Ni2+ and
Co3+ remain stable at a relatively low anodic potential and
exhibit anodic current exclusively attributed to UOR. The
density functional theory (DFT) calculations show that mixed
Ni/Co oxides have altered electronic states, thereby promoting
the UOR.
Figure S1a shows the crystallographic structures of the Ni/

Co oxide samples prepared by the hydrothermal method and
examined by synchrotron XRD and Rietveld refinement. All
the diffraction peaks can be indexed to Ni or Co oxides
(MIIO), spinel (MII,III

3O4), and hydroxides (MII(OH)2) with
corresponding weight ratios of 53.1%, 38.0%, and 8.9%,
respectively. Although oxyhydroxide (MIIIOOH) did not exist
in the pristine Ni/Co catalysts, it appeared (with a weight ratio
of ∼11.5%) after UOR (Figure S1b). Notably, XRD may not
be sufficient to differentiate between Co and Ni oxides/
hydroxides. Cobalt and nickel are neighboring elements in the
periodic table with similar electronic structures and inter-
actions with X-rays. In addition, Co and Ni oxides/hydroxides
have similar crystal structures (e.g., atomic radii, interatomic
distances, and bond lengths). Therefore, these similarities lead
to comparable XRD patterns of Co and Ni oxides/hydroxides,
making it difficult to differentiate the element-specific phases
using XRD alone. Scanning transmission electron microscopy
(STEM) equipped with EDS elementary mapping was used to
examine the morphology and microstructure of the sample for
a more comprehensive understanding of the Ni and Co
distribution within the sample. Figure 1a shows the high-angle
annular dark field (HAADF) of the Ni/Co, showing hexagon-
shaped planar particles, agreeing with morphologies reported
in Ni- and Co-based mixed oxides/hydroxides.5 The elemental
mapping signals from Ni, Co, and combined Ni and Co are
presented in Figures 1b−d to visualize the compositional
homogeneities in the Ni/Co sample. While the crystalline
phases remain of great complexity, including MO, M(OH)2,
and M3O4, the STEM-EDS elemental mapping indicates a
uniform distribution of Ni and Co within a large area of
particles. The Ni and Co molar ratio from STEM-EDS
mapping is calculated to be 51.1% and 48.9%, in line with the
precursor ratio during the synthesis.
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The electrocatalytic performance of the Ni/Co hetero-
structure (mixed with 30 wt % active carbon) toward the UOR
was tested in a standard three-electrode configuration using
various NaOH (0.1−3 M) and urea concentrations (0.001−3
M), as shown in Figure S2. A solution containing 2 M NaOH
and 1 M urea was finally chosen for its optimum UOR
performance. The electrochemically active surface areas
(ECSAs) of electrocatalysts are estimated by measuring the
double-layer capacitance of the catalytic surface.22 ECSAs of
the electrocatalysts involved in this study are shown in Figure
S3 and Table S1. All of the current density data presented in
this study are ECSA-specific values. Figure 2 shows the linear

sweep voltammetry (LSV) curves of Ni/Co, along with
benchmark commercial carbon-supported Pd catalysts (Pd/
C, Premetek, 20% metal loading by mass), studied in 2 M
NaOH and 2 M NaOH/1 M urea electrolytes, respectively
(complete cyclic voltammetry data are shown in Figure S4).
Clearly, Ni/Co decreased the energy barrier to catalyze UOR,
requiring a potential of 0.39 V much lower than that of Pd/C
(0.49 V) to deliver a current density of 1 A m−2. Figure 2b
shows that the OER occurs when the potential increases
beyond ∼0.6 V in 2 M NaOH solution, and the current
increases rapidly with the increasing potential. Thus, the OER
contributes to the overall anodic current in the electrolyte
containing 2 M NaOH with 1.0 M urea (Figure 2a). Notably,
two oxidation peaks with peak current densities appear at ∼0.2
and ∼0.4 V, attributed to the Co2+/Co3+ and Ni2+/Ni3+ redox
couples in an alkaline solution, respectively. This minor redox
chemistry is also reflected in X-ray photoelectron spectroscopy
(XPS) measurements shown in Figure 5 (to be discussed
later), showing a moderate increase of Ni3+ and Co3+
concentrations on the catalyst surface at low potentials,
where UOR is not catalyzed in this potential range.
To better distinguish the UOR current from the OER

current and eliminate the capacitive current contribution from
the high-surface-area carbon support, the staircase voltamme-
try of UOR (in NaOH/urea) and OER (in NaOH) was
performed. Unlike the common linear sweep voltammetry
(Figure 2), where the external voltage is swept linearly in time,
the voltage is swept in a series of stair steps in the staircase
voltammetry, and the current is measured at the end of each
potential step (Figure 3a). Notably, the current−time response
in each stair step is nearly identical with conventional
chronoamperometry measurements, as shown in a schematic
drawing in Figure 3b. As with all pulsed electrochemical
techniques, when the potential is applied, redox-active species
(e.g., urea and water molecules) rapidly adsorbed on the
catalyst surface on the working electrode (the peak current at
the increased potential is the capacitive current due to urea or
water adsorption, shadowed in light blue in Figure 3b),
followed by oxidation reactions (redox current due to UOR
and OER shaded in pink in Figure 3b). Therefore, the
capacitive current increases proportionally with the increasing
potential stair steps at the lower voltage when the OER and
UOR do not occur, following the electrical double-layer
behavior (Figure S5). At the augmented potential, the redox-
active species (e.g., urea and water) adsorbed on the catalyst
surface are quickly consumed, and the redox current response
falls into the diffusion-controlled region, showing exponential
decay following the Cottrell equation (Figure 3b).
Figures 3c,d show the current−potential curve, in which the

current densities were obtained from staircase voltammetry
measurements after 200 s at each voltage stair step. The overall
anodic current density (iA) from the NaOH/urea electrolyte,
the OER current density (iOER) from the NaOH electrolyte,
and the calculated UOR current density (iUOR = iA − iOER) at
each potential stair step are plotted in Figures 3c−e,
respectively. The results demonstrate that while iA increased
rapidly with the external potential applied, contributions from
iOER and iUOR varied over different voltage ranges. Specifically,
the UOR occurred at a lower potential than OER on Ni/Co
catalysts. While iUOR is discernible at 0.4 V and increased
quickly at 0.5 V, iOER makes only a marginal contribution to the
iA when the potential is less than 0.6 V but becomes dominant
when the external potential is beyond 0.6 V.

Figure 1. (a) HAADF image and elemental mapping of (b) Co
(green), (c) Ni (red), and (d) combined Ni and Co.

Figure 2. Linear sweep voltammetry of Ni/Co oxide and hydroxide
heterostructures and commercial Pd/C in (a, c) 2 M NaOH/1 M
urea and (b, d) 2 M NaOH solutions. Zoom-in regions show (c) the
potential difference in catalyzing UOR at a current density of 1 A m−2

and (d) Co2+/Co3+ and Ni2+/Ni3+ redox in NaOH solution.
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UOR current density is defined in this study as the
difference between overall current and the corresponding
OER current (iUOR = iA − iOER). It is important to note that
this expression is a simple form of estimating the UOR current
density and is valid when the reaction kinetics of UOR and
OER do not affect each other, especially at the low potential
range (e.g., 0−0.6 V). Our electrochemical results suggested
that when the potential increases beyond 0.6 V, iOER becomes
even higher than iA. UOR current (iUOR) became a negative
value at 0.7 V, which is not a meaningful presentation of
anodic current (since a negative current would suggest a
cathodic current occurring in the reduction process). This
result confirmed a competitive absorption scheme of water and
urea molecules on the Ni/Co catalyst surface at high potential
(e.g., >0.6 V). In this context, even when the OER is favored at
high potential, urea molecules may still occupy some active
sites and impede water oxidation kinetics, evidenced by the
higher value of iOER than iA at 0.7 V.
Figure 3f shows the UOR selectivity (SUOR) at various

voltages, calculated by eq 5

S
i
iUOR

UOR

OER

=
(5)

where Ni/Co catalysts show superior UOR selectivity
compared to benchmark Pd/C catalysts within the entire
redox-active potential range (0.4−0.7 V), reaching a maximum
value of SUOR at 0.5 V. Notably, a negative value of SUOR on
Ni/Co catalyst at 0.7 V results from the negative iUOR, as
shown in Figure 3e. Nevertheless, the observed potentiody-
namic evolutions of iOER, iUOR, and SUOR intuitively
demonstrate the feasibility of maintaining plausible UOR
kinetics at low voltage (e.g., 0.5 V using Ni/Co catalysts in this
study) and altogether avoiding OER. The stability of Ni/Co
toward UOR was assessed via long-term (10 h) stairstep

voltammetry testing at 0.5 V. The UOR activity of Ni/Co after
a 10 h reaction is significantly higher than commercial Pd/C
(0.43 A cm−2 vs 0.01 A cm−2). Figure S1c shows the
crystallographic structures of the Ni/Co oxide samples after
the 10 h UOR reaction at 0.5 V compared to Ni/Co samples at
the pristine state and after staircase voltammetry at 0.5 V (200
s reaction). The weight ratios of the crystalline phases,
including Ni or Co oxides (MIIO), spinel (MII,III

3O4),
hydroxides (MII(OH)2), and oxyhydroxide (MIIIOOH), are
summarized in Table S2. Notably, the molar ratios of various
phases remain similar after the long-term (10 h reaction) UOR
compared to the short-term staircase voltammetry measure-
ment (200 s reaction). Ni/Co catalysts show much better
stability than the recently reported Ni2Fe(CN)6 catalyst, which
was converted into Ni and Fe oxyhydroxides after 10 h UOR
measurements.
It is known that the composition substantially affects the

catalytic properties of a multicomponent catalyst. We have also
constructed a systematic investigation on a series of Ni/Co
oxides with Ni/Co molar ratios of 1:0, 0:1, 2:1, 1:1, and 1:2 to
explore the influence of Ni and Co contents on the UOR
efficiency. The synthetic details can be found in the
Experimental Methods section. Their electrochemical charac-
terizations are summarized in Figures S7 and S8. The optimal
composition for catalyzing UOR is a Ni/Co mixed oxide with a
Ni/Co molar ratio of 1:1, presented in Figures 1−3. Ni1/Co1
decreases the energy barrier to catalyze UOR, requiring a
potential of 0.39 V (vs Hg/HgO) to deliver a current density
of 1 A m−2, significantly lower than NiO (0.45 V), NiOOH
(0.54 V), and Co3O4 (0.65 V) but similar to Ni2/Co1 (0.39 V)
and Ni1/Co2 (0.39 V). Notably, the NiO and Co3O4 catalysts
are far less UOR-active than various Ni/Co catalysts, signifying
the synergistic interaction between Ni and Co species on the

Figure 3. (a) Stairstep voltammetry profiles and (b) schematics of single-step stairstep voltammetry. Summarized stairstep voltammetry data of Ni/
Co and commercial Pd/C show (c) anodic current iA obtained in 2 M NaOH and 1 M urea, (d) the OER current iOER obtained in 2 M NaOH, (e)
the UOR current iUOR, and (f) the selectivity of UOR against the OER, all in functions of the potential.
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improved catalytic UOR behavior by allowing UOR to take
place at lower onset potentials and energy barriers.
Figures 4a,b show Co and Ni K-edge X-ray absorption near-

edge structure (XANES) spectra from the Ni/Co catalyst
(Ni1/Co1) at the pristine state and the potentials of 0.3 V
(nonreactive), 0.5 V (UOR-active), and 0.7 V (OER-active),
along with Ni and Co standards, including NiIIO, LaNiIIIO3,
CoIIO, and CoIII2CoIIO4. Notably, the Ni components in Ni/
Co after the UOR process at different potentials showed
similar valence states compared to those of pristine Ni/Co. A
linear fit of absorption energy at the half-edge step [1/2μ(E)]
between Ni2+ and Ni3+ from NiO and LaNiO3 standards
suggests a Ni valence state of +2.29. On the other hand, the Co
components in Ni/Co showed similar valence states at
different potentials with a valence around +2.79 through the
linear fit of 1/2μ(E) energy positions between Co2+ and
Co2+/3+ (1/3 of Co atoms in 2+ and 2/3 in 3+ from Co3O4
spinel), higher than that of pristine Ni/Co (+2.55).
To further study the changes in the local structure of the Ni/

Co catalyst before and after UOR, the corresponding Fourier
transfer EXAFS was plotted in R-space (Figures 4e,f) to
demonstrate the radial distribution function of the central Ni
or Co atom. The strong peaks at ∼1.5 and ∼2.5 Å can be
identified as M−O (M: Co or Ni) and M−M backscattering,
respectively. There is no discernible shift in the radial distance
of both species in R-space, indicating that the chemical
bonding structure (e.g., M−M and M−O bond length)
remained unchanged before and after UOR. However, unlike
Ni, the Co R-space plot demonstrated a significant increase in
Co−Co and Co−O scattering intensity as the potential

increased. This feature demonstrates an increasing order of
the Co local coordination environment, indicative of structural
reconstruction of the Co component to a more stabilized Co−
Co and Co−O bonding during the UOR.
The surface valence evolution of the Ni/Co catalyst during

UOR was examined by X-ray photoelectron spectroscopy
(XPS) to reveal the UOR-active valence of Ni and Co. Figure
4g,h shows the multiplet splitting of Ni and Co 2p3/2 spectra of
the Ni/Co catalysts prepared at different states, including the
pristine condition, 0.3 V (nonreactive), 0.5 V (UOR-active),
and 0.7 V (OER-active), and the full spectra are shown in
Figure S9. In the high-resolution Ni 2p spectrum of the Ni/Co
depicted in Figure 4h, the 854.5 and 856.1 eV peaks can be
associated with the metallic Ni2+ and Ni3+ species, respectively.
The broad peak centered at ∼861 eV is described as the shake
satellite, arising from ionization to excited states of the core
ions.23 Similarly, Co 2p3/2 of Ni/Co was curve-fitted with a
peak at 780.2 eV ascribed to Co3+ in octahedral sites, with a
peak at 781.8 eV assigned to Co2+ in tetrahedral sites.24 The
resulting ratios of Ni3+/Ni2+ and Co3+/Co2+ are analyzed and
are summarized in Table 1.
The Co3+/Co2+ ratio increased significantly from 1.34

(pristine) to 2.03 (0.3 V though at which neither UOR nor
OER occurs) due to the Co2+ → Co3+ redox in an alkaline
solution, also observed in Figure 2d. The Co3+/Co2+ ratios
remain similar in value (average of 2.0) at 0.3 V (nonreactive),
0.5 V (UOR-active), and 0.7 V (OER-active), suggesting
dominant and stable Co3+ species on the Ni/Co surface in
catalyzing both UOR and OER. Meanwhile, samples at the
pristine state and 0.3 V showed similar Ni3+/Ni2+ ratios (0.65

Figure 4. XANES spectra of the Ni/Co catalysts, including K-edge data of (a, c, e) Co and (b, d, f) Ni components in (a, b, c, d) energy space and
(e, f) radial space. XPS spectra of Ni/Co catalysts of (g) Co 2p3/2 and (h) Ni 2p3/2 at the pristine state and the UOR conditions of 0.3 0.5, and 0.7
V and long-term holding at 0.5 V.
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vs 0.68). The Ni3+/Ni2+ ratio increased to 0.8 at 0.5 V due to
Ni2+ → Ni3+ redox, typically observed in Ni2+-containing
oxides and hydroxides in an alkaline solution at ∼0.4 V (Figure
2d). When the potential increased to 0.7 V, the Ni3+/Ni2+ ratio
reached a maximum of 0.91, showing a high anodic current but
poor UOR selectivity against the OER (Figure 3f).
Interestingly, Ni/Co catalysts showed a decreased Ni3+/Ni2+

ratio (0.80 → 0.54) and an increased Co3+/Co2+ ratio (2.02 →
2.31) after long-term UOR (10 h reaction at 0.5 V) compared
to short-term UOR measurement (200 s reaction at 0.5 V),
though they had nearly identical crystalline structures from
XRD measurements (Figure S1). The increased Co3+
concentration after long-term reactions agrees with the
oxidative electrochemical conditions at a positive voltage (0.5
V) where the UOR occurs. On the other hand, the increased
Ni2+ concentration after long-term reactions could be
explained by the chemical reduction of Ni3+ species during
long-term contact with urea molecules. This also further
suggests that Ni sites are more actively interacting with urea
molecules compared with Co sites (otherwise, chemical
reduction of Co3+ to Co2+ by urea would occur). The long-
term XPS results thus highlight the synergistic interaction
between Ni and Co sites in catalyzing UOR. It can be inferred
that Ni sites actively adsorb and deprotonate urea molecules.
At the same time, Co sites dissociated adsorbed water to
generate hydroxyl radicals (*OH) to remove reaction
intermediates on the catalyst surface to complete the oxidation
to N2, CO2, and H2O.
We conducted density functional theory (DFT) calculations

to better understand the promotional role of Ni/Co mixed
oxide/hydroxide catalysts on the UOR (Figure 5). We
simulated NiO (110) and Co3O4 (110) model catalysts and
also built a NiO/Co3O4 mixed oxide interface using a similar

method used previously25 to simulate Ni/Co mixed oxides
(where Ni2+ and Co3+ are dominant components). Figure 5a
shows the structures we modeled and results from our
calculations. The Bader charges of the above models were
calculated, evidencing electron density redistribution with
electron transfer from NiO to Co3O4. We also calculated the
density of states (DOS). The NiO/Co3O4 mixed oxide shows
distinct DOS features, with a lower work function value (4.72
eV) than NiO (4.95 eV) and Co3O4 (5.44 eV). This shift in
valence electrons to higher energy levels (closer to a vacuum)
is indicative that these valence electrons may be better
prepared to participate in bonding between the interfacial
surface and adsorbates. Figure 5b also indicates that the lowest
unoccupied molecular orbitals (LUMO) at the interface shift
to lower energies, approximately 0.4 eV above the Fermi level,
much lower than those of NiO (2 eV above the Fermi level)
and Co3O4 (1.4 eV above the Fermi level). We have ignored
the small gap state in Co3O4 because it has a very low DOS or
occupation. Notably, the bandgap of the NiO/Co3O4 interface
is much narrower than those of NiO and Co3O4, which may be
attributed to the electron transfer from NiO to Co3O4 at the
interface. The reduced bandgap energetically favors the
addition of electrons to the bottom of the conduction band
by extracting electrons from the top of the valence band. This
can lead to easier adsorption of urea and water molecules at
the NiO/Co3O4 interface and ultimately facilitate urea
oxidation processes, observed experimentally (Figures 2 and
3).
In summary, this study showed that homogeneously mixed

Ni/Co oxides and hydroxides heterostructures with dominant
Ni2+ and Co3+ species and tailored electronic structure actively
catalyze UOR with low onset potential and fast reaction
kinetics, superior to NiO, NiOOH, and Co3O4 counterparts, as
well as commercial Pd/C catalysts. Interestingly, our results
suggested that Ni/Co oxides showed high selectivity toward
UOR against OER at a low potential range (0.4−0.6 V vs Hg/
HgO). At a higher potential range (>0.6 V), oxidation of Ni2+
into Ni3+ was observed, accompanied by a significant OER
current. This work highlights the importance of tuning the
valence details for designing high-performance and highly
selective UOR electrocatalysts against OER.

Table 1. Ratios of Ni3+/Ni2+ and Co3+/Co2+ for Ni/Co
Catalysts Obtained from XPS

Ni3+/Ni2+ Co3+/Co2+

pristine 0.65 1.34
0.3 V 0.68 2.03
0.5 V 0.80 2.02
0.7 V 0.91 1.97
0.5 V (long-term) 0.54 2.31

Figure 5. Density functional theory results show (a) the surfaces and interface modeled in this work and (b) the density of states for the three
structures. All energies are relative to the vacuum. The Fermi level for each system is also indicated. Formation of the interfaces leads to electron
transfer from NiO to Co3O4. Formation of the interface also leads to a decrease in the work function (shifting up of valence electron energies) and
narrows the bandgap to bring the LUMO energies closer to the Fermi level.
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■ EXPERIMENTAL METHODS
Material Synthesis. The following chemicals were used for

the synthesis as purchased: nickel nitrate hexahydrate (Ni-
(NO)3·6H2O, 99%, Acros Organics), cobalt nitrate hexahy-
drate (Co(NO)3·6H2O, 99%, Acros Organics), sodium
hydroxide (NaOH, 99.99%, ThermoFisher), urea (CO
(NH2)2, 99%, ThermoFisher), Vulcan XC-72 (Fuel Cell
Store), palladium (20% Pd on Vulcan XC-72, Premetek),
and Nafion 117 (5%, Sigma-Aldrich). All of the chemicals were
directly used without further purification.
Synthesis of Ni/Co Catalysts. Ni(NO)3·6H2O and

Co(NO)3·6H2O with different molar ratios (0.5:0.5, 0.5:1,
1:0.5, 1:0, and 0:1, mmol) were added to a solution containing
75 mL of deionized water, and 5 mmol of urea was then added
to the above solution with stirring. The solution was
transferred to a Teflon-lined stainless steel autoclave for
hydrothermal treatment at 120 °C for 6 h and then cooled to
room temperature under ambient conditions. The product was
filtrated and washed with deionized water and ethanol,
respectively. Afterward, the sample was dried in a vacuum at
room temperature for 12 h. Finally, the samples were heated to
400 °C for 3 h in the air to obtain the black powders. The final
materials were obtained and named Ni1/Co1(Ni:Co 0.5:0.5,
mmol), Ni1/Co2 (Ni:Co 0.5:1, mmol), Ni2/Co1 (Ni:Co 1:0.5,
mmol), NiO (Ni:Co = 1:0, mmol), and Co3O4 (Ni:Co = 0:1,
mmol).
Synthesis of NiOOH. 680 mg of Ni(NO3)2·6H2O was

dissolved in 100 mL of DI water in a 250 mL flask, and the
solution was magnetically stirred at 500 rpm at room
temperature in the open air. NaOH with a concentration of
0.124 g mL−1 was injected into the stirring solution with a rate
of 0.167 mL min−1 for 33.5 min using a programmed syringe
pump. The light-green precipitate was formed, and then 93 mg
of XC72 was added to the flask. The suspension was under
stirring overnight to obtain the black powders. After that, the
powders were thoroughly washed with deionized water and
ethanol and then vacuumed-dried at room temperature for 12
h. Nickel oxyhydroxide was then synthesized by the electro-
chemical method: 20 μg of the as-made powders was coated
on the glassy carbon and then ramped from OCP to 0.6 V in 2
M NaOH by the LSV method with a scan rate of 10 mV/s.
Finally, the product was obtained by holding the potential at
0.6 V for 10 min.
Electrochemical Tests. Half-cell measurements were

conducted in a CH Instruments 660D/E electrochemical
potentiostat using three-electrode half-cells, including glassy
carbon drop-coated with active material as the working
electrode, platinum wire as the counter, and mercury/mercury
oxide as the reference electrode (all from Pine Research
Instrumentation). The coating ink was prepared using the 7:3
ratio of active material to XC 72 active carbon mixture in
deionized water; 20 μg of active material and 20 μL of 1%
Nafion 117 were loaded on the working electrode. The
electrolyte consisted of sodium hydroxide and urea, and all
electrolytes were degassed using flowing argon gas for at least
30 min before every measurement. Before the electrochemical
test, each Ni/Co catalyst (Ni1/Co1, Ni1/Co2, and Ni2/Co1)
was preconditioned in 1 M NaOH under the potential window
of −1.2 V to 0.6 V with a scan rate of 10 mV/s for 1.5 cycles
(starting from OCP to −1.2 V and finally stopping at 0 V after
cycles).

Structural Characterizations. X-ray photoelectron spec-
troscopy (XPS) was performed in a Kratos Axis Supra XPS
instrument at the University Instrumentation Center (UIC),
University of New Hampshire, using the Al Kα monochroma-
tor. The XPS samples were weighed 6 mg with a 7:3 ratio of
active material and carbon black loaded on the carbon papers
and collected after conducting three-electrode measurements.
These electrodes were stopped at different potentials studied in
an ultrahigh vacuum of approximately 10−8 Torr. CasaXPS
software was used to process and analyze the obtained results,
and all of the spectra were calibrated according to the
adventitious carbon (C 1s) peak at the binding energy of 284.8
eV.
High-resolution transmission electron microscopy (HR-

TEM) was conducted at the Electron Microscopy Facility at
the Center for Functional Nanomaterials in Brookhaven
National Laboratory. The instrument used for the high-angle
annular dark-field (HAADF) image was the FEI Talos F200x
scanning/transmission electron microscope equipped with an
X-FEG electron source module and operated at 200 keV. The
elemental mapping of the discharge sample was done by a four-
quadrant 0.9 sr energy-dispersive X-ray spectrometer (EDS).
The synchrotron X-ray diffraction (XRD) studies were

conducted at beamline 28-ID-1 of Brookhaven National
Laboratory. The XRD images were collected on a 2D array
detector. All of the acquired patterns were phase analyzed by
the Rietveld refinement method in the GSAS-II software. The
synchrotron instrument parameters were calibrated by the peak
fitting of the CeO2 standard. The radiation wavelength is
0.1665 Å.
XAS measurements were done at beamline 6-BM Beamline

for Materials Measurement at the National Synchrotron Light
Source-II, Brookhaven National Laboratory. The XAS
measurements were performed in transmission mode at the
Ni and Co K-edge. Metal foil and metal oxide powders were
used as references for X-ray energy calibration and data
alignment. Athena software from the Demeter package was
used to perform XAS data processing and analysis.

Density Functional Theory Methodology. We modeled
NiO and Co3O4 with spin-polarized DFT calculations using
the Vienna ab initio Simulation Package (VASP).26 Valence
was treated by a plane-wave basis set with a cutoff energy of
450 eV, while core electrons were treated by projector
augmented wave (PAW) potentials.27 The number of valence
electrons is as follows: 10 (Ni), 9 (Co), and 6 (O). We
employed the Perdew−Burke−Ernzerhof (PBE) exchange-
correlation functional28 for all calculations and included DFT
+U corrections29 on Fe (4 eV) and Co (4 eV) atoms. Typical
values of U used in the literature for Co in Co3O4 for instance
vary from 3.0 to 6.7 eV.30−32 Typical values of U used in the
literature for Ni in NiO for instance vary from 3.8 to 6.3 eV.33
Our U values fall within the range of literature values. We also
set the initial magnetic moments of these two materials
according to ground states identified in the literature.32,34 We
utilized Gaussian smearing with a sigma value of 0.05 eV. We
used the VASPKIT program35 to determine vacuum levels and
work functions.
We initially determined the lattice parameters for bulk NiO

and Co3O4. Our calculated lattice parameters (8.39 Å for NiO
and 8.14 Å for Co3O4) agree well with literature.34,36 From
these bulk materials we created the (100) surfaces of both
Co3O4 and NiO. These surfaces have been identified in the
literature as very stable due to low surface energies.30,37 Several
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possible terminations exist for the (100) surface of Co3O4.
Montoya and Haynes30 identified the most stable surface to
terminate in a tetrahedral Co atom, which subsequently relaxes
into the surface. We modeled this termination. Shown in
Figure 5 are the surface slabs we modeled. Furthermore, these
surfaces have similar lattice vector lengths (3% difference),
making them amenable to the creation of an interface between
the two materials. An interface was created by bringing the two
surfaces in contact with each other and allowing both the
atomic positions and cell shape to be optimized (VASP setting
of ISIF = 4). Allowing the simulation cell to change minimized
stresses due to different lattice vector sizes of the two materials
at the interface. We simulated several different interfaces with
the two surfaces translated by different amounts along the x
and y directions. The lowest energy interface was used in our
analysis and shown in Figure 5.
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