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Ni-based catalysts show great potential for the urea oxidation reaction (UOR) due to their high
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activity, low cost, and broad energy and environmental applications.

Herein, we investigate two

possible mechanisms for N, formation on B-Ni(OH), using density functional theory (DFT) and
further focus on the dehydrogenation steps of the intramolecular pathway over f-Ni(OH), and f-
MG@Ni(OH), catalysts (M = Cr, Fe, Co, Cu, Mo, Ru, Rh, Pd, Ir, Pt, and Au). The results show that
the intramolecular pathway is energetically favourable on B-Ni(OH),, and that the enhanced urea

adsorption energy, E 4s(urea), over B-M@Ni(OH), is closely associated with the upshift of the d-band
centre, g4, induced by M-doping. Gibbs free energy analyses identify -Fe@Ni(OH),, B-Co@Ni(OH),,

and B-Pd@Ni(OH), as promising catalysts with low limiting potentials.

Furthermore, the urea

adsorption strength shows a linear correlation with the calculated limiting potentials, suggesting that

it can serve as an effective descriptor for urea oxidation toward N, formation. This study provides

theoretical guidance for the screening and design of highly active Ni-based UOR catalysts.

1 Introduction

The electrochemical urea oxidation reaction (UOR) is regarded
as a cost-efficient and environmentally sustainable strategy in
terms of environmental protection and energy storage and con-
version.1"3 For example, UOR shows great potential in urea-rich
wastewater treatment as well as in direct urea fuel cells.** More-
over, as an anodic reaction, UOR represents an attractive alterna-
tive to the oxygen evolution reaction (OER) in hydrogen gener-
ation due to its substantially lower theoretical potential (1.23 V
and 0.066 V vs. RHE for OER and UOR, respectively).® However,
UOR involves a complicated six proton-coupled electron trans-
fer steps in the reaction, which limits its efficiency and overall
performance.?Z Therefore, effective electrocatalysts are usually
required to reduce overpotential and accelerate the reaction ki-

netics. 218110

The exploration of UOR catalysts in recent years have in-
creasingly focused on Ni-based materials, including bimetallic
(e.g., NiFe, A4 NiGo,15R18 NjCy, 1220 Njpt, 2122l Njpd 2324 and
NiRh22727)) and trimetallic systems (e.g., Ni-Pt-Ir, 28 PtPdNi/C,"2?
and Mny 5Ni oFeg 5/r1GOY due to their remarkable catalytic per-
formance and long-term durability.2! Moreover, the surface of
Ni-based catalysts can be gradually oxidized to higher-valence
Ni species, such as NiO, Ni(OH),, and NiOOH, under alkaline
conditions.1Y These reconstructed Ni-based surfaces, particularly

4@ Electrochemical Technology Centre, Department of Chemistry, University of Guelph,
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Ni(OH),-derived structures, are widely considered as the active
sites for UOR.ZB132 T further enhance the catalytic activity, dop-
ing Ni with a secondary metal has emerged as an effective strat-
egy. For example, Wang et al. experimentally and computation-
ally investigated the effect of Co doping on the AOR performance
of Ni(OH),. 33 The optimized 5% Co-Ni(OH), exhibited the high-
est catalytic activity (1.357 V vs RHE at 100 mA cm2) and ex-
cellent stability (over 100 h at 10 mA cm~2). This improvement
was attributed to the Co dopant, which modulated the electronic
structure of Ni(OH),, via an inductive effect, leading to a reduced
Ni?*/Ni3* redox potential and facilitating the formation of active
NiOOH species. These experimental observations were further
supported by DFT calculations, showing that the d-band centre
of Co-NiOOH is upshifted relative to NIOOH, which strengthens
the adsorption of reaction intermediates and promotes the reac-
tion. Pd incorporation has also been shown to enhance catalyst
stability by reducing the strong adsorption of CO, on Ni(OH),.
For example, Mathew et al. employed a facile two-step room-
temperature method to synthesize Pd/Ni(OH), catalysts.*# Elec-
trochemical analysis revealed maximum current densities of 180
mA cm 2 and 380 mA cm 2 for Ni(OH), and Pd/Ni(OH),, re-
spectively.

Although introducing a second transition metal into Ni-based
catalysts has led to noticeable improvements in UOR perfor-
mance, extensive experimental studies have demonstrated that
multiple factors, including the reaction environment,®>"37 cata-
lyst surface structure, 2822 and electronic structure modulation
induced by metal doping,“Y can significantly influence N, selec-
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Fig. 1 Representative mechanisms for N, formation in the UOR.

tivity and activity, leading to increased complexity in reaction
mechanisms and pathway selection. Therefore, further theoret-
ical studies should clarify key mechanistic aspects, including the
identification of active sites, the role of key intermediates in gov-
erning reaction activity, and the pathways responsible for N—N
coupling. In addition, current studies mainly focus on doping
3d transition metals, 1416120141544 ywhile the development of effec-
tive descriptors in theoretical works is crucial for the large-scale
screening and evaluation of high-performance Ni-based catalysts.
In this work, B-Ni(OH), was selected as the parent structure for
UOR reaction because it provides a well-defined structure for
systematically investigating the UOR process.*> Compared with
other oxidized Ni-based surfaces, which may involve more com-
plex surface environments and variable O/OH surface states un-
der electrochemical conditions.4® M@Ni(OH), was constructed
by doping representative 3d, 4d, and 5d transition metals onto
the Ni(OH), surface, where M = Cr, Fe, Co, Cu, Mo, Ru, Rh, Pd,
Ir, Pt, and Au to examine and compare their UOR performance
and reaction mechanisms.

2 Computational methods

2.1 Structures

We adopted the optimized bulk 8-Ni(OH), (mp-27912) structure
from our group’s previous work,4Z which was selected from the
Materials Project and is consistent with experimental results. A
(2x2x4) B-Ni(OH), slab model was constructed, in which the
top two layers were fully relaxed, the bottom two layers were
fixed, and a 16 A vacuum region was introduced along the z di-
rection between adjacent images. In addition, a surface Ni atom
was substituted by an M atom to generate f-M@Ni(OH), (M =
Cr, Fe, Co, Cu, Mo, Ru, Rh, Pd, Ir, Pt, and Au), with a surface
dopant concentration of 25%.

2.2 Calculation Settings

All calculations were performed using spin-polarized periodic
density functional theory (DFT) as implemented in the Vienna

2| Journal Name, [year], [vol.], 1

Table 1 Hubbard U parameters for different metal atoms.

Metal Hubbard U (eV)
Ni 5.50
Cr 2.25
Fe 4.00
Co 3.72
Cu 6.75
Ir 2.00

ab initio Simulation Package (VASP),484% in combination with
the Atomic Simulation Environment (ASE) interface.>? The pro-
jector augmented-wave (PAW) pseudopotentials>122
to describe the core-valence interactions with an energy cutoff
of 500 eV. Van der Waals interactions between the adsorbates
and alloy surfaces were accounted for using the DFT-D3 disper-
sion correction.”? Moreover, a 4x4x1 (8 x8x1) Monkhorst—Pack
k-point mesh># was used for geometry optimization (density of
states calculations). Geometry optimizations were performed un-
til the total energy and atomic forces converged to below 107 eV
and 0.05 eV A~!, respectively. The generalized gradient approx-
imation with a Hubbard U correction (GGA+U) was applied to
selected metals, the values are listed in Table 47‘55 The Gibbs
free energies (AG) of the elementary steps involved in the UOR

were calculated using a previously reported CHE model:=°

were used

T
AG = AE + AEzpg + / AC,dT —TAS —eU )
JO

where AE is the reaction energy obtained from DFT calculations,
fOT AC,dT accounts for the thermal contribution to enthalpy, T
denotes the absolute temperature, U represents the applied elec-
trode potential, e is the elementary charge, and AS denotes the en-
tropy change. The effect of pH = 14 was also considered in this
work to be consistent with experimental conditions.2Z Adsorp-
tion free energies were referenced to a clean surface and urea(g),
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H,(g), as well as H,O(l). The equilibrium potentials (Ueq) for
the N, formation via intramolecular and intermolecular mecha-
nism were taken as Ueq = —0.76 V versus RHE and Ueq = —0.55
V versus RHE, respectively.”® Moreover, the definition of the d-
band centre (g;) is obtained as the average energy of the entire
d-band>?:

g = Lmtple)de @
JZp(e)de

where € and p(¢) refer to the energy of the orbital states and the

density of states (DOS) at energy ¢, respectively.®? g, values for

all calculations were extracted from the calculated results using

the analysis tool VASPKIT.®1

3 Results and Discussion

3.1 Mechanism on Pristine Ni(OH),

The generally accepted mechanisms for N, formation in UOR on
the Ni-based catalyst can be classified into two categories, in-
tramolecular and intermolecular,® as show in Fig. In the in-
tramolecular mechanism, one turnover of the reaction involves
only one urea molecule.®2 Specifically, urea undergoes successive
dehydrogenation to form the *CON,, intermediate, accompanied
by intramolecular N-N coupling. The subsequent cleavage of the
C-N bond in *CON, generates N,(g) and *CO, with *CO being
further oxidized to CO,. In the intermolecular mechanism, N-
N coupling involves nitrogen species derived from two different
urea molecules.”® Urea undergoes dehydrogenation to form the
*CO(NH), intermediate, followed by C-N bond cleavage to gen-
erate NCO~ (aq) and *NH species. The resulting *NH then couples
with another *NH and is further dehydrogenated to N,

We first calculated the free energy diagrams for urea
(CO(NH,),) oxidation to N, formation based on two mecha-
nisms. For the intramolecular mechanism, the initial adsorption
configuration of urea involves the O atom binding to surface Ni
atoms at a hollow site, and the adsorption energy E,qs(urea) is
—0.84 eV. In addition, during the first four dehydrogenation steps
of the intramolecular mechanism, the second dehydrogenation
step, namely the asymmetric depronation from *OCNHNH, to
*OCNNH,, requires a lower free energy than the symmetric for-
mation of “OCNHNH, due to the stronger adsorption of “OCNNH,,
(Fig. P[(2)). The corresponding energy difference is 0.29 eV. The
further deprotonation of *OCNNH,, is identified as the potential-
determining step (PDS) in the intramolecular mechanism, with a
free energy of 1.31 eV. Notably, the N-N bond gradually forms
during this step, with the bond length decreasing from 2.373 A in
*OCNNH, to 1.733 A in *OCNNH. All remaining steps after the
first four dehydrogenation steps are exergonic except for CO, des-
orption. The limiting potential (Uj;,) of the intramolecular path-
way is 0.55 V. Accordingly, reducing the free energy of *OCNNH,,
deprotonation is the key to enhancing the overall reaction activity
on B-Ni(OH), in the intramolecular mechanism.

For the intermolecular mechanism, the N atom of urea points
toward the surface. The configuration after the first dehydrogena-
tion step, “NHCONH,, is distinct from the intramolecular case,
where the N atom serves as the adsorption site and favours sub-
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Fig. 2 Gibbs energy diagrams for the intramolecular (a) and intermolec-
ular (b) pathways over pristine 3-Ni(OH),.

sequent intermolecular N-N coupling.? This adsorption energy
of urea is —0.52 eV. The free energy diagram indicates that the
symmetric dehydrogenation of “NHCONH,, to *NHCONH is the
PDS along the intermolecular pathway, and the corresponding
free energy is 1.34 €V, as shown in Fig. [2J(b). In addition, the sub-
sequent C-N bond cleavage of *NHCONH is thermodynamically
unfavourable. This step remains energetically uphill even at the
limiting potential (Uj;,, = 0.79 V for the intermolecular pathway),
because it is a non-electrochemical step. Comparing the free en-
ergy profiles of the two mechanisms, the PDS for both pathways
are located within the first four dehydrogenation steps, and the
intramolecular mechanism for urea oxidation toward N, is en-
ergetically preferred over the intermolecular mechanism. These
results are in agreement with previous studies that also identified
early-stage dehydrogenation as the energetically critical process
and the intramolecular pathway as the preferred mechanism for
UOR on Ni-based hydroxide catalysts.2440058163| Therefore, in this
work, we employed calculations of the first four steps in the in-
tramolecular mechanism as an efficient strategy to screen high-
performance UOR B-M@Ni(OH), catalysts.

3.2 d-band Centre Analysis

The adsorption configurations of urea on f-Ni(OH), and fB-
M@Ni(OH), are classified into three groups according to the
adsorption sites, as shown in Fig. The configuration of
Fe@Ni(OH),, Co@Ni(OH),, Cu@Ni(OH),, Rh@Ni(OH),, and
Pd@Ni(OH), is consistent with that on pristine Ni(OH),, where
the O atom preferentially occupies a threefold hollow site (Ni;—
Ni,—M). The remaining configurations adopt bridge-site geome-
tries with different coordinating atoms, for example, configura-
tions of Cr@Ni(OH),, Mo@Ni(OH),, and Ru@Ni(OH), adsorb
at the M—-Ni, bridge site, whereas configurations of Ir@Ni(OH),,
Pt@Ni(OH),, and Au@Ni(OH), occupy the bridge site formed by

Journal Name, [year], [vol.], 1 |3
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Fig. 3 Optimized urea adsorption configurations and adsorption energies
E.4s(urea) in eV over the B-Ni(OH), and B-M®@Ni(OH), surfaces. The
inset shows the various adsorption sites.

two Ni atoms, the Ni;—Ni, site. The bond lengths between the
oxygen atom of urea and surface metal atoms (Ni or M) are sum-
marized in Table |2| The calculated E,45(urea) indicate that ad-
sorption at the bridge sites is generally weaker than the threefold
hollow site.

1.2 E,q (urea) = -0.52 5, - 1.04
R2=0.98
08 E4s (urea) = =0.22 g, - 0.91
R?=0.99
0.4
~ AU@NI(OH), X Ry@Ni(OH),
2 ool |
8 Pt@Ni(OH), Mo@Ni(OH),
2 04} Cu@Ni(OH) Cr@Ni(OH),
8
©
W -08F
42 | Eags (Urea) = -0.22 5 - 1.71 .
R?=0.80 Co@Ni(OH),
16}

9 8 -7 6 5 -4 -3 -2 A1 0 1 2
&4 (eV)

Fig. 4 Correlation between adsorption energy of urea, E,qs(urea), and
the d-band centre, €4, grouped by the most favoured adsorption site
pristine B-Ni(OH), and B-M@Ni(OH),.

We further calculated the d-band centre (g;) of B-Ni(OH), and
B-M@Ni(OH),, where the surface atoms were selected accord-
ing to the most favourable urea adsorption sites. Linear rela-
tionships between the ¢; and E,4;(urea) were observed for each
adsorption-site group, as shown in Fig. [4] These results suggest
that the variation in urea adsorption strength upon M-doping cor-
relates with the shift of the d-band centre toward the Fermi level,

4] Journal Name, [year], [vol.], 1
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Table 2 Adsorption site, O—metal (Ni/M) bond lengths of adsorbed urea
in A, and bond length differences |Al| on B-Ni(OH), and B-M@Ni(OH),.

Dopant  Adsorption Site O-Nij O-Ni; O-M |A[|
Pristine Ni;-Ni-M 2.36 2.25 226 0.11
Fe Ni;-Ni,—M 232 220 231 0.12
Co Ni;-Ni,—-M 2.32 2.21 226 0.11
Cu Ni;—-Ni-M 2.26 2.20 231 0.11
Rh Ni;-Ni,—-M 241 2.24 2.34 0.17
Pd Ni;—-Ni-M 2.29 2.18 231 0.13
Cr M-Ni, 2.52 2.16 215 0.37
Mo M-Ni, 2.50 2.20 219 031
Ru M-Ni, 2.58 2.15 2.14 044
Ir Ni;-Ni, 2.13 222 272 0.59
Pt Ni;-Ni, 230 222 261 0.39
Au Ni;—Nij 2.16 2.21 2.69 0.53

suggesting that an upshift of the d-band centre generally favors
stronger urea adsorption. Although adsorption configuration and
local structural effects may also contribute to the adsorption be-
havior, the modulation of the d-band centre still provides a useful
electronic explanation for understanding the observed adsorption
trends within the present systems.

3.3 Comparison of Pristine Ni(OH), and M@Ni(OH),

Fig. |5 systematically compares the dehydrogenation pathways
on f-Ni(OH), and B-M@Ni(OH),. The order of dehydrogena-
tion steps on these M-doped catalysts is divided into two differ-
ent classes. For example, Co@f3-Ni(OH),, similar to pristine f3-
Ni(OH),, favours asymmetric dehydrogenation from *OCNHNH,,
to form *OCNNH,, whereas the remaining f-M@Ni(OH), sur-
faces prefer symmetric dehydrogenation from *OCNHNH,, to gen-
erate *OCNHNH. In addition, doping with M atoms can al-
ter the PDS and its free energy on specific -M@Ni(OH), sur-
faces. Based on their PDS, the surfaces were divided into three
groups. (1) When the PDS is the second dehydrogenation
step, i.e., dehydrogenation of *OCNHNH,, the surfaces are f3-
Fe@Ni(OH),, B-Cu@Ni(OH),, B-Pd@Ni(OH),, B-Ir@Ni(OH),,
and B-Pt@Ni(OH),. (2) When the PDS is the third dehydro-
genation step, for pristine B-Ni(OH), this corresponds to de-
hydrogenation of *OCNNH,, and for B-Ru@Ni(OH), and -
Au@Ni(OH), this corresponds to dehydrogenation of *OCNHNH.
(3) Lastly, when PDS is the last dehydrogenation step, i.e., the
dehydrogenation of *OCNNH, the surfaces are f3-Cr@Ni(OH),,
B-Co@Ni(OH),, B-Mo@Ni(OH),, and B-Rh@Ni(OH),. The free
energies of these PDS follow the order of 1.08 eV < 1.18 €V <
1.27eV<131eV<134eV<138eV<ilileV<l56eV<
1.57 eV = 1.57 eV < 1.67 €V < 2.04 eV on the B-Co@Ni(OH),,
B-Fe@Ni(OH),, B-Pd@Ni(OH),, B-Ni(OH),, B-Rh@Ni(OH),, 8-
Cu@Ni(OH),, B-Pt@Ni(OH),, B-Cr@Ni(OH),, B-Ir@Ni(OH),,
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Fig. 5 Gibbs energy diagrams for the dehydrogenation steps of the intramolecular pathway on B-Ni(OH), and f-M®@Ni(OH), catalyst doped with (a)
3d, (b) 4d, and (c) 5d M transition metals (M = Cr, Fe, Co, Cu, Mo, Ru, Rh, Pd, Ir, Pt, and Au). The number inside the rectangle represents the

free energy of the potential-determining step for each catalyst.

B-Au@Ni(OH),, B-Ru@Ni(OH),, and B-Mo@Ni(OH), surfaces,
respectively. =~ These calculated free energies show that f3-
Co@Ni(OH),, B-Fe@Ni(OH),, and B-Pd@Ni(OH), are promis-
ing high-performance UOR catalyst candidates, the results are
in agreement with previous experimental studies, 2334540063 g;g.
gesting that doping Co, Fe, and Pd on -Ni(OH), is an effective
strategy to enhance the activity of Ni-based catalysts. The calcu-
lated Uy, for each catalyst is shown in Table [3] The configura-
tions of the first four dehydrogenation steps on -Ni(OH), and
B-M@Ni(OH), are denoted in Fig. S1. The N-N bond length de-
creases toward bond formation during the dehydrogenation from
*OCNNH, (or *OCNHNH) to *OCNN, except for B-Mo@Ni(OH),,
B-Ru@Ni(OH),, B-Rh@Ni(OH),, and B-Ir@Ni(OH),. It is worth
noting that *OCNN binds to the B-Mo@Ni(OH),, surface via the N
atom rather than the O atom, unlike the adsorption configuration
on other catalyst surfaces. We will discuss the outlying behaviour
of B-Mo@Ni(OH), in the following section.

Table 3 Limiting potentials (Uj,) of the PDS for UOR over -Ni(OH),
and B-MQ@Ni(OH),.

Catalyst Ulim (V)
Ni(OH), 0.55
Cr@Ni(OH), 0.80
Fe@Ni(OH), 0.42
Co@Ni(OH), 0.32
Cu@Ni(OH), 0.62
Mo@Ni(OH), 1.28
Ru@Ni(OH), 0.91
Rh@Ni(OH), 0.58
Pd@Ni(OH), 0.51
Ir@Ni(OH), 0.81
Pt@Ni(OH), 0.65
Au@Ni(OH), 0.81

3.4 E,4 (urea) as Activity Descriptor

The establishment of effective descriptors is generally regarded
as an efficient bridge linking key adsorbates with catalytic ac-
tivity, enabling the efficient screening and prediction of high-
performance electrocatalysts. 40 Here, we observe a linear re-
lationship between E,4s(urea) and Uy, i.e., stronger urea ad-
sorption leads to a lower Ujiy, on B-Ni(OH), and f-M@Ni(OH),
(Fig. @, indicating that high-performance Ni-based UOR cata-
lysts can be achieved by tuning the E,4s(urea). A similar trend
is also observed on the B-NiOOH surface.® It should be noted
that excessively strong E,4s(urea) may over-stabilize surface in-
termediates, which may increase the free energy required for sub-
sequent dehydrogenation steps. In practical catalyst design, the
balance between adsorption strength and subsequent reaction ac-
tivity should be further considered, although a detailed investiga-
tion of this aspect is beyond the scope of this work.

14+ U;,=0.34 E,  (urea) + 0.81
R? =0.83 °
12l Mo@Ni(OH),
1.0 Ru@Ni(OH),
< Cr@Ni(OH),
o8} Em u
D-g Ir@Ni(OH), AU@Ni(OH),
o Pt@Ni(OH),
0.6} Ni@Ni(OH), Cu@Ni(OH),
Rh@Ni(OH),
Fe@Ni(OH ] 2
S@Ni(OH), PA@Ni(OH),
04 )
aCO@Ni(OH),
02F

-14 -12 10 -08 -06 -04 -02 00 02 04
E,qs (urea) (eV)

Fig. 6 Linear correlations of E,4s (urea) and Uy, on the Ni(OH), and
M@Ni(OH),.

Notably, the f-Mo@Ni(OH), still follows the overall trend be-
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tween E,4 (urea) and Uj,. However, it appears as an outlier
from the linear scaling relationship. This deviation originates
from the adsorption configuration in the potential-determining
step. On the other B-M@Ni(OH), catalyst surfaces, the *“OCNN
intermediate generally maintains a stable O-bound adsorption
configuration. However, on 3-Mo@Ni(OH),, the high oxophilic-
ity of the Mo dopant leads to an overly strong Mo—O interac-
tion during geometry optimization. This strong interaction com-
petes with the intrinsic O—C bonding within the *OCNN interme-
diate, leading to cleavage of the O—C bond and destabilization
of the original intermediate structure. In contrast, when adopt-
ing an N-bound adsorption configuration, such as *NCON on f3-
Mo@Ni(OH),, the intermediate structure can remain intact be-
cause the direct strong interaction between O and Mo is avoided
(see Fig. S1 in the Supplementary Information). However, the
rearrangement of the adsorption structure from an O—bound to
an N—bound configuration on B-Mo@Ni(OH), considerably in-
creases the free energy of the potential-determining step. In addi-
tion, combined with the relationship between ¢; and E, 45 (urea)
discussed above, we find that the improved catalytic performance
induced by M-atom doping can be rationalized by the modulation
of g;. Therefore, the E,4, (urea) serves as an effective descriptor
for screening and predicting potential UOR electrocatalysts. We
propose that catalysts with adsorption energies of urea around
or below —0.84 eV, which is the value on B-Ni(OH),, includ-
ing B-Co@Ni(OH),, B-Fe@Ni(OH),, and B-Pd@Ni(OH),, can be
promising Ni-based catalysts.

Conclusion

In this work, we conducted a systematic investigation of the
UOR mechanism and catalytic performance on f-Ni(OH), and
B-M@Ni(OH), surfaces, where M = Cr, Fe, Co, Cu, Mo, Ru, Rh,
Pd, Ir, Pt, and Au. The main conclusions are summarized in the
following.

1. The free energy diagrams show that the intramolecular path-
way is energetically more favourable than the intermolec-
ular pathway on all B-Ni(OH), surfaces. Moreover, the
dehydrogenation steps in both mechanisms are identified
as the PDS, specifically the dehydrogenation of *OCNNH,,
in the intramolecular pathway and the dehydrogenation of
*NHCONH, in the intermolecular pathway.

2. The modulation of the d-band centre induced by M-atom
doping plays an important role in the changes of urea ad-
sorption energies on f-Ni(OH), and B-M@Ni(OH), sur-
faces.

3. The calculated free energy diagram for the four dehydro-
genation steps shows that M-doping can effectively lower
the free energy of the PDS and thus the limiting potential.
Based on our results, we propose that f-Co@Ni(OH),, B-
Fe@Ni(OH),, and B-Pd@Ni(OH), are promising Ni-based
UOR catalyst candidates.

4. The adsorption energy of urea is an effective descriptor for
AOR activity. An upshift of the d-band centre generally

6| Journal Name, [year], [vol.], 1
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strengthens the adsorption of urea, which contributes to a
reduction in the limiting potential and thus improve catalytic
activity. Catalysts with E,4s(urea) around or below —0.84
eV, the value on 8-Ni(OH),, can be considered improved Ni-
based catalysts for UOR.
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