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1. Introduction

Ultra-small g-Ni(OH), quantum dot catalyst with
abundant edges for an efficient urea oxidation
reactiont

Qishuang Zhu,$® Xianshu Qiao, (2 *1* Chuanjin Tian,? Pengzhang Li,® Yumin Liu,?
Wenyan Zhao,? Liang Ma® and Chang-An Wang () *©

The development of efficient nonprecious-metal catalysts for the urea oxidation reaction (UOR) to
improve the efficiency of electrocatalytic water splitting for hydrogen production remains a challenge.
Herein, we synthesized ultra-small f-Ni(OH), quantum dot (US-B-Ni(OH), QD) catalysts with abundant
edges via a coupled co-precipitation and anion-exchange approach. The obtained US-B-Ni(OH), QD
catalyst exhibits high activity toward the UOR and required a potential of only 1.48 V (vs. RHE) to reach
151 mA cm™2. Notably, the US-B-Ni(OH), QD catalyst exhibits 4.1 and 96 times higher current density
than do pB-Ni(OH), nanosheets (38.34 mA cm™) and a Pt mesh electrode (1.57 mA cm™2), respectively, at
a potential of 1.48 V (vs. RHE). The UOR catalytic reaction mechanism reveals that the US-p-Ni(OH), QD
catalyst features a high density of edge sites, where the oxygen vacancy concentration far exceeds that of
the basal plane. This unique oxygen-vacancy-rich edge structure endows the US-B-Ni(OH), QDs with a
low energy barrier (0.96 eV) for the self-oxidation of Ni(OH), to NiOOH, thereby facilitating the rate-
determining step of the entire urea degradation process. This work provides a new approach for synthe-
sizing ultra-small hydroxide quantum dot catalysts with efficient UOR activity at low cost.

potential to replace the OER. The thermodynamic potential of
the urea oxidation reaction (UOR) requires merely 0.37 V,

Hydrogen energy, a green and clean energy, has become one of
the most promising energy resources for humans.' Hydrogen
production via water electrolysis has been regarded as a
research hotspot owing to its advantages of high conversion
efficiency, high product purity, and environmental
friendliness.*”” Nevertheless, a high thermodynamic potential
of 1.23 V required for the anodic OER has severely limited the
rate of electrolytic water splitting, making the practical appli-
cation of electrolytic hydrogen production technology on a
large scale challenging for decades.®™° It is an effective strat-
egy for reducing the voltage of water electrolysis to utilize
small molecule oxidation reactions with a low thermodynamic
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which makes the UOR a perfect substitute for the OER.*"** It
not only effectively reduces the cost of hydrogen production
but also alleviates the environmental pollution caused by urea-
rich wastewater, achieving the dual goals of clean-energy pro-
duction and environmental protection. However, this
advanced technology is limited by the slow UOR kinetics due
to the complex 6e~ redox process of the UOR."*'* Therefore,
highly efficient UOR catalysts are required to improve the kine-
tically sluggish process for realizing efficient urea oxidation.
To date, precious metal materials such as platinum and
ruthenium have shown outstanding electrocatalytic activity for
the UOR. However, their high cost and scarcity significantly
restrict their large-scale application.”>'® Hence, it is vital to
develop an economical, efficient, and stable nonprecious-
metal UOR catalyst. As an important energy material, p-Ni
(OH), is widely applied in the field of electrocatalysis.'”®
Research indicates that the conversion of Ni** into Ni*" on
B-Ni(OH), surfaces must first take place during the oxidation
of urea molecules."*?° However, the oxidation potential of the
Ni**/Ni** reaction is much higher than the standard potential
of urea oxidation, and the excessive potential will significantly
reduce the energy efficiency of the UOR process.”! Therefore, it
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is highly desirable to develop B-Ni(OH), catalysts featuring a
lower onset oxidation potential of the Ni**/Ni** reaction for
enhancing the performance of urea oxidation.

Activating the Ni-OH bond is an obvious strategy to
promote the conversion of Ni** into Ni**.** Given that the Ni-
OH bond of edges in p-Ni(OH), is more active than that in the
basal plane, the development of a p-Ni(OH), catalyst with more
abundant edges has become an important research trend.
Reducing the size of catalysts is a common strategy to expose
more edges.>*** For example, Luo et al. reported that porous
f-Ni(OH), nanosheets,** exposing a larger edge compared with
nonporous B-Ni(OH), nanosheets, achieved a current density
as high as 298 mA cm™> at 1.82 V (vs. RHE). Yang et al. fabri-
cated two-dimensional B-Ni(OH), nanosheets with a size
ranging from 20 to 40 nm,*® exposing more edges, demonstrat-
ing 5.7 times higher current density (142.4 mA cm™?) com-
pared with the p-Ni(OH), nanosheets at a potential of 0.6 V (vs.
Ag/AgCl). Despite these major advances, developing a (-Ni
(OH), catalyst with more abundant edges remains a
challenge.?””*® Ultra-small B-Ni(OH), quantum dots with a
smaller size can expose more abundant edges, providing more
effective catalytic sites for UORs. However, the preparation of
ultra-small quantum dots generally involves complex pro-
cesses, harsh reaction conditions, or low yields.>**° Therefore,
it is crucial to develop a simple, mild, and high-yielding syn-
thesis strategy for hydroxide ultra-small quantum dot catalysts.

In this work, we synthesized ultra-small p-Ni(OH),
quantum dot catalysts (US-B-Ni(OH), QDs) with abundant
edges via a coupled co-precipitation and anion-exchange
approach. Benefiting from the ultra-small size of the quantum
dots, the US-p-Ni(OH), QDs demonstrate high UOR activity,
requiring only 1.48 V (vs. RHE) to arrive at 151 mA cm?,
which reflects 4.1 and 96 times higher current density com-
pared with the B-Ni(OH), nanosheet and Pt mesh electrode,
respectively. Experimental and theoretical calculation results
indicate that the synthesized US-B-Ni(OH), QDs feature a high
density of edge sites, where the oxygen vacancy concentration
far exceeds that of the basal plane. This unique oxygen-
vacancy-rich edge structure endows the US-p-Ni(OH), QDs with
a low energy barrier (0.96 eV) for the self-oxidation of Ni(OH),
to NiOOH, thereby accelerating the rate-determining step in
the overall urea degradation process. These findings open new
possibilities for synthesizing ultra-small hydroxide quantum
dots as efficient UOR catalysts and shed light on the develop-
ment of additional catalysts with enhanced edge activity.

2. Results and discussion
2.1. Synthesis and structural characterization

US-B-Ni(OH), QDs were synthesized using a facile coprecipi-
tation method in an ethanol solvent, followed by an anionic
exchange method. The synthesis route for US--Ni(OH), QDs is
shown in Fig. 1a. In brief, a nickel oxalate precursor (Fig. S1t)
with a nanowire structure (NW-NiC,0,) was initially syn-
thesized via the coprecipitation method using Ni(NO;), and
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H,C,0,. Subsequently, US-B-Ni(OH), QDs were fabricated
through the anion exchange method using C,0,>” and OH".
The crystal structure and composition of NW-NiC,0, and US-
f-Ni(OH), QDs were investigated using XRD and FTIR. As
shown in Fig. S2 and S3,7 XRD and FTIR results validate that
the NW-NiC,0, precursor is a crystalline alcohol compound,**
which is similar to the crystalline water compound. The XRD
result of US-p-Ni(OH), QDs presents several broad diffraction
peaks at 26 of 19.2°, 33.06°, 38.54°, 52.1°, 59.05° and 62.7°,
corresponding to the (001), (100), (101), (102), (110) and (111)
crystal planes of hexagonal B-Ni(OH), (JCPDS no. 14-0117),
respectively, and no diffraction peaks of residual nickel oxalate
could be observed for the as-synthesized US-f-Ni(OH), QDs.
FTIR results (Fig. S31) show that the US-f-Ni(OH), QD catalyst
reveals a sharp peak at 3644 cm™, which is assigned to the
characteristic peak of the non-hydrogen bonded hydroxyl
groups (y,sOH) of f-Ni(OH),. The two peaks at 3369 cm™" and
1640 cm™ ' are assigned to the stretching vibration and
bending vibration of hydroxyl groups in adsorbed water
(vasH20), respectively.*>* No characteristic peaks of nickel
oxalate were detected, confirming the absence of residual
nickel oxalate or other impurities in the as-synthesized US-p-Ni
(OH), QDs after the anion exchange process.

The synthesis method for the obtained US--Ni(OH), QD
catalyst offered high yields (Fig. S41). Tyndall experiment
results (Fig. 1b) indicate that the particle size range of US-B-Ni
(OH), QDs is from 1 to 100 nm. SEM (Fig. 1c) and TEM images
(Fig. 1d and e) clearly show that the US-p-Ni(OH), QD catalyst
presents the typical quantum dot morphology.>*™®
Furthermore, the particle size distribution of US--Ni(OH),
QDs was obtained using Image software, and the result
(Fig. 1f) shows that the average diameter of US-B-Ni(OH), QDs
is around 3 nm, indicating that the US-B-Ni(OH), QDs have an
ultra-small quantum dot structure. This structure might be
attributed to the fact that the crystalline alcohol molecules as
interlayer ligands can prevent p-Ni(OH), agglomeration during
the anion exchange reaction process. The HRTEM image
(Fig. 1g) displays clear lattice fringes with a spacing of around
2.33 A, which are attributed to the (101) planes of the hexag-
onal B-Ni(OH), (JCPDS no. 14-0117). The diffraction ring of the
SAED pattern (Fig. 1g inset) reveals the highly polycrystalline
nature of the US-p-Ni(OH), QDs, for each of the rings can be
indexed to the (100), (101), (110), and (201) planes of the -Ni
(OH),. TEM-EDX spectra (Fig. S51) show that the US-p-Ni(OH),
QDs are composed of Ni and O and the substrate copper
mesh, and the Ni/O ratio is nearly 1:2, indicating that the
obtained US--Ni(OH), QDs have high phase purity. For com-
parison, p-Ni(OH), nanosheet catalysts were also synthesized
following a reported method,* with detailed preparation pro-
cedures given in the Experimental section of the ESL.{ TEM
characterization (Fig. S61) of the p-Ni(OH), nanosheet catalyst
revealed a distinct size difference when compared with the US-
B-Ni(OH), QDs. The p-Ni(OH), nanosheet reveals size in-plane
dimensions of ~50 nm, significantly larger than those of US-
f-Ni(OH), QDs, indicating that the synthesized US-p-Ni(OH),
QDs feature a high density of edges.

This journal is © the Partner Organisations 2025
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Fig. 1 Synthesis and characterization of US-B-Ni(OH), QDs. (a) Schematic of the synthesis of US-p-Ni(OH), QDs. (b) Tyndall-effect experiment. (c)
SEM image. (d and e) TEM images. (f) The particle size distribution obtained from Image software. (g) HRTEM image and SAED pattern (inset).

To investigate the physical structure differences between
US-B-Ni(OH), QDs and f-Ni(OH), nanosheets, the prepared
samples were firstly characterized using XRD measurements
(Fig. 2a). XRD results reveal that the diffraction peaks of US-
B-Ni(OH), QDs are broader than those of p-Ni(OH),
nanosheets, which can be attributed to the reduced crystallite
size. To further investigate size-dependent surface properties,
BET measurements were conducted for both samples
(Fig. S7t). The results indicate that US--Ni(OH), QDs exhibit a
remarkably high specific surface area of 302.7 m* g™*, approxi-
mately 2.5 times larger than that of $-Ni(OH), nanosheets
(122.5 m> g7"). This substantial enhancement in the surface
area is consistent with the ultra-small dimensions of the
quantum dots.

Electron paramagnetic resonance (EPR) spectroscopy was
employed to analyze the differences in lattice defects between
the US-p-Ni(OH), QDs and p-Ni(OH), nanosheets. As shown in
Fig. 2b, both samples exhibit a significant signal at g = 2.03,
suggesting the existence of oxygen vacancies in the two

This journal is © the Partner Organisations 2025

samples. Notably, the US-B-Ni(OH), QDs display a substantially
enhanced signal intensity at g = 2.03 compared with that of
B-Ni(OH), nanosheets, indicating a markedly higher concen-
tration of oxygen vacancies in the US-p-Ni(OH), QD system.
X-ray photoelectron spectroscopy (XPS) analysis provides
additional evidence for this finding. XPS survey spectra
(Fig. 2c¢) demonstrate that only Ni and O elements can be
detected in both samples, and XPS quantitative analysis
reveals a higher Ni/O atomic ratio in US-B-Ni(OH), QDs
(0.46 : 1) versus the nanosheets (0.41:1), which is consistent
with increased oxygen vacancy concentration. The O 1s peaks
for the two samples can be deconvoluted into four peaks at
530.2 €V, 531.0 eV, 531.5 eV, and 532.3 eV, corresponding to
the typical metal-oxygen bond (Op), hydroxyl (Ocy) group,
oxygen vacancy (Oy), and adsorbed water on the surface (Ow),
respectively.’® The intensity of the Oy signal for the US-p-Ni
(OH), QDs is stronger than that for the p-Ni(OH), nanosheet,
further indicating a markedly higher concentration of oxygen
vacancies in the US-B-Ni(OH), QD system. Ni 2p spectra

Inorg. Chem. Front.
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Fig. 2 Structural characterizations of the US-8-Ni(OH), QDs (curve a) and B-Ni(OH), nanosheet (curve b): (a) XRD patterns. (b) EPR spectrum. (c)
XPS survey spectra. (d) O 1s narrow-scan spectra. (e) Ni 2p narrow-scan spectra. (f) Formation energies of Vo at the edge and basal plane sites in

B-Ni(OH),.

(Fig. 2e) of both samples show two main peaks at 856.6 eV and
855.4 eV, corresponding to Ni** 2p3/2 and Ni** 2p3/2,*"*
respectively. The ratio of Ni*/Ni** in US-B-Ni(OH), QDs is
slightly larger than that of $-Ni(OH), nanosheets, which likely
arises because oxygen vacancies preferentially form at edge
sites owing to the low coordination environment of edge
oxygen atoms,*? thereby avoiding substantial alterations in the
valence state of Ni. To confirm this viewpoint, DFT calcu-
lations were carried out, as shown in Fig. 2f. The results reveal
that the formation energy of oxygen vacancies at the edge sites
is 4.02 eV, lower than that at the basal plane (4.28 eV),
suggesting that oxygen vacancy defects predominantly orig-
inate from the edge sites of the p-Ni(OH), material.

Based on the above results, it can be concluded that the
synthesized US-B-Ni(OH), QDs feature a high density of edge
sites, where the oxygen vacancy concentration far exceeds that
of the basal plane. This unique structural characteristic results
in an overall higher concentration of oxygen vacancy defects in
the US-B-Ni(OH), QDs compared with that in the B-Ni(OH),
nanosheet catalyst.

2.2. Catalytic activity for the UOR and OER

To survey the electrocatalytic performance of US-p-Ni(OH),
QDs and p-Ni(OH), nanosheets, a series of electrochemical
measurements were carried out (Fig. 3). Linear sweep voltam-
metry (LSV) curves of the two catalysts were collected in 1 M
KOH + 0.5 M urea and 1 M KOH solution. As shown in Fig. 3a,
the anodic current density of US--Ni(OH), QDs increases radi-
cally as the potential becomes more positive, indicating the
impressive electrocatalytic response capacity of US-p-Ni(OH),

Inorg. Chem. Front.

QDs for the UOR. In contrast, a mildly increased anodic
current density demonstrates the mediocre catalytic activity of
B-Ni(OH), nanosheets for the UOR. Specifically, the US-p-Ni
(OH), QD catalyst delivers a high current density of 151 mA
em™? at an applied potential of 1.48 V (vs. RHE), which is
roughly 4 and 96 times higher than the values of the p-Ni
(OH), nanosheets (38.34 mA cm™>) and Pt mesh electrode
(1.57 mA cm™>) at the same potential, respectively. The cata-
Iytic performance of the US-p-Ni(OH), QDs in the UOR was
compared with other reported catalysts. From Table S1,f it can
be seen that the UOR performance of US-p-Ni(OH), QDs
demonstrates superior activity compared with most currently
available pure nickel-based UOR catalysts, even better than
some binary nickel-based UOR catalysts. Moreover, the US-$-Ni
(OH), QD catalyst shows a higher OER performance (Fig. 3b)
compared with p-Ni(OH), nanosheets, which exhibit an over-
potential of 327 mV at the benchmark 10 mA cm™>. The UOR
kinetics of the two catalysts was further investigated using
their corresponding Tafel plots. As displayed in Fig. 3c, the
Tafel slope value of US-B-Ni(OH), QDs is only 22.29 mV dec™ ",
much lower than that of p-Ni(OH), nanosheets (63.61 mV
dec™), signifying its favorable UOR kinetics. In addition, the
chronoamperometry curves (Fig. 3d) were collected at a poten-
tial of 1.41 V (vs. RHE) to examine the durability of US-p-Ni
(OH), QDs and B-Ni(OH), nanosheets. After 20 000 s of dura-
bility test, the current density for US-B-Ni(OH), QDs only
decreased to 98.1% of its initial level, which was higher than
that for p-Ni(OH), nanosheets, demonstrating the excellent
stability of US-B-Ni(OH), QDs in the UOR. The longer-time
chronopotentiometry curve was also collected at a potential of

This journal is © the Partner Organisations 2025
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Fig. 3 UOR and OER performance of the as-prepared electrodes. (a) LSV curves for the UOR. (b) LSV curves for the OER. (c) Tafel curves. (d)
Durability test at 1.41 V for 20 000 s. (e) LSV curves for urea-assisted water splitting. (f) Urea electrolyzed water driven by a 1.5 V dry battery.

20 mA cm ™ to further examine the durability of US-p-Ni(OH),
QD catalysts. After 20 h of continuous operation, the potential
for US-p-Ni(OH), QDs only increases to 1% of its initial level
(Fig. S8t), further demonstrating the long-term stability of US-
B-Ni(OH), QDs for the UOR.

Based on the excellent UOR activities and stability of the
US-B-Ni(OH), QDs, a two-electrode configuration was set up to
evaluate the performance of urea-assisted water splitting,
wherein a US-B-Ni(OH), QDs//Pt mesh cell and B-Ni(OH),
nanosheet//Pt mesh cell were constructed. As shown in Fig. 3e,
the US-p-Ni(OH), QDs//Pt mesh cell shows a preferably low
working voltage of 1.47 V to attain 10 mA cm >, preceding p-Ni
(OH), nanosheets//Pt mesh cell (1.5 V) and indicating an excel-
lent overall catalytic performance for urea electrolysis. Besides,
the US-B-Ni(OH), QDs//Pt mesh cell was driven by a 1.5 V dry
battery (Fig. 3f and Video 17), and it can be observed that a
large number of bubbles are generated in the two electrodes,

This journal is © the Partner Organisations 2025

further indicating the excellent overall water splitting activities
of US-p-Ni(OH), QDs.

2.3. Mechanism of UOR activity enhancement

As mentioned above, the US-p-Ni(OH), QDs show outstanding
UOR activity; hence, we examined the mechanism behind the
enhanced activity of the US-p-Ni(OH), QD catalyst. Firstly, we
estimated electrochemical double-layer capacitance (Cq) to
determine the real surface area of the catalysts (Fig. 4a and
Fig. S97).

As shown in Fig. 4a, the Cyq value of US-B-Ni(OH), QDs is
814 pF cm?, which is significantly higher than that of f-Ni
(OH), nanosheets (580 pF em™?), further demonstrating that
the reduction of the catalyst size can create more edges, which
is a practical way to modulate the electrochemical surface area
(ECSA) of f-Ni(OH),. The increased ECSA induced by increased
edges can boost the effective contact between catalysts and

Inorg. Chem. Front.
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(a) The calculated Cq values. (b) CV curves collected at the potential ranges from 1.0 V to 1.6 V (vs. RHE). Bode plots (c) and Nyquist plots (d)

of US-B-Ni(OH), QDs. Bode plots (e) and Nyquist plots (f) of the -Ni(OH), nanosheet.

electrolytes, which is conducive to improving the reaction kine-
tics and the charge transfer capacity at the interface.
Furthermore, the polarization curve normalized by Cgq is
obtained to rule out the influences of the ECSA on the catalytic
activity, and the result (Fig. S107) shows that the inherent
activity of US-B-Ni(OH), QDs was higher than that of p-Ni(OH),
nanosheets. To analyze the influences of edges on the catalytic
activity of p-Ni(OH),, CV curves were first plotted at a potential
range from 1.0 V to 1.6 V (vs. RHE) in 1 M KOH solution. As
shown in Fig. 4b, the two catalysts show a couple of redox
peaks of Ni**/Ni**, and the peaks at around 1.4 V (vs. RHE) can
be assigned to the electrooxidation of Ni**" to Ni**. In contrast,
the electrooxidation of Ni** to Ni** in US-p-Ni(OH), QDs
occurs beyond 1.352 V, which is earlier than that in p-Ni(OH),
nanosheets (1.377 V), indicating that the US-B-Ni(OH), QDs
have a more active Ni**-OH group than B-Ni(OH), nanosheets.
Meanwhile, the peak intensity of US-B-Ni(OH), QDs is stronger

Inorg. Chem. Front.

compared with the B-Ni(OH), nanosheet, which is mainly
because the rich edges with oxygen vacancy are more condu-
cive to generating Ni**, providing more active sites for the
UOR.

Operando electrochemical impedance spectroscopy (EIS)
was carried out to further investigate the influence of the elec-
trooxidation of Ni** to Ni*" on the UOR activity of catalysts.
Bode plots of the two catalysts are presented in Fig. 4c and e.
To our knowledge, the high-frequency region of Bode plots
corresponds to the electrooxidation of Ni** to Ni**, and the
low-frequency region corresponds to the electrooxidation of
Ni** to Ni**.**"*” It can be seen that the peak of US-B-Ni(OH),
QDs in the high-frequency region is significantly lower than
that of p-Ni(OH), nanosheets at the same potential, indicating
easier oxidation of Ni** to Ni**. In addition, the fitting results
(Fig. 4d and f) of Nyquist curves reveal that the US-p-Ni(OH),
QD catalyst exhibits a much lower R, value than that exhibited
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by B-Ni(OH), nanosheets at the same potential, suggesting a
favorable UOR charge transfer kinetics process.

To investigate the change in the physical and chemical
structures of the two catalysts after the UOR, XRD, FTIR, and
XPS measurements were performed. After 10 h of the UOR, the
XRD result (Fig. 5a) shows that there is almost no change in
the diffraction peaks of the two samples, indicating no signifi-
cant change in their crystal structure after the UOR.

FTIR results (Fig. 5b) of the US-p-Ni(OH), QDs and p-Ni
(OH), nanosheet catalysts after the UOR show two new peaks
at 1447 cm™" and 1379 cm™, which are assigned to the CO5*~
and NO;~ groups, repectivley.*®*® Compared with B-Ni(OH),
nanosheets, the peak intensities of US-B-Ni(OH), QDs are
lower, primarily owing to the reduced accumulation of toxic
byproducts (CO;>~ and NO;”) during catalysis, which leads to
active site deactivation. To further prove this hypothesis, the
chronopotentiometry measurements of the US-B-Ni(OH), QDs
were performed by separately injecting CO5;*~ and NO;™~ solu-
tions to monitor potential changes. After the injection of
CO;*>” and NO;™ solutions, the US-p-Ni(OH), QD catalyst pre-
sents a reduced activity (Fig. S117), demonstrating that the
accumulation of toxic byproducts (CO;>~ and NO; ) can cause
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activity attenuation. Furthermore, previous studies have con-
firmed that the oxygen vacancies in Ni(OH), can facilitate urea
adsorption, thereby inhibiting the deposition of CO;*~ and
NO;~ generated during the UOR and mitigating catalyst poi-
soning.>® DFT calculations results (Fig. 5c) reveal that the
oxygen vacancies at the edges of p-Ni(OH), exhibit a lower urea
adsorption energy compared with the Vy-free edge, V, at the
basal plane, and the basal plane model, further confirming
the promoted urea adsorption capability. The US--Ni(OH),
QD catalyst, with its high specific surface area and abundant
edge sites, provides more oxygen vacancies for the UOR com-
pared with conventional p-Ni(OH), nanosheets. These struc-
tural advantages facilitate urea adsorption and prevent the
deposition of the formed CO;>~ and NO;™; and thus, the stabi-
lity of US-p-Ni(OH), QDs is superior to that of B-Ni(OH),
nanosheets.

The XPS Ni 2p spectra (Fig. 5d) reveal that the Ni**/Ni**
ratio in US-B-Ni(OH), QDs after the UOR is 1.64, significantly
higher than p-Ni(OH), nanosheets (1.23), indicating that the
oxygen-vacancy-rich edge structure is more conducive to gener-
ating Ni*" species, thereby enhancing the UOR process.
Meanwhile, the O 1s spectrum (Fig. 5e) shows that the peak
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Fig. 5 XRD patterns (a) and FTIR spectra (b) of the US-B-Ni(OH), QD and $-Ni(OH), nanosheet catalysts after the UOR. (c) Urea adsorption energy
of the four distinct configurations. XPS Ni 2p spectra (d) and XPS O 1s spectra (e) of the US-B-Ni(OH), QDs and p-Ni(OH), nanosheets after the UOR.
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catalysts. (h) UOR activity enhancement mechanism schematic for the US-p-Ni(OH), QD catalyst.

This journal is © the Partner Organisations 2025

Inorg. Chem. Front.


https://doi.org/10.1039/d5qi00372e

Published on 17 April 2025. Downloaded by Y unnan University on 8/1/2025 3:06:51 PM.

Research Article

intensity of adsorbed water (Oy) on the US-p-Ni(OH), QD
surface after the UOR is markedly stronger than that on B-Ni
(OH), nanosheets, and the binding energy of Oy for US-p-Ni
(OH), QDs is higher than for p-Ni(OH), nanosheets because
the increased Ni** content not only enhances water molecule
adsorption but also elevates the oxidation state of surface
oxygen species (Oyw).

The UOR of Ni-based materials mainly involves two pro-
cesses: it begins with the self-oxidation of Ni(OH), to NiOOH
(the conversion of Ni** into Ni**); then, the generated NiOOH
spontaneously degrades urea using Ni** as the catalytic
site.”’”? The dehydrogenation energy, defined as the energy
required to remove an H atom from a material, directly corres-
ponds to the Ni**/Ni** redox transition. This parameter has
been widely recognized as a critical descriptor for assessing
UOR activity in nickel-based catalysts. Our theoretical calcu-
lations (Fig. 5f) reveal that the dehydrogenation energy for the
basal plane of B-Ni(OH), is 1.66 eV. Notably, as reported by
Wang et al.,>® among the various elementary reactions of urea
electrooxidation on the NiOOH surface, the step involving the
conversion of the CONNH, intermediate into CONNH presents
the highest energy barrier (1.27 eV). In contrast, the dehydro-
genation energy for the basal plane of B-Ni(OH), is higher
than the value of the CONNH,-to-CONNH conversion energy
barrier. This clearly establishes that the conversion of Ni*" into
Ni*" is the rate-determining step in the overall urea degra-
dation process. Moreover, the urea adsorption energy of the
four configurations is a negative value, which further indicates
the spontaneous degradation of urea using Ni** as the catalytic
site. Furthermore, the dehydrogenation energies of the other
three distinct configurations were calculated: (i) edge sites
incorporating oxygen vacancies; (ii) Vy-free edge sites; and (iii)
basal plane sites with oxygen vacancies. The results reveal that
edge sites incorporating oxygen vacancies exhibit the lowest
dehydrogenation energy (0.96 eV), which is lower than that of
the Vy-free edge (1.01 eV), V, at the basal plane (1.35 eV), and
the basal plane (1.66 eV). This demonstrates that the increased
density of edges with oxygen vacancies facilitates the rate-
determining step of urea degradation, promoting the oxidation
of Ni** to Ni** in B-Ni(OH),. Consequently, the US-p-Ni(OH),
QDs possess faster reaction kinetics and superior UOR per-
formance compared with conventional $-Ni(OH), nanosheets.
To contextualize the significance of these findings, the dehy-
drogenation energy was benchmarked against other high-per-
formance UOR catalysts (Fig. 5g). Notably, the values are sub-
stantially lower than those reported for state-of-the-art UOR
catalysts, such as (-Ni(OH), nanosheet edges (1.76 eV),
B-Mn, ;Nipo(OH), (1.75 eV), and Nigge4C0¢.136(OH), (1.48
eV),>%°** further highlighting the exceptional catalytic activity
of the US-p-Ni(OH), QDs.

To reveal how the lower dehydrogenation energy promotes
the Ni**/Ni*" conversion, the O-H bond length at the B-Ni
(OH), edges and basal plane were calculated using DFT
(Fig. S12%). As shown in Fig. S12,f the O-H bond length at the
edge incorporating oxygen vacancies of f-Ni(OH), is 0.9421 A,
which is longer than that of V,-free edge sites, basal plane
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sites with oxygen vacancies and the basal plane, indicating
that the OH group at the edges incorporating oxygen vacancies
possess highest chemical reactivity, which can be attributed to
the inherently under-coordinated nature of the edge sites of
B-Ni(OH),. The edges with low atomic coordination environ-
ments, combined with nearby oxygen vacancies, weakened the
O-H bond strength, facilitating proton (H') removal from
hydroxyl (O-H) groups during the electrochemical process.>>*®

Based on the above result, the UOR catalytic mechanism of
the US-p-Ni(OH), QD catalyst was proposed, which is shown in
Fig. 5h. During the UOR, the US-p-Ni(OH), QD catalyst first
undergoes a self-oxidation of Ni(OH), to NiOOH (step 1: the
conversion of Ni*" into Ni**); then, the generated NiOOH spon-
taneously degrades urea using Ni*" as the catalytic site (step 2).
The US-B-Ni(OH), QD catalyst features a high density of edge
sites, where the oxygen vacancy concentration far exceeds that
of the basal plane. This structural characteristic significantly
reduces the energy barrier for the self-oxidation of Ni(OH), to
NiOOH by creating more edges with oxygen vacancies, thereby
facilitating the rate-determining step of the entire urea degra-
dation process. As a result, the US-p-Ni(OH), QDs exhibit faster
reaction kinetics and superior UOR performance compared
with p-Ni(OH), nanosheets.

3. Conclusions

In summary, we synthesized ultra-small $-Ni(OH), quantum
dot catalysts (US-p-Ni(OH), QDs) with abundant edges through
the coupling of co-precipitation and anionic exchange. The
US--Ni(OH), QDs demonstrate superior UOR activity, requir-
ing only 1.48 V (vs. RHE) to arrive at 151 mA cm™ . Notably,
US-B-Ni(OH), QDs exhibit 4.1 and 96 times higher current
density than do p-Ni(OH), nanosheets (38.34 mA cm™>) and
the Pt mesh electrode (38.34 mA cm™?) at a potential of 1.48 V
(vs. RHE), respectively. Experimental and theoretical calcu-
lation results indicate that the US-B-Ni(OH), QD catalyst fea-
tures a high density of edge sites, where the oxygen vacancy
concentration far exceeds that of the basal plane. This unique
oxygen-vacancy-rich edge structure endows the US--Ni(OH),
QDs with a low energy barrier (0.96 eV) for the self-oxidation of
Ni(OH), to NiOOH, thereby facilitating the rate-determining
step of the entire urea degradation process. As a result, the US-
B-Ni(OH), QDs exhibit faster reaction kinetics and superior
UOR performance compared with (-Ni(OH), nanosheets.
These discoveries provide promising perspectives for the fabri-
cation of hydroxide ultra-small quantum dot catalysts with
efficient UOR activities and offer insights for exploring other
catalysts with abundant edge activities.
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