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Broader context

Modulating the electronic structure of Ni(OH), by
coupling with low-content Pt for boosting the
urea oxidation reaction enables significantly
promoted energy-saving hydrogen productiont

Mengxiao Zhong,® Meijiao Xu,? Siyu Ren,? Weimo Li,> Ce Wang, ' Mingbin Gao*®
and Xiaofeng Lu (=) *®

Replacing the high-potential oxygen evolution reaction (OER) by the low-potential nucleophile oxidation
reaction (NOR) is an essential way to further promote the production rate of hydrogen during water
electrolysis. Here, low-content Pt-anchored Ni(OH), on the surface of nickel-carbon nanofibers (Ni-
CNFs) are prepared via a simple electrospinning—electrodeposition strategy to achieve the alkaline urea
oxidation reaction (UOR) electrocatalysis, and they are optimized by controlling different concentrations
of deposition solutions during the electrodeposition process. Owing to the Pt loading on the Ni(OH),
surface, the dehydrogenation processes of both Ni(OH), to Ni(OH)O and urea molecules to N, and CO,
are promoted, leading to a greatly enhanced UOR performance with low potentials of 1.363 and 1.422 V
vs. RHE at current densities of 10 and 100 mA cm ™2 for the optimized Pt—Ni(OH),@Ni-CNFs-2 catalyst,
which is significantly better than many reported representative Ni-based catalysts. Moreover, considering
the superior hydrogen evolution reaction (HER) activity of the optimized Pt@Ni-CNFs-2 catalyst through
a similar synthetic procedure, a home-made urea-assisted water splitting device is constructed with the
Pt—Ni(OH),@Ni-CNFs-2 and Pt@Ni-CNFs-2 catalysts serving as the anode and cathode, respectively,
which exhibits a voltage of 1.40 V at 10 mA cm™2, surpassing many reported representative urea-
assisted water splitting electrolyzers. The as-fabricated electrolyzer displays a significantly promoted H,
production rate of 10-fold that of the overall water splitting, demonstrating the prominent prospects of
our catalysts in urea-assisted water splitting for energy-saving H, generation.

Hydrogen has been considered an ideal energy carrier because of its favorable gravimetric energy density, zero contamination and exceptional recyclability.
Therefore, the green and environmentally friendly strategy of electrocatalytic overall water splitting has attracted much attention in the field of hydrogen

generation. However, the anodic oxygen evolution reaction (OER) of overall water splitting is critical for efficiently utilizing renewable energy resources due to
the sluggish kinetics, which greatly hinders the efficiency of hydrogen production. Replacing the high-potential OER process by the low-potential nucleophile
oxidation reaction (NOR) is a novel approach to achieve energy-saving hydrogen production. Urea has been proposed as a hydrogen source because of the high

gravimetric hydrogen content of 6.71%. In addition, urea has the characteristics of low cost, non-toxic and stable chemical properties, which are widely derived
from human/animal urine and industrial production. Thus, replacing OER by the urea oxidation reaction (UOR) during water splitting can not only reduce the

energy consumption of hydrogen generation but also treat the urea-rich wastewater. In this work, we demonstrate a Pt-anchored Ni(OH), surface to facilitate
the capture of urea and further enhance the hydrogen production rate, which also provides a low-cost and suitable approach for energy-saving hydrogen

production.
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mental concerns, there exists an urgent need for eco-friendly
renewable energy sources to alleviate the consumption of fossil
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density, zero contamination and exceptional recyclability.’
However, several strategies for producing H,, such as coal
gasification and steam methane reforming, suffer from the
drawbacks of low H, purity, high energy consumption and
unsatisfactory efficiency.® Thus promising approaches for gen-
erating H, have been proposed, such as electrocatalytic water
splitting,” photoelectrochemical (PEC) water splitting,*° and so
on. In line with the goal of sustainable development, electro-
catalytic water splitting has garnered substantial attention for
its highly efficient H, production that is both economical and
pollution-free.'® The process of overall water splitting involves
the cathodic hydrogen evolution reaction (HER) and the anodic
oxygen evolution reaction (OER), which requires a high thermo-
dynamic voltage of 1.23 V."»'* Nevertheless, the actual operat-
ing voltage for water splitting is usually much higher due to the
limitation of the sluggish kinetics of the OER."* To minimize
the overpotential during water splitting, the rational design of
advanced electrocatalysts for boosting HER and OER activity is
an essential approach for enhancing the efficiency of H,
generation.

In addition to developing highly efficient HER and OER
electrocatalysts, it is crucial to replace the anodic OER in overall
water splitting by the electrooxidation reaction of small organic
molecules for dramatically enhanced energy-saving H,
production.'® Generally, among various kinds of organic mole-
cules, those with nucleophilic groups and active hydrogen are
essential to act as substrates for electrooxidation.'* Thus, the
electrooxidation of organic substrates containing hydroxyl,
aldehyde and amino groups can be defined as the nucleophile
oxidation reaction (NOR), including the urea oxidation reaction
(UOR), ethanol oxidation reaction (EOR) and hydrazine oxida-
tion reaction (HzOR), which can be coupled with the HER to
reduce the energy consumption in H, production.** Moreover,
the excessive production and use of nitrogen-containing com-
pounds (including urea) can lead to environmental problems
such as water eutrophication and disruption of the nitrogen
cycle."®™” Hence, the NOR process for the degradation of
excessive available nitrogen has gained much attention as an
environmentally friendly and gentle alternative for artificially
balancing the nitrogen cycle in recent years.

Among these NOR processes, UOR offers great prospects for
the replacement of the OER, as it can remarkably reduce the
theoretical thermodynamic potential from 1.23 V to 0.37 V.'®'°
Therefore, the anodic UOR can be coupled with the HER to
construct a urea-assisted water splitting configuration in an
alkaline environment:

Anode: CO(NH,), + 60H~ — N, + 5H,0 + CO, + 6e~
Cathode: 6H,0 + 6¢~ — 3H, + 60H~

Overall reaction: CO(NH,), + H,O — N, + 3H, + CO,

Generally, due to the OH -rich environment of the electrolyte
for the UOR, the released CO, could react with OH™ in the
electrolyte to form CO;>~ species.”®®" Due to the sluggish
complex six-electron transfer process, the kinetics of the UOR
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is relatively slow, usually resulting in unsatisfactory potentials.
Hence, it is crucial and challenging to develop highly efficient
UOR catalysts. Urease, which contains nickel sites, is capable of
efficiently catalyzing urea.>* Inspired by this natural mechanism,
various nickel-based materials, including nickel alloys,>*">*
nickel oxides,”>*® nickel sulfides,">*”*® nickel selenides,’
nickel nitride*>*" and nickel hydroxides,** have been widely
considered as prospective candidates for UOR electrocatalysis.
The spontaneous transformation of some nickel compounds
into Ni-O, and the subsequent combination with adsorbed
OH" to form Ni(OH),, has garnered significant interest because
of its structural versatility and the satisfactory availability of 3d
electrons.®® An indirect mechanism for the UOR on the Ni(OH),
surface in the alkaline electrolyte has been proposed, revealing
that Ni(OH), is firstly electrooxidized to Ni(OH)O in the presence
of OH at a higher potential, and thereafter, urea undergoes
spontaneous dehydrogenation on the Ni(OH)O surface to form
N, and CO, products, while the catalyst is converted back to
Ni(OH),."""* Thus, promoting the electrooxidation from Ni(OH),
to Ni(OH)O, and the dehydrogenation of urea molecules on the
catalyst surface is vital for the UOR. Modulating the surface
electronic structure and promoting the intrinsic activity of
accessible active sites through surface engineering are effective
strategies to minimize the overpotentials in the electrocatalytic
reactions for enhanced performance.>*?® It has been reported
that the modification of the precious metal with the Ni(OH),
catalyst can modify the electronic structure of Ni, optimizing
the interaction between the active sites and the intermediates,
thus resulting in faster electrocatalytic kinetics for the OER.*®
However, there are a few reports to boost the UOR performance
by the interfacial engineering of the Ni(OH), catalyst with a
precious metal component.

Herein, further inspired by the formation of the Pt-H bond
at the active sites to promote the HER performance, we report
the fabrication of Pt-anchored Ni(OH), on the surface of nickel-
carbon nanofibers (Pt-Ni(OH),@Ni-CNFs) and Pt-decorated Ni-
CNFs (Pt@Ni-CNFs) via a simple electrospinning and electro-
deposition technique, which are used as highly efficient UOR
and HER electrocatalysts, respectively. Owing to the interfacial
interactions between the Pt nanoparticles and Ni(OH),, the
prepared Pt-Ni(OH),@Ni-CNFs catalyst exhibits a prominent
UOR performance with low potentials of 1.363 and 1.422 V vs.
RHE at a current density of 10 and 100 mA cm > in a 1 M KOH/
0.33 M urea system, which is better than many other reported
representative UOR electrocatalysts. In situ characterizations
and density functional theory (DFT) calculations reveal that Pt
loading can significantly reduce the energy barrier during the
UOR process, further promoting electrocatalytic performance.
In addition, the Pt@Ni-CNFs catalyst presents excellent HER
performance with an ultralow overpotential of 20.8 mV at a
current density of 10 mA cm™ 2 in 1 M KOH, even surpassing
that of the benchmark Pt/C catalyst. As a result of the superior
UOR and HER performances, a urea-assisted water splitting
electrolyzer is assembled, in which Pt-Ni(OH),@Ni-CNFs and
Pt@Ni-CNFs are served as anodic and cathodic electrodes,
respectively. The electrolyzer delivers a low voltage of 1.40 V
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at 10 mA cm ™, and presents an enhanced 10-fold H, genera-
tion rate compared with the overall water splitting device,
which illustrates prominent prospects for energy-saving H,
production.

Results and discussion
Fabrication and characterization of catalysts

As illustrated in Fig. 1, the Ni precursor-polyacrylonitrile (PAN)
nanofibers are firstly prepared via an electrospinning technol-
ogy with diameters in the range of 490-550 nm (Fig. S1, ESIT).
Then, after the high temperature carbonization process, the
obtained Ni-CNFs membranes significantly shrink to 470-
520 nm, which results from the pyrolysis of the polymer
(Fig. S2a and b, ESIt). Thanks to the soft and flexible nature
of the Ni-CNF membranes, they contribute as self-supporting
working electrodes for electrodeposition reactions. Based on
the standard electrode potential, the reduction of NO;™ in the
Ni(NO;), solution is given priority over H,O and Ni*" on the
cathode, which is depicted as follows:

NO,;™ + 7H,0 + 8¢~ — NH," + 100H™

Therefore, Ni*" and OH™ are deposited on the cathode elec-
trode, resulting in the formation of Ni(OH),.>”*® Meanwhile,
PtClg>~ ions in the solution undergo a reduction process on the
cathode:*°

PtCls>~ + 4e~ — Pt + 6Cl™

We have prepared a range of deposition solutions with
varying concentrations for the electrodeposition process, where
the deposition solutions for Ni(OH),@Ni-CNFs and Pt-
Ni(OH),@Ni-CNFs samples include 20 mL of aqueous solution
with 15 mM Ni(NO;), and varied concentrations of H,PtCl, (O,
1.25, 2.5 and 3.75 mM). Field emission scanning electron
microscopy (FESEM) and transmission electron microscopy
(TEM) images reveal that the presence of the Ni precursor in
the solution results in the hierarchical nanosheets coating on
the fiber surface of Ni-CNFs (Fig. 2a, b and Fig. S2c-h, ESIf).
Notably, a thicker surface nanosheet-like coating is observed
when the Pt content in the deposition solution is low, which
may be attributed to the deposition sequence of Ni and Pt
species on the cathode. In addition, it is evident that many Ni
nanoparticles are evenly embedded throughout the entire
nanofibers, contributing to the promotion of the electron

=
/

Ni precursor-PAN

Ni-CNFs

Fig. 1 Schematic diagram of the fabrication of Pt—Ni(OH),@Ni-CNFs.
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transfer properties. As shown in Fig. 2c¢, the diffraction peaks
of Ni-CNFs sample in the X-ray diffraction (XRD) pattern at
44.6, 52.1 and 76.5° can be indexed to the (111), (200) and (220)
planes of metallic Ni (JCPDS No. 04-0850), which are still
maintained after the electrodeposition process. With increasing
Pt concentration in the deposition solution, a broad peak
appears at 39.8°, corresponding to the (111) plane of metallic
Pt (JCPDS No. 04-0802).°"*> Although there is no obvious
diffraction peak associated with Pt in the XRD pattern of Pt-
Ni(OH),@Ni-CNFs-2, the lattice fringe of the surface nanoparti-
cle with a spacing of 0.224 nm in the high-resolution (HRTEM)
image ascribes to the (111) plane of metallic Pt (Fig. 2d). More-
over, the distinct flexural lattice fringe of C (002) with a d-spacing
of 0.360 nm can be observed, indicating the high graphitization
of the carbon substrate, which facilitates electron transport.'®
Fig. S3 (ESIt) shows the energy dispersive X-ray (EDX) pattern
that further confirms the existence of the Pt element. And EDX
mappings also present the uniform distribution of Pt, Ni, O and
C elements (Fig. 2e and Fig. S4, ESIt). To identify the composi-
tions of surface nanosheets, we employ a Pt-free Ni(OH),@Ni-
CNFs sample that is prepared in a more concentrated solution as
reference, and its XRD pattern shows the diffraction peaks
pointing to «-Ni(OH), (JCPDS No. 38-0715) (Fig. S5, ESIT).
Furthermore, Raman spectra show that the peak located at
around 510 em™" in the Pt-free and Pt-Ni(OH),@Ni-CNFs sam-
ples corresponds to the Ni(u)-O bond of Ni(OH), (Fig. 2f), which
confirms the formation of Ni(OH),.** Nevertheless, another peak
attributed to the Pt-O bond appears at 560 cm™ ' in the Pt-
containing samples, suggesting that the Pt species are attached
to Ni(OH),.***® To further analyze the chemical composition of
the nanofibers, X-ray photoelectron spectroscopy (XPS) is con-
ducted to depict the surface valence states of the prepared
samples. The XPS survey spectrum of Pt-Ni(OH),@Ni-CNFs-2
shows the coexistence of Pt, Ni, C and O elements (Fig. S6a,
ESIt). In detail, as shown in Fig. 2g, the Pt-Ni(OH),@Ni-CNFs-2
sample exhibits prominent characteristic peaks at binding ener-
gies of 71.2 and 74.6 eV, corresponding to Pt 4f;,, and 4f5,, of Pt°,
respectively.*>*®*” Furthermore, the peaks at 72.1 and 75.9 eV
are assigned to the high-valence state of Pt’*, confirming the
successful introduction of the Pt species.’”*®"” Notably, the
binding energy peaks of Pt 4f and Ni 3p partially overlap,
whereas the peak with a binding energy of 68.5 eV corresponds
to Ni 3p.*° In the Ni 2p spectrum of the Pt-Ni(OH),@Ni-CNFs-2
sample, the characteristic peaks of Ni 2p;, and 2p,,, corres-
ponding to Ni** in Ni(OH), appear at 856.0 and 873.4 eV

@Cc OO0 ON ¢oH

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d3ee03398h

Published on 30 janvris 2024. Downloaded on 09.05.2025 04:04:05.

Paper

View Article Online

Energy & Environmental Science

w

Pt —— PLNI(OH),@NICNFs-3
v

w

PU-Ni(OH),@NICNFs-1

—— Ni(OH),@NICNF|

—— NiCNFs|

L.J.__~
10 20 30 40 50 60 70 80 90
2 Theta (degree)

—— PENI(OH),@NiCNFs-3

B N L NI

—— PENI(OH),@NICNFs-2]

PENI(OH),@NICNFs-1

w

200 400 600 800 1000 1200 1400 1600 1800 2000
Raman shift (cm™)

Raman intensity (a. u.) <>

h) N
NP
st
— —_ 2p;,
S S
S 8 |ptNi(OH),@NiCNFs-2
> >
= =
@ @
c c
[0) [0]
2 L
= £
Ni(OH),@NICNFs

Ni 2p |) 01s
2p;, ﬁé}‘g

3 ik
. Ai O
T ¥ U f §% o
2 & 1982
= S RO
7] el o] éo

® & 7 R

(e S
Ni(OH),@NICNFs

84 82 80 78 76 74 72 70 68 66
Binding energy (eV)

885 880 875 870 865 860 855 850 540 538 536 534 532 530 528 526
Binding energy (eV)

Binding energy (eV)

Fig. 2 (a) SEM and (b) TEM images of Pt—Ni(OH),@Ni-CNFs-2. (c) XRD patterns of different samples. (d) HRTEM image, () HAADF-STEM micrograph and
EDX mappings of Pt, Ni and O elements of Pt—Ni(OH),@Ni-CNFs-2. (f) Raman spectra of different samples. (g) Narrow-scan XPS spectrum of Pt 4f of Pt—
Ni(OH),@Ni-CNFs-2. Narrow-scan (h) Ni 2p and (i) O 1s XPS spectra of Pt—Ni(OH),@Ni-CNFs-2 and Ni(OH),@Ni-CNFs.

(Fig. 2h).*® Compared with the Ni(OH),@Ni-CNFs sample with-
out Pt loading, there is an obvious positive shift of the Ni 2p
peaks, implying that the introduction of Pt changes the electron
density around the Ni atom, and thereby improves the electro-
catalytic oxidative activity.***° In addition, the doublets at 857.4
and 874.7 eV belong to the Ni 2p;, and 2p;, of Ni*". The
characteristic peak in the narrow-scan O 1s spectrum of Pt-
Ni(OH),@Ni-CNFs-2 shifts in the direction of high binding
energy compared to the Pt-free sample, which is mainly due to
the formation of the Pt-O bond.*®***! On the other hand, the
noticeable peaks of Pt-Ni(OH),@Ni-CNFs at 284.8, 285.8 and
289.1 eV in the C 1s spectrum belong to C-C/C—C, C-O and
C=0O0 bonds, respectively, which is originated from the carbon
network after PAN carbonization (Fig. S6b, ESI).>>>*

For comparison, Pt@Ni-CNFs samples are also fabricated
through a similar electrodeposition process in Ni precursor-free
solution. No significant changes are observed in the surface
morphology and the diameter of the final nanofibers compared
with the neat Ni-CNFs, because the singlet Pt primarily exists in
the form of small nanoparticles, which have minimal impact on
the changes in surface morphology and fiber diameter (Fig. S7a, b

This journal is © The Royal Society of Chemistry 2024

and S8, ESI{). The XRD pattern shown in Fig. S9 (ESIt) demon-
strates that in addition to the intense diffraction peaks of metallic
Ni, only the sample with high Pt loading can detect the character-
istic peak of metallic Pt(111). However, a lattice spacing of
0.224 nm is still observed in the Pt@Ni-CNFs-2 sample, which
is indexed to the (111) plane of metallic Pt (Fig. S7c, ESIT). And the
appearance of the Pt signal in the EDX pattern further confirms
the successful formation of Pt nanoparticles on Ni-CNFs (Fig. S7d,
ESIt). Additionally, the HAADF-STEM micrograph and the corres-
ponding EDX mapping illustrate the uniform distribution of Pt,
Ni and C elements (Fig. S7e, ESIt). The XPS survey spectra of
Pt@Ni-CNFs-2 and Ni-CNFs show the presence of Ni and C
elements in the nanofibers, and a clear characteristic peak of Pt
4f in Pt@Ni-CNFs-2, demonstrating the successful loading of Pt in
the Pt@Ni-CNFs-2 sample (Fig. S10a, ESIT). The binding energy
peaks of Pt 4f observed in Fig. S10b (ESIt) can be deconvoluted
into Pt 4f,, (71.5 eV) and Pt 4f;), (74.9 eV) for metallic Pt, and Pt
af,, (72.5 eV) and Pt 4f;, (76.0 eV) for Pt’*, where the binding
energy peak located at 68.1 eV corresponds to Ni 3p. In the Ni 2p
narrow-scan spectrum of Pt@Ni-CNFs-2, two typical peaks at
853.2 and 870.6 eV correspond to Ni 2ps,, and 2p,/, of metallic

Energy Environ. Sci., 2024,17,1984-1996 | 1987
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Ni, respectively (Fig. S10c, ESIt). Moreover, the noticeable peaks
located at 856.2 and 874.1 eV are attributed to Ni 2p;/, and 2p;,,
of Ni** derived from the surface oxidation, and they are accom-
panied by a pair of satellite peaks. It is noteworthy that the
characteristic peaks of metallic Ni in Pt@Ni-CNFs-2 illustrate a
negative shift compared with the Pt-free Ni-CNF sample, demon-
strating that Pt loading modulates the electron density of Ni
sites. Finally, the narrow-scan C 1s spectrum in Fig. $10d (ESIY)
can also be fitted to C-C/C—C (284.8 eV), C-O (285.6 eV) and
C—0 (288.5 eV). The mass loading of Pt and Ni in catalysts is
further determined by inductively coupled plasma optical emis-
sion spectroscopy (ICP-OES) measurement, in which the Pt-
Ni(OH),@Ni-CNFs-2 and Pt@Ni-CNFs-2 contain only 6.1 and
6.5 wt% metallic Pt, respectively (Table S1, ESIt).

UOR performance in a three-electrode configuration

The UOR performance of the as-prepared varied catalysts is
assessed by a simple three-electrode system. As shown in
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Fig. 3a, the linear sweep voltammetry (LSV) curve of Pt-
Ni(OH),@Ni-CNFs-2 toward the UOR exhibits a potential
advantage of 274 mV over the OER at a current density of
50 mA cm 2, indicating that the UOR catalysis is more favor-
able and energy-efficient than the OER based on the fabricated
Pt-Ni(OH),@Ni-CNFs-2 catalyst. In addition, the oxidation
peak at a potential of 1.36 V vs. RHE in the LSV curve of the
OER corresponds to the Ni**/Ni*" redox couple in the anodic
potential range for most nickel-based catalysts, which approx-
imates the onset potential of the UOR. This suggests that UOR
catalysis may also be related to the electrochemical oxidation of
the nickel active site. The cyclic voltammetry (CV) curves for the
UOR at different scan rates are obtained with reduction peaks
corresponding to the reduction process of Ni**/Ni** redox pairs,
and the reduction peak current density is plotted versus
the square root of the scan rate, which shows a good linear
relationship as a function, indicating that the redox of Ni**/Ni**
is a diffusion-controlled process (Fig. S11, ESIt).>* Moreover,
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Fig. 3

(a) Polarization curves of Pt—Ni(OH),@Ni-CNFs-2 for the UOR and OER in 1 M KOH/0.33 M urea and 1 M KOH, respectively. (b) Polarization curves

and (c) corresponding Tafel plots of different catalysts. (d) ECSA-normalized polarization curves and (d, inset) capacitive current density of different
catalysts with linear fitting with different scan rates of different catalysts. (e) Comparison of TOF values of different control catalysts. (f) Comprehensive
performance comparison of different catalysts. (g) Comparison of some representative catalysts for UOR activity. (h) i—t curve of Pt—Ni(OH),@Ni-CNFs-2

for the UOR at a potential of 0.47 V vs. Hg/HgO.
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the much lower Tafel slope of the UOR (13.7 mV dec )
compared with the OER (84.8 mV dec ") further confirms the
faster kinetics of the UOR process for the fabricated Pt-
Ni(OH),@Ni-CNFs-2 catalyst (Fig. S12, ESIT). In the following,
the impact of the electrolyte concentration on the UOR activity
has been investigated. As shown in Fig. S13a (ESI}), the
polarization curves of Pt-Ni(OH),@Ni-CNFs-2 in 1 M KOH
electrolyte containing different concentrations of urea reveal
that the current density increases gradually in the low concen-
tration range and reaches the maximum value at 0.33 M urea
concentration. In the electrolyte with a high concentration of
urea, the surface of Pt-Ni(OH),@Ni-CNFs-2 is heavily covered
by urea molecules and catalytic intermediates, which hampers
the contact of OH™ species with the active sites, thereby
reducing the urea oxidation rate.>>® In addition, excess urea
undergoes hydrolysis to generate CO,, which in turn mitigates
the current density.>® As a result, a concentration of 0.33 M urea
is used in the UOR process to attain the maximum current
density, which is also equivalent to the concentration of urea in
human urine. On the other hand, the UOR performance of the
catalyst is also explored by the LSV method in the KOH system
with varied concentrations (Fig. S13b, ESIt). The onset
potential shifts towards the negative range with increasing
KOH concentration, indicating that higher KOH concentrations
can stimulate the formation of active species.’” Similarly, the
anodic current density increases with KOH concentration,
which is mainly due to the increased electrolyte conductivity,
thereby facilitating current transport. However, a substantial
reduction in current density is observed at high potentials
when the KOH concentration reaches 6 M, which is likely
attributed to the complete coverage of OH™ on the surface of
the electrocatalyst, hindering the contact between urea mole-
cules and the electrode to yield decreased activity.>® Thus, the
subsequent UOR experiments are performed employing the 1 M
KOH/0.33 M urea system.

For further comparison, the UOR activities of other control
samples are explored. As shown in Fig. 3b, the Ni(OH),@Ni-
CNFs catalyst requires 1.404 V vs. RHE to attain a current
density of 10 mA cm 2. However, it is observed that the current
densities of Pt-Ni(OH),@Ni-CNFs catalysts are dramatically
enhanced upon the addition of Pt solution to the electrodeposi-
tion system; among them, the Pt-Ni(OH),@Ni-CNFs-2 catalyst
only requires 1.363 V vs. RHE to drive a current density of
10 mA cm 2, which surpasses those of Pt-Ni(OH),@Ni-CNFs-1
(1.367 Vvs. RHE) and Pt-Ni(OH),@Ni-CNFs-3 (1.371 V vs. RHE).
Moreover, the polarization curve of the sample with individual
electrodeposited Pt nanoparticles (Pt@Ni-CNFs-2) presents a
potential of 1.383 V vs. RHE at a current density of 10 mA cm 2.
It can be seen that the UOR performances of both Ni(OH),@
Ni-CNFs and Pt@Ni-CNFs-2 are lower than those of the Pt—
Ni(OH),@Ni-CNF samples, suggesting that the excellent elec-
trocatalytic UOR performance of our prepared catalyst is due to
the mutual synergistic effect between surface Pt nanoparticles
and Ni(OH),.

Additionally, the Pt-Ni(OH),@Ni-CNFs-2 catalyst presents a
current density of 238.4 mA cm 2 at 1.5 V vs. RHE, which
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displays a significant enhancement compared with the Pt-free
Ni(OH),@Ni-CNFs catalyst (27.5 mA cm™ ). The Tafel slope of
Pt-Ni(OH),@Ni-CNFs-2 for the UOR process is calculated as
13.7 mV dec !, which is lower than those of Pt-Ni(OH),@Ni-
CNFs-1 (14.6 mV dec™ '), Pt-Ni(OH),@Ni-CNFs-3 (26.5 mV dec™ '),
Ni(OH),@Ni-CNFs (20.7 mV dec '), Pt-Ni-CNFs-2 (17.9 mV dec )
and Ni-CNFs (26.2 mV dec™ '), suggesting the enhanced reaction
kinetics of Pt-Ni(OH),@Ni-CNFs-2 for the UOR (Fig. 3c). The
kinetics of this catalyst for the UOR can be further investigated
via EIS measurements. According to the Nyquist plot illustrated in
Fig. S14 (ESIt), the Pt-NiS@Ni-CNFs-2.5 catalyst displays the
smallest semicircle among all the prepared catalysts, signifying
the lowest charge transfer resistance (Rc).

The lower R.. value represents a faster charge transfer
capability of the catalysts for improving the electrocatalytic
performance. Remarkably, all Pt-loaded catalysts have substan-
tially reduced charge transfer resistance. Based on the previous
XPS characterization, it can be inferred that Pt loading mod-
ulates electron density at the nickel sites, which promotes
electron transfer and enhances the electrocatalytic activity.
Furthermore, the electrochemical surface area (ECSA) can be
evaluated through the double layer capacitance (Cq;) to study
the intrinsic activity of catalysts. As depicted in the Fig. S15
(ESIt) and the inset in Fig. 3d, the calculated C4 of Pt-
Ni(OH),@Ni-CNFs-2 is 0.3 mF cm 2, which is higher than that
of Pt-Ni(OH),@Ni-CNFs-1 (0.21 mF cm?), Pt-Ni(OH),@Ni-
CNFs-3 (0.25 mF cm?), Ni(OH),@ Ni-CNFs (0.08 mF c¢cm?)
and Pt@Ni-CNFs-2 (0.24 mF cm?). In general, the ECSA and
roughness factor (RF) can be estimated by Cg4;, where the higher
value of Pt-Ni(OH),@Ni-CNFs-2 reveals its more exposed active
sites (Table S2, ESIT).>®*° Additionally, the ECSA-normalized
polarization curves indicate that the Pt-Ni(OH),@Ni-CNFs-2
still exceeds other prepared catalysts, indicating its superior
intrinsic activity due to the synergistic interaction between Pt
and Ni(OH), components (Fig. 3d).”® Based on the molar ratio
of metal components in the catalysts given in Table S1 (ESIf),
the turnover frequency (TOF) values of each catalyst at various
potentials are calculated (Fig. 3e and Fig. S16, ESIT). The Pt-
Ni(OH),@Ni-CNFs-2 possesses the highest TOF of 0.065 s ' at a
potential of 1.5 V vs. RHE, further demonstrating the faster
kinetics and higher intrinsic activity of our prepared catalyst.*
The overall performance comparison of the catalysts in Fig. 3f
demonstrates that the prepared Pt-Ni(OH),@Ni-CNFs-2 has
the best electrocatalytic performance for the UOR. Moreover,
the prepared Pt-Ni(OH),@Ni-CNFs-2 catalyst exhibits excellent
activity at different current densities, surpassing many
reported representative Ni-based catalysts (Fig. 3g and Table
SS, ESIT).15,22,48,61772

Stability is a critical aspect in assessing the catalyst perfor-
mance. The long-term it curve in Fig. 3h exhibits that the
Pt-Ni(OH),@Ni-CNFs-2 catalyst maintains its electrocatalytic
activity in 1 M KOH/0.33 M urea system over 50 h at a continuous
current density of 20 mA ecm ™2, demonstrating its exceptional
long-term stability. It is noteworthy that after replacing with the
fresh electrolyte, the current density recovers, proving that the
current decrease might partially result from the consumption of
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urea and the formation of carbonate byproduct from the adsorp-
tion of CO, in the electrolytic system (Fig. 3h and Fig. S17, ESIt). A
series of examinations of Pt-Ni(OH),@Ni-CNFs-2 after the UOR
process has been carried out to further understand the origin of
the stability (Fig. S18, ESIf). SEM image shows that Pt-
Ni(OH),@Ni-CNFs-2 still retains its fibrous morphology and the
nanosheet structure, suggesting its structural robustness. The
XRD patterns present no significant changes before and after
the UOR process. Moreover, XPS analysis confirms the unchanged
chemical compositions of the catalyst after the UOR process. The
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characteristic peaks in the narrow-scan spectra of Pt 4f and Ni 2p
remain consistent with those prior to UOR. In addition, the O 1s
spectrum confirms the composition stability of Pt-Ni(OH),@Ni-
CNFs-2 with the characteristic peaks corresponding to the metal-
O bond, the O-H bond, and the H,O molecule on the surface of
the catalyst, respectively. Notably, the binding energy peak located
at 535.7 eV stems from the ether-oxygen bond in Nafion. Further-
more, the ICP results present the low losses of Ni (1.8%) and Pt
(6.1%) contents for the Pt-Ni(OH),@Ni-CNFs-2 after the it test,
resulting in its excellent long-term UOR performance.
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(a) Schematic diagram of the in situ Raman device. (b) In situ Raman spectra of Pt—Ni(OH),@Ni-CNFs-2 for the OER and UOR processes. Bode

plots of Pt—Ni(OH),@Ni-CNFs-2 at different applied potentials for the (c) OER (1 M KOH) and (d) UOR (1 M KOH/0.15 M urea), respectively. () The energy
barrier for Ni-OH dehydrogenation at the surface of Ni(OH), and Pt—Ni(OH), catalysts. Here, H, O, Ni and Pt atoms are indicated by white, red, cyan and
dark blue spheres, respectively. (f) Calculated Gibbs free energy diagrams for UOR steps on the surface of Ni(OH), and Pt—Ni(OH), catalysts.
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Catalytic mechanism for the high UOR performance

It is essential to analyze the phase transition of Pt-Ni(OH),@Ni-
CNFs-2 during the UOR process to figure out its reaction mecha-
nism. In situ Raman spectra are recorded to monitor the change of
the chemical structure of the catalyst and its surface species
(Fig. 4a). When the applied potential exceeds 0.45 V vs. Hg/HgO
(1.372 V vs. RHE) in 1 M KOH for the OER, two distinct Raman
peaks appear at 478 and 554 cm™ ', which belongs to the Ni**-0
bending and stretching vibrations of Ni**°O.H, species.*
However, these characteristic peaks disappear during the UOR
process in the 1 M KOH/0.33 M urea system (Fig. 4b). According to
the reported literature, Ni(OH), is usually converted to Ni(OH)O
intermediate through the dehydrogenation progress (Ni(OH), +
OH™ — Ni(OH)O + H,0 + e ) under the oxidation potential in an
alkaline electrolyte, initially arising at approximately 1.35-1.37 V
vs. RHE." Subsequently, the Ni(OH)O intermediates undergo
different reactions depending on the electrolyte. In the 1 M
KOH electrolyte for the OER process, Ni(OH)O accumulates to
form Raman sensitive Ni*’O,H, species (NIOOH and NiO,)."*
Conversely, in an electrolyte containing a nucleophile, the gener-
ated Ni(OH)O intermediates will be filled with hydrogen from the
nucleophile through the spontaneous reduction, thus, leading to
their conversion back to Ni(OH),, which is difficult to be identi-
fied by Raman spectra.'>*® Therefore, it can be inferred from the
absence of the bending and stretching vibrations of Ni**-O that
the accumulation of Ni(OH)O intermediates to Ni2+‘SOxHy species
is inhibited during the UOR process.

To further probe the interface behavior during OER and
UOR processes, the electrochemical impedance spectroscopy
(EIS) measurement is adopted under diverse potentials. As
illustrated in the Bode plots in Fig. 4c, there are two peaks
emerging at different frequency ranges when the applied
potential exceeds 1.34 V vs. RHE in 1 M KOH. Given the
mechanism of alkaline OER on nickel-based catalysts, the peak
reflected in the high frequency range is related to the electro-
catalytic oxidation of the catalyst (formation of Niz*‘;OxHy
species), which is associated with the first semicircle in the
Nyquist plots (Fig. S19a and b, ESI{). On the other hand, the
peak observed in the low frequency range, corresponding to
the second semicircle, is indexed to the OER. Beyond the
applied potential of 1.46 V vs. RHE, the phase angle in the low
frequency range drops gradually, representing the progressive
faster electron transfer during the OER process with increasing
applied potential. In comparison, Fig. 4d shows the Bode plots
from the EIS measurement of the UOR process. Unlike the OER
process, the Bode plots of the UOR manifest only one peak in the
entire applied frequency range, which corresponds to one semi-
circle in Nyquist plots (Fig. S19c and d, ESIt), implying the charge
transfer process during UOR. Consistent with the in situ Raman
results, the intervention of urea hinders the accumulation of
Ni(OH)O to generate Ni2+5OxHy. Furthermore, the phase angle
exhibits a sharp drop with an applied potential exceeding 1.34 V
vs. RHE, suggesting a faster charge transfer for the UOR process.
Notably, the phase angle starts to rise when the applied potential
increases above 1.46 V vs. RHE due to the passive reaction on the
surface of the catalyst.>***
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As shown in Fig. 3b, the polarization curves indicate that the
bare Pt/C cannot catalyze urea oxidation. Therefore, it is
possible that the incorporation of Pt can facilitate the dehy-
drogenation of Ni(OH), to Ni(OH)O, thereby promoting the
UOR. To gain a better understanding of the acceleration of Pt
loading for dehydrogenation kinetics, density functional theory
(DFT) calculations are performed. First, the energy barrier of
the dehydrogenation process (AE) of Ni-OH is revealed in
Fig. 4e and Fig. S20 (ESI). Pt-Ni(OH), is found to exhibit a
AE value of 1.25 eV under Pt-O-Ni-OH coordination condi-
tions, which is lower than the bare Ni(OH), surface (2.53 eV),
suggesting that Pt loading favors the dehydrogenation of the
Ni(OH), surface to form the vacancies. Pt loading can signifi-
cantly reduce the dehydrogenation energy barrier in the oxida-
tion progress of Ni(OH),, ultimately promoting the
thermodynamic behavior of the UOR. Furthermore, to validate
the adsorption behavior of urea, the adsorption energies
(AE.gs) of -NH, and -C=O0O groups in urea molecules on the
catalyst surface are investigated (Fig. S21, ESIt). Our findings
depict that the -NH, group has a stronger adsorption ability
than the -C—=O0 group on both dehydrogenated Ni(OH), and
Pt-Ni(OH), catalysts. Therefore, the Gibbs free energy diagrams
for UOR steps on Ni(OH), and Pt-Ni(OH), catalysts are calcu-
lated based on the adsorption behavior. As illustrated in Fig. 4f
and Fig. S22 (ESIY), the dehydrogenation of *CONNH, inter-
mediates is the rate-determining step (RDS) during the entire
UOR process. Evidently, the calculated Gibbs free energy change
(AG) of the RDS on Pt-Ni(OH), is 1.64 eV, which is lower than
that on Ni(OH), (2.90 eV). In addition, the results indicate that Pt
loading promotes the adsorption of the *CO intermediate while
not conducive to the adsorption of N,, enabling the prompt
desorption of N,, and thus facilitating the formation of *COOH
from *CO coupling with OH . These findings suggest that the
incorporation of Pt species can manipulate the electronic struc-
ture and significantly decrease the energy barrier, ultimately
resulting in excellent UOR activity.

HER performance in a three-electrode configuration

Bifunctional catalysts have attracted much attention for the
development of efficient H, production; the UOR serves as an
excellent anodic OER replacement reaction for overall water
splitting. Hence, the HER performances of a series of the
prepared catalysts are investigated. It is found that the
Pt@Ni-CNFs-2 catalyst presents the best HER activity, surpass-
ing Pt-Ni(OH),@Ni-CNFs-2 and even the benchmark Pt/C
catalyst (Fig. 5a and b). In detail, Pt@Ni-CNFs-2 shows an
overpotential of 20.8 and 107.8 mV at current densities of 10
and 200 mA cm ™2, which are lower than those of Pt@Ni-CNFs-1
(26.5 and 142.6 mV), Pt@Ni-CNFs-3 (27.3 and 202.3 mV), Pt-
Ni(OH),@Ni-CNFs-2 (25.5 and 210.9 mV), Ni-CNFs (213.7 and
424.5 mV) and commercial Pt/C (20.9 and 139.3 mV), suggest-
ing that Pt loading on Ni-CNFs promotes HER activity. Mean-
while, the excellent HER activity of Pt@Ni-CNFs-2 is also better
than many reported representative catalysts (Table S4, ESIT).
The mass activity (MA) of Pt@Ni-CNFs-2 is calculated and
further compared with that of commercial Pt/C based on the
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Fig. 5 HER measurements in 1 M KOH. (a) Polarization curves of different catalysts. (b) Overpotentials of different catalysts at 10 and 200 mA cm™2. (c)
Comparison of mass activity of Pt@Ni-CNFs-2 and commercial Pt/C at an overpotential of 100 mV. (d) Calculated free energy diagrams for water
dissociation on the surface of Pt(111), Ni(111) and Pt NPs/Ni(111) for the alkaline HER process. (e) Calculated free energy diagrams for hydrogen desorption
steps on the surface of Pt(111), Ni(111) and Pt NPs/Ni(111). (f) Comparison of some representative catalysts for HER properties. (g) TOF plots of different
catalysts. (h) Polarization curves before and after 2000 CV cycles of Pt@Ni-CNFs-2. (i) i—t curves of Pt@Ni-CNFs-2 and commercial Pt/C at a potential of

—0.97 V vs. Hg/HgO.

Pt content of the sample given in Table S1 (ESIt). As shown in
Fig. 5c, the MA of Pt@Ni-CNFs-2 at 100 mV is 2706.6 A g’l,
which is 4.3-fold that of commercial Pt/C (629.6 A g~ '), indicat-
ing the realization of low Pt loading of our prepared Pt@Ni-
CNFs-2 while still achieving a high activity. This result implies
that the excellent HER catalytic activity of Pt@Ni-CNFs-2 may
originate not only from the active sites provided by the Pt
nanoparticles, but also from the synergistic interaction
between Pt nanoparticles and Ni nanoparticles within CNFs
(Fig. S7c, ESIt), which has been further revealed by DFT
calculations. In Fig. 5d and Fig. S23 (ESIY), the relatively high
water dissociation energy barriers of 1.90 and 1.44 eV on
Pt(111) and Ni(111) catalysts can be observed, respectively,
demonstrating that Pt(111) and Ni(111) catalysts are inefficient
for the water dissociation step under alkaline conditions.
However, the activation barriers for water dissociation are
remarkably reduced to 1.22 eV on the Pt NPs/Ni(111) catalyst,

1992 | Energy Environ. Sci., 2024, 17,1984-1996

indicating the synergistic interaction between the Pt NPs and
the Ni surface within CNFs is effective for the cleavage of H-OH
bonds. After the formation of *H intermediates in the previous
water dissociation step, *H intermediates are desorbed from
the metal surface, thus yielding H,. The calculated hydrogen
adsorption free energy value of *H intermediates (AGxy) of Pt
NPs/Ni(111) (—0.19 eV) is higher than that of the Pt(111) surface
(—0.34 eV) (Fig. 5e). This suggests that the desorption from *H
intermediates to H, on Pt NPs/Ni(111) can be faster than that
on Pt(111) surface (when AG+y < 0, the desorption from *H
intermediates to H, is the rate-determined step), which can be
beneficial for the re-exposure of active sites. This combined
with a low energy barrier of water dissociation and fast
desorption of *H intermediates on Pt NPs/Ni(111) facilitates
highly efficient HER performance under alkaline conditions.
The Tafel slope is further evaluated as an important parameter
to understand the kinetics of the catalytic reaction (Fig. S24,
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ESIT). It is found that Pt@Ni-CNFs-2 has the lowest Tafel
slope of 20.1 mV dec™, lower than those of Pt@Ni-CNFs-1
(24.3 mV dec '), Pt@Ni-CNFs-3 (20.6 mV dec '), Ni-CNFs
(150.4 mV dec™ '), Pt-Ni(OH),@Ni-CNFs-2 (47.4 mV dec %),
and commercial Pt/C (21.3 mV dec™ "), demonstrating excellent
kinetic merits and superiority over many reported representa-
tive HER catalysts (Fig. 5f and Table S4, ESIf). In the HER
process, the mechanism of the reaction and its RDS for a
catalyst can be approximately estimated based on its Tafel
slope. Herein, the Tafel slope of 20.1 mV dec™' for the
Pt@Ni-CNFs-2 catalyst suggests its Volmer-Tafel mechanism,
with the RDS being the Tafel step (2H* + 2e~ — H,).

The kinetic information of the catalysts for the HER process
is further explored by the EIS measurement. As illustrated in
Fig. S25 (ESIt), after fitting by equivalent circuit, the R, of
Pt@Ni-CNFs-2 is calculated as 6.07 Q, which is lower than
that of other control samples including Pt@Ni-CNFs-1
(6.67 Q), Pt@Ni-CNFs-3 (8.78 Q), Ni-CNFs (494.7 Q) and Pt-
Ni(OH),@Ni-CNFs-2 (12.41 Q). The smaller R, value further
confirms that Pt@Ni-CNFs-2 possesses faster charge transfer
capability and outstanding kinetic advantages, which is bene-
ficial for the synergistic effect between surface Pt nanoparticles
and the embedded Ni nanoparticles within CNFs. Moreover,
according to the ICP results in Table S1 (ESIt), the TOF plots of
the prepared catalysts are obtained by assuming that both Pt and
Ni species are participating in the HER catalytic process (Fig. 5g).
At an overpotential of 150 mV, the TOF value of the Pt@Ni-CNFs-
2 catalyst is 0.311 s~', which exceeds that of Pt@Ni-CNFs-1
(0.199 s 1), Pt@Ni-CNFs-3 (0.117 s~ '), Ni-CNFs (0.003 s~ ') and
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Pt-Ni(OH),@Ni-CNFs-2 (0.095 s ), indicating the excellent reac-
tion kinetics of the Pt@Ni-CNFs-2 catalyst and its high intrinsic
activity. Fig. 5h and 5i illustrate the stability of the Pt@Ni-CNFs-2
catalyst toward the HER in an alkaline system. First, the polar-
ization curves of Pt@Ni-CNFs-2 prior to and post 2000 CV cycles
almost overlap, indicating that our prepared catalyst has excel-
lent cycling stability. Second, in the continuous it test with a
constant applied potential, Pt@Ni-CNFs-2 undergoes an HER
progress for 50 h with a slight decline in current density, while
the commercial Pt/C decays fast within 20 h, further confirming
favorable long-term stability of the Pt@Ni-CNFs-2 catalyst. It
brings a promising application prospect in the practical water
electrolysis for H, production. To gain insight into the structural
stability of the Pt@Ni-CNFs-2 catalyst during the HER process, a
series of characterizations after i-¢ testing are performed. As
illustrated in Fig. S26a (ESIt), the SEM image of the Pt@Ni-CNFs-
2 catalyst post HER shows morphological and structural robust-
ness. In addition, its XRD pattern reveals no obvious phase
changes, further realizing the stability of the crystal structure of
the Pt@Ni-CNFs-2 catalyst (Fig. S26b, ESIf). The surface
chemical valence states of the catalyst post HER process are
further investigated through the XPS spectra (Fig. S26¢ and d,
ESIT). Compared with the Ni 2p and Pt 4f spectra of the Pt@Ni-
CNFs-2 catalyst before the HER process, neither of them shows
significant differences. The ICP results further reveal that Pt loss
for the Pt@Ni-CNFs-2 sample (4.6%) is much lower than that of
the commercial Pt/C catalyst (22.2%), thus contributing to the
better chemical stability of Pt@Ni-CNFs-2 during the HER
process.
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Fig. 6

(a) Digital photograph of the Pt—Ni(OH),@Ni-CNFs-2| Pt@Ni-CNFs electrolyzer. (b) Polarization curves of different electrolyzers for overall water

splitting and urea-assisted water splitting without iR-compensation. (c) Activity comparison and (d) cathodic H, evolution of the Pt—Ni(OH),@Ni-CNFs-
2|Pt@Ni-CNFs electrolyzer for overall water splitting and urea-assisted water splitting. (e) /=T curve of the Pt—Ni(OH),@Ni-CNFs-2|/Pt@Ni-CNF
electrolyzer at a voltage of 1.44 V, and the comparison of the urea-assisted water splitting activity for Pt—Ni(OH),@Ni-CNFs-2| Pt@Ni-CNFs with other

reported similar electrolyzers.
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Urea-assisted overall water splitting in a two-electrode
configuration

In light of the remarkable UOR activity of Pt-Ni(OH),®
Ni-CNFs-2 and the highly efficient HER performance of Pt@
Ni-CNFs-2, a urea-assisted water splitting electrolyzer is
assembled in the 1 M KOH/0.33 M urea system with the two
catalysts as the anode and cathode, respectively (Fig. 6a). For
comparison, an overall water splitting electrolzyer of Pt-
Ni(OH),@Ni-CNFs-2||Pt@Ni-CNFs-2 is also prepared in 1 M
KOH. As illustrated in Fig. 6b and ¢, the Pt-Ni(OH),@Ni-
CNFs-2||Pt@Ni-CNFs-2 electrolyzer for overall water splitting
requires voltages of 1.635 and 1.841 V to reach the current
densities of 10 and 50 mA cm ™2 While for the urea-assisted
water splitting with the anodic reaction replaced by the UOR,
the same current density can be attained with a voltage of
merely 1.400 and 1.544 V. It reveals that replacing the anodic
OER process with UOR can achieve the desired current density
at a significantly lower voltage, which greatly reduces the energy
consumption in the H, production process. Consequently,
based on the LSV curves of the urea-assisted water splitting
and overall water splitting, the power consumptions at different
current densities are calculated and presented in Fig. S27
(ESIT). The significantly decreased power consumption from
4.27 t0 3.58 kW h m > H, at 80 mA cm ™ can be clearly observed
due to the replacement of the OER by the UOR, and it can be
concluded that urea-assisted water splitting needs considerably
less electrical energy than overall water splitting to achieve the
energy-saving hydrogen production.””*

Therefore, to highlight the advantages of the urea-assisted
electrolyzer in practical H, production, we have collected the
cathodic H, from the constructed electrolyzer. The H, produc-
tion rate of 0.23 mmol h™" is attained at a voltage of 1.60 V for
urea-assisted water splitting, which is 10-fold that of overall
water splitting without the addition of urea (Fig. 6d). In addi-
tion, the urea-assisted water splitting electrolyzer assembled
with commercial Pt/C as both the cathode and anode requires a
voltage of 1.690 V to attain a current density of 10 mA cm 2,
which is much higher than the Pt-Ni(OH),@Ni-CNFs-2 | Pt@Ni-
CNFs-2 electrolyzer (1.400 V). Furthermore, the cell voltage
based on the Pt-Ni(OH),@Ni-CNFs-2 || Pt@Ni-CNFs-2 electroly-
zer for urea-assisted water splitting also outperforms many
reported representative electrolyzers at a current density of
10 mA cm 2 (Fig. 6e and Table S5, ESIt). Fig. 6e also presents
the stability test of the Pt-Ni(OH),@Ni-CNFs-2 || Pt@Ni-CNFs-2
electrolyzer at a constant voltage, during which only a slight
decline is observed after 36 h, demonstrating its excellent long-
term stability.

Conclusions

In summary, we have successfully synthesized highly efficient
electrocatalysts for the UOR and HER via a simple electro-
spinning-electrodeposition strategy. The prepared Pt-Ni(OH),
@NiI-CNFs catalyst only requires a potential of 1.363 and
1.422 V vs. RHE to achieve a current density of 10 and
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View Article Online

Paper

100 mA cm > In situ characterization reveals an indirect
mechanism on the Pt-Ni(OH),@Ni-CNF catalyst toward the
UOR, that is, Ni(OH), is firstly electrooxidized to Ni(OH)O
followed by the subsequent spontaneous dehydrogenation of
the urea molecule at the vacancy site of Ni(OH)O, and then
Ni(OH)O is simultaneously converted back to Ni(OH),. DFT
calculations confirm that Pt loading facilitates the electroox-
idation of Ni(OH), and significantly decreases the energy
barrier of the RDS, boosting the UOR activity efficiently. On
the other hand, the obtained Pt@Ni-CNF catalyst exhibits an
extremely higher HER activity than the commercial Pt/C
catalyst in an alkaline medium. Therefore, the two-electrode
urea-assisted water splitting electrolyzer with Pt-Ni(OH),@Ni-
CNFs and Pt@Ni-CNFs serving as the anode and cathode,
respectively, renders a much lower working voltage in H,
production compared with the overall water splitting electro-
lyzer. The H, production rate of urea-assisted water splitting is
10-fold that of water splitting, demonstrating the enormous
prospective of replacing the OER with UOR in the field of
energy-saving and sustainable H, production.
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