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Abstract: The surface reconstruction of NiFe-based layered
double hydroxide (LDH) electrocatalysts has been widely
studied. The reconstructed NiOOH phase plays a critical role
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in improving the oxygen evolution reaction (OER) perform-
ance of NiFe-based LDHs, but observing the NiOOH phase is
difficult because of its instability and exploring the functional
mechanism of NiOOH in NiFe-based LDHs remains a great
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challenge. A simple electrochemical activation was used to : {

synthesize a NiOOH/NiFeV-LDH@CC catalyst consisting of
an array of V-doped NiFe-LDH nanosheets on carbon cloth
(CC), in which the reconstructed NiOOH phase is the active
species. During electrochemical activation, the release of
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doped V leads to the formation of abundant vanadium vacancy (V) and oxygen vacancy (V) species, and thus the surface of
the NiFe-LDH nanosheets is reconstructed to form NiOOH. Because of the improved intrinsic activity from the NiOOH active
phase, and the increased electrical conductivity produced by the abundant V,, NIOOH/NiFeV-LDH@CC has an excellent OER
performance in an alkaline solution, with low overpotentials of 209 mV and 241 mV at 20 mA cm > and 100 mA cm 2, respect-
ively. It also has a long-term stability of 80,000 s at a constant current density of 10 mA c¢m 2. Using NiOOH/NiFeV-LDH@CC
as the anode, an assembled over water splitting (OWS) battery can drive a current density of 20 mA ¢cm > (without iR compens-
ation) at a much lower voltage of 1.597 V. At the same time, the electrolytic cell can deliver a current density of 10 mA cm > at
~ 1.55V for more than 80,000 s without significant loss. This electrochemical activation method can be used in future designs
of electrocatalysts for OER.

Key words: V doping; NiFe-based Layered double hydroxides; Electrochemical reconstruction; NiOOH; Oxygen evolu-
tion reaction

kinetic barrier due to having a four-electron coupled
) ) ) ) process and complicated intermediate reaction' .
The reliance on fossil fuels since the Industrial . . . )
) o o The difficulties can be overcome using high-perform-
age has resulted in the emission of carbon dioxide,
) ) ) o ance electrocatalysts. At present, Ir- and Ru-based
which causes global warming. With the objective of
.. ) . . electrocatalysts such as IrO, and RuO, show good
achieving Net Zero, hydrogen is considered an ideal T . o
. o . . OER performance, but their high price and scarcity in
substitute for its high specific energy density, regener- . .
. . . the earth’s crust hinder the adoption of hydrogen to
ative, and pollution-free properties' '. Hydrogen pro-

duction from water electrolysis is the most promising
method due to its abundant source of reactants, relat-
ively mature process and environmental friendliness.
During electrolysis, oxygen evolution reaction (OER)

at the anode suffers from poor efficiency and high
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replace fossil fuels'” . Therefore, the discovery and
research for inexpensive and easily prepared non-
noble metal electrocatalysts for efficient and stable
OER is becoming increasingly important”.,

Transition metal-based compounds such as trans-

ition metal oxidest"'""" [12-15]

, phosphides , sulphi-
des!' " and hydroxides'" " are considered as can-
didates for OER electrocatalysts. Among these,
layered double hydroxides (LDHs) are a type of trans-
ition metal-based electrocatalyst that consists of lay-
ers of divalent and trivalent metal cations coupled to
hydroxide anions, with the guest anion wedged
between the layers' """ NiFe-based LDHs have
efficient OER performance in alkaline solution””. The
valence of Ni increases from 2+ to 3+ under an ap-
plied electric field, leading to the surface reconstruc-
tion of NiFe-based LDHs during OER. The formation
of NiOOH phase indicates the true active phase of
NiFe-based LDHs"". The impact of surface recon-
struction on the OER performance of NiFe-based
LDHs electrocatalysts has been verified by research-
ers. Zhai et al. studied ways to promote the genera-
tion of reconstructed NiOOH active species in NiFe-
LDH materials with the synergistic effect of O vacan-
cies (V) and Fe vacancies (Vg,) by in-situ Raman.
This effect serves to enhance the OER performance of
NiFe-LDH and optimizing the adsorption free energy
of oxygen-containing intermediates’””. Chen et al. re-
ported that Zn vacancies (V,,) in Zn-doped NiFeP
nanosheets caused by the removal of Zn ions pro-
moted the formation of the reconstructed NiOOH
phase, improving the OER performance of Zn-doped
NiFeP nanosheets”). Wu et al. explored the influence
of metal vacancies (Vy, and Vy,) on the surface recon-
struction of NiFe-LDHs by in-situ Raman, and con-
cluded that the real active species in the OER process
is thought to be the reconstructed NiOOH phase'”). It
can be seen in literature that reconstructed NiOOH
phase often enhances the electrocatalyst’ OER per-
formance. However, said phase is unstable and diffi-
cult to be observed directly. The precise mechanism
of NiOOH in NiFe-based LDHs during OER remains

uncleart”.
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Vanadium (V) with 3d outer electron character-
istics has recently emerged as a promising material in
the field of water-splitting electrocatalysts”"!. Thanks
to its abundant natural reserves, low cost, and flexible
oxidation states (ranging from +2 to +5, which en-
ables strong electronic interactions with other metal
cations), the incorporation of V is beneficial for intro-
ducing vacancy defects and promoting the reconstruc-
tion of NiFe-LDHs, thus enhancing the intrinsic cata-
lytic activity and structural flexibility”". Herein, a V-
doped NiFe-LDH catalyst with the structure of 2D
nanosheet array on carbon cloth (CC) is synthesized
(NiOOH/NiFeV-LDH@CC) by a two-step method of
hydrothermal reaction followed by in-situ electro-
chemical activation (Fig. 1), in which the reconstruc-
ted NiOOH phase as the actual active species is
formed due to abundant V vacancies (V) and Vg,
from the release of doped V during the redox process.
Benefiting from the NiOOH active phase on the sur-
face of NiFeV-LDH@CC, NiOOH/NiFeV-LDH@CC
exhibits excellent OER performance in 1 mol L™
KOH solution, requiring an overpotential as low as
209 mV to drive a current density of 20 mA cm .
This method can be extended to other NiFe-based ma-
terials to enhance their electrocatalytic activity and

study the transformation process.
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Fig. 1

Schematic illustration of the manufacturing of
NiOOH/NiFeV-LDH@CC

Nickel nitrate hexahydrate (Ni(NO,),"6H,0,

New Carbon Materials



B BATEL (FPEsC)

Research article

AR), iron nitrate nonahydrate (Fe(NO,),-9H,0, AR),
vanadium trichloride (VCl;, 99%) were purchased
from Anhui Senrise Technology Co., Ltd. Ammoni-
um fluoride (NH,F, 99.99%), urea (CO(NH,),,
99%) and potassium hydroxide (KOH, 95%) were
purchased from Shanghai Aladdin Biochemical Tech-
nology Co., Ltd. Ruthenium (IV) oxide (RuO,,
99.9%) and 20% Pt/C (99.9%) were bought from Alfa
Aesar. Acetone (CH,OH), Ethanol (C,H;OH, AR)
were purchased from Damao Chemical Reagent Fact-
ory. All chemicals were used as is without additional
purification. Carbon cloth (CC) was bought from
Cetech Co., Ltd.

In order to remove impurities on the surface of
CC and improve its wettability, CC was cut into
1 cm x 3 cm strips and cleaned ultrasonically in
CH,OH, C,H,OH, and deionized (DI) water, success-
ively for 10 mins each, then dried at 60 °C for 12 h.

The NiFeV-LDH@CC nanosheets were fabric-
ated with a hydrothermal process. Typically, a pre-
cursor solution was obtained by mixing 2 mmol of
Ni(NO,), 6H,0, 0.25 mmol of Fe(NO,),-9H,0, 0.125
mmol of VCI;, 10 mmol of CO(NH,), and 6 mmol
NH,F with 35 mL DI water and stirred until homogen-
eous. The precursor solution and the treated CC were
put into a 50 mL Teflon-lined autoclave and stirred.
160 °C for
6 h. Following which, the products were taken out and
rinsed 3 times with DI water and C,H;OH before be-
ing vacuum-dried at 60 °C overnight. We also pre-
pared NiFeV,,,-LDH@CC in the same way as the
compared sample, with the sole exception being an
additional 0.25 mmol VCl,.

The autoclave was maintained at

NiOOH/NiFeV-LDH@CC was
NiFeV-LDH@CC with chemical activation. A Satur-
ated Calomel Electrode (SCE, filled with saturated

KCI solution) and a carbon rod (6 mm in diameter)

made from

were utilized as a reference electrode and a counter

electrode. Platinum electrode clip clamped NiFeV-
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LDH@CC on CC was used as the working electrode
with a working area of 1 cm x 1 cm. NiFeV-
LDH@CC was electrochemically activated by using
cyclic voltammetry (CV) at a potential window of
1.042-1.642 V vs. RHE for 1000 cycles at a scan rate
of 100 mV s ' in 1 mol L™' KOH solution. The com-
pared samples were prepared as follows: The NiFe-
LDH@CC sample on CC was synthesized by the
same method as 2.2.1 without adding VCl,. A-NiFe-
LDH@CC was made from the electrochemical activa-
tion of NiFe-LDH@CC by the same method as 2.2.3.
RuO, on CC was obtained by adding 2 mg of RuO, to
100 puL of ethanol and 100 pL of DI water and dis-
solve under ultrasonic. The solution was then added
drop by drop onto the treated CC and dried at 60 °C
overnight in vacuum. Pt/C-on-CC was synthesized by
the same method as RuO,-on-CC except that RuO,
was replaced by 20% Pt/C.

The morphology and composition of the cata-
lysts were obtained by LYRA3 XMH scanning elec-
tron microscope (SEM, TESCAN, Czech) and X-
MaxN energy dispersive spectroscopy (EDS, Oxford
Instruments). X-ray Photoelectron Spectroscopy
(XPS) was performed on an Escalab 250Xi (Thermo
Fisher Scientific, USA). X-ray diffraction (XRD)
measurements were made using Ultima IV (Rigaku,
Japan). A JEM F200 microscope (JEOL, Japan) is
used to performed high-resolution transmission elec-
tron microscope (HRTEM). The metal concentration
of the catalysts was detected using an inductively
coupled plasma optical emission spectrometer (ICP-
OES 720, Agilent, USA).

All electrochemical measurements were per-
formed in a three-compartment electrochemical cell
with a CHI 760e electrochemical workstation. Satur-
ated Calomel Electrode (SCE) filled with saturated
KCl solution was used as the reference electrode,
while a carbon rod (@ 6 mm) served as the counter
electrode. The working electrode was a Pt electrode
clip clamped CC filled with electrocatalysts with an

working area of 1 cm x 1 cm. Electrochemical imped-
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ance spectroscopy (EIS) measurements were per-
formed in the frequency range of 100 kHz to 0.01 Hz
using an overpotential of 350 mV. Linear sweep
ob-

tained with 90% iR-compensation at a scan rate of

voltammetry (LSV) polarization curves were

5 mV s '. Chronopotentiometry (CP) curves were re-
corded without iR-compensation at a constant current
density of 10 mA cm . All potentials described in this
article were referred to as RHE and were transformed
using the following equation: Epy=FEq-x+0.2438+
0.0591xpH. The overpotential () was derived using
the formula: #(V)=E;z—1.23V. CV was used to probe
the double layer capacitance (C,) of various samples
at the non-Faradic region, which was identified at
scan rates of 20, 40, 60, 80 and 100 mV s' in the
range of 1.142-1.242 V vs RHE.

SEM images of NiFeV-LDH@CC show that the
nanosheets with the smooth and regular surface are
vertically grown on CC to form the nanosheet arrays
(Fig. Sla, b and Fig. 2a). After electrochemical activa-
tion, the overall morphology of the sample is not obvi-
ously changed, but the surface of the nanosheets be-
comes irregular and rough (Fig. Slc, d and Fig. 2d),
indicating the surface reconstruction of NiFeV-
LDH@CC. The TEM and HRTEM images of NiFeV-
LDH@CC indicate that the edges of the nanosheets
are straight with a corner angle of ~ 120° (Fig. 2b),
which is characteristic of the crystal morphology of
LDH"". Lattice spacings of 0.230 and 0.132 nm ob-
served in Fig. 2¢ and Fig. S2b can be indexed to the
planes of (015) and (119) of NiFe-LDH@CC (PDF:
40-0215). The TEM and HRTEM images of
NiOOH/NiFeV-LDH@CC show that the edge of the
nanosheets becomes much rougher and more irregu-
lar (Fig. 2e) than those of NiFeV-LDH@CC, and the
lattice spacings of 0.203 and 0.230 nm in Fig. S2d and
Fig. 2f can be corresponded to the (105) plane of
NiOOH (PDF: 06-0075) and the (015) plane of NiFe-
LDH@CC, respectively. In addition, the amorphous
regions appear in the NiOOH/NiFeV-LDH@CC
sample (marked with the red circles in Fig. 2f). The
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Fast Fourier Transform (FFT) images (Fig. S2b and d)
derived from Fig. 2c, 2f demonstrate the appearance
of new species on the surface of the nanosheet after
electrochemical activation, which corresponds to the
formation of the NIOOH phase. However, the crystal
structure and morphology of the NiFe-LDH@CC
sample without the addition of V are not obviously
changed during the electrochemical activation (Fig.
S3). The FFT images of NiFe-LDH@CC and A-NiFe-
LDH@CC are similar, in which new species are not
found. It can be inferred that adding V contributes to
the appearance of the reconstructed NiOOH phase on

the surface during electrochemical activation'™”.

0.132 nm

fc il

0.230 nm

Fig.2 SEM, TEM and HRTEM images of (a-c) NiFeV-LDH@CC and (d-
f) NiOOH/NiFeV-LDH@CC. STEM-EDS mappings of (g) NiFeV-
LDH@CC and (h) NiOOH/NiFeV-LDH@CC

XRD patterns of NiFeV-LDH@CC and
NiOOH/NiFeV-LDH@CC show the peaks of CC at
25.5° and 43.4°, and a series of peaks of NiFe-
LDH@CC at 11.5°, 23.1°, 33.5°, 34.5°, 39.0°, 46.0°,
60.0° and 61.2° for 2 samples, the peak of NiOOH is
not observed in NiIOOH/NiFeV-LDH@CC due to few
crystalline NiOOH (Fig. 3a). Also, no pattern peak of
V is found, indicating the successful doping of V,
which partially replaces Fe sites after the hydrotherm-
al processt'”.

XPS was used to explore how electrochemical
activation affected the chemical valence state and

composition of NiFeV-LDH@CC. The XPS survey
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Fig.3 (a) XRD patterns and (b) survey XPS Spectra of NiFeV-LDH@CC and NiOOH/NiFeV-LDH@CC. (c-f) Ni 2p, Fe 2p, V 2p and O 1s spectra of NiFeV-
LDH@CC and NiOOH/NiFeV-LDH@CC

spectra of NiFeV-LDH@CC and NiOOH/NiFeV-
LDH@CC show the presence of Ni, Fe, V and O in
both samples (Fig. 3b). High-resolution Ni 2p spectra
(Fig. 3c) show fitting peaks at 856.3 and 873.6 eV,
which can be ascribed to Ni 2p,, and Ni 2p,, in
NiFeV-LDH@CC respectively. After electrochemical
activation, their fitting peaks shift to the lower side, as
seen in NIOOH/NiFeV-LDH@CC. In the high-resolu-
tion Fe 2p spectra of NiFeV-LDH@CC and
NiOOH/NiFeV-LDH@CC (Fig. 3d), fitting peaks at
712.6 and 725.4eV are ascribed to Fe 2p,, and Fe
2p,, of NiFeV-LDH@CC, which are slightly shifted
to lower binding energy after electrochemical activa-
tion. The negative shift of the binding energy of Ni
and Fe indicates the accumulation of electrons around
Ni and Fe atoms due to the unsaturated metal sites
with dangling bonds"”" ", caused by the increased V.
The high-resolution V 2p spectra of NiFeV-
LDH@CC and NiOOH/NiFeV-LDH@CC show that
in addition to the obvious negative shift of the fitting
peaks, the area integration of V 2p peak is decreased
after electrochemical activation (Fig. 3e). It demon-
strates an overall decrease in the valence and the con-
tent of V. Abundant V, are formed in NiOOH/
NiFeV-LDH@CC, the relative concentration of Vi,
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rises markedly from 17.96% before reconstruction to
44.05% after, which are caused by the detachment of
high valence V species from the lattice. The O 1s XPS
spectra show peaks at 529.6, 530.6, and 532.2 eV
which can be attributed to lattice oxygen (O;), hy-
droxy species (—OH), and chemisorbed water (Oy,)
respectively (Fig. 3f). An additional peak at 531.2 eV
is considered as coming from the O atoms in the vi-
cinity of V,""\. The proportion of the integrated area
of V,, increases from 21.36% to 39.24% after electro-
chemical activation. The XPS spectra of NiFe-
LDH@CC and A-NiFe-LDH@CC without V doping
show that the peak of V, is not obviously changed and
the binding energy of Ni and Fe atoms is not shifted
after electrochemical activation (Fig. S4d-f). By com-
paring the results above it can be revealed that V dop-
ing has a significant impact on the formation of V,,
and V, due to the strong bonding between the higher
valence V species (V*'/V>") and O atoms in the lattice,
and the good solubility of V-oxides (VO, and V,0;) in
alkaline solutions™ """,

SEM-EDS spectra in Fig. S5a,b reveal the uni-
form distribution of Ni, Fe, V and O elements
throughout the NiFeV-LDH@CC and NiOOH/
NiFeV-LDH@CC samples. It demonstrates that the
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relative atomic proportions of V and O are decreased,
meaning that V and O are released from the lattice in
the form of VO, and V,0O;, generating a large number
of Vy, and V, during electrochemical activation. ICP-
OES was used to measure the metal contents. As
shown in Table S1, the atomic ratio of Ni, Fe, and V
in NiFeV-LDH@CC is 80.03 : 13.11 : 6.86, and that
in NiOOH/NiFeV-LDH@CC is 80.87 : 13.53 : 5.6.
The content of V is reduced after electrochemical ac-
tivation, whereas Ni and Fe contents are not signific-
antly changed. This observation aligns with the SEM-
EDS outcome.

STEM-EDS was applied to further explore the
distribution and the
nanosheets. As shown in Fig. 2g, h, the STEM-EDS
spectra of NiFeV-LDH@CC and of NiOOH/
NiFeV-LDH@CC show that the atomic ratio of Ni,
Fe, and V in NiFeV-LDH@CC is 81.75 : 12.03 :
5.02, which is similar to the original feed ratio
(Ni : Fe : V=16 : 2 : 1). After electrochemical activ-
ation, the atomic ratio of Ni, Fe and V of
NiOOH/NiFeV-LDH@CC becomes 88.28 : 11.56 :
0.16. The ultra-low V content is due to the TEM spe-
cimen from the surface of NiIOOH/NiFeV-LDH@CC

during the ultrasonic separation, further proving the

content of elements on

surface reconstruction caused by the V detachment to
form the NiOOH active phase.

The formation of NiOOH is further confirmed by
the CV curves of NiFeV-LDH@CC and NiFe-
LDH@CC (Fig. S6a and c), showing that the oxida-
tion peaks appear at about 1.4 V (vs. RHE) for both
samples, which corresponds to the oxidation of Ni** to
Ni*". Also, the heights of the oxidation peaks are in-
creased until 1000 cycles for NiFeV-LDH@CC and
700 cycles for NiFe-LDH@CC, which indicates that
the contents of NiOOH are increased with the CV
cycles, and the content of NiOOH in NiFeV-
LDH@CC is higher than that in NiFe-LDH@CC. The
result indicates that the addition of V facilitates sur-
face reconstruction to form the active NiOOH phase,
which is also proven by color changes of the elec-
trode (Fig. S7). Increasing the dose of added V from
0.125 to 0.25 mmol caused the thickness of the
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nanosheet array loaded onto CC reduces from 12.82 to
7.65 um (Fig. S8). Increased acidity following the dis-
solution of VCI, severely limits the growth of NiFe-
LDH@CC during the hydrothermal process, which is
also reflected in the CV activation curves with a
weaker tendency of the NIOOH formation (Fig. S6b).
The OER electrocatalytic performance of the ob-
tained samples was assessed using the electrochemic-
al method. LSV polarization curves in Fig. 4a and Fig.
S10a show that NIOOH/NiFeV-LDH@CC achieves
low overpotentials of 209 mV at 20 mA ¢cm ~ (7,,) and
241 mV at 100 mA cm * (77,,), Which are better than
those of NiFeV-LDH@CC (7,,: 271 mV, #,40: 322
mV), A-NiFe-LDH@CC (7,: 233 mV, #,4,: 285 mV),
NiFe-LDH@CC (1,,: 316 mV, 7,0: 375 mV) and
RuO,@CC (1,: 453 mV, 7,40: 539 mV), visualized in
Fig. 4b. Tafel plots (Fig. 4c) derived from the LSV
curves also show a smaller value of 38 mV dec™' for
NiOOH/NiFeV-LDH@CC than those of NiFeV-
LDH@CC (62 mV dec'), A-NiFe-LDH@CC
(76 mV dec') and NiFe-LDH@CC (63 mV dec™'),
which indicate that the NiOOH/NiFeV-LDH@CC
electrode has faster kinetics for OER. The Electro-
chemical Surface Area (ECSA) is proportionate to the
C, value. Therefore, CV curves were measured in the
appropriate potential range without redox processes
and the C, value was derived to determine the ECSA
(Fig. S9). The results 4d  reveal that
NiOOH/NiFeV-LDH@CC has a C, value of 2.21 mF
cm 2, which is higher than those of NiFeV-LDH@CC
(0.26 mF cm ), A-NiFe-LDH@CC (2.10 mF cm?)
and NiFe-LDH@CC (0.22 mF cm ). It implies that
NiOOH/NiFeV-LDH@CC has larger ECSA, which

partially facilitates the reaction. EIS measurements

in Fig.

were performed to further study the kinetics of the as-
obtained catalysts. The solution resistance (R,) of all
electrodes is ~ 2.0 Q cm’. The charge transfer resist-
ance (R,) of NiOOH/NiFeV-LDH@CC (~ 0.54 Q
cm’) is lower than that of NiFeV-LDH@CC ( ~ 0.70
Q cm’), A-NiFe-LDH@CC ( ~ 0.60 Q cm?) and NiFe-
LDH@CC (~ 1.50 Q cm?). It demonstrates the fast
electron transfer in the NiOOH/NiFeV-LDH@CC

electrode. Long-term stability was investigated with
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Fig. 4 (a) OER polarization curves. (b) Comparison of the overpotentials at different current densities. (c) Derived Tafel slopes. (d) Cy plots. (e) EIS Nyquist
plots measured at 350 mV overpotential for NIOOH/NiFeV-LDH@CC, NiFeV-LDH@CC, A-NiFe-LDH@CC and NiFe-LDH@CC. (f) CP test at 10 mA cm *
of NiOOH/NiFeV-LDH@CC for 80 000 s (inset: LSV curves of NIOOH/NiFeV-LDH@CC before and after the stability test). (g) OWS composed of
NiOOH/NiFeV-LDH@CC and Pt/C on CC. (h) OWS polarization curves and stability tests of Pt/C on CC || NiOOH/NiFeV-LDH@CC and Pt/C on CC || RuO,

CP mode at a constant current density of 10 mA cm >
for 80 000 s (Fig. 4f). Excellent oxygen evolution out-
put is displayed by the NiOOH/NiFeV-LDH@CC
electrode with no evident decline. Fig. 4g-i shows the
over water splitting (OWS) cell assembled using Pt/C
on CC and NiOOH/NiFeV-LDH@CC on CC as the
cathode and anode, respectively. Compared to the
Pt/C on CC || RuO,-based electrolyzer, the Pt/C on CC
|| NiOOH/NiFeV-LDH@CC-based electrolyzer can
drive a current density of 20 mA cm > under a much
lower cell voltage of 1.597 V (without iR-compensa-
tion). This electrolyzer is stable, and drives a current
density of 10 mA cm™ at ~ 1.55 V for over 80000 s
without significant weakening.

After stability testing, as shown in the SEM im-
age (Fig. 5a), the overall morphology of
NiOOH/NiFeV-LDH@CC has not changed signific-
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antly. It remains as a nanosheet array with a rough
In the TEM image
(Fig. 5b, c), lattice spacings of 0.203 and 0.230 nm
typical of NiOOH can still be observed on the surface
of the NiFeV-LDH@CC nanosheets. The XRD pat-
tern and XPS spetra of NiOOH/NiFeV-LDH@CC

after stability testing show there is no obvious struc-

surface and curled edges.

tural change (Fig. 5d) and the binding energy shift of
Ni 2p and Fe 2p peaks (Fig. 5e-1). Further decreases in
V content can be attributed to the dissolution of V
species during OER in an alkaline environment over a
long period of time. After stability testing, the content
of V, was 30.4%, which has not changed signific-
antly.

We further investigated the formation process of
NiOOH using in-situ Raman spectroscopy (Fig. S13).
The results show that within the voltage range of
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(a) SEM, (b) TEM, (c) HRTEM image, (d) XRD pattern and (e) Survey XPS spectra of NIOOH/NiFeV-LDH@CC after stability testing. (f-i) High-res-

olution XPS spectra of Ni 2p, Fe 2p, V 2p, O 1s of NIOOH/NiFeV-LDH@CC after stability testing

1.1-1.3 V, only the characteristic peaks of NiFe-LDH
are present. When the voltage increases to 1.4 V,
peaks corresponding to NiFe-LDH disappear, and a
new peak emerges at 558 cm ', confirming the forma-
tion of NiOOH. Additionally, in-situ Raman tests
were performed on the compared sample NiFeV -
LDH@CC. With increasing voltage, only the peaks of
NiFe-LDH remain observable throughout, and no new
peak appears. This finding aligns with our earlier hy-
pothesis that excessive V content inhibits the recon-
struction of NiOOH, resulting in surface signals too
weak to be detected.

The overpotentials and Tafel slopes of the newly
reported NiFe-based OER electrocatalysts in alkaline
solution are shown in Table S2. The OER perform-
ance of NIOOH/NiFeV-LDH@CC is demonstrated to
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be on par with numerous first-rate non-noble metal
catalysts. The excellent OER performance of the
NiOOH/NiFeV-LDH@CC catalyst is due to the fol-
lowing reasons. Firstly the reconstructed NiOOH act-
ive phase caused by abundant V,, and V from the re-
lease of doped V during the electrochemical activa-
tion enhances the intrinsic activity of NIOOH/NiFeV-
LDH@CC. Secondly, abundant V, improves the elec-
tron distribution around the metal atoms and in-
creases the electrical conductivity of NiOOH/NiFeV-
LDH@CC.

4 Conclusions

In summary, NIOOH/NiFeV-LDH@CC catalyst
with the structure of V-doped NiFe-LDH@CC
nanosheet array on CC is obtained by a facile electro-
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chemical activation, in which the reconstructed
NiOOH phase as the actual active species is formed
due to abundant V,, and V, from the release of doped
V. Benefiting from the improved intrinsic activity
from the NiOOH active phase and the increased elec-
trical conductivity from abundant V,, NiOOH/
NiFeV-LDH@CC exhibits excellent OER perform-
ance in 1 mol L' KOH solution, and only requires
low overpotentials of 209 and 241 mV at 20 and 100
mA cm°, respectively. A straightforward method for
reconstructing LDH surfaces is demonstrated. This
method may be used to various LDH materials to en-
hance electrocatalytic performance.
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