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One-step electrodeposition of cerium-doped
nickel hydroxide nanosheets for effective oxygen
generationy
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Efficient electrocatalysts catalyzing oxygen evolution reaction (OER) in alkaline media is highly desirable for
large-scale hydrogen production from water splitting. Here we report the direct electrodeposition of
cerium-doped nickel hydroxide nanosheets on carbon fiber paper and its prominent performance in
catalyzing the OER. The composite generates a current density of 100 mA cm™2 at an overpotential of
320 mV, rivaling the performance of most reported OER catalysts and commercially available RuO,. X-
ray photoelectron spectroscopy analysis shows strong electronic interaction between Ni(OH), and CeO,,
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Introduction

The fast-growing world population results in a significant
increase in energy consumption. Due to the limited resource
of fossil energy, the development of new technologies to
provide clean, affordable, and renewable energy is urgently
required.” In the current hydrocarbon economic trans-
formation, hydrogen is being actively promoted as a future
energy carrier.® In particular, electrochemical water splitting
is being regarded as a green and sustainable route to convert
water into hydrogen.>”® However, because of the oxidative
half-reaction, the oxygen evolution reaction (OER), is a 4-
electron process that forms only one oxygen molecule, the
kinetics of the OER is sluggish, and the OER has always been
thought as the rate-limiting step in water splitting.*”
Therefore, there is a need to develop an effective OER elec-
trocatalyst, which possesses lower overpotential, faster cata-
lytic kinetics, and therefore improves the energy conversion
efficiency.'™'* Among many reported OER catalysts, RuO, and
IrO, are the most active OER electrocatalysts, however, their
scarcity and high cost greatly limit their large-scale applica-
tions."™* Substantial advances have been made in exploiting
nonprecious oxygen-evolving catalysts, among which some
transition metal hydr(oxy)oxides/oxides show superior
intrinsic activity.***°
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making a great contribution to the OER enhancement.

In general, doping catalysts with foreign elements can
effectively modify electronic structure and reliably introduce
defects to facilitate the adsorption and conversion of active
intermediates with a lower energy barrier for OER.*® Transi-
tion metals, especially 3d transition metals such as Fe, Mn,
Cr, and Co are widely used as dopants to regulate the
chemical state of electrocatalysts.”’>® Recently, several
groups reported the improvement of the performance of
catalysts in hydrogen and oxygen generation by doping
cerium into the host catalyst or constructing a heterogeneous
structure between CeO, and the active catalysts.”””** For
instance, CeO,-cluster-doped NiO shows better performance
in the OER than CeO, cluster surface-loaded NiO, due to
promoted oxygen storage capacity and modified electronic
structure of the active sites.*® The promotion of FeOOH
catalysts for OER by the integration of CeO, has been
demonstrated due to the larger oxygen storage capacity of
CeO, and electron interaction between CeO, and electro-
catalysts.* Another work has been represented by depositing
a protective thin CeO, layer on NiFeO, to improve stability by
preventing ion leaching.’®* We have also demonstrated that
the introduction of Ce induced the amorphourization of
Co0O, and brought new oxygen defects.’” Although various
approaches have been developed to introduce cerium into
host catalysts, a convenient method for the one-step
synthesis of metal hydr(oxy)oxides/oxides catalysts remains
definitely unexploited.

In this study, we reported a convenient fabrication of OER
electrocatalyst by one-step electrodeposition of cerium doped
nickel hydroxide nanosheets (NSs) on carbon fiber paper
(CFP) and its effective catalytic activity in the OER. The
electrodeposited freestanding electrode possesses advanta-
geous active site utilization and simple fabrication over
conventional powder electrocatalysts, which is physically
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mixed with polymeric binder and conducting agent to make
a slurry for coating on current collector.*® The optimization
of the molar ratio of Ni to Ce in the deposition solution
revealed that a 30 : 1 Ni: Ce solution generated a film with
the best performance. With the introduction of Ce, the
optimized Ni(OH),-0.75H,0-CeO, NSs showed an tremen-
dous increase in OER performance with the lowest over-
potential of 320 mV at 100 mA cm > and Tafel slope of
126 mV dec " in alkaline electrolyte, as compared with that of
Ni(OH),-0.75H,0 NSs(7190 = 460 mV, Tafel slope = 185 mV
dec™') deposited by the same method. Meanwhile, the
Ni(OH),-0.75H,0-CeO, NS showed prominent stability at
a high reaction rate for a long time and the faradaic efficiency
of 92% during water oxidation. These results not only present
a new 3d transition metal hydroxide doped with cerium as an
effective OER catalysts, but also introduce a facile method for
one step electrodeposition synthesis of electrocatalysts
loaded onto conductive support.

Experimental

Reagents

Nickel nitrate hexahydrate (Ni(NO;),-6H,0, AR), cerium nitrate
hexahydrate (Ce(NO3);-6H,0, REO), acetone (CH;COCHj;, AR),
and ethanol (C,H;OH, AR) were purchased from Tansoole Co.,
Ltd. CFP was commercially available from Hesen Co., Ltd. All
chemicals were used as received without further purification.

Synthesis

Prior to synthesis, a few pieces of CFP (1 cm X 2 cm) were
washed ultrasonically with acetone, ethanol, and deionized
water every 10 minutes in sequence. Ni(OH),-0.75H,0-CeO,
NSs were directly electrodeposited on the CFP in a three-
electrode cell, using the CFP as the working electrode, Pt as
the counter electrode, and Hg/Hg,Cl, as the reference elec-
trode. The electrolyte solutions with different atomic ratio of
Ni to Ce were prepared by mixing 10 mmol Ni(NOs),-6H,0
with different amounts of Ce(NO3);-6H,0 (i.e., 4,1, 0.33,0.25
mmol) into 100 ml deionized water and stirring them for 1 h.
Electrodeposition was carried out in a three electrode system
as described above using the potential static technique at
—1.0 V for 20 min at room temperature; the corresponding
electrodes are denoted as Ni(OH),-0.75H,0-CeO, (2.5:1)
NSs, Ni(OH),-0.75H,0-CeO, (10 : 1) NSs, Ni(OH),-0.75H,0-
CeO, (30:1) NSs, and Ni(OH),-0.75H,0-CeO, (40 : 1) NSs,
respectively. For the synthesis of Ni(OH),-0.75H,0 NSs, the
method is similar to that of Ni(OH),.0.75H,0-CeO, NSs
without adding the Ce(NO3);-6H,0 into the electrolyte. After
deposition, the as-prepared products were washed with
deionized water and absolute ethanol and then dried at 60 °C
for 10 h. The mass loading of the products on CFP was
approximately 6.8, 4.2, 7.5, 5.9, and 5.3 mg cm > for
Ni(OH),-0.75H,0-CeO, (2.5 : 1) NSs, Ni(OH),-0.75H,0-CeO,
(10 : 1) NSs, Ni(OH),-0.75H,0-CeO, (30 : 1) NSs, Ni(OH),-
-0.75H,0-CeO, (40:1) NSs and Ni(OH),-0.75H,0 NSs,
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respectively. These results were obtained by weighing the
electrodes carefully before and after deposition.

Characterization

The morphology of the samples was characterized with field-
emission scanning electron microscopy (FE-SEM, S-4800, Hita-
chi) and transmission electron microscopy (TEM, Tecnai G2 F30
S-TWIN, FEI). Powder X-ray diffraction (XRD) patterns were
recorded on a Bruker D8 Advance diffractometer with Cu Ka
radiation (2 = 1.5406 A). The surface characteristics of the
samples were investigated using ESCALAB250Xi X-ray photo-
electron spectrometer (XPS).

Electrochemical measurement

Electrochemistry measurements were carried out on an elec-
trochemistry workstation (CHI 760E, CH Instrument) in a three-
port glass chamber. A mercury-mercury oxide electrode (MOE)
was used as a reference electrode, and a graphite rod was used
as a counter electrode. The counter electrode was separated
from the chamber of working electrode by a porous glass frit.
The electrolyte is an aqueous KOH solution (1 M). The RHE was
determined by the open circuit potential of a clean Pt electrode
in the solution of interest bubbled with H, (99.999%). A scan
rate of 5 mV S™" was adopted for the measurement of polari-
zation curves. The measured potentials were corrected with
ohmic drop (iR), where i is the current corresponding to the
experimental potential and R is the uncompensated cell resis-
tance estimated by current interrupt method. The apparent
Tafel slope was derived from the iR-corrected polarization curve
by fitting experimental data to the equation n = a + b log},
where 7 is the iR-corrected potential, a is the Tafel constant, b is
the Tafel slope, and j is the current density. Electrochemical
impedance spectroscopy (EIS) were carried out at 1.55 V vs. RHE
in the frequency range of 10~ to 10° Hz with 10 mV sinusoidal
perturbations and 12 steps per decade. Faradaic efficiency was

measured by a method reported in our previous
publications.**™**
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Fig. 1 XRD patterns of Ni(OH),-0.75H,0, Ni(OH),-0.75H,0-CeO,
and bare CFP.
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Results and discussion

The XRD pattern was recorded to determine the component of
products. Fig. 1 gives the XRD pattern of the two samples
resulted from electro-deposition, including Ni(OH),-0.75H,0
and Ni(OH),-0.75H,0-CeO,. In spite of the poor crystallinity of
the deposited samples, both of the two XRD patterns have
anumber of peaks that can be indexed to Ni(OH),-0.75H,0. The
presence of Ni(OH),-0.75H,0 NSs were further examined using
the HRTEM images. The detailed elemental composition and
oxidation state of the hybrid arrays were further characterized
using XPS analysis. The diffraction pattern for the as-prepared
porous Ni(OH),-0.75H,0-CeO, NSs arrays on CFP, repre-
sented by the purple line, has seven obvious peaks at 28.5°,
33.0°, 47.5°, 56.3°, 59.0°, 69.4°, 76.7° and 79.0°, corresponding
t0(111),(200),(220),(311),(222),(400),(331),and (4 20)
of cubic CeO, (JCPDS PDF81-0792). It is therefore suggested that
CeO, was successfully doped into the Ni(OH),-0.75H,0 NSs.
Owing to Ni(OH),-0.75H,0 NSs and Ni(OH),-0.75H,0-CeO,
NSs growth on the CFP, peaks corresponding to the CFP were
labeled by rhomboids.

The morphologies of NSs of Ni(OH), 0.75H,0 and
Ni(OH),-0.75H,0-CeO, supported by CFP were examined with
the SEM. Fig. 2a and b show that Ni(OH),-0.75H,0-CeO,
nanosheets were homogenously deposited on the surface of
CFP with a three-dimensional (3D) open structure. Cracks can
be found on the surface of CFP (shown in the Fig. S1t), with
a width of 1.6 um, which may be due to drying in the oven. The
thickness of the sample on the surface of CFP was estimated to
be 3 um, according to the crack exposing the cross-section of the
sample (shown in the Fig. S1t). Energy-dispersive X-ray spec-
troscopy (EDX) confirms the presences of Ni, Ce and O in the
Ni(OH),-0.75H,0-CeO, NSs (Fig. S2 in the ESI}). With
increasing Ce concentration, the atomic ratio of Ni to Ce
changes from 4.1: 1t02.6: 1 t0 2.27 : 1 to 1.1 : 1 (shown in the

Fig. 2 (a and b) SEM images of Ni(OH),-0.75H,0-CeO5,. (c) HRTEM
images of Ni(OH),-0.75H,0-CeO,. (d) Dark-field STEM image of
Ni(OH),-0.75H,0-CeO, and corresponding elemental mapping
images of (e) Ce, (f) Ni, (g) O.
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Table S17), of which the values were determined by ICP-MS. The
microstructures of Ni(OH),-0.75H,0-CeO, NSs were further
assessed by TEM. Fig. 2¢ shows a high resolution TEM (HRTEM)
image of Ni(OH),-0.75H,0-CeO, NSs, which shows well-
resolved lattice fringes with an inter-plane distance of
0.27 nm, which corresponds to the (200) plane of CeO,, indi-
cating the successfully introduction of CeO, in the composite.
And the part of the lattice that is not obvious corresponds to
Ni(OH),-0.75H,0, which is the same as HRTEM images of
Ni(OH),-0.75H,O NSs (Fig. S4a in the ESIf). The dark-field
STEM image and the corresponding EDS mapping of the
Ni(OH),-0.75H,0-CeO, NSs are shown in Fig. 2d-f. The
element-mapping images of Ce, Ni, and O further confirm the
Ni and Ce are homogeneously mixed with each other. For
comparison, the pure Ni(OH),-0.75H,0 NSs grown on CFP was
also synthesized by the same electro-deposition method
without Ce source. The morphology of Ni(OH),-0.75H,0 NSs is
analogous to that of Ni(OH),-0.75H,0-CeO, NSs, as shown by
SEM images (Fig. S3 and S4 in the ESI¥).

To demonstrate the activity of Ce for OER, the polarization
curves were measured. The catalytic activity of Ni(OH),-
-0.75H,0-CeO, NSs and Ni(OH),-0.75H,0 NSs grown on CFP
electrodes were studied initially by linear sweep voltammetry
(LSV) in a standard three-electrode cell. A graphite rod was
adopted as a counter electrode. All measured potentials were
corrected with iR drop. Fig. 3a shows that the polarization
curves of Ni(OH),-0.75H,0 and Ni(OH),-0.75H,0-CeO, with
different atomic ratio of Ni to Ce. The overpotential required for
a current density of 100 mA cm > (5100) iS 460 mV for
Ni(OH),-0.75H,0 NSs. Once Ce source was doped into the
samples, the 714, of these Ni(OH),-0.75H,0 NSs changes with
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Fig. 3 The electrocatalytic performance of the catalysts. (a) Polari-
zation curves and (b) Tafel of Ni(OH),-0.75H,0-CeO, (2.5:1),
Ni(OH),-0.75H,0-CeO, (30 :1), Ni(OH),-0.75H,0-CeO, (40:1),
Ni(OH),-0.75H,O and RuO, (c) current—time curve of Ni(OH),-
-0.75H,0-CeO, (30:1) recorded in a potentiostatic electrolysis
experiment. Inset of (c) shows the LSV curves measured before and
after potentiostatic electrolysis experiment. (d) Comparison of theo-
retical and detected volume of oxygen generated from a potentio-
static electrolysis. All potentials are corrected with iR drop.
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a huge decrease. With the increased atomic ratio of Ni to Ce, the
OER activity appears as volcano-like trend, in which the
Ni(OH),-0.75H,0-CeO, (30:1) NSs endows the best OER
performance among the tested catalysts. The 744, is as small as
320 mV, making it among the best OER catalysts (shown in the
Table S27). To gain more insight on the OER activity, Tafel plots
derived from polarization curves were constructed (Fig. 3b). The
resulting Tafel slope of Ni(OH),-0.75H,0-CeO, (30 : 1) NSs was
126 mV dec” ', which is smaller than that of Ni(OH),-0.75H,0
NSs (185 mV dec '), Ni(OH),-0.75H,0-CeO, (40:1) NSs
(189 mV dec'), and Ni(OH),-0.75H,0-CeO, (2.5:1) NSs
(160 mV dec™ '), indicating that the Ni(OH),-0.75H,0-CeO,
(30 : 1) NSs exhibited better OER activity.

Long-term stability in oxygen generation is the prerequisite
of a practically useful OER catalyst. The long-term stability of
the Ni(OH),-0.75H,0-CeO, NSs was demonstrated by the
chronoamperometry. The Ni(OH),-0.75H,0-CeO, (30 : 1) NSs
can maintain 64% of its capability in catalyzing the OER in long-
term water electrolysis after 45 hours, shown in Fig. 3c. And, the
N100 1S increased from 310 mV to 365 mV after the long-time
electrolysis test (the inset plot in Fig. 3c). The decay of 7;¢ is
about 18%. The SEM images of Ni(OH),-0.75H,0-CeO, (30 : 1)
NSs subjected to long-term potentiostatic electrolysis is shown
in Fig. S5 in the ESI, which shows that most Ni(OH),-0.75H,0-
CeO, (30 : 1) NSs maintain their 3D open structure with some
nanosheets peeling off on the surface of the catalyst. EDX shows
that the atomic ratio of Ni to Ce changes from 6.29:1 to
10.24 : 1 with some loss of Ce (Fig. S6 in the ESIT), which may be
one of the reasons for degradation of catalyst performance.

The faradaic efficiency of Ni(OH),-0.75H,0-CeO, (30: 1)
NSs during O, evolution was evaluated by the comparison of the
volume of generated gas and the theoretical volume in the
potentiostatic electrolysis measurement, shown in Fig. 3d. The
theoretical volumes were computed by assuming that all elec-
trons passing through the circuit participate in the oxidation
reaction of OH™ (4OH™ — 4e” — 0,1 + 2H,0), and the exper-
iment volume was detected by the water displacement method.
During electrolysis for 4000 s, the experiment and theoretical
volumes are in good accordance, suggesting 92% faradaic
efficiency.

To understand the excellent OER activity, EIS was tested at
the potential of 1.55 V vs. RHE. The results are shown in the
Nyquist curves in the Fig. 4a, where the data were fit using an
equivalent circuit shown in Fig. S7 and Table S3 in the ESIL.{ The
semicircle in the low frequency range is related to the faradaic
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Fig. 4 (a) The Nyquist curves, (b) the ECSA of different samples.
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process (OER) on electrocatalyst surface. Corresponding resis-
tance element is charge transfer resistance (R.). R is usually
used as an indicator of OER kinetics, a smaller R, corresponds
to a faster OER process. As shown in the Fig. 4a, the R is
decreased with the introduction of Ce to Ni(OH),-0.75H,0 NSs,
and the R, of Ni(OH),-0.75H,0-CeO, (30 : 1) NSs (0.856 Q) is
smaller than those of Ni(OH),-0.75H,O NSs (1.317 Q),
Ni(OH),-0.75H,0-CeO, (10:1) NSs (0.928 ), Ni(OH),-
-0.75H,0-Ce0, (40 : 1) NSs (0.948 Q) and Ni(OH),-0.75H,0-
CeO, (2.5:1) NSs (1.177 Q) under the same condition, sug-
gesting that Ni(OH),-0.75H,0-CeO, (30 : 1) NSs possesses the
fast electron transport ability for OER.

Electrochemically active surface area (ECSA) should play an
important role in the high electrocatalytic performance, and it
was derived from the specific capacitance measured by cyclic
voltammetry (CV) scans (Fig. S8 in the ESI{). The potential range
of the CV scans was selected at 1.1-1.2 V vs. RHE which did not
include obvious electrochemical features corresponding to
faradaic current. As a result, the dependence of the current on
the scan rate in this region for both electrodes was linear. The
ECSA of the Ni(OH),-0.75H,O NSs, Ni(OH),-0.75H,0-CeO,
(30:1) NSs, Ni (OH), 0.75H,0-CeO, (40:1) NSs, Ni(OH),-
-0.75H,0-CeO, (10:1) NSs, and Ni(OH), 0.75H,0-CeO,
(2.5 : 1) NSs were measured to be 3.4 cm?, 7.74 cm?, 6.33 cm?,
7.67 cm? and 5.83 cm?® (shown in Fig. 4b). The ECSA of
Ni(OH),-0.75H,0-CeO, (30:1) NSs is 2.3 times that of
Ni(OH),-0.75H,0 NSs, demonstrating that the introduction of
Ce can remarkably enlarge the ECSA of Ni(OH),-0.75H,0 NSs.

To understand the better intrinsic OER performance of
Ni(OH),-0.75H,0-CeO, NSs, the activation energy of the OER
was determined by Arrhenius plot: log(/) = —0.434E,/(RT) +
const, where R is the Boltzmann constant (8.315 J g~ mol "
K '), E, is the activation energy expressed in J g ' mol .
Temperature related polarization curves of Ni(OH),-0.75H,0-
CeO, (30 : 1) NSs and Ni(OH),-0.75H,0 NSs are shown in Fig. S9
in the ESL T and corresponding Arrhenius plot at n = 150 mV
can be found in the Fig. 5a. The E, is 6.06 k] mol ' for
Ni(OH),-0.75H,0-CeO, (30:1) NSs and 9.77 k] mol " for
Ni(OH),-0.75H,0 NSs. That is the Ni(OH), 0.75H,0-CeO,

K=

® Ni(OH),0.75H,0 v, Ce3dd §
081 v 301 Ni(OH),0.75H,0-CeO,
07 v 6.06 KJ mol” \
084 — v 3| [ &
"E 09 . s N/
S 40 o Yoo
Em N 2 B A
D .42 9.77 KJ mol” 2 ). DS 5
= . =
3 \
PN . >
s
16 b T
0.0030 0.0031 0.0032 0.0033 0.0034 0.0035 870 210 920

880 890 960
1T (1/k) Binding energy (eV)

c) N(OH),0.75H,0 d) [Nize, o —assoev Ni(OH), 0.75H,0

/ \ sat_
3 3 S
: 3| /X
z 2
g MO, 0.7EH,0-Ce0, % 850,79V, Ni(OH),0.75H,0-CeO,
2 g >
= = AN sat

D — E——
526 530 535 540 8 855 880 885 870
Binding energy (eV) Binding energy (eV)
Fig. 5 (a) Arrhenius plots of Ni(OH),-0.75H,0 and Ni(OH),-0.75H,0—-

CeO5, (30 : 1), (b—d) XPS spectra of Ce 3d, O 1s, and Ni 2p.
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(30 : 1) NSs has a smaller apparent barrier height in the OER
than Ni(OH),-0.75H,0 NSs.

In order to analyze the chemical composition of the prepared
Ni(OH),-0.75H,0 NSs and Ni(OH),-0.75H,0-CeO, NSs elec-
trocatalysts and to identify the chemical states of Ni, Ce, O
elements in the samples, XPS measurements were carried out.
As shown in Fig. 5b, XPS demonstrates that the element Ce
mainly exists as CeO,, which is composed of 3ds,, (v,) and 3ds),
(un) spin-orbit components.* For Ce 3d of CeO,, the spectra can
be deconvoluted into 10 peaks, which consist of two pairs of
doublets (vo/u, and v'/u) assigned to Ce*" and three pairs of
doublets (v/u,v'/u", and v"/u'") assigned to Ce"", indicating the
coexistence of Ce*" and Ce' in the Ni(OH),-0.75H,0-CeO,
NSs.*>* For the O 2p spectra (shown in Fig. 5¢), peaks located at
530.87(02), 832.60(03) and 535.07(04) eV are ascribed to the
lattice oxygen, oxygen defects, and adsorbed oxygen species
(water molecules), accordingly.***” Meanwhile, a peak near
528.94 eV is usually attributed to lattice Ce-O,** reconfirming
the existence of CeO,. As shown in the Ni 2p;,, spectra (Fig. 5d),
the XPS results demonstrate that the element Ni of Ni(OH),-
-0.75H,0 NSs and Ni(OH),-0.75H,0-CeO, NSs mainly exist as
Ni(OH),, containing Ni(u) species. However, there is a negative
shift of 0.3 eV for Ni 2p;/, in the Ni(OH),-0.75H,0-CeO, NSs,
compared to those in the Ni(OH),-0.75H,0 NSs. Owing to the
remarkable redox property of CeO,,*** This result suggests the
electron transfer between Ni(OH), and CeO,, contributing to
a strong electron interaction formed between Ni(OH), and
Ce0,, and accordingly enhancing the electrocatalytic
performance.

Conclusions

In summary, cerium doped nickel hydroxide NSs were directly
electrodeposited on CFP, and it exhibited superior OER activity
compared to nickel hydroxide nanosheets. With the introduc-
tion of Ce, the optimized Ni(OH),-0.75H,0-CeO, NSs showed
a tremendous increase in OER performance with the smallest
N100 Of 320 mV and Tafel slope of 126 mV dec " in alkaline
electrolyte, as compared with that of Ni(OH),-0.75H,O NSs
deposited in the same electrodeposition method. Meanwhile,
the catalyst is stable for 45 h at high current density and 92%
faradaic efficiency. The introduction of Ce brings strong elec-
tronic interactions between Ni(OH), and CeO, and more elec-
trochemically active sites, which should play an essential role in
enhancing the OER activity.
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