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Interfacial microenvironment modulation
enhancing catalytic kinetics of CoNiP@NiFe LDH
heterostructures for highly efficient oxygen
evolution reactiont

Jie Zhang® and Donggang Guo {2 *P¢

The development of highly active and robust OER catalysts is the key to address the constraints on the
efficiency of electrocatalytic water splitting technology. Herein, CoNi-pristine was synthesized by
a simple hydrothermal method, further phosphorylation treatment and construction of heterojunctions
to synthesize efficient oxygen evolution catalysts. The OER catalytic performance of the material was
greatly enhanced by the advantages of proper self-supporting 3D morphology, formation of
heterogeneous interfaces and the synergistic effect of CoNiP and NiFe LDH. In 1 M KOH, CoNiP@NiFe
LDH/NF only requires an overpotential of 207 mV to reach a current density of 10 mA cm~2 and
operates at high current densities for more than 120 h without significant decay. It provides assistance
for the rational design of interface-engineered heterostructures based on the synthesis of OER catalysts

rsc.li/rsc-advances with high catalytic activity.

1. Introduction

There are various approaches that have been developed by
researchers around the world to address energy and environ-
mental issues." Electrochemical water splitting is an attractive
way to generate hydrogen fuel as a renewable and clean energy
source that can effectively alleviate the current energy crisis and
environmental problems caused by fossil fuels.*> And high-
efficiency electrocatalysts are extremely essential for water split-
ting, especially for the kinetic slow oxygen evolution reaction
(OER), which can reduce the energy barrier of the whole water
splitting and reduce energy consumption.*” Although noble
metal-based catalysts (Ru, Ir) exhibit excellent electrocatalytic
performance in oxygen evolution reactions, their limited reserves
and high prices hinder their large-scale application.*® Therefore,
researchers have recently devoted themselves to exploring earth-
abundant element-based transition metal electrocatalysts with
satisfactory catalytic activity and stability.'*"*

Materials of high interest are mainly first-row transition
metal compounds (TMCs), such as Co, Ni, Fe and Mo-based
catalysts classified according to their chemical elements,
because of their high theoretical activity, abundant reserves and
low cost.**** Their oxides,'” phosphides (TMPs)," sulfides,'” and
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exhibit high OER efficiencies, some of which even exceed the
activity of the noble metal benchmarks. In addition, the
construction of composites of these TMCs by heterogeneous
engineering is also possible to achieve improved
performance.’®?® Gao et al. prepared NiFe,0,@(Ni, Fe)S/P
materials with heterogeneous core-shell structure by sulfide/
phosphorus method based on NiFe,O, nanomicrospheres
with spinel structure.”® The formation of heterogeneous struc-
tures not only increases the intrinsic activity and active surface
area of the material, but also reduces the charge transfer
resistance due to the internal electric field. Obviously, besides
the chemical composition, the porous structure, suitable
structural defects, charge transfer ability and synergistic effects
between components have a strong influence on the electro-
chemical activity and therefore become important consider-
ations in material design.

Assembling catalyst materials and conductive substrates
directly together, discarding the binder in the original material
preparation process, not only becomes a more affordable
option, but also improves the mass transfer and conductivity of
the catalyst layer during O, gas release.” In contrast, nickel
foam with unique spatial morphology and mesopores of struc-
turally layered three-dimensional materials are effective and
used supports.”® Therefore, it is very scientific and practical to
synthesize heterostructured materials directly attached to
conductive substrates, which not only ensures high exposed
surface area, good conductivity and fast charge transfer, but
also promotes mass transfer and structural stability during
electrolysis.***¢
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Herein, CoNi-pristine supported on NF was first synthesized
by a standard hydrothermal process, then converted to CoNiP/
NF by phosphorylation, and then NiFe-LDH was formed on
CoNiP/NF by an ultrasonic-assisted method. The coexistence of
CoNiP nanospheres with NiFe-LDH can be observed by scan-
ning electron microscopy (SEM). The formation of heteroge-
neous interfaces was also demonstrated by X-ray photoelectron
spectroscopy (XPS). The presence of NiFe LDH on the surface
provides new active sites and enhances the stability, while the
formation of heterogeneous structures, as well as the synergistic
effect of CoNiP and NiFe LDH contribute to the OER activity of
the catalyst. The CoNiP@NiFe-LDH/NF showed excellent
performance when applied directly as an OER electrode in 1 M
KOH electrolyte, achieving a current density of 10 mA cm™? at
an overpotential of only 207 mV, which is superior to CONiP/NF
and NiFe-LDH/NF as well as commercial RuO,/NF. The forma-
tion of heterostructures on the original material by a rapid
ultrasonic-assisted method can be used as a general method to
develop efficient and highly stable OER catalysts.

2. Experimental section
2.1 Chemicals

Nickel chloride hexahydrate (NiCl,-6H,0), cobalt chloride
hexahydrate (CoCl,-6H,0), ferric chloride hexahydrate (FeCl;-
-6H,0), urea, ammonium fluoride (NH,F), and sodium hypo-
phosphite (NaH,PO,) were purchased from Macklin (AR grade).
Ruthenium oxide hydrate (RuO,), potassium hydroxide (KOH),
and Nafion D-520 dispersion (5 wt%) were purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd. All chem-
icals and reagents were received and used directly without
further purification. Nickel foam (NF, 1 mm thickness) was
purchased from Eilian Electronics & Technology Co., Ltd.

2.2 Synthesis of CoNiP/NF

The CoNi-pristine/NF sample were produced by a facile hydro-
thermal process. NiCl,-6H,0 (0.238 g), CoCl,-4H,0 (0.476 g),
urea (0.6 g), and NH,F (0.188 g) were added in 35 mL of
deionized water (DI), stirred to form a homogeneous solution
and a piece of nickel foam (2.5 x 4 cm, pre-use nickel foam was
washed under ultrasonic waves for 5 minutes each in the order
of 3 M hydrochloric acid solution, ethyl alcohol, and DI to
eliminate the surface oxide layer) was inserted, and finally
shifted to a 40 mL Teflon-lined stainless autoclave and baked at
120 °C for 6 hours. After allowing the reaction autoclave to cool
naturally, the in situ grown CoNi-pristine/NF was removed,
washed alternately with water and ethanol, and then dried
under vacuum overnight. The above CoNi-pristine/NF was then
placed in a tube furnace with 1.5 g NaH,PO, placed 1 cm
upstream and calcined at 300 °C in an argon atmosphere for
2 h.

2.3 Synthesis of CoNiP@NiFe LDH/NF

CoNiP@NiFe LDH/NF heterostructures were obtained by
immersing the above CoNiP/NF in 25 mM FeCl;-6H,0 solution,
followed by sonication for 5 min, and then dried in air directly
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after removal. Based on the mass difference of NF before and
after the reaction, the mass density of CoNiP@NiFe LDH in NF

can be obtained as 12 mg cm 2.

2.4 Material characterizations

The morphology and dimensions of the materials were ob-
tained by field emission scanning electron microscopy (FESEM,
JSM-7800F). Further microscopic information was measured by
transmission electron microscopy (TEM, JEOL JEM F200, Japan)
with energy dispersive X-ray (EDX). Powder X-ray diffraction
(PXRD) was performed on a D/max-2500 diffractometer with
a Cu Ka radiation source to determine the crystalline compo-
sition of the materials. X-ray photoelectron spectroscopy (XPS)
analysis was performed using a Thermo Scientific K-Alpha
instrument (Thermo, USA). Specific surface area was deter-
mined from N, adsorption-desorption isotherms recorded by
an Autosurb IQ (USA) instrument at liquid N, temperatures.

2.5 Electrochemical measurements

Preparation of RuO,/NF: 5 mg of RuO, was dispersed in a mixed
solution (containing Nafion solution, ethanol and deionized
water) and then sonicated for 1 hour. Took 400 pL of the
dispersion evenly dropped into the Ni foam (1 cm?) and dried in
air.

Then the counter electrode, the reference electrode and
a working electrode were used to form a standard three-
electrode system with a carbon rod, an Hg/HgO electrode and
a clamp electrode holding the sample, respectively, for elec-
trochemical testing at the Zennium electrochemical worksta-
tion (Zahner, Germany). Before employing 1 M KOH (pH = 13.8)
as electrolyte in the electrocatalytic test, it was passed through
for half an hour to saturate it with oxygen. All samples were first
scanned by cyclic voltammetry (CV) to reach steady state. Linear
sweep voltammetry (LSV) was performed in the range of 0.912 to
1.912 V (for RHE) at a scan rate of 5 mV s~ . Electrochemical
impedance spectroscopy (EIS) data were recorded at an over-
potential of 300 mV in the frequency range of 10 '-10° Hz with
an AC amplitude of 10 mV, fitted by Zman software. Tafel slope
was calculated from n = a + b x logj from LSVs. The CVs were
measured at scan rates of 20-45 mV s~ ' and potentials in the
range of 0.66-0.76 V (vs. RHE) to estimate the double-layer
capacitance (Cq;). The ECSA for each catalyst can be derived
from Agcsa = Cai/Cs. The specific capacitance in 1 M KOH was
0.040 mF cm 2. The stability of the samples was measured by
maintaining a current density of 100 mA cm ™2 for a long time
for chrono-potential measurements. All polarization curves
were iR corrected.

3. Results and discussion

As shown in Fig. 1a, we first synthesized CoNi-pristine grown on
nickel foam by a simple hydrothermal method, and a large
number of nanowires were grown on NF as seen on SEM
(Fig. 1b). Then CoNi-pristine/NF was calcined in sodium hypo-
phosphite atmosphere for a period of time, and CoNi-pristine/
NF gradually transformed into CoNiP/NF. The morphology of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Scheme of preparation, corresponding SEM of (b) CoNi-pristine/NF, (c) CoNiP/NF, (d) CoNiP@NiFe-LDH/NF, (e) NiFe-LDN/NF, (f) the

XRD patterns of catalysts, (g) TEM image, (h) HR-TEM image (inset is the corresponding SAED pattern), and (i) Elemental mappings of CoN-

iP@NiFe-LDH/NF.

CoNiP/NF transformed into concave and uneven spheres
(Fig. 1c), which may be due to the high temperature is the
nanowires collapsed toward the center to form spheres. Next,
CoNiP/NF was immersed in a certain concentration of FeCl;
solution, then sonicated for 5 min, and then dried directly in air
to obtain CoNiP@NiFe-LDH/NF. SEM observed that the soni-
cated CoNiP/NF appeared as a layer of nanosheets covering the
surface of the nanoparticles and NF (Fig. 1d), which indicated
the formation of CoNiP@NiFe-LDH/NF./NF formation. Mean-
while, NiFe-LDH/NF was synthesized directly by ultrasonication
after dipping the NF directly into FeCl; solution, and the SEM
demonstrated the formation of nanosheets (Fig. 1e). Then the

© 2023 The Author(s). Published by the Royal Society of Chemistry

composition, crystal structure and crystallinity of all samples
were investigated by XRD. As shown in Fig. 1f, the XRD results
show that only three peaks of NiFe-LDH/NF belong to Ni (JCPDS
No. 04-0850), which is the reason for the NF substrate. While
CoNiP/NF and CoNiP@NiFe-LDH/NF showed peaks of CoNiP in
addition to the above three peaks (JCPDS No. 71-2336). The
above results demonstrate the construction of CoNiP and NiFe-
LDH heterostructures. The adsorption—-desorption isotherms of
N, were recorded using BET technique to study the variation of
specific surface area of the prepared materials. As shown in
Fig. S1,1 the Bruno-Emmett-Taylor (BET) specific surface areas
of the prepared samples were 11.06 m*> g~ (CoNi-pristine/NF),

RSC Adv, 2023, 13, 28583-28589 | 28585
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Fig.2 The survey spectra (a), high-resolution X-ray photoelectron spectra of (b) O 1s, (c) P 2p, (d) Ni 2p, (e) Co 2p, and (f) Ni 2p of CoNiP@NiFe-

LDH/NF.

21.32 m” g~ ! (CoNiP/NF), and 2.69 m> ¢~ (CoNiP@NiFe-LDH/
NF), respectively. The specific surface area of NiFe LDH/NF
was too small to obtain valid data. From the information of
specific surface area, pore size distribution, and pore volume, it
can be seen that all the values of the samples after the reaction
with FeCl; solution were drastically scaled down (Table S1%).
That is because the NiFe LDH formed by the reaction of NF with
elemental Fe blocked the voids in the NF.

Further characterization studies of CoNiP@NiFe-LDH/NF
were carried out in order to demonstrate the formation of the
heterogeneous structure. TEM image shows that the overall
morphology is consisted of nanosheets encapsulating the
particles in agreement with SEM (Fig. 1g). High resolution
transmission electron microscopy (HRTEM) showed the overall
material was poorly crystallized (Fig. 1h). The corresponding
SAED pattern (inset in Fig. 1h) is blurred, proving an amor-
phous structure. The amorphous structure can provide a large
number of active sites for catalytic reactions. The presence and
homogeneous distribution of Fe, Co, Ni, P and O elements was
confirmed using energy dispersive X-ray spectroscopy (EDX)
(Fig. S2t) and elemental mappings (Fig. 1i). These mappings
also prove the formation of heterogeneous structure of CoN-
iP@NiFe-LDH/NF.

To demonstrate the establishment of the catalyst hetero-
structure while detecting information about the elements and
corresponding chemical states in the catalyst, CONiP/NF, NiFe-
LDH/NF and CoNiP@NiFe-LDH/NF were measured using X-ray
photoelectron spectroscopy (XPS). The spectrum investigated
for CoNiP/NF showed the presence of Co, Ni, P, O, and C
(Fig. S3at). While the investigated spectra of NiFe-LDH/NF and
CoNiP@NiFe-LDH/NF have peaks of Cl in addition to the

28586 | RSC Adv, 2023, 13, 28583-28589

elements that should be present, which originate from the
residual FeCl; (Fig. S4at and 2a). The high-resolution C 1s
spectra of all samples show similar results (Fig. S3b, S4b, and
S51), which originate from the addition of signal carbon in the
XPS measurements.?” The plots of all O 1s show only two peaks,
OH and adsorbed water, respectively (Fig. S3c, S4c,t and 2b).>®
The spectra of the details of P 2p show a doublet signal, which
we attribute to the M-P bond in the sample (Fig. S3dt and 2¢).>®

The presence of Ni** at ~856 eV and ~859 eV in the Ni 2ps/,
spectra and their satellite peaks at ~861.2 and ~864 eV (deno-
ted as “Sat.”).**** The Ni signal remained consistent for all
samples, indicating that the various treatments did not affect
the stability of elemental Ni (Fig. S3e, S4d,} and 2d). The peaks
of Co were divided into Co®* and Co** and two satellite peaks
(Fig. S3ff and 2e).>>* And the Co®" content in CoNiP@NiFe-
LDH/NF is significantly higher than that in CoNiP/NF, which
indicates that the construction of heterostructures promotes
more Co elements to higher valence states. In the high-
resolution Fe 2pj, spectra (Fig. S4et and 2f), the signal is
decomposed into four peaks at ~710.6 eV, ~713 eV, ~716 €V,
and ~718.8 eV, which are typical for Fe*" and Fe**
respectively.’*%”

The XPS results also showed that elemental Fe reacted with
elemental Ni to produce NiFe-LDH by immersing CoNiP in
FeCl; solution. The difference in surface charge strengths
between the two components resulted in charge transfer and
strong electronic interactions. It helps to modulate the elec-
tronic properties of the sample in favor of the electrocatalytic
activity. Meanwhile, the high valence cobalt element produced
by charge transfer facilitates the generation of intermediate
products to promote the OER reaction.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 OER performances of catalysts. (a) LSV curves, (b) the corresponding Tafel slopes, (c) the Nyquist plots at 1.53 V vs. RHE, (d) the cor-
responding double-layer capacitance Cq of samples, and (e) chronopotentiometry curve of CoNiP@NiFe-LDH/NF at 100 mA cm™2in 1 M KOH.

The OER activities of CoNi-pristine/NF, CoNiP/NF, NiFe
LDH/NF, CoNiP@NiFe LDH/NF, and NF were then evaluated in
a standard three-electrode system (Table S2t). Among all cata-
lysts, CoNiP@NiFe LDH/NF exhibited the best OER activity,
requiring an overpotential of only 207 mV at 10 mA cm 2,
compared to the overpotential of CoNiP/NF (217 mV), NiFe
LDH/NF (297 mV), CoNi-pristine/NF (249 mV), NF (279 mV), and
commercial RuO,/NF (265 mV) (Fig. 3a). The CoNiP@NiFe LDH/
NF remains one of the superior groups of catalysts when
compared with other reported heterojunction materials at high
currents (Table S31). The corresponding Tafel slopes were
further calculated from the LSV curves to gain an under-
standing of the electrochemical reaction kinetics. As with the
LSV results, CoONiP@NiFe LDH/NF exhibited the smallest Tafel
slope (36.5 mV dec '), proving its faster reaction kinetics

© 2023 The Author(s). Published by the Royal Society of Chemistry

(Fig. 3b). The obtained EIS data were used to analyze the charge
transfer capacity of the catalyst. CoNiP@NiFe LDH/NF showed
a semicircle with the smallest radius, indicating that it has the
smallest charge transfer resistance (R.) (Fig. 3c). In addition,
the double-layer capacitance (Cq)) of the catalysts was calculated
by cyclic voltammetry (CVs) (Fig. S6T). The CoNiP@NiFe LDH/
NF has the largest Cy4 (Fig. 3d), which means that it has the
largest electrochemical active surface area (ECSA), indicating
the largest number of electrochemical active sites. The EIS and
ECSA demonstrate that the establishment of the heterogeneous
structure improves the charge transfer capability of the catalyst
and increased the electrochemical active sites. The stability of
CoNiP@NiFe LDH/NF was then studied using the constant
current density method. When run at 100 mA cm™> for 120 h,
CoNiP@NiFe LDH/NF exhibited negligible potential loss,

RSC Adv, 2023, 13, 28583-28589 | 28587
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indicating the remarkable stability of the catalyst at high
current density (Fig. 3e). To further demonstrate the stability of
the catalyst, we tested the change of metal content in the elec-
trolyte before and after the reaction, and it can be seen that the
change of metal content in the electrolyte is almost negligible
(Fig. S77).

After the above discussion, we believe that the enhanced
catalytic performance of CoONiP@NiFe LDH/NF is caused by the
following factors. First, the self-supported three-dimensional
morphology can both maximize the exposure of the active site
and not disrupt the adsorption and desorption of intermediates
during the reaction. Second, the formation of NiFe-LDH both
increases the active site and helps the stability of the catalyst.
Third, the establishment of a heterogeneous interface leads to
the formation of partial charge exchange, thus increasing the
catalytic activity of the sites while accelerating the reaction
kinetics.

4. Conclusion

In summary, we obtained the highly efficient OER catalyst
CoNiP@NiFe LDH/NF by phosphorylation and construction of
heterojunctions on CoNi-pristine synthesized by a simple
hydrothermal method. The heterostructure of the catalyst was
confirmed by XRD, SEM, XPS and other characterization means.
CoNiP@NiFe LDH/NF showed the most excellent performance
in 1 M KOH with an overpotential of only 207 mV at 10 mA
ecm 2, which is superior to the benchmark RuO,/NF and both
monomers. This excellent performance is mainly attributed to
the heterostructure establishment forming more electro-
catalytic active sites and promoting charge transfer capability,
suitable morphology and synergistic effect of Ni(OH), and
FeOOH advantages. This work helps to guide the rational
design of heterostructures based on interface engineering for
the synthesis of catalysts with high catalytic activity and stability
of OER.
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