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Electrochemical hydrogen production by splitting water is mainly limited to the oxygen evolution
reaction (OER), which requires high energy consumption. The design of an efficient and stable
electrochemical catalyst is the key to solving this problem. Here, a three-dimensional porous

) i Co-doped NiyP nanosheet (Co-Ni,P/NF-corr) was synthesized by simple hydrothermal, acid leaching
iizzgﬁi 53t1hstAl\F/)\2;/22002233 and phosphating processes successively. Excitingly, the current density of Co-NiyP-corr in 1 M KOH

solution can reach 50 mA cm™2 with only 267 mV overpotential. Moreover, the Tafel slope is very
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Introduction

With the rapid development of science and technology, the
sharp decline of fossil fuel reserves and the serious damage of
human activities to the ecological environment, it is vital to find
clean energy. As a zero-carbon footprint product with high
energy density, hydrogen has become the representative of new
energy and the “future star” of clean energy.*™ Electrochemical
splitting of water is the most economical, efficient and
sustainable hydrogen production method at present. However,
the hydrolysis reaction is mainly limited by the high energy
consumption of the anodic oxygen evolution reaction (OER)
process. In commercial applications, the OER process mainly
depends on precious metal catalysts, such as IrO, and RuO,.
However, their high price and scarcity limit their development
prospects. Transition metal compounds have been deeply
explored to find suitable substitutes for noble metal
catalysts.>™

Over the past few years, transition metal phosphides,*
sulfides,® nitrides,* layered double hydroxides etc. have made
considerable progress as OER catalysts. Among them, transition
metal phosphides (TMPs), such as Ni,P,,'*"” Co,P),"®" and
Fe,P),>**' have become the most powerful candidates for noble
metal catalysts because of their many advantages. On the one
hand, due to the high electronegativity of the P atom, the
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small, only 64 mV dec™. In addition, the stability test shows that it can work stably at 50 mA cm

-2

electron cloud of the metal atom will be biased towards the P
atom when the metal atom binds with the P atom, which makes
the P atom an excellent proton acceptor. On the other hand,
TMPs can be in situ oxidized to metal hydroxide oxides, oxides
or phosphates at oxidation potential. Such oxidation interme-
diates have high catalytic activity and are considered to be the
inherent catalytic active sites of the OER.*** It is worth noting
that the OER performance of bimetallic phosphides is much
higher than that of monometallic phosphides, which is due to
the synergistic effect between metal atoms. The addition of
a small amount of metal cations can be used as a promoter of
phosphide activity; they can change the electronic structure of
the main element, thus improving its intrinsic activity.””**
Yingjie Li et al. designed and synthesized an iron-doped Ni,P
nano-catalyst, which effectively improved the OER activity of the
catalyst by controlling the amount of Fe incorporation.*
Unfortunately, due to the solid nanostructure of TMPs, the
interaction between the internal active site and the reactant is
largely prevented, resulting in a slow catalytic process. More-
over, this structure is not conducive to the analysis of the gas
generated, which will inevitably cause some physical losses to
the catalyst.® Interface engineering can effectively improve the
activity of the OERcatalyst; the porous structure can effectively
improve the specific surface area of the catalyst, expose a large
number of active sites, and provide more diffusion channels for
gas generation.*** Jakkid Sanetuntikul and his collaborators
designed a hierarchical porous nanomaterial co-doped with
cobalt and nitrogen. Due to its large specific surface area, the
density of the active site of the catalyst is greatly improved,
showing good electrocatalytic activity and long-term stability.*®
In addition, Chen et al. synthesized a kind of porous commer-
cial MnCOj; using hydrochloric acid corrosion, proving that acid
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etching nanomaterials can also form porous structures, thus
increasing the specific surface area of the material and accel-
erating charge transfer, which is of great significance for
improving the performance of the catalyst.**

Based on the above research inspiration, in this paper, we
have synthesized a porous Co-Ni,P/NF-corr nanosheet catalyst
for electrochemical OER processes. The Co-Ni(OH)F nanosheets
distributed vertically on NF provide a large enough surface area
for H,SO, corrosion. After the etching of H,SO,, the tiny pores
formed by the nanosheets greatly increased the number of sites.
Finally, the intrinsic activity of the catalyst was further
increased by phosphating at low temperature. This porous Co-
Ni,P/NF-corr nanosheet catalyst prepared by atomic doping and
structural regulation shows excellent OER performance. Only
267 mV overpotential is required in 1 M KOH solution to ach-
ieve a current density of 50 mA em ™. It can work stably at this
current density for 48 h. This research provides a new way to
solve the problems of the slow electron transfer rate and poor
long-term stability of traditional transition metal-based
catalysts.

Experimental
Preparation of Co-Ni(OH)F/NF

First, foamed nickel was cleaned with hydrochloric acid,
alcohol, and ultrapure water to remove the nickel oxide layer
and oil stain on the surface. Secondly, nickel nitrate(u) hexa-
hydrate (2.72 mmol), cobalt nitrate(n) hexahydrate (0.272
mmol), urea (10 mmol), and NH,F (5 mmol) dissolved in 40 mL
ultrapure water were stirred at room temperature for 30 min to
form a green uniformly mixed solution. Finally, nickel foam and
green solution were transferred together to a 50 mL Teflon-lined
stainless steel autoclave, reacted for 6 h in an oven at 120 °C,
cooled naturally to room temperature, washed with deionized
water to remove green precipitates on the surface, and dried for
12 h in a vacuum drying oven at 60 °C.

Preparation of Co-Ni(OH)F/NF-corr

The prepared Co-Ni(OH)F/NF nanosheets were soaked in 30 mL
of 5 M H,SO, for 15 s and then taken out quickly. Ultrapure
water was used to wash away the residual sulfuric acid and
sulphate on the surface, and they were placed into a 60 °C
vacuum drying oven for drying to obtain Co-Ni(OH)F/NF-corr.

Preparation of Co-Ni,P/NF-corr

500 mg of sodium hypophosphite was weighed and placed in
the upstream magnetic boat of a tube furnace. In contrast, Co-
Ni(OH)F/NF-corr was placed under the lower Teflon line, heated
to 300 °C at a heating rate of 2 °C min~", and maintained for
120 min. After the system is naturally cooled to room temper-
ature, the sample Co-Ni,P/NF-corr is collected.

In addition, a similar method is used to change the soaking
time of the sample in sulfuric acid. The sample soaked for 10 s
is named Co-Ni,P/NF-corr-10 s, and the sample soaked for 20 s
is named Co-Ni,P/NF-corr-20 s.
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Results and discussion

Scheme 1 is the preparation process diagram of the porous Co-
Ni,P/NF-corr nanosheets; the process is performed in three
steps. First, a simple hydrothermal method is used to synthe-
size the Co-Ni(OH)F/NF precursor on the NF substrate with
a thickness of 1 mm. Then, after soaking in 5 M H,SO, and low-
temperature phosphating, a kind of Co-Ni,P/NF-corr nanosheet
with a microporous structure is obtained.

The structure and composition of the samples were studied
by X-ray diffraction (XRD). Since NF has a certain influence on
the XRD pattern, ultrasonic treatment should be carried out on
the sample before the XRD test to eliminate the influence of NF.
It can be seen in Fig. 1a that the five diffraction peaks at 40.7°,
44.6°, 47.3°, 54.2°, and 55.0° can be attributed to Ni,P (74-
1385),* which correspond to the (111), (201), (210), (300) and
(211) crystal planes respectively. In addition, it can be found
that the diffraction peaks of Co-Ni,P shift 0.11°, 0.20°, and 0.14°
to the right at 40.7°, 44.6°, and 47.3° respectively (Fig. 1b),
which indicates that the addition of Co will cause slight changes
in the lattice of Ni,P. Before OER performance research on the
Co-Ni,P/NF-corr catalyst, scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) were used to
characterize the structure and morphology of the samples. As
can be seen in Fig. S1a,T the untreated NF has a smooth surface

Co-Ni,P/NF-corr

Scheme 1 Preparation process diagram of Co-Ni,P/NF-corr.
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Fig. 1 (a and b) XRD patterns of Ni,P/NF and Co-Ni,P/NF; (c and d)
SEM images of Co-Ni(OH)F/NF and Co-Ni,P/NF-corr; (e) TEM image
of Co-Ni,P/NF-corr; (f) HRTEM image of Co-Ni,P/NF-corr; (g—j) SEM
and the corresponding EDX elemental mapping images of Co-Ni,P/
NF-corr.
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and a large surface area, which provide a strong guarantee for
the growth of nanomaterials. After hydrothermal synthesis, Co-
Ni(OH)F/NF nanosheets grow vertically and crisscross on the NF
substrate (Fig. 1c). Fig. S1bt shows the SEM spectrum of Co-
Ni(OH)F/NF-corr nanosheets. It can be seen that after immer-
sion in H,SO,, the surface of the nanosheets appears to have
dense holes. Fig. 1d shows the SEM spectrum of Co-Ni,P/NF-
corr nanosheets; the pore structure of the nanosheets remains
unchanged after low temperature phosphating. The inset shows
the Co-Ni,P/NF-corr images of different multiples. In addition,
after the Co-Ni(OH)F/NF nanosheets were soaked in 5 M H,SO,
for 10 s, the edges of the nanosheets were slightly corroded,
some holes appeared, and the surface changed slightly.
However, when the immersion time reaches 20 s, the corrosion
of the nanosheet is relatively serious, with some large holes and
some cracks (Fig. S2t). Therefore, H,SO,-soaked samples for
15 s are selected for subsequent analysis. As shown in Fig. 1e,
TEM images further confirmed the porous structure of Co-Ni,P/
NF-corr nanosheets. In addition, lattice fringes spaced at
0.222 nm, corresponding to the (111) crystal plane of Ni,P, can
be clearly seen in the HRTEM image (Fig. 1f). Compared with
that of smooth Co-Ni,P/NF nanosheets (Fig. S37), the surface of
the Co-Ni,P/NF-corr nanosheets was etched with H,SO, to form
dense holes, which increased the active sites involved in the
electrochemical reaction.

The specific surface area, pore size and pore size distribution
of the sample were obtained by the Brunauer-Emmett-Teller
(BET) test. As shown in Fig. S4a,} Co-Ni,P/NF-corr (209.1332 m>
g~ ') has a larger surface area than Co-Ni,P/NF (32.8813 m* g™ ).
When the catalyst participates in the reaction, it can better
come into contact with the solution, indicating that Co-Ni,P/
NF-corr may have a larger active surface area. Co-Ni,P/NF-corr
has a pore size of about 6.34 nm (Fig. S4b¥), which provides
an extremely large active area and a short electron transport
channel for the catalytic process and is very conducive to the
diffusion of generated gases. In addition, energy-dispersive X-
ray spectroscopy (EDX) shows that Ni, Co, and P coexist
(Fig. S51). The SEM and elemental mapping images show that
Ni, Co, and P elements are uniformly dispersed along the NF
surface (Fig. 1g-j).

X-ray photoelectron spectroscopy (XPS) was used to
further reveal the composition and chemical state of Co-Ni,P/
NF corr. Full spectrum scanning further proves the existence
of Ni, Co and P (Fig. 2a), which is highly consistent with the
elemental mapping results. The high-resolution XPS image of
Ni 2p in Co-Ni,P/NF-corr (Fig. 2b) can be divided into two
main peaks. The binding energies (BEs) at 853.40 eV (Ni'")
and 856.10 eV (Ni") correspond to Ni 2p;,, and the satellite
peak (“Sat.” for short) appears at 860.10 eV; the BEs at
870.71 eV (Ni'™) and 872.9 eV (Ni") correspond to Ni 2py/,,
showing Sat. at 878.24 eV.* In Fig. 2d, it can be seen that the
BE of the Ni atom is slightly increased by 0.3 eV at 853.1 eV
and 870.4 eV, indicating that the incorporation of Co will
change the central charge of Ni and eventually lead to an
increase in the binding energy of Ni. As for the P 2p spectrum
(Fig. 2c¢), it can be seen that the P element can fit three BEs
129.72,130.83 and 131.82 eV, corresponding to P 2p3,, P 2p4,
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Fig. 2 (a) XPS survey spectrum of Co-Ni,P/NF-corr; high-resolution
XPS spectra of Ni 2p (b) and P 2p (c) in Co-Ni,P/NF-corr; (d) Ni 2p XPS
spectra in Co-NiyP/NF-corr and Co-Ni,P/NF.

» and P-O bonds respectively, wherein the P-O bond is the
phosphate formed due to the oxidation of surface phos-
phide.?® The weak signal of Co 2p suggests the presence of
trace cobalt (Fig. S61). In addition, we tested the content of
Co through inductively coupled plasma-mass spectrometry
(ICP-MS), and the result showed that the ratio of Co to the Ni
atom was 0.085 : 1. Combined with the above results, it can be
determined that Co-Ni,P/NF-corr nanosheets were success-
fully prepared.

A three-electrode system is used to evaluate the electro-
chemical OER performance of materials. Fig. 3a shows the
linear scanning curve (LSV) each material during the experi-
ment. It can be seen that bare NF has little effect on the OER
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Fig. 3 (a) LSV curves of NF, Ni(OH)F/NF, Ni>P/NF, Co-Ni(OH)F/NF,

Co-NisP/NF, Co-NisP/NF-corr, and RuO, electrode at room
temperature obtained in 1 M KOH solution (2 mV s™%); (b) over-
potentials at different current densities of Ni,P/NF-corr and RuO5; (c)
Tafel plots of Co-Ni,P/NF, Co-NiP/NF-corr and RuO, electrode; (d)
LSV curves of Co-Ni,P/NF-corr obtained by soaking in 5 M H,SO,4
solution at different times; (e) linear fitting curves of NF, Co-Ni,P/NF
and Co-Ni,P/NF-corr capacitance currents with respect to sweep
rates; (f) Nyquist plots of Co-Ni,P/NF and Co-Ni,P/NF-corr.
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process, but its unique metal skeleton can provide good
conditions for the growth of nanomaterials. With Ni(OH)F/NF
attached to the NF surface, 383 mV overpotential is required
to achieve a current density of 50 mA cm ™2 (for comparison, the
subsequent current density is subject to 50 mA cm ™ ?). After low-
temperature phosphating, the overpotential of Ni,P/NF
decreases to 337 mV, indicating that phosphating has played
a certain role in promoting the catalytic process. With the
incorporation of metal Co, the measured overpotential of Co-
Ni,P/NF is 296 mV, which is significantly lower than that of
Ni,P/NF. Excitingly, Co-Ni,P/NF-corr obtained through H,SO,
corrosion can achieve a current density of 50 mA cm™ > with only
267 mV overpotential, which is close to 260 mV of RuO, with
a good catalytic performance at present. At the same time, the
catalytic performance of Co-Ni,P/NF-corr is better than that of
other catalysts that have been reported so far (Table S17).
Moreover, its performance is better than RuO, after the current
density reaches 450 mA cm > (Fig. 3b). This result further
confirmed that the synergistic effect of Co and Ni and the pore
structure formed by H,SO, etching greatly enhanced the OER
performance of Ni,P.

In order to verify the influence of H,SO, corrosion on cata-
lytic activity, only the soaking time of H,SO, was changed to
obtain three different electrode materials. From the polariza-
tion curve, it can be clearly seen that the catalytic activity of the
catalyst reaches its peak when soaked for 15 s (Fig. 3d). There-
fore, Co-Ni,P/NF-corr-15 s is selected for subsequent electro-
chemical research. The LSV curves of each material show that
the Tafel slopes of Co-Ni,P/NF, Co-Ni,P/NF-corr, and RuO, are
125, 64, and 75 mV dec ' respectively (Fig. 3c), indicating that
Co-Ni,P/NF-corr has the best reaction kinetics.

Another benchmark of catalyst performance is electro-
chemical active area (ECSA). The value of ECSA is positively
correlated with the electrochemical double-layer capacitance
(Ca1)”” The Cq can be obtained by measuring the relationship
between different scanning speeds and current density.
Fig. S7a-ct shows the cyclic voltammetry (CV) curve without
oxidation and reduction of Co-Ni,P/NF-corr, Co-Ni,P/NF and NF
at different scanning speeds. Fig. 3e shows that the Cq values of
NF, Co-Ni,P/NF and Co-Ni,P/NF-corr are 1.74, 3.52 and 19.79
mF cm™ 2, respectively. On the premise that the geometric area
is the same as 0.25 cm?, the ECSA area of NF is calculated to be
2.16 cm? according to the CV curve (Fig. S8%). Based on the
linear relationship, the value of ECSA of Co-Ni,P/NF and Co-
Ni,P/NF-corr can be calculated to be 4.37 and 24.56 cm?®
respectively. These results indicate that the formation of
a porous structure exposes a large number of active sites, thus
improving the catalytic activity of Co-Ni,P/NF-corr. At the same
time, the Nyquist diagram (Fig. 3f) confirms that the charge
transfer impedance of Co-Ni,P/NF-corr is much smaller than
that of Co-Ni,P/NF, indicating that the former has a faster
charge transfer speed. In addition, the electron utilization rate
of Co-Ni,P/NF-corr in 1 M KOH solution was measured using
a simple gas collection device. The Faraday efficiency (FE) of the
catalyst was measured by comparing the theoretical gas
production with the actual gas production under the same
conditions. Fig. S91 shows that the FE of Co-Ni,P/NF-corr is
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Fig.4 (a) LSV curve of Co-Ni,P/NF-corr before and after 2000 cycles;

(b) multi current step chronopotentiometry curve of Co-Ni,P/NF-corr;
(c) stability of Co-Ni,P/NF-corr at 267 mV overpotential for 50 h; (d)
SEM image of Co-Ni,P/NF-corr after the OER test.

close to 100%, manifesting that the catalyst has strong electron
transfer ability and high electrode reaction efficiency.

The stability of the catalyst is an important parameter to
measure its practical application value. As can be seen from
Fig. 4a, the LSV curve of Co-Ni,P/NF-corr showed negligible
changes after 2000 CV cycles, showing excellent mechanical
stability. Fig. 4b shows the multi-step timing current curve of
Co-Ni,P/NF-corr (the current density gradually increases from
50 mA cm™~” to 160 mA cm™ >, increasing by 10 mA em ™ every
500 s). The potential reached 1.49 V vs. RHE at the beginning
and remained stable for the next 500 s. The other steps showed
similar results, further proving that Co-Ni,P/NF-corr has good
corrosion resistance and mass transfer rate. The long-term
stability of Co-Ni,P/NF-corr was tested at a potential of
1.49 V (Fig. 4c). It can be seen that the catalyst could work
stably for 50 h at a current density of 50 mA cm ™2, and the
ampere density did not decrease significantly, indicating that
Co-Ni,P/NF-corr showed very stable catalytic performance.
Fig. 4d shows the SEM image of Co-Ni,P/NF-corr after
participating in the OER process. It can be seen that the
catalyst still maintains its original porous nanosheet struc-
ture. Further analysis by XPS showed that the valence states
and electronic structures of Co and Ni in the Co-Ni,P/NF-corr
after the reaction did not change (Fig. S10a-d¥). In addition,
no new diffraction peaks appeared in the XRD pattern of the
catalyst after the OER process (Fig. S117). The above results
indicate that Co-Ni,P/NF-corr exhibits good stability in an
alkaline solution.

Conclusions

In conclusion, a porous Co-Ni,P/NF-corr nanosheet has been
synthesized on a NF substrate loop through hydrothermal
synthesis, H,SO, immersion, and phosphating at a low

© 2023 The Author(s). Published by the Royal Society of Chemistry
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temperature. This porous nanosheet structure has been shown
to be an efficient and stable OER catalyst under alkaline
conditions. By applying Co-Ni,P/NF-corr to the OER process, we
find that only an overpotential of 267 mV is needed to achieve
a current density of 50 mA cm >, with a Tafel slope of only
64 mV dec '. The excellent performance of the catalyst is
mainly due to the bimetallic synergism and the special porous
structure: (1) in Co-Ni bimetallic phosphide, the uniform
distribution of relevant active sites enhanced the tendency of
0-0 bond formation and improved the intrinsic activity of the
catalyst; (2) after etching with H,SO,, the nanosheet perforated
and a lot of active angles and edge sites appeared, which
increased the density of active sites to a certain extent. This
three-dimensional porous nanosheet structure can not only
provide a large active area and a short electron transport
channel, but is also very conducive to the diffusion of generated
gases. In addition, Co-Ni,P/NF-corr showed good electro-
chemical stability; the catalytic activity did not decrease
significantly after working for 48 h. This study provides a nano-
catalyst with a porous structure for the OER process in a strong
alkaline environment and provides a feasible idea for other OER
electrocatalysts.
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