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Plasma treatment as an effective strategy can simultaneously achieve surface modification and hetero-
atom doping. Here, an N/P-doped NiFeV oxide nanosheet catalyst (N/P-NiFeVO) constructed by Ar/
PH3z plasma treatment is used to drive the oxygen evolution reaction (OER). The introduction of V
species leads to the formation of an ultrathin ordered nanostructure and exposure of more active
sites. Compared to the 2D NiFeV LDH, the prepared N/P-NiFeVO by plasma treatment possesses mul-
tiple-valence Fe, V and Ni species, which regulate the intrinsic electronic structure and enable a
superior catalytic activity for the OER in alkaline media. Specifically, the N/P-NiFeVO only require an
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overpotential of 273 mV to drive the current density of 100 mA cm
can maintain a stable current density in a long-term oxygen evolution reaction (~120 h) under alka-
line conditions. This work provides new insight for the rational design of mixed metal oxides for OER
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Introduction

Hydrogen is considered to be a clean energy source with high
energy density that can solve the problem of depletion of fossil
resources and rapid consumption of  energy.'™
Electrochemical water splitting is considered to be one of the
most efficient and sustainable strategies to produce
hydrogen.>® Unfortunately, the sluggish kinetics during the
OER process seriously affects the energy conversion
efficiency.”® Noble metal Ru-based materials with best per-
formance suffer from high cost and poor durability, which
hinders development of renewable energy technologies.”°
Thus, it is of great importance to develop OER electrocatalysts
with low cost and high activity.""*?

In the last few decades, a great variety of transition metal-
based catalysts with low cost and high activities have been
widely investigated, especially layered double hydroxides
(LDHs)."*™*® These materials are distinct 2D layer materials
with excellent physicochemical characteristics, which makes it
appropriate to design various hybrid materials with ion
doping to improve the electrochemical activities. However, the
OER activity of LDHs is limited by the low number of active
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sites at the edges and weak conductivity. Plasma treatment has
been considered an efficient strategy to accelerate the OER
process.””° It is found that surface etching and heteroatom
doping can be achieved simultaneously under certain con-
ditions, which can not only increase the active surface area,
but also regulate the energy barrier during the OER process.
Wang et al. reported a CoFe LDH and Co;0, nanosheets with
oxygen vacancies, which were created using plasma in Ar/water
vapour. It is observed that the CoFe LDH and Coz;0, nanosheet
catalysts exhibit lower overpotential values, meanwhile the
Tafel value is only 68 mV dec™".%° These results provide strong
explanation for the successful improvement of OER perform-
ance. Liang et al. fabricated NiCoP nanosheets through Ar/PH;
plasma.?! The prepared nanosheets showed a lower potential
value of 273 mV at a current density of 100 mA cm™>.

Herein, a novel approach is designed to fabricate an
N/P-decorated Ni-Fe-V oxide electrocatalyst (N/P-NiFeVO).
Facile preparation was realized by plasma treatment, which
provided a greatly distinctive nanosheet structure, which was
obtained from NiFeV-LDH precursors. The obtained NiFeV
LDH with plasma treatment shows N/P doping and the for-
mation of oxygen vacancies, which can largely enhance the
electrochemical performance by providing a larger electroche-
mically active surface area and increased active sites. As an
OER electrode, N/P-NiFeVO exhibited a low overpotential
(273 mV at 100 mA cm ?) and an ultra-small Tafel value
(34 mV dec™) in 1 M KOH aqueous electrolyte. And it showed
a stable catalytic activity with a high current density of 100 mA

This journal is © The Royal Society of Chemistry 2024
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em > for 120 h. This work sheds light on the preparation of
high efficiency electrocatalysts.

Results and discussion

Scheme 1 is a schematic diagram of the synthesis procedure
of N/P-NiFeVO. A one-step hydrothermal method is first
carried out to synthesize a V-doped NiFe LDH on Ni foam
(denoted as NiFeV LDH). Then, a nanostructure consisting
of N/P-NiFeVO nanosheets with rich O vacancies is con-
structed via the following N,/PH; plasma reduction step. As
revealed in Fig. S2,¥ an optimum hydrothermal reaction
time can result in the best OER performance. The NiFeV
LDH-3 h precursor presents a smaller overpotential, lower
Tafel slope and optimum charge transfer resistance than the
other as-prepared samples. Consequently, the precursor pre-
pared through a hydrothermal reaction of 3 h was chosen
as the optimum sample.

X-ray diffraction (XRD) spectroscopy was then employed
to investigate the phase structure of the NiFeV LDH precur-
sor and N/P-NiFeVO. The diffraction peaks in Fig. 1a can
be well assigned to the NiFe LDH (JCPDS no. 26-1286).
After N, plasma treatment, all peaks in Fig. 1b from the
NiFeV LDH vanish and the new diffraction peaks can be
ascribed to the (111), (220), (311), (222), (400), (422), (511)
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and (440) planes of cubic NiFe,0, (JCPDS no. 54-0964),
demonstrating successful conversion from the LDH to the
NiFe,0, phase. The peaks appearing at 36.9° can be attrib-
uted to the (111) plane of VP, (JCPDS: 30-1426).
Additionally, the additional peak appearing at 40.7° can be
attributed to the (111) plane of Fe,P (JCPDS: 51-0943) and
Ni,P (JCPDS: 03-0953).

The initial NiFeV LDH and N/P-NiFeVO nanosheets men-
tioned above were synthesized and the surface morphology
was characterized by scanning electron microscopy (SEM) as
shown in Fig. 2a and b and transmission electron microscopy
(TEM) as shown in Fig. 2c-g. The N/P-NiFeVO sample shows a
similar nanosheet morphology, and plasma etching was
employed to introduce more oxygen vacancies into the precur-
sor. The TEM images revealed a relatively rough surface with
small irregular pores on the ultrathin nanosheets, relative to
the smooth surface of the pristine NiFeV LDH. The high-
resolution TEM (HRTEM, Fig. 2d-g) images indicate the lattice
fringe spacing of 0.15 nm and 0.25 nm consistent with the
(440) and (311) planes characteristic of NiFe,O, nanosheets.
However, the 0.22 nm and 0.24 nm lattice fringes at the edges
are attributed to the (111) and (111) planes of Ni,P/Fe,P
(Fig. 2f and g), implying that the plasma etching preserves the
P species. Furthermore, the selected area electron diffraction
(SAED) pattern of N/P-NiFeVO can be well indexed to all the
planes of Ni,P and Fe,P (Fig. 2h). The energy-dispersive X-ray

Scheme 1 Schematic illustration of the synthesis procedure of N/P-NiFeVO@NF.
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Fig. 1 XRD patterns of NiFeV-LDH (a) and N/P-NiFeVO (b).
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Fig. 2 SEM (a) and HRTEM (c) images of the NiFeV LDH; (b) SEM and HRTEM (d—g) images of N/P-NiFeVO; (h) SAED pattern and the corresponding

EDS elemental mapping of N/P-NiFeVO.

spectroscopy (EDX) mapping images of N/P-NiFeVO show an
atomic-level distribution of Ni, Fe, V, O, N and P in the whole
nanosheet, manifesting the
N/P-NiFeVO.

X-ray photoelectron spectroscopy (XPS) was performed to

successful fabrication of

further investigate the chemical environment and valence
states of the NiFeV LDH and N/P-NiFeVO. For the NiFeV
LDH, the XPS spectra of Ni 2p can be fitted with two dis-
tinct doublets (2ps, and 2p;,). The peaks at 852.3 and
869.2 eV can be ascribed to the metal Ni, while the peaks
at about 855.6 and 873.7 eV correspond to Ni**.*>??
Regarding N/P-NiFeVO, the characteristic peaks at 856 and

8758 | Dalton Trans., 2024, 53, 8756-8763

870.3 eV in the Ni 2p spectrum indicate the presence of
Ni",** as shown in Fig. 3a. In addition, after plasma treat-
ment, the appearance of Fe>* and Fe’ peaks confirms the
partial reduction of the sample by PH; plasma® (Fig. 3b).
In Fig. 3c, in comparison with the NiFeV LDH, the binding
energy of V 2p of N/P-NiFeVO shifts to a lower binding
energy, and the content of V*' notably increases, which
results from the reduction effect of PH; plasma.*® In
Fig. 3d, the peaks at 529.8, 531.3 and 532.4 eV are assigned
to the M-O, oxygen vacancies and oxygen of adsorbed water,
respectively.”” The intensities of oxygen vacancies and M-O
of N/P-NiFeVO are enhanced compared to those of the NiFe

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 High-resolution XPS spectra of N/P-NiFeVO and NiFeV LDH: (a) Ni 2p, (b) Fe 2p, (c) V 2p, (d) O 1s, (e) N 1s and (f) P 2p.

LDH, indicating that the plasma etching employed intro-
duced more oxygen vacancies into N/P-NiFeVO. The spectra
of N 1s in Fig. 3e reveal the information about the valence
states and chemical compositions. The N 1s spectra can be
fitted with three peaks at 397.3, 398.8 and 401.1 eV, which
are ascribed to V-N, Ni (Fe)-N, and N-O, respectively.*®*° In
the P 2p spectrum (Fig. 3f), the peaks at 129.1 and 129.9
eV correspond to P 2p;z, and P 2p,, of metal phosphide,
and the peak at 133.4 eV is associated with P-0.*°
Subsequently, the OER performances of N/P-NiFeVO and
derived samples were evaluated in 1 M KOH aqueous electro-
lyte using a standard three-electrode configuration (Fig. 4a).
All potentials were iR-compensated and converted to a revers-
ible hydrogen electrode (RHE) scale. As expected, compared

This journal is © The Royal Society of Chemistry 2024

with P-NiFeVO, N/P-VO, N/P-Ni Fe,0;, NiFeV LDH and IrO,,
N/P-NiFeVO exhibited the lowest overpotential at the same
current density (273 mV at 100 mA cm™>) and an ultra-small
Tafel value (34 mV dec™"), suggesting that the plasma etched
electrocatalyst with ultrathin nanosheets can serve as a good
electrocatalytically active species for the OER (Fig. 4b).
Noteworthily, such a low overpotential is superior to those of
many OER heterostructured catalysts (Table S17). In addition,
the electrochemically active area (ECSA) was calculated from
cyclic voltammetry (Fig. 5) at different scan rates from 20 to
120 mV s~! within the non-faradaic potential range. It is clear
that the ECSA of N/P-NiFeVO nanosheets with plasma treat-
ment is larger than that of the NiFeV LDH material. In other
words, the surface reconstruction by plasma treatment does

Dalton Trans., 2024, 53, 8756-8763 | 8759
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Fig. 4 OER electrocatalytic performance of various electrodes in 1 M KOH. (a) LSV curves (with iR correction) at a scan rate of 2 mV s™%; (b) Tafel
slopes; (c) Nyquist plots; inset: the equivalent circuit used for data analyses. (d) The chronoamperometric curve of N/P-NiFeVO at a constant current

density of 100 mA cm~2 over 120 h.

not compromise the high specific surface of the original cata-
lyst. As shown in Fig. 5f, the Cq of N/P-NiFeVO is 3 mF cm 2,
noticeably larger than that of the NiFeV LDH and its deriva-
tives (1.5 mF cm™~?), which indicates that more active sites were
generated. To gain more insights into the intrinsic activity for
the OER, the LSV polarization curves were normalized with
ECSA. As depicted in Fig. S4,T N/P-NiFeVO possesses superior
intrinsic catalytic activity compared to the other catalysts.>"*
It can be inferred that N/P-NiFeVO constructed by plasma
treatment has more exposed active sites, which enable its
remarkable catalytic activities.>**

At the same time, its stability is also outstanding, showing
good stability up to 120 h with little change at a constant
current density of 100 mA cm™> (Fig. 4d). Further SEM
images of the post-OER catalyst show a rougher structure
with irregular clusters on nanosheets (Fig. S5f). In the
surface oxidation under anodic voltage, the morphology of
the catalyst was largely retained compared to that of the as-
prepared sample. After the OER test, the high-resolution
XPS spectra of Ni 2p (Fig. S6at) show two peaks ascribed to
Ni**, while the Ni® peak completely disappeared. In
addition, the only remaining Fe’" peak confirms the com-

8760 | Dalton Trans., 2024, 53, 8756-8763

plete oxidation of Fe® and Fe®" (Fig. Sébt). In Fig. Séc,t the
peaks at 530.3, 531.3 and 532.6 eV are assigned to the M-O,
oxygen vacancies and oxygen of adsorbed water,
respectively.>*>® Fig. S6df shows peaks at 515.4, 516.2 and
517.1 eV, which are assigned to V**, V**and V>*. Compared
to those of N/P-NiFeVO, the intensities of V-N, Ni (Fe)-N
and N-O of the post-OER catalyst weakened and the P 2p
peak completely disappeared, which is due to the intense
oxidation process (Fig. S6e and f¥).

To evaluate the durability of N/P-NiFeVO in alkaline media,
we assembled a two-electrode system simulating a water split-
ting cell using Pt/C as a hydrogen evolution catalyst and
N/P-NiFeVO as an oxygen evolution catalyst. As shown in
Fig. 6a, the cell voltages in alkaline media of Pt/C||N/P-NiFevVO
and Pt/C||IrO, are 1.56 V@10 mA cm™? and 1.62 V@10 mA
ecm™?, respectively. Moreover, for the Pt/C||N/P-NiFeVO, the cell
voltage can remain at a similar level even after continuous
working for 120 h. Such a performance for water electrolysis is
better than that of most recently reported NiFe-based electro-
catalysts (Table S27). Overall, these results clearly indicate that
N/P-NiFeVO is indeed a competent and persistent OER
catalyst.

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Cyclic voltammograms at different scan rates (20200 mV s™) in the potential range of 0.9-1.0 V vs. RHE for the various electrocatalysts: (a)
N/P-NiFeVO, (b) P-NiFeVO, (c) N/P-VO, (d) N/P-Ni-Fe,Os, and (e) NiFeV LDH. (f) Difference in current density plotted against the scan rate for

various samples showing the extraction of the double-layer capacitances.
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Fig. 6 (a) Polarization curves (without iR correction) of Pt/C@NF//N/P-NiFeVO@NF and Pt/C@NF//IrO,@NF at a scan rate of 2 mV s™* for overall
water splitting; the inset shows the photograph of the electrolyzer powered by a battery of 1.56 V. (b) The chronoamperometric curve of the Pt/
C@NF//N/P-NiFeVO@NF cell at a constant current density of 10 mA cm~2 over 120 h.
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Conclusion

In summary, a well-alignhed N/P-doped NiFeVO oxide
nanosheet catalyst was prepared by Ar/PH; plasma treatment
of the NiFe LDH. Plasma treatment not only leads to the trans-
formation of the NiFe LDH to NiFeVO nanosheets, but also
induces the formation of oxygen vacancies. Accordingly, the
N/P-doped NiFeVO nanosheets with a high specific surface
area and plentiful pores provide unobstructed channels for
electrolyte ion diffusion and boosted charge transfer kinetics.
These advantages endow the N/P-doped NiFeVO electrode with
outstanding electrochemical properties. This work shows that
tuning the synthesis conditions and composition of mixed
metal oxides is an effective strategy to enhance the catalytic
performance for the OER.
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