
Heliyon 8 (2022) e11573
Contents lists available at ScienceDirect

Heliyon

journal homepage: www.cell.com/heliyon
Research article
Plasma-modified graphitic C3N4@Cobalt hydroxide nanowires as a highly
efficient electrocatalyst for oxygen evolution reaction

Yongjun Shen a,b,*,1, Yin Chen b,1, Shuaikang Fang b,1, Jae Kwang Park c, Hao Xu b

a Research Center of Secondary Resources and Environment, School of Chemical Engineering and Materials, Changzhou Institute of Technology, Changzhou, 213022, China
b School of Chemistry and Chemical Engineering, Nantong University, Nantong, 226019, China
c Department of Civil and Environmental Engineering, University of Wisconsin–Madison, 1415 Engineering Drive, Madison, WI, 53706, USA
A R T I C L E I N F O

Keywords:
Plasma-modified
Graphitic carbon nitride
Cobalt hydroxide
Electrocatalysis
Oxygen evolution
* Corresponding author.
E-mail address: shenyj@czu.cn (Y. Shen).

1 These authors have contributed equally to this

https://doi.org/10.1016/j.heliyon.2022.e11573
Received 7 April 2022; Received in revised form 2
2405-8440/© 2022 The Author(s). Published by Els
nc-nd/4.0/).
A B S T R A C T

The key to electrocatalytic water splitting is the discovery of efficient, low-cost electrocatalysts for oxygen evo-
lution reaction (OER). g-C3N4@Co(OH)2 þ PA/X nanowire materials were prepared by a combined strategy of
thermo-hydraulic and DBD plasma modification. The morphological structure of the plasma modification for 60 s
was then characterised by SEM and TEM patterns. In alkaline media, the g-C3N4@Co(OH)2 catalyst subjected to
60-s plasma treatment had excellent durability and exhibited outstanding electrochemical performance, dis-
playing a low overpotential (329 mV). The number of Co3þ active sites, high conductivity, and large surface area
of the g-C3N4@Co(OH)2 þ PA/60s catalyst contribute to the remarkable OER activity. This research offers a novel
approach to rationally designing effective electrocatalysts for water splitting.
1. Introduction

Growing energy consumption and emission of various polluting gases
have prompted people to explore available clean energy sources. Due to
its high purity, no secondary pollution and abundant raw material re-
sources, hydrogen energy has become the most popular energy source at
present [1]. In recent years, water electrolysis technology has been
recognized for its safe preparation process and stable yield [2]. However,
the oxygen evolutionary reaction (OER) involves a complex
multi-electron transfer process, resulting in a slow reaction rate [3, 4, 5].
Therefore, developing highly active electrocatalysts to speed up the OER
process is critical [6]. It is well known that IrO2 and RuO2 are the most
efficient OER catalysts. However, these materials are expensive, with low
natural abundance and poor stability, which limit their large-scale
application [7, 8, 9]. In order to design advanced materials, the devel-
opment of electrocatalysts based on non-precious metal materials and
carbon-based alternatives is a viable path [10].

At present, carbon-based materials have attracted great interest
because of their mild preparation conditions, customizable structure and
low production cost [11]. Because of its high nitrogen concentration, low
cost, great chemical stability, and easily tailorable structure, g-C3N4 is a
viable choice for adding N to carbon materials [12,13]. However, g-C3N4
is typically produced by solid-state calcination at high temperatures,
work and considered as co-first a
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which imparts insufficient electrical conductivity, a small surface area,
and poor charge transfer characteristics, all of which may impair its
catalytic capabilities [14,15]. Hence, there is a need to synthesize hybrid
materials containing g-C3N4 that can improve the catalytic activity of
g-C3N4 for OER [16,17]. Transition metal materials and their layered
double hydroxides [18], oxides [19,20], perovskites [21,22], phosphides
[23,24], sulfides [25,26], and nitrides [27], have been extensively
investigated over the last decades, and many of them exhibit significant
electrocatalytic activity toward OER. Co-based catalysts have been cho-
sen over other non-precious transition metal-based catalysts owing to
their availability and inexpensive cost. In addition, cobalt oxides and
hydroxides have outstanding structural properties, high electrical con-
ductivity, and abundant active sites, which bestow them with excellent
catalytic activity [28,29]. Yuan et al.coated N-doped carbon layers on
Co3(PO4)2 nanoparticles. Due to its unique structure and strong syner-
gistic effect, Co3(PO4)2@N–C possesses sufficient active sites and excel-
lent electrical conductivity to exhibit efficient OER activity [30].
Consequently, g-C3N4/Co-based hybrid materials obtain the advantages
of their respective active sites and develop new Co–N active sites,
reducing the reaction energy barrier and improving their OER catalytic
performance. Thus, these hybrid materials are outstanding OER catalysts
and promising alternatives to noble metal catalysts for electrochemical
water splitting. Researchers have extensively studied morphological
uthors.
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modification, ion doping, defect engineering, composite engineering,
and crystal plane control to increase catalytic performance [31,32];
However, there are only a few papers on the application of plasma
technology to electrolysis of water. Plasma treatment catalyst has irre-
placeable advantages, it can allows the introduction of numerous oxygen
vacancies and generating more active sites without destroying the
structure of the material, further improving the catalytic activity and
OER performance of the catalyst. In particular, no researchers have used
plasma technology to further modify g-C3N4@Co (OH) 2 nanowires.

In this study, we attempted to generate a catalyst with a unique
coating structure (g-C3N4@Co(OH)2) for OER by a mild preparation
method. In order to obtain the best OER performance of the catalysts, the
samples were treated with air plasma for different lengths of time. Plasma
treatment can generate more active sites without destroying the structure
of the material, and thus, improve the catalytic activity. As expected, the
g-C3N4@Co(OH)2 NW catalyst subjected to 60-s plasma treatment
exhibited excellent OER activity. Therefore, this work provides not only
an excellent OER electrocatalyst but also provide a new idea for the
design of high-performance materials.

2. Experimental section

2.1. Materials and chemicals

Melamine (C3H6N6, 99%), urea (CH4N2O, 99%), and cobalt chloride
hexahydrate (CoCl2⋅6H2O, 99.99%) were purchased from Rhawn.
Deionized water was used throughout the experiment.

2.2. Synthesis of g-C3N4 nanosheets

The crucible containing the appropriate amount of melamine powder
was placed in a muffle furnace and the heating speed (2.3 �C min�1) as
well as the temperature (550 �C) were adjusted. The product obtained at
the end of the reaction was g-C3N4.

2.3. Synthesis of g-C3N4@Co(OH)2 hybrid NWS

First, a mixture of aqueous solution containing cobalt chloride
hexahydrate (1.428 g), urea (0.36 g) and g-C3N4 (0.08 g) was ultra-
sonicated for 120 min to dissolve it fully. Then, Then, it was poured into
the reactor and set the temperature to 100 �C. 720minutes later, the oven
was turned off and waited for it to cool down. The resulting product was
centrifuged and dried overnight in an oven.

2.4. Synthesis of g-C3N4@Co(OH)2 þ plasma hybrid NWS

The experimental setup mainly consists of a plasma generator and an
input power supply. First, 50 mg of g-C3N4@Co(OH)2 catalyst was
weighed on an electronic analytical balance and dispersed uniformly in a
quartz reactor. Then place the quartz reactor between the electrode
plates and the wiring screws are adjusted to fix it. Turn the voltage
adjustment knob to make the input voltage 70V, and turn the current
adjustment knob to make the input current 1 A. When current is applied
to the electrode plate, a strong current is generated between the upper
and lower electrodes, and the current penetrates the air inside the
double-layer quartz glass medium to generate plasma for modification.
The sample treatment times (60 s, 90 s and 120 s) were varied to obtain
plasma-modified composite catalysts, labeled as g-C3N4@Co(OH)2þ PA/
X (X ¼ 60s, 90s, 120s). So far, team members have published papers on
the use of plasma techniques to degrade different dyes [33,34].

2.5. Characterizations

A Bruker D8 X-ray diffractometer (XRD) was used to analyze the
crystalline structure of the materials. The morphology of the samples was
observed by field emission scanning electron microscopy (FESEM, ZEISS
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Gemini SEM 300); the structure and composition of the samples were
observed by transmission electron microscopy (TEM, Tecnai G2 F20).
The chemical valence was recorded with the aid of a Thermo Kalpha-type
X-ray energy spectrometer (XPS).

2.6. Electrochemical measurements

All electrochemical performance testing equipment is the electro-
chemical workstation of the CHI 660Emodel. The equipment is equipped
with a three-electrode system, using the preparedmaterial as the working
electrode (contact area of 1 cm2), the reference electrode as Ag/AgCl, and
the counter electrode as a carbon rod. For the tests, the electrolytic cell
was filled with 30 ml of 1 M KOH solution. After starting the equipment,
the catalyst was first activated by cyclic voltammogram (CV) until a
stable image was obtained. The polarization curve was compensated for
85% iR and then tested at a rate of 0.005 V s�1, and the obtained LSV data
were fitted to obtain the Tafel slope. To test the AC impedance, an
applied voltage of 1.51 V was applied and the frequency was set from
0.01 to 105 Hz. The cyclic voltammetric curve was tested by varying the
sweep rate at 1.123–1.323 V to obtain the electrochemical capacitance.
Finally, the stability was evaluated by chronoamperometry and 1000
turns CV. In this study, the unit discussed in the results is the potential of
reversible hydrogen electrode (RHE).

3. Results and discussion

The preparation process of g-C3N4@Co (OH) 2 þ PA composite is
shown in Figure 1. First, melamine served as a source of carbon and ni-
trogen to form g-C3N4 nanosheets at 550 �C. Subsequently, g-C3N4@Co
(OH)2 nanowires were prepared in an oven. Finally, plasma treatment
was conducted for different lengths of time (60, 90, and 120 s). Figure 2a
depicts a typical X-ray diffraction (XRD) pattern of the produced cata-
lysts. The distinct peaks at 2θ ¼ 27.6� and 13.0� correspond to (002) and
(100) of the graphite-carbon nitride and are consistent with the g-C3N4
standard card (JCPDS 87–1526). The formation of (002) crystal planes in
g-C3N4 is produced by the accumulation of a graphite-like lamellar
structure, and (100) is caused by the repeated triazine ring structure
[35]. The diffraction peak at 2θ ¼ 27.6� is clear and sharp, suggesting
that the g-C3N4 crystal form is intact and crystallinity is high. The XRD
pattern of g-C3N4@Co(OH)2 corresponds to the same standard JCPDS
data (JCPDS 38–0547), which is consistent with references [36]. How-
ever, owing to the low g-C3N4 concentration, only a narrow and weak
diffraction peak can be observed. The XRD peaks of the plasma-modified
samples were are almost the same as those before plasma treatment,
regardless of the plasma treatment time, indicating that the composition
of the sample was not damaged after 60 s of plasma bombardment.

The morphologies of all prepared samples were characterized by
SEM. Figure 2b shows the structure of pure g-C3N4, showing a stacked
layered structure with a flat and smooth surface. As shown in Figure 2c,
Co(OH)2 presents a uniform linear structure with approximately the
same length. Figure 2d shows that the g-C3N4@Co(OH)2 sample is a
nanowire structure covered by a uniform coating. Decoration with g-
C3N4 is expected to accelerate electron transport of the catalyst. Addi-
tionally, Graphite carbon nitride grows on the surface of Co(OH)2, which
increases the ECSA of the composite and promotes the complete contact
between the electrolyte and the active substance, thus improving the
specific capacitance of the material. After 60 s of plasma treatment
(Figure 2e), the morphology of the NWs did not change significantly, and
the surface of the NWs remained smooth. This indicates that the short
duration of the treatment and low plasma energy are not sufficient to
change the morphology. However, as the plasma bombardment became
longer, the nanowires moved closer to each other (Figures 2f and 2g).
Furthermore, some agglomeration and breakage of the NWs was
observed. Thus, prolonged plasma treatment not only changes the posi-
tion of the NWs but also destroys their surface structure. The element
composition of g-C3N4@Co(OH)2 þ PA/60s composite are shown in



Figure. 1. Schematic illustration of the preparation of the plasma-activated g-C3N4@Co(OH)2 hybrid NWs.
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Figure 2h. The elements observed in the EDX spectra of the composites
are O, Co, C, N, and Cl, which indicated that the catalyst was successfully
prepared.

The structures of the g-C3N4@Co(OH)2 NWs before and after plasma
treatment were investigated using TEM. Figure 3a demonstrates that g-
C3N4 is composed of ultrathin nanosheets with a layered architecture. As
shown in Figure 3b, the surface of Co(OH)2 NWs is uniformly covered
with an amorphous layer (g-C3N4). After 60 s of plasma treatment
Figure 2. (a) XRD patterns of as-prepared materials. SEM images of (b) g-C3N4 nanos
60s NWs, (f) g-C3N4@Co(OH)2 þ PA/90s NWs and (g) g-C3N4@ Co(OH)2 þ PA/120

3

(Figures 3c and 3d), the coating of the catalyst was more uniform, and no
morphological changes were observed, which is the same as that seen by
SEM. This indicates that plasma treatment for 60 s did not damage the
crystal structure. We explored the structure and lattice spacing of the
material by high-resolution TEM. Figures 3e and 3f demonstrate the
presence of a uniform coating of g-C3N4. Moreover, the lattice spacing of
the catalysts before and after plasma modification is 0.507 nm, corre-
sponding to 2θ¼ 17.44�, which corresponds to the standard card (JCPDS
heets, (c) Co(OH)2 NWs, (d) g-C3N4@Co(OH)2 NWs, (e) g-C3N4@Co(OH)2 þ PA/
s NWs. (h) EDX spectrum of g-C3N4@Co(OH)2 þ PA/60s hybrid NWs.

mailto:Image of Figure. 1|tif
mailto:Image of Figure 2|tif


Figure 3. TEM image of (a) g-C3N4 nanosheets, (b) g-C3N4@Co(OH)2 NWs, (c–d) g-C3N4@Co(OH)2 þ PA/60s hybrid NWs. (e–f) The high-resolution TEM image of g-
C3N4@Co(OH)2 and g-C3N4@Co(OH)2 þ PA/60s hybrid NWs. (g–j) The HADDF image and EDX mapping of C, N and Co from g-C3N4@Co(OH)2 þ PA/60s
hybrid NWs.

Y. Shen et al. Heliyon 8 (2022) e11573
38–0547). This indicates that g-C3N4@Co(OH)2 NWs exhibit a single
crystal structure. In addition, Figures 3g–j are HAADF and EDX images of
materials respectively, which clearly show that C, N and Co are uniformly
distributed in g-C3N4@Co (OH) 2 þ PA/60s NWs.

We explored the chemical valence states of the materials by XPS
characterization technology. The presence of Cl, C, O, N, and Co in the
composite was observed from Figure 4a. The C 1s spectrum of the g-C3N4
nanosheets was deconvoluted into two peaks (Figure 4b). The two
distinct peaks (284.5 eV and 288.1 eV) appearing in the graph are due to
the C¼C and N–C¼N bonds of the triazine ring [37,38]. Compared to
Figure 4b, the appearance of additional C–O bonds is observed
(Figure 4c). The presence of the C–O peak suggests a synergistic effect
between g-C3N4 and Co(OH)2. The pyridine-N (397.9 eV), N–C (398.4
eV) and graphite-N (400.0 eV) species correspond to three peaks in the
high-resolution N 1s spectrum of g-C3N4 (Figure 4d) [39,40]. Figure 4e
shows the N 1s spectra of g-C3N4@Co(OH)2, in addition to the
pyridine-N, N–C and graphitic-N peaks, there is an N–Co bond at 399 eV.
The existence of Co–N is again proved the graphitic carbon nitride was
successfully coated on cobalt hydroxide nanowires. In addition, the Co–N
bond provides enough active sites to make the catalyst have higher cat-
alytic activity and thus accelerate the reaction process [41]. The Co2p
XPS spectra of plasma-modified g-C3N4@Co(OH)2 (Figure 4g) exhibit the
same major peaks as Figure 4f. Figure 4f shows the two main peaks of Co
2p3/2 and Co 2p1/2 after fitting. The two main peaks are fitted by Co3þ

and Co2þ, and the colors are the same in the same valence diagram. The
two characteristic peaks of Co3þ are 780.6eV and 798.6 eV, respectively,
while those of Co2þ are 782.3 eV and 796.9eV [42,43]. The difference
between the two main peaks was greater than 15 eV, which confirms that
cobalt is present in multiple oxidation states (Co3þ and Co2þ) in the
g-C3N4@Co(OH)2 composites. The peaks located at 786 and 803 eV are
satellite peaks of the material. In order to obtain the sample indicating
the ratio of Co3þ and Co2þ atoms, we calculated by the area of the fitting
4

region. The Co3þ/Co2þ atomic ratio of plasma-modified
g-C3N4@Co(OH)2 was calculated as 2.60, whereas the Co3þ/Co2þ

atomic ratio of g-C3N4@Co(OH)2 was 2.05. The superoxides generated
during plasma treatment oxidize Co2þ atoms, which leads to an increase
in the Co3þ content [17]. The research has shown that an increase in
Co3þ stimulates the transfer rate of charge to the catalyst and offers more
electrochemically active site [44,45].

Figure 5 was used to detect the specific surface area of the prepared
sample. The Brunauer–Emmett–Teller (BET) specific surfaces areas were
5.6781, 7.5429, 10.8212, and 12.112 m2 g�1, respectively. Thus, the g-
C3N4@Co(OH)2 þ PA/60s sample has the largest BET specific surface
area, providing more electrochemically active sites. In addition, the
macroporous structure of the g-C3N4@Co(OH)2 þ PA/60s hybrid NWs is
favorable for electron transfer, which is expected to improve the catalytic
activity.

The electrocatalytic properties of all samples were measured by an
electrochemical workstation equipped with a three-electrode system.
The LSV curves of the catalysts are shown in Figures 6a and 6b. Obvi-
ously, the onset potential of g-C3N4@Co(OH)2 þ PA/60s is lower than
that of other catalysts. Similarly, the current density growth rate of g-
C3N4@Co(OH)2 þ PA/60s is higher than that of other catalysts.
Furthermore, At the same current value (10 mA cm�2), the g-
C3N4@Co(OH)2þ PA/60s catalyst exhibits the lowest overpotential (329
mV) compared with g-C3N4@Co(OH)2 þ PA/90s (367 mV), g-
C3N4@Co(OH)2 þ PA/120s (378 mV), g-C3N4@Co(OH)2 (388 mV),
Co(OH)2 (426 mV), and g-C3N4 (442 mV), which was not even inferior to
RuO2. The reasons for such an excellent electrocatalytic activity may be
the following: (1) additional active sites (Co–N, Co2þ, and Co3þ) are
generated by strong coupling interactions generated within the catalyst;
(2) the g-C3N4 nanosheet coating accelerates the transfer of electrons
from the redox site to the electron collector; (3) through plasma treat-
ment for 60 s, the obtained catalyst gains additional Co3þ species,

mailto:Image of Figure 3|tif


Figure 4. (a) XPS survey spectra of g-C3N4@Co(OH)2 þ PA/60s, (b–c) C 1s of g-C3N4 and g-C3N4@Co(OH)2, (d–e) N 1s of g-C3N4@Co(OH)2, (f–g) Co 2P spectra of g-
C3N4@ Co(OH)2 and g-C3N4@Co(OH)2 þ PA/60s hybrid NWs
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increases the active edge sites, and develops a higher specific surface
area. With the increase in plasma treatment time, degradation of some
catalytic structures and severe aggregation of catalysts occur, so that
insufficient active sites could be obtained weakening the catalyst OER
activity.
5

We compared the overpotential of the g-C3N4@Co(OH)2 þ PA/60s
catalyst to those of related carbon-based materials and cobalt-based
composites. Sidhureddy et al. [46] compared the catalytic activity
Au-doped Co(OH)2 prepared by an electrochemical method with those of
pure Co(OH)2, while Au–Co(OH)2 required only a low overpotential (424

mailto:Image of Figure 4|tif


Figure 5. N2 adsorption-desorption isotherms of g-C3N4, Co(OH)2, g-
C3N4@Co(OH)2, and g-C3N4@ Co(OH)2 þ PA/60s.
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mV) to drive the oxygen evolution reaction. Suliman et al. [47] coupled
amorphous CoB nanoparticles with g-C3N4 to synthesize CoB/g-C3N4
catalysts with excellent OER activity, and CoB/g-C3N4 had a lower
overpotential (360 mV) compared to CoB and g-C3N4 samples. Kumar
et al. [48] prepared TC@WO3@g-C3N4@Ni–NiO composites utilizing
high temperature hydrolysis and thermal evaporation techniques. The
composite has excellent durability and requires only a low overpotential
of 385 mV (vs RHE) in the oxygen precipitation reaction. Roy et al. [49]
synthesized a Co(OH)2 composite electrocatalyst supported by
copper-modified nickel foam with low overpotential and small Tafel
slope. Compared with these electrocatalysts, the g-C3N4@Co(OH)2 þ
PA/60s composite has higher OER activity owing to plasmamodification.

As shown in Figure 6c, Tafel plots of all modified electrodes were
drawn to further understand the OER kinetics. g-C3N4@Co(OH)2 þ PA/
Figure 6. (a) Polarization curves of prepared electrodes in 1M KOH solution. (b) Com
and (c) the Tafel plots. (d) Estimation of Cdl by plotting the current density variatio
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60s exhibits the lowest Tafel slope (199 mV/decade) than that of g-
C3N4@Co(OH)2 þ PA/90s (212 mV/decade), g-C3N4@Co(OH)2 þ PA/
120s (217 mV/decade), g-C3N4@Co(OH)2 (230 mV/decade), Co(OH)2
(292 mV/decade), and g-C3N4 (302 mV/decade). Sung et al. [50]
comprehensively studied the catalytic behavior of a CeO2/Co(OH)2
hybrid catalyst toward the OER, in which the Tafel slope of Co(OH)2 as a
comparative material was 217 mV dec�1. In contrast, the
g-C3N4@Co(OH)2 þ PA/60s catalyst has a lower Tafel slope. Cdl of the
samples was measured to get an estimate of the ECSA. Figure 6d shows
the Cdl values of the prepared catalysts. The g-C3N4@Co(OH)2 þ PA/60s
electrode exhibited the largest Cdl value (49.9 mF cm�2) compared to the
other catalysts, indicating that the composite catalyst with
plasma-modified 60s had the highest ECSA. Moreover, the
g-C3N4@Co(OH)2 þ PA/60s catalyst has a higher Cdl than other
non-noble metal catalysts, For example, Qin et al. synthesized the
Co(OH)2-X catalyst by changing the high-temperature etching time of
ZIF-67. When the time was 1h, the OER performance was the best, and
the Cdl of Co(OH)2-1 was 7.5 mF cm�2 [51].

The Tafel slope was further analyzed under steady-state conditions.
Steady-state polarization curves of the catalysts (Figures 7a–f) were
recorded by the current densities after 100 s of chronoamperometric
response at different potentials in the catalytic conversion region [52].
The obtained OER steady-state polarization curves were all manually
corrected for iR drop (100%) based on the uncompensated resistance.
The Tafel plots (Figure 7g) were drawn from the steady-state polarization
curves. There is no doubt that at steady state, g-C3N4@Co(OH)2 þ
PA/60s remains the lowest compared to the Tafel values of the other
catalysts. The Tafel slope under steady-state conditions again demon-
strates the optimal OER activity of the catalyst after 60 s of plasma
modification.

We used EIS to further explain the quicker catalytic kinetics of the g-
C3N4@Co(OH)2 þ PA/60s materials. The Nyquist diagram in Figure 8a
shows that the RCT of g-C3N4@Co(OH)2 þ PA/60s (41.2 Ω) is lower than
that of other catalysts: g-C3N4@Co(OH)2 þ PA/90s (55 Ω), g-
C3N4@Co(OH)2 þ PA/120s (58.4 Ω), g-C3N4@Co(OH)2 (73.8 Ω),
Co(OH)2 (111.2 Ω), and g-C3N4 (157.7 Ω). The g-C3N4@Co(OH)2 þ PA/
parison of overpotentials for various catalysts at current densities of 10 mA cm�2

n (Δj ¼ (ja� jc)/2).
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Figure 7. (a–f) OER LSV curves with (red) and without (black) 100% iR drop correction. (g) Corresponding Tafel lines.
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60s electrocatalyst had a substantially lower RCT value than the other
catalysts. In addition, its RCT value was far inferior to the Co(OH)2 ma-
terial prepared by Sun et al. [53], which had an RCT value of 150 Ω. In
general, fast charge transfer rates can accelerate the combination of
electrical integration, and thus, reduce the corresponding ohmic drop
[7]. The quantity of active sites in materials increases with the intro-
duction of plasma treatment. To further evaluate the electrochemical
stability of g-C3N4@Co(OH)2 þ PA/60s, a 1000-cycle CV cycling test and
a 10-h chronoamperometry test were performed. After the cycling test,
the overpotential of g-C3N4@Co(OH)2 þ PA/60s increased approxi-
mately 15 mV at j10 (Figure 8b). The inset in Figure 8b shows the
time-dependent i-t curve, where the catalyst current remains almost
stable at a fixed potential within 10 h. Based on the aforementioned re-
sults, the as-prepared g-C3N4@Co(OH)2 þ PA/60s electrode displays
excellent structural stability.

After 10-h chronoamperometry, the g-C3N4@Co(OH)2 þ PA/60s
composites were again characterized by SEM and XPS. It can be clearly
Figure 8. (a) Nyquist plots of various catalysts. (b) OER polarization curve
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seen from Figure 9a that NWs does not change after stability measure-
ment. The XPS (Figure 9b) results show that the Co 2p3/2 and Co 2p1/2
peaks are shifted to the right after the OER test (779.5 and 794.6 eV,
respectively, compared to 780.9 and 796.8 eV, respectively, for pristine
g-C3N4@Co(OH)2 þ PA/60s). This shift occurs owing to the high
oxidation state during chronoamperometry, which results in the forma-
tion of CoOOH [54].

Plasma modification improves the catalyst performance because of
the following mechanism. First, the quartz reactor is placed between
electrodes, and the gas between the electrodes is perforated under high
frequency voltage to formmany micro-discharge filaments. The electrons
in the micro-discharge filaments have a high density and high tempera-
ture. When they collide with the molecules and atoms of the discharge
gas, they produce a variety of active particles that subsequently react
with the catalyst, modifying the material surface. Under the action of air
plasma, the catalyst generates more exposed active edge sites and an
increased number of Co3þ active sites, which accelerate the reaction
s of g-C3N4@ Co(OH)2 þ plasma/60s before and after 1000 CV tests.

mailto:Image of Figure 7|tif
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Figure 9. (a) The SEM image and (b) The XPS spectra of g-C3N4@Co(OH)2 þ PA/60s after 10 h stability measurement in 1 M KOH.
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kinetics [55,56]. Plasma modification also provides the
g-C3N4@Co(OH)2 þ PA/60s catalyst with an increased specific surface
area and accelerated electron diffusion characteristics [57]. Therefore,
plasma technology has strong application potential toward the prepara-
tion of advanced catalyst materials.

4. Conclusions

In summary, this study successfully reports on a facile and efficient
plasma modification strategy to prepare g-C3N4@Co(OH)2 þ PA/60s
NWs with excellent electrochemical performance. The g-C3N4@Co(OH)2
nanowires with a treatment time of 60s had the best catalytic activity at
different plasma treatment times, with an overpotential of only 329 mV
and the lowest Tafel slope in the oxygen evolution reaction. Furthermore,
g-C3N4@Co(OH)2 þ PA/60s obtained the lowest Tafel slope. XPS tests
showed that superoxide in the plasma treatment effectively increased the
valence state of Co and thus accelerated the charge transfer rate. In
addition, the g-C3N4@Co(OH)2 þ PA/60s NW catalyst also demonstrated
outstanding stability over a 10-h period. The results show that the air
plasma modification enables g-C3N4@Co(OH)2 þ PA/60s to obtain suf-
ficient active sites, good electrical conductivity, and large electro-
chemical surface area, thereby exhibiting excellent OER activity. This
study offers a new direction for the preparation of efficient catalysts to
improve the overall OER performance.

Based on the obtained results, the development direction of this work
is mainly to prepare composites of g-C3N4 with different transition
metals, further optimize the plasmamodification conditions, improve the
plasma modification device, and obtain OER catalysts that are superior to
noble metals. In addition, nickel foam, as a three-dimensional structure
with high stability superior to carbon paper, can be considered for testing
by dropping dispersions onto nickel foam to evaluate the effect of
different carriers on catalytic performance. In this paper, the OER per-
formance of catalysts was mainly investigated and the role of plasma on
bifunctional catalysts can be continued to be explored. The plasma
modification strategy is not only limited to carbon materials and transi-
tion metal materials but can also be applied toMOFs-based, non-metallic-
based materials, etc., which provides an environmentally friendly and
efficient new strategy for designing efficient catalysts.
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