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NiO combined with conductive materials is a practicable way to improve its catalytic property for the
oxygen evolution reaction (OER) by enhancing its electrical conductivity. Herein, Ni@NiO@graphite
nanoparticles less than 20 nm in average diameter were synthesized by a one-step chemical vapor
deposition process. Due to the deliberately controlled lack of oxygen, Ni particles and carbon clusters
decomposed from NiCp, precursors were oxidized incompletely and formed Ni@NiO core-shell
nanoparticles coated by a graphite layer. The thickness of the graphite layer and the content of Ni were
controlled by varying deposition temperature. The electrochemical activity towards the oxygen evolution
reaction was assessed within alkaline media. Compared with commercial NiO powder, the
Ni@NiO@graphite nanoparticles with the unique core-shell microstructure exhibit excellent OER

performance, i.e., an overpotential of 330 mV (vs. RHE) at 10 mA cm™2 and a Tafel slope of 49 mV dec™?,
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DOI: 10.1038/d2ra00947a due to the improved electrical conductivity and more active sites. This work provides a facile and rapid

rsc.li/rsc-advances strategy to produce nanoparticles with unique microstructures as highly active electrocatalysts for the OER.
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1. Introduction

Compared with biomass hydrogen production, hydrocarbon
pyrolysis and thermochemical water splitting, electrochemical
hydrogen evolution has received extensive attention and
possesses several advantages such as a simple process, no
carbon pollution, and high product purity."*> The oxygen
evolution reaction (OER) (2H,O = O, + 4H" + 4e”), the half
reaction of water splitting, involves the transfer of four electrons
and requires a high overpotential (1.23 V), which greatly limits
its overall efficiency.>* Therefore, the exploration of highly
efficient OER electrocatalysts is a key factor in increasing the
efficiency of water splitting. At present, noble metal catalysts
exhibit excellent performance in OER.>” However, their scarcity
and high price have seriously hindered their utilization on
a commercial scale.®® It has been found that other materials
such as transition metals also exhibit excellent OER activity in
alkaline electrolytes."™' Among these materials, NiO-based
catalysts have received extensive attention as replacements for
Ru- and Ir-based materials due to their high abundance, low
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cost and lower overpotential.”” Sai et al. reported plasma-
activated NiO nanosheets that surpassed the electrocatalytic
performance of the benchmark RuO,."* Nevertheless, further
application of NiO-based electrocatalytic materials is greatly
limited by their low conductivity."**> Combining NiO catalysts
with conductive materials, such as carbon-based materials or
nickel, is a practicable way to enhance electrical conductivity
and improve OER activity."®"” Srinivasa et al. synthesized Ni/NiO
nanocomposites and increased the current density by 134%
over that of bare NiO." Zhang et al. introduced ordered meso-
porous carbon (OMC) into NiO/CoO nanocomposites to
improve conductivity, which enables NiCo,O;@OMC to exhibit
a low overpotential of 281 mV at 10 mA ¢cm™>.* Moreover, the
formation of multicomponent heterojunction structures is also
beneficial to the improvement of electrocatalytic
performance.>**

Currently, introducing carbon and/or nickel into NiO cata-
lysts generally involves multiple synthetic steps, e.g., hydro-
thermal and nitrogen plasma activation,”® roasting and
annealing.”” However, metal-organic chemical vapor deposition
(MOCVD) makes it possible to controllably form graphene or
graphite nanolayers on the powder and/or grain boundaries in
the films due to the decomposition of hydrocarbon precur-
sors.”*** So far, many metallic catalysts containing carbon have
been synthesized by MOCVD, such as STFN/CNTs,** FeCoNi@N-
CNTs* and defect-rich MWCNTSs/CoFe,” showing excellent
catalytic properties. However, it has been difficult to obtain an

© 2022 The Author(s). Published by the Royal Society of Chemistry
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oxide catalyst containing carbon through a one-step CVD
approach. In this work, we propose a facile MOCVD process to
synthesize graphite-coated Ni@NiO nanoparticles in one step.
The thickness and structure of the carbon layer and the content
of Ni are controlled by adjusting the deposition temperature. In
addition, the growth mechanism and OER performance of the
nanoparticles with their unique microstructure are discussed. It
is demonstrated that the Ni@NiO@graphite nanoparticles have
a more positive effect on OER performance than commercial
NiO and IrO,.

2. Experimental
2.1 Preparation of NiO nanoparticles

The NiO nanoparticles were synthesized using a homemade
CVD system with a vertical tube furnace (Tianjin Zhonghuan
Electric Furnace Co., Ltd) and a rotary vacuum pump. Bis(cy-
clopentadienyl)nickel(u) (NiCp,, Shanghai Aladdin Biochemical
Technology Co., 98%) powder was loaded in a stainless steel
tank and evaporated at 120 °C and then transported to the
reaction zone (deposition temperature Tg.p, = 400-800 °C) using
Ar as a carrier gas (99.999%, Chaozhou Dafeng) with a flow rate
of 200 sccm. Diluted oxygen (20% O, in N,, 99.999%, Chaozhou
Dafeng) with a flow rate of 500 sccm was introduced into the
reaction chamber to oxidize NiCp,. The total pressure was
maintained at 10 torr, and the deposition time was fixed at 2 h.

2.2 Characterization

The crystal phase of the NiO powder was identified by X-ray
diffraction (XRD, Rigaku, Tokyo, Japan, CuKa) and Raman
spectroscopy (Renishaw in Via, 2UM965). The morphology of
the samples was studied by scanning electron microscopy (SEM,
TESCAN MIRA LMS, 5 kV) and high-resolution transmission
electron microscopy (HR-TEM, FEI Tecnai F20, 200 kV). The
chemical states were studied using X-ray photoelectron spec-
troscopy (XPS, Thermo Scientific K-Alpha, Al-Ko Aiv = 1486.6 eV).
Charge correction of all the peaks used C 1s = 284.80 eV
binding energy as the energy standard.

2.3 Electrocatalytic measurement

All electrochemical measurements were performed using an
electrochemical workstation (Metrohm Autolab, PGSTAT302N,
Netherlands) with a three-electrode system at room tempera-
ture. The catalytic inks were prepared by mixing a 5 mg powder
sample and 30 uL Nafion dispersed in the mixture of 600 pL
ethanol (98%, Sinopharm Chemical Reagent) and 600 uL
ultrapure water. Then, the inks were deposited on a freshly
polished glassy carbon electrode (3 mm in diameter) to form the
working electrodes; graphite was used as the counter electrode
and a saturated Hg/HgO electrode was used as the reference
electrode. The electrochemical OER performances of the
samples as well as commercial NiO (Beijing Innochem Tech-
nology Co., 99.9%) and IrO, (Shanghai Aladdin Biochemical
Technology Co., 99.9%) were measured in 1 M KOH electrolyte
by linear sweep voltammetry (LSV). LSV measurements were
carried out at a scan rate (r,) of 2 mV s~ in a potential range of
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0.18-0.78 V (vs. SCE). From the LSV curve, the Tafel slope was
derived and fitted according to the Tafel equation n =a + b log J,
where 7 refers to the overpotential, j represents the measured
current density, b is the Tafel slope and a is a constant. The
double-layer capacitance (Cyq)) of the different catalysts obtained
was measured by cyclic voltammetry (CV) at different scanning
rates of 10, 20, 30, 40, 50 and 60 mV s~ ' in the non-faradaic
potential region (0.3 to 0.4 V). Electrochemical impedance
spectroscopy (EIS) was also performed to obtain the OER
kinetics. The frequency ranged from 0.1 Hz to 100 kHz, and the
corresponding amplitude was 5 mV. All of the potentials in this
work were converted to that vs. the reversible hydrogen elec-
trode (RHE), which were calculated according to the Nernst
equation Egyg (IR compensation) = Eyggo + 0.098 + 0.059 X
pH, and the overpotential » = Egyg — 1.23 V.

3. Results and discussion
3.1 Characterization of the crystal phase and microstructure

Fig. 1a shows the XRD patterns of the nickel oxide nanoparticles
prepared at Tqep = 400, 500, 600, 700 and 800 °C. The five main
diffraction peaks at 37.33°, 43.38°, 63.02°, 75.59° and 79.60°
correspond to the planes of (111), (200), (220), (311) and (222) of
cubic NiO (PDF# 73-1519). The peak of cubic Ni (PDF# 70-0989)
is identified in the samples collected at 600 °C. At Ty, = 700 °C,
the peak of Ni is significantly enhanced and that of hexagonal
graphite (PDF# 75-1621) appears. Furthermore, when Ty, rises
to 800 °C, the relative intensity of Ni increases further, sug-
gesting that the content of Ni is positively correlated with the
deposition temperature. The broadened diffraction peaks of
NiO indicate that the grain size of NiO nanoparticles is very
small.

The Raman spectra are presented in Fig. 1b in order to
identify the phase of carbon in the nanoparticles. At Tge, = 400
and 500 °C, the asymmetric broad peak was located at
~1560 cm™ ', but a 2D peak of carbon was not observed,
demonstrating the formation of amorphous carbon.?® At Ty, =
600 °C, a weak 2D peak appeared, indicating that the carbon
tended to graphitization. Thereafter, as the deposition
temperature increased from 700 to 800 °C, the intensity ratio of
D to G decreased from 0.85 to 0.43 and the value of I,p/Ig
increased, suggesting that the higher temperature promoted
the graphitization of the carbon in the samples. The formation
of crystallized graphite may have been also relevant to the
catalytic effect of Ni nanoparticles.” In addition, the peak at
487 cm™ " originating from the Ni-O bond® is clearly observed
in the samples prepared at 400-800 °C.

The XPS analyses of the powder samples prepared at
different temperatures are shown in Fig. 2, and the survey XPS
spectrum presented in Fig. 2a confirms the existence of Ni, O,
and C in the samples. Ni 2p spectra are shown in Fig. 2b,
exhibiting two group peaks of Ni 2p;/, and Ni 2p,,. It is shown
that the multiple-split peaks of Ni 2p;/, are located at 854.2 and
856.4 eV and a satellite peak is located at 860.9 eV for Ni**.* The
multiple-split peaks of Ni 2p;/, (872.1 and 874.9 eV) and the Ni
2p1, satellite peak (879.3 eV) are also observable, which is in
good agreement with the characteristic peaks of Ni**. When the
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Fig. 2 XPS spectra of the powders prepared at 400, 500, 600, 700 and 800 °C. (a) High-resolution survey, (b) Ni 2p, (c) C 1s and (d) O 1s.

deposition temperature rises to 800 °C, the two peaks of binding
energy at 852.8 and 870.0 eV with a spin energy separation of
17.2 eV confirm the presence of Ni°® in the samples.* When the
deposition temperature is lower than 700 °C, the Ni° peak is not
observed in the XPS spectrum, which is inconsistent with the
XRD patterns. Since the penetration depth of XPS is usually 0.5
to 3 nm for metallic materials,* the NiO shell may shield the
detection of the Ni core by XPS. According to the XPS spectra of
C 1s (Fig. 2c) and O 1s (Fig. 2d), the peaks derived from the
C-0=C bond and C=0 bond are relatively strong in the sample
prepared at 400 °C, indicating that the sample contains more

10498 | RSC Adv, 2022, 12, 10496-10503

undecomposed hydrocarbons. The content of sp*> (C=C)
exceeded that of sp® (C-C) with increasing deposition temper-
ature, which indicates enhanced graphitization of the carbon
layer.

Fig. 3 shows the SEM images of the NiO nanoparticles. All
the samples consist of spherical nanoparticles with a diameter
less than 20 nm. To investigate the effect of temperature on
particle size, more than 150 nanoparticles were measured, as
shown in Fig. 3f. The average particle size increased from 12 to
16 nm with increasing temperature from 400 to 800 °C. Fig. 4
shows the TEM images of the samples prepared at 500 and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 TEM images of the powder samples prepared at (a) 500 and (b) 700 °C.

700 °C. At T4ep = 500 °C, NiO nanoparticles were wrapped by an
amorphous carbon layer with a thickness of about 6.4 nm. At Tgp,
= 700 °C, the thickness of the carbon layer decreases to 1.2 nm
and the HR-TEM image indicates that metallic Ni intimately
contacted with the NiO phase, forming Ni-NiO interfaces through
the heterostructure of the strongly interfaced Ni-NiO complexes.

3.2 Formation mechanism

Based on the structural and morphological analysis of the
products synthesized at different temperatures, the formation
process of NiO@C and Ni@NiO@graphite nanoparticles is
proposed, as shown in Fig. 5. NiCp, powder is evaporated and
transported by Ar gas to the deposition zone. Gaseous NiCp, is
thermally decomposed into nickel and hydrocarbon species.
These molecular clusters aggregate together and form nickel
nanoparticles due to their high surface activity and high surface
adsorption during the collision process.*® Due to the final
particle size of NiO being only slightly different, as shown in

© 2022 The Author(s). Published by the Royal Society of Chemistry

Fig. 3f, the growth rate of the nickel nanoparticles is almost
independent of deposition temperature. Then, the nickel
nanoparticles are oxidized to become NiO, and a part of the
hydrocarbon transforms to form a carbon layer on the surface of
the NiO nanoparticles. The oxidation degree of Ni and the
crystallinity of carbon are dependent on the deposition
temperature. According to the Ellingham diagram,** with
increasing temperature, the standard free energies of formation
(AGy) of NiO and H,O increase but that of CO decreases, with
crossover points around 400 and 600 °C, respectively. Therefore,
at lower temperatures, the hydrocarbon hardly reacts with
oxygen, resulting in most of the oxygen being able to fully
oxidize Ni to form NiO nanoparticles, as well as a great deal of
amorphous carbon on the surface. On the other hand, at
a higher temperature, the large amount of hydrocarbon easily
reacts with oxygen® and consumes it, leading to only a small
part of oxygen partially oxidizing Ni to form Ni@NiO core-shell
nanoparticles, while carbon crystallizes to graphite due to the
high temperature or catalysis of Ni. Furthermore, the CO

RSC Adv, 2022, 12, 10496-10503 | 10499
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concentration increases with increasing temperature,* result-
ing in a reducing atmosphere to form Ni easily at 800 °C, as
shown in Fig. 1a.
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3.3 Electrocatalytic OER study

The electrochemical performance of the electrocatalysts toward
OER in alkaline medium was investigated by LSV. The anodic
polarization curve is shown in Fig. 6a. The NiO electrodes
generated at 400, 500, 600, 700 and 800 °C require over-
potentials of 351, 342, 339, 330 and 340 mV versus RHE,
respectively, to register a j = 10 mA cm™ > current density. The
samples prepared at 700 °C give the optimal response towards
OER. Compared with that of commercial NiO (403 mV), the
overpotential of the sample has been significantly reduced, and
when Tgep > 500 °C, the OER performance of the sample exceeds
that of commercial IrO, (350 mV). The samples synthesized at
700 and 800 °C display achievable current density, which is
attributed to the enhanced conductivity due to the introduction
of Ni and graphite. However, NiO is still the main component in
the catalytic process,'® with excess Ni weakening the catalytic
activity of the sample prepared at 800 °C.

Fig. 6b plotted in the form of log j vs. potential highlights the
oxidation peaks of different samples. This can be ascribed to the
electro-oxidation of Ni(OH), to NiOOH, which proceeds as
Ni(OH), + OH™ — NiOOH + H,O + e™ in alkaline electrolytes.?®
With increasing deposition temperature, two redox peaks are
observed, which could be attributed to the formation of -
NiOOH and B-NiOOH. The surface of Ni and NiO would form
different hydroxides, o-Ni(OH), and B-Ni(OH),, in alkaline
solution. Both polymorphs are readily electro-oxidized, giving
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Fig. 6 Electrocatalytic OER performance of the catalysts. (a) iR-corrected LSV profiles, (b) zoomed-in view of (a) in the log-scale, (c) corre-
sponding Tafel slopes derived from the polarization curves, and (d) plots of capacitive currents as a function of scan rate.
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rise to different NiOOH phases: «-Ni(OH), — y-NiOOH and B-
Ni(OH), — B-NiOOH, with the two processes occurring at
different anode potentials.*> Therefore, the presence of the two
redox peaks can be ascribed to two oxidation reactions.’” In
addition, the oxidation of nickel requires a higher overpotential
than that of NiO,*® so the oxidation peak shifts toward a higher
overpotential at higher deposition temperature.

The catalytic kinetics of the electrodes were further investi-
gated by Tafel plots. As shown in Fig. 6¢, the Tafel slopes are 78,
66, 58, 49 and 56 mV dec* for the powder samples prepared at
400, 500, 600, 700 and 800 °C, respectively, displaying the best
OER activity at Tqep = 700 °C. The Tafel slopes of the samples
obtained at different deposition temperatures are lower than
those of commercial IrO, and NiO,. The excellent OER perfor-
mance of the sample obtained at 700 °C is ascribed to the
increased electrical conductivity and the appropriate ratio of Ni
to NiO in the Ni/NiO heterostructure. The sample prepared at
800 °C exhibits poor OER performance due to the increase of
grain size and the decrease of the electrochemically active area.
To further confirm this conjecture, cyclic voltammetry (CV)
scans were recorded and used to estimate catalytically active
sites to assess the electrochemical active surface area (ECSA)
calculated by ECSA = Cq)/C,,”* where C, is the unit area capac-
itance of the electrolyte; in KOH solution, C. = 0.04 mF cm 2,
and Cyq represents the double-layer capacitance, indicating the
number of active sites. Cq; was obtained from the slope of the
straight line, when the current density at the non-faradaic zones
was plotted against the scan rate. As shown in Fig. 6d, the Cy; of
the samples prepared at 400, 500, 600, 700 and 800 °C are 164.6,
221.9, 316.5, 740.8 and 629.4 uF cm™ 2, respectively. The highest
Cq of the graphite encapsulated Ni@NiO nanoparticles ob-
tained at 700 °C demonstrates that the excellent electrocatalytic
capacity of the sample is related to larger electrochemical active
surface area.

To further verify the electrical conductivity of the samples,
the electrochemical impedance spectroscopy technique (EIS)
was carried out. The Nyquist plots obtained by the EIS test are
shown in Fig. 7. The plots possess a semicircle with small
diameters in the high-frequency range and an arc with large
diameter in the low-frequency range.** The equivalent circuit
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model shown in Fig. 7c contains two parallel components for
surface impedance (RS, and CPE,) and bulk impedance (R% and
CPEp). R; is the solution resistance, R.. the charge transfer
resistance and CPE is a constant phase element. R, is an
important parameter for water splitting, with a lower R indi-
cating a much faster electron transfer process between the
electrode and the electrolyte interface and better electrocatalytic
properties.** The diameter of the small semicircles in the
Nyquist plot corresponds to the RS. The Rg, decreased from
12.47 to 6.72, 2.81, 1.98 and 0.35 Q with increasing deposition
temperature and nickel content, which suggests more efficient
charge transport in the sample prepared at 800 °C. It is indi-
cated that the nickel core greatly enhances the electrical
conductivity of the nanoparticles and promotes the OER cata-
lytic activity.

Furthermore, the stability of Ni@NiO@graphite obtained at
Taep = 700 °C was tested by chronopotentiometry. As displayed
in Fig. 8, the Ni@NiO@graphite electrocatalyst exhibits good
electrochemical stability during 11 h at a constant current
density of 10 mA ecm™> and the potential change was only
0.461% after the 11 h test.

Fig. 9 compares the Tafel slope and overpotential of
Ni@NiO@graphite with various NiO-based catalysts in the

-
©
T

Potential (V)
o

L Ni@NiO@graphite
14}
0 2 4 6 8 10
Time (h)

Fig. 8 OER stability for the Ni@NiO@graphite obtained at Tyep, =
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literature.'"!*1521,3241-48 The NijO catalysts combined with noble
metal oxides show the best performance, i.e., the lowest Tafel
slope and overpotential.**¢*” The NiO/Ni/C systems have
a Tafel slope of 40 to 100 mV dec™ " and an overpotential of 300
to 500 mV at a current density of 10 mA cm > The
Ni@NiO@graphite electrocatalyst in this study is located at the
left side of the group, slightly decreasing in overpotential and
rapidly decreasing in Tafel slope with increasing Ni content.
The overpotential and Tafel slope of Ni@NiO@graphite ob-
tained at Tqep = 700 °C demonstrate the excellent catalytic
performance next to the noble-metal-containing NiO system
due to the appropriate content of crystallized graphite and Ni
for the enhancement of electrical conductivity.

4. Conclusions

Graphite-encapsulated Ni@NiO nanoparticles less than 20 nm
in diameter were synthesized by a facile one-step chemical
vapor deposition process. With increasing deposition temper-
ature, the nickel content in the powder sample increases and
the carbon layer wrapped with NiO tends towards graphitiza-
tion. The appropriate content of Ni in the Ni@NiO@graphite
nanoparticles obtained at 700 °C effectively improves the elec-
trocatalytic activity, exhibiting the best OER performance with
the lowest overpotential of 7,, = 330 mV in 1 M KOH electrolyte
and a small Tafel slope of 49 mV dec™'. The MOCVD process
developed in this work is simple and suitable for the large-scale
synthesis of the powder, which provides a new idea for the
preparation of graphite-encapsulated nanoparticles.
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