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ARTICLE INFO ABSTRACT

Keywords: With the development of direct methanol fuel cell (DMFC), methanol oxidation reaction (MOR) becomes the
Methanol oxidation reaction crux of the application of DMFC, and the preparation of cheap, efficient MOR electrocatalyst is still the focus of
Selenylation researchers. Hence, we have prepared NiSe/RGO nanoparticles by a simple and universal way using pyrolyzation
NiSe and selenylation. The MOR of NiSe/RGO is tested in 0.5 M MeOH/1 M KOH solution. Compared with the
Nanoparticles

precursor Ni, NiSe/RGO-550 has outstanding performance for MOR with onset potential is 1.35 V vs. RHE, and

59.84 mA cm ™2 for peak current density, and it can stable catalytic oxidation of methanol more than 4000 s.
Because of the augment of active sites after selenization and the load of RGO enhanced electroconductibility,
NiSe/RGO-550 has remarkable performance for MOR. This work provides the possibility of high performance,
low cost catalysts for energy storage, conversion and practical applications.

1. Introduction

With the shortage of non-renewable energy and the worsening of
environmental pollution, the search for new green energy attracts
global attention [1-3]. Among the new green energy sources, methanol
direct fuel cell has become a candidate of new energy because of its
preponderances of supernal volume energy density, supernal energy
conversion efficiency and low toxic of the discharge [1,2,4-7]. The Pt-
based materials have excellent methanol oxidation properties at the
anode of direct methanol fuel cell (DMFC) [8-16], but it is difficult to
large-scale application that high price and precious metal [17].
Therefore, it is indispensable to search for non-precious metals anode
catalysts with excellent methanol oxidation performance with low
price.

In recent years, nickel based materials have been diffusely used in
energy conversion and storage reactions due to their surface oxidation
properties, such as oxygen evolution reaction (OER) [18-22], hydrogen
evolution reaction (HER) [23,24], and methanol oxidation reaction
(MOR) [25,26]. Furthermore, there are much more researches on dif-
ferent nickel-based materials as catalysts for MOR. Massive nickel

dispersed on graphene by electro-deposition better than the metal Ni
for oxidize methanol [27]. PdNi nanoparticles catalyst was prepared by
metal ion chemical reduction which has better MOR performance than
Ni [28]. Ni»Co, was prepared by electrodeposition has higher oxidation
current density about 58 mA cm ™2 higher than pristine Ni, and the best
durability for 1200 s [29]. Mn-Ni(OH), with hierarchical hollow
structure was prepared by sacrificial templating method with good
durability and stability [1]. NiCo,0,4-rGO hybrid was prepared by two-
step solution phase method with low potential and outstanding cata-
lytic durability that current density kept 95% after 3600s [30]. 3D
mesoporous NiCo,04 nanosheet was with onset potential (0.19 V) and
the current density remained 95% based on the initial value after
1000 s stability test [31]. Numerous experimental studies show that
nickel-based material oxides, alloys and modified nickel-based mate-
rials have more catalytic activity sites and a better oxidation methanol
performance. (The MOR properties of nickel-based materials are com-
pared in Table S1)

Due to the excellent MOR properties of nickel-based materials, we
designed and prepared Ni precursor by pyrolysis method, and obtained
NiSe/RGO by selenization [32-36]. The oxidation properties of
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Fig. 1. a) The preparation process for NiSe/RGO. b) TEM images of Ni, ¢c) TEM images of NiSe/RGO-550 d), e) HR-TEM images of NiSe/RGO-550.

methanol were measured in 0.5 M MeOH/1 M KOH solution. NiSe/
RGO-550 nanoparticles exhibit excellent methanol oxidation proper-
ties. The onset potential of NiSe/RGO-550 nanoparticles (1.35 V vs.
RHE) is lower than Ni nanoparticles (1.38 V vs. RHE), and the peak
current density (59.84 mA cm™?) is higher than Ni nanoparticles
(13.21 mA cm ™~ 2). The NiSe/RGO-550 has a fast kinetic process with a
stable catalytic oxidation of methanol more than 4000 s. All experi-
mental results show that NiSe/RGO-550 has superior methanol oxida-
tion performance than Ni nanoparticles.

2. Materials and methods
2.1. Chemicals

Nickel (II) acetylacetonate (98%) and Tri-N-Octylphosphine (TOP,
90%) belong to damas-beta. Hexane, Ethanol and Isopropanol were all
AR and received from Sinopharm Group Co. Ltd. Selenium powder
(99.9%) and Oleylamine (80-90%) are from Aladdin. Nafion (5 wt%)
belongs to the Sigma-Aldrich Chemical Reagent Co. None of the che-
micals straightway used in the experiments were further purified.

2.2. Catalysts synthesis

Nickel (II) acetylacetonate (2.0553 g) and TOP (surfactants,
8.8954 g) were dissolved in oleylamine (56 mL) in three flasks. The
mixed solution was vigorously stirred for 20 min and heated to 130 °C
for 30 min. The compound was further rapidly heated with a step of
5°C min~ ! to 200 °C and kept for 30 min. The above steps required the
Ar atmosphere protection. The resulting sediment was centrifuged with
ethanol, and then the sediment was centrifugal washed with ethanol/
isopropanol (Volume ratio = 1:1). Finally, the sediment was dispersed
into hexane and naturally dried to obtained Ni nanoparticles.

Ni nanoparticles as-obtained above and reduce graphene oxide
(RGO, mass ratio = 100:1) were dissolved in hexane by ultrasound,
respectively, then were mixed with a porcelain boat as container, and
then selenium powder was put into another porcelain boat on the up-
stream. The mixture was heated to 550 °C aging about 2 h (at 2 °C
min~') in a tube furnace under an Ar atmosphere. Finally, NiSe/RGO-
550 was obtained. In the meantime, we obtained the else calcined
specimens under the same conditions except calcination temperature,
and the calcination temperature at 450, 650 and 750 °C, respectively.
The obtained specimens above were recorded as NiSe,/RG0O-450, NiSe/
RGO-650 and NiSe/RGO-750, respectively.
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2.3. Catalysts characterizations

Powder X-ray diffraction (XRD) were operated to a Rigaku Ultima
IV. Field emission transmission electron microscopys (FE-TEM) was
operated to a Tecnai G2 F20 with voltage of 200 kV and Cu grids was
used as substrate. X-ray photoelectron spectroscopy (XPS) was analyzed
with an ESCALAB 250Xi.

2.4. Electrochemical measurements

CHI 760E electrochemical workstation (Chenhua Co., Shanghai,
China) was operated to electrochemical measurements with three-
electrode electrolytic tank at indoor temperature. The counter electrode
(Pt net), working electrode (glass carbon electrode, GCE) and reference
electrode (Ag/AgCl) were used. The catalyst slurry is composed of
Nafion, water and ethanol (volume ratio = 1:9:10). Catalyst (5 mg) was
added to catalyst slurry (1 mL), and then the compound was violently
ultrasound for 30 min to obtain a uniform compound. A glassy carbon
electrode (GCE, 0.07 cm™2) was burnished using alumina powder.
Finally, 4 mL of the aforementioned catalyst slurry was uniform drip to
the GCE (0.07 cm ~ 2, payload mass of 0.286 mg cm ™ 2) and drying in air
at room temperature. All potential values were expressed referenced to
the RHE (vs. RHE), and all tests have not been iR correction in this
work. The cyclic voltammetric (CV) tests and Linear sweep voltam-
metry (LSV) were performed to research the catalytic competence range
1.1 between 1.7 V vs. RHE for MOR. Electrochemical impedance
spectroscopy (EIS) of MOR was obtained in the frequency scope be-
tween 0.01 Hz and 100 kHz at potential of 1.5 V vs. RHE.
Chronoamperometry (CA) test was obtained at 1.5 V vs. RHE for 4000 s
in the same solution. All tests were operated at indoor temperature.

3. Results and discussion

The synthesis process of NiSe/RGO nanoparticles is displayed in
Fig. la. Nickel (II) acetylacetonate, surfactants (TOP) and solvent
(oleylamine) were pyrolyzed to obtained Ni nanoparticles at 200 °C for
30 min. Ni nanoparticles and reduce graphene oxide were mixed evenly
and selenylation in tube furnace to obtain NiSe/RGO.

As the TEM diagram of NiSe/RGO-550 shown in Fig. 1c, the NiSe
nanoparticles are evenly distributed on the RGO. The illustrations show
average particle size of NiSe nanoparticles is 42.8 nm and the lattice
spacing is 0.32 nm, corresponding to (100) crystal planes in PDF #
02-0892 (Fig. 1d). Multi-ring bright diffraction ring selected area
electron diffraction (SAED) pattern put down to the diffusions from
(102), (100) planes of NiSe/RGO-550 (PDF # 02 02-0892), which
shows that NiSe/RGO-550 has good crystallinity (Fig. 1e). EDX diagram
shows Ni, Se, O, C elements in synthetic compounds, and other impure
elements not detected (Fig. S1f). Meanwhile, TEM and HR-TEM images
of Ni nanoparticle were shown in Fig. S1. The average particle size of Ni
nanoparticle precursor is 11.97 nm (Fig. S1b) and Ni nanoparticles are
uniformly distributed with spheres (Figs. 1b and Sla). After seleniza-
tion, the NiSe/RGO-550 shows anisotropic growth, and the particle size
of NiSe/RGO-550 becomes larger [37]. Compared with Fig. S1, Fig. 1
shows that the particle size of nanoparticles increased significantly after
selenization. The results showed that NiSe/RGO-550 anisotropic
growth increased the particle size and surface area, make the active
sites were increased and the catalytic performance may be enhanced
[371.

Fig. 2a shows the XRD of NiSe/RGO-550. The sample has incisive
diffraction peaks at 27.857°, 32.778°, 44.369°, 49,931°, 59.555°,
61.164°, 69.055°, 70.417°, which can be corresponds to (100), (101),
(102), (110), (103), (201), (202), (004) crystallographic plane of hex-
agonal NiSe (ICDD PDF card 02-0892), respectively. No diffraction
peaks of other impurities are observed, indicating that NiSe was suc-
cessfully prepared. The XRD pattern of the precursor Ni was shown in
Fig. S2a. Compared with Fig. S2a, Fig. 2a shows no peak of pure Ni after
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selenization, indicating that selenization was more thorough. In addi-
tion, in order to compare the MOR performance of NiSe/RGO-550, we
also obtained nickel selenide at different temperatures, as shown in Fig.
S2b. NiSe, was prepared at 450 °C (denote as NiSe,/RG0O-450), NiSe
also were prepared at 650 and 750 °C (denote as NiSe/RGO-650 and
NiSe/RGO-750). As selenation temperature from 450 °C to 550 °C, the
content of selenium decreases because of the evaporation of selenium
power. While increasing from 550 °C to 750 °C, 550 °C becomes the best
calcined temperature may be due to the influence of thermal stability of
selenide [38].

The XPS diagram shows the chemical composition of NiSe/RGO-
550, and the full spectrum shows the C, O, Ni, Se elements (Fig. S3).
The C=C, C-C (Sps), C-O of C 1s at 283.7, 285.0 and 285.9 eV [21,39],
respectively (Fig. 2b). The peak of Ni 2p3,, and Ni 2p, » at 854.6 and
872.0 eV, and shakeup satellites at 860.1 and 878.6 eV, respectively,
indicated that Ni exists in the form of Ni2* in NiSe [1 8,22,40] (Fig. 2c).
The binding energies at 851.7 and 869.1 eV were corresponding to
metallic Ni of Ni 2p3,, and Ni 2p; » [41,42]. The peak of 53.6, 55.7 and
57.8 eV was assigned to Se 3ds,», Se 3d3,» and SeOy (oxidation state of
Se) [18,25,42-45] (Fig. 2d). The XPS results showed that the NiSe/
RGO-550 catalyst was prepared successfully.

Fig. 3a and b and Figs. S4a, c, e shows the CV of Ni, NiSe/RGO-550,
NiSe»/RGO-450, NiSe/RGO-650 and NiSe/RGO-750 in 1 M KOH at
disparate sweep speeds, respectively. The peak current density augment
with the sweep rates, the anode peak current moves forward to the high
potential, while the cathode peak current density shifts forward to the
low potential. The peak current density is related to the limitation of
reaction kinetics. We hypothesized that the redox peak was with the
mutual transformation of Ni(OH), and NiOOH, that is to say the mutual
transformation of Ni?* and Ni®* for MOR [32].

The peak ampere density (I,) in direct proportion to the square root
of the scan rate (v1/?) in 5-60 mV s~ 1, as the Ip vs. v!/? (Fig. 3¢, d and
Figs. S4b, d, f), indicated the diffusion-limited redox reaction
[30,32,46,47].

I, = 2.69 x 10°n*?AD"?Cy'/?

In the above formula, n represents the amount of metastasizing
electrons, D represents the diffusion coefficient of the reactant, A re-
presents the geometric acreage of the working electrode and C re-
presents the initial concentration of the reduzate. I, has a positive
correlation with v'/2, and Ni(OH),<>NiOOH oxidation process is usually
deemed to be a rate-determining step of the proton diffusion. Therefore,
according to the above formula, proton diffusion coefficient of NiSe/
RGO-550is 2.36 X 10~ ® cm?s ™, and proton diffusion coefficient of Ni
is 7.85 x 10~® ecm? s~ . Because of the augment of active sites after
selenization and the load of RGO enhanced electroconductibility, the
diffusion coefficient increases which are more conducive to the diffu-
sion of active species [5,48,49].

The CV bights of different methanol concentrations in 1 M KOH
were recorded in Fig. S5. When the methanol concentration is lower
than 0.5 M, the catalytic performance of NiSe/RGO-550 is poor may be
due to the low methanol concentration. When the concentration of
methanol is too high, methanol molecules could cover NiSe/RGO-550,
making its MOR performance poor [29,50,51]. Therefore, the MOR
performance all samples were tested in 0.5 M MeOH/1 M KOH. Fig. 4a
and b demonstrates the CVs of Ni and NiSe/RGO-550 in the presence
and absence of 0.5 M methanol, we observed that the peak anodic
oxidation current of NiSe/RGO-550 and Ni increased significantly in
the presence of 0.5 M methanol, indicating that both NiSe/RGO-550
and Ni had MOR properties. The peak current density of NiSe/RGO-550
(59.84 mA cm ™~ ?) is higher than Ni (13.21 mA cm ™~ %), which may due
to NiSe loaded on RGO to improve the synergy between NiSe and RGO,
and the conductivity of RGO improves the conductivity of catalysts. The
methanol oxidation reaction mechanism of NiSe/RGO-550 may be
further explained by equations (1) and (2). Methanol oxidation reaction
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Fig. 2. a) XRD of NiSe/RGO-550, the corresponding high-resolution XPS spectrums of b) Cls, ¢) Ni 2p and d) Se 3d.

may occur in the following two processes. First, Ni** in NiSe/RGO-550
is oxidized to a high valence state of Ni**. In the second stage, the high
valence states Ni®" was reduced to the low valence states Ni2" in the
methanol oxidation process [1,30]. In addition, the methanol oxidation
activity of NiSe/RGO-550 is also higher than NiSe,/RGO-450
(44.20 mA cm™?), NiSe/RGO-650 (46.50 mA cm™?) and NiSe/RGO-
750 (29.53 mA cm ™~ 2) in Fig. 5a. The onset potential of NiSe/RGO-550
is 1.35 V vs. RHE lower than Ni (1.38 V vs. RHE), which is displayed in
the LSV curves (Fig. 5b). It shows that NiSe/RGO-550 has a fast kinetic

process for methanol oxidation.

Ni(OH); + OH™ — NiOOH + H,0 + e~ (€D

@

The electrochemical impedance spectroscopy (EIS) of NiSe/RGO
and Ni was tested at 1.5 V vs. RHE for MOR. Fig. 5c shows the EIS
diagrams of NiSe/RGO-550, Ni and nickel selenide obtained at different
temperatures. The spectra are all single semicircle. It shows that the
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NiSe/RGO-550 has the smallest semicircle radius, while Ni has the
largest semicircle radius. The decrease of semicircle radius means the
reducing of charge transfer resistance (R.) of MOR, this may be related
to RGO as a supporter to enhance the electrical conductivity of nickel
selenide, and speed the charge transfer.

The stability of NiSe/RGO-550 and Ni was tested for 4000s by
Chronoamperometry with the potential of 1.5 V vs. RHE. At the be-
ginning of chronoamperometry, the NiSe/RGO-550 have a current
density declined slightly, which is possibly due to the active site of
catalyst did not adsorb methanol molecules. It may also be on account
of the formation of intermediates of the reaction at the initial stage,
which makes the catalyst poisoning and the current density decreases.
When the new methanol molecules were adsorbed at the active site, it
made the catalytic activity tend to be stable [29]. The current density of
NiSe/RGO-550 is higher than Ni and nickel selenide obtained at dif-
ferent temperatures (Fig. 5d), manifesting that the NiSe/RGO-550 has
better stability of methanol oxidation.

The excellent MOR performance of NiSe/RGO-550 is memorably.
The NiSe/RGO-550 has outstanding MOR performance. The low onset
potential, supernal peak current density, and the synthetic NiSe/RGO-
550 are outstanding compared to Ni, which may be impute the fol-
lowing factors. (1) Nanoparticles architecture offer rich active reaction
sites. (2) The increase of active sites after selenization. (3) The load of

RGO enhanced electrical conductivity, which is more conducive to the
diffusion of active species.

4. Conclusions

In summary, we have resoundingly prepared NiSe/RGO-550 nano-
particles by a simple and universal way that pyrolyzation and seleny-
lation. The electrochemical catalytic activity of methanol oxidation of
NiSe/RGO-550 nanoparticles was measured, and the consequences
showed that the NiSe/RGO-550 nanoparticles has a supernal electro-
chemical catalytic competence of methanol oxidation than Ni and other
nickel selenide obtained at disparate temperatures. Hence, the out-
standing methanol oxidation performance of NiSe/RGO-550 nano-
particles indicates that NiSe/RGO-550 nanoparticle is a promising
anode material for DMFCs. This work provides the possibility for the
preparation and application of other nickel-based non-noble metal
catalysts.
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