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Abstract Developing cost-effective electrocatalysts for
oxygen reduction reaction (ORR), oxygen evolution
reaction (OER) and hydrogen evolution reaction (HER)
is vital in energy conversion and storage applications.
Herein, we report a simple method for the synthesis of
graphene-reinforced CoS/C nanocomposites and the
evaluation of their electrocatalytic performance for typical
electrocatalytic reactions. Nanocomposites of CoS
embedded in N, S co-doped porous carbon and graphene
(CoS@C/Graphene) were generated via simultaneous
sulfurization and carbonization of one-pot synthesized
graphite oxide-ZIF-67 precursors. The obtained CoS@C/
Graphene nanocomposites were characterized by X-ray
diffraction, Raman spectroscopy, thermogravimetric ana-
lysis-mass spectroscopy, scanning electronic microscopy,
transmission electronic microscopy, X-ray photoelectron
spectroscopy and gas sorption. It is found that CoS
nanoparticles homogenously dispersed in the in situ
formed N, S co-doped porous carbon/graphene matrix.
The CoS@C/10Graphene composite not only shows
excellent electrocatalytic activity toward ORR with high
onset potential of 0.89 V, four-electron pathway and
superior durability of maintaining 98% of current after
continuously running for around 5 h, but also exhibits good
performance for OER and HER, due to the improved
electrical conductivity, increased catalytic active sites and
connectivity between the electrocatalytic active CoS and
the carbon matrix. This work offers a new approach for the
development of novel multifunctional nanocomposites for
the next generation of energy conversion and storage
applications.
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1 Introduction

The increasing energy demand together with the potential
depletion of fossil fuel-based energy sources has triggered
worldwide intense research on renewable energy conver-
sion and storage systems that are highly efficient, low cost
and environmentally friendly [1,2]. In a variety of
renewable energy related technologies, including fuel
cells, metal-air batteries and water splitting [3], efficient
catalysts toward electrochemical oxygen reduction reac-
tion (ORR), oxygen evolution reaction (OER) [4] and
hydrogen evolution reaction (HER) play paramount roles
[4-7]. On one hand, ORR is currently the ubiquitous
cathode reaction in fuel cells, and Pt or its alloys are the
most active electrocatalysts for ORR [8—10]; on the other
hand, OER and HER lie at the heart of the electrochemical
water splitting and metal-air batteries, and Ru oxides and
Pt are the benchmark electrocatalysts for OER and HER,
respectively [11-13]. However, both Pt or its alloys and Ru
oxides are among the rarest elements on earth and
expensive, which inevitably hinder their large-scale
applications. As a result, it is highly desirable to develop
efficient and non-noble metal based electrocatalysts with
multifunctional catalytic activities toward ORR, OER and
HER simultaneously, which is sought after for renewable
energy applications in full water splitting to generate
emission-free H, as well as O, [14-18].

Recently, Co based materials including metallic Co,
CoO and CoS combined with N, S, P heteroatom doped/
co-doped carbon materials have demonstrated promising
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multifunctional electrocatalytic activities in ORR/OER or
OER/HER or ORR/OER/HER [3,4,15,16,18-24]. There-
fore, numerous synthesis approaches have been developed
to generate Carbon-based electrocatalysts with active Co
components [25,26]. Among the diverse synthesis strate-
gies, the use of metal-organic frameworks (MOFs) as
precursors is a facile and effective route to produce high
performance carbon-based electrocatalysts, due to the
controllable crystalline structures the adjustable composi-
tions as well as the tunable porous sizes and surface areas
of MOFs [27-31]. As a sub-family of MOFs, zeolitic
imidazolate frameworks (ZIFs) have been widely studied
in gas storage, separation, catalysis and drug delivery [32—
34]. Due to the rich N content in the organic linkers of
ZIFs, carbonization of ZIFs can readily lead to the
formation of metal components uniformly dispersed in
N-doped porous carbon materials [35,36]. In our previous
work, we successfully produced nanocomposites of CoS
homogeneously dispersed in N, S co-doped porous carbon
by a facile one-step simultaneous sulfurization and
carbonization of ZIF-67 [37]. Due to their unique core-
shell structure, high porosity, homogeneous dispersion of
active CoS component together with N and S co-doped
porous carbon, the resulting nanocomposites exhibit
excellent ORR and OER performance with superior
durability [22,37,38].

Moreover, in the past years graphene-based materials
were widely explored as catalyst support due to their high
surface area, good chemical stability, excellent electrical
conductivity, as well as strong adhesion to catalyst
particles [39—41]. In particular, heteroatoms doped gra-
phene not only exhibits improved electron mobility, but
also shows efficiently introduced chemical active sites for
catalytic reactions and provides increased anchoring sites
for catalytical nanoparticle deposition [3,42—44]. How-
ever, it still remains a challenge to effectively support
catalytically active species on graphene with uniform
distribution so as to improve the performance of the
electrocatalyst. In this regard, a composite of ZIF
derivative and graphene may potentially be promising
electrocatalyst with good charge mobility, high surface
area and highly dispersed active species for relevant
electrocatalytic reactions.

In this work, we developed a simple approach to prepare
graphene-reinforced CoS embedded in heteroatoms doped
porous carbon via a simultaneous sulfurization and
carbonization of one-pot synthesized graphite oxide/ZIF-
67 composite (GO-ZIF-67). ZIF-67 is rich in Co—N
moieties and is an excellent precursor for the preparation
of CoS on carbon. GO is in situ introduced during the
synthesis of ZIF-67 precursor and can be readily reduced to
graphene during the high temperature heat process.
Consequently, heat treatment of the in situ synthesized
GO-ZIFs in H,S atmosphere at high temperature can result
in CoS dispersed in N, S co-doped porous carbon and
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graphene with improved catalytic active sites and electrical
conductivity. Various techniques, including X-ray diffrac-
tion (XRD), transmission electron microscopy (TEM),
scanning electron microscopy (SEM), N, adsorption,
thermogravimetric analysis-mass spectrometer (TGA-
MS), X-ray photoelectron spectroscopy (XPS) and
Raman spectroscopy were used to investigate the physi-
cochemical properties of the obtained composites and their
performance in relevant electrocatalytic reactions were
evaluated. Compared to the graphene-free sample, the
resulting graphene-reinforced CoS/C nanocomposites
exhibit multifunctional electrocatalytic performance for
ORR, OER and HER with improved activities and good
durabilities, due to the increased electrical conductivity,
catalytic active sites and connectivity between CoS and
carbon/graphene.

2 Experimental
2.1 Synthesis of GO-ZIF67 precursors

GO was prepared via a slightly modified Hummers method
[45], then the GO-ZIF composites were synthesized
through an established approach [46]. Briefly, 2-methyli-
midazole (Hmim) was dissolved in deionized water,
followed by adding calculated amount of GO under
stirring. Then, Co(NOj3),-6H,O was dissolved in
deionized water and the two solutions were mixed
together under further stirring at room temperature for
8 h. The molar ratio of the mixture is Co*":Hmim:H,0 =
1:58:1100. The purple product was collected by filtration
followed by washing with deionized water and then air-
dried at room temperature for 48 h. The samples were
denoted as xGO-ZIF67, where x (x = 5, 10, 20 wt-%)
stands for the weight percentage of GO in the composites.
For comparison, a pristine ZIF-67 precursor was also
synthesized following the same procedure without the
addition of GO.

2.2 Synthesis of CoS@C/Graphene composites

The air-dried GO-ZIF67 and pure ZIF-67 precursors were
sulfurized in H,S atmosphere. Typically, 0.25 g dried
xGO-ZIF67 composite was loaded into an alumina boat
and placed in the center of a tube furnace, followed
by heating the furnace to 800 °C with a ramp rate of
10 °C-min ! under Ar flow of 50 mL-min'. At 800 °C,
H,S gas was charged into the furnace at a flow rate of
20 mL-min' in addition to the Ar flow for 1 h, then the
H,S gas flow was stopped and the furnace was switched off
to cool down to room temperature under Ar flow only. The
resulting composites were labeled as CoS@C/xGraphene.
The product obtained from ZIF-67 precursor was named as
CoS@C.
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2.3  Materials characterizations

XRD patterns were recorded with Cu Ka radiation (40 kV-
40 mA) at a step size of 0.02° and 1 s per step. TGA was
performed on a TA SDT Q600 from room temperature to
800 °C with a ramp rate of 10 °C-min™' in air with a flow
rate of 100 mL-min'. A Hiden QGA MS was coupled
with the Q600 instrument to monitor the gaseous
compositions of the exhaust emission. SEM images were
recorded using a Philips XL-30 in a high vacuum mode at
an acceleration voltage of 20 kV. Before the measurement,
all samples were coated with gold to reduce the effects of
charging. TEM images were recorded by a JOEL 2100 at
an acceleration voltage of 100 kV. Raman spectra were
obtained using a Renishaw in Via Raman microscope with
the excitation laser beam at a wavelength of 532 nm. N,
adsorption measurements were carried out on a Quanta-
chrome Autosorb-iQ gas sorptometer via conventional
static volumetric technique. Before testing, the samples
were dried overnight at 110 °C and evacuated for 4 h at
200 °C under vacuum. Then, N, sorptions were measured
at —196 °C. Brunauer-Emmett-Teller method was used to
calculate the surface area of the samples, based on the
adsorption data in the partial pressure (P/P,) range of 0.02—
0.22. The total pore volume was determined from the
amount of adsorbed N, at P/P, ca. 0.99. XPS was
performed on a Kratos Axis Ultra system with a
monochromated Al Kr X-ray source operated at 10 mA
emission current and 15 kV anode potential.

2.4  Electrocatalytic measurements

Electrocatalytic performance of the catalysts was evaluated
by cyclic voltammograms (CV), linear sweep voltammo-
grams (LSV) and chronoamperometry in a three-electrode
electrochemical cell which was connected to a computer-
controlled potentiostat (CHI 760D), coupled with a
rotating disk electrode (RDE) system. A platinum wire
and an Ag/AgCl electrode were used as the counter
electrode and the reference electrode respectively. A bare
glassy carbon electrode (GCE) of 3 mm in diameter or
modified GCE with the studied material was used as the
working electrode. The electrode was polished on a
chamois leather with drops of 0.05 pum alumina for
15 min to obtain a mirror-like surface. The modified GCE
was prepared by casting a 5 uL of the catalyst ink, which
was obtained by ultrasonically dispersing 1 mg of the
catalyst in 0.5 mL alcohol with 5 pL 0.05 wt-% nafion,
onto the fresh surface of the pre-treated GCE electrode and
dried in air to form a uniform thin film. Through this
method, the loading amount of each catalyst was kept to be
141.5 pg-cm . For ORR and OER, the measurements
were carried out at room temperature in 0.1 mol-L™' KOH
solution, which was purged with high purity nitrogen or
oxygen at a flow rate of 20 mL-min ' for at least 30 min
prior to each measurement. For HER, the tests were carried
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out at room temperature in 0.5 mol-L™ H,SO, solution.
The electrode potential reported in this paper is relative to
the reversible hydrogen electrode (RHE) potential.

3 Results and discussion

The in situ synthesized GO-ZIF67 precursors, pristine ZIF-
67 and GO are characterized and presented in Fig. S1 (cf.
Electronic Supplementary Material, ESM). As shown in
Fig. S1(a), the XRD of GO displays a characteristic strong
peak at 20 of 10.5°, which is corresponding to the average
interlayer spacing of 8.4 A. The XRD patterns of the
pristine ZIF-67 suggest the formation of pure sodalite-type
crystal structures. The in situ synthesized GO-ZIF67
composites show similar XRD patterns to that of the
pristine ZIF-67, which indicates the introduction of GO
into the synthesis gel does not affect the crystalline
structure of ZIF-67. No XRD peak from GO can be
observed, which could be due to the overlapping of the
XRD peaks of GO and ZIF-67. In addition, the amount of
GO has no observable effect on the XRD patterns of the
GO/ZIF-67 composites. However, as shown in Fig. S1(b),
the introduction of GO into the synthesis gel of ZIF-67 can
obviously affect the N, sorption capacities and conse-
quently influence the textural properties of the resulting
GO-ZIF67 composites. The representative TEM image
(Fig. S1(c)) of the as-synthesized GO-ZIF67 exhibits the
typical rhombic dodecahedron crystals with particle size
up to 160 nm and observable micropores.

The one-pot synthesized GO-ZIF67 and pristine ZIF-67
were used as precursors to realize one-step simultaneous
sulfurization and carbonization by heat treatment in H,S
atmosphere to produce composites CoS@C/10Graphene
and CoS@C respectively, and these samples were fully
characterized and presented in Figs. 1-3. The XRD results
of these composites are presented in Fig. 1(a). As expected,
both composites exhibit XRD patterns completely different
from their precursors, which can be indexed to Co;_,S
(ICDD PDF# 42-0826) with the hexagonal structure in
P63/mmc space group (No. 194) [37], which is consistent
with previously reported results [37]. Moreover, sample
CoS@C/10Graphene displays sharper XRD peaks with
higher intensity than that of CoS@C, indicating improved
crystallinity of the CoS particles. However, the potential
inter-plane (002) diffraction peak at around 26° from
carbon or graphene in both composite samples is not
observable, which could be due to the low carbon content
as well as the lower peak intensity of the carbon species
compared to that of CoS in the composites.

As shown in Fig. 1(b), the Raman spectra of composites
CoS@C/10Graphene and CoS@C confirm the presence of
carbon and graphene in the samples. Both composites
exhibit two Raman bands at 1380 and 1580 cm’,
corresponding to the D and G bands of disordered carbon
and sp® hybridized graphitic carbon, respectively.
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Fig. 1 (a) Powder XRD, (b) Raman spectra and (c) N, sorption isotherms of CoS@C/10Graphene and CoS@C.

However, both bands in composite CoS@C/10Graphene
are much sharper than those in sample CoS@C, due to the
presence of graphene which was converted from GO
during the high temperature heat process. Moreover, the
intensity ratio of the D and G band (/p/lg) reflects the
graphitization degree of carbon in the samples. The Ip//g
values are 0.1 and 1.08 for CoS@C/10Graphene and
CoS@C, respectively, which confirms the presence of
highly graphitized carbon (graphene) in the composite
CoS@C/10Graphene. In addition, a band at 2690 cm™ is
observed in the Raman spectra of composite CoS@C/
10Graphene, which is due to the 2D band of graphene and
further confirms the presence of graphene in the sample.
However, this band is not observable in CoS@C,
suggesting that only amorphous carbon is presented
in sample CoS@C, which is consistent with previous
report [37].

The TGA profiles and the corresponding MS signals of
composites CoS@C/10Graphene and CoS@C in air are
shown in Fig. S2 (cf. ESM). In the TGA profiles (Fig. S2
(a)), both CoS@C/10Graphene and CoS@C exhibit
similar weight loss event at around 100 °C, which
corresponds to the removal of adsorbed moisture from
the samples. Both composites display a weight gain event
in the temperature range of 300-480 °C due to the
oxidation of the low valance state of CoS to a high valence

state, followed by two remarkable weight loss events in the
temperature range of 460—580 °C and 750-850 °C, which
is due to the combustion of the formed amorphous carbon
and graphene in the composites and the oxidation of CoS
in air, respectively, as confirmed by the emission of CO,,
SO, and NO, in their MS signals (Figs. S2(b—d)) [37,47].
Compared to CoS@C, the weight loss event of CoS@C/
10Graphene shifts to a higher temperature, probably due to
the relatively higher burn-off temperature of graphene than
that of the amorphous carbon in CoS@C.

The textural properties of composites CoS@C/
10 graphene and CoS@C measured from N, sorption are
shown in Fig. 1(c). Both samples exhibit type IV isotherms
with an obvious hysteresis loop between their adsorption
and desorption branches, indicating the presence of
mesopores in these composites, which may arise from
the voids between particles. The specific surface area of
samples CoS@C/10Graphene and CoS@C are 105
and 277 m*-g' and the pore volumes are 0.34 and
0.71 cm?-g™', respectively. It is worth noting that the
surface area and pore volume of CoS@C/10Graphene are
significantly lower than that of CoS@C, probably due to
the partial blockage of the pore channels of the formed
porous carbons by the introduced graphene. Moreover, the
surface area and pore volume of these composites are much
lower than their precursors, which could be due to the
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collapse of the porous structures during the sulfurization
process and the formation of CoS which increased the
mass of the resulting composites.

As shown in Fig. 2, the particle morphologies of the
obtained CoS/C composite are significantly different from
their precursors due to the collapse of ZIF frameworks and
the change of the components caused by the high
temperature sulfurization process. Both CoS@C/10Gra-
phene and CoS@C are composed of CoS nanoparticles in
irregular shape with very small size, but no single CoS
particles can be easily observed and most CoS particles are
well embedded in the composites. It should be noticed that
the graphene in composite CoS@C/10Graphene may be
served as a bridge between CoS particles and the porous
carbon. Moreover, high resolution TEM images (Figs. 2(b)

R

190 nm \"Y‘
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and 2(d)) of CoS@C/10Graphene and CoS@C show some
pore channels that are visible at the edge of the particles,
due to the presence of formed porous carbon. In addition,
the lattice of CoS nanocrystals is observable in the dark
area of Figs. 2(b) and 2(d). In the selected area electron
diffraction (SAED) patterns of the inset in Figs. 1(a) and
1(c), the bright scattered dots are contributed from the
crystalline CoS nanoparticles, while the dimmed diffrac-
tion rings are originated from the amorphous porous
carbon matrix.

The SEM images of CoS@C and CoS@C/Graphene are
shown in Fig. S3 (cf. ESM). It seems that the CoS@C
generally remains the crystal particles similar to its ZIF-67
precursor, but CoS@C/Graphene exhibits more uniform
polyhedral particles with average particle size of 0.2 um,

Fig. 2 TEM images of (a, b) CoS@C and (c, d) CoS@C/10Graphene; inset in (a, c¢) is SAED patterns for corresponding sample; (e)

elemental mappings for CoS@C/10Graphene.
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possibly due to better dispersion of the formed CoS in
the carbon/graphene matrix as a result of the
introduced graphene. To investigate the distribution of CoS
particles in the composites, the elemental mapping of
sample CoS@C/10Graphene was measured. As shown in
Fig. 2(e), all the elements C, Co, S and N exhibit similar
mapping patterns with their selected area of the SEM
image, which implies that CoS nanoparticles are homo-
geneously dispersed in the carbon/graphene matrix. It is
worth noting that a small amount of N elements was
detected, which also further suggests that N-doped carbon
matrix were formed in the composites.

The XPS element survey spectra of CoS@C/10Gra-
phene and CoS@C (Fig. 3(a)) show the binding energy
peaks at 165, 284, 400, 530 and 778 eV, which can be
assigned to S 2p, C 1s, N 1s, O 1s and Co 2p, respectively
[48,49]. The high-resolution XPS spectra of C 1s (Fig.
3(b)) of both samples exhibits a strong peak with binding
energy at 284.6 eV, which arises from the formation of sp?
hybridized graphitic structure [49]. This C 1s peak may be
deconvoluted into several peaks located at 284.9, 285.9
and 288.8 eV that are due to C=C, C-S and C-—N,
respectively. The Co 2p (Fig. 3(c)) spectra of both samples
display not only the spin-orbit doublets at 782.8 and 798.3
eV, indicating the presence of Co** oxidation state in both
composites, but also another doublets at 778.8 and 793.5
eV, implying the existence of Co*" oxidation state.
Therefore, both samples possess mixed oxidation states
of Co?* and Co*", but the Co 2p is dominated with Co*"
state in CoS@C/10Graphene while it is mainly presented
as Co*" states in CoS@C. In the S 2p spectra of both
samples (Fig. 3(d)), the peaks at 168.5 and 169.7 eV
indicate that CoS compound was formed during the
sulfurization process. The two peaks at 161.4 and
162.5 eV were due to the spin-orbit coupling of metal
sulfide. No peak at 163.5 eV was observed, suggesting
negligible or little S has been covalently bonded to the
porous carbon or graphene in the as-synthesized compo-
sites. These results are in agreement with previously
reported results [37]. N 1s spectra (Fig. 3(e)) for both
samples can be deconvoluted into several peaks: the two
peaks at 397.8 and 401.8 eV can be attributed to the
pyridinic N species and quaternary N species, respectively
[49,50]. The peak at 400.1 eV corresponds to pyrrolic N
species, which is also consistent with previous report [37].

The electrochemical behavior of the generated nanocm-
posites toward different electrocatalytic reactions were
evaluated and presented in Figs. 4-7. To evaluate the
electrocatalytic performance of the two samples for ORR,
the CV was performed in O, and N, saturated 0.1 mol-L™
KOH solution at 25 °C, respectively. As shown in
Fig. 4(a), no obvious redox peak for both samples is
observed in Nj-saturated KOH solution. However, when
the solution is saturated with O,, both samples exhibit
remarkable ORR activity associated with a well-defined
cathodic peak at potential of ~0.80 V (vs. RHE). Moreover,

Front. Chem. Sci. Eng. 2021, 15(6): 1487-1499

sample CoS@C/10Graphene reveals a significant
higher peak current (-2.89 mA-cm?) than that of
CoS@C (-1.7 mA-cm™), which indicates the much
enhanced ORR activity of sample CoS@C/10Graphene
compared to CoS@C.

To get further insight into the ORR kinetics of the two
samples, LSV measurements were carried out with RDE at
different rotating speeds and their kinetic parameters were
calculated based on the Koutecky-Levich (K-L) equation.
Both samples show an increase in current density with
increasing rotation speeds (as shown in Figs. 4(b) and
4(d)), which is due to the enhanced diffusion of oxygen
on the electrode surface at higher rotation speeds.
Compared to sample CoS@C, the K-L plots of sample
CoS@C/10Graphene (Figs. 4(c) and 4(e)) are much more
compact with good linearity and parallelism properties,
suggesting a first-order reaction kinetics. This observation
also indicates that introduction of graphene into the
composite is beneficial to the oxygen reaction and
maintains high electron transfer numbers (n) for
ORR at various potentials. As presented in Fig. 4(e), the n
value of CoS@C/10Graphene for ORR is calculated to be
3.77 to 3.94 in the potential range from 0.23 to 0.63 V (vs.
RHE). In contrast, the n value of the composite CoS@C
varies from 3.56 to 3.73. The n values of these two samples
indicate that ORR processed through a four-electron
pathway and the graphene plays an important role in
achieving higher n value. Moreover, the kinetic current
density Ji of CoS@C/10Graphene is around 15.5-15.7
mA -cm 2, which is much higher than that of composite
CoS@C (in the range of 7.2-9.5 mA -cm ?), indicating that
the presence of graphene in the composite improves the
electron transfer kinetics of oxygen reduction. In addition,
as shown in Fig. S4 (cf. ESM), the measured H,0O, yields
were below 22% and 5.8% for CoS@C and CoS@C/
10Graphene, respectively. The corresponding n values
calculated from the H,O, yields are 3.56-3.64 for sample
CoS@C and 3.88-3.90 for CoS@C/10Graphene in the
potential range of 0.23-0.63 V, which are well consistent
with the results obtained from the K-L plots. CoS@C/
10Graphene exhibits significantly higher # value and higher
Ji value than that of CoS@C, suggesting that both samples
proceed mainly via a four-electrode ORR process, but
CoS@C/10Graphene has better kinetics characteristics than
CoS@C, possibly due to the good electrical conductivity of
the introduced graphene as well as the formation of extra
active sites associated with N or S doped graphene.

The ORR polarization curves at 1600 r-min' in
0.1 mol-L™" KOH of CoS@C/10Graphene, CoS@C
and commercial Pt/C are presented in Fig. 5(a). Both
CoS@C/10Graphene and CoS@C hold very similar onset
potential at 0.87 and 0.86 V respectively, which is close
to the onset potential of the commercial Pt/C (0.95 V),
suggesting that both samples are good electrocatalysts
for ORR. However, the cathodic current density of
CoS@C/10Graphene (4.2 mA-cm™?) is higher than
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Fig. 3 (a) Element survey by XPS and high resolution XPS spectra of (b) C Is, (c) Co 2p, (d) S 2p and (e) N 1s of CoS@C and

CoS@C/10Graphene.

that of CoS@C (-3.7 mA-cm?), implying that
CoS@C/10Graphene is a more active ORR electrocatalyst
than CoS@C, maybe due to the improved electrical
conductivity by the introduced graphene in the composite
CoS@C/10Graphene. Moreover, CoS@C/10Graphene
exhibits excellent electrochemical stability at a constant
polarizing potential of —0.15 Vin 0.1 mol-L™' KOH, with a
very small current decay (2%) after continuously running

0f 4.86 h (as shown in Fig. 5(b)). In contrast, CoS@C and
the benchmark Pt/C catalyst exhibits a current decay of
13% and 26%, respectively under the same conditions.
Therefore, the stability of CoS@C/10Graphene toward
ORR is superior. In addition, the methanol tolerance of
CoS@C/10Graphene, CoS@C and Pt/C under the
same conditions was also investigated, which is shown
in Fig. 5(c). The results show that the introduction of
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Fig. 4 (a) CV curves of CoS@C and CoS@C/10Graphene in N,- or O,-saturated 0.1 mol-L™" KOH; (b, d) ORR polarization curves of
CoS@C/10Graphene and CoS@C at different rotating speeds, respectively; (c, €) K-L plots of samples CoS@C/10Graphene and CoS@C
at different potentials, respectively; (f) n and the corresponding Ji, of CoS@C/10Graphene and CoS@C as a function of the electrode

potentials.

methanol causes a sharp decrease in the current density of
the Pt/C catalyst. However, methanol has negligible effect
on the performance of CoS@C/Graphene and CoS@C.
The remarkable electrocatalytic activity, superior durabil-
ity and good methanol tolerance suggest CoS@C/10Gra-
phene is a promising electrocatalyst for ORR.

The difference in the activity and durability toward ORR
between CoS@C/10Graphene and CoS@C is related to the
presence of graphene in sample CoS@C/10Graphene,
which facilitates the electron and mass transfer, thus

accelerates the ORR process and improves the durability.
First, the graphene with excellent electronic conductivity
could serve as a bridge between CoS particles embedded in
the porous carbon to improve the connectivity, which
favors the carrier transfer. Secondly, N and/or S are doped
into the carbon/graphene during the sulfurization and
carbonization process to form CoS@C/10Graphene, which
could not only offer more electrocatalytic active sites for
ORR reaction, but also provide anchoring sites for
catalytical CoS nanoparticle deposition.
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Fig. 5 (a) ORR polarization curves and (b) current-time chronoamperometric responses of CoS@C/10Graphene, CoS@C and Pt/C
at 1600 r-min ! in O,-saturated 0.1 mol-L ™' KOH solution; (c) chronoamperometric responses of CoS@C/10Graphene, CoS@C and
Pt/C at —0.15 V in O,-saturated 0.1 mol-L™' KOH solution (1600 r-min l) with 1 mol-L™! methanol; (d) ORR polarization
curves of CoS@C/Graphene composites with various graphene content.

To determine the effect of graphene content on the
performance of the obtained CoS@C/Graphene compo-
sites for ORR, various graphene contents were introduced
into the composites and their ORR polarization curves are
presented in Fig. 5(d). Although these CoS@C/Graphene
composites with different graphene contents exhibited very
similar onset potential to CoS@C, they exclusively
showed higher half-wave potentials than CoS@C. More-
over, sample CoS@C/10Graphene displayed the highest
ORR activity among the studied CoS@C/Graphene
composites with different graphene contents. These results
further indicate that the graphene in the composites plays
an important role in enhancing the electrocatalytic activity
toward ORR.

Besides the excellent electrocatalytic activity for ORR,
CoS@C/10Graphene also exhibits good performance
toward OER. As shown in Fig. 6(a), the LSV polarization
curve of CoS@C/10Graphene shows higher current
density and a higher onset of catalytic current compared
to CoS@C. To achieve the current density of 10 mA-cm 2,
sample CoS@C/10Graphene requires an overpotential of
1.68 V (vs. RHE), which is much lower than that of
CoS@C (1.86 V vs. RHE) and only 0.1 V higher than that
of the benchmark IrO, (1.58 V vs. RHE) catalyst for

OER. Pt/C requires a much higher overpotential to reach
current density of 10 mA-cm 2, suggesting it is not a
good OER catalyst. The performance improvement of
CoS@C/10Graphene toward OER is contributed by the
introduced graphene, which not only facilitates the
adsorption of OH ions, but also provides more access
pathways as well as promotes the electron transfer between
the catalyst surface and the reaction intermediates.
Furthermore, the durability of sample CoS@C/10Gra-
phene in OER was also evaluated via current-time
chronoamperometric test. As shown in Fig. 6(b), after
continuously running for 4.17 h (15000 s) in 0.1 mol-L™
KOH solution, CoS@C/10Graphene exhibits an initial
performance loss of 15% at the first 5000 s, then stabilizes
at 85% of its initial current density, suggesting good
durability.

Apart from the ORR and OER activities, the graphene
reinforced CoS@C/10Graphene composite also exhibits
electrocatalytic activities toward electrochemical HER, an
important way for hydrogen generation along with
photocatalytic hydrogen production [51,52]. The HER
performance of CoS@C and CoS@C/10Graphene was
evaluated using a three-electrode system in 0.5 mol-L™!
H,S0y solution. For comparison, the commercial 20 wt-%
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Fig. 6 (a) LSV polarization curves of CoS@C/10Graphene, CoS@C and Pt/C; (b) current-time chronoamperometric responses of

CoS@C/10Graphene measured in 0.1 mol-L ! KOH solution.

Pt/C was examined as control. As shown in Fig. 7(a), the
polarization curve of CoS@C/10Graphene exhibits an
onset potential of —0.28 V, which is lower than that of
CoS@C (0.3 V). To achieve the current density of
—10 mA -cm™, a potential of —0.45 V is needed for sample
CoS@C, whereas only —0.42 V is required for composite
CoS@C/10Graphene. However, the HER performances
of these composites is in general still inferior to the
benchmark 20% Pt/C sample. The Tafel plots of
these samples for HER are constructed based on the
corresponding LSV curves and presented in Fig. 7(b).
CoS@C/10Graphene displays a slope of 80 mV-dec ',
which is much lower than that of CoS@C (93 mV -dec™).
This observation further confirms that CoS@C/10Gra-
phene is a better electrocatalyst toward HER compared to
CoS@C, indicating that the presence of graphene benefits
the enhancement of the HER performance of the composite
due to the excellent conductivity of graphene.

The above electrochemical results suggest that the
graphene-reinforced MOF-derived composites CoS@C/
Graphene are efficient trifunctional electrocatalysts which
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exhibit good electrochemical activities for ORR, OER and
HER. In particular, CoS@C/10Graphene is a promising
multifunctional electrocatalyst with excellent electrocata-
lytic performance toward ORR, OER and HER. The
enhanced electrocatalytic activities of the graphene-
reinforced CoS/C nanocomposites are due to the following
reasons. On one hand, the N, S co-doped porous carbons
and graphene derived from sulfurization and carbonization
of in situ as-synthesized GO-ZIF-67 precursor, can provide
more accessible active sites and promote catalyst structural
stability; on the other hand, the introduction of graphene by
the reduction of GO in the carbonization process of the
GO-ZIF-67 can increase the electrical conductivity and
improve the electron and charge transfer between the
catalyst surface and the reaction intermediates.

4 Conclusions

In summary, we present a simple and facile method to
prepare CoS on N, S co-doped porous carbon and graphene
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Fig. 7 (a) Polarization curves and (b) corresponding Tafel plots of CoS@C, CoS@C/10Graphene and Pt/C for HER measured in

0.5 mol-L ™! H,SO, solution.



Laicong Deng et al. Graphene-reinforced multifunctional electrocatalysts

nanocomposites CoS@C/Graphene by high temperature
treatment of the one-pot synthesized GO-ZIF67 precursors
in H,S atmosphere. Various characterization techniques
were used to analyze the physiochemical properties of the
obtained CoS@C/10Graphene nanocomposites. The CoS
nanoparticles were homogenously dispersed in the in situ
formed porous carbon and graphene matrix. Moreover,
heteroatoms N, S elements were successfully doped into
porous carbon and graphene in the composites. The
CoS@C/Graphene composites exhibit not only excellent
activity and durability for ORR, but also good performance
for OER and HER. The introduction of graphene into the
composites together with the co-doping of N and S to
graphene and the in situ formed porous carbon, effectively
provide more catalytic active sites, increase the electrical
conductivity as well as the connectivity between electro-
catalytic active CoS and carbon matrix, and facilitate
electron and charge transportation, which consequently
render the CoS@C/Graphene composites promising elec-
trocatalysts for relevant energy storage and conversion
applications.
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