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Abstract: A Co-based chalcogenide electrocatalyst has been synthesized by a facile one-step reaction of dodecacarbonyltetracobalt
[Co4(CO)12] and elemental sulfur in 1, 6-hexanediol solvent under refluxing conditions. The characterizations of the synthesized
compound were performed by X-ray diffraction (XRD) and scanning electron microscopy (SEM). XRD shows the formation of
cubic structure CoySg and SEM micrograph displays cauliflower-like surface morphologies. The catalyst has an open circuit potential
(OCP) of 0.75 V (vs. NHE) and shows a promising catalytic activity for the oxygen reduction. The transfer coefficient and Tafel
slope are calculated to be 0.50 and 119 mV in the potential region limited by charge transfer Kinetics, respectively. The catalytic
activity and the electrochemical stability of the catalyst have also been compared with a commercial Pt catalyst.
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Polymer electrolyte membrane fuel cell (PEMFC) has
been becoming an interesting electrochemical device for its
principal applications in the areas of transportation,
stationary power, portable electronic devices in recent
years"?. The conventional catalyst for oxygen reduction
reaction (ORR) in PEMFC is platinum and platinum-based
materials with favorable catalytic activity and chemical
stability in acidic medium®®. However, large-scale
production and commercialization of the fuel cell are
restricted by high cost and scarce resource of the noble
metal®®®. Despite platinum-based materials possess the best
catalytic properties towards the ORR, the sluggish oxygen
reduction kinetics and expensive price must be considered.
Therefore, it is a significant technological goal to research
new inexpensive electrocatalysts to replace platinum. In
order to decrease the cost of PEMFC cathode catalysts,
several platinum-free catalyst systems such as transition
metal chalcogenides °*2, transition metal macrocyclic
compounds™ and carbon materials™***! have been widely
studied for decades.

In non-platinum electrocatalysts towards the ORR,
transition metal chalcogenides have attracted great attention
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since  Alonso-Vante et al.'® published Ru-based

chalcogenide catalysts having high catalytic activity and
stability in acidic electrolyte. In recent years, non-noble
transition metal chalcogenide catalysts such as Co-based
compounds'’*®¥ have been considered as a promising
alternative due to their low price and availability. The
catalytic activity of the Co-based sulfides such as CosS, and
CoySg for ORR in acid electrolytes was first investigated by
Baresel and Behret et al.*®!. They found that CoySg
compound had the highest catalytic activity for oxygen
reduction among several Co-based sulfides. The catalytic
activity of CogSg catalyst was also predicted by the slab
band quantum computational approach . At present,
Co¢Sg compound is mainly obtained by a solid state
reaction method ®*#! and the decomposition of the
diethyldithiocar-bamate cobalt complexes or the direct
conversion of sulfate cobalt in a controlled Hy/H,S
atmosphere™?!. The compound could be also prepared by
low temperature hydrothermal/solvothermal method 2521,
However, no correlative studies have been reported
concerning CoySg compound prepared by the reaction of
cobalt carbonyl with elemental sulfur in 1, 6-hexanediol
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solvent under the refluxing condition.

In this study, we aimed to synthesize Co,Sg compound
through the pyrolysis of dodecacarbonyltetracobalt
[Co4(CO)1,] and elemental sulfur as precursors in 1,
6-hexanediol solvent under refluxing conditions, an
environmentally friendly method prepared the CoySg
catalyst. The obtained catalyst was characterized by X-ray

diffraction (XRD) and scanning electron microscopy (SEM).

The kinetics and activity of the catalyst for the ORR were
evaluated by the rotating disk electrode (RDE) technique in
0.5 mol/L H,SO, electrolyte at 25 °C. The synthesized
catalyst displayed a promising catalytic activity for oxygen
reduction reaction, and had an OCP value of 0.75 V (vs.
NHE). The average electron transfer number during the
reduction per oxygen molecule was determined to be 3.5 for
the catalyst.

1 Experiment

1.1 Catalyst synthesis

The Co,Sg catalyst was synthesized by a low temperature
refluxing method, as previously reported ?*. Briefly, 0.102
mmol Co,(CO),, and 0.814 mmol elemental sulfur reacted
in a chemical reactor containing 150 mL of 1, 6-hexanediol
solvent under refluxing conditions for 5 h. Then, the system
was cooled to room temperature, and added 50 mL
ultra-pure water and 30 mL ethyl acetate were added. The
precipitated powder was recovered from the reaction
medium with centrifugation. The black powder was washed
ultrasonically with ethylic ether, to eliminate the un-reacted
precursor and the organic reaction medium. The resulting
catalyst was dried overnight at room temperature.
1.2 Physical characterization

The phase structure of the synthesized catalyst was
analyzed by X-ray diffractometer (XRD, Rigaku Corporation
D/max-rB) operated at 40 mA and 45 kV using Cu Ka
radiation (0.154 18 nm). The XRD pattern was recorded
between 10=and 70°with a scanning rate of 5<per minute.

The phase structure was identified using the JCPDS data base.

A scanning electronic microscope (SEM, FEI Quanta 200)
was employed for obtaining SEM images. The surface
morphology was carried out at 15.0 kV working voltage.
1.3 Electrode preparation and electrochemical
measurements

The electrochemical experiments were performed in a
single three-electrode test cell using an electrochemical
workstation (Model CHI 660 C, Shanghai Chenhua
Instrument Co., Ltd.) at 25°C. All potentials were expressed
against the normal hydrogen electrode (NHE). The 0.5 mol/L
H,SO, electrolyte used in these experiments was prepared
with 95% sulfuric acid and ultra-pure water. Platinum wire
and mercury sulfate electrode (Hg/Hg,SO,/0.5 mol/L H,SO,)
were used as the counter and the reference electrodes,
respectively. The working electrode was a polished glassy

carbon (GC) disk with geometric area of 0.1256 cm’.
Ink-type catalyst was prepared by dispersing 4 mg catalyst
powder in 1 mL ultra-pure water and the resulting mixture
was sonicated for 15 min. A 8 pL drop of catalyst ink was
deposited onto the glassy carbon surface and the water was
evaporated in air. After drying, the powder was covered
using a thin Nafion film by adding 6.5 pL of a mixture of
ethanol containing 5 wt% Nafion. Then, the coated electrode
was dried at room temperature. The estimated amount of
catalyst on the working electrode surface was about 255
po/cm?. For comparison, a commercial Pt catalyst working
electrode was prepared by the same way.

The rotating disk electrode (RDE) voltammetric
measurements were accomplished using variable speed
rotator (Model ATA-1B, Jiangsu Jiangfen Electroanalytical
Instrument Co., Ltd.). Before the electrochemical
measurements, the working electrode was activated by
potential cycling between 0.80 and 0.05 V (vs. NHE) for 20
min at a scan rate of 25 mV/s in 0.5 mol/L H,SO, solution
outgassed with purified nitrogen. Then, the electrolyte was
saturated with pure oxygen for 30 min and maintained
oxygen atmosphere above the solution surface during the
electrochemical ~ measurements.  The linear  sweep
voltammetry (LSV) test was carried out at a scan rate of 10
mV/s. The rotation speed of the working electrode ranged
from 100 to 2500 r/min. The electrochemical stability and
catalytic activity of the catalyst was measured by
chronoamperometry at fixed potential of —0.2V.

2 Results and Discussion

2.1 Catalyst characterization

Fig.1 shows XRD pattern of the as-synthesized Co-S
catalyst and vertical bars representative ICDD-PDF-1998
card of CogSg No.75-2023. The similarity in diffraction
peak positions between the sample and the card
demonstrates that a successful synthesis of CogSg with
cubic structure was accomplished. The structure of the
CoySg catalyst is consistent with the results reported in the
literature®!. No obvious impurity phases were detected by
XRD, indicating that the prepared CoySg powder presents a
good state of purity. The average crystallite size of the
powder was calculated according the Scherrer equation®”:

Dy = KA/(BcosH) Q)
where, K is a constant (0.89), 4 is the X-ray wavelength
(0.154 18 nm), g is the measured full-width at half-
maximum (FWHM) and @ is the reflection angle. The
average particle size of 22.340.5 nm was obtained based on
(311), (222) and (440) diffraction plane.

Fig.2 shows SEM image of the as-synthesized Co0,Sg
compound. It can be observed that the catalyst particles are
crude in nature, and there is a substantial agglomeration of
the particles. The particle aggregates with the order of
115~170 nm in size are evenly distributed, but some larger
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Fig.1 XRD patterns of as-synthesized CooSs catalyst (a) and
representative ICDD-PDF-1998 cards of Co0oSs No.
75-2023 (b)

Fig.2 SEM micrograph of the as-synthesized CogSg catalyst

particles (0.5~1.5 um) are also observed in the sample. The
catalyst powder exhibits similar cauliflower surface
morphology, which can be an advantageous property for the
electrochemical oxygen reduction.
2.2 Electrocatalytic properties analysis

In order to evaluate the catalytic activity of the synthesized
catalyst towards the ORR, linear sweep voltammetry (LSV)
tests were carried out. Fig.3 shows polarization curves of
electrochemical reduction of molecular oxygen on the CogSg
catalyst in 0.5 mol/L H,SO, obtained using RDE at a scan
rate 10 mV/s. The larger cathodic current density was
obtained in the oxygen saturated electrolyte compared to
those in nitrogen, and the current density for the ORR might
be attribute to the high crystallization of the compound®?.
The current density of ca. 0.26 mA/cm? at 0.5 V (vs. NHE) at
1600 r/min is higher than current density of 0.10 mA/cm? for
Co,Sg microspheres prepared by solvothermal method™.
However, the value is lower than that of Co,,S-graphene
hybrid®® and CoSe,/C nanoparticles®®, indicating that the
catalytic activity of the CogSg compound must be further
improved. The cathodic current density depended markedly
on rotation rate of the RDE, and the current density would be
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Fig.3 Polarization curves of oxygen reduction on CoySg catalyst
in 0.5 mol/L H,SO, saturated with oxygen at different
rotation speed. The currents were recorded at a scan rate
of 10 mV/s

enhanced by increasing the rotation rate at lower potential
region. A charge transfer kinetic control for oxygen reduction
is observed above 0.62 V (vs. NHE), because the current
density does not depend on rotation rate in the potential
range. The ORR is controlled by the mixed kinetic-diffusion
process at more cathodic potential than 0.62 V (vs. NHE).
However, the acclivitous current plateau was recorded as
shown in Fig. 3, indicating that the distribution of the
electrocatalytic active sites on the electrode surfaces is less
uniform and the catalytic reaction is slower®. The OCP
value of 0.75 V (vs. NHE) in the oxygen saturated electrolyte
is comparable to the predicted value 0.74 V (vs. NHE) for
C0,Ss?2. However, this value is lower than that of Co,S,
(0.80 V, vs. NHE) synthesized by high temperature®”.

In the RDE surface, the overall measured current density (j)
is related to the kinetic current density (j,) and the diffusion
current density (jq) by the Koutecky-Levich equation™®:

L . (2)
Ja Ik Bow”

Ik

where, o is the rotation rate per minute, B is the Levich slope,
given by:

B =0.2nFC,D{v 7 3)
where, Do is the oxygen diffusion coefficient, Cy is the
oxygen solubility v is the kinematic viscosity, n is the
number of electron transferred per molecule of O, reduced,
and F is the Faraday constant.

Fig.4 shows the Koutecky-Levich plots for the CoySg
catalyst from the data of Fig.3. The plots of 1/j vs w™? for
potential range of 0.20~0.35 V (vs. NHE) yield a series of
essentially parallel straight lines having a slope value of B.
The average value of B is 8.35x10% mA e¢m? 2 min*?,
while the theoretical value calculated for the four-electron
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Fig.4 Koutecky-Levich plots for O, reduction on the Co0¢Ss
catalyst at various potentials obtained from the data of
Fig.3

transfer in the ORR is 9.41x107 mA ¢m™ 2 min?¥", The
calculated number of electrons transferred during an oxygen
molecule reduction from the slop is 3.5, indicating that the
ORR on the catalyst could follow a four-electron reduction
mechanism. For CoySg compound, S% could provide an
adsorption site for O atom promoting oxygen reduction
process?). The linearity and parallelism of the all lines in
Fig. 4 indicates that the electron number transferred per
oxygen molecule and the active surface area of the catalyst
towards the ORR does not obviously change in the potential
range measured ™!,

Fig.5 shows the polarization curves of the ORR on the
CogSg catalyst in O,-saturated 0 and 1.0 mol/L methanol
containing 0.5 mol/L H,SO, solution at RDE rotating speed
of 1600 r/min at 25 °C. It is obvious that the current density
of oxygen reduction is less influenced by methanol,
suggesting that the catalyst shows good methanol tolerance
and high selectivity to ORR.

Fig.6 shows the mass transfer corrected Tafel plots of the
CoySg and a commercial Pt (J. M. Company) catalyst
obtained from a RDE polarization curves in 0.5 mol/L
H,SO, solution saturated with oxygen. It is obvious that the
kinetic current density of the CogSg catalyst for the oxygen
reduction is lower than that of the commercial Pt catalyst.
The Tafel slope, exchange current density and transfer
coefficient of the synthesized CoySg catalyst obtained in the
analyzed potential range are —119 mV, 5.14x107 mA/cm®
and 0.50, respectively. The Tafel slope and the transfer
coefficient are closer to the theoretical values, indicating
that the ORR on the Co,S; catalyst is controlled by the first
electron transfer process in the measured potential
range®®*]. The exchange current density (j,) on the CoySg
catalyst is much lower than that of the commercial Pt

—e— 0.0 mol/L CH,OH
—o— 1.0 mol/L CH,OH
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Fig.5 Steady-state polarization curves for the ORR on the CogSsg
catalyst in Oj-saturated 0 and 1.0 mol/L methanol
containing 0.5 mol/L H,SO, solution at 25°C, respectively
(the electrode rotating speed was 1600 r/min, and the
currents were recorded at a sweep rate of 10 mV/s)
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Fig.6 Mass transfer corrected Tafel plots for oxygen reduction
on Co¢Sg and Pt catalyst in 0.5 mol/L H,SO, saturated
with oxygen at 25°C

catalyst (1.54x10° mA/cm?) under the same conditions,
indicating that the kinetic property of the synthesized
catalyst must be further improved.
2.3 Evaluation of electrochemical stability

To investigate the electrochemical stability of the catalyst
in the acid solution during oxygen reduction,
chronoamperometry was carried out during 1000 s at fixed
potential of —0.2 V, as shown in Fig.7. The data of a
commercial platinum catalyst are also included for
comparison. It is also clear that the CogSg catalyst shows a
lower current density towards oxygen reduction and higher
decay rate of catalytic activity, compared with the
commercial platinum catalyst. The results suggest that the
electrochemical stability and catalytic activity of the CogSg
catalyst should be further improved.
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Fig.7 Results from chronoamperometry for CogSg and Pt catalyst
in O,-saturated 0.5 mol/L H,SO, solution at —0.2V

3 Conclusions

1) Co,Sg nanoparticles are synthesized by a facile
one-step method in 1, 6-hexanediol solvent under
refluxing conditions. The synthesized catalyst shows
cubic crystalline structure Co¢Sg and cauliflower-like
surface morphologies.

2) The OCP value of 0.75 V (vs. NHE) in the oxygen
saturated 0.5 mol/L H,SO, electrolyte is comparable to
the predicted value 0.74 V (vs. NHE) for Co0¢Sg. The
electron transferred process of 3.5 is determined during
the reduction per oxygen molecule under the
experimental conditions. A Tafel slope of —119 mV and
a transfer coefficient of 0.50 for the catalyst are obtained
in the kinetic control region.

3) The stability of the sample to be used as
electrocatalyst for oxygen reduction in H,SO, solution
should be further enhanced.
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