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Abstract: It is of increasing interest and an important challenge to develop highly efficient
less-expensive cathode catalysts for anion-exchange membrane fuel cells (AEMFCs). In this
work, we have directly prepared a carbon-supported CoS nanocatalyst in a solvothermal
route and investigated the effect of heat-treatment on electrocatalytic activity and
long-term stability using rotating ring-disk electrode (RRDE). The results show that
the heat-treatment below 400 °C under nitrogen atmosphere significantly enhanced
the electrocatalytic performance of CoS catalyst as a function of annealed temperature in
terms of the cathodic current density, the half-wave potential, the HO2  product and
the number of electrons transferred. The CoS catalyst that annealed at 400 °C (CoS-400) has
exhibited a promising performance with the half-wave potential of 0.71 V vs. RHE
(the highest one for non-precious metal chalcogenides), the minimum HO:™ product of 4.3%
at 0.60 V vs. RHE and close to the 4-electron pathway during the oxygen reduction reaction
in 0.1 M KOH. Also, the CoS-400 catalyst has comparable durability to the Pt/C catalyst.

Keywords: non-precious metal catalyst; heat-treatment; oxygen reduction reaction;
alkaline medium; solvothermal synthesis
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1. Introduction

The polymer electrolyte membrane fuel cells system is one of the best alternative
candidates to fossil power systems because of high power density, high efficiency and near zero
emission [1-3]. Compared with proton-exchange membrane fuel cells (PEMFCs), anion-exchange
membrane fuel cells (AEMFCs) are attracting more interest because cathode electrocatalysts have
higher oxygen reduction kinetics, longer durability and more choices among non-Pt metals in alkaline
media [4]. However, it still remains a big challenge and it is of great interest to develop highly efficient
less-expensive electrocatalysts for oxygen reduction reaction (ORR) in alkaline media [5-8].

Recently, non-precious metal chalcogenides, e.g., MS2 {M = Fe [9], Co and (Co, Ni) [10]} thin
film, CoSz2 [11], CoSe2 [12,13], CoixS [14] nanoparticles have attracted extensive attention
due to promising catalytic activity for ORR, low cost and abundant reserve in the earth’s crust.
In Ref. [13,14], one notes that heat treatment plays an important role to produce electrocatalysts with
high performance. However, Dai and his coauthors did not explain the reason for annealing treatment
in Ref. [14]. As reviewed by Zhang et al. [15], heat treatment can significantly affect the ORR
catalytic activity and stability of the supported catalysts. However, few researchers have focused on
the effect of heat treatment on the ORR electrocatalytic performance of non-precious metal
chalcogenides [16,17].

In this work, we directly prepared the carbon-supported CoS nanocatalyst as one of
the non-precious metal cathodic catalysts in a solvothermal route and specially investigated
the effect of heat-treatment temperature on electrocatalytic performance of the prepared nanocatalysts
towards ORR in alkaline medium.

2. Results and Discussion
2.1. Structure and Morphology

Figure 1 shows powder X-ray diffraction (XRD) patterns of five prepared 20 wt. % CoS/C samples:
those that were as-prepared and those that were annealed at 250, 300, 400 and 450 °C under nitrogen
atmosphere, respectively. Compared with the ICDD-PDF2-2004 card of CoS No. 75-0605 in space
group P63/mmc (No. 194), the first four samples exhibit four characteristic Bragg reflection peaks of
CoS phase, i.e., (100), (101), (102) and (110) as marked in the graph while CoS-450 reveals reflections
from another phase as denoted with an asterisk besides CoS phase. After careful comparison and
analysis, the impurity is possibly attributed to Co9Ss (PDF No. 86-2273) with two typical
characterization peaks (20) located at 29.84°/311 and 53.10°/440. Furthermore, the corresponding
crystallite size was evaluated based on the Scherrer equation: Dnxi = KA/B-cos8, where Duki, K, A, B and
0 are the crystallite size in the hkl direction (nm), the shape factor (K = 1.0), the X-ray wavelength
(A = 0.15406 nm), the full-width at half maximum (rad) and the Bragg reflection angle (°),
respectively. Based on (100), (101) and (102) Bragg reflection peaks, the average crystallite size was
individually 6.6 nm, 8.5 nm, 10.1 nm, 11.6 nm and 12.7 nm for the five samples with an increase in
the annealed temperature. These results suggest that this mild synthesis route is available for CoS
nanoparticles when the S/Co molar ratio in the initial reaction solution is equal to 3.0. Furthermore,
the thermal stability of the prepared CoS nanoparticles is below 450 °C, which is similar to that of
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CoSe2 nanoparticles [13], and lower than that of Coi1-S [14]. In this work, therefore, our following
investigation will mainly concentrate on four samples: as-prepared, CoS-250, -300 and -400.
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Figure 1. Powder X-ray diffraction patterns of the as-prepared 20 wt. % CoS/C sample
and four annealed samples at four different temperatures: CoS-250, -300, -400 and -450,
respectively. Vertical dot-dashed lines represent the ICDD-PDF2-2004 card of CoS
No.75-0605.

In order to further investigate the influence of CoS nanoparticles on carbon substrate during
the annealed process, the Raman spectra of the prepared CoS/C at different temperatures were
examined as shown in Figure 2. Raman spectroscopy as one of non-destructive techniques is
a powerful tool to detect ordered and disordered crystal structures of carbon materials [18].
The intensity of the D band centered at ca. 1350 cm™! and the G band centered at ca. 1600 cm™ is
generally used to characterize the degree of disorder structure based on R = In/Ig = 4.4 La (nm), where
La is the microcrystalline planar size in products. The R value was calculated to be 2.62, 2.76, 2.46,
and 2.75 for CoS-250, -300, -400, and -450, respectively. The corresponding La value was obtained to
be 0.60, 0.63, 0.56, and 0.63 nm, which are little different. These results suggest that the disordered
degree almost has no change during the annealed process.

Figure 3 demonstrates TEM images of four samples: as-prepared (a), CoS-250 (b), CoS-300 (c), and
CoS-400 (d). It is difficult to distinguish the CoS nanoparticles because of very little color contrast
between CoS and carbon. Also, the magnetic property of the Co-containing samples obviously reduces
the clarity of the TEM images, although the samples were pretreated by degaussing. The average
particle size was approximately evaluated in the range of 5-20 nm. With an increase in the annealed
temperature, the nanoparticles were aggregated to form hierarchical structure (Figure 3d).

In order to further confirm the CoS phase, the XPS spectra from the Co and S regions of the CoS/C
samples were determined as presented in Figure 4. The Co2p spectrum in Figure 4A has two peaks:
one located at 778.1 eV for Co2p2s3, and the other one at 793.0 eV for Co2pi2, which are attributed
to Co-S. Besides, a small emission peak at ca. 781.0 eV could result from Co—O due to the strong
affinity between cobalt ions and atmospheric oxygen. The peak at 162.1 eV in Figure 4B corresponds
to the binding energy of Co—S [19]. In comparison, the intensities of Co2p and S2p peaks increase
with the increase of the annealed temperature and no position shift is detected.
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Figure 2. Comparative Raman spectra of CoS/C annealed at temperatures from 250 to 450 °C.
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Figure 3. Transmission electron microscopy (TEM) images of as-prepared (a); CoS-250
(b); CoS-300 (¢); and CoS-400 (d).
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Figure 4. X-ray Photoelectron Spectroscopy (XPS) spectra of (A) Co2p and (B) S2p for
CoS samples obtained at different annealed temperatures from 250 to 400 °C.
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2.2. Influence of Heat-Treatment on Electrocatalytic Activity towards ORR

Figure 5 demonstrates the effect of heat-treatment temperature on the ORR activity of 20 wt. %
CoS/C nanoparticles in Oz-saturated 0.1 M KOH at a rotating speed of 2500 rpm as measured by
the RRDE technique. The mass loading of CoS catalyst is 80 ug-cm™ on the working disk. In the disk
current density (jp) curves (down), the heat-treatment remarkably improves the ORR activity of 20 wt. %
CoS/C nanoparticles in terms of the current density and the half-wave potential (E12, see the inset).
The disk current density at 0.70 V is increased from 0.60 mA-cm 2 for the as-prepared sample to
2.22 mA-cm 2 for CoS-400 whereas only 0.33 mA-cm 2 is observed for CoS-450. The CoS-400 shows
the plateau-like current density of 5.0 mA-cm 2 at a potential of lower than 0.52 V, which is close to
the diffusion-limited current density expected for 4-electron pathway in 0.1 M KOH [14].
The half-wave potential is also enhanced from 0.64 V for the as-prepared sample to 0.71 V for
CoS-400, and then reduced to 0.51 V for CoS-450. The value of 0.71 V is the highest value among
non-precious metal chalcogenides [3,11] and very close to 0.77 V for RuSe,/C [20]. At 2500 rpm, in
comparison, jr (HO2" oxidation) is much smaller than jp (oxygen reduction), meaning that H2O was
the main product of ORR catalyzed by the prepared catalysts. Additionally, the ring current density (jr)
is decreased with increase of the annealing temperature, further suggesting the positive effect of
the heat-treatment on the electrocatalytic activity of CoS/C catalyst under the investigated conditions.
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Figure 5. Ring (top) and disk (down) current density from RRDE measurements of
20 wt. % CoS/C samples after annealing at different temperature in Oz-saturated 0.1 M
KOH at 25 °C with a sweep rate of 5 mV s™! at a rotating speed of 2500 rpm. Inset shows
the half-wave potential (£12) as a function of the annealing temperature. The CoS mass
loading on the disk electrode is 80 pg-cm 2.

Furthermore, the electrocatalytic activity towards ORR has been further evaluated based on
the RRDE measurements: the electron reduction pathway and the percentage of H2O™ product as
a function of annealing temperature, see Figure 6. The HO2 % and the number of electrons transferred
(n) was calculated by the following two equations:

IR/N

HO2 % = 200 Xm (1)
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where Ip, Ir and N is disk current, ring current and collection efficiency (0.26), respectively.
With increase of the annealing temperature from room temperature to 400 °C, the H2O™ product is
decreased from 11.0% to 4.3% at the potential of 0.60 V with a mass loading of 80 pg-cm 2. The H20~
product of 4.3% for CoS-400 at 0.60 V is much less than that of ca. 8% for Co304/rmGO and
comparable with Co304/N-rmGO with a mass loading of 100 pg-cm™? [21]. Also, the number of
electrons transferred is increased from 3.5 for the as-prepared sample to 3.9 for CoS-400 in the range
from 0.10 V to 0.72 V, which is comparable with that for Co304rmGo and Co304/N-rmGO [21].
The results suggest that CoS-400 has promising electrocatalytic activity for ORR in 0.1 M KOH.
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Figure 6. Molar fraction of HO2™ formation and electron transfer number # at different
potentials calculated from rotating ring-disk electrode (RRDE) curves in Figure 3.
The fraction of HO2™ formation was calculated according to Equation (1) and the electron
transfer number (n) was evaluated from Equation (2). The collection efficiency N of 0.26
was used for all the calculations.

2.3. Electrocatalytic Stability

The long-term stability is the other important parameter for non-precious metal catalysts.
Commercial 20 wt. % Pt/C (E-TEK) is usually used as the reference to evaluate the catalytic activity
and durability of non-Pt catalysts in alkaline medium [4,8,21-23]. Figure 7 depicts the effect of
the annealing temperature on the electrocatalytic stability of 20 wt. % CoS/C. The normalized current
(I/10%) means a percentage of the determined current (/) at operating time over the initial current (/o) at
a fixed potential E. In our case, the potential value of 0.66 V was chosen for the accelerated stability
test based on Dai’s work [14,21]. After 18,000 s of continuous operation, the decrease in activity is
observed, e.g., 60% for the as-prepared sample and 35% for CoS-400, suggesting that the annealed
treatment markedly improves the electrocatalytic stability of CoS/C catalyst. The decrease value in
current for CoS-400 is very close to that of 30% for Pt/C as reported in Ref. [21], where a 20%—48%
decrease in current for Pt/C was determined in 0.1-6 M KOH with a high mass loading of
240 pg-cm 2,



Catalysts 2015, 5 1217

o] e As-prepared
---=1250°C
== - -300°C
i e —400°C
‘ > === Pt/C

Normalized current %
-3
[—]
1

S e A S e e a A
0 2000 4000 6000 8000 1000012000 14000 16000 18000
Time /s

Figure 7. Chronoamperometric response (percentage of current retained vs. operation time)
of 20 wt. % CoS/C after annealed at different temperature and 20 wt. % Pt/C (E-TEK) on
a glassy carbon electrode kept at 0.66 V vs. RHE in Oz-saturated 0.1 M KOH at 25 °C.
Mass loading on the disk electrode is 80 pg-cm 2 for CoS and Pt.

3. Materials and Methods

3.1. Chemicals

All the chemicals with analytical grade were used as received without further purification. Vulcan
XC-72R carbon, received from CABOT Co. (Shanghai, China), was activated at 400 °C under a high
purity nitrogen atmosphere for 4 h before use.

3.2. Synthesis of Carbon-Supported CoS Nanocatalyst

Carbon-supported CoS nanocatalyst was directly synthesized in a solvothermal route using cobalt
nitrate (Co(NO3)2:6H20) and thiourea (CH4N2S) as the source of Co and S, which followed
the similar procedure for CoS: nanoparticles as described in [24]. For 20 wt. % CoS/C, typically,
0.8 mmol Co(NOs3)2:6H20, 2.4 mmol CH4N:S, and 0.3 g carbon (Vulcan XC-72R) were mixed in
80 mL absolute ethanol and then removed into 100 mL Teflon-lined stainless steel autoclave.
The sealed autoclave was kept at 200 °C for 24 h and then cooled down to room temperature.
The final product was collected after six cycles of centrifugation and resuspension with distilled
water and ethanol and drying at 60 °C for 6 h. Finally, the obtained sample was further annealed
at 250, 300, 400 and 450 °C for 3 h under high purity nitrogen atmosphere and denoted as
as-prepared, CoS-250, -300, -400 and -450, respectively.

3.3. Structural Characterization and Electrochemical Measurements

Powder X-ray diffraction (XRD) patterns were recorded on a Shimadzu XRD-6000 X-ray
diffractometer (Kyoto, Japan) (Cu Ka radiation, A = 0.15406 nm) at tube current of 30 mA and tube
potential of 40 kV from 10° to 60°/20 with a scan speed of 2°-min"".
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Transmission electron microscopy (TEM) and high-resolution transmission electron microscopy
(a resolution of 0.19 nm) were carried out on a JEOL JEM-2010 electron microscope (Tokyo, Japan) at
200 kV.

The rotating ring-disk electrode (RRDE) measurements were carried out at 25 °C using
an interchangeable Pine ring-disk electrodes with a bi-potentiostat (CHI760C, ChenHua Instruments
Co., Shanghai, China) and a rotation control system (Pine Instruments, Grove, PA, USA). The Pt ring
electrode with a geometric area of 0.152 cm? was potentiostated at 1.2 V, where the detection of
peroxide is diffusion limited. The disk electrode was glassy carbon with a geometric area of 0.162 cm?.
The counter and the reference electrodes were a Pt ring and a saturated calomel electrode. All
potentials reported in this paper are referred to a reference hydrogen electrode (RHE). The current
density on the disk and the ring was calculated based on the corresponding geometric area,
respectively. Before use, the glassy carbon disk electrode was polished with a 5 A alumina powder,
and washed in water and ethanol by ultrasound. The working electrode was prepared by depositing
homogeneous catalyst ink on the glassy carbon disk, which was formed by dispersing 9.0 mg 20 wt. %
CoS/C powder in a mixture solvent of 250 mL Nafion® solution (5 wt. %, DuPont, Shanghai, China)
and 1250 mL water in an ultrasonic bath for 2 h. Newly prepared 0.1 M KOH solution (pH = 12.97)
was used as the electrolyte. Prior to linear-sweep voltammograms (LSV), the electrode was subjected
to 50 cycles of cyclic voltammetry under high purity argon atmosphere to clean the surface. After this
cleaning, the LSVs under saturated oxygen were recorded by scanning the disk potential vs. RHE at
5mV-s ! at the rotating speed of 2500 rpm.

4. Conclusions

In summary, carbon-supported CoS electrocatalyst, as one of non-precious metal chalcogenides, has
been directly prepared in a facile solvothermal route. The annealed treatment has significantly
improved the electrocatalytic activity and long-term stability of CoS catalyst towards ORR in alkaline
medium with increase of annealed temperature from room temperature to 400 °C. The CoS catalyst
that annealed at 400 °C has the maximum electrocatalytic performance among the annealed
CoS samples and shows promising applications for alkaline fuel cells as one of non-precious
metal cathodes.
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