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ABSTRACT: Electrochemical oxygen evolution and reduc-
tion reactions have received great attention due to their
importance in several key technologies such as fuel cells,
electrolyzers, and metal—air batteries. Here, we present a
simple approach to the preparation of cobalt sulfide nano-
particles in situ grown on a nitrogen and sulfur codoped
graphene oxide surface. The particle size and phase were
controlled by changing the treatment temperature. Cobalt
sulfide nanoparticles dispersed on graphene oxide hybrids were
successfully prepared by a solid-state thermolysis approach at
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different temperatures (400, 500, and 600 °C) using cobalt thiourea and graphene oxide. X-ray diffraction studies revealed that
hybrids prepared at 400 and 500 °C result in pure CoS, phase, whereas the hybrid prepared at 600 °C exhibits Co,Sg phase. X-
ray photoelectron spectroscopy studies revealed that nitrogen and sulfur simultaneously codoped on the graphene oxide surface,
and these sites act to anchor the CoS, nanoparticles strongly on the GO surface. The strong coupling between CoS, and N,S-GO
was reflected in the improvement of the oxygen electrode potential. Co0S,(400)/N,S-GO showed an outstanding oxygen
electrode activity with a potential of about 0.82 V against a reversible hydrogen electrode in alkaline medium, which is far better
than the performance of precious catalysts such as Pt/C (1.16 V), Ru/C (1.01 V), and Ir/C (0.92 V).
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B INTRODUCTION

The demand for petroleum resources and issues concerning
global warming has made energy storage and conversion
devices from renewable fuels the need of the hour. Having high
efficiency and environmental benignity, as well as being
applicable to portable devices and residential power generation
devices such as fuel cells, zinc—air batteries and water
electrolysis by polymer electrolyte membrane cells are
attractive. The sluggish oxygen electrode kinetics contribute a
15% power loss, which is a critical problem for practical
operating fuel cell applications." To address this issue, the
development of cost-effective and efficient materials for the
oxygen evolution (OER) and oxygen reduction reactions
(ORR) are key priorities.” ® Presently, composites of the
platinum and iridium materials have been brought into use®*
to overcome the sluggish oxygen reduction reaction in fuel cells
and the sluggish evolution reaction in cathodes used in water
electrolysis.” The prohibitive cost and scarcity of rarely available
materials limit their commercial use.”

In order to avoid the use of precious catalysts (Pt, Ir, Ru),
various nonprecious materials have been synthesized on the
basis of metal nitrogen-doped carbon catalysts and transition
metal oxides such as manganese ruthenium composites, CoO,/
MnO,, Ni;S,, among others; these materials have been found
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to have ORR* "'and OER performances similar to those of
precious catalysts.”'*~*' Beyond allowing us to avoid the use of
scarce materials, these new catalytic materials are not only
efficient but also abundant in the earth. The cobalt sulfides have
become robust candidates® for use in lithium ion batteries as
cathodes with low overpotential, high durability, and good
cyclability””™** Quantum mechanical calculations have been
used to predict the better ORR performance of cobalt sulfide
material in acid medium.”® On the basis of these predictions,
recently several cobalt sulfide materials were synthesized,
including Co,_, S, Co;3S, and Co,S; for ORR****?*%and lithium
ion batteries.”” We have recently reported various metal-doped
cobalt oxides (e.g., CoMn,0,, NiCo,0, etc.), all of which have
showed good bifunctional activity.”* Cobalt sulfides doped with
nickel, such as NiCo,S, and NiCo,S,@graphene, are also only
used as oxygen reduction reaction electrodes.'*'® Cobalt sulfide
nanoparticles supported on graphene have been used as ORR
catalysts in alkaline medium.””*° In addition, sulfur- and
nitrogen-doped carbon and graphene exhibit reasonable ORR
activity in alkaline medium.”"** The effect of temperature on
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the forming of different phases of cobalt sulfides in an open
inert atmosphere has been reported.’”*’ Preparation of
nanomaterials by solid-state thermolysis has been reported to
be a good choice for solution-free synthesis of metal-free and
nonprecious ORR electrocatalysts.'”***°

So far, it has been reported that cobalt sulfide (CoS,)
nanoparticles supported on graphene can be used as a catalyst
for the ORR; however, the use of such a material has not been
investigated for the OER. However, in addition to its ORR
activity, the synthesized cobalt sulfide/graphene hybrid has
proved to be OER active, with an appreciable minimum
overvoltage in alkaline medium. Herein, we introduce a novel
and facile synthesis of CoS, nanoparticles grown in situ on N,
S-doped graphene oxide. This was accomplished by a single-
step direct pyrolysis of the GO and cobalt thiourea complex in
specially made Swagelok cells (Scheme 1). We, for the first

Scheme 1. Schematic Representation of the Preparation of
CoS,/N,S-GO Hybrid Catalyst by Solid-State Thermolysis
Route
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time, have introduced nanosized cobalt sulfide anchored on a
nitrogen and sulfur codoped graphene oxide support as a highly
efficient oxygen electrode; this material shows better perform-
ance compared to those of precious bifunctional catalysts. We
developed a scalable and reproducible method for the synthesis
of cobalt sulfide, which is anchored on nitrogen and sulfur
codoped graphene using solid-state thermolysis processes from
earth abundant cobalt complex and graphene oxide.

B RESULTS AND DISCUSSION

Structural Characterization and Crystallite Size Dis-
tribution. Figure 1 shows the crystalline phases of the CoS,
with space group Fm3m (ICSD PDF no. 01-083-0573); these
observations were made for the Co0S,(400)/N,S-GO and
CoS,(500)/N,S-GO samples, while the Co0,S3(600)/N,S-GO
sample with the space group Pa3 (ICSD PDF no. 01-086-2273)
was observed for the CoySg(600)/N,S-GO. The crystallite sizes
of all catalysts were calculated using the Debye—Scherrer eq 1.

where K = 0.1, the dimensionless quantity of shape factor, 4 is
the X-ray wavelength (1 = 1.5418 A), /3 is the full width at half-
maximum (fwhm) in rad, and 0 is Bragg’s angle. On the basis of
eq 1, the crystallite size of the CoS,(400)/N,S-GO and
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Figure 1. Powder XRD patterns of cobalt sulfide/graphene oxide
hybrids (a) CoyS3(600)/N,S-GO, (b) CoS,(500)/N,S-GO, and (c)
Co0S,(400)/N,S-GO. The ICSD PDF nos. for CoS,(400)/N,S-GO,
C0S,(500)/N,S-GO and Co,S4(600)/N,S-GO are 01-086-2273, 01-
086-2273, and 01-083-0573, respectively.

C0S,(500)/N,S-GO catalysts were calculated and found to be
13.1 and 26.1 nm, respectively. The crystallite size of the
C0,S3(600)/N,S-GO sample was 42.6 nm. Hence, the above
observations show that as the thermolysis temperature
increases from 400 to 600 °C, the crystallite size increases,
and a dramatic size increment was observed for the catalyst
prepared at 600 °C with phase changes to CoySg. The
CoS,(400)/N,S-GO and Co0S,(500)/N,S-GO catalysts exhibit
cubic structure with tetrahedral point group having a lattice
parameter value of a = 5.539; however, the Co,S4(600)/N,S-
GO possesses a cubic structures with an octahedral point group
a lattice parameter value of a = 9.927. These phase information
values reveal the reason for the increment of the crystallite size
during the phase changes. Also, in all XRD patterns, a peak at
25°(2 6) suggests the presence of carbon from the graphene
oxide precursor. On the surface of the graphene, except the
merger amount of carboxylic group, all functional groups were
reduced during heat treatment (Figure S3).

Figure 2 shows the morphology of CoS,/graphene oxide
composites prepared at 400, 500, and 600 °C. The SEM image
of C0S,(400)/N,S-GO shows that the particles developed on
the graphene with an average particle size of about ~42 nm;
however, in the case of C0S,(500)/N,S-GO, no such
development on the graphene oxide surface was observed and
there was an average particle size of about ~67 nm (Figure S1).
C0yS4(600)/N,S-GO exhibits low particle distribution com-
pared to that of CoS,(500)/N,S-GO which has an average
particle size of about 81 nm. Comparatively, the larger particle
size of Co0S,(500)/N,S-GO was due to particle growth that
occurred freely; the CoySg(600)/N,S-GO hybrid has a high unit
cell parameter value, so it possesses large particle size, which
may be due to the high temperature treatment and the fact that
the CoySg particle are highly distributed and agglomerated.
Unlike the CoS,/GO composites, CoS, (commercial) and
CoS,(400) samples were found to have particle sizes of 200 nm
and particles were aggregated (Figure S2).

In the case of C0S,(400)/N,S-GO catalyst, CoS, particles in
situ grown on the surface of the graphene, as indicated by the
TEM images (Figure 3ab), can be clearly seen; hexagonal-
shaped CoS, particles of various sizes that were projected from
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Figure 2. Low- and high-resolution SEM images of (a, b) CoS,(400)/N,S-GO, (c, d) CoS,(500)/N,S-GO, and (e, f) CooSs(600)/N,S-GO.

the graphene surface can also be seen, as shown in Figure 3b.
The presence of the CoS, crystalline lattice fringes with a d-
spacing value of 0.226 nm corresponds to (211) plane of CoS,
in the high resolution TEM (Figure 3c) gives additional proof
of the particle growth on graphene. TEM elemental mapping of
the selected area, in which the particles were grown on
graphene surface in CoS,(400)/N,S-GO, and the correspond-
ing cobalt, sulfur, nitrogen, and carbon mappings are given in
Figure 4. It is confirmed that maximum probability of cobalt
content is in the particle growth (Figure 4b). However, sulfur is
not only present on the CoS, particle surface but also present
on the surface of the graphene, which has an appreciable
amount of sulfur content, and this confirms the existence of

3627

sulfur doped in the graphene and confirms the presence of
sulfur with cobalt (Figure 4c). Also, in the case of nitrogen
mapping, the nitrogen exists almost entirely on the graphene
surface, which confirms the existence of nitrogen doping on the
graphene surface (Figure 4d).

To confirm the strong coupling between CoS, nanoparticles
and N,S-doped GO support, we analyzed the band gap of CoS,
in CoS,(400)/N,S-GO composite and compared it with that of
commercial CoS, and synthesized pure CoS, nanoparticles.
The UV-—visible spectra were taken for CoS,(commercial),
Co0S,(400), and CoS,(400)/N,S-GO from the reflectance
spectra, which show CoS, peaks at 332 nm for Co-
S,(commercial), 335 nm for Co0S,(400), and at 346 nm for
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Figure 3. TEM images of Co0S,(400)/N,S-GO at (a) low and (b) high
magnifications. (c) High-resolution TEM image shows the lattice
fringes of Co0S,(400)/N,S-GO.

CoS,(400)/N,S-GO (Figure S). Moreover, CoS,(400)/N,S-
GO can be seen to have a surface-adsorbed graphene oxide
peak at 288 nm. Among the three catalysts, the CoS,(400)/GO
exhibits a red shift in wavelength, indicating a change in the
electronic band gap level. In order to understand the band gap
of the three catalysts, the Kubelka—Munk function was used to
calculate the band gap of CoS,(400)/N,S-GO using eq 2*"*!

F(R) = a/S = (1 - R)*/(2R) (2)

where a is the absorption coeflicient, S is the scattering
coefficient, and R is the reflectance. The corresponding band
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gaps for the CoS,(commercial), CoS,(400), and CoS,(400)/
N,S-GO are 3.50, 3.41, and 3.25 eV, respectively4°'42(Figure
Sb,d,f). The decrement of the band gap of the CoS,(400) and
CoS,(commercial) compared to that of the CoS,(400)/N,S-
GO, might be due to composite effect of GO and particle
agglomeration, which is also obvious from the SEM images of
the CoS,(400) and CoS,(commercial) samples (Figure S2).
The decrease in the CoS, edge band gap of the hybrid
CoS,(400)/N,S-GO compared to that of the CoS,(400) and
CoS,(commercial) is due to the in situ development of CoS,
nanoparticles on the graphene oxide surface. Because of the low
band gap, unlike the CoS,(400) and CoS,(commercial), the
C0S5,(400)/N,S-GO hybrid shows better oxygen reduction and
oxygen evolution properties.

The XPS survey spectrum of the Co0S,(400)/N,S-GO
composite is presented in Figure 6a. The peak (S,,) at 163.4
eV corresponds to polymeric S,2.** The peak at 163.8 eV
explains the sulfur bonded with carbon (—C—S-C—), which
explains the presence of sulfur doping in graphene (Figure 6b);
this trend in sulfur bonding with carbon also stands as direct
evidence for the observations performed in the TEM mapping
(Figure 4e).” The presence of the peak at 164.6 eV strongly
suggests the presence of nitrogen and sulfur incorporated on
the graphene.”* The existence of a polymeric sulfur (S,*7)
group can be beneficial in anchoring the cobalt sulfide
nanoparticles on the graphene surface (Figure 6b). Moreover,
Co,, peaks for Co—S at 779.3 and 781.3 eV confirm the
existence of a Co—S bond of the CoS, formation; the peaks at
782.3 and 786.0 eV are due to Co—S with surface-adsorbed
hydroxide species””** (Figure 6c). The N, peaks observed at
398.6, 399.8, and 401.7 eV are attributed to the presence of the
pyridinic-, pyrrolic-, and graphitic-type nitrogen functional
groups in graphene surface, respectively*® (Figure 6d). This
provides additional evidence that nitrogen is doped on the
graphene surface. The XPS results strongly complement the
STEM nitrogen mapping results (Figure 4d). The C,, spectra
support the idea of more sp” nature of the carbon, which was
confirmed by the peak at 284.5 eV with high intensity and the
sp® peak at 285.6 eV with low intensity (Figure Ge).
Exceptionally, sulfur, in CoS,(500)/N,S-GO, also followed
the same XPS trends (Figure S4). There was a difference in the
bonding nature of sulfur that can be inferred from the XP
spectra for Co0S,(400)/N,S-GO and CoS,(500)/N,S-GO
(Figure 6f). As mentioned above, unlike the CoS,(500)/N,S-
GO catalyst, the Co0S,(400)/N,S-GO sample showed a
polymeric S,>” peak at 163.4 eV, but CoS,(500)/N,S-GO
exhibits a dimeric S,>~ peak at 162.6 V. This is direct proof of
the presence of CoS, which is in-built through the polysulfide
chain in C0S,(400)/N,S-GO (Figure 6f).

Figure 7a shows the FT-IR spectra of the CoS,(400)/N,S-
GO, CoS,(commercial) and CoS,(400) catalysts. For all the
catalysts, the peak observed at 452 cm™ confirms the presence
of Co—S bond,"””** and the presence of polysulfide group
frequencies within the range 450—3500 cm™'*’ were only
observed for CoS,(400)N,S-GO and CoS,(400) samples that
were prepared from the cobalt thiourea precursor by solid-state
thermolysis. The peak observed at 471 cm™ was attributed to
polysulfide for the CoS,(400)/N,S-GO sample alone. This
observation was further supported by the XPS results, which
showed polysulfide peak at 163.4 eV for CoS,(400)/N,S-GO
and Co0S,(500)/N,S-GO. Moreover, there was a difference in
wavenumber for the polysulfide peaks between CoS,(400)/
N,S-GO (471 cm™") and Co0S,(400) (466 cm™). According to
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Figure 4. TEM elemental mapping analysis of CoS,(400)/N,S-GO. (a) Selected area and corresponding elemental mappings for (b) cobalt, (c)

sulfur, (d) nitrogen, and (e) carbon.

Hook’s law, the increment of the wavenumber of the
CoS,(400)/N,S-GO sample may be due to the strong bonding
of polysulfide with graphene; the same peak for the CoS,(400)
sample was observed at a higher wavelength (466 cm™),
representing weak bonding due to low carbon content from the
precursor. Further, unlike the CoS,(commercial) sample,
CoS,(400)/N,S-GO shows characteristic C-(S—S), peaks at
508 and 521 cm™'. The same characteristic peak also appears
for the CoS,(400) at 466 cm™ with low intensity, which may
be due to the low carbon content. The presence of the C-(S—
S), bond was also further confirmed by the Raman spectros-
copy (Figure 7b), which shows a peak at 665 cm™".*’ The IR,
Raman, and XPS results suggest that the CoS, nanoparticles are
strongly coupled with the graphene surface and its coupling
could be responsible for the better bifunctional activity.

3629

The amounts of carbon, nitrogen, and sulfur were measured
by CHNS (carbon, hydrogen, nitrogen, and sulfur) elemental
analysis; the results are listed in Table 1. The carbon content
values for the CoS,(400)/N,S-GO, Co0S,(500)/N,S-GO, and
C0yS5(600)/N,S-GO samples were 61.8, 61.2, and 52.1 wt %,
respectively; sulfur content in the CoS,(400)/N,S-GO,
C0S,(500)/N,S-GO, and Co0yS3(600)/N,S-GO catalysts were
14.3, 14.5, and 11.9 wt %, respectively, which shows that as the
temperature increases, the sulfur content decreases. Also, the
nitrogen contents in the Co0S$,(400)/GO, CoS,(500)/N,S-GO,
and Co0,S4(600)/N,S-GO were 3.9, 3.5, and 4.6 wt %,
respectively. BET (Brunauer—Emmett—Teller) specific surface
area measurements show pore diameters of up to 0—5 nm for
the Co0S,(400)/N,S-GO, Co0S,(500)/N,S-GO, and
Co0,S5(600)/N, S-GO samples; however, the CoS,(400)/N,S-
GO sample had a slightly smaller pore size compared to that of
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Figure 5. UV—visible spectra of (a) CoS, (commercial), (c) CoS,(400), and (e) CoS,(400)/N,S-GO and (b, d, f) its corresponding band gap plots

using Kubelka—Munk functions.

the Co0S,(500)/N,S-GO sample. The surface area of
CoS,(400)/N,S-GO, CoS,(500)/N,S-GO, and Co,S5(600)/
N,S-GO samples were found to be about 19, 10, and 13 m? g
~!, respectively (Figure 8). The corresponding pore size
distributions (insets in Figure 8) of CoS,(400)/N,S-GO,
Co0S,(500)/ N,S-GO, and Co0,S(600)/N,S-GO show meso-
pores with almost the same average sizes of about 3.5, 2.7, and
2.5 nm. The liquid N, adsorption and desorption isotherms
show the approximate surface area for the CoS,(400)/N,S-GO,
CoS,(500)/N,S-GO, and Co,S4(600)/N,S-GO samples, but
the CoS,(400)/N,S-GO sample shows a slightly better surface
area because it possesses CoS, development on the surface of
reduced graphene oxide. Hence, there were differences in BET
surface areas among the three samples, even though the average
pore size distribution was almost the same for all samples,
because strong interaction between CoS, and N,S-GO was the
key factor for better bifunctional behavior (Table 2).
Electrochemical Characterization. Cyclic voltammetry
measurement was carried out for each sample at a scan rate of
10 mVs™' in both Ar-saturated atmosphere for background
correction and O,-saturated 0.1 M KOH aqueous solution.
Furthermore, the current densities for all the electrochemical
behavior were calculated based on the geometrical surface area
(GSA) of the electrode (0.071 cm™2). When we investigated
the electrocatalytic behavior with a 0.25 mg cm™ catalyst
coating, the onset potentials at 70 yA from RDE studies for the
CoS,(400)/N,S-GO, Co0S,(500)/ N,S-GO, and CoyS4(600)/
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N,S-GO are 0.97, 0.97, and 0.95 V, respectively (Figure 9,
Figure S5, Table 3). The ORR E, ;, for the C0S,(400)/N,S-GO
catalyst is 40 mV higher than that of the Co,S5(600)/N,S-GO
catalyst. Moreover, the rotating disc electrode (RDE) polar-
ization curves at various rotations showed an improved
diffusion limited current. The insets in Figure 9b—d show the
corresponding K—L plots, which were plotted using the inverse
of rotation (@~"/?) versus the inverse of current density (J7!);
the plots show good linearity for the CoS,(400)/N,S-GO,
CoS,(500)/N,S-GO, and Co,S5(600)/N,S-GO samples (Fig-
ure 9b—d). The ORR electron transfer numbers were
calculated from K-L plots for the CoS,(400)/N,S-GO,
CoS,(500)/N,S-GO, and Co0yS3(600)/N,S-GO samples are
3.81, 3.87, and 3.85, respectively. The half-wave potential
(E(1/2)) observed at 3 mAcm™> for CoS,(400)/N,S-GO,
CoS,(500)/N,S-GO, and Co,4S4(600)/N,S-GO samples were
0.79, 0.76, and 0.75 V against RHE, respectively (Figure 10a,
Table 3). The CoS,(400)/N,S-GO composite showed a 30 mV
positive shift compared to that of the CoS,(500)/N,S-GO and
a shift of about 40 mV when compared to that of the
C0yS4(600)/N,S-GO sample. The E, ;, of CoS,(400)/N,S-GO
(physical mixture (phy. mix)) shows 90 mV lower than hybrid
catalyst, which demonstrate the strong coupling between CoS,
nanoparticles and N,S-GO support prepared in situ. To
understand the OER behavior, linear sweep voltammetry was
carried out between 0.0 and 1.7 V against RHE at 1600 rpm in
RDE at a scan rate of 10 mV s (Figure 10b). At 10 mA cm 2,
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Figure 7. (a) FT-IR and (b) Raman spectra of CoS, (400), CoS, (commercial), and CoS,(400)/N,S-GO.

the OER potential for the CoS,(400)/N,S-GO, CoS,(500)/
N,S-GO, and Co04S4(600)/N,S-GO) samples were 1.61, 1.62,
and 1.63 V versus RHE, respectively (Table 3). The oxygen

electrode potentials (Figure 10c), calculated using the solar to
fuel device conversion scale®” of A E, /= (OER at 10 — ORR at
3 mAcm ?) were found to be 0.82, 0.86, and 0.88 V against
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Table 1. CHNS Elemental Analysis of Co0S,(400)/N,S-GO,
C08,(500)/N,S-GO, and Co,S,(600)/N,S-GO

composition (wt %)

sample sulfur nitrogen carbon
CoS,(400)/N,S-GO 14.3 39 61.8
C08,(500)/N,S-GO 14.5 35 612
C0gS4(600)/N,S-GO 11.9 46 52.1
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Figure 8. BET adsorption—desorption studies and pore size
distributions (inset) of (a) CoS,(400)/N,S-GO, (b) CoS, (500)/
N,S-GO, and (c) Co,S4(600)/N,S-GO.

Table 2. Comparison of BET Specific Surface Area and Pore
Size Distributions of Co0S,(400)/N,S-GO, CoS,(500)/N,S-
GO, and Co,S; (600)/N,S-GO Catalysts

sample BET surface area(ng_l) average pore size (nm)
C0S,(400)/N,S-GO 19 3.5
CoS,(500)/N,S-GO 10 2.7
CoyS4(600)/N,S-GO 13 2.5

RHE for CoS$,(400)/N,S-GO, Co0S,(500)/N,S-GO, and
C0yS4(600)/N,S-GO samples, respectively. Among the three
catalysts, the Co0S,(400)/N,S-GO catalyst showed better
bifunctional activity due to the development of particles of
CoS, on the graphene surface. Also, the bifunctional activity is
due to cobalt sulfides and N,S-codoped graphene, which favors
better electronic movement. This is clear from Figure 10a,b, in
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which it can be seen that without CoS, particles, N,S-GO
sample shows very low levels of ORR and OER activity.
Further, the mass activities for both ORR and OER give
additional proof that CoS,(400)/N,S-GO has better bifunc-
tional activity (Figure 11). The ORR mass activity for
C0S,(400)/N,S-GO, Co0S,(500)/N,S-GO, and Co,S(600)/
N,S-GO samples at 0.85 V are 1.21, 0.32, and 0.12 mA mg/,
respectively. The mass activity of CoS,(400)/N,S-GO catalyst
was 1 order magnitude higher than Co,S5(600)/N,S-GO and 4-
fold higher than CoS,(500)/N,S-GO catalysts, indicating a
strong coupling between CoS, nanoparticles to the surface of
graphene oxide.

Overall, as the temperature increases from 400 to 600 °C, the
ORR performance decreased, as shown in Figure 10. The
decreased activity of catalysts prepared at higher temperature
(C08,(500)/N,S-GO and Co0,S3(600)/N,S-GO) can be
attributed to the increased particles size and also due to
breaking of polymeric sulfur bonds between CoS, and N,S-GO
support, which leads to the particles agglomeration. This
reflects in increased particle size and their board size
distribution of the catalysts prepared at 500 and 600 °C
(Figure S1). Further, as far as CoS$,(600)/N,S-GO catalyst
concerned, the particles were severely agglomerated, forming
larger particles with an average particle size of 81 nm with a
broad particle distribution (Figure S1).° 7> It should be also
noted that the phase of cobalt sulfide is different between the
catalysts prepared at 400 and 600 °C. The catalyst prepared at
400 °C showed high activity among the prepared catalysts and
can be attributed to the smaller size narrow size dispersion,
strong-coupling effect between the CoS, and N,S-GO surface.
The OER mass activity at 1.62 V for CoS,(400)/N,S-GO,
C0S,(500)/N,S-GO, and CoyS5(600)/N,S-GO are 37.1, 36.9,
and 262 mA mg~, respectively. Moreover, the ORR Tafel
slopes, calculated for CoS,(400)/N,S-GO, CoS,(500)/N,S-
GO, and C0,4S4(600)/N,S-GO samples are 30, 29, and 47 mV/
decade, respectively; the OER Tafel slopes calculated for
C0S,(400)/N,S-GO, Co0S,(500)/N,S-GO, and Co,S(600)/
N,S-GO samples are 75, 80, and 96 mV/decade, respectively.
The Tafel slopes for the both ORR and OER are in the order of
Co0S,(400)/N,S-G < C0S,(500)/N,S-GO < Co0,S(600)/N,S-
GO. The CoS,(400)/N,S-GO catalyst exhibited lower over-
potential compared to CoS,(500)/N,S-GO and Co,S(600)/
N,S-GO catalysts. The lower Tafel slopes observed for
Co0S5,(400)/N,S-GO and Co0S,(500)/N,S-GO catalysts suggest
an improved ORR activity and follows the direct four-electron
transfer mechanism as proposed by Fang et al. and Damjanovic
et al.>»> All three GO supported cobalt sulfide catalysts exhibit
lower Tafel slopes value for ORR at the overpotential regions of
0.80 to 1.0 V for ORR and 1.4 to 1.8 V for OER, suggests the
same reaction pathway and rate-determining steps observed for
these catalysts, which is consistent with the Co-based
nonprecious cat'alysts.56’57 From Figure 11, it is clear that the
intrinsic surface property of CoS,(400)/N,S-GO makes better
activity compared to Co0S,(500)/N,S-GO and CoS,(500)/N,S-
GO. Also, the extent of incomplete oxygen reduction for
CoS,(500)/N,S-GO and CoyS(600)/N,S-GO is responsible
for their low mass activity. This result also suggests the change
of crystalline phase from CoS, to CoySg does not affect the
reaction pathway, but it can alter the rate of ORR catalytic
reaction. The ratio of carbon to CoS, for the CoS,(400)/N,S-
GO is about 3:2, which provides facile electron movement for
the oxygen electrode; also, CoS,(400)/N,S-GO has a slightly
higher BET surface area (19 m* g”') than that of CoS,(500)/
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Table 3. Comparison of Electrochemical Performance of CoS,/N,S-GO with Various Precious and Non-Precious Catalysts

Reported in the Literature”

catalyst ORR onset
loading potential vs OER potential at
catalysts (mgem™)  RHE (V)
CoS,(400)/N,S-GO 02§ 0.97 1.61
Co0S,(500)/N,S-GO 025 0.97 1.62
C0,S4(600)/N,S-GO 025 0.95 1.63
IrO, 025 1.61
20 wt % Pt—Ru/C 025 1.62
20 wt % Pt/C 025 2.02
Mn-Oxide™! 0.50 - 1.77
NiCo,0,* 0.50 0.94 1.62
Fe—N,/C/L58SCF** 0.24 0.82° 1.80

I=10 mA cm™2 vs RHE (V) I= -3 mA cm > vs RHE (V)

ORR potential at
oxygen electrode AE = (OER—ORR) vs RHE (V)

0.79 0.82
0.76 0.86
0.75 0.88
0.74 0.88
0.86 1.16
0.73 1.04
0.78 0.84
0.71 1.09

“The ORR and OER activity of precious catalysts (20% Pt/C, 20% Pt—Ru/C and IrO,) were obtained from RDE at various rotations and K—L plots

from Figure S6. ®The onset potential for Fe-Nx/C/L58SCF was calculated at the current density of —1 mAcm™.

2

N,S-GO (10 m* g™'). The oxygen electrode potentials of
CoS,(400)/N,S-GO sample was compared with several control
samples such as Co0S$,(500)/N,S-GO, Co4S4(600)/N,S-GO and
that of CoS, prepared by solid-state thermolysis and physical
mixture of CoS, with graphene CoS,(400)/Gr (phy. mix) and
Co0S,/N,S-GO (phy. mix). This comparison clearly explains the
role of graphene oxide during synthesis: it facilitates a better
electron transfer rate (Figure S6). This behavior also explains
the effect of nitrogen- and sulfur-doped graphene oxide, which
are involved in enhancing the bifunctional behavior. Even
though CoS$,(400)/N,S-GO and CoS,(500)/N,S-GO had the
same crystallographic phases, the better bifunctional behavior of
CoS,(400)/N,S-GO compared to that of CoS,(500)/N,S-GO
may be due to the anchoring of CoS, on GO through
polysulfide bonding, as observed by XPS, FT-IR, and Raman
results. The oxygen electrode potential of the CoS,(400)/N,S-
GO sample is 0.82 V vs RHE, which is an outstanding
performance compared to that of the precious catalysts such as
20% Pt/C, 20% Pt—Ru/C(0.88 V) and IrO, and nonprecious
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catalysts like MnO,/NCNT(~0.90 V), NiC0,0,(0.84 V) and
even recently reported nonprecious bifunctional catalyst Fe-
Nx/C/L58SCFE (Table 3).°*”® The ORR kinetic current
density (J,) for CoS,(400)/N,S-GO obtained from the K—L
plot (Figure S7) is compared with the precious catalysts, which
is showing comparable activity with 20% Pt/C (7.7 mA.cm™?)
and better compared to the rest of the reported precious
catalysts and nonprecious catalysts (Table S1).°°”°* The ORR
E,), potential of Co0S,(400)/N,S-GO (0.79 V) catalyst is SO
mV higher than precious Pt—Ru/C (0.74 V) and 180 mV
higher than IrO, (0.61 V) catalyst. However, the E;;, of
C0S,(400)/N,S-GO is 70 mV lower than the state-of-the-art,
Pt/C (0.86 V) catalyst. Even though the ORR performance is
lower than Pt/C catalyst, if we consider the cost and availability
of platinum, then our CoS$,(400)/N,S-GO exhibits several
advantages such as cost and earth abundance (Figure S7). Pt—
Ru/C- and IrO,-based catalysts exhibited skewed ORR RDE
traces with disturbed diffusion-limited current, which may be
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Figure 10. Comparative (a) ORR and (b) OER activities of
Co0S,(400)/N,S-GO, C0S,(500)/N,S-GO, Co04S,(600)/N,S-GO,
CoS,(400)/N,S-GO (phy. mix), N,S-GO and CoS,(400)/GO (c)
oxygen electrode performance of the CoS,(400)/N,S-GO,
C0S,(500)/N,S-GO, and CogS4(600)/N,S-GO at 1600 rpm in 0.1
M KOH with a scan rate of 10 mV s™",

due to the nature of the samples. This observation indicates the
poor activity of these catalysts for ORR (Figure S7).

The electrode stability was carried out for both ORR and
OER activity to understand the durability of bifunctionality.
The durability for the oxygen reduction reaction was examined
by performing repeated potentio-dynamic cycling for 5000
cycles with a potential range of 0.2 to 1.0 vs RHE at a scan rate
of 50 mVs™" in an O,-saturated atmosphere. After 3000 and
5000 cycles, the E, ,, of CoS, (400)/N, S-GO catalyst showed a
loss (E,),) of about 30 and SO mV, respectively (Figure S8a).
The gradual decay of the performance of CoS, (400)/N,S-GO
catalyst after 3000 and 5000 potentio-dynamic cycling can be
attributed to the breaking of polysulfide linkage between
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particles and support, leads to the CoS, particle agglomeration,
which may responsible for the decrement in half-wave potential.
Further, we also evaluated the OER electrode stability by
repeated LSVs in a potential range of 0.9 to 1.8 V vs RHE and
monitored the overpotential change at a current density value
of 10 mA cm ™ (Figure S8b). The OER overpotential values for
fresh, 35th, and 100 cycled electrodes were found to be 1.62,
1.64, and 1.67 V, respectively, suggesting a small potential loss
until 100 cycles. These results indicated that the surface
property of the CoS,(400)/N,S-GO catalyst was still
maintained during the potential cycling stability test. During
the OER stability test, a large amount of oxygen gas was
evolved from the electrode surface, and the electrode layer was
peeled oft from the surface of glassy carbon, which prevents the
continuation of the stability test. The improvement of the
electrode stability is now under investigation, and the results
will be reported in our future studies.

B CONCLUSION

A cobalt sulfide/N,S-graphene oxide hybrid catalyst using solid-
state thermolysis at various temperatures was successfully
prepared from cobalt thiourea complex and graphene oxide
precursors. We found that the cobalt sulfide/graphene oxide
hybrid material also involves excellent oxygen evolution
reaction. Among the composite samples, the hybrid
CoS,(400)/N,S-GO exhibits good bifunctional activity of
about 0.82 V in alkaline medium with remarkable and robust
oxygen evolution and oxygen reduction reaction of about 1.62
and 0.79 V vs RHE, respectively. This excellent performance
was due to the spherical development of CoS, on the graphene
and anchoring of CoS, on the graphene. XPS, FT-IR, Raman,
SEM and TEM micrographs interpretations also support the
incorporation of cobalt sulfides on the graphene through
polysulfide bonding,

B METHODS

Synthesis of CoS,/Graphene. About 200 mg of graphene
oxide was mixed with 7 mL of acetone, and the solution was
sonicated until it completely dispersed. Then, about 0.15 g of
cobalt thiourea complex (Supporting Information), Co-
(TU),(NO;), was added to the mixture and stirred at 35 °C
until all the solvent was evaporated. Then, the dried solid was
ground well and loaded into a Swagelok union cell. The cell was
heated to 400 °C for 2 h a heating rate of 5 °C/min. After
cooling to room temperature, the Swagelok cell was carefully
opened, and the product was collected for further character-
ization. The catalysts prepared at 400, 500, and 600 °C, were
denoted CoS,(400)/N,S-GO, Co0S,(500)/N,S-GO, and
C0,S5(600)/N,S-GO, respectively. During the solid-state
thermolysis under autogenic pressure, the heteroatoms were
doped on the graphene oxide surface, and there was a
simultaneous formation of CoS, nanoparticles. The same
preparation procedure was also followed to prepare CoS,(400)
without graphene oxide: the cobalt thiourea complex was
heated to 400 °C (CoS,). In addition, the same preparation
procedure was also followed to prepare N,S-GO without cobalt
thiourea: the graphene oxide and thiourea was taken in the ratio
3:2 and heated to 400 °C. To prepare CoS,/N,S-GO physical
mixture by a two-step method, Cobalt thiourea and graphene
oxide were prepared separately at 400 °C using Swagelok cells.
Then, prepared N,S-GO and CoS,(400) were mixed with a
ratio of 3:2 using 7 mL of acetone and stirred the contents until
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Figure 11. Tafel plots of (a) ORR and (b) OER for CoS,(400)/N,S-GO, CoS,(500)/N,S-GO, and Co0,S3(600)/N,S-GO catalysts and

corresponding (c) ORR, and (d) OER mass activity histograms.

all the solvent evaporated, which is labeled as CoS,(400)/N,S-
GO (phy. mix), and a physical mixture of CoS, and GO
(without N,S-doping) was also used for the comparison
(Scheme 1).%’

Material Characterizations. The heat-treated Co-
(TU),(NO;), with graphene oxide was characterized using
XRD for phase confirmation, UV—vis spectroscopy (Agilent
Cary-5000) to determine the electronic properties, and FT-IR
Nicolt iS10 (Thermo Scientific) and Raman spectra, Thermo
Nicolet ALMEGA XR (Thermo Scientific) were used to
determine the interaction of cobalt sulfides particles with
graphene. X-ray diffraction (XRD) measurements were carried
out using an X-ray diffractometer (Rigaku, MiniFlex 600) with
a copper anode of Ka radiation (1.5418 A). To understand the
elemental composition, CHNS (carbon, hydrogen, nitrogen
and sulfur) elemental analysis was carried out using an
elemental analyzer (EA), the Vario MICRI cube. The
morphology of the samples was examined by means of field-
emission scanning electron microscopy (FE-SEM, Hitachi, S-
480011, 3 kV). Before the observation, the samples were coated
with osmium. The transmission electron microscope (TEM)
measurements were made using a Hitachi HF-3300, 300 kV
instrument. The powder samples were dispersed in isopropanol
and kept in an ultrasonic agitator for 10 min; a drop of the
solution was dispersed on a copper grid, dried under a UV
lamp, and subjected to TEM measurements. X-ray photo-
electron spectroscopy (XPS) measurements were performed
using a Thermo-scientificc, ESCALAB 250Xi model in an
ultrahigh vacuum of 10~ mbar. BET analysis for surface area
and pore size distribution was performed using the Micro-
meritics, ASAP 2020 surface and porosity analyzer.

Electrode Preparation and Electrochemical Measure-
ments. The electrochemical activities (ORR and OER) of the
catalysts were evaluated using cyclic voltammetry (CV) and a
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rotating disc electrode (RDE) in an O,-saturated 0.1 M KOH
electrolyte at a scan rate of 10 mV s~ using a computer-
controlled potentiostat (Bio-Logic) with a typical three-
electrode system. A S mg sample of the catalyst was dispersed
in 160 pL of isopropanol and 30 L of DI water; then, 10 uL of
Nafion solution was added, and the contents were dispersed by
ultrasonication for approximately 30 min to obtain a
homogeneous suspension. The catalyst ink (1.5 uL) was
dropped onto the surface of a glassy carbon disk (working
electrode, 0.071 cm?®) and dried at room temperature. The
working electrode was immersed in a glass cell containing 0.1
M KOH aqueous electrolyte. A platinum coil and saturated
calomel electrode (SCE) served as counter and reference
electrodes, respectively. All potentials reported in this work
were converted from the SCE to the RHE scale using E (RHE)
= E (SCE) + 0.998 V in 0.1 M KOH. The ORR activity was
measured in an O,-saturated electrolyte (before using an Ar-
saturated electrolyte for background correction under the same
conditions) with a potential range from 0.2 to 1.00 V vs RHE at
various electrode rotations. For the OER measurement, the
potential range was 0.95 to 1.7 V vs RHE with a rotation speed
of 1600 rpm. For comparison, the ORR and OER activity was
carried out 20 wt % Pt/C (Johnson Matthey), 20% Pt—Ru/C
(Johnson Matthey), and IrO, (Aldrich) precious metal
catalysts. The number of electrons transferred during ORR
was calculated using the Koutecky—Levich eq 3.

1/] = 1/], + 1/(Bo?)

where B = 0.62nFAv™"/°Co(D,)*? 3)
where ] is the measured current density, Ji is the kinetic current
density, @ is the angular velocity, n is the number of electrons
transferred, F is the Faraday constant, A is the electrode area, v
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is the kinematic viscosity, C, is the bulk concentration of O,
(1.2 X 107 mol cm™3), and D, is the diffusion coefficient of O,
(1.9 X 107 em? s~ in 0.1 M KOH solution.***** The ORR
and OER Tafel plots were plotted at current I (mA mg™')
versus potential for the CoS,(400)/N,S-GO, CoS, (500)/N,S-
GO, and Co,S5(600)/N,S-GO; for each plot, the tangent was
drawn to find the mass activity (I,).
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