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Bifunctional Electrocatalysts (Co,S;@NSC) Derived from a
Polymer—Metal Complex for the Oxygen Reduction and

Oxygen Evolution Reactions
Saad M Alshehri,” Jahangeer Ahmed,” Aslam

Bifunctional catalysts for water electrolysis are important for
renewable and clean energy transformation processes like fuel
cells, lithium—oxygen batteries, and so forth. Despite tremen-
dous efforts, developing efficient bifunctional electrocatalysts
with low cost and long-term durability remains a great
challenge. Herein, the synthesis of Co,S; nanocrystals encapsu-
lated in nitrogen/sulfur-doped mesoporous graphitized carbon
derived from a polymer—metal complex is reported, which
exhibit similar electrocatalytic activity and superior stability for

1. Introduction

Growing the demand of global energy and the crisis of
traditional nonrenewable fuel are encouraging the research for
alternative energy sources such as fuel cells, air-batteries and
metal — oxygen batteries with high efficiency and low cost.™
Electrolysis of water (ORR/OER) is an outstanding technology in
demand for the production of clean power without the
emission of greenhouse gases. However, the efficiency of water
electrolysis is limited due to the required large overpotential
above the standard reaction potential (1.23 V). To minimize the
overpotential at both electrodes and using electricity derived
from wind and solar power to split water is a challenging task.”’
The efficiency of water electrolysis strongly depends on the
composition and nature of electrocatalyst. Up to now, Pt, Ru, Ir
and other precious metal-based materials have been found to
be effective bifunctional catalysts toward the splitting of water
(ORR/OER).”! However, their comprehensive uses as commercial
electrocatalyst are limited due to their prohibitive cost and
paucity in globe.

Therefore, it is still a challenging task to develop low-cost
efficient bifunctional catalysts with long-term durability for
electrolytic splitting of water (ORR and OER) to replace conven-
tional precious metals.” On the other hand, cobalt is an
abundant metal; some of the cobalt oxide (Co0,), cobalt sulfide
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water-splitting reactions (oxygen reduction/oxygen evolution).
The remarkable electrochemical properties are mainly attributed
to the synergetic effects between Co,S; heteroatoms and
graphitized carbon in alkaline medium, especially for the
oxygen evolution reaction. The present strategy to fabricate
Co,Sg nanocrystals in nitrogen and sulfur doped carbon using a
single-source precursor offers many prospects in developing
highly effective electrocatalysts in rechargeable metal-air
batteries.

(CoS,), and cobalt based nanocomposites have recently been
reported to show bifunctional electrocatalytic performances.”
Based on cost, performance, stability, and safety issues, cobalt
sulfides (CoS, CoS,, C0,S;, Co,S, and Co,Sy are very attractive
for electrochemical applications compared to cobalt and other
metal oxides.”™™@ Among these cobalt sulfides, cobalt-rich
sulfide (Co,Sg) has fascinated researchers because of its
attractive applications like hydro desulfurization. However, to
use of pure Co,S; nanoparticles for bifunctional catalytic
performances are still far because of their small specific surface
area, insufficient conductivity, easy aggregation of nanopar-
ticles, poor stability in basic medium and the intrinsic lack of
active sites. The main hurdle to their use as a bifunctional
electrocatalyst for overall water splitting is that the Co,Sg
nanoparticles are easily oxidized in alkaline solution by which
their electrical conductivity as well as their long term durability
also decreased.” One effective way to improve the perform-
ance as well as the stability of Co,Sg, expand and improve their
applications is to hybridize them with conducting carbon and
carbon based materials such as carbon nanotubes/graphene.”
These materials do not improve the conductivity of Co,Sg only
but also they improve the catalytic activity as well as stability
due to the redox cycling nature of carbon atoms and leading to
reduced ORR potential. Furthermore, the doping of heteroa-
toms (N, O and S) into carbon based materials could efficiently
create the active sites due to high positive charge density that
induced charge transfer from adjacent carbon atoms and also
change the mode of O, adsorption that weaken the O-O
bonding for efficient ORR.®®® Nevertheless, it remains very
challenging to develop a single effective catalyst by taking all
the above ideas in the cost and performance effective manner.

To the best of our knowledge, the synthesis of Co,Sg
nanoparticles encapsulated in nitrogen—sulfur doped graphi-
tized carbon using single source precursor (polymer metal
complexes) and its bifunctional catalytic activity for electrolysis
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of water has not been explored yet. Herein, we have
successfully synthesized Co,S;@NSC nanocomposites using a
phenylthiourea formaldehyde cobalt complex as a single source
precursor, these materials acts as an efficient bifunctional
electrocatalyst for both ORR and OER with good durability in
alkaline environments.

Experimental Section

Preparation of the Electrocatalyst

The polymeric ligand (phenylthiourea formaldehyde) and the
polymer cobalt complex are prepared using our previous reported
method."” The polymer cobalt complex [PTF—Co(ll)] is used as the
precursor for the fabrication of Co,Sg@NSC nanocomposites. The
Co,Sg@NSC nanocomposites are synthesized by a simple thermal
treatment of PTF—Co(ll), containing abundant C, N, S and Co atoms
at 600-900°C in He (helium) atmosphere. The accessible Co
nanoparticles and other metal impurities is washed using 10 wt%
HCl and followed by adequate washing with distilled water and dry
in vacuum oven to obtained Co,S;@NSC nanocomposites.

Characterization of the Electrocatalyst

Characterization of the materials was carried out using Raman
spectroscopy, Transmission electron microscopy (TEM), X-ray photo-
electron spectroscopy (XPS), X-ray diffraction (XRD) and others
analytical studies. N, adsorption and desorption isotherm was used
to determine the specific surface areas and pore volume of the
nanocomposites, respectively. The bifunctional catalytic activates
(ORR/OER) are determine electricity-driven water splitting using a
CHI660C electrochemical workstation (CHI660, Instrument Co.,
China). The details of the characterization techniques are given in
the Supporting Information.

2. Results and Discussion

The synthesis strategy of Co,S@NSC nanocomposites are
schematically depicted in Scheme 1. The phenylthiourea-
formaldehyde polymer cobalt complexes [PTF—Co(ll)] were
prepared using the polymeric ligand and the cobalt chloride
(see the details for synthesis and characterization in the
Supporting Information)."” To prepare Co,S;@NSC nanocompo-
site, PTF—Co(ll) is used as the source of nitrogen, sulfur, carbon
and metal ion as cobalt. Pyrolysis of PTF—Co(ll) at 600, 700, 800
and 900°C temperature under He (helium) atmosphere led to
the one-step formation of Co,S;@NSC-600,Co,S;@NSC-700,
Co,Sg@NSC-800 and Co,S;@NSC-900 nanocomposites respec-
tively. Evolved gas analysis (TGA-FTIR-MS) during the pyrolysis
of the polymer metal complexes (Figure S2, Supporting
Information) revealed that the precursor, PTF—Co(ll),is convert
in to the most of the thermally stable moieties such as benzene
rings (Figure S3, Supporting Information). It is also observed
that the graphitic carbon moieties are co-doped with N and S
from the phenylthiourea, accompanied by a release of gases
(CO,CO,, NH,, SO, and so on)."?

Finally, Co,Ss@NSC composites are obtained after etching
with 10 wt% HCl, to remove the remaining trace Co and Na
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Scheme 1. Schematic diagram of the synthesis of Co,S@NSC nanocompo-
sites.

species from the product. The composition of Co,S;@NSC
nanocomposites is evaluated using the elemental and ICP
analysis (inductively coupled plasma) and summarized in table
(Table S1, Supporting Information).The ICP-OES results con-
firmed the mass ratio of total Co (cobalt) in Co,S;@CNS-600,
CoySg@CNS-700, Co,S@CNS-800 andCo,S;@CNS-900to be 9.8 %,
12.42%, 13.60% and 14.78 % by weight respectively.

Figure 1(@) shows the XRD pattern of Co,S@NSC-
600,C0,Sg@NSC-700, Co,Sg@NSC-800 and Co,S@NSC-900 nano-
composites. The XRD patterns of the Co,S;@NSC support the
presence of Co,Sg (JCPDS No. 02-1459) in the nanocomposites.
The diffraction peaks at 2 6=29.8°, 36.2°, 31.2°, 39.5°, 47.6°,
and 52.0° assigned (311), (400),(100), (511) and (440) respec-
tively, corresponding to Co,S; phase.”™ However, all the four
nanocomposites of Co,S@NSC show the diffraction pattern of
Co,Sg, While increasing the temperature the intensity of Co,Sg
peaks become higher, indication the crystallinity of the nano-
composites are increased. Co,S@NSC-800 showed a broad
diffraction peak around 26° and 44° corresponding to graphitic
carbon. The formation of doped graphitic carbon and other
thermally stable moieties were supported by FTIR spectra and
thermogravimetric analysis results (Figures S4 and S5, Support-
ing Information).™ As the temperature of nanocomposites
preparation was increased the intensity and sharpness of
diffraction peaks related to graphitic carbon were increases that
support more graphitization with higher temperature and
further supported with Raman spectroscopy. The Raman
spectra of the prepared Co,S;@NSC nanocomposite are shown
in Figure 1b. Several Raman peaks were seen at 162.5, 233.5,
341.7, 470.2, 511.1, 606.1 and 675.8 cm™' assigned to CoySg.™
Two peaks at 1342 and 1585 cm™' correspond to the D and G
peaks of carbon materials. The intensity ratio (I/lg) values of
the nanocomposite varied with the temperature and indicate
the defect level of carbon is increase with increasing temper-
ature. In the case of Co,S;@NSC-800, the intensity ratio was
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Figure 1. X-Ray diffraction patterns (a) and Raman spectra (b) of Co,Ss@NSC nanocomposites at different pyrolysis temperatures.

found to be 1.04 and support the defective nature of graphite
carbon."

The essential characteristics of the surface and chemical
composition as well as the valance states of the metal/metal
ions were analyzed using X-ray photoelectron spectroscopy
(XPS) as shown in Figure S6 (Supporting Information). Apart
from cobalt, sulfur, carbon and oxygen, the presence of
nitrogen was also detected in the entire nanocomposite
materials. The elemental composition was found to be 78.24 %,
5.18%, 3.80% and 12.54% of C, N, S, and Co, respectively, in
C0,Sz@NSC-800, which is close to similar that of elemental
analysis results. The Co 2p core level spectra contain two sets
of peaks as shown in Figure 2(a). The peaks at 779.40 and
795.61 eV are corresponding to Co2p,;, and the peaks at 781.20
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and 796.61 eV are assigned to Co 2p,, and support the
formation of Co,S, in the nanocomposites."” The doublets are
characteristic peaks of Co*" and Co®". The energy difference
between Co 2p, and 2p,,, was observed to be 15 eV due to
spin—orbit splitting and agree with Co 2p of Co,S;. Another
peak 778.41 eV was observed and assigned to Co—S and the
peak at 780.49 eV can be attributed to the Co with N in the
Co—N, structure.™

Two satellite peaks at 781.88 eV and 797.05 eV were found
corresponding to Co 2p;,, and 2p;, respectively."”

The high-resolution spectrum of S 2p show five species of
sulfur S2p,,,, S2p;,,, Co—S, —S=C (thiophene-like sulfur) and SOx
(oxidized sulfur species) at 161.6 eV, 162.8 eV, 163.5 eV, 164.4 eV
and 168.4 eV respectively.®®®!, The strong SOx peaks could be
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Figure 2. High-resolution XPS survey for Co,S;@CNS-800: Co 2p (a), C 1s (b), N 1s (c), and S 2p (d).
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due to the adsorbed oxygen on the Co,S; active surface. The
high-resolution N 1s spectrum of nanocomposite is shown in
Fig 2c, the N 1s peaks are split into five peaks. A very low
intense peak is observed at 399.38 eV corresponding to Co—Nx
species. Other peaks were also observed at 397.71 (pyridinic N),
398.50 (pyrrolic N), 400.21(graphitic/quaternary N), and
404.40 eV (N-oxides of pyridinic N) and support the present
nitrogen in different species.”” The high-resolution C 1s
spectrum as shown in fig 2d, shows a strong peak at 284.2 eV
assigned to the C=C formed during the graphitization of
nanocomposite. The presence of C—S and C—N species in the
nanocomposites are observed due to the presence of a sharp
peak at 285.62 eV, indicating the formation of S and N co-
doped graphite carbon and supported with FT-IR (Figure S4,
Supporting Information).™'¥ Another peaks due to C=O and
C—O were observed at 288.2 eV and 285.4 eV respectively. It is
believed that graphite carbon with nitrogen and sulfur
containing groups have better donor—acceptor properties and
show excellent charge mobility in the carbon atom matrix,
which will induce enhanced catalytic activity in electron-transfer
reactions. N, adsorption—desorption isotherm  curves
Co,Sg@CNS nanocomposites are presented in Figure S7 (Sup-
porting Information) it was observed that the absorbed
volumes of N, were found greater than that of the polymer
metal complexes. It was also observed that the absorbed
volumes of N, were increase with increasing the pyrolysis
temperature of the nanocomposites. The specific surface areas
and pore volumes of Co,S;@CNS nanocomposites are summar-
ized in Table S2 (Supporting Information), the large surface
area, three dimensional structure and large pore volume and
pore size of mesoporous Co,S;@CNS nanocomposites support
their electrocatalytic applications."

The morphology of Co,Ss@CNS nanocomposites prepared
at 600, 700, 800°C and 900 °C shown in Figure S8 (Supporting
Information). The TEM image of C,S{@CNS-600 revealed that
the nanoparticles grown in the carbon matrix with an irregular
particles size of about 10-42 nm; on the other hand,
Co,Sg@CNS-700, some nanoparticles of Co,S; was observed on
the surface of graphite carbons and an average particle size
was found to be ~67 nm. Co,S@CNS-800 exhibits narrow
spherical particle size distribution compared to that of other
nanocomposites, and the average particles size was observed
about 81 nm and distributed uniformly on the surface of the
porous graphite carbon. The detailed morphology of the
Co,S;@CNS nanocomposites was investigated by TEM and
HRTEM. Figure 3a shows that the spherical nanoparticles of
Co,Sg@CNS-800 are uniform in both, size and shape, and also
well encapsulated in the graphite carbon. The HRTEM image of
the Co,S;@CNS-800 is shown in Figure 3(b), it was observed
that the size of Co,Sg nanoparticles was about 10 nm and the
d-spacing value (lattice fringes) was found to be 0.29 nm
assigned to the (311) plane of Co,S..%? It is clearly observed
that the Co,Sgnanoparticle was wrapped inside graphite carbon
layers.
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Figure 3. TEM image of Co,S;@CNS-800 (a), HRTEM image of Co,S;@CNS-800
(b), spacing representation (c), and schematic diagram for ORR (d).

3. Electrocatalyst Activity and Stability

The ORR electrocatalytic activities of Co,S;@NSC nanocompo-
sites are accomplished via three-electrode system. The ob-
served potentials were calibrated with reference to the
reversible hydrogen electrode (RHE) for comparison purposes
(the calibration is given in the Supporting Information). Cyclic
voltammetry (CV) curves of prepared nanocomposites illustrate
cathodic peaks in O,-saturated 0.1 M KOH solution at 0.625V
(Co,S,@NSC-600), 0646V  (Co,5,@NSC-700),  0.867 V
(CoySg@NSC-800) and 0.726 V (Co,Sg@NSC-900). However, no
redox peaks were observed with Ny,-saturated 0.1 M KOH
solution. All the prepared Coy,S;@NSC nanocomposites exhibit
excellent catalytic activity in alkaline medium. It was observed
that the ORR peak was shifted towards positive potentials
when the reaction temperature was increased from 600 to
800 °C indicating the outstanding ORR, but after further
increasing the temperature up to 900 °C the catalytic activities
decreased as shown in Figure S9 (Supporting Information). This
is because, when the temperature of the carbonization was
increased, the degree of graphitization was also increased
which leads the electric conductivity of the Co,S;@NSC nano-
composite.®?

On the other hand, overheating of the nanocomposites
reduced or decomposed the dopants and hence reduction
potential was decreased from Co0,S;@NSC-800 to Co,S;@NSC-
900.

The linear sweep voltammetry (LSV) curves of Co,S;@NSC
nanocomposites are shown in Figure 4 (b). The onset potential
(E,) was observed 0.851V (Co,S;@NSC-600), to 0.892V
(Co,Sg@NSC-700) and 0.976 V (Co,Ss@NSC-800). Evidently, the
catalytic activities during ORR were increased in order of
CoySg@NSC-600 < CouSg@NSC-700 < Co,S;@NSC-800 >
Co,Sg@NSC-900, in good in agreement with the cyclic voltam-
metry results, indicating the excellent electrocatalytic activity
for the ORR.

The Coy,S;@NSC-800 shows an excellent onset potential (E,)
and half-wave potential (E,,,) of 0.976 and 0.865 V, respectively,
on the other hand the commercial Pt/C (20 %) shows the E, and
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Figure 4. CV of Pt/C and Co,S;@NSC-800 at a scan rate of 50 mVs™" in N,- and O,-saturated 0.1 M KOH aqueous solution (vacant in N, and field in O,) (a), LSV
curves at a scan rate of 10 mVs™' at a rotational speed of 1600 rpm (b), K—L plots of nanocomposites at different potentials from 0.2.5 to 0.7.5 V (c), the ring
current and disk current on a Co,S;@NSC-800 electrode at 1600 rpm at a scan rate of 10 mVs™'(d), H,0, yields and number of electron transfer during ORR (e),
and the durability (f-1) and methanol crossover effect test (f-Il) of C0958/NSC-800 and Pt/C.

the E,, potential 1.00 and 0.850V respectively and shown
better results when compared with previously reported cata-
lysts (Table S2, Supporting Information).” The kinetics and
catalytic mechanism during the ORR, were further carried out
using LSV tests with different rotating rates (225~2500 rpm)
and the results are illustrated in Figures (Supporting
Figures 13-14). Koutecky—Levich (K—L) equation was used to
determine the kinetic parameters and the numbers of electrons
transfer per molecules of oxygen (see the Supporting Informa-
tion). All the nanocomposites show good linearity and the
nearly parallel fitted lines between j~' and w " of the KL plots
illustrates the first-order reaction for ORR and the number of
electrons (n) is calculated between 0.0-0.90 V and found to be
3.87-3.93, which indicates that it favors a 4e~ oxygen reduction
process as shown in Figure 4¢, about to 4.00 (the theoretical
value for commercial Pt/C).**** The lower Tafel slopes observed
for Co,S;@NSC-800 catalysts suggest the better ORR activity
(Figure S15, Supporting Information). To further understand the
electron transfer pathway and to monitor the peroxide (H,0.)
yield an undesired byproduct from ORR?® rotating ring-disk
electrode (RRDE) measurements are carried out as shown in
Figures 4d-4e. Remarkably, the H,0, yield of Co,S;@NSC-800 is
below 1.9% in the potential range investigated, and the
number of electrons transfer (n) was found to be 3.95, which is
consistent with the results on the RDE data.”” The chronoam-
perometric response of Co,S;@NSC-800 and the commercial Pt/
C catalysts were carried out in 0.1 M KOH solution (O,
saturated) with a rotation rate of 1,600 rpm at 0.6Vfor 10,000 s
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(Figure 4f-l). The results revealed that in the case of Co,S;@NSC-
800, around 96% of the current was maintained while; in the
case of Pt/C, 29% loss of current density was observed. In
addition, the fuel crossover effect and durability of the catalyst
are serious concern for water splitting. During the fuel cross-
over effect, 3 M methanol was added after the test had run
560 s, the direction of current response reverses immediately
after adding methanol. The phenomenon indicates the occur-
rence of methanol electro-oxidation under this potential. These
results suggest that Co,S@NSC-800 exhibits excellent tolerance
to methanol and superior selectivity for oxygen reduction
reaction then Pt/C.°** Additionally, Co,S;@NSC-800 exhibits
excellent durability for ORR in alkaline condition as shown in
Figure 4d.

Oxygen evaluation reaction (OER) activities of the
Co,Sg@NSC-800 and the standard commercial catalyst RuO,
were also characterized in 0.1 M KOH system as described in
the Experimental Section (see also the Supporting Information).
Figure 5a shows the polarization curves of Co,S{@NSC nano-
composites and RuO, electrocatalyst obtained at a scan rate of
5mVs~'. An obvious rise of the anodic current at an onset
potential of ~1.54 V (vs. RHE) was observed for the Co,S;@NSC-
800. This was ~6 mV far that of RuO,, indicating the superior
intrinsic catalytic activity of the Co,S;@NSC catalyst towards
OER.® These values are apparently higher than those of
otherCo,Sg@NSC in this study, and also higher than the most of
the commonly reported carbon based electrocatalysts (see
Table S3, Supporting Information, for further comparison). The

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Polarization curve (iR-corrected) for OER at 1600 rpm at a scan rate of 10 mV's

-1

(a). Corresponding OER Tafel plots (b). The required overpotential to

achieve a current density of 10 mA cm™ for different electrocatalysts (c). Stability of the Co,S;@NSC-800 catalyst after 3000 cycles (d). The durability test of

C0,Sg@NSC-800 and RuO, in O2-saturated 0.1 M KOH at 1.53 (e).

Key parameter for OER (potential required at a current density
of 10 mAcm™, 1,,) is used to judge the catalytic activities of
Co,Sg@NSC nanocomposites and compare with RuO, "

It has been seen that, the Co,S@NSC-800 catalyst show the
over-potential 391 mV (compared with the standard reaction
potential) at 1, while the CogS;@NSC-600, Co,Ss@NSC-700 and
Co,Sg@NSC-900 show 549 mV, 483 mV, and 549 mV over-
potential respectively as shown in Figure 4c.The over-potential
value of the Coy,S;@NSC-800 is lower than the other Co,S;@NSC
nanocomposites and close to that of the commercial RuO,
catalyst and leads the superior catalytic activity for OER in basic
medium (Figure 5a).

In addition, the OER kinetics of Co,S;@NSC nanocomposites
are studied by plotting their Tafel curves, as shown in Figure 5b.
The resulting Tafel slopes are found to be 217, 120, 93, 123 and
156.6 mVdec™ for Co,Sg@NSC-600, Co,Sg@NSC-700,
Coy,Sg@NSC-900 and Co,S;@NSC-800, and the commercial RuO,,
respectively. Although all nanocomposites exhibit ORR, how-
ever the lower Tafel plot value is observed between (1.45 to
1.80 V) suggests that the Co,S{@NSC-800 the most efficient OER
catalyst among all the samples in this study.

The results of stability test during ORR revealed that the
Co,Sz@NSC-800 is very stable catalyst (Figure 5d and5e), where-
as the durability during the ORR was observed between 0.2 to
1.0 V with 50 mVs™' scan rate up to 3000 cycles and exhibits
excellent results compare to the commercial RuO,. These results
proposed that the Co,S@NSC-800 nanocomposite is an
efficient electrocatalyst for ORR and OER.

ChemElectroChem 2017, 4, 1-8 www.chemelectrochem.org

4. Conclusions

We have successfully developed low-cost materials; CooSq
nanocrystals encapsulated in nitrogen/sulfur doped mesopo-
rous graphitized carbon, simply by pyrolyzing polymer metal
complex. This is the first time that a polymer metal complex
has been utilized as single source to synthesize the nano-
composites containing sulfur, nitrogen, carbon, and Co,Ss. It
was observed that catalytic activity of nanocomposites was
increased with their preparation temperature from 600 to
800 °C, but after further increasing the preparation temperature
up to 900°C and more the catalytic activities decreased
because overheating reduced or decomposed the dopants. The
resultants nanocomposites exhibit remarkable catalytic activ-
ities for both ORR and OER with high current densities, low
onset potentials, and excellent stability and even outperform a
commercial Pt/C and RuO, electrocatalyst as a bifunctional
electrocatalyst. We anticipate that our nanomaterials will also
be useful for other electrocatalytic applications.
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Time to split: The synthesis of CoySg
nanocrystals encapsulated in
nitrogen/sulfur-doped mesoporous
graphitized carbon derived from a
polymer—metal complex is reported.
The nanocrystals exhibit similar elec-
trocatalytic activity and superior
stability for water-splitting reactions
(oxygen reduction/oxygen
evolution). The remarkable electro-
chemical properties are mainly attrib-
uted to the synergetic effects
between Co,Sg, heteroatoms, and
graphitized carbon in alkaline
medium, especially for the oxygen
evolution reaction.
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