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Replacement of expensive platinum-based catalysts at the cathode of fuel cells by low-cost
alternatives represents an important milestone to achieve significant system cost reductions. In
this work, single crystal cobalt disulfide (CoS,) octahedral nanoparticles supported on
graphene/carbon nanotube composites were prepared as oxygen reduction reaction (ORR)
catalysts in acidic electrolyte. During the simplistic, one-pot solvothermal synthesis, the
nanostructured carbon supports were also simultaneously doped with nitrogen and sulfur. Time
dependent studies elucidated the growth process of the {111} facet encased octahedra that
could only be prepared when carbon support materials were incorporated into the reaction
mixture. Through computational simulations, the shape directed growth process was found to
be driven thermodynamically towards surface energy minimization. Control experiments and
spectroscopy characterization were also used to investigate the occurrence and nature of
nitrogen and sulfur doping into the graphitic structure of the graphene/carbon nanotube
composite support. The impact of carbon support on ORR activity was clear, with the
graphene/carbon nanotube composite supported CoS, octahedra (CoS,-CG) outperforming
CoS, supported on just graphene or carbon nanotubes. Additionally, CoS,-CG provided an on-
set potential (0.78 V vs. RHE) and half-wave potential (0.66 V vs. RHE) that was 60 mV and
150 mV higher than the CoS, particle agglomerates formed when no carbon support was
included during catalyst preparation. This improved activity can be attributed to the beneficial
properties of the nitrogen and sulfur doped graphene/carbon nanotube composite support, and
also may arise due to the more favourable oxygen adsorption on the (111) surface of the
octahedral particles predicted by theoretical calculations. By combining the synergistic
properties of the graphene/carbon nanotube composite and unique shape controlled single
crystal CoS, nanoparticles, CoS,-CG is presented as an emerging catalyst for the ORR in fuel
cells.

crystalline and mono-phase nanostructures of cobalt sulfide is
however very challenging, yet desirable from an application
standpoint. This is owing to the highly oxophilic nature of

Introduction

Nanostructured metal chalcogenides have emerged on the
forefront of materials science and technology research as
promising functional materials for application in a variety of
energy technologies.! Cobalt sulfide, exhibiting interesting
phase-dependent electronic, magnetic and catalytic properties,”
* boasts great potential for application in energy conversion and
storage technologies, including fuel cells,*® supercapacitors,'®-
2" lithium ion batteries'*" and photoelectrochemical dye-
sensitized solar cells.'®'® The controllable synthesis of highly

This journal is © The Royal Society of Chemistry 2014

cobalt and the complicated stoichiometry of cobalt sulfide that
consists of various phases, all with different physicochemical
properties.’ Using cobalt sulfide nanoparticles in conjunction
with high surface area nanostructured carbon supports, such as
graphene or carbon nanotubes (CNTs), can also be highly
advantageous. These supports in particular provide
interconnecting mesostructured scaffolds that can facilitate
good nanoparticle dispersion and electron transport. The
structural, surface and electron properties of graphene or CNTs
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can furthermore be modulated through doping with various
heteroatoms, such as nitrogen or sulfur.'”? In addition to
inducing unique functionality, these dopant species can also
%r(z)ﬁvide beneficial carbon support-nanoparticle interactions.*

One notable field of application for cobalt sulfide is as a
non-precious oxygen reduction reaction (ORR) catalyst for
polymer electrolyte fuel cells (PEFCs). As a replacement to the
expensive platinum catalysts required to facilitate the ORR,*’
this would alleviate some of the uncertainty surrounding the
long-term commercial success of PEFCs, owing to the volatile
material costs and monopolized global distribution of this
precious metal. This technological challenge has inspired
significant non-precious ORR catalyst research efforts in recent
years, with several promising replacements including, transition
metal chalcogenides and oxides, or high temperature heat
treated transition metal-nitrogen-carbon complexes (dubbed
“M-N-C”, where M is generally Co, or Fe) demonstrated.”® *°
The M-N-C systems remain the most extensively investigated
class of non-precious metal catalyst to date, with significant
improvements to ORR activity and operational durability
realized in recent years.’®*® Despite this, the multi-step
fabrication process, including high temperature (i.e. > 800 °C)
heat treatment(s) results in heterogeneous, multi-component
structures. This leads to extensive debate over the identity and
nature of the ORR active site structures present in these
catalysts, even after over two decades of research activities,
rendering the rational design of improved performance M-N-C
catalysts a very challenging endeavour. It is therefore of interest
to develop and investigate alternative non-precious ORR
catalyst technologies, prepared by simplistic, energy efficient
and scalable techniques that can provide highly homogeneous
active phase structures. This will provide opportunity for
researchers and scientists to understand and improve the ORR
kinetic  processes occurring on these  well-defined
nanostructured surfaces, in an attempt to ultimately eliminate
the dependence on Pt-based catalysts.

In this work, we report the unique solvothermal preparation
of shape controlled, single crystal cobalt disulfide (CoS,)
octahedron particles supported on nitrogen and sulfur doped
CNT/graphene composites (CoS,-CG). This single step,
relatively low temperature (220 °C) approach offers several
notable advantages, including an inexpensive, low-energy
consuming and one-pot scalable synthesis, along with excellent
CoS, shape control and facet exposure achieved without the
addition of any template or surfactant species. With excellent
phase purity, the prepared CoS,-CG nanostructures are
demonstrated to provide the highest performance towards the
ORR in acidic electrolyte (0.1 M HCIO,) reported to date for
non-precious metal chalcogenide materials. Through careful
investigation, we elucidate the CoS, octahedron formation
process and propose a growth mechanism. Additionally, we
clearly demonstrate the performance advantages of using
CNT/graphene composites as supports for the octahedron
nanoparticles, and investigate the nature of nitrogen and sulfur
doping into the graphitic lattice of the nanostructured carbon
materials. Nitrogen and sulfur co-doped graphene materials are
generally prepared by high temperature heat treatment
approaches, and this work highlights successful double-doping
by a solvothermal process, providing practical implications for
various applications such as ORR catalysis in alkaline
conditions.*! 2334

Results and discussion

2 | J. Name., 2014, 00, 1-3

Material preparation and characterization

Three primary materials were developed in this work by a
single-step solvothermal approach using different
nanostructured carbon supports, including CoS, supported on
graphene (Co0S,-G), CNTs (CoS,-C) and a CNT/graphene
composite (CoS,-CG). Transmission electron microscopy
(TEM) images of each of these materials are provided in
Figures 1a, 1b and lec, respectively. Consistent with results
from scanning electron microscopy (SEM) imaging that show
the overall homogeneous morphology (Figure S1), it was
observed that regardless of the nanostructured carbon support
type, shape controlled octahedral CoS, particles were grown on
the carbon surface, with no unsupported particles formed in
solution. For CoS,-CG (Figure lc, Figure Slc), octahedral
nanoparticles were clearly intermixed with CNTs that had
assembled on the sheet-like surface of graphene. This CNT
assembly likely arises from the amphiphilic surfactant-like
nature of graphene oxide (GO), consisting of hydrophilic
oxygen-containing surface species that render it highly
dispersible in aqueous solutions, along with basal plane
aromatic regions®>. When dispersed in solution with CNTs, the
aromatic groups present in each component can provide a
strong attachment through 7-m interactions,’® *’ resulting in the
observed assembly of CNTs on the surface of graphene sheets,
and no free CNTs observed on the TEM grid. A high resolution
TEM image of a shape controlled nanoparticle from the CoS,-
CG sample is provided in Figure 1d, consisting of a single
crystal with an octahedral morphology. The lattice space
measurement of 0.318 nm is in close agreement with the
theoretical {111} spacing of CoS, (0.319 nm), indicating that
the crystalline octahedral particle is encased by the {111}
facets. This observation is consistent with the results of Bao et
al.,*® who demonstrated the biomolecule-assisted hydrothermal
preparation of free-standing microscale Co3S; octahedrons
enclosed by the {111} surfaces.
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Figure 1. TEM images of (a) CoS,-G, (b) CoS,-C and (c) CoS,-CG. (d) High
resolution TEM image of a single crystal CoS, octahedron particle along with
(inset) SAED pattern.

Interestingly, when only CNTs were used as the
nanostructured carbon support, the distribution of CoS,
particles on CoS,-C was reduced, with larger average crystallite
sizes observed. This indicates that the high concentration of

This journal is © The Royal Society of Chemistry 2014
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surface functional species on the GO starting materials provides
a beneficial impact in terms of providing nucleation and
anchoring sites for well distributed nanoparticles.”* The impact
of support selection was also indicated by the results of
carrying out the solvothermal process in the absence of any
nanostructured carbon support. Only large particle agglomerate
structures were obtained (Figure S1d), with no evidence of
octahedron nanostructure formation.

Operating in scanning transmission electron microscopy
(STEM) mode, energy dispersive x-ray (EDX) atomic mapping
was carried out on a bundle of octahedral particles of varying
size in order to determine the atomic content and distributions
of the Co0S,-CG materials. With colour mapping images
provided in Figure 2a, the octahedron particles consist of
concentrated regions of both cobalt and sulfur, with some sulfur
species observed throughout the CNT/graphene supports,
indicative of sulfur doping into the graphitic structures during
solvothermal processing. The atomic composition of a single
octahedral particle was investigated by carrying out EDX
analysis, with the obtained spectra (Figure S2) indicating a
Co:S ratio of 36.3 to 63.4 at. %, in close agreement with the
expected atomic content of the CoS, phase.
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Figure 2. (a) EDX colour mapping of CoS2-CG, (b) XRD patterns of prepared
samples and theoretical CoS2 pattern, and (c) Raman spectra for CoS2-G, CoS2-C
and CoS2-CG.

X-ray diffraction (XRD) was used to confirm the phase
structure of the prepared materials, with diffraction patterns of
the prepared samples provided in Figure 2b. The diffraction
peaks observed for CoS,-G, Co0S,-C and CoS,-CG were in
direct agreement with the standard pattern of cubic CoS, with a
lattice parameter of 0.554 nm (86351-ICSD). When prepared in
the absence of any nanostructured carbon support, the
diffraction pattern of the as-prepared CoS, materials
demonstrated the CoS, phase, however minor CoS diffraction
peaks were also observed. This reiterates the important role of
the nanostructured carbon supports in preparing well-dispersed,

This journal is © The Royal Society of Chemistry 2012
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homogeneous CoS, nanoparticles. The CoS phase could
potentially be present as an intermediate species for CoS,
formation that became entrapped within the large agglomerates
during particle growth, or could arise due to the effect (or lack
thereof) that the nanostructured carbon species with
electrostatically charged surface functional species has on the
synthesis process.

Provided in Figure 2C are the Raman spectra for CoS,-G,
CoS,-C and CoS,-CG. Each sample clearly shows a “D-band”
peak located at ca. 1339 cm™ attributed to defect induced
structural vibrations and a “G-band” peak located at ca. 1580
cm? and attributed to the E,, vibration spectra of sp® bonded
carbon. These peaks, in addition to the 2D-band peak
demonstrated at ca. 2683 cm™ are characteristic of graphitic
materials and arise from the nanostructured carbon materials
used to support CoS, particles. Commonly the D-band to G-
band peak ration (Ip:Ig) is used to gauge the degree of structural
disorder present in CNT or graphene based materials.** CoS,-G
demonstrates an Ip:Ig ratio of 1.01, which is in agreement with
the values obtained previously for graphene-based materials*”
4! and indicating that the solvothermal process was successful
in reducing the surface oxygen species of GO. The Ip:Ig ratios
of CoS,-C and CoS,-CG were similar at 0.54 and 0.52,
respectively. This value is consistent with results reported for
CNT-based materials reported recently*' and also provides
indication that the CNT component of the composite supported
CoS,-CG contributes primarily to the observed Raman spectra,
most likely due to the fact that CNTs are observed to be
assembled on the surface of the graphene sheets.

Using CoS,-CG as a representative sample, the Co2p and
S2p spectra obtained by x-ray photoelectron spectroscopy
(XPS) are provided in Figure 3a and 3b, respectively. The
Co2p spectra displays three spin-orbit couples, with the lower
binding energy peaks displayed in the figure and located at ca.
778.9, 781.0 and 782.95 eV, respectively. The first peak
comprises the majority of Co atoms scanned and can be
attributed to the Co?" species of CoS,, an observation consistent
with results of previous spectroscopic investigations on cobalt
sulfide materials.® > *® The two minor peaks located at higher
binding energies could be due to the presence of Co-NH bonds
formed between residual ammonia species from the
decomposition of thiourea®® or satellite shake up peaks.** More
rigorous investigations are required to elucidate the exact
source of these observed peaks, although they comprise only a
small amount of the surface cobalt ions scanned and therefore
are not of significant concern. The S2p peak in Figure 3b
demonstrates a main peak comprised or two Spy, and Spsp
doublets. The first doublet, with peaks located at 162.4 and
163.6 eV are attributed to the CoS, phase.> ** The second pair,
with peaks located at 164.5 and 165.6 eV are attributed to
thiophenic sulfur species incorporated into the CNT/graphene
support matrix.*> ** While these results, in accordance with the
previously discussed EDX colour mapping indicate successful
doping of the nanostructured carbon supports through the
solvothermal process, this phenomenon, including nitrogen
doping, will be investigated and discussed in more detail later
on. There is an additional pair of peaks in the S2p spectra
observed at ca. 169.0 eV, which can be attributed to oxidized
sulfur species, potentially sulfates,* that are present in small
quantities on the surface of the developed materials.

J. Name., 2012, 00, 1-3 | 3
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Figure 3. High resolution XPS (a) Co2p and (b) S2p spectra of CoS,-CG.

CoS,; octahedron growth process

To understand the mechanistic process of CoS, octahedron
particle formation and growth, a time dependent synthesis
investigation was carried out using graphene as the
representative support material. After initially heating the
solvothermal reaction temperature up to 120 °C and
maintaining it for 10 hours, the temperature was further
increased to 220 °C, after which the reaction was interrupted at
various time intervals by removing the solvothermal reactor
from the oven. After 0.5 h (Figure 4a, Figure S3a), only small,
irregularly shaped nanoparticles were observed on the surface
of the graphene sheets. This structure is consistent with the
materials that resulted when a reaction temperature of only 120
°C was used for the entire solvothermal reaction (CoSG-120),
and the nanoparticles were determined to be amorphous based
on XRD, high resolution TEM imaging and select area electron
diffraction (SAED) patterns provided in Figure S4. As the
reaction time at 220 °C is lengthened to 2.5 h, the formation of
larger, crystalline nanoparticles is observed (Figure 4b, Figure
S3b). Further increasing the reaction time to 5 h, disappearance
of the majority of amorphous nanoparticles occurs, and there is
an abundance of larger particle structures starting to exhibit the
single crystal octahedron morphology (Figure 4¢, Figure S3c).
Finally after a reaction time of 10 h, only octahedron
nanoparticles, comprised of single crystals with varying sizes
well-distributed across the surface of graphene remain (Figure
4d, Figure S3d), with minimal changes to morphology
observed with a further increase in the reaction time to 20 h.
Drawing on these observations, a schematic outlining the
crystal phase transformations and growth occurring on the

4| J. Name., 2014, 00, 1-3
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surface of graphene during the solvothermal reaction is
provided in Figure 5. It can also be seen that at increasing
reaction times, the structure of the graphene substrates
gradually evolve. Initially this material shows a relatively
smooth, sheet-like structure (Figure 4a, S3a). Throughout the
reaction process and associated to the reduction of GO, the
substrate takes on a wrinkled configuration with increasing
amounts of edge plane exposure (Figures 4b-d, S3b-d).

Figure 4. TEM images of the time dependent growth of CoS, supported on
graphene held at 220 °C for (a) 0.5 h, (b) 2.5 h, (c) 5 h and (d) 10 h.

2.5h

Graphene oxide
Thiourea ﬂ Cobalt acetate —
\ / 0.5h

. Amorphous nanoparticles m

O Cos, agglomerates
. CoS, octahedrons

10h 5h

Figure 5. Proposed growth schematic of CoS, octahedron nanoparticles
supported on nitrogen and sulfur doped graphene.

Reduction and doping of graphene with nitrogen and sulfur

With the formation and growth process of octahedral CoS,
nanoparticles elucidated, of particular importance in the present
work is also the reduction and simultaneous doping (i.c.,
nitrogen and sulfur) processes occurring in the nanostructured
carbon supports. Because the presence of CoS, nanoparticles on
the surface of the nanostructured carbon supports will confound
the results of these spectroscopic investigations, graphene, CNT
and CNT/graphene composite samples were prepared under the
same reaction conditions, albeit in the absence of a cobalt
precursor. These samples were found to be doped with both
nitrogen and sulfur, and are therefore referred to as NS-G, NS-
C and NS-CG, respectively. The absence of cobalt precursor
had a negligible impact on the microstructure of the obtained
materials, with SEM images of NS-G, NS-C and NS-CG

This journal is © The Royal Society of Chemistry 2014
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provided in Figure SSa, S5b and SSc, respectively. These
materials demonstrated a very similar structure to those
prepared with cobalt precursor, although as expected, without
CoS, octahedron nanoparticles decorated on the surface. XPS
was used to confirm the successful reduction of GO during the
solvothermal process, with the oxygen surface content of NS-G
quantified to be 7.21 at. %, significantly lower than the ca. 35
at. % commonly reported for GO*.

High resolution S2p and N1s spectra for the nitrogen/sulfur-
doped nanostructured carbon supports are provided in Figure
S6. The obtained signals indicate that the solvothermal
procedure used in the present work were capable of
incorporating both sulfur and nitrogen heteroatom dopants into
the CNT/graphene materials. Double doping of nanostructured
carbons with more than one element has been reported before,
commonly accomplished by high temperature heat treatment
processes in the presence of heteroatom containing
precursors.*"* *¢ Reports on double doping by hydrothermal or
solvothermal processes however are very rare,*” *® and to the
best of our knowledge, only one report exists for the double
doping of graphene or CNT structures with nitrogen and sulfur
by hydro/solvothermal procedures.*’ NS-G was found to have
the highest concentration of sulfur and nitrogen dopants within
the structure, with a surface concentration of 2.98 and 2.75 at.
%, respectively. This likely arises due to the highly tunable
surface structures of GO, containing an abundance of oxygen-
containing functional species that can serve as reactive sites for
heteroatom incorporation®’. For NS-C, the sulfur and nitrogen
contents were lower at 0.71 and 0.95 at. %, respectively,
indicating the incorporation of heteroatom species into
functionalized CNTs by “post-treatment” methods is relatively
more difficult, an observation consistent with previous
investigations*" **. The sulfur and nitrogen contents of NS-CG
(0.68 and 1.09 at. %, respectively) were similar to that of NS-
C, suggesting that the majority of XPS signal arises from the
CNT constituent assembled on the surface of graphene sheets in
the composite arrangement.

The S2p spectra of all three materials (Figure S6a-c) could
be deconvoluted into the S2p;, and S2p;, doublet peaks of
thiophenic sulfur, located at 164.1 and 1653 eV,
respectively.* >' Thiophenic sulfur species reside on the edge
plane of graphene/CNT in a 5-membered heterocyclic ring
arrangement. The Nls spectra of each sample was
deconvoluted intro three individual contributions arising from
pyridinic (ca. 398.6 eV), pyrrolic (400.1 eV) and graphitic
(401.2 eV) nitrogen species > °%. NS-G (Figure S6d) was
comprised of mainly pyrrolic nitrogen species, however both
pyridinic and graphitic nitrogen was observed in sufficient
quantities. On the other hand, almost all of the nitrogen atoms
scanned in NS-C (Figure S6e) were of pyrollic form, residing
on edge plane of the CNTs and bonded to carbon in a 5-
membered ring arrangement. It appears that the incorporation
of pyridinic or graphitic nitrogen species into the 6-membered
ring structures of CNTs is difficult at the relatively low (220
°C) temperature used during the solvothermal synthesis. At
higher temperatures (i.e. > 800 °C) it has been well established
that the pyridinic species are not as stable, at which conditions
increased relative graphitic nitrogen contents are commonly
observed.”® ** The Nls spectra of NS-CG (Figure S6f)
indicates that pyrrolic nitrogen species are still dominant in the
composite arrangement, although small peaks arising from
graphitic and pyridinic nitrogen species are observed, most
likely arising from the underlying doped graphene sheet
structures.

This journal is © The Royal Society of Chemistry 2012
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Proposed growth mechanism

The complex reaction mixture consisting of multiple organic
and inorganic species, in combination with the “black box”
nature of solvothermal syntheses renders in sifu monitoring and
speciation to elucidate the exact mechanistic process of material
preparation very difficult. Notwithstanding these challenges,
based on fundamental information available in the literature and
results of our ex situ experimental results, we propose a
mechanism for the fabrication of nitrogen and sulfur-doped
graphene supported CoS, octahedrons. After reacting
solvothermally for 10h at 120 °C, amorphous particles were
observed decorated on the surface of GO sheets (Figure S4).
This most likely consists of Co-based intermediates (i.e. oxides,
carbonates or hydroxides) formed through the decomposition of
cobalt acetate,”> and nucleated on the oxygen containing
functional sites of GO owing to the favourable interactions of
these species with inorganic nanoparticles.**

When the solvothermal reaction temperature is increased to
220 °C, this exceeds the decomposition temperature of thiourea
(ca. 187 °C), a process that generates primarily ammonia,
carbon disulfide and thiocyanic acid as the byproducts.*® Owing
to the isomeric complexity of thiourea with numerous potential
decomposition intermediates and reaction pathways,”’ it is also
likely that under the solvothermal reaction conditions the
formation of other sulfur-containing species can occur. One
such species is hydrogen sulfide, which has interestingly been
attributed as a sulfur source for cobalt sulfide formation,®®
however is not a commonly observed species during the
thermal decomposition of thiourea.’® *° Regardless, when the
reaction temperature is increased to 220 °C, the decomposition
of thiourea is evidenced by transformation of the solution
colour to yellow, which becomes more pronounced at
increasing reaction times (Figure S7). After 30 min at 220 °C,
only slight discolouration of the solvothermal solution is
observed (Figure S7b) and amorphous Co-based nanoparticles
comprise the majority of species in existence on the surface of
the graphene sheets (Figure 4a). This provides indication that
the entire reaction mixture has not reached a uniform
temperature of 220 °C, and/or the decomposition of thiourea
and the CoS, formation reactions did not have enough time to
proceed.

Once the thiourea species have a sufficient reaction
temperature and time to decompose, the high concentration of
available sulfur-containing intermediates will attach the
amorphous nanoparticles decorating the graphene surface. This
results in the formation or irregularly shaped CoS, particles that
are observed after holding the reaction temperature at 220 °C
for 2.5 h (Figure 4b). At increased reaction times, more CoS,
species continue to form and Ostwald ripening processes
comprise the subsequent structural transformations observed.
During this time period, inhomogeneous CoS, species migrate
and rearrange to form single crystal octahedral structures
encased by the {111} crystal facets. This morphology likely
forms as it the most thermodynamically stable structure due to
the relatively low surface energy of the (111) surface in
comparison to other CoS, surface structures as predicted by
theoretical simulations (vide infra).

In terms of the graphene based supports, it is not only
expected that the covalently bonded oxygen functional species
in GO play a crucial role in Co-based nanoparticle nucleation
and growth® but also serve as anchoring sites for the
incorporation of heteroatom dopant species.” As a primary
product of thiourea decomposition, ammonia (NHj3) species will
be formed within the solvothermal reaction vessel. NHj is

J. Name., 2012, 00, 1-3 | 5
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commonly used as a precursor for the simultaneous nitrogen
doping and reduction of GO materials by annealing
treatments,*™ *"* 3 >* and more recently by hydro/solvothermal
methods.?* ! Additionally, EG is a well-known reducing agent
for GO during solvothermal synthesis,” and in tandem with
NH; results in the effective reduction and nitrogen doping of
the graphene supports. On the other hand, identification of the
exact sulfur containing intermediate(s) formed during thiourea
decomposition that are responsible for sulfur doping of
graphene requires further, more stringent fundamental
investigations.

Electrochemical performance evaluation

ORR polarization plots for all of the prepared samples in 0.1 M
HC1O,4 and at an electrode rotation speed of 1600 rpm are
provided in Figure 6a, with onset potential and half-wave
potential (E;,) values summarized in Table 1 versus the
reversible hydrogen electrode (RHE). Linear potential sweeps
at electrode rotation speeds varying from 100 to 2500 rpm are
provided for CoS,-CG in Figure 6b, and for CoS,-G (Figure
S8), CoS,-C (Figure S9) and as-prepared CoS, (Figure S10) in
the supporting information. All of the nanostructured carbon
supported CoS, octahedron catalysts displayed similar ORR
onset potentials, suggesting that the active site structures
present in these catalysts are the same. The unsupported, as-
prepared CoS, materials demonstrated an on-set potential that
was ca. 40-60 mV lower, along with reduced ORR current
densities throughout almost the entire potential range
investigated. The reduced performance of as-prepared CoS, can
likely be linked to the large agglomerate structure of the
catalyst, with ORR activity resembling that reported previously
for a CoS, thin film structure.’ The increased onset potential of
the carbon supported CoS, octahedrons could also arise due to
the more favourable adosprtion energy of oxygen on the (111)
surface of CoS, in comparison to the (001) and (110) surfaces,
as determined from our theoretical simulations vide infra. The
supported octahedrons consist of only {111} surface facets,
which could therefore be advantageous for ORR kinetics in
comparison to the unsupported CoS, agglomerates consisting of
a mix of various surface structures. Additionally, the minor
presence of the CoS phase as illustrated by XRD within the

unsupported CoS, could provide an impact on ORR
performance, albeit to an unknown extent.
Table 1. Electrochemical performance evaluation results.
Parameter (V vs. RHE) CoS,-CG CoS,-G CoS,-C CoS,
Onset potential® 0.78 0.76 0.76 0.72
Ei» 0.66 0.64 0.61 0.51

*Taken as the potential that the current density reaches 0.1 mAcm™.

It is clear that the incorporation of nanostructured carbon
supports into the solvothermal reaction mixture can facilitate
the formation of single crystal, shape controlled octahedral
CoS, nanoparticles immobilized within a conductive network
that can provide significant ORR performance enhancements.
Of the three materials investigated, CoS,-CG provides the best
ORR performance, with a polarization curve resemblant of high
ORR activity catalysts, demonstrating a current density that
levels off at lower electrode potentials owing to the onset of
mass transport limitations. Comparing the performance of

6 | J. Name., 2014, 00, 1-3

CoS,-G and CoS,-C can provide some understanding regarding
the impact of nanostructured carbon support type on ORR
activity. Interestingly, CoS,-G demonstrates slightly higher
current densities at high electrode potentials (> 0.63 V vs.
RHE). In this region, ORR kinetics play a dominant role in the
observed catalyst performance, which can likely be attributed to
the increased dispersion of well-defined CoS, octahedral
crystals with smaller average sizes on CoS,-G. This in turn
provides a larger number of ORR active sites in order to
facilitate the electrochemical reduction. Additionally, the
increased nitrogen and sulfur dopant concentrations in the
nanostructured carbon support for CoS,-G could provide
favourable catalyst-support interactions that Dbeneficially
influence ORR kinetics, similar to the effect commonly
observed in Pt/doped-carbon catalyst systems.** % 4 At
potentials below ca. 0.63 V wvs. RHE, CoS,-C provides
relatively higher current densities that CoS,-G. This can most
likely be attributed to the highly porous, interconnected catalyst
layer structures formed by one-dimensional CNTs. This
provides ample pathways for electronic conductivity and access
for O, reactant molecules, contributing to the increased current
densities observed in the potential region that transport
(electronic/reactant) properties play a dominant role.
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0.4
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0.8
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04 06
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Figure 6. ORR polarization curves (a) at 1600 rpm for all samples, and (b) at
various electrode rotation rates for CoS,-CG.

The half-wave potential for CoS,-CG is 0.66 V vs. RHE, a
ca. 20 and 50 mV improvement over that of CoS,-G and CoS,-
C, respectively. Additionally, Koutecky-Levich analysis®® *°
indicated excellent selectivity towards the overall four electron
ORR mechanism, with the number of electrons calculated to be
greater than 3.7 over the entire range of potentials investigated.
All of these results indicate that the microstructure of CoS,-CG
provides an ideal balance of inherent ORR active site structure
density and turnover frequency, along with reactant access.
This likely arises due to the complementary contributions of

This journal is © The Royal Society of Chemistry 2014
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each component, whereby the graphene provides excellent
octahedral nanoparticle dispersion owing to the high surface
areas and ease of functionalization, and CNTs provide highly
interconnected, conductive and porous morphologies that can
facilitate the rapid access of electrons and oxygen throughout
the entire catalyst layer. This notion is supported by the results
of Brunauer—Emmett—Teller (BET) analysis, indicating a
surface area of 123.9 m*> g for CoS,-CG, which is higher than
Co0S,-C (96.1 m* g') yet lower than CoS,-G (150.0 m* g™).
The advantages of this synergistic arrangement have also been
previously demonstrated for ORR activity in alkaline
electroytesﬁo’ 65, 6", solar cell,67 lithium-ion battery68 and
supercapacitor®”’' applications. Drawing on this, CoS,-CG
demonstrates a half-wave potential that is comparable to several
precious metal (i.e. Ru) based chalcogenide materials reported
previously.” Further comparison can be made to the most
active non-precious metal chacogenide reported previously,*
consisting of Co;,S particles supported on reduced GO (Co;.
«S/RGO) and prepared by a two-step synthesis method
employing a heat treatment process. CoS,-CG demonstrates a
comparable onset potential, although provides a current density
of 1.3 mAcm™ at an electrode potential of 0.7 V vs. RHE, an
over 15% improvement in comparison to Co,,S/RGO (1.1
mAcm™?). Combined with a simplistic preparation process,
shape controlled CoS, octahedron nanoparticles supported on
nitrogen and sulfur doped CNT/graphene composites comprises
the best performance non-precious metal chalcogenide ORR
catalyst reported to date.

Computational simulation results

Figure S11 shows the fully relaxed bulk CoS, structure. After
stabilization, the lattice parameters of CoS, were evaluated to
be 5.505, 5.505 and 5.505 A, consistent with previous
experimental work”® and theoretical diffraction pattern data.
From the bulk structure of CoS,, slab models for the (111),
(001) and (110) surfaces were designed as shown in Figure 7a,
b and c, respectively. During model relaxation, we allowed the
upper layers to relax, while maintaining the bottom five layers
fixed in their bulk positions. The surface energy per unit area
(o) was calculated by equation (1):
0= %[Eslab — nEpyi] (1

Here, Ey,, is the total energy of a slab with CoS, layers and
Eyui is the reference total energy per unit area of the bulk
system. For the (111), (001) and (110) surfaces, the surface
energies were evaluated to be 0.836, 1.497 and 1.328 J m’z,
respectively. It is clearly seen that the order of thermodynamic
stability for the relaxed surfaces of CoS, are in the order of
(111) > (110) > (001). Therefore, the CoS, octahedron
morphology, encapsulated by (111) surfaces as confirmed by
SAED and high resolution TEM imaging, is very likely a result
of surface energy minimization occurring through the
solvothermal synthesis.

We then wanted to investigate the chemical adsorption
energies of atomic oxygen on the various CoS, surface
structures. It is well known that the binding strength of
adsorbates play an important role governing ORR activity. This
is due to the Sabatier principle that states that catalytic reaction
rates are favourable when there exists an appropriately
moderate interaction between the adsorbate species and the
catalytically active surface.”*’® Figures 7d, e and f illustrate
the oxygen adsorption sites on the (111), (001) and (110)
surface structures of CoS,, respectively. The adsorption energy
(Eads.0) Was then calculated according to equation (2):

This journal is © The Royal Society of Chemistry 2012
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Here, Eo.cos2, Eo and Ec,g, are energies of the CoS, surface
with adsorbed oxygen, the isolated oxygen atom and a clean
CoS, surface, respectively. The adsorption energies of oxygen (
A E,q) were evaluated to be -3.940, -3.928 and -5.297 eV for
the (111), (001) and (110) surfaces of CoS,, respectively.
Taking into account the E,4 value of -4.36 eV for oxygen on a
bulk Pt(111) surface (calculated for a 1/4 monolayer of oxygen
on a (2 x 2) unit cell, and consistent with values previously
reported in the literature’” 7®), significantly weaker oxygen
adsorption in observed on the (111) and (001) surfaces of CoS,,
whereas significantly stronger oxygen adsorption is observed
on the (111) surface. Regardless, the (111) surface of CoS, has
an oxygen adsorption energy that is closest to the optimal value
of ca. -4.08 eV, that can be achieved on Pt;Ni surfaces.”® This
highlights that the (111) surface of CoS, can provide the
highest activity towards the ORR among others investigated,
and can serve to explain the relatively excellent performance of
the {111} facet encased octahedrons observed through RDE
evaluation.

AEqq50 = EO—C052 —Ep— EC052

Figure 7. Slab models of CoS, with the (a) (111), (b) (001) and (c) (110) surfaces.
Oxygen adsorbed on the (d) (111), (e) (001) and (f) (110) surfaces.

Conclusions

Using a one-pot solvothermal technique, we prepared CoS,
octahedra nanoparticles supported on nitrogen and sulfur doped
graphene, CNTs or a graphene/CNT composite. The
incorporation of these nanostructured carbon supports into the
reaction mixture was essential for achieving excellent CoS,
phase purity and well-defined octahedra nanoparticles encased
by the {111} facets. The growth of the CoS, nanoparticles was
investigated by a time-dependent study, and was found to occur
first by amorphous nanoparticle formation, followed by the
continuous evolution into single crystal octahedral achieved
after 10 hours of reaction time at 220 °C. This evolution is very

J. Name., 2012, 00, 1-3 | 7
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likely thermodynamically driven, owing to our computational
simulations revealing that the (111) surface of CoS, possesses a
significantly lower surface energy than (001) and (110). The
simultaneous reduction and doping of the GO and HNO;-CNT
precursors was probed by conducting control experiments in the
absence of the cobalt precursors. After the solvothermal
reaction, the nanostructured carbon supports were doped with
nitrogen and sulfur hetero-atoms, primarily in the pyrollic and
thiophenic forms, respectively. Electrochemical half-cell testing
in 0.1 M HCI1O, revealed that CoS,-CG provided an ORR on-
set and half-wave potential of 0.78 and 0.66 V vs. RHE,
respectively. The performance was higher than that of CoS2-C
and CoS,-G, highlighting the synergistic benefits of using the
graphene/CNT composite arrangements as a support material.
Significantly improved ORR activity of CoS,-CG was also
observed in comparison to the CoS, nanoparticle agglomerate
structured formed when no nanostructured carbon supports
were included in the reaction mixture. These performance
likely arise due to the theoretical calculations that indicate a
more favourable adsorption energy of oxygen on the (111)
surface of CoS, that the octahedral are composes of. By
coupling the synergistic effects of the graphene/CNT composite
support with the well-dispersed {111} facet terminated single
crystal octahedral nanoparticles, CoS,-CG is presented as the
most active transition metal-chalcogenide towards the ORR
reported to date.

Experimental methods

Co8S,-CG synthesis

GO was used as the starting material and was prepared by a
modified Hummer’s method as reported previously.”
Commercial CNTs were functionalized by refluxing in 6M
HNO; for 6h (HNOs-CNT)* to improve the dispersion in
ethylene glycol (EG) solvent and interactions with ionic
precursor species. In a typical synthesis, 15 mg of GO and 15
mg of HNO5-CNTs were well-dispersed in 11 mL of EG by
ultrasonication for 4 h. Meanwhile, two separate aqueous
solutions containing 150 mg/mL of thiourea and 10 mg/mL of
cobalt acetate tetrahydrate were prepared and mixed thoroughly
by magnetic stirring. Using a pipette, 2 mL of each aqueous
precursor solution was then added to the GO/HNO;-CNT/EG
solution, and the total volume of the mixture was increased to
20 mL by the addition of EG. This solution was then
ultrasonicated for an additional 30 min to ensure adequate
precursor mixing, and was then transferred to a 25 mL Teflon-
lined autoclave and tightly sealed. The solvothermal synthesis
was carried out by heating the mixture to 120 °C and holding it
for 10 h, and then further increasing the temperature to 220 °C,
where it remained for an additional 10 h. After cooling, the
product was separated by centrifugation, washed thoroughly
with DDI water and acetone, and collected by lyophilization.
CoS, octahedrons supported on just CNTs (CoS,-C) or
graphene (CoS,-G) were prepared by the same procedure,
however using 30 mg of HNO;-CNT or 30 mg of GO as the
nanostructured carbon precursor, respectively. Pure CoS, was
also prepared in the absence of any nanostructured carbon
supports.

Physicochemical characterization

SEM images were obtained using a LEO FESEM 1530. TEM
was carried out on a JEOL 2010F equipped with EDX analysis
for elemental quantification and atomic dispersion mapping
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obtained in STEM mode. XRD patterns were obtained for all
samples with cobalt radiation (wavelength = 1.789 Angstroms).
Raman spectra was carried out on a Bruker Senterra Raman
Microscope operating with a wavelength of 532 nm. XPS was
carried out using a monochromatic Al K, X-ray source
(Thermal Scientific). The BET surface areas were determined
by N, adsorption at 77 K (Micromeritics ASAP 2020). Prior to
the BET analysis, catalyst samples were degassed by helium for
at least 2 h at 473 K to remove any impurities.

Electrochemical evaluation

All electrochemical testing was carried out in a conventional
three-electrode glass cell in 0.1 M HCIO,. A RHE and graphite
rod were used as the reference and counter electrodes,
respectively. The working electrode, consisting of a 0.19635
cm? glassy carbon disc encased in a Teflon sheath was cleaned
and polished with alumina paste prior to each use. Catalyst ink
was prepared by ultrasonically dispersing 4 mg of catalyst in 1
mL of isopropanol containing 0.05 wt. % Nafion ionomer. 30
uL of catalyst ink was then micro-pipetted onto the surface of
the glassy carbon working electrode by sequential 10 uL
depositions, leading to an overall electrode loading of ca. 0.6
mgem2. ORR activity was measured under oxygen saturated
electrolyte conditions by sweeping the electrode potential from
1.05 to 0.05 V vs. RHE, at a scan rate of 10 mVs™'. Capacitative
contributions were eliminated by subtracting background
currents obtained under the same testing conditions, although
under nitrogen saturated electrolyte. All ORR polarization
curves were collected for uncompensated -electrolyte
resistance.®!

Computational simulations

The total energies of CoS, were calculated using the Vienna ab
initio simulation package (VASP) program® with the
implemented DFT method.®> % The electron exchange-
correlation energy was described by the Perdew, Burke and
Ernzerhof (PBE) functional,®® which employs the spin-
polarized generalized gradient approximation (GGA).***” The
core electrons were replaced by projector augmented wave
(PAW) pseudo-potentials.®® ¥ The valence electrons were
described by Kohn-Sham wave functions, which were
expanded with a plane-wave basis set. A cutoff energy of 520
eV was used. All ions were fully relaxed during the structural
optimization until the total energy was converged within 107
eV. A gamma point mesh with (15 x 15 x 15) k points was used
for the CoS, (1 % 1) unit cell to sample the Brillouin zone for
bulk calculation. Periodic boundary conditions were imposed
on the CoS, unit cell in terms of each surface direction of (111),
(110) and (001), and a vacuum space of 20 A was employed to
avoid interactions between top and bottom surface. To calculate
the total energies of CoS, on different surface directions, we
only used a gamma point mesh of (5 x 5 x 1), and utilized the
Methfessel-Paxton smearing method.”®
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Shape controlled cobalt disulfide octahedron nanoparticles are grown on nitrogen/sulfur-doped carbon nanotube-
graphene composites as active non-precious oxygen reduction catalysts.



