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ABSTRACT: To alleviate the kinetic barriers associated with ORR
(oxygen reduction reaction) and OER (oxygen evolution reaction) in
electrochemical systems, efficient nonprecious electrocatalysts are
urgently required. Here we report a facile soft-template mediated
approach for fabrication of nanostructured cobalt—iron double sulfides
that are covalently entrapped in nitrogen-doped mesoporous graphitic
carbon (CoyFeysS@N-MC). Notably, with a positive half-wave
potential (0.808 V) and a high diffusion-limiting current density, the
composite material delivers unprecedentedly striking ORR electro-
catalytic activity among recently reported nonprecious late transition
metal chalcogenide materials in alkaline medium. Various character-

ization techniques, including X-ray absorption spectroscopy, X-ray photoelectron spectroscopy, and X-ray diffraction, are
conducted to elucidate the correlation between structural features and catalytic activities of the composite. Moderate substitution
and well-dispersion of iron in bimetallic sulfide composites are believed to have positive effect on the adsorption and activation of
oxygen-containing species, thus leading to conspicuous ORR and OER catalytic enhancement compared to their monometallic
counterparts. Besides, the covalent bridge between active sulfide particles and mesoporous carbon shells provides facile pathways
for electron and mass transport. Beneficially, the intimate coupling interaction renders prolonged electrocatalytic performances to
the composite. Our results may possibly lend a new impetus to the rational design of bi- or multimetallic sulfides encapsulated in
porous carbon with improved performance for electrocatalysis and energy storage applications.

KEYWORDS: fuel cells, electrocatalysts, late transition metal chalcogenides, mesoporous carbon, oxygen reduction reaction,

oxygen evolution reaction

1. INTRODUCTION

With the increasing concerns about the imminent global energy
crisis, numerous efforts have been made to develop renewable
and clean energy conversion and storage technologies for next-
generation devices."”> The effective conversion associated with
chemical energy and electric energy can be realized with devices
such as fuel cells, metal—air batteries, and electrolysis cells.
However, their commercialization hurdles mainly lie in the
intrinsically high kinetic barriers for ORR (oxygen reduction
reaction) and OER (oxygen evolution reaction), which both
proceed via four-electron pathways.>® Hitherto, Pt and a few
other precious metals, such as Ru- and Ir-based compounds, are
highly active and widely applied catalysts for oxygen electro-
chemistry. Nonetheless, considering the limited availability and
declining stability of precious-metal catalysts, the desire for
industrial processes that incorporate earth-abundant nonpre-
cious materials negotiatin% ORR and OER is intensifying the
search for these materials.”” "'

Over the past decades, nonprecious late transition metal
chalcogenides (LTMCs) consisting of metal atoms such as Fe,
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Co, Ni, and chalcogen atoms such as S, Se, and Te have
aroused enormous attention owing to their wide potential
applications in high-temperature superconductors,'" photo-
voltaics,*#*> energy storage,m_18 and electrocatalysis.19_22 Back
in 1974, Baresel et al. initiated the investigation on nonprecious
LTMCs as catalysts for ORR.>* Compared to noble metal
catalysts, nonprecious LTMCs have evoked considerable
interest with the merits of low cost, robust tolerance to small
organic molecules, and high chemical kinetic stability both in
acidic and basic media.2*%¢ Notwithstanding these differences,
it must be pointed out that the catalytic activities of
nonprecious LTMCs still underperform the noble metal
benchmark.

Tough attempts have been made to ameliorate the
performance of nonprecious LTMCs negotiating ORR. Camp-
bell’s group explored Co—Se-,”’ FeS,-,** and CoS,”-based thin
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Scheme 1. Synthesis Process for Co,sFe,S@N-MC Composite
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Figure 1. Typical (a) SEM, (b, c) TEM images, (d) high-resolution TEM image, (e) EDX analysis, and (f) N, adsorption—desorption isotherm of
CogsFeysS@N-MC composite annealed at 900 °C. (inset) The pore-size distribution curve.

films prepared by magnetron sputtering as appreciable catalysts enhanced ORR activity compared with original CoSe,-DETA

for ORR in acidic medium. Magnetite Fe;O, nanoparticles was studied by Yu’s group.*® The conjunction with Fe;0, was
decorated CoSe,-DETA nanobelts with a synergistically believed to create more active sites for O, absorption and
1208 DOI: 10.1021/am507033x
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Figure 2. (a) XRD pattern and high-resolution (b) C 1s, (c) N 1s, (d) S 2p, (e) Fe 2p, and (f) Co 2p XPS spectra of CoysFe, S@N-MC annealed at

900 °C.

activation. Yu's group also synthesized hierarchical hollow
CoySg microspheres via a solvothermal reaction.’’ The ORR
onset potential of CogSg microspheres was c0m3parable to the
predicted value from the theoretical simulation,” although its
activity was still inferior to that of Pt/C. Recently Dai’s group
constructed strong coupling Co,_,S/RGO hybrid material with
excellent ORR catalytic performance.*® The hybrid was
endowed with desirable conductivity and reasonable stability
mediated by the RGO template, and this made it a promising
inexpensive cathode electrocatalyst for fuel cells. Although such
headway has been made, there still are persistently high
expectations for optimizing the catalytic behavior of nonpre-
cious LTMCs with simple and low-cost synthetic routes. The
challenges still remain to rationalize and design novel
nonprecious LTMCs structures with certain characteristics to
break through their dilemma for electrocatalysis.

Various investigations concluded the catalytic activity
decreasing tendency as Co > Ni > Fe and S > Se > Te for
nonprecious LTMCs.**** And the highest catalytic activity of
cobalt sulfide among nonprecious LTMCs was ascribed to the
minimal energy gap between the oxygen 2p orbital and the
highest occupied d-orbital of cobalt sulfide.”*** Here we report
a facile soft-template mediated approach for fabrication of
nanostructured cobalt—iron double sulfides that are covalently
entrapped in nitrogen-doped mesoporous graphitic carbon
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(CogsFeysS@N-MC). It turns out that incorporation of FeS in
the composite is related to the favorable formation of cubic
phase CoySg, a higher active center for ORR. Besides, moderate
substitution and well-dispersion of iron in bimetallic sulfides
composite lead to favorable adsorption of oxygen-containing
species and catalytic enhancement compared to their
monometallic counterparts. At the same time, covalently
assembling with mesoporous graphitic carbon is believed to
facilitate charge transport and mass diffusion during catalysis.
Fascinatingly, the bimetallic sulfides composite with modified
nominal composition not only attains breakthroughs catalyzing
ORR among the nonprecious LTMCs but catalyzes OER
effectively in alkaline medium.

2. RESULTS AND DISCUSSION

2.1. Synthesis and Characterization. The simple and
scalable synthesis procedure is illustrated in Scheme 1. An
inexpensive and easily available industrial product, thiourea
(TU), is adopted as the carbon and sulfur source, whereas a
triblock polymeric surfactant (Pluronic F127) acts as the soft
template precursor. During the evaporation-induced self-
assembly process, TU, with the abundant functional groups
C=S and —NH, tends to trap the cobalt and iron ions (with a
Fe/Co molar ratio of 1:1). The hydrogen bond interaction
between TU and amphiphilic F127 promotes the assembly
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Figure 3. (a) CV curves in Ar- and O,-saturated 0.1 M KOH. (b) Polarization curves at 1600 rpm in O,-saturated 0.1 M KOH. (c) The mass
transport-corrected Tafel plots derived from the corresponding RDE data of CogsFe,sS@N-MC and 20 wt % Pt/C. (d) Polarization curves of
CogsFeosS@N-MC at different rotating speeds. (inset) The corresponding Koutecky—Levich plots at different potentials derived from RDE.

process. Finally, after annealing the assembled composite in Ar
atmosphere at 900 °C, cobalt—iron sulfide nanoparticles
embedded in mesoporous graphitic carbon framework are
generated. In fact, a variety of key factors may contribute to the
successful synthetic process: (i) excess thiourea is intended for
the simultaneous deposition of metallic sulfides and the
formation of N-doped graphitic carbon matrix, thus averting
unnecessary introduction of foreign carbon sources by tedious
impregnation; (ii) complex crystalline structures of cobalt—iron
double sulfides are spontaneously entrapped inside the
graphitic carbon nanoshells, and at the same time undesirable
oxidation is avoided during the annealing process protected by
the inert atmosphere; (iii) with the removal of triblock F127 in
pyrolysis, the carbon layer exhibits an accessible mesoporous
feature, thus facilitating the electrolyte infiltration and mass
transfer during catalysis.

Typical scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM) investigations were carried
out to provide insights into the morphologies and micro-
structures of the composite. SEM image revealed that
nanostructured cobalt—iron bimetallic sulfide particles were
relatively uniform and well-dispersed (Figure la). TEM images
confirmed that sulfide nanocrystals with diameters of 20—40
nm were densely anchored inside the folded carbon film
fragments with low aggregation (Figure 1b,c). The heat-
treatment formation of well-defined graphitic carbon shell
structure (black arrow in high-resolution (HR) TEM, Figure
1d) with the measured lattice spacing ranging from ~0.34 to
0.36 nm may favor the in situ incorporation of nitrogen,*
thereby optimizing the electroconductivity of the composite.*®
More importantly, aggregation of sulfide nanoparticles was
efficiently alleviated due to the tight wrapping of carbon shell.
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Energy-dispersive X-ray spectroscopy (EDX) analysis (Figure
le) disclosed the existence of C, N, S, Fe, Co, and O elements
in the composite. The accurate atomic ratio of Co to Fe was
~1.0, which was in accordance with the molar ratios of their
precursors. By calculation, the atomic ratio of S to the overall M
(M = Fe, Co) was nearly 1.0 (see Table S1 in the Supporting
Information), indicating the formation of CoysFeysS. The
atomic contents of C and N were 41.65 and 6.89 atom %
respectively, which revealed simultaneous incorporation of a
high level of nitrogen into the graphitic lattice. In addition, the
composite had a relatively large Brunauer—Emmett—Teller
(BET) specific surface area of 125 m> g™' determined by the N,
sorption measurement (Figure 1f), which was remarkably
higher than that synthesized without F127 (17.4 m* g™'). The
pore-size distribution curve evidenced that the composite
possessed mesopores (3—8 nm) primarily deriving from the
block copolymer.>”** The unique mesoporous channels of the
carbon wall could undoubtedly provide facile pathways for mass
transport to its internal reactive sites, thus facilitating the
catalytic performance.® Correspondingly, the composite was
designated as CogsFeysS@N-MC with its nominal composi-
tion. According to thermogravimertic analysis (TGA) measure-
ments in air (Supporting Information Figure S1), the mass
fraction of bimetallic sulfides in the composite was ~72 wt %.
Note that the major weight loss between 400 and 800 °C in the
TGA curve corresponded to the removal of mesoporous
carbon, while the slight weight decrease above 800 °C was due
to the oxidation of sulfides in air.

The crystal structure of cobalt—iron double sulfides
composite was investigated by the powder X-ray diffraction
(XRD) technique. As shown in Figure 2a, three different
groups of diffraction peaks could be indexed to well-crystallized
hexagonal FeS (JCPDS card No. 65—9124), cubic CooSg
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(JCPDS card No. 65—6801), and hexagonal CoS (JCPDS card
No. 65—3418), respectively, indicating the formation of
complicated and well-mixed bimetallic sulfides. The HRTEM
image in Figure 1d confirmed that the lattice interplanar
spacings of ~2.64 and 2.06 A corresponded to the distances of
(101) and (102) planes of hexagonal FeS, respectively. The
lattice fringes with spacings of 2.99 and 1.95 A were also
detected in the HRTEM image region, which matched well
with the (311) plane of cubic CoySg and (102) plane of
hexagonal CoS, respectively. The inherent complex stoichio-
metric of cobalt chalcogenides led to the generation of mixed
CoySg and CoS phases. According to the Rietveled refinement
results, the mass fractions of CoySg and CoS in cobalt sulfide
phases were 64% and 36%, respectively. Sidik and Anderson
proved that CoySg was a highly active site toward O,
reduction.®* We believed that the reasonable existence of
mixed cobalt sulfide phases and pure FeS may create more
reactive sites favorable for electrocatalysis.

X-ray photoelectron spectroscopy (XPS) analysis was
performed to investigate the surface electron states properties
of the elements. Bonding configurations of C, N, S, Fe, and Co
for the composite were precisely shown in HR XPS spectra
(Figure 2b—f). The prominent C 1s peak centered at 284.6 eV
suggested the formation of sp* graphitic structure. C 1s peak at
about 285.8 €V arose from C=N and C—S8,***" while the peak
at ~288.8 eV was assigned to C—N. The in situ generation of
sp>-hybridized graphitic carbon framework implied the
improvement of electroconductivity, which favored fast
electron transfer throughout the structural framework. The
binding energy peaks observed in the HR N 1s profile at 398.3
and 400.6 eV were attributed to pyridinic and graphitic N,
respectively. It was previously proven that pyridinic N could
improve the onset potential, while graphitic N determined the
limiting current for ORR.* In S 2p spectrum, the first two
peaks located at 161.4 and 162.5 eV were due to the spin—orbit
coupling in metal sulfide,'®'” while S 2p peak at 163.5 eV
suggested the covalent binding of S to C for Co,sFeysS@N-
MC,*o* indicating that cobalt—iron double sulfide nano-
particles were covalently assembled in nitrogen-doped meso-
porous graphitic carbon. The spectrum of Fe 2p was finely
fitted with two spin—orbit doublets arising from 2p;, and 2p, /,
signals. The 2p;, peak of Fe at 710.1 and 711.9 eV
corresponded to +2 oxidation state of Fe in FeS.** As to Co
2p spectrum, the first doublet at 778.4 and 793.5 eV indicated
the dominance of Co** oxidation state with a mixed
composition of CogSg and CoS, which was in good agreement
with the results in the literature,'®*>%

2.2. Catalytic Studies. As mentioned above, the intention-
ally fabricated cobalt—iron double sulfide composite exhibited
certain characteristics conducive to electrocatalysis. The ORR
electrocatalytic behavior of CojsFeyS@N-MC was first
examined by cyclic voltammetry in Ar- and O,-saturated 0.1
M KOH. As shown in Figure 3a, no obvious cathodic peak was
observed in the absence of O, in the CV curve. Impressively, an
appreciable cathodic peak located at 0.82 V appeared in oxygen-
saturated solution for CogysFe,sS@N-MC. Noticeably, the
composite showed a higher peak current (1.39 mA cm™) than
that of Pt/C (0.833 mA cm™?), clearly suggesting the
pronounced ORR catalytic activity for CoysFe,S@N-MC.

Rotating disk electrode (RDE) measurement was employed
to gain further insight into the ORR kinetics. As shown in the
polarization curves (Figure 3b), CoysFeysS@N-MC exhibited
an onset potential at 0.913 V (vs RHE) and reached a current
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density of 5.0 mA cm™ at 0.60 V. The half-wave potential
(Ey/,) of the composite was ~0.808 V, which was only ~5 mV
deviation from Pt/C. With a steeper slope in the kinetic region
and a higher diffusion-limiting current density at negative
potentials, CoysFeysS@N-MC displayed substantially superb
activity comparable to Pt/C. Although its activity was still
inferior to Pt/C benchmark at the same mass loading
(Supporting Information, Figure S2), the low-cost and facile
fabrication was a substantial advantage. The superb catalytic
behavior was also reasonably retained at low mass loading of
0.1 mg/cm* (Supporting Information Figure S3). Moreover,
the mass-transport corrected Tafel plots in the low current
density regions were acquired based on the corresponding RDE
data. As seen in Figure 3¢, CogysFeysS@N-MC displayed a
smaller Tafel slope (67 mV/decade) than Pt/C (69 mV/
decade), revealing its high kinetic specific activity. To the best
of our knowledge, the exceptional catalytic performance of
CoysFeqsS@N-MC made it a record-breaking one among the
previously reported nonprecious LTMCs catalysts for ORR in
alkaline medium, and the detailed comparison was demon-
strated in Supporting Information (Table S2).

To reveal the electron transfer mechanism of the composite,
Koutecky—Levich (K-L) plots derived from RDE measure-
ments were employed (Figure 3d). The good linearity and near
parallelism properties of K-L plots suggested first-order reaction
kinetics toward the concentration of dissolved O, and similar
electron transfer numbers for ORR at different potentials.
According to the K-L equation, the electron transfer number
(n) of CogsFeysS@N-MC was calculated to be 3.8—4.0,
indicating that the ORR from 0.4 to 0.7 V was ideal quasi-four-
electron pathway of converting oxygen to OH™. Additionally,
rotating ring-disk electrode (RRDE) measurements at 1600
rpm were carried out to quantify the amount of the ORR
intermediate, peroxide (H,0,). On the basis of eqs S and 6, the
average peroxide yield was ~6%, giving n above 3.7 throughout
the investigated potential range (Supporting Information,
Figure S4). The result further implied that the composite
favored a dominating four-electron reduction of O, to OH",
similar to ORR catalyzed by the commercial Pt/C. A
dominative selectivity of four-electron reduction suggested a
better ORR electrocatalytic efficiency for the composite.

Indeed, structural features of the composite, including atomic
ratios of cobalt to iron in bimetallic sulfides and the loading
levels of sulfides in mesoporous carbon combined with sulfide
crystallinity affected by annealing temperature, were believed to
exert significant contributions to the total catalytic activity.
Therefore, structures of the composite were readily tuned to
elucidate their correlation with the activities. First, varied iron
substitution (x) in Co,_,Fe,S@N-MC (x = 0, 0.25, 0.50, 0.7,
1.0) was obtained by simply adjusting the initial molar ratios of
cobalt and iron precursors. Supporting Information, Table S1
summarized the overall elemental values of as-prepared
Co,_,Fe, S@N-MC composites from the detection of EDX, in
which the stoichiometric ratios of cobalt to iron were very close
to the molar ratios of their precursors during the synthesis. The
morphologies of Co,_.Fe,S@N-MC (x = 0, 025, 0.75, 1.0)
were also characterized with TEM (Supporting Information
Figure SS), which revealed quite different microstructures and
particle sizes of cobalt sulfide and iron sulfide in mono- and
bimetallic composites. Although monometallic FeS@N-MC
delivered sluggish ORR activity due to the intrinsic low activity
of FeS,** moderate iron incorporation in the composite took
positive effect on the improvement of the catalytic behavior.
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Among the composite with varied iron substitution,
CoysFeosS@N-MC displayed substantially the highest activity
with the steepest slope in the kinetic region and earliest reach
to the diffusion-limiting current density (Figure 4a). The
activity enhancement was also observed in the physical mixture
of CoS@N-MC and FeS@N-MC (Supporting Information,
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Figure S6), evidencing the positive synergy effect in the
bimetallic composites.

The Rietveled refinement results based on XRD patterns
ascertained that the fraction of cubic CoySg in cobalt sulfide
phases was only 40% for CoS@N-MC, and this value increased
to 100% for Cog,sFey,sS@N-MC (Figure 4b and Supporting
Information, Table S3). It was thus inferred that with increase
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of iron substitution in the composite, cubic CoSg instead of
hexagonal CoS was dominantly generated maybe due to the
competitive hexagonal FeS product. Additionally, electron
energy-loss spectroscopy (EELS) elemental mapping provided
further evidence of the composition and structure of
CogsFeosS@N-MC (Figure S), in which both the carbon and
nitrogen species were evenly distributed throughout the
nanostructure, while sulfur, cobalt, and iron signals were
homogeneously overlaid in the nanoparticles with no obvious
phase segregation. We speculated that since cobalt sulfide and
iron sulfide had similar crystal structures, they tended to
generate ternary cobalt—iron sulfides in the composite.
Theoretical calculations based on d-band center model
evidenced that Fe atom gave lower oxygen adsorption barriers
than Co atom."*” It was expected that moderate incorporation
and thorough dispersion of iron sulfide would be highly
beneficial for the adsorption and activation of oxygen,28 thus
leading to modified ORR performance for Co,sFeysS@N-MC
composite. On the other hand, excess existence of FeS in
CogasFeg7sS@N-MC may shelter a large part of ORR-active
cobalt sulfides surface. Therefore, large exposure of cobalt
sulfides and moderate iron sulfide incorporation accounted for
the synergistic enhanced catalytic behavior in Co,sFe,S@N-
MC.

X-ray absorption spectroscopy (XAS) technique was a
precise and element-specific experimental probe widely applied
in studying catalyst materials to gain better understandings of
their atomic structure, chemical state, and bonding character-
istics.*® > There is spectral agreement and similar half-height
edge positions between CoS@N-MC, Co,sFe,sS@N-MC and
CoS in normalized X-ray absorption near edge structure
(XANES) spectra at Co K-edge (Figure 6a), declaring the
similar electron state of Co.*>* However, an evident
absorption intensity increase in CoS@N-MC and
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CoysFeo sS@N-MC spectra was determined compared to
CoS. The conspicuous intensity change in the white line was
probably affected by different electronic structures and
surroundings of Co. This evidence suggested that sulfides
were covalently bonding to carbon in the composite,”>*® which
was consistent with the results in C and S XPS spectra.
Furthermore, the dominative cubic phase Co,Sg (occupying
64%) instead of hexagonal phase CoS in CoysFeysS@N-MC
probably accounted for the highest peak intensity at Co K-edge
spectra. In terms of Fe K-edge XANES spectra (Figure 6b), the
spectra consensus between FeS@N-MC, Co,sFe,S@N-MC,
and FeS verified the dominating ferrous valence, consistent
with the XPS result. Moreover, it was also inferred that the peak
intensity increases were due to the electron coupling effect with
carbon.

Notably, the covalent interaction between sulfides and
graphitic carbon was worth highlighting, for remarkable
improvement of electroconductivity was reasonably achieved
for the composite. Nyquist plots based on electrochemical
impedance spectroscopy (EIS) analysis exhibited a much
smaller semicircle as well as a lower real axis intercept in the
high-frequency region for CogsFeysS@N-MC (Figure 7a),
manifesting its superior electroconductivity to bulk CoS, FeS.
The unique structural modification and synergistic effect in
CoysFeosS@N-MC undoubtedly facilitated the charge trans-
port and elevated its ORR catalytic activity compared to
commercial bulk CoS and FeS (Figure 7b and Supporting
Information, Figure S7). Additionally, catalytic activity was also
studied as a function of the sulfide loading mass content. The
sulfide loading levels were controlled to be 0, 46, 72, and 90 wt
% by adjusting the initial total molar weight of cobalt and iron
precursors from 0 to 48 mmol (denoted as 0, 0.5, 1.0, and 2.0
M). Typical TEM images (Supporting Information, Figure S8)
uncovered the morphologies of Co,sFe,sS@N-MC (0, 0.5, 1.0,
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Figure 8. (a) XRD patterns of CoysFesS@N-MC obtained at different annealing temperatures. (b) Polarization curves of CogsFe,sS@N-MC
obtained at different annealing temperatures in O,-saturated 0.1 M KOH (1600 rpm).
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Figure 9. (a) Polarization plots of CogsFe,sS@N-MC and 20 wt % Pt/C in O,-saturated 0.1 M KOH without and with addition of 0.5 M methanol.
(b) Chronoamperometry (i—t) measurements of Co,sFeysS@N-MC and 20 wt % Pt/C in O,-saturated 0.1 M KOH at 0.6 V (vs RHE), 225 rpm.

2.0 M). N and S dual-doped mesoporous carbon (N/S-MC)
was obtained without addition of metal salts, and it was
featured with wrinkled and folded film fragments (Supporting
Information, Figure S8a). Bimetallic sulfide particles with
diameters less than 20 nm were anchored inside the
mesoporous carbon for Coy sFey sS@N-MC (0.5 M, Supporting
Information, Figure S8b), and the particles were relatively fewer
than CoysFeosS@N-MC (1.0 M, Supporting Information,
Figure S8c). With increased sulfide loading to generate
CosFesS@N-MC (2.0 M, Supporting Information, Figure
$8d), the particles were prone to aggregation with diameters
larger than 100 nm. The broad diffraction peaks of N/S-MC
centered at approximately 25.2° and 43.2° were characteristic
(002) and (100) reflections of graphitic carbon (Supporting
Information, Figure S9a). With the increase of sulfide loading
amount, planes of the graphitic carbon disappeared, and the
characteristic peak intensities of FeS, Co,Sg, and CoS increased
gradually. On the other hand, the weight fraction of S was 6.24
wt % in N/S-MC and increased to 34.39 wt % in Co,sFe,S@
N-MC (2.0 M) due to its coprecipitation with cobalt and iron
(Supporting Information, Table S4). The mass fraction increase
of bimetallic sulfides was accompanied by the abundance of
active sites, whereas the particle agglomeration and deterio-
ration of conductivity were inevitable at high sulfide loading
(Supporting Information, Figures S8d and S9b). Hence,
CoysFeg sS@N-MC with 72 wt % Co,FeysS (denoted as 1.0
M) displayed the highest activity for ORR with the most
positive half-wave potential (E,/,) (Figure 7c,d).

More importantly, annealing temperature also played a vital
role in optimizing the structural features of the Co,sFeysS@N-
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MC composite. It can be seen from XRD patterns that few
cobalt—iron double sulfides were generated below 800 °C, and
higher annealing temperature was in favor of formation of well-
crystallized cobalt—iron bimetallic sulfides (Figure 8a).
However, the gasification of carbon at 1000 °C resulted in
serious decrease of BET specific surface area to 79 m* g™’
Thus, an optimal balance of sulfide crystallinity and porous
feature may account for the maximum ORR activity for
CoysFeysS@N-MC at 900 °C (Figure 8b). In fact, a strong
correlation between the activity and mesoporous structures of
the composite was observed. As can be seen in the polarization
curves and CV curves (Supporting Information Figure S10),
the composite synthesized without Pluronic F127 delivered
apparently poorer ORR activity mainly due to its low specific
surface area (17.4 m” g'). Relatively high BET specific surface
area (124.5 m”* g') and pore volume (0.339 cm® g') of
CoysFepsS@N-MC at 900 °C undoubtedly provided facile
mesoporous pathways for the diffusion of oxygen and the
electrolyte, which exerted significant contributions to its superb
catalytic activity.

For the practical applications of methanol fuel cell systems,
robust tolerance to methanol crossover, combined with long-
term chemical kinetic stability, were critical criterions for
cathode electrocatalysts. As demonstrated in the polarization
curve (Figure 9a), with addition of 0.5 M methanol, the
catalytic activity of Pt/C deviated seriously due to its
undesirable activity for methanol oxidation reaction (MOR)
simultaneously occurring at the cathode. In contrast, nonpre-
cious LTMC:s catalysts were prevalently validated to circumvent
the deactivation problem of methanol poisoning. The unaltered
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catalytic behavior for Co, sFe; sS@N-MC in Figure 9a indicated
that its resistance toward possible methanol crossover poison-
ing was robust in comparison to that of Pt/C. Furthermore, the
durability testing was conducted at a potential of 0.6 V (vs
RHE). As shown in the current—time (i—t) curve (Figure 9b),
89% of the initial current density after 80 h can be maintained
tor Coy sFey sS@N-MC, which was significantly higher than that
of Pt/C (54%). Additionally, CoysFe,sS@N-MC after ORR
measurement retained similar edge structure characteristics to
those of the pristine ones at Co K-edge and Fe K-edge
(Supporting Information Figure S11), suggesting nearly no
valence state change happened after long-term electrochemical
cycling. TEM characterization further demonstrated the
morphology change of the composite after ORR test
(Supporting Information Figure S12). It was postulated that
the tight covalent attachment of sulfide nanoparticles into
carbon shell imparted them with high catalytic stability.
Oxygen evolution reaction (OER), the rate-limiting step
involved in electrochemical systems such as metal-air batteries
and water splittin%, holds a key to a wide range of renewable
energy solutions.”’ > Inspired by the extensive research on
mixed late transition metal composite materials as electro-
catalysts for OER,'*"%°7% e extended the operating
potentials to the water oxidation regime for our materials
afterward. The OER catalytic activity of Co,_,Fe, S@N-MC was
assessed in Ar-saturated 1 M KOH in an anodic direction
together with IrO, for comparison (Figure 10a). Among
various iron substitutions in sulfide composites, Coy sFe, S@N-
MC exhibited the earliest onset potential (~1.57 V) and
manifested a current density of 10 mA cm™> at the
overpotential as low as 0.41 V, indicative of the lowest-energy
input for driving OER. Note that FeS@N-MC alone had little
catalytic activity for OER, whereas in the CoyFey,S@N-MC
composite, FeS acted as foreign synergist conducive to
favorable adsorption and activation of H,O molecules.""%*
The mass loading density of cobalt—iron bimetallic sulfides
in mesoporous carbon also affected OER activity significantly.
As shown in Supporting Information, Figure S13a,
CogsFeqsS@N-MC with 72 wt % sulfide loading in
mesoporous carbon (denoted as 1.0 M) afforded the most
favorable OER activity, which coincided with its best ORR
performance. The superb electroconductivity and large
exposure of reactive sulfide surface were essential factors
optimizing OER activity. On the basis of polarization curves,
Tafel plots were obtained to investigate the OER kinetics in the
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low overpotential region (Figure 10b). A much lower slope
(159 mV/decade) of CoysFeysS@N-MC indicated a higher
OER activity compared to IrO, (267 mV/decade). Chro-
nopotentiometry (v—t) measurements were carried out at a
constant anodic current density of 10 mA cm™ for OER
(Supporting Information Figure S13b). As recorded during the
course of experiment, CogsFe,sS@N-MC showed only ~0.037
V overpotential increase after 20000 s. The long-lasting
viability, conferred upon it by strong coupling and synergistic
electrochemical effect between sulfides and carbon shell, made
it a potential nonprecious catalyst for OER.

3. CONCLUSIONS

In summary, nanostructured cobalt—iron double sulfides
covalently encapsulated in nitrogen-doped mesoporous graph-
itic carbon with tunable nominal compositions were fabricated
via an economically viable and scalable approach. The
CoysFegsS@N-MC composite not only demonstrated excep-
tionally prominent electrocatalytic activity and durability for
ORR, but offered impressive catalytic performance for OER in
alkaline medium. Various characterization techniques have
offered us a reliable picture of structural information relative to
the electroactive behavior. The outstanding ORR and OER
performance of the composite was strongly correlated to the
homogeneous distribution of cobalt—iron double sulfide active
sites and synergetic coupling interaction with the well-defined
mesoporous carbon shell. This earth-abundant and easily
constructed composite could undoubtedly hold a great promise
for other practical applications in energy conversion and
storage techniques, such as lithium-ion batteries'®'”%>%¢ and
supe:rcapacitors.18’67'68

4. EXPERIMENTAL SECTION

4.1. Preparation of Co,_,Fe,S@N-MC composites.
Thiourea (CH,N,S, TU, 10 g) and amphiphilic triblock
copolymers (Pluronic F127, (EO)p6-(PO)o-(EO) 06 2.5 g)
were first dissolved in S0 mL of water at 80 °C. Cobalt(II)
acetate and iron(III) nitrate aqueous solution (SO mL) with
different molar ratios (x = 0, 0.25, 0.50, 0.75, 1.0) were added
to the above mixture afterward. The total molar weights of iron
and cobalt varied from 0 to 48 mmol for optimization, which
were denoted as 0, 0.5, 1.0, and 2.0 M. The mixed solution was
stirred vigorously to evaporate at 80 °C for ~20 h. After further
heating at 110 °C for thermosetting, the dried homogeneous
mixture was subsequently subjected to annealing under Ar
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atmosphere at different temperatures (600—1 000 °C) for 1 h
with the heating rate of 5 °C min~". The obtained powder was
then washed with ultrapure water and ethanol several times to
remove the impurities. Finally, the samples were dried at 100
°C in an oven for 12 h to generate Co, [Fe S@N-MC
composites.

4.2. Characterization. Scanning electron microscopy
(SEM) images were recorded on a FEI/Philips XL30 ESEM
FEG field-emission scanning electron microscope. Trans-
mission electron microscopy (TEM) images were taken by a
Hitachi H-8100 transmission electron microscope. HR TEM
micrographs were obtained on a TECNAI G2 HR transmission
electron microscope with an accelerating voltage of 200 kV. X-
ray diffraction (XRD) characterization was carried out on a
Bruker D8 Advance diffractometer (Germany) using Cu Ka
(1.5406 A) radiation. X-ray photoelectron spectroscopy (XPS)
measurement was performed on a VG ESCALAB MKII
spectrometer with Al Ka X-ray radiation as the X-ray source
for excitation. Inductively coupled plasma optical emission
spectrometry (ICP-OES) results were determined on an ELAN
9000/DRC system to analyze the content of Fe and Co.
Elemental analysis was conducted on a Vario EL cube
(Elementar Analysensysteme GmbH) to determine the content
of carbon, nitrogen, and sulfur for the samples. The nitrogen
adsorption/desorption data were measured at 77 K with a
Quantachrome Adsorption Instrument. Thermogravimetric
analysis (TGA) measurements were performed on a
PerkinElmer TGA-2 thermogravimetric analyzer in air at a
heating rate of 10 °C min™' from 25 to 900 °C. X-ray
absorption fine structure (XAFS) spectroscopy experiment was
performed at 1W2B end station, Beijing Synchrotron Radiation
Facility (BSRF). Fe and Co K-edge spectra were collected at
room temperature in transmission mode. To gain optimal
spectral data, the weighed powder samples were mixed with
boron nitride homogeneously at appropriate mass ratios,
followed by being pressed into tablets.

4.3. Electrochemical Measurements. All the electro-
chemical measurements were carried out on an electrochemical
workstation in a standard three-electrode cell. Ag/AgClI and Pt
wire were selected as the reference electrode and counter
electrode, respectively. A glassy carbon (GC) rotating disk
electrode (RDE) acted as the working electrode. The
suspension of the catalyst ink with a concentration of 20 mg
mL™" was prepared by ultrasonically dispersing them (10 mg)
in a mixture of ethanol (489 uL) and Nafion (11 uL, 5%).
Then, 5.2 uL of the homogeneous mixture (1.3 yL for Pt/C)
was loaded onto the surface of a prepolished glassy carbon
electrode (GCE) followed by drying naturally in air, resulting in
a catalyst loading of 0.8 mg cm™ (0.2 mg cm™> for Pt/C). ORR
measurements were conducted in the electrolyte of 0.1 M
KOH, which was saturated with oxygen during the experiments.
The CV and polarization curves were run at a scanning rate of
10 mV s™'. The rotation rates of RDE were set varying from
225 to 2 500 rpm to collect the polarization plot data. OER
measurement was carried out in Ar-saturated 1 M KOH. The
polarization curves were recorded at a scanning rate of S mV
s~ Electrochemical impedance spectroscopy (EIS) analysis
was performed on Solartron 1255B Frequency Response
Analyzer (Solartron Inc., UK).

Potentials measured versus Ag/AgCl electrode were
converted to a reversible hydrogen electrode (RHE) scale on
the basis of Nernst equation as follows:
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Erue = Exg/agar + 0:059(pH) + 0.197(V) 1)

The number of electrons transferred (n) for ORR can be
determined from the Koutecky—Levich (K-L) equation:*

1 1 1 1 1
—=—t+ =+ —0

J Lk L L Boe )
B = 02nFC,D* 3"/ 3)

in which ] is the measured current density, F is the Faraday
constant (F = 96 485 C mol™"), C, is the bulk concentration of
0, in 0.1 M KOH (C, = 1.2 X 107® mol cm™), D is the
diffusion coefficient of O, (D = 1.9 X 1075 cm?® s7'), p is the
kinematic viscosity of the electrolyte at room temperature (u =
0.01 cm® s™"), @ is angular velocity of the disk, J is the kinetic-
limiting current density, and J4 is the diffusing-limiting current
density. The constant 0.2 is adopted when the rotation rate is
expressed in rpm.
Jx can be calculated from J; according to eq 2:

LY
LT )

On the basis of the RRDE measurement, the H,O, (%) and
the electron transfer number (n) were calculated by egs S and 6
as follows:

I/N
H,0,(%) = 200 X ———
I +I/N (s)
I
=4x —4
L+ I/N (6)

where I, is the disk current, I, is the ring current, and N is the
current collection efficiency.
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