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First-row transition metal sulfides are one of the most promising platinum-group metal-free catalysts

toward oxygen electrocatalysis, but their structural and compositional changes during catalysis result in

the instability of the electrochemical performance. Herein, a heterointerface strategy is proposed for

constructing 1T-phase tungsten sulfide decorated on cobalt sulfide for modulating the electronic

structure and retarding the phase change of the underlying cobalt sulfide due to the high oxophilicity

and strong electronic interaction, as well as the metallic feature. Consequently, an impressive

electrocatalytic performance toward oxygen reduction is achieved with a comparable mass activity to

platinum-group metals and no noticeable degradation regardless of what is performed in the rotating-

disk electrode and gas diffusion electrode setups. Moreover, the turnover frequency is almost one order

of magnitude higher than that of cobalt sulfide for catalyzing oxygen evolution. When employed as the

cathode of a zinc–air battery, it delivers an improved cycling performance over 480 h of operation and

a peak power density of 183.5 mW cm�2, outperforming most transition metal sulfides reported to date.

This work provides an effective strategy to improve the activity and durability of first-row transition metal

sulfides by interface engineering for oxygen electrocatalysis.
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Introductions

One of the greatest obstacles in developing polymer exchange
membrane fuel cells and rechargeable metal–air batteries is
associated with designing low-cost but efficient catalysts
towards the oxygen reduction/evolution reactions (ORR and
OER),1 since they possess very sluggish kinetics and four proton-
coupled electron transfer mechanisms. Transition-metal
suldes (TMS) categorized as layered suldes (WS2, MoS2, etc.)
and nonlayered suldes (MxSy, M ¼ Co, Fe, Ni, Cu, etc.), have
been intensively exploited as a promising class of ORR/OER
catalysts to replace expensive and scarce platinum-group
metals (Pt, Ru, and Ir).2,3 In spite of incredibly boosting the
activities by means of structural, compositional, and defect
engineering,4,5 they still undergo self-oxidation under ORR/OER
conditions to form (oxy)hydroxides,6–10 accompanied by
morphological changes and even structural collapse, leading to
the instability of the catalytic performance.
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It is widely documented that encapsulating the carbon layer
and impregnating transition-metal suldes into carbon
supports effectively hinder the oxidation and impedes the
catalyst aggregation/detachment,11–17 thereby showing reason-
able catalytic performance when being probed in the congu-
ration of a micrometer thin layer without the consideration of
the mass transport effect. However, a low ion-accessible surface
area and poor mass transport properties seriously retard the
catalyst utilization and deteriorate the energy conversion effi-
ciency, especially when the catalysts are explored for assem-
bling a catalyst layer of several tens of micrometers in thickness.
Interface engineering of sulde-based heterostructures has
been recently developed as a promising strategy for notably
enhancing the stability performance without the compromise
of catalytic kinetics because of the synergistic effects and
strongly coupled interfaces.18 For example, Guo et al.19 reported
oxygen vacancy-rich NiS2/CoS2 heterostructure nanowires as
a stable and efficient cathode catalyst of Zn–air batteries. Lee
et al.20 proposed that the strong interfacial interaction in the
core–shell CoSx@Cu2MoS4 nanostructure ensured the intact
structure and unnoticeable compositional change during
catalysis, rendering rapid catalytic kinetics and much superior
durability. ZnS decorated at NiCo2S4 modulated its electronic
conguration and constructed more defects,21 synergistically
promoting ORR and OER kinetics. The local lattice strain in the
Cu–CoFS heterostructure resulting from a lattice-mismatch can
modulate the electronic structure conguration and, thus,
optimize the adsorption strength of oxygen-intermediates
during ORR and OER catalysis.4 However, the inherent sulfur
leaching phenomenon is inevitable. Tungsten and molyb-
denum are suggested to have a stronger oxophilicity than rst-
row transition metals,22,23 and, therefore, the corresponding
layered suldes, which are preferable to host oxygen-containing
species, have been usually utilized for accelerating water
dissociation, in conjunction with non-layered suldes, such as
NiCoS/MoS2,24 FeNiS/MoS2,25 Co9S8/MoS2,22,26 NiS/MoS2,27,28

MoS2/Co9S8/Ni3S2/Ni,29 CoNi2S4/WS2/Co9S8,30 etc.
Considering the aforementioned analysis, integrating non-

layered suldes with layered suldes may synergistically
strengthen the adsorption of oxygen intermediates and hinder
the oxidation of underlying rst-row transition metal suldes,
and it is a promising approach for promoting oxygen electro-
catalysis,31,32 especially for 1T-phase layered suldes that with
metallic features are capable of enhancing the capability of
electron/charge transfer.18,33Herein, we have designed a CoS/1T-
WS2 heterostructure supported by carbon nanocubes for oxygen
electrocatalysis. Highly oxophilic 1T-WS2 anchored at CoS
nanocrystals modulated the electronic structure and enhanced
the attachment of oxygen molecules. It also retarded the
compositional change of CoS underneath and preserved its
structural integrity during ORR catalysis, coupled with carbon
nanocube supports. As a result, the best-performing CoS/WS2
catalyst delivered exceptional activity and durability for the ORR
not only in a rotating-disk electrode (RDE) setup but also in
a gas diffusion electrode (GDE) setup, and was successfully
explored as a robust and stable cathode for aqueous Zn–air
batteries.
19812 | J. Mater. Chem. A, 2022, 10, 19811–19820
Experimental
Synthesis of carbon nanocube-supported cobalt sulde/
tungsten sulde (CoS/WS2/CNC) and cobalt sulde (CoS/CNC)

Zeolitic imidazolate framework (ZIF)-67 nanocubes were
synthesized according to previous methods.34 Cobalt nitrate
hexahydrate (Co(NO3)2$6H2O, 0.1 M) and cetyl-
trimethylammonium bromide (CTAB, 1.37 mM) were dissolved
in 10 mL of deionized water. 2-Methylimidazole (2-Melm, 4.54
g) was dissolved in 70 mL of deionized water, and was then
injected into the Co(NO3)2 and CTAB solution under vigorous
stirring for 20 min. Aer being washed with anhydrous ethanol,
the as-collected ZIF-67 nanocubes were dried overnight at room
temperature. The ZIF-67 powder (0.2 g) andm-aminophenol (0.2
g) were dispersed into 80 mL of anhydrous ethanol, followed by
the addition of 10 mL of sodium tungstate dihydrate (Na2-
WO4$2H2O) and sodium bicarbonate (NaHCO3) aqueous solu-
tion. Formaldehyde solution (1.5%; 10 mL) was then added
dropwise and was vigorously stirred at 35 �C for 9 h to get ZIF-
67/poly(m-aminophenol) (PmAP)-HCO3

�/WO4
2� as the concen-

trations of NaHCO3 and Na2WO4 were 4 mM and 2 mM,
respectively. Similarity, ZIF-67/PmAP-HCO3

� and ZIF-67/PmAP-
WO4

2� were prepared with only the addition of 8 mM NaHCO3

or 4 mM Na2WO4. Aer being collected by centrifugation and
being washed with deionized water, the products were ther-
mally decomposed at 700 �C for 1 h and an Ar ow of 100 sccm
as �4 g of thiourea was located at the front end of the tube
furnace, forming cobalt sulde/tungsten sulde supported by
carbon nanocubes. The samples were named as CoS/WS2/CNC-
1 and CoS/WS2/CNC-2 using ZIF-67/PmAP-HCO3

�/WO4
2� and

ZIF-67/PmAP-WO4
2� precursors, respectively. Likewise, carbon

nanocube-supported cobalt sulde (CoS/CNC) was synthesized
using ZIF-67/PmAP-HCO3

� powder. WS2 powders were prepared
using commercial WO3 powder through a similar sulfurization
process.

Results and discussion

Fig. 1a schematically depicts the synthetic process of carbon
nanocube-supported cobalt sulde/tungsten sulde (CoS/WS2/
CNC). Using solid ZIF-67 nanocubes as raw materials
(Fig. S1†),34,35 poly(m-aminophenol) (PmAP) and cobalt
carbonate/tungstate co-deposit densely at the surface via the in
situ polymerization of m-aminophenol and the co-precipitation
of cobalt cations with bicarbonate (HCO3

�) and/or tungstate
(WO4

2�) (Fig. S2†),36 along with the preservation of the ZIF-67
phase (Fig. S3†). They are named as ZIF-67/PmAP-HCO3

�, ZIF-
67/PmAP-HCO3

�/WO4
2�, and ZIF-67/PmAP-WO4

2�, respectively,
when the reactants contain sodium bicarbonate and sodium
tungstate with molar ratios of 8 : 0, 4 : 2, and 0 : 4. However, the
nanocube surface evolves from a short nanorod to nanoplatelet
aggregates with increasing the tungstate concentration in the
reactants (Fig. S4†). By comparison, the precipitates are
distributed randomly at the nanocube surface with only adding
sodium bicarbonate or m-aminophenol and formaldehyde
(Fig. S5 and S6†), named as ZIF-67/HCO3

� and ZIF-67/PmAP,
implying the stabilizing effect of PmAP. Fourier-transform
This journal is © The Royal Society of Chemistry 2022
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Fig. 1 (a) Schematic illustration of the fabrication pathway of CoS/WS2/CNC. (b) SEM, (c and d) TEM, and (e) high-resolution TEM images of CoS/
WS2/CNC-1.
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infrared spectroscopy (FT-IR) in Fig. S7† reveals that the peaks
at 1622 cm�1, 1514 cm�1, and 1240 cm�1 assigned to the
stretching vibrations of C]N, C]C, and C–O–C groups,
respectively, are noticeably visualized in ZIF-67/PmAP-HCO3

�/
WO4

2� and ZIF-67/PmAP,37 suggesting the successful polymer-
ization of mAP into PmAP.

During the subsequent sulfurization process, ZIF-67/PmAP-
HCO3

�, ZIF-67/PmAP-HCO3
�/WO4

2�, and ZIF-67/PmAP-WO4
2�

are transformed into carbon nanocube-supported cobalt sulde
and/or tungsten sulde, named as CoS/CNC, CoS/WS2/CNC-1,
and CoS/WS2/CNC-2, respectively. The CoS phase (JCPDS: 01-
070-2864) is predominant in the X-ray diffraction (XRD) pattern
of CoS/CNC, with a minor Co9S8 phase at 2q ¼ 29.8� and 52.1�

(Fig. S8†). The additional diffraction peaks at 2q ¼ 14.3�, 32.8�,
33.6�, 39.5�, 58.4�, and 60.5� corresponding to the WS2 phase
appeared in CoS/WS2/CNC-1 and become more obvious in CoS/
This journal is © The Royal Society of Chemistry 2022
WS2/CNC-2. These are consolidated by microwave plasma-
atomic emission spectroscopy (MP-AES) and X-ray uores-
cence (XRF) analysis (Table S1†). The cobalt percentage is
20.2 wt% for CoS/CNC, 19.6 wt% for CoS/WS2/CNC-1, and
18.7 wt% for CoS/WS2/CNC-2, alongside a decrease in the Co/W
molar ratio from 9.8 for CoS/WS2/CNC-1 to 6.2 for CoS/WS2/
CNC-2. Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) images in Fig. 1b and c reveal that
CoS/WS2/CNC-1 exhibits the hollow nanocube structure with
a concave surface, in accordance with CoS/CNC and CoS/WS2/
CNC-2 (Fig. S9 and S10†). The high-magnication TEM image in
Fig. 1d reveals that the layered WS2 nanoplatelets located at the
surface of CoS nanocrystals form the heterostructures, consis-
tent with that of CoS/WS2/CNC-2 (Fig. S10c†). This is further
illustrated by high-resolution TEM images in Fig. 1e and S10d,†
where the lattice fringes at distances of 0.29 nm and 0.25 nm
J. Mater. Chem. A, 2022, 10, 19811–19820 | 19813
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correspond to the (100) and (101) crystal faces of CoS, and
0.62 nm is assigned to the (002) planes of WS2. By comparison,
a solid nanocube is formed via the direct sulfurization of ZIF-67
precursors (Fig. S11†). This is because the robust cobalt
carbonate/tungstate nanostructures at the surface of ZIF-67/
PmAP-HCO3

�/WO4
2� show a much smaller shrinkage than

interior ZIF-67 during the pyrolysis process and, meanwhile, the
released gas promotes the out-diffusion of cobalt ions in inte-
rior ZIF-67,38 leading to the formation of hollow structures in
CoS/CNC and CoS/WS2/CNC.

The electrocatalytic performance towards the ORR was rst
analyzed on a RRDE-3A rotating ring-disk electrode and IVIUM
Verter potentiostat. Fig. 2a shows the cyclic voltammetry (CV)
proles of CoS/WS2/CNC-1 in a N2 or O2-saturated electrolyte.
An oxidation peak clearly appears at �0.94 V versus the revers-
ible hydrogen electrode (RHE), consistent with that of CoS/CNC
and CoS/WS2/CNC-2 (Fig. S12†), while it disappears in the CV
curve of physically mixed tungsten sulde and carbon catalyst
(WS2 + C), implying that it originates from the oxidization of
cobalt sulde. Moreover, a reduction peak assigned to the
reduction of oxygen molecules is observed in the CV curve of
CoS/WS2/CNC-1, of which a peak potential (Ep) to 0.874 V versus
RHE is achieved, which is 12 mV and 24 mV more positive than
that for CoS/WS2/CNC-2 and CoS/CNC. Linear sweep
Fig. 2 Electrocatalytic performance towards the ORR performed on a ro
or O2-saturated 0.1 M KOH electrolyte. (b) LSV curves at a rotating speed
CNC-1 and Pt/C catalysts at a Pt ring potential of 1.2 V versus RHE. (d) C
density (Jk) at 0.80 V versus RHE, mass activity (Jmass) at 0.80 V versus RHE
CoS/WS2/CNC-1, CoS/WS2/CNC-2, and Pt/C catalysts.

19814 | J. Mater. Chem. A, 2022, 10, 19811–19820
voltammetry (LSV) curves in Fig. 2b are in good agreement with
the CV analysis, indicating a better ORR activity of CoS/WS2/
CNC-1 with a half-wave potential (E1/2) of 0.868 V versus RHE as
compared to CoS/CNC (0.844 V versus RHE for E1/2) and CoS/
WS2/CNC-2 (0.852 V versus RHE for E1/2). They all are superior to
the WS2 + C catalyst, indicating that cobalt sulde majorly
contributes to the ORR activity. With respect to the benchmark
Pt/C catalyst, in spite of a lower onset potential, the most
optimal CoS/WS2/CNC-1 shows a close E1/2 and even has
a slightly higher diffusion-limited current. Moreover, rotating
ring-disk electrode (RRDE) experiments are explored for quan-
titatively determining the production rates of OH� and HO2

�

during ORR catalysis, and can, thus, give an insight into the
reaction pathway, i.e., a 2e� or 4e� process. The ring current of
CoS/WS2/CNC-1 is negligible at >0.75 V versus RHE and
increases to 0.017 mA at 0.4 V versus RHE (Fig. 2c), which is still
close to 0.014 mA for the Pt/C catalyst. Consequently, a 4e�

oxygen reduction pathway is predominant under the catalysis of
CoS/WS2/CNC-1 (Fig. S13†), as illustrated by linear Koutecky–
Levich (K–L) plots at potentials of 0.80–0.60 V versus RHE that
have similar slopes to the Pt/C catalyst (Fig. S14†). The excep-
tional ORR performance of CoS/WS2/CNC-1 is further demon-
strated by the high kinetic current density (Jk), mass activity
(Jmass), and turnover frequency (TOF), as depicted in Fig. 2d. Jk,
tating disk electrode. (a) CV curves of CoS/WS2/CNC-1 catalyst in a N2

of 1600 rpm and a scan rate of 5 mV s�1. (c) RRDE profiles of CoS/WS2/
omparison of half-wave potential (E1/2), Tafel slope (b), kinetic current
, as well as turnover frequency (TOF) at 0.80 V versus RHE in CoS/CNC,

This journal is © The Royal Society of Chemistry 2022
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Jmass, and TOF values of 16.2 mA cm�2, 413.3 A gCo
�1, and 0.063

s�1 at 0.80 V versus RHE are achieved, respectively, which are far
superior to those of CoS/CNC and CoS/WS2/CNC-2, and even
approach those of the Pt/C catalyst. Moreover, the smaller Tafel
slope relative to that of the Pt/C catalyst gives a clue to the good
catalytic kinetics (Fig. S15†).

The composition and chemical states of the catalysts were
probed through the X-ray photoelectron spectroscopy (XPS)
technique. As displayed in Fig. 3a, the Co 2p XPS peaks at
778.5 eV and 793.8 eV are indexed to the Co–S bond in CoS/
CNC,39,40 and the peaks at 781.0 eV and 796.8 eV are ascribed to
a Co2+ species,41 as evidenced by the typical satellite peaks at
784.2 eV and 803.0 eV. Compared to those in CoS/CNC, the 2p3/2
and 2p1/2 peaks of Co–S bond shi to 778.3 eV and 793.4 eV in
CoS/WS2/CNC-1 and CoS/WS WS2/CNC-2, which is assumed to
be due to a strong interaction between CoS and WS2.20,39,41

The W 4f core level peaks at 31.9 eV and 34.0 eV suggest that the
1T-phase WS2 with a metallic feature is predominant in CoS/
WS2/CNC-1 (Fig. 3b),18,42 as consolidated by the S 2p peaks at
161.8 eV and 163.0 eV in Fig. S15.† 33,43 The weak W 4f signals at
35–39 eV indicate the existence of the oxidized W species, such
as W5+ (35.4 eV for 4f7/2 and 37.5 eV for 4f5/2) and W6+ (36.8 eV
for 4f7/2 and 38.3 eV for 4f5/2).18,44 The main W 4f7/2 and 4f5/2
peaks are upshied by 0.2 eV as more WS2 nanoplatelets are
Fig. 3 High-resolution (a) Co 2p and (b) W 4f XPS spectra, and (c) O
catalysts. The polarization curves of CoS/WS2/CNC-1 catalyst measured
activity (Jmass) at 0.80 V versus RHE tested in the GDE configuration.

This journal is © The Royal Society of Chemistry 2022
anchored at the CoS surface, further disclosing the electron
transfer fromWS2 to CoS. This is validated by the S 2p core level
peak upshiing from CoS/CNC, CoS/WS2/CNC-1, to CoS/WS2/
CNC-2 (Fig. S16†). The electronic interaction between CoS and
WS2 is benecial for effectively manipulating the electronic
structure and thereby inuencing the adsorption strength of
oxygen intermediates during catalysis.30,39 Moreover, other S 2p
signals centered at 163.6 eV, 165.0 eV, 168.2 eV, and 169.6 eV are
assigned to S2

2� and oxidized sulfate groups (–SOx, x ¼ 2–4).45,46

Modulating the absorption behavior of oxygen by the CoS/WS2
interface is conrmed by O2-temperature programmed
desorption (O2-TPD) plots (Fig. 3c). Note that the desorption
peaks originating from the chemically absorbed oxygen occur at
a higher temperature (372 �C) for CoS/WS2/CNC-1 as compared
to 345 �C for CoS, and further increases to 425 �C for CoS/WS2/
CNC-2.

It is evidenced by the RDE results that CoS is suggested as
the main ORR active component in the CoS/WS2/CNC catalyst
rather than WS2. The ORR proceeds through four proton-
coupled electron transfer steps, and, thus, the affinity of
oxygenated intermediates on catalytically active sites (e.g.
*OOH, *O, *OH, where * represents catalytically active centers)
that are closely dependent on the orbital lling of transition-
metal centers is considered as an indicator of ORR
2-TPD profiles of CoS/CNC, CoS/WS2/CNC-1, and CoS/WS2/CNC-2
in the (d) RDE and (e) GDE setups during the ADT process, and (f) mass

J. Mater. Chem. A, 2022, 10, 19811–19820 | 19815

https://doi.org/10.1039/d2ta02157a


Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 0
9 

m
ai

at
za

k 
20

22
. D

ow
nl

oa
de

d 
on

 2
02

5/
12

/0
9 

22
:5

6:
57

. 
View Article Online
performance.47–49 As reported previously, cobalt centers in the
Co–S conguration show a weaker affinity towards oxygenated
intermediates than a promising value,50–52 agreeing well with
those of spinel cobalt oxide and Co–N–C catalysts.53–56 Growing
1T-WS2 nanoplatelets with a metallic feature at the CoS surface
can induce the electron transfer into CoS and strengthen the
affinity of oxygenated intermediates, as manifested by a higher
desorption temperature in O2-TPD plots of CoS/WS2/CNC-1
than that of CoS/CNC, thereby enhancing the ORR perfor-
mance. However, more WS2 makes the desorption of interme-
diates difficult, owing to the overly strong binding strength, and
deteriorates ORR activity. Hence, the results discussed above
disclose that the electronic coupling effect between CoS and
WS2 modulates the electronic structure and enhances the
adsorption of oxygen-containing species at a reasonable level,
leading to the improved ORR performance.

The durability performance of CoS/WS2/CNC-1 was exam-
ined according to the accelerated durability test (ADT) protocol.
Fig. 3d shows the ORR polarization curves when CoS/WS2/CNC-
1 catalyst is cycled from 1.0 V to 0.6 V versus RHE in the RDE
setup. The ORR activity exhibits no noticeable degradation aer
10 000 ADT cycles and is still well retained even with prolonging
to 30 000 ADT cycles, but the CoS/CNC catalyst experiences
a 12 mV negative shi for the E1/2 and a �13.1% loss for the
diffusion-limited current at 0.5 V versus RHE aer 10 000 ADT
cycles (Fig. S17†). The extraordinary long-term stability perfor-
mance is further substantiated by the high retention ratio of the
current measured via the chronoamperometric (CA) method, as
displayed in Fig. S18,† whereby 94.8% of the initial current is
retained for the CoS/WS2/CNC-1 catalyst when it was continu-
ously operated at 0.50 V versus RHE for 50 000 s, associated with
a low to 8 mV negative shi for the E1/2, in contrast to 85.3% for
the CoS/CNC catalyst and 77.4% for the Pt/C catalyst. Compared
with the RDE setup, a GDE can more realistically reect the
catalytic performance in a membrane electrode assembly (MEA)
due to the improvedmass transport and high current,57–59 and is
schematically shown in Fig. S19.† The CoS/WS2/CNC-1 catalyst
is sprayed with a Sigracet SGL 29BC gas diffusion layer as the
working electrode and is separated from the Hg/HgO reference
electrode and the Pt mesh counter electrode using an anion
exchange membrane. Fig. 3e shows the polarization curve of the
CoS/WS2/CNC-1 catalyst recorded at an oxygen ow rate of 100
sccm. The onset potential that is determined at �1 mA cm�2

raises from 0.911 V in the initial cycle to 0.945 V versus RHE in
the 10 000th cycle, and subtly shis to 0.925 V versus RHE in the
20 000th cycle, along with the current at 0.60 V versus RHE
increasing by 19.8%. By comparison, there is a 29 mV negative
shi for the onset potential and a 31.8% current loss for the
CoS/CNC catalyst under similar conditions (Fig. S20†). The
good durability is further reected by the higher retention ratio
of the mass activity (Jmass), where Jmass is stable at �60 A gCo

�1

and 0.80 V versus RHE for CoS/WS2/CNC-1 during cycling, but
up to 52.3% of Jmass is lost for the CoS/CNC catalyst (Fig. 3f).

To better elucidate the compositional and structural changes
during the ADT process, CoS/WS2/CNC-1 and CoS/CNC that
have been cycled from 1.0 V to 0.6 V versus RHE for 20 000 ADT
cycles in the GDE setup, named as CoS/WS2/CNC-1-ADT and
19816 | J. Mater. Chem. A, 2022, 10, 19811–19820
CoS/CNC-ADT, are characterized using electron microscopy,
XRD, and XPS techniques. Apart from the crystal phases (CoS,
Co9S8, and WS2, Fig. S21†), the nanocube morphology is well
retained during the ADT process (Fig. S22a and S22b†). The
TEM image in Fig. S22c† shows that WS2 nanoplatelets, labeled
by red arrows, are still attached to the CoS surface, as man-
ifested by the high-resolution TEM image in Fig. S22d.† It is also
consolidated by preserving the Co–S bond in CoS/WS2/CNC-1-
ADT (Fig. S23a†). The W 4f XPS spectrum discloses the exis-
tence of WS2 species aer the ADT process (Fig. S23b†),
consistent with XRD and TEM analysis. The Co 2p peaks
indexed to Co3+ (780.1 eV and 795.2 eV) and Co2+ (782.0 eV and
797.0 eV) species and W 4f signals correlated to the oxidized W
species are signicantly enhanced, as compared to those in
CoS/WS2/CNC-1, accompanied with weakened S2� and S2

2�

signals in the S 2p XPS spectrum and an emergence of the
metal–oxygen (M–O) bond in the O 1s XPS spectra (Fig. S23c and
S23d†). This demonstrates that, in spite of conserving the
crystal phases, a tiny minority of CoS and WS2 still evolved into
oxides and/or (oxy)hydroxides during catalysis. By comparison,
the phase transformation degree is substantially boosted for
CoS/CNC catalyst under similar conditions, as seen from the
disappeared Co–S bond, weaker S2� and S2

2� signals, as well as
the stronger O 1s peak in the XPS spectra of CoS/CNC-ADT
(Fig. S24†). Furthermore, the S2�/M–O ratio determined from
the integrated peak area is 2.65 for CoS/WS2/CNC-1-ADT, which
is �240 times higher than that for CoS/CNC-ADT. Therefore,
because of the stronger oxophilicity of tungsten compared to
cobalt,22 tungsten sulde would be more easily converted into
the oxides with respect to cobalt sulde, thus greatly prohibit-
ing a further phase change of cobalt sulde underneath,
coupled with a thin carbon protection layer with good
crystallinity.

The electrocatalytic performance towards the OER was
examined on an L-type glassy carbon electrode in a typical three-
electrode conguration. Fig. 4a shows the polarization curves
recorded at a scan rate of 5 mV s�1 with 85%-iR correction. The
CoS/CNC catalyst shows a very poor OER activity with the onset
potential of up to 1.60 V versus RHE and the overpotential
potential at 10 mA cm�2 (h10) of 0.47 V. When decorating with
WS2 nanoplatelets at CoS nanocrystals, the activity is dramati-
cally improved in terms of decreasing the onset potential and
h10 to 1.55 V versus RHE and 0.43 V for CoS/WS2/CNC-2, and
further dropping to 1.53 V versus RHE and 0.38 V for CoS/WS2/
CNC-1. The onset potential and h10 of the best-performing CoS/
WS2/CNC-1 catalyst is merely 6 mV and 9mVmore positive than
that of the benchmark RuO2 catalyst. Even at a current of 100
mA cm�2, the OER overpotential potential (h100) is only 7 mV
higher than that of RuO2 catalyst. The improved OER perfor-
mance is also veried by a smaller Tafel slope (66.9 mV dec�1)
compared to 106.7 mV dec�1 for CoS/WS2/CNC-2 and 110.6 mV
dec�1 for CoS/CNC (Fig. S25†).

The electrochemically active surface area (ECSA) is consid-
ered as a key factor to determine the OER activity and is linearly
proportional to the double-layered capacitance in the non-
faradic region. As depicted in Fig. S26,† CoS/CNC shows
a �3.9 and 5.2 times higher ECSA than CoS/WS2/CNC-1 and
This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Electrocatalytic performance towards the OER performed on an L-type glassy carbon electrode. (a) OER polarization curves at 5 mV s�1

and with 85%-iR correction. (b) Summaries of an OER overpotential at 10mA cm�2 (h10) and 100mA cm�2 (h10), Tafel slope (b), an OER current at
1.65 V versus RHE normalized by the ECSA (JECSA), as well as the turnover frequency (TOF) at 1.65 V versus RHE. (c) EIS curves at 1.65 V versus RHE
(inset: corresponding equivalent circuit diagram). (d) OER polarization curves of CoS/WS2/CNC-1 catalyst that has been scanned from 1.4 to 1.7 V
versus RHE for 0–20 000 cycles.
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CoS/WS2/CNC-2, while the CoS/CNS catalyst delivers a much
poorer OER performance, indicating that the ECSA is not the
key factor in inuencing the OER performance. The OER
current normalized by the ECSA (JECSA) and turnover frequency
(TOF) are given for representing the intrinsic OER activity of Co
sites. As displayed in Fig. 4b, the JECSA and TOF of CoS/CNC are
0.038 mA cmECSA

�2 and 0.013 s�1 at 1.65 V versus RHE, while
they are as high as 1.28 mA cmECSA

�2 and 0.12 s�1 for CoS/WS2/
CNC-1 and 0.46 mA cmECSA

�2 and 0.033 s�1 for CoS/WS2/CNC-2,
suggesting an impressive OER performance of the CoS/WS2
heterostructure. The capability of charge transfer is another
important parameter for evaluating catalytic activity and is
evaluated by using electrochemical impedance spectroscopy
(EIS) at 1.65 V versus RHE. It is simulated by the equivalent
circuit model, as depicted in the inset of Fig. 4c, where Rs is
uncompensated ohmic resistance (Rs), Rct is the charge transfer
resistance, Ra and Ca represent the resistance and capacitance
contributed by adsorbed OER intermediates during catalysis,
respectively, and a constant phase element (CPE) is the capac-
itance at the electrode/solution interface.60,61 The CoS/WS2/
CNC-1 possess a much lower Rct (10.5 ohm) as compared to 16.1
ohm for CoS/WS2/CNC-2 and 61.7 ohm for CoS/CNC (Fig. 4c),
indicative of a faster charge transfer during catalysis. The stable
This journal is © The Royal Society of Chemistry 2022
durability performance of CoS/WS2/CNC-1 was demonstrated by
using the ADT protocol and the chronopotentiometric method,
where the OER polarization curves were well overlapped when it
was scanned from 1.4 V to 1.7 V versus RHE for 20 000 ADT
cycles (Fig. 4d) and the OER potential was merely raised by
�10 mV aer 100 h of continuous operation at 20 mA cm�2

(Fig. S27†).
To verify its good performance in powering electronic

devices, CoS/WS2/CNC-1 was sprayed on a gas diffusion layer as
an air cathode of an aqueous Zn–air battery. Fig. 5a shows the
open circuit voltage (OCV) of a Zn–air battery. A stable OCV of
1.41 V is exported when the CoS/WS2/CNC-1 cathode is used, in
good agreement with 1.414 V measured by the voltmeter, which
is 20 mV higher than that assembled by the CoS/CNC cathode
and is only 10 mV lower compared to that using the Pt/C and
RuO2 cathode (Pt/C + RuO2). The discharging curve and corre-
sponding power density in Fig. 5b reveal that the peak power
density of the Zn–air battery is 151.9 mW cm�2 using CoS/CNC
cathode and raises to 183.5 mW cm�2 when the CoS/WS2/CNC-1
cathode is used, which outperform those of the Zn–air batteries
driven by the Pt/C + RuO2 cathode and most of the state-of-art
transition-metal sulde cathodes (Table S2†).11–15,19,21,62–68 The
specic capacity normalized by consumed Zn mass reaches
J. Mater. Chem. A, 2022, 10, 19811–19820 | 19817
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Fig. 5 Electrochemical performances of Zn–air batteries. (a) Open circuit voltage versus time (inset: digital image of the open-circuit voltage of
the CoS/WS2/CNC-1-based Zn–air battery measured by the voltmeter). (b) Discharge polarization and power density curves. (c) Discharging
curves at 5mA cm�2. (d) Digital image of a “HUST” display composed of 61 parallel-connected blue LEDs powered by two series-connected CoS/
WS2/CNC-1-based Zn–air batteries and a 5 V electric fan launched by four series-connected ones. (e) Durability performance measured at 5 mA
cm�2 with 20 min per cycle.
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683.4 mA h gZn
�1 at 5 mA cm�2 for the Zn–air battery enabled by

the Pt/C + RuO2 cathode, which is close to the values reported
recently,11,15,64,69 and increases to 727.1 mA h gZn

�1 and 819.2
mA h gZn

�1 for CoS/CNC and CoS/WS2/CNC-1-based Zn–air
batteries (Fig. 5c). The feasibility of powering the electronic
devices is demonstrated by successfully lightening the “HUST”
display composed of 61 parallel-connected blue light-emitting
diodes (LEDs, rated voltage: 2.5 V) by two series-connected
Zn–air batteries enabled by CoS/WS2/CNC-1 and launching
a 5 V electric fan by four series-connected ones (Fig. 5d). The
durability performance of the Zn–air battery is examined via
repetitively charging/discharging at 5 mA cm�2 with 20 min per
cycle. As displayed in Fig. 5e, the discharging end and charging
end potentials are 1.16 V and 2.14 V for the Pt/C + RuO2 cathode
in the initial cycle, and drastically drop to 1.12 V and 2.21 V aer
24 h of operation (72 cycles of operation). By comparison, the
durability performance is remarkably enhanced for the CoS/
WS2/CNC-1-based Zn–air battery, where the discharging end
and charging end potentials are 1.15 V and 2.13 in the initial
cycles and are stable at 1.16 V and 2.08 V aer 72 cycles,
alongside increasing the voltaic efficiency from 54.2% to 55.8%.
Even with prolonging to 1440 cycles (480 h of operation), the
voltage difference between the discharging end potential (1.16
V) and the charging end potential (2.03 V) is lowered to 0.87 V,
and the corresponding voltaic efficiency is increased to 57.1%,
indicating an impressive long-term stability performance.
Conclusions

In summary, we have reported a facile approach to preparing
carbon nanocube-supported CoS/1T-WS2 heterostructures for
oxygen electrocatalysis. This demonstrates that 1T-WS2 showed
19818 | J. Mater. Chem. A, 2022, 10, 19811–19820
a strong electronic coupling effect with CoS for inuencing the
electronic structure and modulating the adsorption of oxygen
intermediates, and high oxophilicity and a metallic character
were benecial for inhibiting the compositional change and
accelerating the fast electron transfer during catalysis. As
a result, the heterostructure catalyst exhibited an impressive
ORR activity in terms of a positive half-wave potential of 0.868 V
versus RHE and a high mass activity of 413.3 A gCo

�1 at 0.80 V
versus RHE, surpassing most of the state-of-the-art transition-
metal sulde catalysts reported to date. In particular, the
activity was well preserved during the accelerated durability test
regardless of whether being performed in the RDE or GDE
setups. The OER activity was also incredibly enhanced
compared to that without 1T-WS2, where an overpotential at 10
mA cm�2 shied negatively by 10 mV and the turnover
frequency was boosted by one order of magnitude. When it was
explored as a cathode catalyst of aqueous Zn–air batteries,
a peak power density of 183.5 mW cm�2 was achieved, along
with a stable cycling performance over 480 h of operation. This
research gives an insight into the rational design of highly active
and durable rst-row transition metal sulde-based hetero-
structure electrocatalysts through interface engineering.
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