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a b s t r a c t

Electrocatalytic active species, for example, metal sulfides, have been widely combined with carbon
nanomaterials for enhanced performance because of the synergetic effect arising from the interaction
between different components. However, the binding between metal sulfides and carbon nanomaterials,
which plays a key role in determining their interaction, has not been clearly elucidated. Herein, we re-
ported the sulfur bridges between sulfur-doped carbon nanotubes (S-CNTs) and Co9S8 nanoparticles and
their significant effect on the practical electrochemical performance. Compared to the physically mixed
composites, the one with sulfur bridges between CNTs and Co9S8 shows much better performance in
terms of oxygen evolution (overpotential of 0.331 V at 10mA cm�2) and oxygen reduction (half-wave
potential of 0.810 V). Demonstrating that the sulfur bridges facilitate fast electron hopping from
conductive support to active species, thus contributing to the outstanding electrochemical performance.
Moreover, a rechargeable Zn-Air battery based on our electrocatalyst with strong sulfur bridges delivers
an outstanding performance in terms of ORR and OER bifunctional performances. The clear under-
standing of the sulfur bridges between CNTs and Co9S8 is believed to shed substantial light on the
development of other high-performance electrocatalysts.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

The low cost and high activity of metal sulfides enable them
outstanding possibility as a promising alternative to precious metal
for electrocatalysis [1e3]. Nevertheless, the utilization of metal
sulfides for electrocatalytic application is mainly prohibited by
their low conductivity, easy agglomeration, and poor cyclic stabil-
ity. To address these serious issues, one of the most effective
strategy is to uniformly load the nanostructured metal sulfides on
highly conductive substrates via which the electron transfer can be
facilitated and the agglomeration can be effectively suppressed
[4e8]. As a result, the dramatically improved performance has been
widely reported after rationally combining metal sulfurs with car-
bon nanomaterials [9e13].

Among various kinds of carbon nanomaterials [14e17], carbon
nanotubes (CNTs) have been proposed as one of themost promising
conductive substrates because of their intrinsically high conduc-
tivity and excellent mechanical flexibility. Many kinds of metal
sulfides with different sizes and morphologies have been blended
with CNTs for enhanced oxygen evolution reaction (OER) and/or
oxygen reduction reaction (ORR) performance [18e21]. This
enhancement has been commonly ascribed to the ‘synergistic ef-
fect’, which is believed to result from the good ‘interfacial inter-
action’ between different components. Despite remarkable
progresses in utilizing the ‘synergistic effect’ achieved in the past
few years [22e24], the efforts devoted to clearly elucidating the
exact interaction mechanism are rare. As a result, it is urgently
required to clarify the details behind the ‘synergistic effect’ and
‘interfacial interaction’ both experimentally and theoretically, and
the good understanding of the interaction in atom level is supposed
to be the key step in design and synthesis of electrocatalytsts in a
more rational manner. The sulfur-doped CNTs (S-CNTs) are a pref-
erable choice of substrate for loading metal sulfides [25,26].
Therefore, the doped sulfurmay play a unique role in promoting the
interfacial interaction between CNTs and metal sulfides [27,28].

mailto:wumb@upc.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbon.2018.12.031&domain=pdf
www.sciencedirect.com/science/journal/00086223
www.elsevier.com/locate/carbon
https://doi.org/10.1016/j.carbon.2018.12.031
https://doi.org/10.1016/j.carbon.2018.12.031
https://doi.org/10.1016/j.carbon.2018.12.031


J. Wang et al. / Carbon 144 (2019) 259e268260
Herein, we reported the in-situ doping CNTs with sulfur and
simultaneous growth of Co9S8 nanoparticles on CNTs via a facile
and efficient solvothermal process. The oxidized CNTs can afford a
great deal of active sites for metallic cation to anchor via electro-
static attraction. The existence of sulfur bridges between S-CNTs
and Co9S8 nanoparticles have been carefully elucidated through
structure analysis. The composites afford an outstanding OER per-
formance, and the overpotential of Co9S8/S-CNTs is 0.331 V at
10mA cm�2, which is lower than 0.350 V of commercial RuO2.
When evaluated as an electrocatalyst for ORR, Co9S8/S-CNTs de-
livers a half-wave potential of 0.810 V, which is comparable to
0.845 V of commercial Pt/C. The bifunctional catalytic performances
of Co9S8/S-CNTs are much better than many other metal sulfur and
CNTs composites. Moreover, a rechargeable Zn-Air battery has been
constructed using the Co9S8/S-CNTs as the electrocatalysts,
showing a high open-circuit potential of ~1.472 V, and its peak
power density reach ~60.8mWcm�2, as well as long cycling sta-
bility of 110 h. The increased performance is believed to arise from
the strong sulfur bridges between S-CNTs and Co9S8 nanoparticles.
2. Experimental section

2.1. Materials

Carbon nanotube (CNTs), HNO3 (65%), Cobaltous Nitrate Hexa-
hydrate (Co(NO3)2$6H2O), Trithiocyanuric acid Trisodillm salt
(TMT-Na3) were purchased from Sinopharm Chemical Reagent
Co.Ltd. Pt/C (20wt% Pt on Vulcan XC-72R), RuO2, and Nafion (5wt%)
were purchased from Sigma-Aldrich. All chemicals were used as
received without further purification.
2.2. Synthesis of CNTs

CNTs was added into HNO3 (65%) and the mixture was refluxed
at 120 �C for 10 h, then the solution adequately washed with
deionized water, finally, through a freeze-drying process to
collected the CNTs.
2.3. Synthesis of Co9S8/S-CNTs hybrid

50mg CNTs was dispersed in 50mL of deionized water under
ultrasonication for 1 h to form a homogeneously dispersed solu-
tion. Then, 0.1988 g cobaltous nitrate hexahydrate (Co(NO3)2$6H2O)
was added to the solution, then the mixed solution was heated at
80 �C for 30min under stirring. 0.2489 g TMT-Na3 was dissolved in
10mLH2O andwas slowly added in the solution andmaintained for
1h, then it was quickly transferred into a 80mL Teflon-lined auto-
clave and heated at 180 �C for 12 h. Then, the solutionwas naturally
cooled down to room temperature. The resulting solid material was
washed with deionized water and ethanol in turn, followed by
lyophilization. The sample was heated to 900 �C with a heating rate
of 5 �C min�1 and kept for 2 h under flowing N2, then naturally
cooled to room temperature, Co9S8/S-CNTs hybrids were obtained.
The calcination temperaturewas 900 �C and it also named as Co9S8/
S-CNTs-900.

0.1988 g Co(NO3)2$6H2O and 0.2489 g TMT-Na3 were added to
prepare Co9S8/S-CNTs, which was marked as Co9S8/S-CNTs-1. For
comparison, we turning the amounts of reactants, half of the re-
actants (0.0994 g Co(NO3)2$6H2O, 0.1245 g TMT-Na3) were added to
prepare catalysts, which was marked as Co9S8/S-CNTs-0.5. Then,
double reactants were added (0.3976 g Co(NO3)2$6H2O, 0.4979 g
TMT-Na3) to prepare Co9S8/S-CNTs-2.
2.4. Electrochemical measurements

All the electrochemical measurements for the prepared mate-
rials were performed using a CHI electrochemical workstation
(Chenhua Company, Shanghai, China) with a conventional three-
electrode system. The three electrodes included a glassy carbon
electrode (GCE) (4.00mm in diameter with the surface area of
0.1256 cm2), a saturated calomel electrode (SCE), and a platinum
wire, which were used as the working electrode, reference elec-
trode, and counter electrode, respectively. The catalyst suspension
was prepared by dispersing 2mg of Co9S8/S-CNTs-900 catalyst in
800 mL of ethanol and 5 mL Nafion (0.5wt%) followed by ultra-
sonication for 30min to generate a uniform catalyst ink. Then,15 mL
of the as-prepared catalyst ink was dropped onto the surface of a
GCE and dried at the room temperature, achieving a catalyst
loading of about 0.294mg cm�2 during all of the electrochemical
measurements and all the referential samples were in the same
loading with the catalyst. The electrolyte was 0.1M KOH for the
ORR and 1.0M KOH for the OER. Prior to electrochemical testing,
the two electrolyte was purged with Ar and O2 for about 30min,
respectively. Linear sweep voltammetry (LSV) polarization curves
with a scan rate of 5mV s�1 was carried out on a rotating disk
electrode at rotating speeds of 1600 rpm with a scan rate of
5mV s�1. Cyclic voltammetry (CV) experiments were conducted on
a rotating disk electrode (RDE) in the non-Faradaic region at the
scan rate ranging from 20 to 140mV s�1 to evaluate the apparent
electrochemical double layer capacitance (Cdl).

2.5. Fabrication and test of Zneair batteries

The rechargeable Zneair battery test was performed in a home-
made electrochemical cells, where catalyst coated on carbon paper
(with a geometric area of 1 cm2) and Zn plate used as the air
cathode and anode, respectively. The batteries were tested in 6M
KOH electrolyte containing 0.2M Zn(CH3COO)2. Dispersing 2mg
catalysts into 800 mL of ethanol and 5 mL Nafion (0.5wt%) followed
by ultrasonication for 30min. Then, some amounts of catalyst inks
was dropped on the carbon paper with an average loading amount
of 1mg cm�2. The battery were tested in room environment on a
LAND CT2001A. The galvanostatic discharge and charge cycling
tests were evaluated by a recurrent galvanic pulse method
(10mA cm�2 for 15min).

2.6. Characterization

The X-ray diffraction (XRD, X'per PROMPD) with CuKa radiation
(l¼ 1.5418 Å) was used to study the phase composition of the
catalysts. The morphology and size of the catalysts were evaluated
by scanning (SEM, S-4800), transmission (TEM, 7650B, Hitachi)
electron microscopy and high resolution TEM. The XPS data were
performed on an ESCALABMK II X-ray photoelectron spectrometer
using Mg as the exciting source to investigate the structural and
chemical properties of the surface constituents. The Brunaur-
er�Emmett�Teller surface area and porous structures were tested
by the nitrogen adsorption� desorption isotherms of the samples
were determined by an AutoChem II 2020. TGA analyses were
conducted using a WCT-2 (TA Instruments) under air atmosphere
with a temperature ramp rate of 10 �C min�1.

3. Results and discussions

3.1. Composition and structure characterizations of Co9S8/S-CNTs

The synthesis process is clearly illustrated in Fig. 1. CNTs, Cobalt
(II) nitrate hexahydrate (Co(NO3)2. 6H2O) and trithiocyanuric acid



Fig. 1. Schematic illustration for synthesis of Co9S8/S-CNTs catalyst. (A colour version of this figure can be viewed online.)
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trisodillm salt (TMT-Na3) were chosen as the precursor. CNTs were
preoxidized for defects introduction which would facilitate the
Co2þ ions attraction and sulfur doping during the hydrothermal
process [29]. Then, a thermal treatment at 900 �C for 2 h under N2
atmosphere was conducted to produce Co9S8/S-CNTs.

The crystalline structure of Co9S8/S-CNTs was investigated by
XRD, which is shown in Fig. 2a. The 2q diffraction peak around
15.5�, 29.8�, 31.4�, 39.5�, 47.5�, 52.1�, 61.2� and 73.2� could be
indexed to the (111), (311), (222), (331), (511), (440), (533) and (731)
planes of cubic Co9S8 (PDF card no.03-065-6801) [30,31], which
indicates the formation of Co9S8 nanocomposites. The crystalline
structure of pure Co9S8 nanoparticles was also investigated, which
was highly consistent with the standard crystalline structure of
Co9S8. The XRD characterization shows that the width of the peak
gets widenwith the introduction of carbon. From Scherrer Formula,
we can speculated that the crystal size of Co9S8 is much bigger than
Fig. 2. (a) XRD pattern, (b) SEM image, (c) TEM image, and (d) HRTEM image
Co9S8/S-CNTs, which can illustrate the addition of CNTs can alle-
viate the aggregation of Co9S8 nanoparticles. In comparison with
Co9S8, the diffraction peak had a little positive shift, which could be
attributed to the crystal transfer and the interaction between Co9S8
and S-CNTs.

The microstructure of Co9S8/S-CNTs was investigated by scan-
ning electronmicroscopy (SEM). Themorphology (Fig. 2b) of Co9S8/
S-CNTs clearly showed that Co9S8 nanoparticles are uniformly
decorated on S-CNTs with an average size of about 40 nm in
diameter. Whereas, these particles seriously aggregated without
the introduction of CNTs as shown in Fig. S1b. Comparing Figs. S1(a
and b) with Fig. 1b, the pure Co9S8 nanoparticles showed serious
aggregation and the size of the nanoparticles are not uniform.
However, the Co9S8 nanoparticles decorated on S-CNTs show uni-
form size.What's more, the Co9S8 nanoparticles are tightly attached
on the S-CNTs. It can be deduced that CNTs can efficiently prevent
of Co9S8/S-CNTs. (A colour version of this figure can be viewed online.)
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the aggregation of Co9S8 nanoparticles and regulate the size of
Co9S8 nanoparticles.

Transmission electron microscopy (TEM) and high-resolution
transmission electron microscopy (HRTEM) were employed to
further investigate themicrostructure of Co9S8/S-CNTs. As shown in
Fig. 2c and d, Co9S8 nanoparticles are uniformly distributed on the
S-CNTs. To investigate the influence of the adding amounts of the
precursors, the half amount of reactants (Co9S8/S-CNTs-0.5) and the
double amount of reactants (Co9S8/S-CNTs-2) were produced. In
the case of Co9S8/S-CNTs-0.5 (Fig. S2a), the Co9S8 nanoparticles
were sparsely embedded on the S-CNTs and their particle size are
smaller than that of Co9S8/S-CNTs. On the contrary, the serious
agglomeration of Co9S8 nanoparticles could be found in Co9S8/S-
CNTs-2 (Fig. S2b), which demonstrate that proper amount of re-
actants are beneficial to regulate the morphology. The HRTEM
image (Fig. 2d) clearly displays that the lattice fringes of 0.300 nm
correspond well to the (311) planes of highly crystal Co9S8 [32].

The surface element distribution of Co9S8/S-CNTs was disclosed
by energy dispersive spectra (EDS) element mappings in Fig. 3 (a,
d). It is found that sulfur is not only present on the Co9S8 particles
but also on the surface of the CNTs, which confirmthe presence of
cobalt sulfide and the successful sulfur doping into the CNTs.

The porosity and surface area of Co9S8/S-CNTs were further
evaluated by N2 adsorption and desorption measurements. As
shown in Fig. 4a, the N2 adsorption and desorption isotherms
belong to type-IV curve with H4 hysteresis loop, which indicate the
existence of mesoporous structures. The Brunauer-Emmett-Teller
(BET) surface area of Co9S8/S-CNTs was calculated to be
104m2 g�1. Such a high specific surface area is beneficial to the full
exposure of the catalytic active sites. By contrast, S-CNTs has much
higher BET surface area of 302.53m2 g�1, which is shown in
Fig. S3a. It can be concluded that the insertion of Co9S8 can block
the pore structure of S-CNTs and reduce the relative BET surface
area of S-CNTs. Furthermore, the pore size distribution curve of
Co9S8/S-CNTs (Fig. 4b) showed that the mesoporous are mainly
Fig. 3. (a) SEM image and (bed) the corresponding elemental mapping image
centered at 2.1 and 2.5 nm, and the mesoporous of S-CNTs are
mainly centered at 2.4 nm (Fig. S3b).

Thermogravimetry (TG) was used to analyze the content of
different components. As shown in Fig. 4c, the mild weight loss
stage from 25 to 200 �C could be attributed to the removal of H2O
adsorbed on the surface of Co9S8/S-CNTs. The slight weight increase
took place from 200 to 500 �C could be attributed to the part
oxidation of Co9S8 into CoSO4 [19]. At temperature higher than
500 �C, the weight of residue decreased gradually due to the
decomposition of CoSO4 into Co3O4 and the oxidation of carbon
into CO2. During the whole measurement range, the total weight
loss was about 55wt%. When the temperature reached up to
900 �C, the weight remained constant and the residue was
confirmed to be Co3O4. Therefore, the original weight fraction of
Co9S8 was calculated to be 59.9wt% in Co9S8/S-CNTs.

To further investigate the interaction between Co9S8 and S-
CNTs, the Raman spectroscopy was employed, which has been
proved to be an efficient method to manifest the intimate inter-
action between the two composites (Fig. 4d). From the Raman
spectra of pure Co9S8, two strong bands at 333 and 396 cm�1 can be
indexed to Co9S8. While, the position shifts of Co9S8/S-CNTs to 463
and 656 cm�1 in the spectra can be clearly seen. The reason of
which is supposed to be the strong interaction between Co9S8 and
S-CNTs. Co9S8/S-CNTs exhibits the characteristic D band
(1323 cm�1), which is caused by structural defects or edges during
the reaction. What's more, the G band (1586 cm�1) corresponds to
the first-order scattering of the E2g mode observed for sp2 carbon
atoms. However, pure S-CNTSs shows two strong bands at
1323 cm�1 (D band) and 1574 cm�1 (G band). Comparing with
Co9S8/S-CNTs, the D band shows identical position, however, the G
band has a little negative shift, which can be attributed to the
interaction between the two composites. All these results clearly
demonstrate the intimated interaction between CNTs and TMCs.

The interaction of Co9S8/S-CNTs was further studied by X-ray
photoelectron spectroscopy (XPS). As shown in Fig. 5a, the
s of Co9S8/S-CNTs. (A colour version of this figure can be viewed online.)



Fig. 4. (a) Nitrogen sorption isotherm, (b) Pore-size distribution, (c) TGA curves of Co9S8/S-CNTs and (d) Raman spectra of pure Co9S8, S-CNTs and Co9S8/S-CNTs composite for
comparison. (A colour version of this figure can be viewed online.)

Fig. 5. (a) XPS spectrum of Co9S8/S-CNTs. The corresponding high resolution XPS spectra of (b) C 1s in Co9S8/S-CNTs and S-CNTs. (c) S 2p in Co9S8/S-CNTs, S-CNTs and Co9S8. (d) Co
2p regions in Co9S8/S-CNTs and Co9S8. (A colour version of this figure can be viewed online.)

J. Wang et al. / Carbon 144 (2019) 259e268 263
elemental compositionwas in linewith the EDXmapping and it can
be clearly seen in Table S1. The C 1s spectra (Fig. 5b) could be
resolved into four independent peaks at 284.6, 285.6, 286.7 and
289.2 eV, which are related to C]CeC, CeS, CeO and C]O [33],
respectively. As shown in Fig. 5c, three different types of sulfur
species could be seen in Co9S8. The binding energy around 161.9
and 163.2 eV could be assigned to S 2p3/2 and S 2p1/2 of Co9S8
[34,35]. In contrast, four different types of sulfur species could be
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found in Co9S8/S-CNTs. The characteristic peak of CeSeC could be
observed at 165.2 eV, which demonstrates the successfully doping
of S into CNTs. The peak at 167.6 eV could be attributed to SO4

2�

species [33], which indicates the partial oxidization of sulfur on the
surface of the catalysts. A little positive shift of the binding energy
of S 2p3/2 and S 2p1/2 could be seen, which illustrates the interaction
of Co9S8 and S-CNTs. As shown in Fig. 5d, the Co 2p1/2 and Co 2p3/2
peak could be clearly seen in Co9S8. In contrast, the strong peaks at
780.9 and 781.9 eV could be assigned to Co 2p3/2 in Co9S8/S-CNTs.
Moreover, the Co 2p1/2 peak could be found at 796.4 and 798.4 eV,
demonstrating the existence of Co9S8 in S-CNTs. Furthermore, the
binding energy locating at 786.3 and 803.9 eV belong to the
shakeup satellite peaks of Co [36,37]. The XPS results are in
agreement with the previous reports [38]. All the positive shifts of
the binding energy of S and Cowere caused by the electron transfer
between Co9S8 and S-CNTs, which could also demonstrate the
strong interaction between Co9S8 and S-CNTs.

3.2. Electrochemical performance of Co9S8/S-CNTs

Based on the structure analyses above, the strong interaction
between Co9S8 and S-CNTs could be verified. Thus, let's seewhether
the interaction between Co9S8 and S-CNTs can improve the effi-
ciency of electrocatalytic reaction. The OER performance of pure
Co9S8, S-CNT

Co9S8 mixed S-CNTs and Co9S8/S-CNTs were investigated, which
was evaluated by the rotating disk electrode (RDE) technique at
1600 rpm and at a scan rate of 5mV s�1 in Ar-saturated 1M KOH
solution, and commercial RuO2 was also tested in the same con-
ditions. The linear scan voltammetry (LSV) curves can be seen in
Fig. 6a, pure Co9S8 and S-CNTs exhibited inferior OER catalytic ac-
tivity with the overpotential of 0.537 and 0.538 V to deliver
10mA cm�2, respectively. Furthermore, the Co9S8 mixed S-CNTs
required a relatively low overpotential of 0.421 V to achieve the
Fig. 6. (a) OER polarization curves and (b) corresponding Tafel plots of Co9S8, S-CNTs, Co9S8þ
rate: 1600 rpm; sweep rate: 5mV s�1). (c) Electrochemical impedance spectroscopy of Co9S
shows equivalent circuit used to interpret the data. (d) Charging current density difference
CNTs. (A colour version of this figure can be viewed online.)
same current density, suggesting the physical mixture of Co9S8 and
S-CNTs was able to promote the catalytic activity toward OER,
which was consistent with the reported result [39]. In sharp
contrast, Co9S8/S-CNTs showed much superior OER activity and
only needed the overpotential of 0.331 V to deliver 10mA cm�2,
which was even lower than that of commercial RuO2 (0.350 V). The
best catalytic performance of Co9S8/S-CNTs can further demon-
strate the promoting effect of the intimate interaction.

The OER electrocatalytic kinetics of these samples were further
investigated by Tafel plots (Fig. 6b). Comparing with S-CNTs
(124.5mV dec�1), Co9S8 (145.6mV dec�1) and Co9S8þS-CNTs
(101.3 mV dec�1), Co9S8/S-CNTs shows the lowest Tafel slope
(97.3mV dec�1). Even more, the Tafel slope of Co9S8/S-CNTs can be
comparable to 88mV dec�1 of commercial RuO2 catalyst, which
indicates that Co9S8/S-CNTs has excellent catalytic performance for
OER. The lower Tafel slope of Co9S8/S-CNTs hybrid reveals the
higher electrocatalytic activity [40]. The unique structure of Co9S8/
S-CNTs accelerates the transfer of electrons and ions, and reduces
the free energy of the OER. Therefore, Co9S8/S-CNTs shows the best
OER catalytic activity and its overpotentional and Tafel slop are
superior to most reported catalysts (Table S1), which is consistent
with the former results.

The electrochemical impedance spectroscopy measurement
(100 kHze0.1 Hz) was used to better demonstrate the electrode
interface and reaction kinetics (Fig. 6c). The Nyquist plots were
fitted with the equivalent circuit model, which could be seen in the
inset of Fig. 6c. Here, Rs represents the solution resistance of elec-
trolyte, while the Rc represents the charge transfer resistance
during OER. The good catalytic activity could be attributed to the
low resistance of charge transfer from the electron-rich S-CNTs to
Co9S8. It could be concluded that Co9S8/S-CNTs has much smaller
charge transfer resistance than those of Co9S8, S-CNTs and Co9S8þS-
CNTs. The lower electron transfer resistance means the better
conductivity, which could be ascribed to the strong coupling
S-CNTs, Co9S8/S-CNTs, and RuO2 electrodes in Ar-saturated 1M KOH solution (rotation
8/S-CNTs, Co9S8þS-CNTs, Co9S8 and S-CNTs at �0.238 V (100 kHz-0.1 Hz) and the inset
(DJ ¼ (Ja � Jc)/2) plotted against scan rate of Co9S8/S-CNTs, Co9S8þS-CNTs, Co9S8 and S-
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between Co9S8 and S-CNTs, which can faster the process of charge
transformation.

To further illustrate the good catalytic activity of Co9S8/S-CNTs,
the electrochemically active surface area (ECSA) was calculated
(Fig. 6d). The ECSA is a criterion to measure the catalytic efficiency
and it is linearly proportional to the double-layer capacitances (Cdl)
of the electrocatalysts. The cyclic voltammograms (CVs) measure-
ments were performed in the potential range of 1.223e1.323 V (no
electrode rotation) at different scan rates ranging from 20mVS�1 to
120mV S�1 (Fig. S5) [41]. The Cdl of Co9S8/S-CNTs is computed to be
49.71mF cm�2, which is much higher than Co9S8 (0.69mF cm�2), S-
CNTs (0.85mF cm�2) and Co9S8þS-CNTs (9.44 mF cm�2), and the
higher Cdl is more beneficial to the catalytic reaction.

The addition of reactants will influence the morphology and
structure of the products, and good morphology is critical in
boosting the number of catalytic active sites. Therefore, the influ-
ence of the adding amounts was investigated, which could be seen
in Fig. S4a. Co9S8/S-CNTs-1 shows the best OER catalytic activity
with the need of 0.331V overpotential to deliver 10mA cm�2. It
shows much negative potential than Co9S8/S-CNTs-0.5 (0.379 V)
and Co9S8/S-CNTs-2 (0.516 V). Comparing with Co9S8/S-CNTs-0.5
and Co9S8/S-CNTs-2, the good catalytic activity of Co9S8/S-CNTs-1
could be attributed to the less aggregation and the uniform
dispersion of Co9S8 nanoparticles, which could be clearly seen in
Figs. S2(a and b). Besides the good morphology, the appropriate
proportion of the reactants is also an essential factor to improve the
catalytic efficiency.

Due to donating electrons to the carbon skeleton, the doped S
can greatly enhance the conductivity of S-CNTs, which is beneficial
to the ORR process [10,42]. Transition metals have various valences
in transition-metal sulfides and multivalent metal compounds are
promoters in electrocatalysis reactions. Furthermore, they can
Fig. 7. (a) ORR polarization curves and (b) corresponding Tafel plots of Co9S8 nanoparticles
solution (rotation rate: 1600 rpm; sweep rate: 5mV s�1). (c) Stability of the Co9S8/S-CNTs and
CNTs and RuO2þPt/C at 1600 rpm in 0.1 M KOH with a scan rate of 5 mV s�1. (A colour ve
afford donor�acceptor sites to facilitate the adsorption of oxygen
and fasten the rate of electron transfer to accelerate the ORR elec-
trocatalytic activity [43]. Consequently, the rotating disk electrode
(RDE) measurement was used to examine the ORR electrocatalytic
performance of Co9S8/S-CNTs in Fig. 7a. The tests were carried out
in 0.1M KOH electrolyte at a scan rate of 5mV s�1. Remarkably,
Co9S8/S-CNTs shows the best ORR performance with a half-wave
potential of 0.810 V, which is more positive than those of S-CNTs
(0.768 V), Co9S8 (0.424 V), Co9S8þS-CNTs (0.612 V). The perfor-
mance of Co9S8/S-CNTs is comparable to the commercial Pt/C
(0.845 V). The good catalytic activity could be attributed to the
strong interaction, fast electron-transfer rate and short electron
diffusion distance between Co9S8 and S-CNTs. Moreover, Co9S8/S-
CNTs-1 shows much better ORR activity than those of Co9S8/S-
CNTs-0.5 and Co9S8/S-CNTs-2. As exhibited in Fig. S4, Co9S8/S-CNTs-
1 exhibits an E1/2 of 0.810 V, which is positive than Co9S8/S-CNTs-
0.5 (0.651 V) and Co9S8/S-CNTs-2 (0.686 V) (Fig. S4b), which dem-
onstrates that the loading amounts is also a crucial factor to in-
fluence the ORR activity.

The corresponding Tafel slope is shown in Fig. 7b. The Tafel slope
of Co9S8/S-CNTs is �32.86mV dec�1, which is much lower than S-
CNTs (�67.17mV dec�1), Co9S8 (�140.1mV dec�1), Co9S8þS-CNTs
(�59.79 mV dec�1) and it is even lower than the commercial Pt/C
(�57.23mV dec�1). What's more, its half-wave potential and Tafel
slop is better than reported catalysts (Table S2).

The stability is also a critical criterion to estimate the perfor-
mance of the catalysts. As exhibited in Fig. 7c, the long-term sta-
bility of Co9S8/S-CNTs was examined by chronoamper-ometry (i-t)
measurements. Co9S8/S-CNTs can maintain about 88.7% of the
initial current after 10 h continuous operation. In contrast, a sharp
decrease of 50.0% of the initial current was calculated for com-
mercial Pt/C, which clearly demonstrate that Co9S8/S-CNTs has
, S-CNTs, Co9S8þS-CNTs, Co9S8/S-CNTs, and Pt/C electrodes in O2-saturated 0.1M KOH
Pt/C electrodes measured in 0.1M KOH. (d) Oxygen electrode performance of Co9S8/S-

rsion of this figure can be viewed online.)
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excellent durability. Furthermore, the tolerance of Co9S8/S-CNTs
and Pt/C toward methanol crossover was evaluated. As demon-
strated in Fig. S6, when 3Mmethanol was added into O2-saturated
0.1M KOH solution in the 300th second, Pt/C had an obvious
decrease of current density. However, Co9S8/S-CNTs electrode
catalyst exhibited almost no current density decrease, which indi-
cate that Co9S8/S-CNTs catalyst has higher resistance to methanol
crossover than Pt/C.

Co9S8/S-CNTs exhibited prominent bifunctional OER and ORR
performance under alkaline conditions (Fig. 7d). As a bifunctional
catalyst, the overall oxygen electrode activity could be evaluated by
the potential gap (DE¼ Ej¼10 - E1/2), (E1/2, half-wave potential and
Ej¼10, potential required at an current density of 10mA cm�2) of
OER and ORR metrics [44]. The smaller value of DE indicates the
closer of the catalyst to an ideal reversible oxygen electrode. The DE
value of Co9S8/S-CNTs nanocomposites was calculated to be only
0.751 V, which was only a little more than that of Pt/C þ RuO2
catalyst (0.735 V), suggesting that Co9S8/S-CNTs is an ideal bifunc-
tional catalyst.
3.3. Performance of rechargeable Zn-air battery

Owing to the excellent bifunctional catalytic activity, Co9S8/S-
CNTs was used to be the cathode material of the conventional
rechargeable Zn-air battery. In order to demonstrate the practical
application of Co9S8/S-CNTs, the physical mixture of commercial Pt/
C and RuO2 catalysts (Pt/C þ RuO2) were used to be the reference
battery. As shown in Fig. 8a, a Zn foil was used as the anode, the
bifunctional electrocatalyst coated on carbon paper was employed
as the metal-free cathode, and 6.0 M KOHþ0.2 M zinc acetate were
used as the liquid electrolyte. The battery was assembled as
described in the experimental section. Fig. 8 illustrates the
Fig. 8. (a) Schematic of a liquid rechargeable Zneair battery. (b) Open-circuit potential of a
larization curves and the corresponding power density curves of Zn-air batteries of Co9S8/S-C
on the air electrode was 1mg cm�2). (e) Galvanostatic dischargeecharge cycling (30min p
density of 10mA cm�2. (f) Photograph of the Zn-air batteries and corresponding open-circl
performance of the Zn-air battery under real battery condition,
which possesses a high open-circuit potential (1.472 V) (Fig. 8b and
f). Fig. 8c gives the polarization plots and corresponding power
density curves of the two catalysts. Moreover, the discharge po-
larization curves show that the peak power density of Co9S8/S-CNTs
calculated to be 74.75mWcm�2 is outperforming than
35.97mWcm�2 of precious metal catalysts Pt/C þ RuO2. The
discharge and charge polarization curves of Co9S8/S-CNTs could be
seen in Fig. 8d, which shows a charge and discharge potentials of
1.52 V and 1.12 V at 20mA cm�2, respectively. The performance is
even better than the mixture of Pt/C þ RuO2 (1.97 and 1.04 V).
Fig. 8e shows a good long-term cycling stability without obvious
loss of both charge and discharge voltage over 110 h cycling test at a
constant current density of 10mA cm�2, which is much better than
Pt/C þ RuO2. Therefore, the performance of Co9S8/S-CNTs is supe-
rior to those of Pt/C þ RuO2 based Zn-air battery.

The origin of the outstanding bifunctional activity of Co9S8/S-
CNTs is elucidated from the enhanced electrochemical surface-
active area, the well-dispersed nanostructures, the in situ grown
feature on the highly conductive S-CNTs, and the strong interaction
between Co9S8 and S-CNTs. The good stability can be attributed to
that S-CNTs can protect the Co9S8 from aggregating, improve the
utilization of active sites and accelerate the transfer efficiency of
electrons. All of these advantages favor the attractive electro-
catalytic performance of Co9S8/S-CNTs.
4. Conclusion

In conclusion, bifunctional Co9S8/S-CNTs were prepared via a
facile method. The mechanism and significance of the sulfur
bridges between sulfur-doped carbon nanotubes (S-CNTs) and
Co9S8 nanoparticles on the practical electrochemical performance
Zneair battery using the Co9S8/S-CNTs catalyst for the air cathode. (c) Discharge po-
NTs and Pt/C þ RuO2. (d) Charge and discharge polarization curves (the catalyst loading
er cycle) of the Co9S8/S-CNTs Zneair battery at a constant dischargeecharge current
e potential (OCP). (A colour version of this figure can be viewed online.)
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were clarified. A synergistic effect between Co9S8 nanoparticles and
S-CNTs effectively improve the bifunctional electrocatalytic per-
formance of the compounds. Owing to the excellent bifunctional
activity of the Co9S8/S-CNTs catalyst, the as-made rechargeable
liquid Zneair battery displays favorable performance. It is believed
that TMCs/carbon composites will have extensive application in
electrocatalytic reaction, super capacitors, lithium-ion batteries,
and so on.
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