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The development of new electrocatalysts is critical for efficient
water electrolysis to produce hydrogen. In this communication, we
report a novel electrocatalyst for the oxygen evolution reaction
(OER) which is realized via Fe doping in CoS, nanosheets (Fe—CoS,).
This catalyst shows an overpotential of 302 mV for a current density
of 10 mA cm 2, 85 mV less than that for CoS,. In addition, Fe—CoS,
also exhibits high catalytic stability.

The expanding energy crisis and accompanying environmental
problems have boosted the exploration of clean energy.?
Electrocatalytic water splitting is regarded as a promising
means to generate hydrogen and oxygen for replacing fossil
fuel energy sources.”” The oxygen evolution reaction (OER), a
half reaction of water splitting, occurs on the anode with
sluggish kinetics due to multistep proton-coupled electron
transfer.®® Consequently, it is critical to seek highly efficient
electrocatalysts for the OER to make water splitting more
energy-efficient. At present, noble metal oxides such as RuO,
and IrO, are considered to be the best OER electrocatalysts, but the
scarcity and high cost restrict their practical applications.®**° Thus,
it is urgently required to develop cheap and high-efficiency OER
electrocatalysts.

In recent years, transition metals have been widely applied
for designing electrocatalysts."'* Among these electro-
catalysts, transition metal sulfides have emerged as promising
OER electrocatalysts due to their high conductivity and facile
fabrication processes.””™” CoS, has been reported as an
efficient alkaline OER catalyst due to its high activity."®'® 1t
has been reported that metallic element doping can enhance
the catalytic performance of electrocatalysts by virtue of opti-
mizing the hydrogen adsorption energy and enhancing electro-
nic conductivity.>*>* Fe is regarded as a potential transition
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metal element for designing OER electrocatalysts with a low
price and adequate reserves.”>*® Hence, we anticipate that the
OER activity of CoS, can be further enhanced by Fe doping to
make water splitting more energy-efficient.

In this communication, we develop a novel electrocatalyst by
Fe doping in CoS, nanosheets and supported on carbon cloth
(Fe-CoS,/CC). This catalyst presents enhanced OER performance
needing an overpotential of 302 mV to afford a current density of
10 mA cm %, 85 mV less than that for CoS,/CC. Furthermore,
Fe-CoS,/CC also shows long term stability for at least 20 h.

Fe-CoS,/CC was derived from its hydroxide precursor via the
hydrothermal sulfide reaction (see the ESIf for preparation
details). The precursor X-ray power diffraction (XRD) pattern
shows the crystallographic structure of Fe-CoS,/CC; the diffrac-
tion peaks at 32.3° 36.2°, 39.8°, 46.3°, 54.9°, 57.6°, 60.1°, and
62.7° can be indexed to the (200), (210), (211), (220), (311), (222),
(230), and (321), planes of the CoS, phase (JCPDS No. 41-1471),
respectively. The other peaks correspond to CC (Fig. 1a).
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Fig.1 (a) XRD pattern for Fe—CoS,/CC. (b) TEM image of the Fe—CoS,
nanosheet. (c) HRTEM image of the Fe—CoS, nanosheet. (d) EDX elemental
mapping images of Fe, Co and S for Fe—CoS,/CC.
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It should be noted that no other Fe-based diffraction peaks are
presented in the XRD pattern, indicating that the Fe atoms
should be embedded in the atomic structure of CoS, as a
dopant. The transmission electron microscopy (TEM) image
(Fig. 1b) and the TEM figure in the sub-nano-scale (Fig. S1,
ESIT) indicate the nanosheet nature of Fe-CoS, (Fig. 1b). A
high-resolution TEM (HRTEM) image (Fig. 1c) was taken for the
Fe-CoS, nanosheets and shows an interplanar distance of
0.251 nm, which corresponds to the (210) lattice plane of
CoS,. As shown in Fig. 1d, the energy-dispersive X-ray (EDX)
elemental mapping analysis confirms the uniform distribution
of Fe, Co and S elements throughout the whole nanosheet array. As
shown in Fig S2 (ESIt), the selected area electron diffraction
(SAED) pattern presents two diffraction rings recorded for the
Fe-CoS, can be ascribed to the (111) and (221) planes of CoS,.
The X-ray photoelectron spectroscopy (XPS) survey spectrum
of Fe-CoS, confirms the existence of Fe, Co and S elements
(Fig. 2a). In the Fe 2p region (Fig. 2b), the binding energy (BE) at
712.1 and 724.7 eV can be assigned to Fe 2p;, and Fe 2py,
respectively.”” As presented in Fig. 2¢, the Co 2p region shows
four peaks at 779.0, 785.8, 797.5 and 803.0 eV that can be indexed
to the Co 2pj3,5, Co-0, Co 2py, and Co-O, respectively.”®**° In the
high-resolution image of Co 2p of pure CoS,, the Co-O peak was
detected only on the low-intensity surface, and no peak of Co 2p
was observed.*® This phenomenon might be due to superficial
cobalt oxide because CoS, was susceptible to oxidation in air.
Fig. 2d shows the S 2p region of Fe-CoS,, and the wide peak in
the range of 161.0-164.0 eV could be fitted into two peaks,
corresponding to S 2p;, and S 2p;,. This analysis provides
evidence of the presence of CoS,. The XPS peak at about
169.0 eV corresponded to sulfur oxide in CoS, (Fig. 2d).**** In
pure CoS,, the S 2p,,, and S 2p;/, peaks became more obvious
with higher density than the peak of S-O after Fe doping. This
intensity enhancement was possibly due to the reaction of a
dopant with superficial cobalt sulfate oxide of CoS,.> There
was still oxide in Fe-CoS,/CC due to exposure to air, which was
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Fig. 2 (a) XPS survey spectrum for Fe—CoS,/CC. XPS spectra in the (b) Fe

2p, (c) Co 2p and (d) S 2p regions for Fe—CoS,/CC.
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consistent with Sun’s report.** It should be noted that the shifts
in the values of binding energy in the XPS spectra of Fe-CoS,
compared with pure CoS, indicate the presence of strong
electron interactions after Fe doping, which has important
implications in modulating electronic environments and thus
promoting the OER activity.>* The XPS analysis further indi-
cated the successful preparation of Fe doped CoS,.

The OER catalytic performance of Fe-CoS, was calculated in
1.0 M KOH and using a standard three electrode system with
a scan rate of 5 mV s~ '. The OER performances of bare CC,
RuO,/CC and CoS,/CC were also measured under the same
conditions for comparison. Due to the presence of ohmic
potential drop (iR), the as-measured reaction currents cannot
directly influence the intrinsic behavior of the catalysts.*>™”
Accordingly, all the initial data were infrared corrected for
further analysis and all data were reported on a reversible
hydrogen electrode (RHE) scale. Fig. 3a shows the linear sweep
voltammetry (LSV) curves of bare CC, RuO,/CC, CoS,/CC and
Fe—-CoS,/CC. Obviously, RuO,/CC shows excellent OER catalytic
performance and only needs an overpotential of 230 mV to
drive a current density of 10 mA cm ™2, whereas bare CC has
almost no OER activity. As expected, Fe-CoS, presents superior
OER activity with an overpotential of 304 mV to afford a current
density of 10 mA cm ™2, 85 mV less than that for CoS,/CC. This
result indicates that the OER performance of CoS, can be
improved obviously via Fe doping. It should be noted that
Fe-CoS,/CC possesses favourable behaviour compared to the
other non-noble metal catalysts under alkaline conditions
(Table S1, ESIt). Since commercial alkaline water electrolysis
is usually carried out in a strongly alkaline medium, we also
investigated the OER performance of Fe-CoS,/CC 30 wt% KOH.
As shown in Fig. S3 (ESIT), Fe-CoS, presented excellent OER
performance needing an overpotential of 199 mV to drive a
current density of 10 mA cm ™ 2. The reaction kinetics of the OER
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Fig. 3 (a) LSV curves of bare CC, RuO,/CC, CoS,/CC and Fe-CoS,/CC

with a scan rate of 5 mV s™% (b) Tafel plots of RuO,/CC, CoS,/CC and
Fe—CoS,/CC. (c) CVs of Fe—CoS,/CC with various scan rates. (d) Capaci-
tive currents at 0.88 V as a function of the scan rate for CoS,/CC and
Fe—CoS,/CC.
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Fig. 4 (a) LSV curves for Fe—CoS,/CC before and after 500 CV cycles.
(b) Time-dependent current density curve of Fe-CoS,/CC at a static
overpotential of 340 mV.

can be estimated by the Tafel equation: = blogj + a, where b is
the Tafel slope and j is the current density.>® As shown in
Fig. 3b, the Tafel plots for RuO,/CC, CoS,/CC and Fe-CoS,/CC
were plotted. RuO,/CC exhibits a Tafel slope of 93 mV dec™*. In
addition, Fe-Co0S,/CC shows a Tafel slope value of 128 mV dec ™,
lower than that of CoS,/CC (169 mV dec™"), implying faster OER
kinetics of Fe-CoS,/CC and the intrinsic catalytic activity of CoS,
can be enhanced by Fe doping. Furthermore, to verify that this Fe-
doping effect also applied to other substances, we performed this
work on Ti mesh (TM), and the OER performance of CoS, also
shows improvement after Fe doping (Fig. S4, ESIt). To reveal the
improved OER activity of CoS,/CC by Fe doping, the double layer
capacitances (Cqy) of CoS,/CC and Fe-CoS,/CC were calculated
based on the cyclic voltammograms (CVs) at different scan rates
(Fig. S5, ESIT and Fig. 3c). As shown in Fig. 3d, the Cq4 value
of Fe-Co0S,/CC (35.4 mF cm ?) is larger than that of CoS,/CC
(17.3 mF ecm?), implying a higher surface roughness and that
more active sites were exposed for Fe-CoS,/CC, which is in favor of
the enhanced OER performance.**™* Fig. S6 (ESI}) shows a multi-
step chronopotentiometric curve for Fe-CoS,/CC in 1.0 M KOH
with the current density being increased from 20 to 200 mA cm >
(20 mA per ecm™> per 500 s). The potential is instantaneously
stabilized at an initial current value of 1.61 V and remains constant
for the remaining 500 s and other steps showed similar results,
suggesting that the Fe-CoS,/CC possesses excellent electrical con-
ductivity, mechanical strength and mass transfer ability.*>**

In addition, the stability is another important parameter for
evaluating the performances of electrocatalysts. Thus, we inves-
tigated the stability of Fe-CoS,/CC using CV technology. As
plotted in Fig. 4a, the Fe-CoS,/CC only shows a slight loss in
the current density after 500 CV cycles, suggesting the good
stability of the catalyst. Furthermore, we also performed the
OER at a static overpotential of 340 mV and the Fe-CoS,/CC
presents superior long term stability and maintains its catalytic
activity for at least 20 h (Fig. 4b). Based on the above investiga-
tions, the enhanced OER performance of CoS, by Fe doping can
be attributed to the following reasons: (i) a synergistic effect
may be created by Fe doping,*>™* and (ii) the improved surface
roughness and exposure of more activity sites.**™*

In summary, the enhanced OER catalytic activity of CoS,/CC
via Fe doping was proven experimentally. This Fe-CoS,/CC
shows efficient OER catalytic activity needing an overpotential
of 302 mV to afford a current density of 10 mA cm ™2, 85 mV less
than that for CoS,/CC. In addition, this catalyst also possesses
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superior durability and maintains its catalytic properties for at
least 20 h. This work not only provides us with an attractive and
cost-efficient catalyst for electrochemical water oxidation in
alkaline media, but also provides important guidance for
designing and synthesizing CoS,-based catalysts with enhanced
OER activity.
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