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In this paper, Ni doped CoS; catalysts were synthesized via a one-step hydrothermal method. The SEM
images showed that Ni doping played an important in determining the primary particles size of the
samples, which decreased firstly and then increased with increasing Ni contents. The electrocatalytic
activities of NixCo1xS2 were also significantly influenced by Ni addition, in which NigsCoo5S2 evinced
the best catalytic performances. The lithium-oxygen cells with bimetallic catalysts demonstrated
higher initial charge-discharge capacities, better rate capabilities and improved cycling performances.
The initial discharge specific capacity for the cell with NiosCo05S2 could reach up to 4878, 3400 and
2244 mAh/g under 100, 200 and 400 mA/g, respectively. In addition, the lithium-oxygen cell
containing NiosCo0o5S2 catalyst could be cycled 67 times with a limited capacity of 500 mAh/g under
100 mA/g. The improved electrochemical performances could contribute to the synergistic effects of
the Co and Ni ions.
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1. INTRODUCTION

Lithium-oxygen batteries, as promising energy storage devices, have aroused widespread
research interest as a consequence of their low costs and high energy densities to confront the shortage
of fossil fuels and environmental problems [1-4]. Nevertheless, the sluggish reaction rates and low
energy efficiency of oxygen reduction/evolution reactions (ORR/OER) severely hamper their
applications [5, 6]. The exploration of efficient catalysts with bifunctional catalytic activity has been
considered as one of the encouraging ways to address the above challenges [7-9].

Some noble metal based catalysts, like Pt and IrO., are widely known for their superior
ORR/OER activities, but the rareness and high cost of them seriously restrict their extensive
applications [10, 11]. Recently, metal disulfides have been investigated as potential electrocatalysts
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owing to their low cost, high earth abundance and prominent catalytic efficiency [12-15]. Especially,
pyrite-type cobalt disulfide (CoS>) has been extensively explored as an electrocatalyst in various fields,
such as the hydrogen evolution reaction (HER) [16, 17], dye-sensitized solar cells [18, 19] and lithium-
oxygen batteries [20, 21] on account of its metal-like conductivity, good stability and excellent
catalytic activity. On the other hand, the nickel sulfides, such as NiS [22], NisS2 [23] and NiS2 [24],
have also been studied as electrocatalysts, in which NiS; with a bandgap of ~0.4 eV has risen as an
important candidate because of its theoretically high catalytic activity for HER, ORR and OER [25-
27]. However, monometallic sulfides are not desirable candidates for electrocatalytic applications
because their catalytic activities still function less effectively than noble metal-based catalysts.
Compared with monometallic sulfides, bimetallic sulfides exhibit better catalytic performances due to
higher electrical conductivity, richer redox reaction sites and adjustable absorption/desorption energies
[28-30]. In view of the above merits, bimetallic sulfides are recently attracting growing interest as
bifunctional electrocatalysts for lithium-oxygen batteries (LOBSs) [31-33].

Cobalt and nickel are adjacent transition metal elements. The ion radius of Ni?* is close to that
of Co?". In addition, CoS; and NiS; belong to similar pyrite structure with a space group of Pa-3. Given
the similarity in the crystal structure and ionic radius, a solid solution of NixCo14S: is expected to
form, which will be beneficial for optimizing the electrochemical catalytic activities by adjusting the
compositions of active materials, tuning the electron structures and regulating multi-functional active
sites of active materials. Nonetheless, the study of NixCo1xS2 as electrocatalysts for LOBs has never
been reported so far. Herein, a series of NixCo1xS2 with x from 0 to 1 were prepared using a
hydrothermal method. For the first time, a comparison of the electrocatalytic activities of bimetallic
disulfides compared to the corresponding monometallic disulfides CoS, and NiS2 was investigated in
this work. The impacts of substituting cobalt ions with nickel ions on the electrochemical
performances of LOBs were also addressed here. It can be found that significantly improved
electrochemical performances of the lithium-oxygen cells were achieved by using the bimetallic
catalysts.

2. EXPERIMENTAL SECTION

2.1 Samples preparation

The NixCo1xS2 (x = 0, 0.25, 0.5, 0.75 and 1) catalysts were prepared through a one-step
hydrothermal approach (see Figure 1). Typically, 2.5 mmol ethylene-diamine-teraacetic acid disodium
salt (EDTA-2Na) was firstly dissolved into 80 mL deionized water, after which a total of 0.01 mol of
Ni(NO3)2-6H20 and CoCl»-6H.O were added at the designed molar ratio. Then, 0.025mol
Na2S203:-5H,0 was dissolved into the aforementioned solution under stirring. Thereafter, the mixing
substances were placed into a 100 mL autoclave and held for 36 hours under 180 °C. After naturally
cooling down, the products were rinsed several times with deionized water, CS, and absolute ethanol
before being dried in vacuum for 12 hours under 80 °C. The obtained samples were labeled as CoSz,
Nio.25C00.75S2, Nio5C005S2, Nio.75C00.25S2 and NiSo.
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Figure 1. Schematic illustration of preparing the NixCo1.xS2 samples

2.2 Material characterizations

The phase structure analysis of NixCo1.xS2> was performed on X-ray diffraction (XRD, X’Pert
PRO) with Cu Ka over 26 range of 20-80°. Scanning electron microscopy (SEM, Zeiss Ultra Plus) was
applied to examine the morphology of the products. The relative proportions of Co and Ni elements in
the synthetic materials were determined using an inductively coupled plasma emission spectrometer
(ICP, Prodigy 7). X-ray photoelectron spectroscopy testing (XPS, ESCALAB 250Xi) was carried out
to investigate the surface chemical states.

2.3 Electrochemistry measurements

The LOBs were assembled into coin-cells (CR2032) in an Argon-filled glove box, containing
the O2 cathode, lithium foil anode, the electrolyte (1 mol/L LiTFSI in DMSO) and the separator (glass
fiber). To prepare the O, cathode, the as-synthesized catalysts, Super P and polyvinylidene fluoride
(PVDF) were blended in N-methyl-2-pyrrolidone (NMP) to prepare an ink with a mass ratio of 27: 63:
10. The ink was then coated evenly onto a Ni mesh (diameter = 15 mm) and dried at 100 °C before
usage. The LOBs' discharge/charge capacities and cycling performances were recorded on LAND-
CT2001A. The cyclic voltammetry (CV) measurements were obtained from 2.0 V to 4.5 V at 1 mV/s
on CHI660B. All of the tests were conducted under room temperature.

3. RESULTS AND DISCUSSION

Figure 2a displays the XRD patterns of NixCo1xS2 with x from 0 to 1 and the standard
diffraction peaks of CoS, (PDF#41-1471) and NiS; (PDF#65-3325). The diffraction peaks of the
sample without Ni correspond well with CoS», whereas those of the sample without Co can be well
indexed as NiSz. The partial magnification of the (200) peaks is exhibited in Figure 2b. Obviously,
with the increase of Ni doping content, the diffraction peaks gradually shift to lower angles, which is
due to the replacement of smaller Co?* ions (rCo?* = 0.065 nm) by larger Ni%* ions (rNi?* = 0.069 nm)
on the metal sites. No secondary phase is observed in these patterns, confirming the obtained samples
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with high purity. These suggest that the Ni doped products form solid solutions rather than a simple
physical mixture of NiS2 and CoS..
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Figure 2. (a) XRD patterns of NixCo1.xS2 and (b) the partial magnification of the (200) peaks between
30.5~33.5°

The SEM images of NixCo1xS2 with x from 0 to 1 are exhibited in Figure 3a-e. All samples
show large secondary particles with sphere-like structures, which are formed by the agglomeration of
nano-sized primary particles. The size of the primary particles first decreases and then increases as the
Ni ratio rises. The NigsC0o5S2 sample shows the smallest primary particle size, which may be helpful
in exposing more active sites. Co and Ni contents in the NixCo1xS2 (x = 0.25, 0.5, 0.75) were
confirmed by ICP, and the results are displayed in Figure 3f. As expected, the Ni ratio in NixC01xS2
samples likewise steadily increases with increasing Ni amount. It seems that the content of Co is
somewhat higher than the corresponding designed ratio.
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Figure 3. SEM images of (a) CoSz, (b) Nio.2sC00.75S2, (€) Nio.5C00.5S2, (d) Nio.7sC00.25S2 and (€) NiS..
() ICP results of NixCo1xS2 (x = 0.25, 0.5, and 0.75)

The surface chemical states of CoSz, NiosC005S2 and NiSz were analyzed by XPS. Figure 4a
proclaims the existence of Ni, Co and S elements in Nio.sC005S2 with a molar ratio of 1: 1.3: 4.4, which
is consistent with the ICP result. Furthermore, C element in the spectrum is attributed to external
contamination, and O element originates from the inevitable surface oxidation. The high-resolution
spectra of Co 2p and Ni 2p ( Figure 4b and 4c) show that Co?*/Co® and Ni%*/Ni®* coexist in
Nios5C00:5S2, which is consistent with the structure reported in the previous literatures [34, 35]. The Co
2p spectra of NiosC005S2 (Figure 4b) can be deconvoluted into Co®" and Co?* as well as two satellite
peaks [36]. Two peaks at 779.3 eV and 780.3 eV are attributed to Co®* and Co?* 2ps, orbitals, while
the peaks at 794.2 eV and 795.1 eV originate from Co®* and Co?* 2pu.2 orbitals, respectively. At higher
binding energy, 783.6 eV and 799.4 eV, satellite peaks of 2ps/2 and 2py/> for Co are detected [35].

For the Ni 2p spectra (Figure 4c), the peaks at 854.3 eV and 855.7 eV are due to Ni?* and Ni**
2psr2 orbits, respectively, while 871.4 eV and 872.8 eV belong to Ni?* and Ni** 2pi. orbits,
respectively [37]. The two succeeding satellite peaks are also detected at 859.7 eV and 876.8 eV. In
Figure 4d, the S 2p spectrum of NiosCo005S2 can be assigned to three peaks. S 2ps2 and S 2pa of So*
are responsible for the two main peaks, which locate at 163.3 eV and 164.5 eV, respectively [38]. The
subsequent weak peak at 169.5 eV could be identified as an S-O bond, possibly rooting in slight
surface oxidization due to the exposure to air [39]. In comparison to CoSz and NiSz, the binding
energies of Co 2p in NiosCoo5S2 show positive shifts, while the binding energies of Ni 2p exhibit
negative shifts, implying the synergistic effect between Co ions and Ni ions originate from the
electronic interaction in NiosCoo0sS2 [31, 40, 41].
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Figure 4. (a) The XPS survey spectrum of NiosC00.5S2. The high-resolution spectra of (b) Co 2p for
CoS; and Nio5C005S2, (€) Ni 2p for NiSz and Nio5C005S2 and (d) S 2p for NiosC0o5S2

Li-O> cells containing NixCo1-xS2 were assembled to test the electrochemical performances. The
CV plots of cells with NixCo1xS> between 2.0~4.5 V (vs. Li*/Li) at the scanning rate of 1 mV/s are
shown in Figure 5a. All cells show a prominent reduction peak at ~2.4 V during the cathodic scanning
due to the generation of the discharge product Li.O>. During the anodic scanning, the oxidation peaks
at ~3.2 V represent the invertible decomposition of Li>O2[42]. It can be found that by doping a certain
amount of Ni element, the ORR onset potential and the ORR peak current density of the cells improve
at first. The cell with NiosC005S2 exhibits the highest ORR onset potential, the lowest OER onset
potential and the largest reduction peak current density, indicating that NiosC005S2 owns the best
catalytic properties. This may be due to the synergistic effects of the various metal ions, as well as the
increased active sites because of the smallest particle size. However, when the Ni content continuously
increases, the catalytic performances of the samples reduce, which can be put down to the lower
catalytic activity of NiS; and decreased active sites due to larger particle size. Therefore, the doping
amount is of great significance in tuning the catalytic activities of the NixCo1.xS2 catalysts. The initial
charge-discharge tests of the cells with NixCo1xS2 were carried out between 2.0~4.5 V at 100 mA/g
(see Figure 5b). With increasing Ni contents, the discharge capacities of the cells increase firstly and
then progressively decrease. The discharge capacity of the cell with Nigs5C005S2 is up to 4878 mAh/qg,
which is higher than those of the cells with CoS> (3530 mAh/g), Nio25C00.75S2 (3663 mAh/g),
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Nio.75C00.25S2 (3919 mAh/g) and NiS, (3278 mAh/g). Obviously, the cells with bimetallic catalysts
reveal higher discharge specific capacities than those with monometallic catalysts, which might
contribute to the enhanced catalytic activities of the bimetallic sulfides. Compared with some reported
metal oxides and carbon based materials [43-46], the NiosCo005S2 exhibits stronger competitiveness in
enhancing the discharge/charge capacities.

a b
@ ) (b)
~ 02 14 1
%0 e 4 4.0 CoS,
L 0.0 ﬁ_ i & ~ 1 — Nij55Coy 755,
S \ / V> R
=-0.2 4 / < 3.5 —_—
g Y / CoS, > 3.5 zfo‘sc(‘"u.sszs
L -0.4 4 —— Nig,sNiy 759, = 1 10‘75 -00.25%2
= Ni, -Co, S —o' 3.0 7 ’NISZ
£ 0.6 Ty 580952 > ]
E — Nig 50455, 25 E——
S 081 ——NiS, T \
-1.0 1 2.0 ‘
-1.2 T T T T T T T T T T T T T T T T
2.0 2.5 3.0 3.5 4.0 4.5 0 1000 2000 3000 4000 5000
Voltage (V vs. Li*/Li) Capacity (mAh-g)

Figure 5. (a) CV curves and (b) the initial discharge-charge curves of the cells with NixCo1xS, at 100
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Figure 6. First discharge-charge curves of the cells with (a) CoS. and (b) NiosCo005S2 at current
densities of 100, 200, 400 mA/g

Figure 6 exhibits the rate performances of two representative cells at 100, 200 and 400 mA/g.
The cell with CoS; reveals an initial capacity of 3530 mAh/g at 100 mA/g, which significantly
decreases to 1662 mAh/g and 1279 mAh/g at increasing current densities of 200 mA/g and 400 mA/qg,
respectively. However, the cell with NiosCo0osS2 shows the initial discharge specific capacities of
4878, 3400 and 2244 mAh/gat 100, 200 and 400 mA/g, respectively. The discharge capacities of the
cell with NiosC00:5S; are attenuated by 30.3% and 54.0% at higher current densities. Nevertheless, the
discharge capacity reduction of the cell with CoSz is 52.9% and 63.8%. These suggest that the
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NiosCo005S2 promotes the reaction kinetics of lithium-oxygen cell compare with CoS», which benefits
from the improvement of the catalytic performances of CoS2 by Ni doping.

The cycling stabilities of the cells with CoS2 and NiosCoosS2 at a limited capacity of 500
mAnh/g under 100 mA/g are displayed in Figure 7. As shown in Figure 7a and 7b, the cells with CoS>
and Nio.5C005S2 show similar discharge curves with a voltage plateau around 2.7 V. The cycle number
of the cell with NiosC005S2 can reach up to 67 times before the discharge terminal voltage falls down
to 2.0 V, which is 27 times higher than that of the cell with CoS». Figure 7c reveals the profiles of the
discharge and charge terminal voltages of the cells with CoS; and NiosCoosS2 during cycling.
Obviously, more stable changes in charge and discharge terminal voltages could be observed in the
cell with NiosC00.5S2, suggesting that the NiosCoo5S2 improves the cycling stabilities of the cell. Here,
Ni doping involves in enhancing the cycling performance of the cell, which may be due to the fact that
bimetallic disulfides with better catalytic activity promote the redox reactions. For comparison, the
cycling performances of the LOBs containing Nio.sC0o.5S2 in this work and various cathode catalysts in
some previous literatures have been listed in Table 1. As listed, superior cycling performance of LOB
can be achieved by using NiosC005S2, inferring the development of bimetallic sulfides is a potential
strategy to promote the electrochemical performances of LOBs.
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Figure 7. Cycling performances of the cells with CoS2 and NiosC005S2 under 100 mA/g at a limited
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Table 1. The cycling performances of the LOBs in this work and in some previous literatures.

Cycling Performance

Cathode Catalysts Current Density Limited Capacity (Cycles) Ref.
MoS; 0.1 mA/cm? 500 mAh/g 50 12
CoS2/CNT 0.05 mA/cm? 500 mAh/g 52 20
NiS 75 mA/g 900 mAh/g 30 22
Co0S2/RGO 200 mA/g 500 mAh/g 20 47
C03S4 100 mA/g 500 mAh/g 25 48
MoSx/HRG 0.1 mA/cm? 500 mAh/g 30 49
RuO./MoS; 300 mA/g 1000 mAh/g 45 50
Nio5C00.5S2 100 mA/g 500 mAh/g 67 This work

4. CONCLUSIONS

In summary, we have successfully synthesized NixCo1xS, nano-particles as electrocatalysts.
Among the prepared samples, NiosCo0os5S2 owns the best catalytic properties, which promote the
electrochemical performances of the LOBs. The cell with NiosC00:5S2 presents an initial capacity of
4878 mAh/g at 100 mA/g, which are obviously higher than those of other cells. Moreover, the cell
containing NiosC005S2 also shows higher specific capacities compare with that containing CoS; at
elevated current densities of 200 mA/g and 400 mA/g. Superior cycling performance is also attained in
the cell with NiosC005S2, in which the cycling numbers increase by 67.5% compare with the cell
containing CoS, with a limited capacity of 500 mAh/g at 100 mA/g. The enhanced catalytic activities
are primarily attributed to the synergistic catalytic effect, ensuring its encouraging applications for
lithium-oxygen batteries.
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