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ABSTRACT

A novel hybrid, highly dispersed spinel Co-Mo sulfide nanoparticles on reduced graphene oxide (CosS4/CoMo,S,@rGO), is reported
as anode for lithium and sodium ion storage. The hybrid is synthesized by one-step hydrothermal method but exhibits excellent
lithium and sodium storage performances. The as-synthesized C0sS./CoMo,S,@rGO presents reversible capacity of 595.4 mA-h-g™
and 408.8 mA-h-g‘1 after 100 cycles at a current density of 0.2 A-g‘1 for lithium and sodium ion storages, respectively. Such superior
performances are attributed to the unique composition and structure of Co3S+/CoMo,Ss@rGO. The rGO provides a good electronically
conductive network and ensures the formation of spinel Co3S4+/CoMo,S4 nanoparticles, the CoszS4/CoMo.S4 nanoparticles provide
large reaction surface for lithium and sodium intercalation/deintercalation, and the spinel structure allows fast lithium and sodium

ion diffusion in three dimensions.
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1 Introduction

With the increasing consumption of fossil fuels and serious
environmental pollution, energy storage systems for renewable
energy utilization have attracted more and more attentions.
Rechargeable lithium-ion batteries (LIBs) have been widely
used as power sources for portable electronic devices and electric
vehicles due to their high energy density and environmental
friendliness, but their high cost restricts their applications in
large scale energy storage [1, 2]. Recently, due to the low cost
and abundant resources of sodium, sodium ion batteries (SIBs)
have attracted increasing attention, which is undoubtedly the
most potential alternative to LIBs [3-14]. It is well known that
SIBs share a similar working principle with LIBs due to their
similar electrochemical potential, which makes it possible to use
the same electrode materials for both LIBs and SIBs. Current
graphite anode in LIBs has a limited theoretical capacity of
372 mA-h-g™' and is not suitable for sodium ion storage due to
the electrochemically irreversible intercalation of sodium ions
[9, 15]. Therefore, searching for the alternatives to graphite
anode becomes a hot research topic in advancing LIBs and
SIBs [1, 9, 16-24].

Hybrid metal oxides, such as CoMoOs [25-28], ZnCo0,04
[27], ZnMn,O4 [29, 30], CoMn:Os [31], NiCo0:04 [32—34],
MnCo0,04 [35], and CuCo:0s [36] have been studied as anode
materials for LIBs due to their better electrochemical

performance than the single metal oxide. For example, it has
previously been reported that porous ZnMn,O, nanospheres
synthesized by a facile microemulsion method provided a
reversible lithium storage capacity of 300 mA-h-g™" at 6,000 mA-g™'
and yielded a capacity retention of 91% after 120 cycles at
200 mA-g™ [30]. Double-shelled CoMn.Os hollow microcubes,
synthesized via a facile co-precipitation and annealing method,
manifested a high specific capacity (830 mA-h-g™" at a current
density of 200 mA-g™) and good cycling performance (retaining
624 mA-h-g™" after 50 cycles) as anode for LIBs [31]. Obviously,
the cyclic stability of these hybrid metal oxides is not
satisfactory.

Comparatively, metal sulfides provide better cyclic stability
as anodes for either LIBs or SIBs besides of their merit of high
theoretical capacity [2, 9, 18, 37-45]. Recently, their hybrids
such as Co-Mo sulfides have been shown to have excellent
electrocatalytic activity toward oxidation or reduction reactions
[46, 47], but are rarely considered for the application in LIBs
and SIBs [19, 48]. Herein, we report a novel anode (CosS4/
CoMo:S:@rGO) that can be used simultaneously for LIBs and
SIBs, which are fabricated by highly dispersing Co-Mo sulfides
(C03S4/CoMo02Ss) nanoparticles on three-dimensional (3D)
reduced graphene oxide (rGO) sheets via a one-step hydrothermal
reaction. It is found that morphology of Co-Mo sulfides depends
on the dosage of graphene oxide and spinel nanoparticles
uniformly dispersed in rGO can be achieved by using 3 mg-mL™
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graphene oxide in the fabrication of C03S4/CoM0:S:@rGO. In
the resulting C03S/CoMo0:S:@rGO, the rGO provides a good
electronically conductive network and a soft support for buffering
volume change, the hybrid CosS:/CoMo:S: contributes to
capacity through the redox reactions of bimetal ions, and the
nanoparticles provide large reaction surface for lithium and
sodium intercalation/deintercalation. Additionally, the resulting
C0554/CoMo0:Ss nanoparticles exhibit a spinel structure that
allows lithium and sodium ions to diffuse in three dimensions.
Consequently, the Co03Ss/CoMo0:S:@rGO presents excellent
electrochemical performances for either LIBs or SIBs.

2 Experimental

2.1 Synthesis of graphene oxide

Graphene oxide (GO) was prepared by a modified Hummers
method. Typically, natural graphite flakes (2 g, Sigma-Aldrich)
and sodium nitrate (2 g, Kemiou Chemical Reagent Ltd., Tianjin)
were added in concentrated sulfuric acid (98%, 46 mL, Chemical
Reagent Ltd.) under vigorous stirring in an ice water bath.
Subsequently, potassium permanganate (99.5%, 6 g, Kemiou
Chemical Reagent Ltd., Tianjin) was slowly added. The mixture
was kept at the temperature below 20 °C for 90 min under
stirring and then at 35 °C for another 90 min. 80 mL of distilled
water was added dropwise to the mixture under vigorous
stirring at 98 °C for 30 min. Finally, 20 mL of H,O: (30 wt.%,
Chemical Reagent Ltd., Tianjin) was added. The bright yellow
suspension was harvested, washed 10 times with HCI (1:6 v/v,
Chemical Reagent Ltd.) and water and dried under vacuum at
60 °C for 24 h to obtain solid GO [49].

2.2 Preparation of Co,;S,/CoMo,S,@rGO

The preparation process of C03Ss/CoMo0:S:@rGO was similar
to the previous reports [48, 50], but the formation of CosS4/
CoMo,Ssnanoparticles was specially considered, as illustrated
in Scheme 1. First, the synthesized GO was dispersed in water
with various contents of GO (n = 1, 3, 5, and 7 mg-mL™") for
3 h under ultrasonication (KQ-300DA) to yield a brown
colloidal solution. Then, 3 mmol of Na,M0O.-2H,O, 3 mmol
of Co(NQ:3),-6H-0O and 12 mmol of thiourea (Tu) were added
to the above GO solution under stirring for 1 h. 6 mL of
ethylenediamine (En) was added to the mixture, and then the
mixture was transferred to a 100 mL Teflon-lined autoclave.
After hydrothermal reaction at 200 °C for 24 h, the products
were washed several times with ethanol and deionized water,
and then freeze-dried for 48 h, denoted as C03S:/CoM0:S:@rGO-n.
Co03S4/CoMo0.Ss was also prepared for comparison without
using GO.

0,
Ceqb

Co(NO,),
Na,MoO,
CH,N,S

Co,S,/CoMo,S,@rGO

Co,S,/CoMo,S,
Scheme 1 Schematic illustration on the fabrication of highly dispersed
Co-Mo sulfide hybrid nanoparticles on reduced graphene oxide (CosSa/
CoMo0:S4@rGO).
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All reagents were of analytical grade and used without
further purification. Deionized water is required for each step,
including preparation in the aqueous solution and washing
products.

2.3 Materials characterization

X-ray diffraction (XRD) patterns were collected at room
temperature with a D/MAX 2200 VPC X-ray generator using
Cu-Ka (A = 1.5406 A) radiation at a step of 10°min™' from 10°
to 80°. Thermogravimetric analysis (TGA) data were obtained
with an STA409PC Diamond TG-DTA thermal analyzer over
a temperature range of 30 to ~ 800 °C in air at a heating rate
of 10 °C-min™". The morphology, microstructure and components
of the samples were examined by scanning electron microscopy
(SEM) on a FEI Quanta 250 FEG, and transmission electron
microscope (TEM) on a JEM-2100. The specific surface area
and pore size distribution of the samples were determined
using Brunauer-Emmett-Teller method (BET, ASAP-2020,
Micromeritics, USA). X-ray photoelectron spectroscopy (XPS)
was conducted on a K-Alpha X-ray photoelectron spectrometer
(Thermo fisher Scientific, USA).

2.4 Electrochemical measurements

The electrochemical performance of the samples was evaluated
using a standard CR2032 coin-type cells. To prepare the electrode,
80 wt.% of active material, 10 wt.% of conductive super-P carbon,
10 wt.% of poly-(vinylidene fluoride) (PVDF, Sigma Aldrich)
as a binder, were mixed in N-methyl-2-pyrrolidone (NMP).
The mixed slurry was coated on a copper foil using the
Doctor-Blade technique, dried at 120 °C under vacuum overnight,
and pressed at 20 MPa for 10 s. The resulting copper foil was
cut into disk electrodes. The mass density of the active material
in each electrode was 1.0 to 2.0 mg-cm™. For LIB test, a Li disk
was used as a counter electrode, the commercial Celgard 2400
film was employed as the separator, and the electrolyte was
1 M LiPFs in a mixed solvent of ethylene carbonate (EC),
diethyl carbonate (DEC), and dimethyl carbonate (DMC)
(EC:DEC:DMC = 1:1:1, v/v). For SIB test, a Na disk was used
as a counter electrode, a glass fiber filter (GB-100R, Advantec,
Japan) was used as the separator, and the electrolyte was 1 M
NaClO4 in EC/DEC solution (1:1, v/v) containing 5% fluoroe-
thylene carbonate. Electrochemical measurements were
made 12 h after battery assembly. Cyclic voltammetry (CV)
was performed at room temperature using a CHI760e
electrochemical station (Shanghai Chenhua, China). Electro-
chemical impedance spectroscopy (EIS) was performed on
a PGSTAT-30 workstation (Autolab, Switzerland) with AC
signals of 5 mV from 100 kHz to 0.01 Hz. Galvanostatic charge/
discharge tests were carried out at current densities of 0.1-5 A-g™*
between 0.01 and 3 V using a battery analyzer (Land CT2001A,
Wuhan, China).

3 Results and discussion

3.1 Physical properties

As shown in Fig. S1 in the Electronic Supplementary Material
(ESM), the XRD patterns of Co3Ss/CoMo0:S:s@rGO-n (n = 1,
3, 5, 7) are similar except that the intensity of peaks
corresponding to the (200) and (201) planes of CoM0.S: shows
a first increase and a latter decrease as the content of GO
increases. Especially, these peaks disappear when the content
of GO is higher than 3 mg-mL™". This change suggests that the
content of GO affects the particle size of the resulting products.
The SEM and TEM images of C03S:/CoMo0:S:@rGO-n (n =
1, 3, 5, 7) are presented in Fig. S2 in the ESM, which indicate
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the change in morphology of these samples. When the content
of GO is 1 mg-mL™, the sample is composed of fine nanosheets
and a small amount of spinel. When the content of GO is
increased to 3 mg-mL™", spinel nanoparticles uniformly dispersed
in graphene can be identified. When the content of GO is
further increased, the nanoparticles become finer and finer,
while the amount of nano-sheet structure is increased and
finally only the nanosheets can be seen. This change can be
explained by the active sites that graphene provides for Co-Mo
sulfide growth. More active sites are available with using more
graphene, which are beneficial for the formation of smaller
particles. On the other hand, nanosheets will be more easily
formed with larger content of graphene. Considering the uniform
nanoparticle size of the sample resulting from 3 mg-mL™" GO,
further investigations are focused on this sample (CosS4/
CoMo0,S:@rGO-3), denoted as Co3Ss/CoMo0:S:@rGO.

The crystal structure of the as-prepared rGO, C03S+/CoMo0:S4
and C0:S:/CoMo0,S:@rGO was determined by XRD. The obtained
XRD patterns are shown in Fig. 1. The peaks at 32.7, 38.2, 47.3,
55.1, and 75.4 correspond to the *(222), *(400), *(422), *(440),
*(642) crystal planes of Cos;Ss (JCPDS card no. 75-1561),
respectively, while the peaks of the #(200), #(001), #(201),
#(400), #(310), #(401), #(203), #(712) and #(022) planes
located at 15.3, 17.4, 28.4, 31.1, 35.9, 42.9, 47.2, 57.3 and 67.7,
respectively, are consistent with CoMo:S4 (JCPDS card no.
74-0537) [48]. In addition, the broad diffraction peak at around
25.2 corresponds to the V (002) plane of graphene. The distinct
diffraction peaks of Co3S+/CoMo0:Ss and graphene confirm
the composition of Co3S:/CoM0:S:@rGO. When Mo is not
introduced, only CoS; can be identified (the resulting sample
is denoted as CoS;, Fig. S3 in the ESM), suggesting that the
introduction of Mo favors the formation of C03Ss/CoMo02Ss
on rGO.

Figure 2 shows the SEM and TEM images of the rGO,
C03S4/CoMo:Ss and Co3S:/CoMo0:5:@rGO, along with high
resolution TEM (HRTEM) and selected area electron diffraction
(SAED) pattern of Co3Ss/CoMo0:S:@rGO. The graphene network
can be seen from the SEM image in Fig. 2(a). Without rGO,
as shown in Fig. 2(b), the C0;S4/CoMo:Ss is mainly of spinel
particles from nano to micro sizes, together with a small amount
of sheet particles. When rGO is introduced, as shown in Figs. 2(c),
2(d), and 2(e), uniform spinel CosSs/CoMo,Ss nanoparticles that
are highly dispersed on rGO are achieved. From the elemental
mappings (Fig. S4 in the ESM), it can be found that elements
of Co, Mo and S are mainly distributed in the whole CosS4/
CoMo:S: nanoparticles of C0sSs/CoM0:S:@rGO. The HRTEM
in Fig. 2(f) gives a straightforward observation of the Co0sS4/
CoMo0:S:@rGO. The fringes with inter-planar distances of 0.34,

—Coas 4ICoMo2

Intensity (a.u.)

—1rGO

# CoMoZS‘ PDF#74-0537
* Co,S, PDF#75-1561

Il ..|1 |. nllj. M l:-_
= E—y — T
10 20 30 40 50 60 70 80
20 (°)
Figure 1 XRD patterns of rGO, C03S4/CoMo0,Ss and Co3Ss/CoMo02S:@rGO.
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Figure 2 SEM images of (a) rGO, (b) C03Ss/CoMo02Ss, ((c) and (d)) CosSs/
CoMo0,81@rGO. (e) TEM and (f) HRTEM images of C03Ss/CoMo0:S1@rGO.
The inset in (f) is the SAED pattern of C03Ss/CoM0:S:@rGO.

0.24, 0.58 and 0.31 nm, attributed to the (002) plane of reduced
graphene oxide, the (400) plane of CosSs and the (200) and
(201) planes of CoMo:Ss, respectively, can be identified, which
are in agreement with the XRD results. The SAED pattern of the
sample exhibits bright crystalline rings (Fig. 2(f)), which matches
well with the (002), (020) planes of CoMo0:Ss, and (511) planes
of CosSs, further confirming that the Co03S:/CoM0:S:@rGO
hybrid possesses a crystal structure of orthorhombic CosSs/
CoMo:Ss. This unique configuration is beneficial for improving
rate capability and cyclic stability of batteries: C03S+/CoMo0:S4
nanoparticles provide not only large surface area for ion
insertion/extraction, but also short path for ion diffusion in
particles; the rGO provide electronically conductive network and
functions as support for stabilizing CosS:/CoMo0,Ss nanoparticles;
and the spinel structure provides a 3D path for ion diffusion in
particles.

To determine the content of rGO in the samples, TGA was
conducted on rGO, C03S4/CoMo,Ss and Co3S+/CoMo:S:@rGO
(Fig. S5 in the ESM). Three major steps of weight loss are
observed in the TGA curve of rGO: below 100, 100-620 and
620-800 °C. The weight loss below 100 °C is attributed to the
removal of adsorbed water, while the weight loss between 100
and 620 °C is ascribed to the combustion of graphite carbon.
Compared with rGO, C0:S4/CoMo,S: and C0:S:/CoMo0,S:@rGO
exhibits lower mass loss over the range of 100-620 °C, which
is mainly attributed to the combustion of graphene, the con-
version of sulfides into sulfites, the decomposition of sulfites
into oxides, and the oxidation of sulfites to sulfates [9].
The weight loss from 620 to 800 °C was ascribed to the
decomposition of the sulfates [1, 9]. Based on the weight loss
below 620 °C of C0S:/CoMo0:5:@rGO, the content of graphene in
C03S4/CoMo0:S1@rGO is less than 36.4%.

The specific surface area of the C0sS:/CoMo:Ss and CosS4/
CoMo:S:@rGO was obtained from the N, adsorption-desorption
isotherms (Fig. S6 in the ESM). C0sSs/CoMo:S exhibits a small
surface area of 0.9 m>g™', while C05S+/CoM0:S:@rGO has a
specific surface area of 60.5 m*g™, indicative of the contribution
of rGO. The effect of GO content on the surface area and pore
sizes of the products was also investigated by N adsorption-
desorption isotherms. As shown in Fig. S7(a) in the ESM, the
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samples C03S4/CoMo0:S:@rGO-n (n = 1, 3, 5, 7) have similar
adsorption-desorption behavior, suggesting the chemical
similarity of the sample. The calculated BET surface area is
56.7, 60.5, 68.4 and 55.9 m>g™' and the average pore size
(Fig. S7(b) in the ESM) is 5.9, 6.1, 7.1 and 6.2 nm for the
samples C03Ss/CoM0,:S:@rGO-n (n = 1, 3, 5, 7), respectively.
The far larger surface area of C0;S:/CoMo0:S:@rGO-n (n = 1, 3,
5, 7) than Co:Ss/CoMo:Ss suggests that the rGO contributes
to the major surface area. The slight difference in surface area
and pore size among samples of C03Ss/CoMo0:S:@rGO-n (n =
1, 3, 5, 7) can be ascribed to the different morphologies
of C03S4/CoMo,S4 particles on rGO, which can be neglected
compared to the contribution of rGO.

XPS was performed to further confirm the presence of
Co5S4 and CoMo:S.. The C 1s spectrum can be split into three
peaks of 284.8 (C=C), 285.9 (C-0), 287.1 (C=0), and 288.8
(O-C=0) eV (Fig. 3(a)), suggesting the presence of oxygen-
containing groups in rGO skeleton. The Co 2p spectrum
(Fig. 3(b)) can be deconvoluted into two spin-orbit doublets
and two shakeup satellites. The first doublet at 778.86, 794.28 eV,
and the second at 781.88, 796.98 eV are assigned to Co’* and
Co™, respectively [48, 51, 52]. The binding energies of Mo 3ds:
and Mo 3ds; are 232.54 and 228.88 eV, respectively (Fig. 3(c)).
The presence of S can be indicated by the S 2s peak at 226.13 eV
and the S 2p peaks at 163.94 and 161.63 eV attributed to the S
2p12 and S 2psp, respectively (Fig. 3(d)).

3.2 Electrochemical performance

The cycle performance of CosSs/CoM0,S:@rGO-n (n=1, 3, 5,7)
for sodium ion storage at a current density of 0.2 A-g™" is shown
in Fig. S8 in the ESM, indicating that all the samples can store
sodium ions and outperform CoS.@rGO (Fig. S9 in the ESM).
The charge transfer characteristics of C03S:/CoMo0:S:@rGO-n
(n =1, 3, 5, 7) were studied by electrochemical impedance
spectroscopy. The obtained impedance spectra are shown in
Fig. S10 in the ESM, which consist of a pressed semicircle at
high frequencies, corresponding to the impedance of charge
transfer (Re) and the ion transportation in the solid electrolyte
interphase (SEI) (Rr), and a straight line at low-frequency
region, corresponding to ion diffusion. All the electrodes
have similar interface resistance (R + Ry) values before cycling.
However, C0sSs/CoMo0,S1@rGO-3 exhibits the lowest one among
all the samples after the first cycle, suggesting that the CosS./
CoMo0:S1@rGO-3 has faster electrochemical reaction kinetics.
As expected, C03S:4/CoM0:S:@rGO (Co03S+/CoMo0:S:@rGO-3)

(a) (b)
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2 2
2 2
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Figure 3 Typical XPS profiles of C 1s (a), Co 2p (b), Mo 3d (c) and S 2p
(d) in C03S4/CoMo0:Ss@rGO.
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exhibits the best electrochemical performance, which is related
to its special configuration, spinel Co3Ss/CoMo.S:nanoparticles
highly dispersed on electronically conductive rGO. Similarly,
C03S4/CoM0:S:@rGO shows superior lithium ion storage ability
in terms of capacity delivery and cycle stability, especially when
compared with CosSs/CoMo,Ss and rGO (Fig. S11 in the ESM).
C03S4/CoMo02S4 is good in lithium storage (Fig. S11(a) in the
ESM) but poor in sodium storage (Fig. S11(b) in the ESM). This
difference can be explained by the larger radius of sodium ion
than lithium ion. However, C0;S4/CoM0,S:@rGO is excellent
either in lithium or sodium storage, suggesting the importance
of introducing suitable content of rGO, which not only provides
an electronically conductive network, but also ensures the for-
mation of spinel nanoparticles. For LIBs, C03S+/CoMo0.S:@rGO
achieves a discharge capacity of 594.5 mA-h-g™ and a capacity
retention of over 90.5% at a current density of 0.2 A-g™' after
100 cycles, compared to the 266.2 and 47.9 mA-h-g™* for rGO and
C0354/CoMo0:S,, respectively. For SIBs, rGO and Co3Ss/CoMo:S4
only delivers 84.8 and 55.6 mA-h-g™" at a current density of
0.2 A-g™* after 100 cycles, respectively, much inferior to CosSs/
CoMo0:S:@rGO (408.8 mA-h-g™*). These performances of CosS4/
CoMo:S:@rGO are the best among currently reported materials
used for lithium or sodium ion storage (Table S1 in the ESM).
Figure 4 shows the CV curves of Co3Ss/CoMo0:S:@rGO
electrode in the solution with LiPFs for the first five cycles in
the voltage range from 0.01 to 3 V vs. Li/ Li* at a scan rate of
0.2 mV-s™' (Fig. 4(a)), together with ex situ XPS patterns of Co
2p (Fig. 4(b)) and Mo 3d (Fig. 4(c)) at different peak potentials
during the first discharge (cathodic) process. There are four
cathodic peaks appearing at around 1.55, 1.15, 0.72, and 0.36 V,
respectively, in the first CV curve. In the Co 2p spectrum at
1.55 V, the spin-orbit doublet peaks of Co’* at 778.86, 794.28 eV
disappear, suggesting that Co® is reduced to Co*" at about 1.55 V.
At 0.36 V, the spin-orbit doublet peaks of Co*" at 781.88 and
796.98 eV nearly disappear, which can be attributed to the
reduction of Co* to Co. On the other hand, the binding energy
of Mo 3ds is weakened from 1.55 to 0.72 V, suggesting that
the peak potential peaks of 1.55 and 1.15 V involve the reduction
of Mo ions corresponding to the Li* insertion into CoMo:S.
(CoMo0:Ss + y Li* + y € > Li;CoMo:S4). At 0.72V, the spin-orbit
doublet peaks of Mo 3d spectrum at 232.54 and 228.88 eV
nearly disappear, suggesting that this peak potential is related
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Figure4 (a) CV curves of C03S4/CoM0:S:@rGO electrode in EC/DEC/
DMC solution with LiPFs (EC:DEC:DMC = 1:1:1, v/v) at 0. 2 mV-s™". Ex
situ XPS patterns of (b) Co 2p and (c) Mo 3d at different peak potentials
of the first CV curve in (a).
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to the conversion reaction of Li,CoMo:Ss to Mo. During the
charge (anodic) scan, the peaks at 2.08 and 2.29 V in CV curves
are related to the oxidation of Co and Mo. In the following
discharge scans, the original cathodic peaks disappear while
new peaks appear at 1.28 and 1.79 V, suggesting the following
lithiation processes involve only two step reductions. No
significant changes in the redox peaks are observed, indicating
the outstanding lithiation/delithiation stability of CosS4/
CoMo0:S4@rGO electrode. It can be noted that the cathodic
current for the first cycle is apparently larger than those for
the following cycles. This difference can be attributed to the
formation of a SEI [53, 54].

To further investigate the lithiation/delithiation mechanism
of the C0;S:/CoMo0:S:@rGO, in situ XRD analysis was performed
during the initial discharge/charge processes at a current rate
of 0.1 A-g™' between 0.01 and 3.0 V. As presented in Fig. 5, the
diffraction peaks of the fresh electrode can be assigned to the
C0354/CoMo0:5:@rGO. When the cell is discharged from 3.0 to
1.55 V, the typical diffraction peaks of CosSs disappear, while
new peaks are observed at 35.3 and 54.6, corresponding to the
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Figure 5 In situ XRD patterns of lithiation/delithiation mechanism of

C0384/CoM028:@rGO during the initial cycle at a current rate of 0.1 A-g™*
between 0.01 and 3.0 V.
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(101) and (110) planes of CoS (JCPDS card no. 75-0605),
respectively. From 1.55 to 1.15V, the crystalline phases of
CoMo:Ss and CoS are almost identical, corresponding to Li*
ion insertion process. The peaks at 27.1 and 65.5 correspond
to the (101) planes of Li,S (JCPDS card no. 77-2145) and the (220)
plane of Mo (JCPDS card no. 88-2331) gradually appears below
1.15 V. When the cell is discharged from 0.72 to 0.01V, the
typical diffraction peaks of CoMo:Ss and CoS disappear, while
the peaks of Li:S and Mo become stronger along with the
discharge voltage decrease, indicating the continuously proceeding
conversion reaction of Li* ions with CoMo,Ss and CoS. These
structure identifications are completely consistent with the XPS
analysis of Co 2p and Mo 3d in Figs. 4(b) and 4(c) at different
peak potentials during the initial discharge. During the charging
process, the peaks of Li>S diminishes gradually, along with the
appearance of weak peaks at 31.1, 35.3 and 54.6, which can be
ascribed to the (400) planes of CoMo,Ss and the (101), (110)
planes of CoS, respectively, and are consistent with the XPS
pattern of Co 2p from Co3S/CoM0:S:@rGO electrode at 3.0 V
during the first charge (anodic) process (Fig. 4(a)). CoS has
only spin-orbit doublet peak of Co®* at 781.65 and 797.51 eV.
Therefore, the Li*-storage mechanism of Co0:Ss/CoMo:S:@rGO
mainly involves following reversible reactions (Egs. (2) and (3)),
corresponding to the two couples of redox peaks in the CV
curves of Fig. 4.

Co,S, +2Li* +2e~ — 3CoS + Li,S (1)
x Li* + xe” 4+ CoS « Li CoS « Li S+ Co (2)

yLi" +ye +CoMo,S, < Li,CoMo,S, < 4Li S 4 Co+2Mo
4

3)

The typical charge-discharge curves of C03S:/CoMo0:S:@rGO
at 0.2 A-g™' are shown in Fig. 6(a). The initial discharge and
charge capacities are 1,027.1 and 721.6 mA-h-g™, respectively.
The Coulombic efficiency (CE) is 70.25%, suggesting the
formation of SEI from the electrolyte decomposition. During
the subsequent cycles the CE quickly is increased to 93.68% in
the second cycle and kept at almost 100%. From the sixth cycle
onward, C03S:/CoMo0:5:@rGO sustains a reversible capacity
of as high as 594.5 mA-h-g™! even after 100 cycles at 0.2 A-g™',
presenting a capacity retention of 90.5% (Fig. 6(b)). Even at a
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Figure 6 Charge/dicharge performances of C03Ss/CoM0:S:@rGO electrode in EC/DEC/DMC solution with LiPFs (EC:DEC:DMC = 1:1:1, v/v) ((a)-(c))
and EC/DEC solution (1:1, v/v) with 1 M NaClO4 ((d)-(f)): ((a) and (d)) galvanostatic charge-discharge profiles, ((b) and (e)) cycling stability at a current

density of 0.2 A-g™" and ((c) and (f)) rate capability.
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higher current density of 1 A-g™', it still delivers a specific capacity
of 432.6 mA-h-g”' with a capacity retention of 86.9% after
100 cycles (Fig. S13 in the ESM), confirming the contribution
of highly dispersed spinel CosS:/CoMo,S: nanoparticles on rGO
to the improved electronic conductivity and the enhanced
electrochemical reaction kinetics. The rate capability of CosSs/
CoMo:S:@rGO is shown in Fig. 6(c). As the current density
is increased from 0.1 to 0.2, 0.5, 1, 2 and 5 A-g', the specific
capacity of 649, 582, 516, 435, and 312 mA-h-g™" is achieved
correspondingly. When the current density is turned back to
0.1 A-g™', a capacity of as high as 609 mA-h-g™" can be recovered.
Apparently, CosS:/CoMo:S:@rGO is attractive when used as
anode of LIBs.

The CV curves of C03S:4/CoMo0:S:@rGO in the electrolyte
containing NaClO; are presented in Fig. S14 in the ESM, which
are similar to those in the electrolyte containing LiPFs (Fig. 4(a)),
although the number of peaks is different. In the first discharge
process, the peaks at around 0.85 and 0.50 V are assigned to the
intercalation of sodium ions into C0:S+/CoMo0.:S:@rGO and
the conversion of C03S+/CoMo0:S:@rGO to Co and Mo along
with NasS, respectively. The apparently large cathodic current
in the first cycle than those in the following cycles suggests the
formation of SEI [1, 43, 55]. The peaks at 1.78 and 2.05 V in the
anodic process are related with the oxidation of Co and Mo
and NaS.

C03S4/CoM0,S:@rGO also presents excellent performance
as anode of SIBs. The charge-discharge profiles (Fig. 6(d)) for
sodium ion storage are similar to those for lithium ion storage,
but with lower voltage plateaus and lower capacities, which are
due to the difference in energy barriers for the insertion and
extraction of lithium and sodium ions. Due to the bigger ionic
radius of Na' than Li*, the kinetics of sodium insertion and
extraction is slower compared to lithium. The initial discharge
and charge capacity is 823.0 and 514.6 mA-h-g™', respectively,
with a CE of 62.5 %. A high CE of over 97.5% is achieved after
6 cycles. After 100 cycles at a current density of 0.2 A-g”, a
discharge capacity of 408.8 mA-h-g™" is retained with a capacity
retention of 89.3% (Fig. 6(e)). At a higher current density of
1.0 A-g", a capacity of as high as 317.2 mA-h-g™! with a capacity
retention of 78.2% is maintained after 100 cycles (Fig. S15 in the
ESM). The specific capacity is 443, 408, 375, 333 and 258 mA-h-g™!
when the current density is varied from 0.1 to 0.2, 0.5, 1.0, 2.0 and
5.0 A-g™, respectively, and is recovered to 451 mA-h-g™* when the
current density is switched back to 0.1 A-g™ (Fig. 6(f)). The TEM
images of the C0:S:4/CoMo0:S:@rGO after 100 cycles (Fig. S16 in
the ESM) show that the Co3S+/CoMo:Ss nanoparticles remain
unchanged, illustrating the structure stability of C03Ss/CoMo:S,
nanoparticles. These results demonstrate that CosS+/CoMo:S:@rGO
can serve anodes not only for LIBs but also for SIBs.

4 Conclusions

A binary-ternary compound hybrid, Co3;Ss/CoMo:S:@rGO,
has been successfully synthesized by one-step hydrothermal
method. When applied as anodes for LIBs and SIBs, CosS4/
CoMo:S:@rGO delivers large specific capacity and exhibits
superior rate capability and remarkable cycle stability. These
excellent performances are attributed to the special configuration
of Co0354/CoMo0:S:@rGO: spinel Co:Ss/CoMo,Ss nanoparticles
highly dispersed on rGO. It is found that the introduction of
suitable content of rGO into the hybrid not only provides an
electronically conductive network, but also ensures the formation
of spinel nanoparticles that are beneficial for improving cycle
stability and rate capability for lithium and sodium ion storage.
This hybrid provides a promising alternative anode to graphite
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for improving energy density of currently commercial LIBs,
and a novel anode for the practical applications of SIBs.
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