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Constructing composites of metal oxides and disulfides with carbonaceous materials is considered a useful
approach to improve their lithium-ion storage performance. However, complicated synthesis processes and high-
cost carbonaceous materials usually used hinder the commercialization of such composites. Here, as an example,
carbon-coated tungsten oxides and disulfides are prepared using a facile and simple method on the basis of two
kinds of low-cost carbon sources (CTAB and PVP). Following our postulated synthesis route, a variety of carbon-
coated WOy, WSy, as well as mixed-phase WO4-WS; is presented. The CTAB-assisted WOy/C (c-WOy/C), WS,/C
(c-WS2/C), and mixed-phase (c-WOy/C-WSy/C) electrodes exhibit outstanding capacity retention of 74%, 99%,
and 95%, respectively, which still have 420 mAh g1, 460 mAh g1, and 525 mAh g~ capacity left after 200
cycles at 100 mA g~'. Particularly, the c-WSy/C electrode exhibits superior long-term cycle stability of 97%
retention after 500 cycles. Similarly, the PVP-assisted WSy/C (p-WS3/C) electrode displays a capacity retention of
80% after 500 cycles. This work provides an easy and versatile route to fabricate carbon-coated tungsten oxides
and disulfides with compelling battery performance and can be easily implemented for other metal oxides and
disulfides.

1. Introduction However, fast capacity fading and poor rate performance caused by

low electrical conductivity and large volume expansion during cycling

The energy crisis arising from the depletion of fossil fuels, and
environmental pollution force people to develop clean, renewable en-
ergy like solar and wind energy. To effectively use these energies, sig-
nificant worldwide interest has been raised to have access to appropriate
energy conversion and energy storage devices [1-4]. In particular,
rechargeable lithium-ion batteries (LIBs) are promising energy storage
systems for electric vehicles and electric grids due to their high energy
density and super-long cycle life [5-7]. However, limited by the low
theoretical capacity of graphite (372 mA h g~1), which cannot meet the
ever-growing demand for anode materials of next-generation LIBs, many
endeavors have been placed on exploring alternative anode materials for
LIBs [8-12]. Among them, metal oxides and sulfides, like tungsten oxide
and tungsten disulfide, are promising candidates because of their high
theoretical capacity (WOs3 - 693 mAh g~!, WS, - 432 mAh g~1), high
intrinsic density, low cost, and environment friendliness [13-16].

* Corresponding authors.

hinder practical applications of these compounds. To solve these issues,
constructing composite with carbonaceous materials has proven to be a
promising strategy [17-19]. In previous work, most papers reported
composites of metal oxides and sulfides with carbonaceous materials
including graphene, carbon nanotubes (CNTs), and carbon fiber which
worked as a substrate via in-situ growth or liquid assembly method
[20-22]. In particular, Park et al. prepared a hierarchically structured
composite consisting of reduced graphene oxide and WOg3 via hydro-
thermal and heating treatment. The composite showed a good reversible
capacity of 487 mAh g~! under 150 mA g1 over 100 cycles [23]. Kim
et al. fabricated the onion-like crystalline WS, nanoparticles anchored
on graphene sheets [24]. This material exhibited a specific capacity of
356.5 mAh g ! at 100 mA g~ after 100 cycles. Pang and their coworkers
grew WS, nanosheets on mesoporous carbon CMK-3 by hydrothermal
approach; the resulting composite delivered a good specific capacity of
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Scheme 1. Schematic illustration of the preparation of WO,/C and WS,/C composites.

720 mAh g~! at 100 mA g ~! after 100 cycles [25].

Although the above composites exhibited better battery performance
than the bare ones, complicated synthesis methods and high-cost
carbonaceous materials still limit their practical application. There-
fore, it is urgently needed to develop an easier and low-cost method to
prepare composites of carbonaceous materials with metal oxides and
sulfides. Polyvinyl pyrrolidone (PVP) and cetyltrimethylammonium
bromide (CTAB) have been reported as low-cost carbon sources for
various composites for many applications. For example, PVP was used as
a carbon source to prepare MoS,/C composites [26-28], carbon-coated
SiO [29], SiO,/C composite nanofibers [30], C@CoFe layered double
hydroxides arrays [31], and V,Os@carbon nanofiber [32]. In the case of
CTAB, it also worked as a carbon source for the preparation of
carbon-coated TiOy [33], carbon-coated NaVgOis5 flower [34],
nitrogen-doped Mo,C@C composites [35], LisTisO12/C [36], and
Ni-MoyC/graphene aerogel [37].

Here, we report a facile and scalable approach to fabricating carbon-
coated metal oxides and sulfides by taking tungsten oxide and sulfide as
an example. Two kinds of carbon sources, PVP and CTAB, were adopted
to verify our approach. Important synthesis conditions, such as
carbonization temperature, sulfurization temperature, and the amount
of the carbon source, were adjusted. As a result, carbon-coated tungsten
oxide and tungsten disulfide synthesized with two different carbon
sources exhibit excellent battery performance. The reported approach
provides an easy and versatile route that can be extended to the prep-
aration of other metal oxides and disulfides.

2. Experimental section
2.1. Synthesis of WO,/C composite

WO,/C composites were synthesized by a hydrothermal process and
subsequent carbonization. Firstly, 600 mg Na;WO,4 was dissolved in 25
ml deionized water at room temperature, then 9 M HCI solution was
added dropwise to adjust the pH of the mixture to 1.5. 200 mg or 500 mg
carbon source (CTAB, PVP) was subsequently added to the solution. The
mixture was transferred to a 50 ml stainless steel autoclave lined with
PTFE and heated at 180°C for 24h and then cooled to room temperature.
The precipitate was collected after centrifugation, washed several times

with water and ethanol, and dried in an oven at 80°C for 24 h. Finally,
the powder was sintered under a flow of Argon gas at 400 — 800°C for
two hours to obtain WOy/C composites, which are denoted as c-WOy/C
and p-WOy/C respectively (x is a value varying from 2 to 3) according to
the carbon source (CTAB or PVP) used for the synthesis. Pristine WO3
was fabricated using the same reaction conditions without adding a
carbon source.

2.2. Synthesis of WS,/C composite

In the giving step, WO,/C composites were used as precursors and
further sulfurized to WS,/C. 100 mg WOx/C composite was ground with
500 mg thiourea and then loaded into an alumina crucible which was
put in the downstream of a tube furnace; other alumina boat containing
500 mg thiourea was put in the upstream. The tube furnace was then
kept at 600 or 800°C for 2 h under argon flow. Pristine WS, was fabri-
cated using the same reaction conditions by sulfurization of pristine
WOs. Depending on the initial carbon source, either CTAB (c) or PVP (p),
the obtained products are denoted as c¢/p-WSy/C. Mixed-phase com-
posites are labeled as ¢/p-WOx/C-WSy/C.

2.3. Material characterization

X-ray diffraction (XRD) patterns were obtained with a Bruker AXS D8
Advance Eco diffractometer using Cu K, radiation and a step size of
A(20) = 0.02° at the angular scans. Scanning electron microscopy
(SEM) was carried out with a ZEISS Leo 1530 scanning electron mi-
croscope. Transmission electron microscopy (TEM) and high-resolution
TEM (HR-TEM) were performed on a Tecnai F30 transmission electron
microscope (FEI Corporation, USA) at an acceleration voltage of 200 kV.
The elemental mapping was performed on a scanning transmission
electron microscope (STEM) unit with a high-angle annular dark-field
(HAADF) detector (FEI, Tecnai F30) operating at an acceleration
voltage of 200 kV. Thermogravimetric analysis (TGA) was conducted on
a DTA-Q600 SDT TA at a heating rate of 10°C min~! from room tem-
perature to 800°C under flowing air. X-ray photoelectron spectroscopy
(XPS) measurements were conducted using a MAX 200 (Leybold-Her-
aeus) spectrometer equipped with a hemispherical analyzer (EA 200;
Leybold-Heraeus) and a Mg Ko X-ray source. The XP spectra were
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Fig. 1. (a) XRD patterns of c-WOy/C, c-WO,/C-WS,/C (sulfurization at 600°C) and c-WS,/C (sulfurization at 800°C). Vertical ticks show the reference patterns
according to JCPDS No. 08-0237 and JCPDS No.71-2450. (b-e) SEM images of (b, ¢) c-WO,/C, (d) c-WO/C-WS,/C and (e) c-WS,/C.

acquired in normal emission geometry with an energy resolution of evaluated using coin cells (CR2032). The working electrodes were pre-
~0.9 eV. The binding energy (BE) scale of the spectra was referenced to pared by mixing the active material with carbon black and poly-
the Au 4f 7,5 peak at 84.0 eV. vinylidene difluoride (PVDF, Solvay Plastics) at a mass ratio of 7:2:1 in

1-methyl-2-pyrrolidone (NMP, Sigma Aldrich) by magnetic stirring for
at least 12 h [38]. The mixed slurry was then applied on circular Cu
meshes (diameter 10 mm) with a mass loading of about 1.5-2 mg cm ™2,

Afterward, the electrodes were dried at 80°C under vacuum,

2.4. Battery assembly and electrochemical measurements

The electrochemical performance of the fabricated materials was

T

200 nm 200 nm 200 nm 200 nm

Fig. 2. TEM images and HR-TEM images of c-WO,/C (a, b) and c-WS,/C (c, d). TEM images (e, f) and elemental mapping images (g-j) of c-WO/C-WS,/C.
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Fig. 3. Wide-scan XP spectra (a) and W 4f XP spectra (b) of c-WO,/C, c-WO,/C-WS,/C, and c-WS,/C. Characteristic peaks and doublet components are marked.

mechanically pressed at 10 MPa, and then dried again. The cells were
assembled in a glove box under argon atmosphere (O2/H20 < 5 ppm) by
using two layers of glass microfibre separator (WhatmanGF/D) soaked
with 130 pul of al M solution of LiPF¢ in ethylene carbonate (EC)/di-
methyl carbonate (DMC) (1:1 by volume) (LP30, Merck) and a lithium
foil (Sigma Aldrich) pressed on a nickel plate as the counter electrode.
The electrochemical properties were investigated by cyclic voltammetry
and galvanostatic cycling with potential limitation (GCPL) in the voltage
range from 0.01 to 3 V. The measurements were performed with a VMP3
potentiostat (BioLogic) at room temperature.

3. Results and discussion

The experimental synthesis procedure of WO,/C and WS,/C com-
posites is illustrated in Scheme 1. The WOy/C was obtained based on a
hydrothermal process and a post-carbonization procedure. After a
further sulfurization step, the WS,/C was fabricated. It is noted that
instead of high-cost carbonaceous materials like graphene, mesoporous
carbon, and carbon nanotubes, the commonly used and inexpensive
carbon source (CTAB and PVP) were introduced. Both carbon-coated
tungsten oxides and disulfides could be easily obtained without the
involvement of any sacrificial template and complex preparation steps.
The effects of crucial synthesis parameters, such as the amount of carbon
source, carbonization temperature, and sulfurization temperature, on
the crystal structure, morphology, and battery performance of the above
composite materials were investigated. We will first discuss the com-
posites produced with the CTAB source, which was generally set to 500
mg.

3.1. ¢-WO,/C, c-WO,/C-WS,/C, and c-WS,/C

3.1.1. Morphology and structure of c-WOy/C, c-WO,/C-WS3/C, and c-
WS»/C

XRD patterns of pristine c-WOx/C, sulfurized at 600 and 800°C,
respectively, are shown in Fig. la. The pattern of pristine c-WOy/C
exhibit distinct peaks at 23° and 48°, characteristic of WO3 72 (JCPDS
No. 71-2450) [39]. The influence of the amount of CTAB and the
carbonization temperature on the obtained phase are presented in the
Supplementary Information. A reduction of the amount of CTAB (200

mg) still results in the production of WOy 75. Whereas without the
addition of CTAB, the growth of pure WO3 occurred (Fig. S1a). Besides, a
high carbonization temperature (800°C) causes the formation of WO,
(Fig. S1b). Thus, we conclude that CTAB also acts as a reducing agent
during the carbonization in addition to serving as a carbon source, and
this effect becomes stronger at higher temperatures.

Upon sulfurization, the characteristic WO, 75-diffraction peaks are
suppressed and new features at 13°, 32°and 60° appear, pointing to the
presence of WS, (JCPDS No. 08-0237). When the sulfurization process is
performed at 800°C, the resulting product is c-WS5/C as indicated by the
complete absence of the WO5 7 diffraction peaks. By comparison, if the
sulfurization temperature is 600°C, a mixture of two components (c-
WOy/c-WS,/C) is formed (see Fig. 1a). It can thus be concluded that the
degree of sulfurization is controlled by the sulfurization temperature
[40]. Moreover, all peaks associated with WS, are rather broad, indi-
cating poor crystallinity. The phase of WS, was maintained when a small
amount of CTAB (200 mg) was added (Fig. S3a), which is similar to the
case of WO3 72. While phase purity is proven for c-WOy and c-WS; within
the limits of XRD resolution by the data in Fig. 1a, the presence of either
of the materials is clearly demonstrated for c-WOx/WSs. Due to the
width of the Bragg peaks which we mainly attribute to size effects and
crystalline defects, as well as due to the anisotropic shape, the potential
spatial alignment of the particles, and the presence of amorphous ma-
terial, only a rough estimate of the crystalline WS, : WOy ratio of 2:1 can
be deduced from the data (68(10) % WSs, 32(10) % WOy).

The effect of sulfurization on the microstructure of the resulting
composites is demonstrated by SEM images in Fig. 1b-e and TEM images
in Fig. 2a-e. Pristine c-WOy/C exhibits a nanocluster-like structure of
agglomerated nanorods with 100 — 200 nm in length (Fig. 1b, c). For
comparison, the mixed-phase c-WOy/C-WS,/C is composed of curled
nanosheets as well as nanoparticles which are assumed to be c-WOy/C
and c-WS,/C, respectively (Fig. 1d). After the complete sulfurization at
800°C, only curled nanosheets are observed in the resulting c-WS,/C
(Fig. 1e). Moreover, as shown in Fig. S2a, b and S3b, c, the morphology
of c-WOy/C and c-WS,/C does not change noticeably at a small amount
of CTAB added (200 mg). However, a low carbonization temperature
(400°C) caused the production of irregular c-WOy/C (Fig. S2c).

As the TEM ad HRTEM images shown in Fig. 2a, b, the c-WOy/C
nanorods are coated by amorphous carbon which agrees with its SEM
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Fig. 4. CV curves for (a) c-WO,/C, (b) c-WO,/C-WS,/C, and (c) c-WS,/C electrodes for the first, second, and fifth cycles at a scan rate of 0.1 mV standina potential
range of 0.01-3 V vs. Li/Li". (d) Cycling performance at 100 mA g~ and (e) rate performance of the above electrodes at the current densities ranging from 100 to
1000 mA g~ 1. (f) Long-term cycling performance and Coulombic efficiency of c-WS,/C at a high current density of 500 mA g~*. In (d), the values for the pristine WO3

are also shown for comparison.

images. The lattice fringes with a spacing of 0.375 nm can be indexed to
the (010) planes, corresponding to the main peak of WO 75 in the XRD
patterns. The TEM and HRTEM images of the resulting c-WS,/C (Fig. 2c-
d) exhibit curled nanosheets with an interlayer spacing of 0.675 nm,
which can be attributed to the (002) plane of WS, [41,42]. The
elemental mappings of c-WSy/C by energy dispersive spectroscopy
(EDS) shown in Fig. S4 confirm the uniform distribution of W, S, and C in
this composite. In the mixed-phase, c-WOx/C-WS,/C, both WS, nano-
sheets and WOy nanoparticles are observed, as seen in Fig. 2e, which is
consistent with the corresponding SEM images. EDS elemental mapping,
presented in Fig. 2g-j, further illustrates the homogenous distribution of
W, O, S, and C within randomly selected areas in Fig. 2f, indicating the
coexistence of c-WOy/C and c-WSy/C, which is in good agreement with
the XRD data. Thermogravimetric analysis (TGA) curves (Fig. S5)
demonstrate that the specific carbon contents in ¢-WOx/C,
¢-WO,/C-WS5,/C, and c-WS,/C are about 2.0, 2.1, and 2.0 (£+0.5) wt%,
respectively.

Chemical states and compositions of c-WOy, c-WO,/C-WS,/C, and c-
WS,/C were monitored by XPS. The wide-scan XP spectrum of c-WOy/C

shown in Fig. 3a confirms the presence of W, O, and C in this material.
After the sulfurization, there is a clear signature of S, as seen in the wide-
scan spectra of c-WOx/C-WSy/C and c-WSy/C. Simultaneously, the
signal of O gradually decreases in intensity due to the sulfurization
treatment. All these observations agree well with the results of the EDS
elemental mapping.

The W 4f XP spectrum of the c-WOy/C composite shown in Fig. 3b
exhibits a superposition of two W 4f; /5,5, doublets. The first doublet,
with the component peaks at ~35.7 and ~37.8 eV, is attributed to W5
The second, comparably weak doublet, with the component peaks at
~34.9 eV and ~36.9 eV, is assigned to W>". One can thus conclude that
¢-WOy/C is composed of W>* and W°", in good agreement with the
literature data [43]. In contrast, in the W 4f XP spectrum of c-WSy/C, a
single W 4f; /5,5, doublet, with the component peaks at 32.5 eV and
34.6 eV, is found, corresponding to the W* oxidation state [44]. This
doublet is accompanied by a broad W 5p3,, peak at 37.8 eV. Comple-
mentary information is provided by the S 2p XP spectrum of c-WS,/C.
The characteristic S 2ps/2,1,2 doublet, with the component peaks at
161.8 eV and 162.9 eV (Fig. S6), can be assigned to S—W bond,
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confirming the presence of WS,. Moreover, the very low intensity of the
O 1s peak in the spectrum of c-WS,/C (Fig. 3a) verifies a nearly complete
conversion of WOy/C to WS,/C. Significantly, the W 4f XP spectrum of
the mixed-phase, c-WOx/C-WS2/C, confirms the presence of both wH
and W, Specifically, this spectrum exhibits two W 4f; 5, 5,2 doublets,
with the component peaks at 32.2 eV and 34.4 eV for the first one and
the component peaks at 5.5 eV and 37.7 eV for the second one. A
coexistence of WO/C and WS,/C in ¢-WOy/C-WS,/C is thus confirmed.

3.1.2. Lithium ion storage performance of c-WOy/C, c-WO,/C-WS,/C, and
c-WSs/C

To investigate the electrochemical behaviors of c-WOy/C, c-WOy/C-
WS,/C, and c-WS,/C electrodes, cyclic voltammetry (CV) at a scan rate
of 0.1 mV s~ ! and galvanostatic cycling with potential limitation (GCPL)
were performed. The current density was set to either 100 or 500 mA g~*
and the potential window was set from 0.01 V to 3 V.

Fig. 4a shows the first, second, and fifth CV cycles of the c-WOy/C
electrode. The first cathodic scan displays five reduction peaks. Peaks at
2.8 and 0.6 V correspond to irreversible reactions and the formation of
solid electrolyte interface (SEI) which disappear in the subsequent cy-
cles. Other two reduction peaks at 1.5 and 0.8 V can be assigned to the
lithium intercalation into WO3 72 (Eq. (1)). The peak located at 0.3 V is
attributed to the conversion reaction of LixWO9 72 (Eq. (2)). During the
first anodic process, an oxidation peak appears at 1.25 V which is
associated with the delithiation process of Li,O (Eq. (3)) [41,45].

In the second discharge cycle, only one reduction peak at 1.1 V,
corresponding to the lithium insertion into WO, 75 (Eq. (1)), is visible.
This peak is representative of a similar electrochemical reaction as the
reduction peaks in the first cathodic scan but its position is slightly
different, which can be attributed to structural changes caused by irre-
versible conversion reactions during the initial cycling [45]. The second
and fifth CV cycles are mostly overlapping, implying high reversibility of
Li" storage in the c-WOy/C electrode after the second cycle.

The relevant electrochemical reactions for c-WO,/C can be expressed
below [45]:

WO, 7, + xLi* + xe~ & Liy WO, 7 1)
Liy WO, 7, + (5.44 —x)Li" + (5.44 —x)e" >W + 2.72Li,0 2)

Li,0 + WoxWO0,7, + (2= X)W + zLi,O + (2 - 22)Li* + 2—22)e”  (3)

The c-WSy/C electrode exhibits a completely different electro-
chemical behavior as shown by the respective CV curves in Fig. 4c. In the
first cathodic scan, three reduction peaks are observed. The ones at 1.6
and 0.9 V can be attributed to the lithiation of WS; to form LiyWS, (Eq.
(4)). The third reduction peak, centered at 0.6 V, corresponds to the
conversion reaction from LiyWS; to metallic W (Eq. (5)) as well as to the
generation of SEI [46,47]. Also, in the first anodic scan, three oxidation
peaks are recorded. Two of them, at 1.1 and 1.7 V, are fingerprints of the
delithiation of LiyWS; to form WS, (Eq. (4)). The pronounced oxidation
peak at 2.3 V is associated with the oxidation of LisS to S (Eq. (6)) [47].
In the subsequent cathodic scan, three new reduction peaks appear
which are ascribed to the lithiation of WS, (features at 0.9 and 1.3 V)
(Eq. (4)) and the formation of Li,S (1.9 V). At the same time, the
reduction peak at 0.6 V disappears, indicating the irreversibility of the
conversion reaction.

The electrochemical processes for c-WS;/C can be described as
follows:

WS, +xLi* +xe” o Li, WS, 4
Liy WS, + (4 —x)Li" + (4—x)e">2Li, S+ W (5)
2Li, S—4Lit +4e” +2S (6)

The oxidation peaks in the second anodic scan are overlapping with
the ones in the first cycle. Besides, the CV profiles remain fairly
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consistent and steady in the fifth cycle, suggesting good reversibility and
stability of lithium ion transport.

For the mixed-phase, c-WO,/C-WS,/C, the CV profile in Fig. 4b
displays the fingerprints of both constituting materials. Specifically,
three reduction peaks in the first cathodic scan at 1.0, 0.5, and 0.3 V
emphasize the intercalation of lithium ions into WO3 72 and WS, the
formation of an SEI, and the conversion reactions of WSy and WO 7,
respectively. Oxidation peaks in the first anodic scan correspond to the
delithiation of LiyWOy and LiyWS5 (1.1 V) and the delithiation of WSy
(2.3 V). Similarly, in the further cycles, features related to WOy/C as well
as to WSy/C are observed thereby showing that both materials in this
mixed phase contribute to the electrochemical behavior. Again, the good
matching of the redox peaks in the second and fifth cycles indicates high
reversibility of Li' storage in the c-WOy/C-WS»/C electrode.

Fig. S7 shows the galvanostatic charge-discharge profiles for the 1%,
27 710%™ 100" and 200" cycles of c-WOy/C, c-WO/C-WS,/C, and c-
WS,/C electrodes at a current density of 100 mA g~ !. The observed
potential plateaus are in good agreement with the CV results. The cor-
responding cycling performances and Coulombic efficiency are shown in
Fig. 4d and Fig. S8 where the data of the pristine WO3 electrode are also
presented for comparison. The pristine electrode shows an initial spe-
cific discharge/charge capacity of 645/338 mAh g~! which decreases
gradually to 198/197 mAh g~! after 200 cycles. The reason behind this
decrease is typically assigned to the volume expansion effects and poor
electric conductivity [39]. In contrast, the carbon-coated c-WOx/C
electrode not only delivers a higher initial specific discharge/charge
capacity of 840/560 mAh g~! but also exhibits noticeably better ca-
pacity retention (74%) which still amounts to 420 mAh g’1 after 200
cycles. For comparison, if a relatively small amount of CTAB (200 mg) is
used, the initial specific discharge/charge capacity (860/630 mAh g™1)
is slightly higher than for the “standard” amount of CTAB (500 mg) but
the capacity retention value (48%) is noticeably lower (Fig. S9). This can
be explained by the lower carbon content resulting from the smaller
amount of CTAB, which is not enough to completely cover WOy. By
contrast, the sufficiently high carbon content (500 mg) provides the full
carbon coating on the WOy surface, which not only promotes the elec-
tron and lithium ion diffusion kinetics but also alleviates the pulveri-
zation and volume expansion of WOy [48].

The c-WOy/C electrode exhibits a faster capacity fading in the first 20
cycles (Fig. S10) and the specific capacity is gradually maintained in the
following cycles if the carbonization temperature is set to 400°C.
Interestingly, a capacity retention of 88% is observed after nearly 100
cycles for the c-WOy/C electrode synthesized at the high carbonization
temperature (800°C), but the low initial specific discharge/charge ca-
pacity of 630/420 mAh g~! hinders its application. The above results
imply that the parameters of the preparation procedure, such as
carbonization temperature and the amounts of carbon source, play
crucial roles in the battery performance of the synthesized c-WOy/C.

After sulfurization at 600°C, c-WOy/C was partially converted to c-
WS,/C, and the mixed-phase, c-WO,/C-WS,/C, was obtained. In com-
parison with the c-WOx/C electrode, the c-WO,/C-WS,/C electrode
shows enhanced cycling stability as well as slightly lower initial specific
discharge/charge capacities of 760/530 mAh g~. After 200 cycles, the
specific discharge capacity of this electrode is remarkably maintained at
525 mAh g1 (99% capacity retention) and no obvious capacity fading is
observed during the cycling.

The full sulfurization of c-WOy/C to c-WS,/C at 800°C provides an
electrode with an initial discharge/charge capacity of 680/483 mAh
g L. Besides, this electrode shows remarkable cycling stability (95%
capacity retention) and a high discharge capacity of 460 mAh g~*, which
is close to the theoretical capacity of WS, (462 mAh g™1), after 200
cycles.

The pristine WSy and c-WS,/C electrodes prepared with a small
amount of CTAB (200 mg) were also tested to verify the importance of
carbon coating. The respective pristine WS, electrode displays a fast
discharge capacity fading from 836 to 248 mAh g™ ! after 60 cycles
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Fig. 5. (a) XRD patterns of p-WO,/C, p-WO,/C-WS,/C (sulfurization at 600°C), and p-WS,/C (sulfurization at 800°C). Vertical ticks show the reference patterns
according to JCPDS No. 08-0237 and JCPDS No.71-2450. (b-e) SEM images of (b, ¢) p-WO,/C, (d) p-WO,/C-WS,/C, and (e) p-WS,.
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(Fig. S11). The c-WSy/C electrode has a high initial capacity but shows a
significant capacity drop from 763 to 428 mAh g™! after 100 cycles
(Fig. S11). Hence, optimization of the amounts of CTAB for the c-WS,/C
is of importance.

In brief, the electrodes of c-WO,/C and c-WS,/C as well as mixed-
phase c-WOx/C-WSy/C all exhibit better cycling performance and
higher specific capacities than the pristine WO3 and WS, electrodes
implying the usefulness of the facile composite preparation method
described here.

Additionally, as shown in Fig. 4e, the rate capabilities of the c-WOy/
C, c-WO4/C-WS5/C, and c-WS,/C electrodes were tested under different
current densities ranging from 100 to 250, 500, and 1000 mA g~ *. The c-
WS,/C electrode delivers average specific discharge/charge capacities
of 440, 360, 300, and 250 mAh g_l, respectively. As the current density
is returned to 100 mAg~!, the specific discharge/charge capacity
quickly recovers to 435 mAh g~ 1. Similar superior rate performances are
also observed for the c-WO,/C-WS,/C electrode which shows slightly
higher average specific discharge/charge capacities of 500, 420, 380,
and 320 mAh g1, respectively, at the same current densities. Conse-
quently, both c-WS5/C and c-WOy/C-WSy/C electrodes display high
reversibility and excellent rate capability. By comparison, the c-WOy/C
electrode exhibits slightly inferior rate capability, delivering specific
capacities of 550, 420, 280, and 220 mAh g1, respectively.

Motivated by the excellent stability and rate performance of the c-
WS,/C electrode, its long-term stability was evaluated at a high current
density of 500 mA g~!. Remarkably, as shown in Fig. 4f, even over 500
cycles, a high capacity retention of 97% is obtained and the electrode
delivers a capacity of 307 mAh g™ L.

3.2. p-WO,/C, p-WO,/C-WS,/C, and p-WS,/C

3.2.1. Morphology and structure of p-WO,/C, p-WO,/C-WS3/C, and p-
WS2/C

In order to confirm the general applicability of the presented prep-
aration method, PVP was used as an alternative carbon source to prepare
carbon-coated tungsten-based oxide and disulfide. Analogously to the
case of CTAB, p-WOy/C was firstly synthesized via a hydrothermal and
carbonization process, and then sulfurized at 600 and 800°C to be
converted into p-WO/C-WS,/C and p-WS,/C, respectively.

Fig. 5a shows the XRD patterns of p-WOy/C, p-WOy/C-WS5/C, and p-
WS,/C. In the case of p-WO4/C, two main peaks at 23° and 48° are
observed, corresponding to the (010), and (020) planes of WOz 75,
respectively. It is noteworthy that, similar to CTAB, PVP worked as a
carbon source as well as a reducing agent. After p-WO/C was further
sulfurized at 600°C, three new peaks located at 13°, 32°, and 60°
appeared which are attributed to the (002), (102), and (110) planes of
WS,. When the sulfurization temperature was elevated to 800°C, the
peaks characteristic of WO9 72 disappeared, while the peaks character-
istic of WS, remained. It can then be concluded that the use of CTAB and
PVP results in similar products, which confirms the general character of
the preparation method. Similar to what has been found for the CTAB-
based materials, the mixed PVP-assisted compound features a WSy :
WOy ratio of about 2:1 (66(10) % WS, 34(10) % WOy). Some differences
were however recorded. In contrast to the regular structure of the c-
WO,/C particles, the morphology of p-WO,/C turned out to be quite
irregular exhibiting microparticles ranging from 2 to 50 pm as well as
some microplates (Figs. 5b, c¢). It is notable that this irregular
morphology is maintained after sulfurization to p-WOy/C-WS5/C and p-
WS,/C (Figs. 5d, e), which differs noticeably from the behavior of the
CTAB-based composites for which the morphology changed from
nanorods to nanosheets after the sulfurization. The TEM and HRTEM
images (Fig. S12) confirm the SEM data. Moreover, TEM-EDS mappings
(Figs. S13 and S14), show a uniform distribution of the elements,
including W, O, S, and C as well as W, S, and C in p-WOy/C-WS,/C and p-
WS,/C, respectively. As shown in Fig. S15, the carbon contents in p-
WOy/C, p-WOyx/C-WS3/C, and p-WS,/C amount to 11.6, 13.9, and 12.1
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(£0.5) wt% respectively. Accordingly, we conclude that PVP provides
more carbon coating than CTAB under identical preparation conditions.

3.2.2. Lithium ion storage performance of p-WO,/C, p-WO,/C-WS,, and
p-WS,/C

The electrochemical behaviors of p-WOy/C, c-WOy/C-WS,/C, and p-
WS,/C electrodes, as studied by CV (Figs. 6a, b, and ¢) and GCPL mea-
surements (Figs. S16a, b, and c) in analog to section 3.1.2, is very similar
to the materials obtained by the CTAB-assisted syntheses. The cycling
performance and Coulombic efficiency of pristine WO3, p-WOy/C, p-
WOy/C-WS,/C, and p-WS,/C electrodes were studied and the results are
shown in Fig. 6d and Fig. S17. Compared with the pristine WO3 elec-
trode, the p-WOy/C electrode delivers a lower initial discharge/charge
specific capacity of 660/480 mAh g1, but exhibits more stable cycling
performance (80% capacity retention after 200 cycles) at 100 mA g™ ..
The mixed-phase p-WOx/C-WS,/C electrode, however, does not show an
obvious improvement in battery performance compared with the p-
WOy/C electrode. It delivers an initial discharge/charge specific ca-
pacity of 630/440 mAh g land a capacity retention of 67% after 200
cycles at 100 mA g 1. In the case of the CTAB-assisted mixed-phase, c-
WOy/C-WSy/C, the big improvement in the cycling stability can be
explained by the synergetic effect of c-WO,/C and c-WS,/C. However,
the micro-scale structure of p-WOx/C-WS,/C might mitigate the impact
of this effect and lead to worse capacity retention. As p-WOy/C
completely converted to p-WS,/C at 800°C, the p-WS,/C electrode de-
livers a comparatively low initial discharge/charge specific capacity of
654/420 mAh g~ but shows excellent stability, viz. a capacity retention
of 90% after 200 cycles at 100 mA g~ L.

To evaluate the rate capabilities, the p-WOy/C, p-WOy/C-WS5/C, and
p-WSy/C electrodes were cycled at various current densities ranging
from 100 mA g~ to 1000 mA g~! with 10 cycles for each (Fig. 6e). The
P-WO4/C and p-WOy/C-WS,/C electrodes show a pronounced capacity
decrease along with increasing current densities. In contrast, the p-WSy/
C electrode exhibits an excellent rate performance, delivering high
reversible capacities of 390, 280, 200, and 150 mAh g’l and fast
recovering to 360 mAh g ! as the current density returns to 100 mA g L.
In addition, the long-life cycling performance of p-WS,/C electrode was
tested at a current density of 500 mA g~! to further verify its cycling
stability. As displayed in Fig. 6f, a capacity retention of 80% is attained
after 500 cycles, suggesting a superior cycling performance.

In the context of the above results, it is worth noting that CTAB works
as a growth controller, setting the preferential orientation of WOx and
causing the formation of nanorods [49]. And the subsequent sulfuriza-
tion process leads to the growth of the WS, curled nanosheets. These
unique nanostructures provide both short lithium-ion diffusion paths
and high surface areas [21]. Meanwhile, the carbon coating of around
2wt% (Table S1) can not only accommodate the volume expansion of
WOy and WS, during the cycling process but also improve the electrical
conductivity of composites [24]. As a consequence, the unique struc-
tures and carbon coating result in outstanding cycling stability and the
excellent rate capability of CTAB-assisted composites. Besides, in the
mixed phase c-WOy/C-WS5,/C, the content of WS is estimated two times
higher than that of WOy (Table S1), leading to more electrochemical
contribution from WS, and thus the comparatively lower capacity for
the mixed phase than that for c-WOy/C. By comparison, the PVP-assisted
composites show a higher carbon content of 11wt%-14wt% (Table S1)
and the high-content carbon coating hinders the lithium-ion diffusion,
causing low capacity [48]. Although a similar ratio of WOy and WS, was
realized in the mixed phase p-WOy/C-WS,/C to the CTAB-assisted
counterpart, the capacity retention is comparatively unstable. This
might be because the unfavorable morphology of microparticles and
microplates makes the volume expansion difficult to be alleviated even
with the help of carbon coating and this effect works strongly in tungsten
oxides instead of tungsten disulfide due to the moderate volume
expansion of metal sulfides [15]. But both CTAB and PVP-assisted
composites exhibit significantly enhanced lithium storage performance
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Table 1
Electrochemical performance of various tungsten oxides and sulfides composites
in LIBs.

Active material Current Cycle Capacity Ref.
(mA g’l) number (mAh g’l)

WO;_,/C nanosheets 200 100 662 [17]

m-WOy /C 250 100 443 [18]

Cauliflower-like WO;@C 50 50 650 [50]
composites

WS,/carbon nanotube- 200 100 556 [21]
reduced
graphene oxide

Polygonal WS,@graphene 100 100 430 [51]
multilayer films

WS,@Super P 100 200 389 [52]
nanocomposites

WS, nanoflowers@carbon 1000 140 455 [53]
nanotube vines

WS, nanosheets@cabon 100 100 322 [54]
composites

Carbon coated WOy 100 200 420 This
Carbon coated WO4-WS, 100 200 525 work
Carbon coated WS, 100/500 200/500 460/307

compared to the bare tungsten oxide and disulfide. To highlight the
improvement, Table 1 compares the previously reported electro-
chemical performances of various tungsten oxides and sulfides com-
posites when used as electrode materials in LIBs. The table implies
competitive specific capacities and superior cycling stability of the
carbon-coated tungsten oxides and sulfides produced in our work
exhibit.

4. Conclusion

In summary, we developed a facile and useful method for the syn-
thesis of carbon-coated tungsten oxides and disulfides. Two kinds of
carbon sources (PVP, CTAB) were adopted to obtain WOy/C, WS,/C, and
mixed-phase, WOy/C-WSy/C. The respective composite electrodes
exhibit excellent lithium-ion battery performance. Specifically, the c-
WOy/C electrode delivers a high initial discharge/charge capacity of
840/560 mAh g1 at 100 mA g~ and a 74% capacity retention after 200
cycles. Significantly, the c-WOy/C-WS,/C and c-WS,/C electrodes show
outstanding cycling stability with capacity retention of 99% and 95%
respectively, after 200 cycles at 100 mA g '. Besides, the c-WS,/C
electrode also features a capacity retention of 97% after 500 cycles at a
high current density of 500 mA g~ . In addition, the p-WO,/C, p-WS,/C,
and WOy/C-WSy/C electrodes exhibit high potential for high-
performance lithium-ion storage. In particular, p-WS,/C shows a ca-
pacity retention of 80% after 500 cycles at 500 mA g~ . Hence, the
proposed fabrication method provides a simple and low-cost way to
prepare carbon-coated tungsten oxides and disulfides, useful in the
context of high-performance lithium storage.
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