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Abstract

Low temperature combustion route is developed fbe tsynthesis of
WOs-0.33H0 with different amounts of carbon as a compogiigda for lithium ion
batteries (LIBs). W@ 0.33HO@C nanoparticles have hexagonal crystal structure.
Their electrochemical properties are studied usieyglic voltammetry and
galvanostatic charge/discharge cycling. The elebemical tests demonstrate that the
lithium storage capacity of W§20.33HO@C anode has been greatly improved by an
appropriate amount of carbon coating, which coulntain a reversible discharge
capacity of 816 mAh-gafter 200 cycles at 100 mA*glts long cycle stability and
excellent rate capability are attributed to higlecalonic conductivity of the
appropriate amorphous carbon layer and the unicqgmadonal structure of the
nanocomposite.
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1. Introduction

Because of the high energy density and good cycéitadpility, rechargeable
lithium ion batteries (LIBs) have attracted consadde attention due to possible
applications as power sources for electric vehieled mobile devices [1-5]. At
present, low theoretical capacity of graphite an(@8% mAh-g) is the main barrier
for further LIBs development. Recently many effohigve been devoted to search
alternative anode materials to replace graphitelBs, so various transition metal
oxides have been synthesized and investigated .[6T®hgsten oxide-based
micro/nanostructured materials have been extensateldied due to their promising
applications in photocatalysis [10], gas sensord],[lsupercapacitors [12],
electrochromic devices [13], dye-sensitized sotdisd14], and lithium ion batteries
[15-17]. Nevertheless, the application of tungsigiaes in practical LIBs is seriously
hindered due to the relatively large initial irresible loss and huge volume
expansion/contraction during the discharge/changging. In order to solve these
limitations, carbon nanocomposites with tungsteiex have been considered as a
reasonable solution.

Tungsten trioxide hydrate (WdD.33HO0) is one of the structured materials with
promising electrochemical properties [18]. Althouglibstantial research has been
conducted in the field of photocatalysis [19-20kre have not been many reports of

hexagonal W@ 0.33H0O nanoparticles used in lithium ion battery appilmss. Jiao



et al. have reported that symmetrical 3D chrysantim-like WQ-0.33HO was
obtained by the hydrothermal approach, which shoeedanced electrochemical
properties [18], but had a problem of charge/dispha capacity of
orthorhombic-structured W¢0.33HO attenuating quickly with the number of cycles.
One improved strategy to overcome this issue [@épare nano-sized materials with
desired crystal or morphological structure. Themfohexagonal W©0.33HO
nanoparticles will show more advantages comparda evthorhombic W@ 0.33H0

for LIBs.

In this paper, coated hexagonal W@33HO nanoparticles were prepared with
different carbon contents via low temperature costibn synthesis. In this design,
the hierarchical structure of W®.33HO@C nanoparticles helps accommodate the
volumetric changes during charging/discharging,levtiie hexagonal crystal structure
also facilitates electrolytes and lithium ions #part. The crystal structure,
morphology and electrochemical performance have lmeestigated. The influence
of different carbon contents on the charge/disahargroperties of the
WO3:0.33HO@C composite is studied.

2. Experimental section
2.1 Materials synthesis

WQO;3-0.33HO@C nanoparticles were prepared by low temperatmgbustion
synthesis. In a typical preparation process, amumoniungstate ((NkJ10W12041)
(0.0075 M, tungsten source), urea (CO@NMH(0.025 M, fuel), nitric acid (HNg)

(0.0075 M, oxidant) and appropriate amount of ghec@GH1.0s) were the organic



agents. A precursor solution was prepared by dissplall reactants in a sufficient
amount of deionized water. The mixture was cone¢edk in a 500 mL glass and
heated in air using an electrical furnace, and erapd to form a gelatinous mass.
When the gelatinous mas swelled, it auto-ignited emtiated a highly exothermic
self-contained combustion process, converting gelas mass into a loose black
mixture. During the combustion process, the glucaselecules underwent
dehydration and carbonization reactions, leadinthéogeneration of a carbon layer.
The whole process only took several minutes finadlgulting in a porous product.
According to the molar ratio of glucose and ammonitungstate, which was 0, 10/3,
15/3 and 20/3, the as-prepared WD33HO@C composites were named
WQ0;3:0.33H0, WG;:0.33H0O/C-1, WGQ:0.33H0O/C-2, WGQ:-0.33H0/C-3,
respectively.
2.2 Structure characterization

The phase analysis was performed using X-ray diifsa (XRD, Rigaku
D/MAX-RB12) with Cu Ku radiation £=1.5406 A) from 10° to 80°. The morphology
of the samples was observed by a field emissiomrsog electron microscopy
(FESEM, Zeiss Ultra 55) and a transmission electnuoroscopy (TEM, JEOL,
JEM-2010). FTIR spectra were recorded using ShimadgTIR-8900
spectrophotometer. TG analysis was carried outguSieiko 6300 instrument. The
content of the carbon element was measured usinginmared absorption
carbon-sulfur analyzer (CS-2008). The BET (QuadraS8l) surface area was

calculated from nitrogen adsorption isotherm measnts at -196 °C.



2.3 Electrochemical measurements

The electrochemical performance of the samples measured by assembling
coin cells (CR2023) at room temperature. The abeles are prepared by mixing 60
wt.% active material (the as-synthesized sampB&st.% acetylene black (AB) as a
conducting material, and 10 wt.% polyvinylidene oflidle (PVDF) dissolved in
N-Methylpyrrolidone (NMP) solution as a binder torh a slurry. The well-mixed
slurry was spread onto a Cu foil as a current ctiteand then dried at 80 °C for 12 h
in a vacuum oven. The cells were assembled inlkdfglove box, using 1 M LiPF
in ethylene carbonate (EC)/dimethyl carbonate (DMtByl methyl carbonate (MEC)
(2:1:1 by volume) as the electrolyte. The cells evegsted by multi-channel land
battery test system (LAND CT2001A) in the fixed tagle window from 0.01 V to 3
V at 25 °C. Cyclic voltammetry (CV) were measuresing an electrochemical
workstation (CHI660C) at a scanning rate of 0.5 stin the 0-3 V range at room
temperature.
3. Results and discussion

The crystal structure of the as-synthesized MIB3HO@C composite is
characterized by X-ray diffraction, as shown in.Fig. All the detected reflections
can be assigned to the hexagonal MB3HO phase with the lattice constants
a=b=7.285 A and c=3.883 A (JCPDS 35-1001, Fig. Th} pattern of W@0.33HO
presents relatively sharp peaks, indicating googstatline structure of the
as-synthesized material without carbon. For thedgets of WQ-0.33HO@C

composite, the relative intensity of the \W0.33H0 reflections obviously decreased



with carbon content, which is due to the carbontingaon the samples surface. No
reflections corresponding to carbon in the YWD33HO@C composite are observed
due to its amorphous nature. It also can be sesntlie carbon coating process did

not destroy the structure of W@.33HO.
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Fig. 1. (a) XRD patterns of WQ:0.33H0, WO3-0.33H0/C-1, WO3-0.33H0/C-2 and

WO3-0.33H0/C-3; (b) hexagonal crystal structure of WQ-0.33H,0.

The structure and morphology of the samples wesemied using FESEM and
TEM. As seen in Fig. 2a, Wg0.33H0 consists of homogeneous and small particles
with particle size of about 200 nm. TEM images dieadicate that W@ 0.33HO in
Fig. 2b is composed of a lot of small nanopartickks average grain size of the
nanoparticles is about 10 nm in Fig. 2c, whichassistent with XRD results. The
particles size of W@0.33HO/C-1 (Fig. 2d) and W©0.33H0/C-2 (Fig. 29)
decreases with carbon content due to chemical grredgase. W@ 0.33H0/C-1
shows obvious porous agglomerates with many thamgr From the HRTEM image
in Fig. 2f, it should be clear that the grain sarel crystallinity of W@ 0.33H0/C-1

are less than W£0.33H0. As seen in Fig. 2i, a carbon nanolayer of laas tL0 nm



thick is on the coated W§0.33HO surface, which could provide good electronic
connection between the nanoparticles. (IB3HO/C-3 (Fig. 2j-I) shows worse
degree of crystallinity with the increasing of aamb content. The amorphous
diffraction rings by the selected area electroriralition (SAED) pattern in Fig. 2I
may be ascribed to the lower degree of JMB3HO/C-3 crystallinity and a lot of

amorphous carbon.
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Fig. 2. FESEM and TEM images of (a-c) W@ 0.33H0, (d-f) WO3-0.33H0/C-1, (g-i)
WO3-0.33H0/C-2 and (j-) WO3-0.33H0/C-3.
The FT-IR spectra of the prepared samples are showrFig. 3. The

WOs:0.33H0 spectra show strong and wide absorption peakla8 gm', which



corresponds to -OH stretching vibration, resulfirmgn the hydrogen bond association
of crystal water and the presence of adsorptionewain the surface of the
WOs-0.33H0 nanoparticles. The absorption peak at 1628 massigned to H-O-H
bending vibration. Another absorption peak at 1888 corresponds to N-O bending
vibration due to the incomplete reaction of nitreme. The characteristic peak at 829
cm® is responsible for corner-shared W-O-W extendifilgration, revealing the
presence of the W-O bond in the WQ@.33HO crystal structure [21]. These strong
absorption peaks are attributed to the high degfe&/Os:0.33H0 crystallinity. In
the FT-IR spectrum of W$0.33HO/C-1, the band in the 3424 ¢nregion is
assigned to the O-H stretching vibrations of cawatkd water and the band at 2361
cm? is assigned to the N-H stretching vibrations @f tesidual (NH)*. The reduced
peaks intensity at 1628 ¢mand 1384 ci are due to complete reaction of raw
materials. Similar spectra are recorded for ZMB3HO/C-3 with a characteristic IR
bands at 3424 ch 2361 crif, 1628 cnt and 1384 cm. In the case of
WOs-0.33H0/C-2, the absorption peaks at 809'cand 627 cnt are attributed to

C-H bending vibrations, due to the presence ofitegiglucose.



100

80

Transmittance (%)

——W0,0.33H,0
- = ~WO0,0.33H,0/C-1
----- WO ,0.33H,0/C-2
~-=- WO :0.33H,0/C-3

&

" 1 i 1 i E 1

4000 3000 2000 1000
Wavenumbers (cm’)

Fig. 3. FT-IR spectra of WG;- 0.33H0, WO3-0.33H0/C-1, WO;:0.33H0/C-2 and
WO3:0.33H,0/C-3.

Thermal decomposition of the samples is monitordguTG methods in Fig. 4.
Slight WG;-0.33H0 weight loss between 50 °C and 190 °C can bebatéil to
adsorbed water on the sample surface [22]. An afsviaeight loss is detected
between 190 °C and 270 °C, which can be due tdoseof hydration water. Slight
weight loss between 270 °C and 410 °C results ftbm complete removal of
hydration water, which suggests that W@33HO completely transformed into WO
When the temperature is higher than 410 °C, thghtesf the sample is practically
unchanged. The as-prepared W33HO/C-1 shows a rapid weight loss from 50 °C
to 150 °C, which is due to thexistence of the adsorbed water. A slight weigkslo
between 150 °C and 410 °C is due to the removahyafration water. For the
410-700 °C temperature range, continuous weigh dos®sponds to the removal of
carbon from the sample as €{23]. Fast weigh loss over 700 °C indicates that t
carbonization process of tungsten trioxide occurrethe TG curves of

WO5:0.33H0/C-2 and W@ 0.33H0O/C-3 are similar to the curve of



WO3:0.33H0/C-1. Then W@ 0.33H0/C-3 shows a higher weight loss rate.
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Fig. 4. TG data of WO;:0.33H0, WO,-0.33H,0/C-1, WO5;:0.33H0/C-2 and
WO3-0.33H0/C-3.

The specific surface areas of WO0.33HO and WQ-0.33HO/C-2 are
investigated using nitrogen adsorption/desorptswtherms (Fig. 5a). Both samples
show representative type IV isotherms with an obsibysteresis loop, indicating the
presence of mesoporous structures. The specifiacgurarea of W0.33HO is
3.456 g-rif, which is higher than W£0.33H0/C-2 (Table 1). Moreover, as seen in
Fig. 5b, the pore size distribution estimated bg BJH analysis shows that the
maximum diameters of W{0.33HO and WQ:0.33HO/C-2 are 3.805 nm and
3.419 nm, respectively. Compared with W@33HO, the BET surface area of
WOs3:0.33H0/C-2 is obviously decreased due to the carbon ingpaton
WOs:0.33H0 particles forming carbon walls. The presence efsopores in the
samples improves electrolyte and ion diffusion ihe t process of [i
insertion/extraction. Due to the influence of anmmps carbon, the low specific

surface area of the samples could hinder the mattetween active materials and
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electrolyte at the early stages. The C contenhefsamples is shown in Table 1. The
C content of W@ 0.33H0/C-1, WQ:0.33H0/C-2 and W@ 0.33H0/C-3 is about
11.2 wt.%, 15.9 wt.% and 23.8 wt.%, respectivellgjol is consistent with the added

content of glucose.
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Fig. 5. (a) Nitrogen adsorption/desorption isotherra and (b) pore size distribution of

WOj3;-0.33H0 and WO;:0.33H0/C-2.

Table. 1. C contents and BET of the prepared sampe

Sample C contents (wt.%) BET (g*m
WO;-0.33H0 0 3.456
WO;-0.3350/C-1 11.2 1.713
WO;-0.33H0/C-2 15.9 1.284
WO;-0.33H0/C-3 23.8 0.982

Fig. 6 shows CV curves of the sample electrodespotential window of 0.01-3
V at a scanning rate of 0.5 mV*$or the first 3 cycles. In the first cycle of the
WO;3-0.33H0 electrode, cathodic peaks are observed at 1828 V and 0.01 V,

respectively, corresponding to electrochemical cddan reaction of W@ 0.33H0
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with Li* (WO3-0.33H0 + xLi — Li,WOs-0.33H0, LiyWO3:0.33H0 + (6-x) Li —

W + 3Li,O + 0.33HO). However, only one cathodic peak is noticed.26(%/ and 0.6
V during the second and third cycles. In contrdms#,anodic peaks at 1.1V, 1.6 V and
2.8 V during the charging process are ascribeti¢adecomposition reaction of,0
[17]. Apparently, the electrochemical reaction ofoW0.33H0 with Li* involved
multi-steps for its decomposition and formation.r Filve first cycle of the
WO3:0.33H0/C-1 electrode, cathodic peaks at 0.6 V, 0.01 & @modic peaks at 1.1
V are observed. The cathodic peak at 0.6 V disappein the subsequent cycles,
which could be due to an irreversible process. Miwle, the cathodic peak at 0.8 V
and the anodic peak at 1.1 V consisted of the sisler conversion reaction in 'Li
insertion/extraction process. The CV curves of MW®B3HO/C-2 and
WOs:0.33H0/C-3 electrodes are basically consistent with @3- 0.33H0/C-1
electrode. Compared with the W.©.33H0 electrode, characteristic peaks of carbon
coated W@ 0.33HO electrode are obviously different, which is daehe presence
of carbon layer. The existence of coated carbonreffastively reduced the oxidation
potential of WQ:0.33HO@C electrode, which stabilizes the electrode r@acnd

increases electronic conductivity.

12



o

0.5
’.‘ﬁ 05 T:ﬁ
%0 E 00+
< <
£ 0.0+ E
= -
=
05 2051
5 5
5 5
U110+ o
-1.0
_'l 5 1 L L 1 Il 1 1 1 1 L 1 1 1 1
0.0 0.5 1.0 1.5 20 25 3.0 0.0 0.5 1.0 1.5 2.0 25 3.0
Voltage (V vs. Li/Li ) Voltage (V vs. Li/Li")
0.5 0.5
o T%D I
50 ,
£ <00}
= =
— =
B g
@ =}
5-0.5 & 3
s 1 =
5 nd g_O'S i
: -2 g
o rd
| 3
L | L | i | ; L y i A0 L 1 1 I L L L
0.0 0.5 1.0 1.5 20 25 3.0 0.0 0.5 1.0 1.5 2.(_) 2.5 3.0
Voltage (V vs. Li/Li’) Voltage (V vs. Li/Li’)

Fig. 6. Cycle voltammetry curves of: (a) W@ 0.33H0; (b) WO3-0.33H0/C-1; (c)
WOs;-0.33H0/C-2; (d) WO3-0.33H0/C-3 in the voltage range of 0.01-3 V at a scanteof
0.5mV-s.

Fig. 7 shows the charge/discharge curves ofsWG3HO, W0;-0.33H0/C-1,
WOs-0.33H0/C-2 and W@ 0.33H0/C-3 at a current density of 100 mA:-g
between 0.01 V and 3 V (vs. Li/l)i The open circuit voltage of the cells is abos 2
V. Three discharge voltage plateaus (1.4 V, 0.6 @.01 V) and two charge voltage
plateaus (1.1 V and 2.8V) are observed for thes3W@3HO electrode, which are
due to the electrochemical behavior of the eleetndh lithium. The initial discharge
and charge capacity is 1543 and 711 mAh-mgspectively, much higher than the
calculated value for tungsten oxide materials (69h-g). The irreversible capacity

loss of the first cycle could partly result frometformation of the SEI layer at the
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electrode-electrolyte interface [24], further lim storage via interfacial charging at
the metal/L3O interface [25]. The formation of lithium oxide®sults in the
continuous growth of lithium consumption during tlischarge process [26]. The
subsequent discharge and charge curves are smub#table. For the initial cycle of
WO;3:0.33H0O/C-1, WQ-0.33H0/C-2 and W@ 0.33H0/C-3 electrodes, there are
two discharge voltage plateaus (0.8 and 0.01 V)aredcharge voltage plateau (1.1 V)
observed during the initial charge/discharge prec@fie obvious difference in the
initial charge/discharge capacity indicates thae tamount of carbon would
necessarily lead to a decrease in theoretical dgdamcause it does not contribute to
or lower the theoretical lithium storage capaciy]] However, W@ 0.33H0/C-2
electrode shows the best cycle performance, exigbthe highest discharge/charge
capacity of 816/808 mAh7gat the 208 cycles. This result further confirms that

WO3-0.33H0/C-2 is structurally stable during the repeatettebchemical reactions.

14
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Fig. 7. Charge/discharge curves of: (a) W§0.33H0; (b) WO3-0.33H0/C-1; (c)
WO3-0.33H,0/C-2; (d) WO3-0.33H,0/C-3 in the 0.01-3 V voltage range at 100 mA7gy
current density.

The cyclability of WQ-0.33HO, WG;:0.33H0/C-1, WQ-0.33H0/C-2 and
WOs-0.33H0/C-3 at a current density of 100 mA-gs shown in Fig. 8a.
WOs3:0.33H0 electrodes shows a relatively stable dischargegeh capacity of
642/636 mAh-g after 200 cycles, which is dramatically highenttiae orthorhombic
WO3:0.33H0 reported to date [18]. Good cyclability could dee to its special
hexagonal structure. Huge hexagonal capityvides efficient electrical and ionic
transfer pathways, which contribute to the improkecersible capacity and capability
[22]. The WQ-0.33H0/C-1 electrode presents a lower discharge/chaapaaity of

557/551 mAh-g after 208" cycle, which might due to a small amount of carbon

15



sacrificing some lithium storage. Compared with MWIDB3HO, the
WO3-0.33H0/C-2 electrode shows capacity increase until th@" &ycle,
corresponding to the activation process duringctierge/discharge reaction [28]. The
outer carbon layer can be regarded as a buffechman prevent contiguous active
materials from contacting each other and the albde. After 200 cycles, the
discharge capacity of W0.33HO/C-2 still remains at 816 mAh?g indicating
excellent cycling performance of the W0.33HO/C-2 electrode. The enhanced
electrochemical performance of the WQ@33HO/C-2 in comparison with
WO3:0.33H0 could be attributed to the appropriate amountasbon. The carbon
layer minimizes the massive volume expansion, ivggahe electrical conductivity
and facilitates the formation of stable SEI [29h€Trate capability of W§0.33HO
and WQ-0.33H0/C-2 electrodes is studied at different rates irapgrom 100
mA-g* to 5000 mA.{ after 100 cycles, as seen in Fig. 8b. The ¥0B3HO/C-2
electrode shows superior rate performance, witbhdisye capacity of 906 mAh'g
767 mAh-@, 594 mAh-g, 275 mAh-¢, 151 mAh-g and 114 mAh-§ at 100
mA-g*, 200 mA-g, 500 mA-g, 1000 mA-g, 2000 mA-g and 5000 mA-§,
respectively. The improved rate performance is nib®ly due to the excellent

electronic conductivity of the carbon layer.
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Fig. 8. (a) Cycling performance of WQ:0.33H0, WO;-0.33H0/C-1, WO;-0.33H0/C-2 and
WO3-0.33H0/C-3 at 100 mA-gl; (b) Rate performance of WQ;- 0.33H0 and
WO3;-0.33H0/C-2 after 100 cycles.

4. Conclusions

In summary, we report nano-sized WQ@33HO@C anode material for high
performance lithium ion batteries, which is prepakey the solution combustion
synthesis. W@ 0.33HO@C nanopatrticles exhibit hexagonal crystal stmectwhich
can provide efficient channels and more activesdibe the fast transport of electrons
and ions. The W0.33HO/C-2 electrode shows high reversible dischargaaap
of 816 mAh-¢" after 200 cycles at 100 mA*glts long cycle stability and excellent
rate capability are attributed to high electronienductivity of the appropriate
amorphous carbon layer and unique hexagonal steucfuthe nanocomposite. High
electrochemical performance makes it a promisiraglanmaterial for LIBs.
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Highlights
1. WG0;-0.33HO@C was prepared by low-temperature combustiornegig.
2. Specific structure can provide efficient channelsfést Li" transport.

3. Appropriate amorphous carbon layer can imprdaii@im storage capacity.



