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Mesoporous Tungsten Trioxide Polyaniline Nanocomposite as an
Anode Material for High-Performance Lithium-lon Batteries

Bin Li,™ ® 9 Xiaoping Li," Weishan Li,*™ 9 Yagiong Wang,™ Evan Uchaker,” Yi Pei,”) Xi Cao,”
Shuang Li,”’ Bin Huang,” and Guozhong Cao*®

fAbstract: A nanocomposite of polyaniline (PANI)/mesopo-
rous tungsten trioxide (m-WO;) was synthesized by the
chemical oxidation polymerization of aniline coated onto an
ordered m-WO; and investigated as an anode material for
lithium-ion batteries. The nanocomposite was characterized
by using X-ray diffraction, Fourier transform infrared spec-
troscopy, thermogravimetric analysis, scanning electron mi-
croscopy, and transmission electron microscopy. The electro-
chemical properties of the nanocomposite were evaluated
by cyclic voltammetry and constant current charge/dis-
charge tests. The reversible capacity of the PANI/m-WO; in

the first cycle was 1064 mAhg™' at 60 mAg~' and remained
at 803 mAhg ' at 180 mAg ™' after 100 cycles, while the ini-
tial charge capacity of m-WO; was 556 mAhg™' and re-
mained only at 303 mAhg™' after 50 cycles. The improved
electrochemical performance of the nanocomposite can be
ascribed to the electronical conductivity of PANI and the
chemical interaction between PANI and m-WO;. More impor-
tantly, the unique PANI coating layer on the m-WO; is be-
lieved to play an important role in the capacity contribution
of the composite.

/

Introduction

Lithium ion batteries have been widely used in portable elec-
tronics (including mobile phones, laptops, and digital audio
players), and are expected to be a promising power source in
electric vehicles due to their superior energy density compared
to other secondary batteries.” To meet the increasing energy
density demands in large-scale energy-storage devices, re-
search has been focused on new electrode materials with large
capacity density and long cycling stability for the lithium ion
battery. Various transition metal oxides, such as Fe,0,”
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Fe,0," Co;0," Sn0,," Mo0,, TiO,,” and Mn,0;® have been
proposed as anode materials because of their high capacity or
good cycling performance. Among the transition metal oxides,
tungsten trioxide (WO;) with a theoretical capacity of
693 mAhg™' offers unique advantages: a very large volumetric
capacity density, 5274 mAhcm™, due to its vast theoretical
mass density (7.61 gcm ™), and lower cost.” Recently, much
effort has been devoted to synthesizing nanostructured WO,
for lithium-ion battery applications, such as nanowires"” and
hollow nanospheres.™ Mesoporous WO; (m-WO;) with or-
dered pore structures has also been investigated and shown
to be a good candidate in improving the properties of lithium-
ion batteries. For example, Yoon et al.”! reported that ordered
mesoporous tungsten oxide exhibited a high initial reversible
capacity of 748 mAhg™" (6.5Li/W) at 0.1 C and remained at
410 mAhg' after 30 cycles at 0.2 C, while Liu et al."? incorpo-
rated mesoporous WO; with graphene sheets to enhance the
mechanical stability during cycling, and the resulting materials
also showed a high initial reversible lithium storage capacity of
761 mAhg™' and maintained 617 mAhg™" after the rate per-
formance investigation. However, the large structure and
volume variations during the charge/discharge processes lead
to a poor cycling stability. It is necessary to further modify this
oxide for its practical application in lithium-ion batteries.
Conducting polymers have received much attention in the
past decade due to their good electronic conductivity, simple
synthesis process, and environmental stability. Recently, a poly-
pyrrole/MoO; nanocomposite was prepared and exhibited ex-
cellent cycling and rate behavior in aqueous rechargeable lithi-
um batteries, demonstrating the successful use of the conduct-
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ing polymer in improving electrochemical performance.™

Polyaniline (PANI) is an another interesting polymer with con-
ductive of 0.5-1.0 Scm™' (HCl doped) and has been used for
performance improvement of electrode materials of lithium-
jion batteries."™ Hierarchical hollow spheres of Fe,0,@PANI
were developed by in situ polymerization of PANI on Fe,O,
hollow spheres, and showed higher rate capability and long-
term cycling stability compared to the bare Fe,0; spheres.
The capacity was improved from 732 mAhg™" for bare hollow
Fe,0, to 893 mAhg™" in Fe,O;@PANI after 100 cycles. Owing to
the good conductivity and high mechanical flexibility of the
PANI, silicon nanoparticles (n-Si) were distributed into PANI to
buffer the large volume changes of the silicon during the lith-
iation process, and the n-Si/PANI-graphite composite electrode
exhibited ~90% capacity retention after 130 cycles with ca-
pacities around 500 mAhg~'."® Hybrid aerogels of carbon
nanotubes and PANI nanoribbons were also developed as free-
standing, flexible negative electrodes for lithium ion batteries,
and demonstrated that the high utilization of PANI could im-
prove the capacity (185 mAhg™") and cycling performance (no
fading up to 200 cycles) of the carbon nanotubes."” In our
previous study, we showed that the combination of PANI and
WO, significantly improves the electrochemical activity of plati-
num-free anodic electrocatalysts in microbial fuel cells in terms
of the power density and internal resistance.'

In this paper, a mesoporous tungsten trioxide (m-WO;) com-
posite was synthesized by the use of mesoporous silica KIT-6
as hard template, followed by in situ chemical oxidation poly-
merization of PANI on the m-WO, particles. The mesoporous
structure offers large surface area for electrochemical reaction
and provides structural flexibility to accommodate the large
volume change of WO, during charge/discharge, while the
conducting polymer coating improves the electrical conductivi-
ty and the structural stability. The resultant PANI/m-WO; com-
posite was newly evaluated as an anode material for lithium-
ion batteries and delivered a high reversible Li-ion storage ca-
pacity of 1064 mAhg™' and exhibited good cycling stability.
The structural characterization of the resultant composite was
performed with X-ray diffraction (XRD), Fourier transform infra-
red spectrum (FTIR), thermogravimetric analysis (TGA), scan-
ning electron microscopy (SEM), and transmission electron mi-
croscopy (TEM), and its performance as an anode for lithium-
ion batteries, in terms of high capacity and cycling stability,
were evaluated by charge/discharge tests.

Results and Discussion

The formation process of PANI/m-WO, composite is illustrated
in Figure 1. A hard template of mesoporous silica with cubic
la3d symmetry (KIT-6) was prepared following a previously re-
ported procedure using triblock copolymer Pluronic P123
(EO,,PO,,EO,) as a template by adding butanol in a 0.5m hy-
drochloric acid aqueous solution, and employing tetraethoxysi-
lane (TEOS) as a silica source. The m-WO; was synthesized via
a replicating route using the mesoporous silica as the tem-
plate®™ and the PANI/m-WO, composite was synthesized via
an in situ polymerization process. The obtained template-re-
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Figure 1. Schematic diagram for the PANI-coated m-WO;.
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Figure 2. (A) EDS patterns of template-removed WOj;; (B) X-ray diffraction
patterns of (a) JCPDS card no. 43-1035, (b) m-WOs, and (c) PANI/m-WO,.

moved WO, was characterized by EDS and the result is pre-
sented in Figure 2(A). The existence of elemental carbon is at-
tributed to the carbon tape under the WO, powder sample.
Sharp tungsten and oxygen peaks can be observed, while sili-
con is excluded in the as-prepared sample. This confirms the
silica is removed completely after the washing process. Fig-
ure 2 (B) presents the XRD patterns of the m-WO; and PANI/m-
WO, composites. A well-crystallized WO, framework with pure
monoclinic WO, (JCPDS card no. 43-1035) is observed for both
of the samples. It can be noted that there is no significant dif-
ference in diffraction patterns between the WO, samples, sug-
gesting that the introduction of the PANI coating layer does
not disrupt crystallization characteristics of m-WO,.

The FTIR spectra of the samples are displayed in Figure 3 (A).
For the sample of PANI (curve a), the absorption bands at 1133
and 1497 cm™' correspond to the stretching vibration of qui-
noid (N=Q=N), while the peaks at 1570 and 1300 cm™"' are at-
tributed to the benzenoid (N-B—N) rings.”?” The peak at
around 1249 cm™' can be assigned to the C—N stretching vi-
bration, which is characteristic of proton-doped PANLP? As
shown in Figure 3 (A), PANI/m-WO; exhibits characteristic vibra-
tions of PANI, suggesting that the successful synthesis of PANI
and the m-WO; are dispersed in the PANI matrix. It should be
noted that characteristic peaks of N=Q=N shift to 1487 and
1123 cm™', undergoing around 10cm™' redshifts. This shift
might be ascribed to the interaction between the m-bonded
surface of WO; and the conjugated structure of quinoid ring in
PANI, resulting in a stabilized quinoid ring structure, as shown
in Figure 4. In addition, during the chemical polymerization,
the nitrogen atoms in benzenold diamine are thought to form
coordinated compounds with the exposed tungsten atoms on
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Figure 3. (A) FTIR spectra of (a) PANI, and (b) PANI/m-WO;; TGA curve and DTG curve of PANI (B) and PANI/m-WO; (C) from 25 °C to 600°C at a rate of 10°C

min~'

Figure 4. Schematic illustration of possible composite interaction between
PANI and WOj; in PANI/m-WO,. x can be varied from 1 to 0 to yield the com-
pletely reduced and oxidized forms, respectively.

the surface of WO,.”® The electron-withdrawing nature of WO,
might be decreased by the delocalization of the lone pair elec-
trons on the nitrogen atoms. This phenomenon likely benefits
the migration of Li cations between the electrolyte and the
bulk WO;. Therefore, it is expected that the stability and con-
ductivity of PANI/m-WO, composite can be improved by the
chemical interaction between PANI and m-WO;.

The comparison of thermogravimetric analysis for plain PANI
and PANI/m-WO; in the temperature range of 25-600°C in the
nitrogen and air atmosphere can explain the thermal stability
and PANI loading in the composite. Figure 3 (B) and Figure 3 (C)
show the TGA and DTG curves of PANI and PANI/m-WO; in a ni-
trogen atmosphere, respectively. The initial weight loss up to
100°C is due to the loss of absorbed water molecules in the
mesoporous structure. The second weight-loss step between
125 to 200°C is attributed to the loss of hydrochloric acid dop-
ants.” In addition, the endothermic peaks could be generated
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in a nitrogen atmosphere; (D) TGA curve and DTG curve of PANI/m-WO, from 25°C to 600°C at a rate of 10°C min~" in air atmosphere.

by the decomposition of PANI into oligomers and monomers
due to chain scission processes of weakly bound aniline mole-
cules. Thus, the third weight-loss range from 200 to 350°C is
mainly due to the evaporation of the monomers from the
composite. In the last step, PANI backbone degradation occurs
from 400 to 600°C, which is accompanied by the production
of gaseous species."* It can be noted that the overall endo-
thermic peaks positions of the PANI/WO; in the corresponding
DTG curve are higher than that of pure PANI This suggests
that the use of polyaniline in nanocomposite has better ther-
mal stability, which is consistent with other polyaniline-loaded
materials® and further confirms the FTIR prediction. Fig-
ure 3(D) shows TG/DTG curves of PANI/m-WO; in air and the
PANI content in the composite is 17.5 wt. %.

The SEM and TEM were used to investigate the microstruc-
ture formed during the coating process. Figure 5 shows SEM
and TEM images of both m-WO, and the PANI/m-WO; compo-
site. The m-WO; particles are honeycomb-like with an average
particle size of around 150 nm (Figure 5(A)), and have a uni-
form mesoporous structure with the pore size of around
12 nm (Figure 5(C) and Figure 5(E)). In the case of PANI/m-
WO,, the composite shows some deposits padded onto the
surface of the m-WO,; particles (Figure 5(B)) and the honey-
comb-like morphology becomes indistinct (Figure 5(D)). The
high-resolution TEM image in Figure 5(F) confirms the m-WO,
particles were coated with a =3 nm thick PANI layer, maintain-
ing the pristine morphology of m-WO,. This result confirms
that PANI has been successfully coated on the m-WO,; and
does not affect the structure of the m-WO,.

Cyclic voltammograms of m-WO; and PANI/m-WO; are
shown in Figure 6(A). A small cathodic current starts from
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Figure 5. SEM images of (A) template-free m-WO; and (B) PANI/m-WO; com-
posite; TEM images of (C, E) m-WO; and (D, F) PANI/m-WO; composite,
showing that the m-WO; is uniformly coated with PANI.

2.5V (vs. Li*/Li), a sharp reduction peak at 0.73 V (vs. Li*/Li)
can be identified, and large reduction current at 0.01V (vs.
Li*/Li) is observed in the first discharge process. The corre-
sponding discharging reaction mechanism can be described as
follows:?®

WO, (monoclinic) + xLi* + xe™ — Li,WO, (1)
Li, WO, (cubic) + yLi* +ye~ — W + Li,O (2)
0.1 -
124V
00
g 0.1
it
02 02V g
L
03- —3"
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Figure 6. Cyclic voltammograms of m-WO; (A) and PANI-coated m-WO, (B); scan rate: 0.2 mVs™".
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The reduction current response and the reduction peak at
0.72V (vs. Li*/Li) is attributed to the conversion reaction and
some irreversible electrochemical process, which may be due
to the phase conversion from monoclinic phase ((P21/n) to
cubic phase (Pm3m) [Eq. (1)]. The intensity of conversion reac-
tion peak is remarkably decreased in the second cycle but still
has reduction current response at around 0.72V (vs. Li*/Li)
when compared to the third cycle. This implies that the mono-
clinic or the cubic structure disappears in the subsequence
cycle but this phase conversion reaction cannot be completed
in the initial cycle, which might result in the unstable capacity
retention in the first couple of charging/discharging cycles.
The large reduction current at 0.01 V (vs. Li*/Li) is correspond-
ing to the complete reduction of W cation to W° [Eq. (2)],
which is accompanied by the formation of an amorphous-
structured product.”® The broad oxidation peak at about
1.24 V (vs. Li*/Li during the charge process is ascribed to the
oxidation reaction,””” as shown in Equation (3):

W + 3Li,0 — zWO; + (1—2)W + 6zLi* + 3(1—2)Li,O + 6ze~
(3)

When coated with PANI, the potential of the conversion re-
action peak locates at 0.79V (vs. Li*/L) and the intensity of
this peak is decreased, and the current for lithium insertion is
much higher than that of m-WO,, as shown in Figure 6(B). In
addition, the oxidation peak potential shifts negatively to
1.21 V (vs. Li*/Li. These results indicate that the coating layer
not only improves the electrochemical activity of WO, but also
prevents the irreversible electrochemical process. It can be
seen that the shape of the CV profile of tungsten trioxide is
similar to that of silicon- or tin-based anodes for lithium ion
batteries.”® Based on the reduction of W cation at the low po-
tential in CV scanning and the shape of the CV curves, it can
be considered that the charge and discharge process in WO; is
accompanied by an alloying reaction of LiW, which might
form the BCC alloy system that exists in the tantalum-tungsten
system due largely to the similar atomic radius of tantalum
and lithium. However, there is neither report in the literature
nor direct experimental evidence to support this assumption.
Our ex-situ XRD results are simply inconclusive due to the

0.0 0.5 1.0 1.5 2.0 2.5 3.0

=1
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large noise to signal ratio. It is more likely that the first cycle is 30 mAhg™' (Figure 7(C)), which is comparable with the values
the conversion-based charging and discharging processes, reported in literature,?” and it seems that PANI has little contri-
which might affect the electrochemical performance of the bution to the capacity of the m-WO;. Previous research also
WO;. Note that larger reduction and oxidation current re- showed that a higher capacitance was observed in PANI/m-
sponse was observed in PANI/m-WO; composite compared to ~ WO; electrode used in electrochemical capacitors application
m-WO,. The PANI coating layer on the m-WO, yields a synergis-  compared with m-W0,.2” The improvement might be ascribed
tic effect to promote the reaction at the interface and thus to the chemical interaction between the polymer matrix and

leads to greater cycling capacity than that of m-WO.. the WO, particles, which is beneficial to the migration of Li cat-
In order to further demonstrate superior features of PANI/m-  ions between the electrolyte and the bulk WO,, resulting in

WO; on electrochemical performance, m-WQO,, PANI-coated m-  a higher electrochemical performance.

WO, and pure PANI were tested. Figure 7 shows the charge- The cycling performance of m-WO;, PANI/m-WO; and plain

discharge curves of m-WO; and PANI/m-WO; at 60 mAg~' for ~ PANI are displayed in Figure 8(A). The cells were charged/dis-
the 1° and 2™ cycle between 0.01-2.5V (vs. Lit/Li). It can be  charged at a current density of 60 mAg™~" for initial two cycles,
seen that during the first discharging process the potential of  followed by cycling at a current density of 180 mAg™' in the
the cells drops from 1.5V (vs. Li*/Li) to a plateau at around  voltage range of 0.01-2.5V (vs. Li*/Li). The reversible capacity
0.8 V (vs. Li*/L) and then decreases slowly to 0.01V (vs. Li*/L).  of the bare PANI electrode is 17 mAhg™' after 100 cycles and
The former can be ascribed to the conversion reaction and the  shows a high cycling stability, indicating that PANI is stable in
latter corresponds to the reduction of W®* to W°, which is con-  the lithium-ion battery system. The cell of m-WO, shows a fast
sistent with the CV results. The initial charge capacity of m-  reversible capacity decrease, dropping from 449 mAhg™' in
WO; is 556 mAhg ' with a coulombic efficiency of 63.5%. The  the 3™ cycle to 303 mAhg ' after 50 cycles, which is similar to
large irreversible capacity is likely due to the irreversible elec-  the observations by other research groups.”' However, when
trochemical processes including the formation of the solid  PANI is loaded, the capacity is 883 mAhg™' at the current den-
electrolyte interphase (SEI) layer and the irreversible WO, con-  sity of 180mAg™ and the reversible capacity remains
version reaction with lithium. In the case of PANI/m-WO,, the 803 mAhg™' after 100 cycles, exhibiting a better retention
coulombic efficiency of the composite is 67.2% and the rever-  property compared to m-WO;. Such capacity retention was ex-
sible capacity in the first cycle is 1064 mAhg™' which is much  amined further by increasing the charge/discharge current
higher than the theoretical capacity (693 mAhg™'). However,  densities. The electrode was tested at 0.18, 0.3, 0.6, 1.8, 3.0,
the reversible capacity of pure PANI in the first cycle is and 6.0 Ag™". As shown in Figure 8(B), the corresponding re-
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Figure 7. Galvanostatic charge/discharge curves for the 1* and 2™ cycles of m-WO, (A), PANI/m-WO; (B), and plain PANI (C) at a current density of 60 mAg~".
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Figure 8. (A) Cycling performance of m-WO; (a), PANI/m-WO; (b) and plain PANI (c); (B) Rate capability of m-WO; (a) and PANI/m-WO; (b) at different current
densities.
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versible capacities after each five cycles are 523, 406, 334, 223,
178, and 128 mAhg™' for m-WO; electrode and 792, 618, 536,
383, 327, and 274 mAhg™' for PANI/WO; electrode, respective-
ly. And for the PANI/m-WO, electrode, a good capacity recov-
ery of 725 mAhg™' and cycling stability were observed when
the current density returned back to 0.18 Ag™', demonstrating
the decent high-rate performance of the PANI/m-WO, elec-
trode. The improvement can be ascribed to the PANI coating
layer acting as a conductive binder to increase the contact be-
tween the particles, which is similar to the other conducting
polymer coating works,"*3"! thus benefitting the Li" transfer
between the m-WO; matrix and the electrolyte.

The m-WO; and PANI/m-WO; cells after 50 cycles were disas-
sembled in the glovebox and the electrodes were washed with
anhydrous dimethyl carbonate three times to remove residual
LiPF¢ salt and solvents, and then evacuated overnight at room
temperature. The as-pretreated electrodes were observed by
SEM and EDS, the obtained results are presented in Figure 9. It
can be noted that the mesoporosity of the sample disap-
peared and the particles aggregated for the m-WO; cell after
cycling (Figure 9(A)). This indicates that the volume expansion
and aggregation of the particles occurs and the mesoporous
structure of the WO; is broken, which is responsible for the de-
teriorated cycling stability of the m-WO; cell. When coated

100 nm

Figure 9. SEM images of m-WO; (A) and PANI/m-WO; (B) after 50 cycles;
photographs of lithium electrodes disassembled from m-WO, cell (C) and
PANI/m-WO; cell (D) after 50 cycles; EDS patterns of the surface of the lithi-
um electrodes from cycled m-WO; cells (E) and PANI/m-WO; cells (F).
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with PANI, the WO, particles display a fluffy morphology con-
sisting of nanoparticles, as shown in Figure 9(B), which is in-
herited from the structure of the fresh PANI/m-WO,. This ob-
servation suggests that the polymer coating layer can protect
WO, particles from the expansion and aggregation. The pro-
tection of the coating layer can be further confirmed by ob-
serving the appearances of the cycled lithium electrodes. As
shown in Figure 9(C) and (D), it is obviously that there exist
much more deposits on the lithium electrode of the m-WO,
cell than that of the PANI/m-WO; cell. The EDS detection (Fig-
ure 9(E) and (F)) shows that the deposits on the lithium elec-
trode contain C, O, F, and P, which is mainly from the decom-
position of the solvents and the LiPFg salt on m-WO;, and the
decomposition products penetrated the separator then trans-
ferred to the lithium side. This result suggests that there is seri-
ous electrolyte decomposition on the m-WO; when the cell
was cycled over the long term, and this irreversible reaction on
the interface of the electrode can be reduced by coating
a PANI layer, resulting in improving the electrochemical behav-
ior of the cell.

In order to gain further insight into electrochemical perform-
ances of the synthesized samples, the electrochemical impe-
dance spectra of the m-WO; and PANI/m-WO; after 5 cycles
were measured. As shown in Figure 10(A), both spectra are
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Figure 10. Nyquist plots of the EIS after 5 cycles for m-WO; and PANI/m-WO,
(A); relationship between Z' and w™°* in the low frequency region (B); Ny-
quist plots of the EIS after 50 cycles for m-WO; and PANI/m-WO; (C).

similar in shape, with a semicircle in the high-frequency region
and a sloping line in the low-frequency region. The semicircle
is related to the combined processes of surface film (Rs) and
charge transfer resistance (R,), while the sloping line is attrib-
uted to the Warburg impedance, reflecting the Li* diffusion
into the bulk of the electrode material.®? After coating with
PANI, the diameter of the semicircle is markedly smaller than
that of pure m-WO,, as shown in Table 1. This result indicates
that the presence of PANI improves the charge transfer kinet-
ics, which can be a reason for the higher rate capacity and
better cycling performance. Compared to the impedance spec-
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Table 1. Pore structure parameters of the samples calculated from the N, sorption ) he i d high ) f WO. th
isotherms and EIS results of m-WO; and PANI/m-WO; after 5 cycles. coating to the improve igh capacity of m- » the
nitrogen-sorption isotherms of the samples were re-
Sample  Surface Pore Pore Resistance Diffusion corded and are shown in Figure 11; the related sur-
area volume size [Q] coefficients .
Y 3 o > face area, pore volumes and pore sizes of samples
m“g1] [em’g1] [nm] [em®s™1] . . .
— are summarized in Table 1. The prepared WO; yields
m-WO, 106 0.302 13.3 526 1.48x10~ . . ) :
PANI/ 100 0270 131 a4 93310~ a t)./pe !V isotherm }NI'th an H1 .typ? hysteresis loop,
wo, which is characteristic of cylindrical mesoporous
PANI 208 0.484 3.7 - - channels. This indicates that the mesostructure of

trum of the cell after 5 cycles, the impedance of m-WO, after
50 cycles increased significantly and displays much higher im-
pedance than that of PANI/m-WQ,, as shown in Figure 10(C).
Apparently, the PANI coating layer inhibits the deterioration of
the m-WO; during the cycling, as well as increases the interfa-
cial stability of electrode and electrolyte.

Additionally, the diffusion coefficient (D) for the electrodes
after 5 cycles can be derived from the plots in the low-frequen-

cy region with the following Equations:**

Z' = Ro 4 Reg + Ry + 00™*° (4)
(RT)*

Di=— 7’ 5

Y 2(An?FC0)? )

where R, is uncompensated ohmic resistance between the
electrodes, o is the Warburg factor, w is the angular frequency,
R is the gas constant, T is the absolute temperature, A is the
surface area, n is the number of electrons per molecule oxi-
dized, F is the Faraday constant, and C; is the lithium ion con-
centration in the bulk material. According to the fitting linear
equation in Figure 10(B) and specific surface area of m-WO,
and PANI/m-WO, from BET, the diffusion coefficients of Li* in
the m-WO; and PANI/m-WO; were estimated to be 1.48x%
107" cm?s™" and 9.33x107'° cm?s ™, respectively. It is evident
that the diffusion coefficient of Li™ is increased by the coating
of PANI, indicating PANI coating facilitates the lithium-ion
transport.

4
(A) A
—s—m-WO
34 - 2 /{
—e— PANI/m-WO ¥
3 Ve
—a—PANI " A% ]
24 A
e

Absorbed volume(cm3/g STP)

0.2 0.4 0.6 0.8
Relative pressure (P/Po)

WO, has been successful replicated from the meso-
porous silica template. After loading with PANI, the
nitrogen-sorption isotherm of the composite was
similar to that of the m-WO,, suggesting that the sample main-
tained the character of the mesoporous structure. It can be
noted that the pore size distribution becomes wider when
PANI is loaded, though the pore diameter peak position of the
PANI/m-WO; is similar to the m-WO; (Figure 11(B)). As shown
in Table 1, the surface area of plain PANI is much higher than
that of m-WO;, which indicates that the coating layer itself is
porous with the pores on the meso- or nanoscale, resulting in
a higher surface area in the PANI/m-WO; sample compared to
the pure m-WO;. The higher surface area in PANI/m-WO; bene-
fits the penetration of Li* from the bulk electrolyte to the
active electrode materials. However, the pore volumes and BJH
pore size are reduced for the composite. This is mainly due to
the loading and confinement of PANI within the pore channels
of m-WO; structure, leading to the ordering deterioration of
the mesoporous structure of the m-WO;.

From the electrochemical measurements, we can see that
the as-prepared PANI/m-WO; shows larger reversible capacity,
better rate capability and cycling stability, and higher coulom-
bic efficiency than the bare m-WO,. The improvement is attrib-
uted to the presence of the conducting and flexible polymer
polyaniline which improved the electronic conductivity of the
composite particles and prevented the detrimental volume ex-
pansion of m-WO; during the lithiation and de-lithiation pro-
cess. In addition, the chemical interaction between PANI and
m-WO, particles is believed to play an important role in en-
hancing the electrochemical performance.

Observed from the result of BET, the capacity contribution of
the PANI in PANI/m-WO; can be evaluated by the specific sur-

1.0
3B)
_ 0.8 ] —a— m-WO3
g —e— PANIm-WO,
s
m@ 0.6
g
N
§0.4- ]
% 0.2 *t:/ .\\_\’
P — |
| T
0.0
0 10 20 30 40 50 60 70 80

Pore diameter (nm)

Figure 11. (A) N, isotherm adsorption-desorption curves for m-WO;, PANI/m-WO, and PANI; (B) corresponding pore size distributions for mesostructured m-
WO, and PANI/m-WO,. The pore sizes were analyzed with the adsorption branch using the BJH algorithm.
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face area (a;) of PANI/m-WO; and the capacity (Cpan) of plain
PANI electrode. The PANI matrix was compressed tightly in the
plain PANI electrode, thus the intercalation/deintercalation of
Li* was taking place on the surface of the electrode. Therefore,
the obtained capacity of plain PANI from the charge/discharge
measurement can be changed to specific area capacity
(mAhm™?) by the surface area of plain PANI electrode (a,) from
BET result. On the other hand, it is assumed that the m-WO,
particles were completely covered with PANI in PANI/m-WO,
and the specific surface area of PANI/m-WO; is the value from
BET measurement, which means that the intercalation/deinter-
calation reaction was occurring on a large surface area. There-
fore, the ideal contribution capacity (C) of plain PANI to PANI/
m-WO; can be calculated by the following Equation (6).

C;(mAhg™) :%01 (6)

2

The surface area of plain PANI electrode (a,) is 7.1 m?’g™" ac-
cording to the BET result. The resulting C is 460 mAhg™,
which might be the cause for the high capacity of PANI/m-
WO,. There is no readily available explanation for such a high
capacity at the moment, though some possible mechanisms
have been considered for future study. The coating of PANI on
the surface of m-WO; may have introduced some synergistic
effect for the lithium-ion storage such as a catalyst to promote
the reaction at the interface. The introduction of PANI coating
may have also retarded the crystal growth during the charge/
discharge cycles through promoting heterogeneous high-den-
sity nucleation. The fast reaction and high density nucleation
may retard the crystallization, retaining the electrode in high
energy state and benefitting the charge/discharge process. All
the above hypothetical explanations are the subject of our fur-
ther research.

Conclusions

The polyaniline (PANI)/mesoporous-tungsten trioxide anode
nanocomposites prepared through in situ polymerization dem-
onstrated a very high lithium-ion storage capacity with excel-
lent cycling stability after a few initial cycles at a low rate. The
PANI layer was evenly coated onto tungsten trioxide particles
and the composite shows much higher reversible capacity and
better cycling performance than uncoated tungsten trioxide.
Such an improvement was attributed to the flexible conduc-
tive PANI, and the possible catalytic interaction between PANI
and tungsten trioxide particles. In addition, the PANI coating
may have promoted fast and high density nucleation and re-
tarded crystallization during the charge and discharge cycles.

Experimental Section
Materials synthesis

Mesoporous WO,: Mesoporous silica KIT-6 template was prepared
according to a previously reported procedure.?® Ordered mesopo-
rous WO, was prepared as follows. 2.4 g of 12-phosphotungstic
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acid was dissolved into 40 mL of ethanol, which was then mixed
with 1.6 g of KIT-6 template under stirring. After evaporation of the
ethanol at 60°C, the obtained white powders were calcined at
500°C for 3 h to give a decomposition product of tungsten triox-
ide. The KIT-6 template was then removed with 2 m hydrogen fluo-
ride solution under constant magnetic stirring for overnight at
room temperature.?”

PANI/m-WO;: 0.4 g of as-prepared m-WO; powder was dispersed
in ultrasonically in 40 mL of 0.1 M hydrochloric acid. 80 mg aniline
monomer was added to the mixture under constant magnetic stir-
ring in the ice bath. 89.6 mg ammonium peroxydisulfate was
added in 20 mL 0.1 ™M hydrochloric acid solution and precooled to
0°C, then added slowly to the mixture under constant magnetic
stirring in the ice bath. After polymerization for 6 h in the ice bath,
dark green powder was collected by filtration and rinsed with
water and methanol and dried at 60°C under vacuum. The plain
PANI was prepared by the same method without m-WO; and deep
dark green powder was obtained after the washing and drying
process.

Materials characterization

The crystal structure of the composite was determined by XRD (D8
Bruker X-ray diffractometer with Cuy, radiation (1=1.5418 A))
within the range of 10°-80° (26). FTIR were carried out on
a BRUKER TENSOR27 spectrophotometer within 400-4000 cm™'
using an attenuated total reflection mode. The energy dispersive
X-ray spectroscopy (EDS) and the morphology were observed with
SEM (JEOL, JSM-7000F) and TEM (JEM-2100h) operating at 200 kV.
TGA was performed on a TG instrument (NET ZSCH STA 409C). The
specific surface area and micropore and mesopore volumes were
determined by multipoint Brunauer-Emmett-Teller (BET), t-
method, and Barret-Joyner-Halenda (BJH) desorption analyses, re-
spectively.

Electrochemical measurements

The electrodes of m-WO;, PANI/m-WO;, and plain PANI were pre-
pared by coating a mixture of 70 wt.% of active material and
15 wt.% of super-p as conducting agent and 15 wt.% of sodium
carboxymethyl-cellulose as binder onto a Cu current collector. The
electrodes were pressed to 10 MPa for 5 min to compress the elec-
trode materials matrix tightly before the coin cells assembly. 2016-
type coin cells were assembled in an Ar-filled MBraun glove box
using the prepared electrodes as working electrodes, lithium foils
as counter electrodes and microporous membrane (Celgard 2400)
as the separators. The base electrolyte in this work was
1.0 moldm™ LiPF4 in ethylene carbonate (EC)/ethyl methyl carbon-
ate (EMC)/diethyl carbonate (DEC) (1:1:1).

Cycling voltammetry was performed on Solartron-1470 instrument
(England) with m-WO; and PANI/m-WO; electrode as working elec-
trode and lithium as reference and counter electrode at 25°C at
a sweep rate of 0.1 mVs™". For better comparisons of the CV re-
sults, the same loading weights of the anode materials were select-
ed. The charge-discharge tests were conducted on a LAND cell
test system (Land CT 2001A) and cycled between 2.5 and 0.01V
(vs. Li*/L) at 25°C. The capacity of the m-WO; and PANI/m-WO,
were calculated on the basis of WO;. Electrochemical impedance
spectroscopies (EIS) were performed on the Solartron 1287A in
conjunction with a Solartron 1260FRA/impedance analyzer with
amplitude of 10.0 mV in the frequency range from 100 kHz to
0.1 Hz. Before the EIS measurement, the electrodes were charged
to 1.5V (vs. Li*/Li) and kept at this potential for 2 h to reach an
identical status.
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