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Abstract Molybdenum trioxide (MoO;) xerogel films
modified with poly(vinyl alcohol)+poly(vinyl pyrrolidone)
(PVP+PVA) polyblends were obtained by ion-exchange
method with sol-gel technique. Investigations were con-
ducted using X-ray “diffractometry”, Fourier transform
infrared spectroscopy, and cyclic voltammetry. The results
show that the H atoms in polyblend are H-bonded with the
O atoms in the Mo=0O bonds of MoOj; xerogel, which
effectively shield the electrostatic interaction between
MoO; interlayer and Li" ions when MoOs xerogel is
modified by the intercalation of (PVP+PVA). The revers-
ibility of the insertion/extraction of Li' ions is greatly
improved by the modification with polyblend of MoO;
nanocomposite films. MoO3; and (PVP+PVA),MoO; (x=0,
0.5) nanobelts were obtained by a simple hydrothermal
process from MoO; sol. The electrochemical cells with
configuration Li/(LiPF¢+EC+DMC)/MoO; modified by
(PVP+PVA) were fabricated and their discharge profiles
studied.
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Introduction

The increasing demand for small-size autonomous power
sources raises the interest in thin-layer lithium batteries [1,
2]. Comparatively, the inexpensive trioxide MoO; has a high
primary discharge capacity but a lower discharge voltage as
compared with V,05 and MnO, [3]. Nevertheless, lithium
batteries based on MoO; are competitive among other
lithium batteries with solid-phase cathodes. A number of
small-sized Li-MoOj batteries are already produced indus-
trially [4]. Its theoretical Li insertion capacity is difficult to
attain in practice due to irreversible phase transformation in
the crystalline form or irreversible Li insertion in the case of
the xerogel [5]. Many researchers have modified MoO3 with
polymer, such as poly(p-phenylene vinylene) (PPV), poly-
aniline (PAN), or nylon, poly(ethylene-oxide) (PEO) [6-9],
but modifying MoO; xerogel with poly(vinyl alcohol)+poly
(vinyl pyrrolidone) (PVP+PVA) has not been reported. The
intercalation of PVP/PVA is expected to enhance the
mobility of Li" ions in MoOs xerogel interlayer and improve
the reversibility of insertion/extraction of Li" ions. The
preparation of modified MoOj; xerogel film and the effect of
modification by PVP/PVA on the reversibility of insertion/
extraction of Li" ion in MoO; nanocomposite films are
investigated and discussed, and the electrochemical property
of MoOj; nanobelts were reported in this paper.

Experimental

A clear light-blue MoOj sol.(pH 2.0) was prepared by an ion
exchange of (NH4)sMo0,0,4.4H,0 (>99.0%) through a
proton exchange resin of particle size 0.3—1.2 mm (from a
Shanghai agent company). The PVP+PVA (50:50) was
dissolved in distilled water, and the solution was mixed
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with MoOs sol. The molar ratio of polyblend to MoO3 was
x: 1(x=0, 0.5). The composite membrane was formed in
glass substrate by dip-coating method after the mixed sol
was left motionless for 2 or 3 days. The MoO; and
(MoO;+PVP+PVA) xerogel films were produced by heating
the composite membranes for 36 h at 373 K under vacuum.

The MoOj3; and (MoO5;+PVP+PVA) nanobelts from their
sols were synthesized by a hydrothermal process. The
mixed solutions were directly added into Teflon-lined
autoclaves and kept at 180 °C for 4 days. After the
hydrothermal reaction, the light blue product was washed
with distilled water and ethanol and dried at 80 °C for 8 h.
Oxygen post-treatment was carried out by heating the as-
prepared (MoO3+PVP+PVA) nanoparticles at 100 °C for
3 h under a constant oxygen flow in a furnace.

The X-ray diffraction (XRD) patterns of the films were
measured with HZG4/B-propylene carbonate (PC) X-ray
diffractometer with CoKo radiation and graphite “mono-
chrometer.” Fourier transform infrared (FTIR) absorption
spectra of the films were recorded using a 60-SXB IR
spectrometer with a resolution of 4 cm™', over a range of
400-4,000 cm . Employing the JSM-5610LV scanning
electron microscope, SEM images were collected. The cyclic
voltammogram (CV) was performed with scan rate of 1 mV/s
by electrochemical method in a non-aqueous lithium cell
using 1 M LiClO4 dissolved in PC electrolyte. The
electrochemical cell was a standard three-electrode system.
Indium tin oxide conducting glass coated with the modified
MoO; xerogel film and platinum foil was used as a working
electrode and as well as counter electrode. A standard
calomel electrode was used as a reference electrode. The
electrochemical characteristic study was carried out using a
multichannel galvanostat/potentiostat system (MacPile). In
the prepared electrochemical cells, a lithium pellet was used
as negative electrode, a 1 mol dm solution of LiPFy in
ethylene carbonate/dimethyl carbonate as electrolyte, and a
pellet made of the MoO3,(MoO3;+PVP+PVA) nanobelts,
acetylene black and polytetrafluoroethylene in a 85:10:05
ratio, as the positive electrode.

Results and discussion
XRD analysis

The XRD patterns of MoQOj3 xerogel both before and after
modification with PVP/PVA are shown in Fig. 1. The XRD
pattern of MoOj; xerogel shows three peaks whose d values
are 0.692, 0.347, and 0.234 nm corresponding to the
diffraction of (020), (040), and (060) crystal planes,
respectively [10]. No (hol) or (hkl) reflections are observed
in Fig. 1, confirming the turbostratic nature of the MoO;
slabs perpendicular to the b-direction axis. The repeated
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Fig. 1 XRD patterns of (@) MoOj; xerogel (b) MoOj intercalated with
(PVP+PVA)

distance in the modified MoOs xerogel film increases from
0.234 nm to 0.284 nm for MoOj3 xerogel film modified by
PVP/PVA in which peaks of (020) and (040) crystal planes
vanish. The increase in repeated distance is because PVP/
PVA intercalates in MoOj3 xerogel interlayer and opens the
MoO; xerogel layers [11, 12]. The disappearance of some
peaks shows the reduction of the crystalline arrangement in
the b-direction with the modification with PVP/PVA
intercalating in the interlayer [13].

The XRD patterns of the polyblend intercalated (PVP+
PVA).MoOj; (x=0,0.5) nanobelts are show in Fig. 2. All the
diffraction peaks can be indexed to the MoO; phase
consistent with the standard value of JCPDS no.05-0508.
The strong intensity of reflection peaks of (020), (040), and
(060) indicate the anisotropic growth. The diffraction peaks
(020), (110), (040), (021), and (060) of the polyblend inter-
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Fig. 2 XRD spectra of (a) MoOs, (b) (PVP+PVA), sMoOj; nanobelts
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calated (PVP+PVA)MoO; (x=0.5) nanobelts are shifted
lower angle side, and (210), (081), and (202) have
disappeared. The diffraction peak shifts indicate the increas-
ing distance between the interlayer of MoOj3. The disappear-
ance of some the peaks indicates the increasing
amorphousity in the MoOj interlayer.

FTIR spectrum analyses

FTIR spectra of MoOj; xerogel both before and after the
modification with PVP/PVA are shown in Fig. 3. The MoO;
xerogel exhibits three main vibration modes in the 400-
4,000 cm™' range. The terminal oxygen symmetry stretching
mode (v5) of Mo=O, the bridge oxygen asymmetry, and
symmetry stretching modes (1,5 and v5) of Mo—O-Mo are at
999, 870, and 567 cm ', respectively [5]. FTIR spectra of
MoO; xerogel intercalated by (PVP+PVA) shows the
characteristic intense peaks at 1,292 and 1,401 cm ', which
indicates the presence of (PVP+PVA), and small and poorly
resolved peak at 2,919 cm ' is an indication of amorphous
(PVP+PVA) phase, which is different from that of crystalline
(PVP+PVA) [14]. A remarkable change in vibration modes
and peak shifts to lower wave numbers were noticed in the
(PVP+PVA) intercalated MoOj; xerogel. The vy (Mo=0)
shits from 999 to 988 cm !, which indicates that the
Mo=0+H bond is formed in the nanocomposite materials
[15]. Namely, the H atoms in the (PVP+PVA) are H-bonded
with the O atoms in the Mo=0 bonds of MoOj3 xerogel.

CV analyses

Figure 4 shows the CV curves of MoOj; xerogel both before
and after modification with PVP/PVA. The measured scan
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Fig. 3 FTIR spectra of (@) MoOs xerogel and (b) MoO; intercalated
with (PVP+PVA)
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Fig. 4 Cyclic voltammetric curves of a MoO3 xerogel and b MoO;
intercalated with (PVP+PVA) sol-gel films measured at a scan rate of
1 mV/s

rate is of 1 mV/s in which the 1st, 2nd, 20th, and 40th cycle
curves were plotted. The curve area (4;) surrounded by
each cycle represents the amount of Li* ion insertion. The
cycle efficiency is calculated by the following equation:

O = 4;/4,

where Q; is the cycle efficiency, 4, is the area of the first
cycle curve and 4; is the area of the ith cycle curve. The
cycle efficiencies of different cycle times and compositions
are listed in Table 1.

The calculated second cycle efficiency (Q-) of the MoO;
and PVP+PVA intercalated MoO; xerogels are 88.23 and

Table 1 The cycle efficiency of different cycle times and composi-
tions

Sample 0> (%) 020 (%) Qa0 (%)
MoOj; xerogel 88.23 63.17 46.51
MoOj; xerogel intercalated 76.85 70.25 51.25

with PVP+PVA
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Fig. 5 SEM photographs of a
MoOj3 nanobelts and b MoO;
nanobelts intercalated with
(PVP+PVA)

76.85%, respectively. In the modified film, the O, is
lowered because a portion of Li" ions complexed by PVP/
PVA chains cannot be extracted from the interlayer. The
cycle efficiencies O,y and Q49 of PVP+PVA intercalated
MoO; xerogel films are 70.25 and 51.25%. These are
higher than that of MoOj3 xerogel film (63.17 and 46.51%),
which indicates that the cycling stability tends to increase
after several cycles. The O, of MoOj3; xerogel film before
intercalation with PVP/PVA apparently decreases from
88.23 to 63.17%, primarily owing to the strong electrostatic
interactions between Li" ions and oxygen atoms of the
MoOs lattice. When (PVP+PVA) is intercalated into MoO;
xerogel, it has relatively strong interactions with MoO;
layers and a complexing interaction with Li" ions, which is
effectively shielding electrostatic interactions between Li"
ions and MoO; [16]. As a result, the cycling stability has
improved and the reversibility of the insertion/ extraction of
Li" ions in the MoOj interlayer enhanced.
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Fig. 6 First discharge curves of (@) MoOj; nanobelts, (b) pre-post-
oxygen-treated (MoO3;+PVP+PVA), and (¢) post-oxygen-treated

(MoO3+PVP+PVA) nanobelts secondary batteries
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SEM analyses

Morphological effects are responsible for improved elec-
trochemical activities [17]. Figure 5a shows the SEM image
of the MoOj3 nanobelts exhibiting a wide range of widths
ranging from 100 to 600 nm. The lengths of nanobelts are
in the order of 1-6 um. The nanobelts are straight and have
rectangular flat tips with four sharp corners at the upper
ends. Smooth facets enclose the surfaces of the nanobelts
and from the sharp edges. Figure 5b shows the SEM image
of the (PVA+PVA) intercalated MoO; xerogel. Ultrafine
spherical particles of molybdenum trioxide with the
diameter of 100 to 800 nm are observed.

Electrochemical characteristics

Figure 6 shows the first discharge curves of (a) as-prepared
MoOs5 nanobelts, (b) modified MoO;+PVP+PVA nanobelts,
and (c) post-oxygen-treated MoO;+PVP+PVA nanobelts.
The measured specific discharge capacitance of the as-
prepared MoO; nanobelts battery in the potential range of
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Fig. 7 Cycling property of (@) MoO; nanobelts, (b) pre-post-oxygen
treated (MoO;+PVP+PVA), and (c) post-oxygen-treated (MoOs;+PVP+
PVA) nanobelts secondary batteries
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3.85-1.5 V is 303 mAh/g, and (MoO;+PVP+PVA) nanobelts
and post-oxygen-treated (MoOz;+PVP+PVA) nanobelts bat-
teries measured in the potential range of 3.45-1.5 V are 231
and 211 mAh/g, respectively. The decrement in the specific
discharge capacities in the modified and post-oxygen-treated
nanobelt batteries might be due to a decreased average
molybdenum oxidation state as a result of the intercalation
of polymers towards lithium insertion. Figure 7 shows nine
complete charge—discharge cycles of the battery. The specific
discharge capacity is 263 mAh/g after six cycles of the
MoO; nanobelts, and cell exhibits a capacity loss of only
14%; after seven cycles, the capacity loss is 40%, which
indicates the poor Faradic efficiency of both electrodes. The
specific discharge capacity of the (MoO;+PVP+PVA)
battery after nine cycles is 155 mAh/g, exhibits a capacity
loss of 33%. The specific discharge capacity of post-oxygen-
treated (MoO3;+PVP+PVA) battery after nine cycles is
165 mAh/g and exhibits a capacity loss of 22%, which
indicates that the post-oxygen-treated battery has more stable
reversible electrochemical performance. In the polymer-
intercalated samples, post oxygen treatment plays a role in
activating polymer as an electrochemical active species for
lithium insertion. Similarly, the effect of oxygen treatment
has been observed for PANI/V,0s, [18, 19] and PPY/V,05
[20, 21]. The improved cycle stability by post oxygen
treatment is probably due to the partially re-oxidized MoOj3
oxidation states, and polymer chains inside the MoOj; gallery
couple oxidatively from longer chains [22].

Conclusions

PVP/PVA has been intercalated into MoOj3 xerogels. The
intercalation is confirmed by XRD, FT-IR, and CV. The
results show that the H atoms in PVP+PVA are H-bonded
with the O atoms of the Mo=0O bonds of MoO; xerogel,
which effectively shields the electrostatic interaction be-
tween MoOj interlayer and Li" ions when MoOj xerogel is
intercalated with PVP+PVA. The as-prepared (PVP+PVA)/
MoOj; exhibits a slightly lower discharge capacity than the
pure MoOj. After oxygen post treatment of the (PVP+

PVA)/MoO3, batteries exhibit more cycle stability than the
pure MoOj; nanobelts battery.
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