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V2O5 xerogel films were fabricated by casting V2O5 sols onto fluorine-doped tin oxide glass sub-

strates at room temperature. Five, ten and twenty atomic layers of Al2O3 were grown onto

as-fabricated films respectively. The bare film and Al2O3-deposited films all exhibited hydrous

V2O5 phase only. Electrochemical impedance spectroscopy study revealed increased surface

charge-transfer resistance of V2O5 films as more Al2O3 atomic layers were deposited. Lithium-ion

intercalation tests at 600 mAg�1 showed that bare V2O5 xerogel film possessed high initial

discharge capacity of 219 mAhg�1 but suffered from severe capacity degradation, i.e., having only

136 mAhg�1 after 50 cycles. After deposition of ten atomic layers of Al2O3, the initial discharge

capacity was 195 mAhg�1 but increased over cycles before stabilizing; after 50 cycles, the

discharge capacity was as high as 225 mAhg�1. The noticeably improved cyclic stability of

Al2O3-deposited V2O5 xerogel film could be attributed to the improved surface chemistry and

enhanced mechanical strength. During repeated lithium-ion intercalation/de-intercalation, atomic

layers of Al2O3 which were coated onto V2O5 surface could prevent V2O5 electrode dissolution

into electrolyte by reducing direct contact between active electrode and electrolyte while at the

same time acting as binder to maintain good mechanical contact between nanoparticles inside the

film. VC 2012 American Vacuum Society. [DOI: 10.1116/1.3664115]

I. INTRODUCTION

Lithium-ion batteries become the focus of rechargeable

batteries in the new decade. Its success in powering porta-

ble electronic devices such as cellular phones and laptops

has raised strong interests in pushing its application in

large mobile devices, e.g., hybrid vehicles.1,2 The advan-

tages of using Li-ion batteries as alternative of fossil fuel

for hybrid vehicle power source lie not only in energy per-

spective but also in environmental considerations.3,4 How-

ever, the application in hybrid vehicles requires high

discharge capacity which current lithium-ion batteries do

not have. Worldwide research has been carried out to

improve the intercalation capabilities of lithium-ion battery

electrodes in the past decade and a lot of inspiring results

have been published on improving the discharge

capacities.5–7 It was reported that for some intercalation

host, amorphous or less crystallized state could be more

favorable for lithium ion intercalation, i.e., possessing

higher discharge capacity, due to the less well packed

structure and more freedom for lithium ion diffusion.8–11

V2O5 is one of these materials: less crystallized hydrous

V2O5 phase was found to accommodate more lithium ions

as compared with well crystallized phase.12,13 In addition,

formation of hydrous V2O5 does not need thermal treat-

ment in fabrication process so it could be more suitable to

be used for novel film battery on conductive plastic sub-

strate.14 However, the capacity loss of hydrous V2O5 dur-

ing the repeated lithium-ion insertion/extraction process is

also severe.15 This phenomenon is attributed to two major

reasons. The first one is the dissolution of electrode in the

electrolyte, especially for nanostructured and poor crystal-

lized materials whose surface area was often much larger

than bulk and well crystallized materials.16 the second one

is related with the poor mechanical strength of un-annealed

electrodes17: Electrodes without thermal annealing or other

special treatment often suffer from poor mechanical

strength and thus could lose contact between particles

more easily. During the repeated lithium-ion insertion/

extraction process, nanoparticles in the film could easily

fall apart and the interconnection inside the electrode is

severely damaged.18 To solve these two problems, nano-

sized coating of oxides is often used. They can modify the

electrode surface chemistry while at the same time increas-

ing the mechanical strength of the film electrode.19,20 How-

ever, nano-sized coating is often realized by employing

solution-based route and conformal coating ontoporous

electrode is especially difficult due to the capillary force

associated with mesopores and micropores resisting liquid

penetration.21,22 Atomic layer deposition (ALD) turns out
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to be a favorable novel route to replace solution-based coat-

ing when applied on highly porous electrodes due to its

gas-phase reaction mechanism.23 Conformal atomic-

thickness coating could be achieved via this method on the

surface of porous films without changing any internal struc-

ture. Moreover, coating thickness could be easily controlled

by choosing the appropriate number of deposition cycles. In

this work, we employ ALD equipment to grow thin atomic

layers of Al2O3 on the surface of less crystallized V2O5 xe-

rogel film prepared at room temperature. After Al2O3

atomic layer deposition, it is found that the lithium-ion

intercalation cyclic stability of V2O5 film is obviously

improved as compared with bare film without Al2O3 deposi-

tion. This cyclic stability improvement is attributed to the

binding role of Al2O3 atomic layers and also their protec-

tion of the electrode from dissolution in the electrolyte.

II. EXPERIMENT

A diluted sol of V2O5�nH2O was prepared using the

method reported by Fontenot et al.24 In brief: 0.136 g V2O5

powder was dissolved in 2 mL de-ionized water and

0.603 mL 30% H2O2 solution. The suspension was stirred

until the V2O5 powder totally dissolved, resulting in a clear

and dark-red solution. The solution was then sonicated to get

a yellow-brown gel which was dispersed into de-ionized

water in a molar concentration of 0.005 M with primary

vanadium species in the colloidal dispersion nanoparticles of

hydrated vanadium oxide. V2O5�nH2O films were then pre-

pared by spreading 50 lL of V2O5�nH2O sol onto fluorine-

doped tin oxide glass substrates. The spread area was

approximately 7 mm * 8 mm. After drying under ambient

conditions for 24 hs, the films were then treated by atomic

layer deposition (Oxford OpAL) of Al2O3 under vacuum at

25 �C for zero, five, ten and twenty cycles, respectively. The

resultant films were designated as bare V2O5, Al2O3�5,

Al2O3�10 and Al2O3�20.

Scanning electron microscopy (SEM, Philips, JEOL

JSM7000) and x ray diffraction (XRD, Philips 1820 x ray

diffractometer) were carried out to characterize the mor-

phology and crystallization state of as-fabricated films.

Electrochemical impedance spectroscopy (EIS) study was

carried out using a Salon 1260 impedance/gain-phase ana-

lyzer with a Pt foil as the counter electrode and 1 M LiClO4

in propylene carbonate as the electrolyte. The frequency

range was from 100 kHz to 0.1 Hz. Lithium-ion intercala-

tion properties of V2O5 films were investigated using a

standard three-electrode system, with 1 M LiClO4 in pro-

pylene carbonate as the electrolyte, a Pt mesh as the counter

electrode, and Ag/AgCl as the reference electrode. Cyclic

voltammetric (CV) tests were conducted between 0.6 V and

�1.4 V with a scan rate of 10 mVs�1. Chronopotentiomet-

ric (CP) tests were carried out in the voltage range from 0.6

V to �1.4 V with current density of 600 mAg�1. The CV

and CP tests were performed using an electrochemical ana-

lyzer (CH Instruments, Model 605B). The area of the work-

ing electrode used for all the electrochemical studies was 7

mm � 8 mm approximately.

III. RESULTS AND DISCUSSIONS

A. Results

The as-fabricated sol-gel film was homogeneous and

SEM study (not shown here) revealed plain surface morphol-

ogy with film thickness of� 2 lm. After atomic layer depo-

sition, no noticeable morphology change was observed. As

reported earlier, such xerogel film was highly porous with

porosity ca. 50%.13 The high porosity could be attributed to

the solution-based route without thermal treatment. Water

residues trapped in the pores can be removed by high vac-

uum processing during atomic layer deposition. Crystal

water bonded to V2O5 structure is estimated to be 0.7 H2O

per V2O5 by TGA measurement. X-ray diffraction pattern of

as-fabricated film is shown in Fig. 1. The broad peak dis-

cerned on the pattern is (0 0 1) peak of hydrous V2O5 phase

and the interlayer distance between adjacent layers is 11.7 Å

by calculation using the diffraction angel of (0 0 1) peak; the

crystallite size estimated by using Scherrer’s formula is ca.

5 nm, which is the thickness of the platelet along <0 0 1>
direction. No crystallography change is observed on XRD

patterns after different cycles of atomic layer deposition of

Al2O3, suggesting that the crystal water remains bonded in

the structure without being affected by high vacuum process.

The EIS of all the films are presented in Fig. 2. Figure

2(a) shows the high to middle frequency region of Nyquist

plots (it is only part of the measured Nyquist plots) of the

measured films and Fig. 2(b) shows the equivalent circuit

that was used for fitting the measured Nyquist plots. In

Fig. 2(b)’s circuit, R1 represents the resistance of electrolyte;

R2 is the charge-transfer resistance of V2O5 film; R3 repre-

sents the resistance of V2O5 film (or the electrode); and the

CPEs in the circuit are constant phase elements.25 Electro-

lyte resistance of the films reveals the process of lithium ion

transport in the electrolyte and its value is the resistance

value that the Nyquist plot semicircle starts from. It can be

noticed that Al2O3 coated films all have lower electrolyte

resistance (�120 X) than bare V2O5 (�180 X). Similar

electrolyte resistance decrease after coating was also

reported on Al2O3 coated LiCoO2 (Ref. 26) and AlPO4

FIG. 1. X-ray diffraction pattern of V2O5 xerogel film fabricated at room

temperature, showing the existence of only hydrous vanadium oxide.
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coated electrode.27 Charge-transfer resistance reveals the

process of lithium ion charge-transfer across the electrolyte/

electrode interface. As could be clearly seen after the com-

parison of the Nyquist plots of the four films, with more

Al2O3 cycles deposited, the semicircle representing the

charge-transfer resistance becomes larger. The charge-

transfer resistance values after fitting the Nyquist plots with

the equivalent circuit shown in Fig. 2(b) show increasing

magnitude: Bare V2O5 (68 X)<Al2O3-5 (400 X)<Al2O3-

10 (2.9 kX)<Al2O3-20 (4.7 kX). It should be noted that as

more Al2O3 atomic layers are deposited, the charge-transfer

resistance exhibits noticeable increase which is due to more

inert and insulating Al2O3 on V2O5 film surface.

The lithium-ion intercalation properties of all the films

were studied using cyclic voltammetric (CV) and chronopo-

tentiometric (CP) tests. Figure 3 compares the CV curves of

the four films in the first, thirtieth and fiftieth cycles. For

bare V2O5 film, the initial CV curve exhibits broad oxidation

and reduction peaks, suggesting poor crystallinity of the

film.28 Reduction peaks are associated with lithium ion

insertion reaction:

V2O5 þ xLiþ þ xe� ¼ LixV2O5: (1)

Oxidations peaks are associated with lithium ion extraction

reaction:

LixV2O5 ¼ V2O5 þ xLiþ þ xe�: (2)

There are two pairs of redox peaks from bare V2O5 film with

the more noticeable pair appearing at� 0.76 V (reduction

peak) and� 0.39 V (oxidation peak) and the less noticeable

ones at �0.21 V (reduction peak) and 0.15 V (oxidation

peak). There is another oxidation peak at �0.25 V, but the

peak disappears very quickly after initial cycles which could

FIG. 2. (Color online) (a) High to middle frequency region of AC impedance

spectra presented as Nyquist plots of bare V2O5 film and V2O5 films after

Al2O3 deposition of different cycles measured in 1 M LiClO4 in propylene

carbonate and (b) the equivalent circuit used to fit the EIS data.

FIG. 3. (Color online) Cyclic voltammetry curves in the first, thirtieth and fiftieth cycles of (a) bare V2O5 film, (b) Al2O3-5 film, (c) Al2O3-10 film, and (d)

Al2O3-20 film measured in 1 M LiClO4 in propylene carbonate with a scan rate of 10 mVs-1 in a voltage range between 0.6 V and� 1.4 V vs Ag/AgCl.
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be from surface impurities present due to absence of thermal

treatment. The CV curve of Al2O3-5 film exhibits similar

curve shape and peak positions as bare V2O5 film. However,

the impurity peak at �0.25 V becomes much less noticeable,

suggesting improved surface purity. The CV curves of

Al2O3-10 and Al2O3-20 only exhibit one pair of redox peaks

at �0.68 V (reduction peak) and -0.18 V (oxidation peak) in

the initial cycle. With cycles going on, the peaks at �0.21 V

and 0.15 V start to form, suggesting more V2O5 redox

reaction with electrolyte. This phenomenon suggests that

deposition of Al2O3 atomic layers on V2O5 surface sup-

presses the interface reactions in the initial cycles, including

both the lithium-ion intercalation and minor side reactions.

However, after stabilization of electrode/electrolyte inter-

phase, more lithium-ion intercalation reactions start to occur.

Figures 4(a)–(c) show the discharge/charge curves of the

four films. Figure 4(a) compares their initial discharge

curves. It could be clearly seen that as more Al2O3 atomic

layers are deposited, the starting voltage of discharge curve

is getting lower and the discharge capacity is obviously

decreasing. In detail, bare V2O5 film starts voltage drop from

0.17 V and has a high discharge capacity of 219 mAhg�1; its

discharge curve also exhibits two poorly-defined plateaus

from �0.5 V to �0.7 V and from �0.9 V to� 1.1 V. After

deposition of 5 Al2O3 atomic layers, the discharge curve

starts voltage drop from�0.08 V and the initial capacity

decreases to 201 mAhg�1; the initial voltage of Al2O3-10

film further lowers to �0.35 V and capacity reduces to

195 mAhg�1; Al2O3-20 film starts the voltage drop from

�0.52 V and has an initial capacity of merely 135 mAhg�1.

Figures 4(b) and 4(c) compare the discharge/charge curves

of these four films after 30 and 50 cycles. Compared with

the discharge curves in Fig. 4(a), we could notice that bare

V2O5 film has the highest discharge capacity in the initial

cycle; however, after 30 cycles, it exhibits noticeable

capacity decrease while the Al2O3 deposited films exhibit

capacity increase. After 50 cycles, the bare V2O5 has a poor

capacity of �130 mAhg�1, and the Al2O3 deposited films all

have higher capacities. All the films, whether bare V2O5 or

Al2O3 deposited films, exhibits good columbic efficiency by

delivering nearly the same charge capacity as discharge

capacity, indicating good reversibility of lithium-ion

FIG. 4. (Color online) Chronopotentiometric discharge/charge curves in the (a) first, (b) thirtieth, and (c) fiftieth cycles of bare V2O5 film and Al2O3 deposited

films. (d) Li-ion intercalation discharge capacity of bare V2O5 film and Al2O3 deposited films as a function of cyclic numbers. The measurements were carried

out in a potential window between 0.6 V and �1.4 V vs Ag/AgCl at a current density of 600 mAg�1.
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intercalation/de-intercalation process. The lower starting

voltage of Al2O3 deposited V2O5 suggests less direct contact

between electrolyte and active V2O5 electrode.29 Another

finding from the CP curves comparison is that V2O5 films

deposited by Al2O3 exhibit more sloping intercalation man-

ner in the initial cycles; however, after repeated cycles,

poorly-defined plateaus start to appear in similar voltage

region as those discerned in the curves of bare V2O5 film.

The same phenomenon was also reported on Al2O3 depos-

ited silicon oxycarbide.30

Figure 4(d) compares the long-term cyclic stability of the

four films by presenting the discharge capacities versus cycle

numbers. The bare V2O5 film starts with a high capacity of

219 mAhg�1 but dropped cycle by cycle to only 136 mAhg�1

after 50 cycles. Al2O3-5 film starts with a slightly lower

capacity of 201 mAhg�1 but exhibits capacity increase in the

initial cycles and is still as high as 204 mAhg�1 after 50

cycles. The initial capacity increase is similar as what been

reported on Al2O3 coated LiCoO2.31 Al2O3-10 film exhibits

a more noticeable trend of initial increase by increasing from

initial capacity of 195 mAhg�1 to 225 mAhg�1 after 50

cycles. Al2O3-20 film’s behavior in the cyclic stability is

similar as Al2O3-10 film but shows lower capacities through

all the 50 cycles: it starts with a low capacity of 135 mAhg�1

and stabilizes at 147 mAhg�1 after 50 cycles. As demon-

strated in the experiments, V2O5 film deposited with five or

ten atomic layers of Al2O3 exhibited high discharge capaci-

ties with noticeably improved cyclic stability. When more

than ten atomic layers of Al2O3 were deposited, the cyclic

stability remained the same but the capacity value was much

lower.

B. Discussions

The improved cyclic stability of V2O5 film after Al2O3

atomic layer deposition could be attributed to the enhanced

surface chemistry stability and mechanical strength of V2O5

film. As reported by literature, electrode dissolution and

volume change during the cyclic lithium-ion intercalation/

de-intercalation process are the two main causes of capacity

degradation.32,33 Nanostructured films often deliver high

capacities benefiting from the large surface contact area

with electrolyte, providing sufficient reaction sites for

lithium�ion intercalation. However, large interface also

means more electrode dissolution in the electrolyte in long-

term cycles, causing faster loss of active material and

resultant capacity degradation. On the other hand, after

lithium-ion intercalation, host film will experience volume

expansion which often causes excessive mechanical stress,

detrimental to the film structure integrity especially for un-

annealed films which suffer from poor mechanical strength.

Coated atomic layers play the role both as the protection

layer to reduce electrode dissolution into the electrolyte and

also as binder to counter the volume change stress by

holding reacting film more firmly.34 Coating as the protec-

tion layer to protect electrode surface integrity has been

widely recognized and it is already well proved to be highly

effective as we discussed in the introduction part. However,

the binding role of deposited atomic layers is not well recog-

nized yet. For porous film, interconnected nanostructured par-

ticles are experiencing repeated volume expansion and could

gradually lose contact between each other. As a result, the

connection network is damaged and capacity degradation is

evidenced. Thermal treatment could be one solution to solv-

ing the problem by increasing mechanical strength, i.e., build-

ing up more particle contact areas; however; at the same

time, thermal treatment could also change the crystal struc-

ture and reduce total film surface area,35 unfavorable for

lithium-ion intercalation. In addition, in some advanced flexi-

ble energy storage device applications, due to the plastic sub-

strate used for film battery, thermal treatment should also be

avoided to ensure good substrate conductivity. In contrast to

traditional thermal method, Al2O3 atomic layers increase film

strength by acting as binders to hold expanding nanoparticles

together during repeated cycles. Internal structure of the film

can be well preserved and substrate conductivity will not be

sacrificed. So ALD deposition is favorable as an effective

method to increase film electrode mechanical strength.

IV. SUMMARY AND CONCLUSIONS

Atomic layers of Al2O3 were deposited onto sol-gel

derived V2O5 xerogel films which did not receive any ther-

mal treatment and lithium-ion intercalation capabilities of

these films were studied. Bare V2O5 film had an initial dis-

charge capacity as high as 219 mAhg�1 but after 50 cycles

its capacity was only 136 mAhg�1. After Al2O3 deposition,

the cyclic stability of V2O5 films was noticeably improved.

The film deposited by five atomic layers of Al2O3 started

with a capacity of 201 mAhg�1 and after 50 cycles the

capacity was still as high as 204 mAhg�1; the film deposited

by ten atomic layers of Al2O3 had an even better cyclic sta-

bility by starting with a lower capacity of 195 mAhg�1 and

after 50 cycles possessing a higher capacity of 225 mAhg�1.

The improved cyclic stability of V2O5 films after Al2O3

atomic layer deposition could be attributed to the inert

Al2O3 layers both as the protection coating to reduce active

electrode dissolution in the electrolyte and as the binders to

increase the mechanical strength of the V2O5 film.
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