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bstract

Thin films of lithium nickel vanadates are deposited by pulsed-laser deposition from targets with different lithium contents. The as-deposited
lms are mainly amorphous and possess smooth and dense surfaces as revealed by X-ray diffraction and scanning-electron microscopy. The initial

oss in capacity between the first discharge and charge decreases with increase in the lithium content in the films. The film grown from the target

f Li1.2NiVO4 gives the best performance with a retainable capacity as high as 410 �Ah per cm2 �m. There is almost no loss in capacity from the
1th up to the 50th cycle even though a fast decay occurs during the first several cycles. Cyclic voltammograms reveal cathodic peaks at 1.78 and
.56 V and anodic peaks at 1.27 and 2.47 V, in line with the shapes of the discharge and charge curves.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Rechargeable thin-film microbatteries are receiving more and
ore attention as low power sources for integrated microelec-

ronics [1–3]. A thin-film microbattery is made up of a cathode, a
olid electrolyte and a anode. In most studies, a metallic lithium
lm is employed as the anode. Due to its low melting point and
trong reaction with air, however, lithium metal is not suitable
or integration with micro-devices. There is therefore a need to
eplace the lithium anode with other stable thin-film materials.
n amorphous silicon tin oxynitride anode (SiTON) with good

hermal stability and recyclability has been developed [4].
Vanadates have been studied extensively for lithium-ion bat-

eries [5–8]. LiNiVO4 is particularly interesting among the vari-
us vanadate candidates since crystallized LiNiVO4 can be used
oth as a high-potential cathode [9] and as an anode [10,11]. In
oth crystallized and amorphous states, one LiNiVO4 ion can
eversibly react with about seven lithium ions when it is dis-

harged down to 0.02 V. This corresponds well with a specific
apacity of 920 mAh g−1, that is almost two and a half times the
apacity of a graphite electrode. Bulk LiNiVO4 shows, however,
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low reversibility on the first cycle and a continuous capacity
oss with further cycling. Recently, a LiNiVO4 thin-film anode
as been deposited by radio frequency (rf) magnetron sputtering
12,13]. These amorphous thin films exhibit much better stabil-
ty than the bulk materials [12], and their discharge capacity and
tability are dependent on the composition and the conditions of
he deposition process [13].

In the present study, the growth of an amorphous LiNiVO4
hin-film anode by pulsed-laser deposition (PLD) is reported for
he first time, together with the results of electrochemical tests
or its applicability in a rechargeable thin-film microbattery.

. Experimental

LiNiVO4 thin films were grown on both polished stainless-
teel and silicon substrates by PLD from lithium nickel vanadate
argets in a vacuum chamber. A 248 nm excimer laser beam
ith a power of 140 mJ per pulse and a repetition of 10 Hz was

ocused on to a target at an incidence angle of 45◦ (spot size of
mm × 2 mm). The chamber was pumped to a base pressure of

× 10−5 Torr before oxygen was introduced. The oxygen pres-

ure was kept at 8 mTorr and the temperature of the substrate
as set at ambient temperature during deposition. The target
as rotated and the substrate was placed on a holder held at a
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Fig. 1. XRD patterns of PLD targets and as-deposited thin films: (a) LiNiVO4

target; (b) Li1.2NiVO4 target; (c) thin film grown from Li1.2NiVO4 target at
room temperature and 8 mTorr of oxygen (�, LiNiVO4; �, NiO; ×, Li3VO4; +,
LiVO3; S, stainless-steel substrate).
86 S.B. Tang et al. / Journal of P

istance of 4 cm away from the target. Two targets with stoi-
hiometric LiNiVO4 and Li-excess Li1.2NiVO4 were used for
eposition of the thin films. They were prepared by a similar
olid-state reaction from mixtures of weighed Li2CO3, NiO and
2O5 powders at 730 ◦C for 12 h in air [13]. The reacted mix-

ures were ground and pressed at 100 kg cm−2 to form targets
f 25 mm diameter. The final targets were formed by sintering
t 600 ◦C for 8 h.

Electrochemical tests were performed using a Solartron 1287
lectrochemical interface. A home-made Swagelok cell was
ssembled using LiNiVO4 film of 10 mm diameter as the posi-
ive electrode and a Li metal foil as the negative electrode. The
ell was placed in an argon-filled glove-box with both H2O and
2 levels less than 0.1 ppm. The electrolyte was 1 M LiPF6 in 1:1

thylene carbonate (EC) and diethyl carbonate (DEC) solution
Merk). Charge and discharge cycling was performed between

and 0.02 V at a constant current density. Cyclic voltamme-
ry (CV) was performed between 3 and 0.1 V at sweep rate of
.5 mV s−1.

The surface morphology of the film was characterized by
eans of a Jeol 5600 scanning electron microscope (SEM).
he thickness of the film was measured using a surface pro-
ler (Tencor alpha-step 500). A Shimadzu XRD-6000 equipped
ith a Cu K� source was used for crystalline phase analysis.
he composition of the film was analyzed with a ICP-Optical
mission Spectroscopy (OES). LiNiVO4 films deposited on sil-

con substrates with a top layer of SiO2 (∼1.2 �m) were used
or thickness measurement and composition analysis.

. Results and discussion

The XRD θ/2θ spectra of the targets used for PLD and of the
s-deposited thin films are shown in Fig. 1. In the stoichiometric
iNiVO4 target, very weak peaks of NiO are detected in addition

o the main peaks of LiNiVO4 (Fig. 1(a)). In the excess lithium
arget of Li1.2NiVO4, both Li3VO4 and NiO phases are observed
Fig. 1(b)), which indicates the coexistence of LiNiVO4, Li3VO4
nd NiO. By contrast, the thin film deposited at room tem-
erature and 8 mTorr of oxygen pressure is mainly amorphous
Fig. 1(c)). The small peak at 29.2◦ in the thin film may be related
o fine crystallites of LiVO3 that were not detected in the targets.
canning electron micrographs (Fig. 2) show that the surfaces
f the thin films are flat, uniform and dense without cracks and
inholes. A few particles are dispersed on the surfaces, which is
common feature of thin films deposited by PLD. The surface
orphology of lithium nickel vanadate thin films grown by PLD

ppears to be much better than that of thin films deposited by rf
agnetron sputtering except for some particles on the surfaces

12,13]. The composition of the films deposited from different
argets are listed in Table 1. With increasing lithium content
n the target, it is found that the relative content of lithium in
he films significantly increases while the relative content of
ickel increases only slightly. To achieve a Li:V ratio of above

nity in the film grown by PLD, excess of lithium in the tar-
et is necessary to compensate for the loss of lithium during
arget preparation and deposition. The Ni:V ratio in the films
eposited under the present conditions is not expected to be

Fig. 2. Electron micrographs of surface of as-deposited thin films on stainless-
steel substrates from targets of (a) LiNiVO4 and (b) Li1.2NiVO4.
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Table 1
Composition of thin films and initial irreversible capacity percentage of first cycle

Target Film composition
(atomic ratio Li:Ni:V)

Capacity of first discharge
(�Ah per cm2 �m)

Capacity of first charge
(�Ah per cm2 �m)

Irreversible capacity
of first cycle (%)
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Li1.2NiVO4 experiences only 10.4% loss of initial capacity dur-
ing the first cycle although the capacity of the first discharge
decreases to 570.8 �Ah per cm2 �m (Fig. 5(b)). Moreover, it
iNiVO4 0.69:0.62:1 628.0
i1.2NiVO4 0.96:0.65:1 570.8

uch less than that in the stoichiometric ratio of the LiNiVO4
ompound.

Discharge and charge curves on cycling the film grown from
target of LiNiVO4 are presented in Fig. 3. The initial section
f the first discharge curve above 1.3 V is different from that of
he following cycles. Moreover, it is also quite different from
he first discharge curve of crystallized LiNiVO4 powder anode
eported in reference [5]. The profiles of the discharge and charge
urves from the second cycle onwards are, however, similar to
ach other. In particular, the curves for the 10th cycle are almost
dentical to those of the 50th cycle, which indicates that a rel-
tively stable structure is formed during the first intercalation
f lithium. The same trend is observed for films grown from a
arget of Li1.2NiVO4. Amorphous LiNiVO4 films grown by rf
puttering have been shown to exhibit similar curves [12]. It has
een reported that an amorphous powder of LiNiVO4·2.6H2O
lso displays a different discharge curve on the first cycle, with a
eduction voltage (∼1.4 V) that is lowest on the initial cycle. This
ay be due to the existence of moisture or internal re-ordering in

he materials during the initial lithium intercalation. The charge
nd discharge curves of the present films deposited by PLD are
ypical of amorphous LiNiVO4 material, as confirmed further
y XRD and SEM studies (Figs. 1 and 2).

Cyclic voltammetric (CV) curves for the thin-film electrode
btained from a target of LiNiVO4 at a scan rate of 0.5 mV s−1

fter 50 cycles are given in Fig. 4. There is not only a broad
athodic peak at 1.78 V and a large sharp peak at around 0.56 V

n the negative sweep from 3 to 0.1 V, but also two broad anodic
eaks at 1.27 and 2.47 V. The peak positions in the CV scans are
n line with the positions of the plateaus in the charge and dis-
harge curves in Fig. 3. Moreover, the CV curves after 50 cycles

ig. 3. Charge and discharge curves of thin-film electrode from target of
iNiVO4 at different number of cycles (current density = 50 �A cm−2 for 1st
nd 2nd cycles and 100 �A cm−2 for 10th and 50th cycles).

s

F
a

503.1 19.9
511.5 10.4

re quite repeatable during continuous scans, which suggests
hat the reduction and oxidation processes in the amorphous
iNiVO4 thin film are reversible. From ex situ X-ray absorp-

ion and electron energy loss measurements, Guyomard et al.
5] detected the reduction of vanadium cations from +5 down to
2.6 in a powder LiNiVO4 electrode with a lithium intercalation
p to eight lithium per formula unit while the oxidation state of
ickel was kept at almost +2. The cathodic peaks observed in
he present study at 1.78 and 0.56 V during lithium intercala-
ion may most likely correspond to different reduction states of
anadium.

The charge and discharge capacity as a function of cycle
umber for thin-film electrodes grown from targets of LiNiVO4
nd Li1.2NiVO4 are shown in Fig. 5. During the first reduc-
ion, a discharge as high as 628 �Ah per cm2 �m is delivered
y the thin-film electrode obtained from the LiNiVO4 target
Fig. 5(a)). It can be deduced that partially-inserted lithium can-
ot be removed during the first charge. The charge capacity on
he first cycle is about 503 �Ah per cm2 �m, which corresponds
o 19.9% of the irreversible capacity loss between the first dis-
harge and charge (Table 1). The capacity decays rapidly during
he first few cycles. From the 11th cycle onwards, the capac-
ty becomes relatively stable; there is a decay of only 0.12%
er cycle. The film deposited from a lithium-excess target of
hould be noted that this film becomes very stable after 10

ig. 4. Cyclic voltammograms for thin-film electrode from target of LiNiVO4

t scan rate of 0.5 mV s−1 after film discharged and charged for 50 cycles.
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Fig. 5. Discharge and charge capacity vs. cycle number for thin-film electrodes
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[8] C.M. Julien, Mater. Sci. Eng. R40 (2003) 47.
rom target of (a) LiNiVO4 and (b) Li1.2NiVO4 (current density = 50 �A cm−2

or first six cycles and 100 �A cm−2 for cycles 7–50).

ycles. There is almost no observable decay in capacity while the
oulombic efficiency is nearly 100% from the 11th to the 50th
ycle. A reversible capacity of 410 �Ah per cm2 �m, almost
ix times the feasible capacity of a LiCoO2 thin-film cathode
69 �Ah per cm2 �m for Li0.5CoO2) [14], is retainable. This
alue corresponds to a capacity of 1025 mAh g−1 if bulk den-
ity of LiNiVO4 (∼4 g cm−3) is assumed for the film, which is
igher than the capacity obtained from LiNiVO4 power mate-
ials (920 mAh g−1) and more than 2.5 times the capacity of a
raphite electrode [11]. The specific capacity of the present film
rown from Li1.2NiVO4 target is close to that of a Li1.1NiVO4
lm (400 �Ah per cm2 �m) reported by Reddy et al. [13], but

ower than that of a Li1.8Ni0.8VO3.8 film (871 �Ah per cm2 �m)
ublished by Lee et al. [12], both of which were grown by rf
agnetron sputtering. The large difference in capacity may be
ue to the difference in composition of the films or errors in
he measurement of their thickness given the small thickness
∼200 nm) and the roughness of the surface of the films.

[
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It is noted that the irreversible capacity loss between the first
harge and discharge decreases with increasing lithium content
n the films, as shown in Table 1. The initial capacity loss of about
0.4% for the thin film deposited from a target of Li1.2NiVO4
here the Li:V ratio is 0.96, which is close to the stoichiometric

atio of LiNiVO4, is much less than the 30% loss from amor-
hous LiNiVO4·2.6H2O powder. The cycling stability of the
hin film grown from a target of Li1.2NiVO4 is also much better
han that of a powder electrode [11] and that of a film grown
rom a target of LiNiVO4. It is not certain whether the Ni:V
atio plays an important role in the capacity and the cycling sta-
ility of the thin films as suggested by Reddy et al. [13] since the
ifference in the Ni:V ratios in the present two films is not too
arge. It seems reasonable that the film with more lithium content
etains less lithium after the first discharge. This indicates that
he capacity loss during the first cycle and its stability is depen-
ent on the composition of the films. Further experimentation is
equired to optimize the film composition so as to improve its
lectrochemical properties.

. Conclusions

Uniform and dense amorphous thin films of lithium nickel
anadates without cracks and pinholes have been successfully
rown by pulsed laser deposition. The electrochemical prop-
rties of these films, especially capacity loss between the first
ischarge and charge, depends on the composition of the films.
he film grown from a lithium excess target of Li1.2NiVO4
hows only 10.4% of initial capacity loss during the first cycle
nd 410 �Ah per cm2 �m of capacity is maintained between
ycles 10 and 50. This capacity is more than 2.5 times greater
han that of a graphite anode. These results suggest that the thin
lms offer promising application in microbatteries.
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