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Abstract

LIMPO4 (M =Mn, Fe) and LiMny 4F&y PO, thin-films have been fabricated by electrostatic spray deposition (ESD) combined with sol-gel
method, in which PFOs was used as a phosphorous resource in Li-M—P-0 alcohol precursor solution. Analyses of, sibiB@ms using
X-ray diffractometry (XRD) and scanning electron microscopy (SEM) demonstrated the formation of an olivine phase of spakaigroup
with nanocrystalline morphology. The prepared LiMPims were evaluated electrochemically by cyclic-voltammetry and charge/discharge
measurements. The results showed that thin-film electrode ofiM sPO, exhibited better electrochemical performance than that of pure
LiFePQ, and LiMnPQ.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction size LiFePQ powder and improve its capacity delivery and
life cycle. Doeff and co-workerfs] prepared LiFeP@hby
Lithium transition metal phosphates with ordered olivine sol-gel method and incorporated organic additives to form
structure LIMPQ (M=Mn, Fe, Co and Ni) have attracted conductive carbon-coating on LiFeR@articles to improve
much attention as promising new cathode materials for its energy density. Recently, Tarascon and co-worgjne-
rechargeable lithium batteries since the pioneering study onported a one-step low-temperature route to precipitate the
LiFePQy by Padhi et al[1]. To our knowledge, the conven- LiMnPO4 powder from a homogeneous solution. Besides
tional method for the synthesis of metal olivine phosphates LiIMPO4 powders, there are several reports on the prepara-
involves the use of high-temperature solid-state reactions intion of the olivine LIMPQ, thin-films by physical deposition
Ar ambient to achieve a powder product for use as cathodemethods. Both Ogumi and co-workd®j and Tarascon and
materials, but this method includes many complex steps for co-workerg[10] employed pulsed laser deposition (PLD) to
a long time and consumes a large amount of energy andfabricate well-crystallized LiFePOthin-films and formed
inert gas[2]. Recently, many wet-chemical methods, such typical features of olivine LiFePg&Xilm cathodes. Addition-
as sol-gel methof3-7] and direct precipitation routg] ally, West et al[11] and Eftekhar{12] prepared LiCoP®
were successfully developed to optimize new synthetic routesand ALO3/LiCoP Oy thin-films using rf sputtering technique,
of LIMPO4 and improve their electrochemical performance. respectively, and obtained the anodic and cathodic peaks of
Scrosati and co-workef8] provided a novel aspect based on  Ca**/Cc?* couple at 4.8 V in cyclic-voltammetry tests. How-
a critical step involving the dispersion of metal (Cu or Ag) ever, these olivine thin-film cathodes exhibited a low capacity,
at a very low concentration in the precursor sol to synthe- mainly due to their poor electronic conductivity.
In this paper, we developed a new fabrication method in-
mpondmg author. Fax: +86 2165102777, vc_)lving (_electrostatic spray depo_sitio_n (ESD) tec_:hni_que com-
E-mail address: qzqin@fudan.ac.cn (Q.-Z. Qin). bined with sol-gel process to simplify the fabrication route
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of olivine phosphate LiIMP@thin-films. Since ESD method The structure and phases of the LiMP@in-film samples
offers many advantages for thin-film deposition, such as low were identified by X-ray diffractometry (XRD) (Rigata/Max-
cost set-up, high deposition efficiency and easy control of C diffractometer with Cu I&1 source) The morphology and
composition of the deposited films, many conventional cath- component of the thin-film samples was recorded by using
ode thin-films for lithium rechargeable batteries, e.g. LiGoO a scanning electron microscopy (SEM) (Cambridge S-360)
[13], LiMn 204 [14], LINiO> [15] and V05 [16] have been  coupled with an energy dispersed X-ray (EDX) analysis.
successfully prepared by this method. However, there is no  An electrochemical cell was constructed by using the thin-
report on lithium transition metal phosphate thin-films pre- film electrode as the working electrode, and two lithium foils
pared using ESD. A typical ESD method usually requires to as a counter electrode and a reference electrode, respectively.
prepare a precursor solution, which is composed of lithium The electrolyte consisted of 1 M LiRFlissolved in a non-
salts, transition metal salts and phosphoric acid as Li, M and aqueous solution of ethylene carbonate (EC) and dimethyl
PO;3~ resources, respectively. Because of the insolubility carbonate (DMC) with a weight ratio of 1:1. All the cells
of metal phosphate in alcohol, we tried to dispers®4as were assembled in an argon-filled glove box. Cells were cy-
the phosphorous resource into the prepared Li-M—P—-O so-cled at a constant current using a LAND BT 1-40 battery
lution with much higher concentration. The motivation of test system. Cyclic-voltammetry (CV) measurements were
this work is to fabricate the olivine LiFeRQLIMNPO4, and carried out by using a CHI 660a electrochemical working
LiMn,Fe, _ ;PO thin-films by using modified ESD method,  station (CHI Instruments, TN).

and to examine the correlation of key experimental condi-

tions for the LIMPQ preparation with the electrochemical

performance of these thin-film cathodes in lithium batteries. 3. Results and discussion

3.1. Film characterization
2. Experimental
XRD patterns of LiFeP@and LiMnPQ, films deposited

To prepare a Li-M-P-O solution used for ESD, on stainless steels calcinated at different temperature in Ar
a stoichiometric amount of analytical grade LiIO ambient are presented Figs. 1 and 2As shown inFig. 1,
and metal salts M(N§),,-nH,O (M=Fe, Mn) with the diffraction peak at 50°8is attributed to the stainless
the cationic ratio of LiM=1:1 were dissolved in a steel substrate, and main diffraction peaks can be indexed
mixed solvent of absolute ethanol:glycol:butyl carbitol in the Dp'® space grougPmnb. The lattice parameters of
(CH3(CH2)30(CHy)2,O(CHy)>,0OH, 85%) with volume ratio  well-crystallized LiFePQ@ area = 6.019A, »=10.347A and
of 4:1:1 to form a transparent Li-M-O sol. Here butyl car- ¢=4.704A, according to the JCPDS (77-0179). It is obvi-
bitol can be effective in maintaining a uniform filfd7]. ous that the olivine phase of LiFeR®egins to appear at
P,Os powders dissolved in a mixed solvent of®kethanol the calcinated temperature of 68D, and well formed at
with volume ratio of 1:2 was used as a phosphorous re- higher temperatures. It should be noted that the peaks of
source. After mixed the Li-M-O sol ant:®s solution, a LiFePQy become sharper and theJ&g peaks appear to be
homogeneous precursor solution of 0.02 M with element ra- clear when the film sample was calcinated at ?D0This
tio of Li:M:P=1:1:1 was obtained. For the preparation of result is similar to the previous reports on the XRD patterns
Li—-Fe—P—-O solution, we added excessive amount of ascorbicof LiFePQ, powder prepared by the conventional synthetic
acid to reduce F& to F&* [3]. methodg5,19]. It implies that the presence of small amount

A detailed description of the ESD set-up used in this work of impurity phase Fg03 could not be eliminated completely
has been presented elsewH@ér& 18], Briefly, a positive volt-
age of 8.0kV from a direct current (dc) power supply was
applied to a stainless steel nozzle of a syringe to generate an oo o
aerosol. The nozzle—substrate distance was fixed at 3.0cm. A . ‘ Jl‘“ o
syringe pump with a definite flowing rate was used to pump w ||
the precursor solution. A stainless steel foil (1.5xrh.0 cm)
was used as a substrate and weighed before and after the de-
position to estimate the weight of deposited film. The depo-
sition time is dependent on the required film thickness and
the flowing rate of the precursor solution. The film deposition
was carried out at a substrate temperature of 20 |

The sample deposited on the substrate by ESD was cal- - | = .l" e
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cinated at 500—7580C for 2h under pure Ar ambient. The
temperature was controlled at a stable ascending rate of

L1 . .
5°Cmin~* and the sample was cooled with flowing pure g 1 x-ray diffraction (XRD) pattern of LiFePg¥ilms calcinated at 600
Ar. and 700°C in Ar ambient.
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Fig. 2. X-ray diffraction (XRD) pattern of LiMnP@films calcinated at
different temperatures Ar ambient.

at the calcinated temperature higher than 8D0The pri-
mary crystallite size was estimated by measuring the width

of the strongest diffraction peak and using Scherrer equation.

Typically, the average crystalline size of LiFeP®in-film
calcinated at 700C was formed to be around 35 nm, indicat-
ing that a nanocrystalline structure of the LiFefflim was
formed.

Fig. 2 shows the XRD patterns of LiMnPChin-films
as a function of the calcinating temperature in Ar ambi-
ent. It can be seen that the as-deposited LiMapRiln
prepared by ESD at substrate temperature of “T2@p-

pears some broad and sharp diffraction peaks, which can-

not be attributed to the olivine structure of LIMNRQVhen

the LIMnPQ thin-films were calcinated at a temperature
>500°C, the olivine structure of LiMnP@was demonstrated
by measured XRD patterns, in which more than 20 reflec-
tions can be indexed in themnb space group with the fol-
lowing lattice parametersz& 6.1061A, »=10.4521A and
c=4.7461A), in agreement with a well crystalline single
phase LiMnPQ according to the JCPDRO]. As shown in
Fig. 2 all of these XRD patterns for the film samples calci-
nated at the temperatures higher than S00vere nearly

the same as those of the powder samples reported previ-

ously [21]. Different from the LiFeP@ film sample men-
tioned above, no impurities were determined with the XRD
results.

It is well known that the morphology of the LiFeRO
film depended on the deposition conditions such as feed-
ing rate, precursor solution, and the voltage between noz-
Zle and substrate. SEM micrographs of the LiFgRi@n-
films calcinated at 700C deposited at different feeding
rates are presented iRig. 3 It can be seen that the
grain size of the LiFeP@films decreased with decreas-
ing the feeding rate of the precursor solution in the ESD
process. The LiFePOfilm deposited at a feeding rate
of 0.5mLh 1 showed a blossom-like morphology with a
large particle size (>400nm¥ig. 3a)). When the feed-
ing rate decreased to 0.05mth the deposited LiFePD
thin-film appeared to be much uniform, and the average
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Fig. 3. SEM photographs of LIMPOfiims. (a) LiFePQ deposited
at 0.5mLh! rate and calcinated at 70Q; (b) LiFePQ deposited
at 0.05mLh?! rate and calcinated at 70Q; (c) LiMnPQ, deposited
0.05mL h! rate and calcinated at 60Q.

than 100 nm Kig. 3(b)). The main reason may be that
the precursor droplet pumped from nozzle at high feeding
rates could not be dispersed completely before deposited
onto the substrate, and crystallized to large grains through
calcinations. The SEM images of the LiMnp@Im cal-
cinated at 600C as shown inFig. 3(c) presented uni-
form particle size and dense surface, and the grain size
was estimated to be-50 nm. The elemental analysis per-
formed by EDX showed a molar ratio of about 1:1.2:4.4 for
Mn:P:O, which is close to the stoichiometric composition of

particle size became smaller and was estimated to be lesd-IMNPOj.
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Fig. 5. (a) Charge/discharge curves for LiMnP®&Im electrodes; (b)
cyclic-voltammograms for LiMnP® film electrodes in 1 moldm?

Fig. 4. (a) Cyclic-voltammograms for LiFeROfilm electrodes in LiPF¢/(EC + DEC) at different scan rates.

1 mol dnT 3 LiPFg/(EC + DEC) at different scan rates; (b) charge/discharge
curves for LiFePQ@ film electrodes.

bic efficiency is obtained to be 60%, and increased to 75%

after the seventh cycle. Although the specific capacity of the
3.2. Electrochemical performance LiFePQq film is not as good as its powder form reported pre-

viously [4], our result is better than that of LiFeR@Ims

Cyclic-voltammograms (CVs) for LiFeRPGilm/LiPFg + prepared by PLD methddO]. The observed irreversible ca-

EC +DMCILi cell cycled between 3.0 and 3.9V versus pacity could be due to the poor electronic conductivity of
Li*/Li at different scan rates are shownFHig. 4(a). It can the active olivine materials, and a part of Fe(ll) oxidized to
be seen that only a couple of anodic and cathodic peaks ap+e(lll).
pear at 3.48 and 3.35V, respectively, and there is no obvi- Different from the LiFePQ, the electrochemical activity
ous difference for the peak positions in CV curves measured of LiMnPO,4 powders used as a cathode material in lithium
at different scan rates. However, the difference between thecell is still a controversial debate. Padhi et[4]. and Okada
peak potentialAEy is relatively high and estimated to be et al.[22] were unable to extract any lithium from LiMnRO
about 130 mV. It implies that there are some kinetic limita- but a reversible capacity of 140 mAhfwas achieved for
tions during electrochemical processes. This well-defined re- the solid-state synthesized LiMng@owder reported by Li
dox peaks corresponding to the?fe>* couple is the char- et al.[21]. Recently, the LiMnP@ powder prepared by a
acteristic of LiFeP@. The mean redox potential is 3.41V, direct precipitation route from aqueous solution by Taras-
which is well in agreement with the previous resy8k in- con and co-workerf8] showed that only a low lithium ex-
dicating the typical feature of LiFePQathode can be ob-  traction/insertion capacity of 70 mAhrg was obtained for
tained for the thin-film prepared by ESD method. The typ- pure LiIMnPQ,.. We also obtained the electrochemical activ-
ical charge/discharge curves for a LiFeffdm electrode ity of LIMnPO4 thin-films deposited by ESD and calcinated
prepared by ESD and calcinated at 7@are presented in  at 600°C, which was much lower than that of LiFeR@in-
Fig. 4b). It can be seen that the charge/discharge plateaus ardilm mentioned aboverig. 5a) shows the charge/discharge
found to be~3.48 and~3.35V, respectively, which are well  curves for LiIMnPQ/Li cell. Both first charge and discharge
in agreement with the CV result Fig. 4a). The open circuit  capacities were found to be20 mAh g-1. However, the ob-
voltage of LiFePQfilm/Li cell is found to be~3.2 V. Upon served charge/discharge plateaus at 4.2/3.9 V were closed to
charging and discharging, the initial charge capacity until the those reported by Li et aJ21], and demonstrated the elec-
cut-off voltage of 3.8 V is estimated to bes5 mAh g1, and trochemical characteristics of LIMnR@hin-films. The CV
the initial discharge capacity is40 mAh g. The coulom- curves inFig. 5b) shows that the anodic peak at 4.35V
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44 LiFe,Mny _ ,PQy thin-films on their electrochemical perfor-
42 ] Li/LiMn, , Fe, (PO, o mance is complicated, more works are in progress.

4. Conclusion

Voltage / V

Thin-films of LIMPO; (M=Mn and Fe) and LiFges
Mno.4POy were fabricated successfully for the first time

2.84 1MLIiPF /EC+DEC by ESD combined with sol-gel method. XRD results re-

261 WuA/em?3043v vealed that the crystal phase of these thin-films was an
0 10 20 30 40 350 60 70 80 90 olivine structure indexed by orthorhombiennb. SEM im-
Capacity / mAh/g ages showed that all the LIMRQM =Mn and Fe) films

have a uniform surface morphology with average grain size
less than 100 nm. The electrochemical performance of the
LiFePQ, and LiMnPQ thin-film electrodes demonstrated
in the first cycle is slightly different from that in the sub- that both LiFePQand LiMnPQ, films exhibited typical fea-
sequent cycles, while the cathodic peak was observed attures of those powder electrode reported previously. The
3.95V during the anodic scan in the first three cycles. Upon LiFeg gMng 4POy film electrode exhibited a larger capacity
cycling, the anodic peak potentials decreased slightly to thanthe pure LiFeP£and LiMnPQ; film electrodes. Work in
4.30V. The difference of the peak separations between theour laboratory is in progress to enhance the conductive prop-
anodic and cathodic peakeE, was estimated to be 300mV, erties of those olivine LiIMP@thin-films and improve their
indicating a strong polarization and irreversible behavior electrochemical performance. As a simple technique based
during a LiMnPQ film/Li cell cycling. Our XRD results on chemical deposition, ESD could be a promising method
have showed that an olivine LiMnRQ@hin-film can be ob- for the fabrication of functional ceramic thin-films in the use
tained at various calcinated temperatures, but the electro-of thin-film lithium ion batteries.

chemical performance of LiMnPLXilm electrode depends

on the calcinated temperature. It has been demonstrated
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