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a b s t r a c t

A new approach has been developed to rapidly synthesize nanostructured LiMn2O4 thin films by flame
spray deposition (FSD) and in situ annealing. A precursor solution of lithium acetylacetonate and man-
ganese acetylacetonate in an organic solution was supplied through a flame spray pyrolysis (FSP) reactor.
The liquid solution spray was ignited and stabilized by a premixed methane/oxygen flame ring surround-
ing the FSP nozzle. Thus, LiMn2O4 nanoparticles were formed by combustion and deposited onto a current
eywords:
iMn2O4

athode
hin film
lame spray deposition
ithium-ion battery

collector followed by in situ annealing. Two different types of current collectors, i.e. stainless steel and alu-
minum coated with carbon-based primer were tested. The prepared thin films were characterized by X-ray
diffraction and field-emission scanning electron microscopy. The electrochemical properties of the thin
films were evaluated by cyclic voltammetry and galvanostatic cycling. The LiMn2O4 films exhibited good
cyclability. Films that underwent sintering and crystal growth during in situ annealing developed more
robust film structures on the current collector surface and exhibited better electrochemical performance

s.
than poorly adhered film

. Introduction

Today lithium-ion batteries are the power sources of choice
or portable electronics. In the evolving field of portable power
ystems, lithium-ion (Li-ion) technology seems superior to other
attery technologies because of its high working voltage, high
nergy density, and good cycling stability [1]. Despite its outstand-
ng commercial success, Li-ion battery technology is still open to
mprovements.

In Li-ion batteries, the most recent candidates as cathode mate-
ials are the family of lithium transition metal oxides such as
iCoO2, Li(Ni,Mn,Co)O2, LiMn2O4, and LiV3O8. Among these mate-
ials, LiCoO2 is currently used commercially, but is expensive and is
ot environmentally benign. In comparison, LiMn2O4 is less toxic
nd cheaper due to its relative abundance. This spinel oxide is of
articular interest for use in hybrid electric vehicles (HEVs) as the

athode material for high-power Li-ion batteries [2,3]. Meanwhile,
iV3O8 as a cathode material also has the advantages of higher
apacity, lower cost, and better safety features than commercially
vailable LiCoO2 [4,5].

∗ Corresponding author. Tel.: +41 56 310 2457; fax: +41 56 310 4415.
E-mail address: petr.novak@psi.ch (P. Novák).
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Nevertheless, capacity fading at elevated temperatures and
during overcharge has slowed the application of LiMn2O4 in com-
mercial Li-ion cells. Many studies have been dedicated to the
understanding and resolution of the performance degradation.
However, precise measurements of the kinetics of Li-ion interca-
lation under conditions leading to degradation are difficult with
powder-based electrodes, since the addition of conductive carbon
and binder may influence the electrochemical characterization [6],
where degradation often leads to disconnection. Studies of rate
processes within powder-based electrodes also suffer from the
additional complication of solid-phase and solution-phase resis-
tances [7].

A thin film oxide electrode is a useful model system for the
study of electrochemical properties without the above limita-
tions. Advantages of thin film oxide electrodes over powder-based
electrodes include: (1) improved understanding of the lithium
insertion process and the electrode/electrolyte interface reac-
tions with pure LiMn2O4, and (2) improved quantification of the
effect of morphology [6,8]. Since model electrode materials are

fabricated as few micron thick films, they normally add only
few ohms to the total internal resistance of the electrochemical
cell [9]. Besides, for some applications such as in the industry
for miniaturization of electronic devices and for implantation in
“smart” credit cards, thin film lithium batteries are also required.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:petr.novak@psi.ch
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Table 1
Growth conditions for LiMn2O4 thin films.

Current collector SS and ACP
Precursor solution CH3COCH C(OLi)CH3 and

Mn(C5H7O2)3 were dissolved in
acetonitrile and 2-ethylhexanoic
acid [14], total metal concentration
0.4 mol L−1

Premixed CH4/O2 flame feed rate 1.13 L min−1 CH4 and 2.40 L min−1

O2

O2 sheath feed rate 5.00 L min−1 O2

Pressure drop at the nozzle tip 1.5 bar
Syringe pump 5 mL min−1

Current collector temperature 120 ◦C
Height above burner (HAB) 150 mm
50 S.Y. Chew et al. / Journal of P

herefore, thin film fabrication techniques are important in this
eld.

The preparation of good quality thin films for batteries has been
ccomplished by chemical vapor deposition [10], pulsed laser depo-
ition [6,11], sputtering [12] and spray pyrolysis [13]. However, most
f these methods need expensive apparatuses or are difficult to give
he as-deposited thin film accurate stoichiometry. Among them,
pray pyrolysis is the most versatile technique for the deposition
f active material onto current collectors for its low cost and sim-
licity. Recently, it has been shown that LiMn2O4 nanoparticles
ould be easily prepared by scalable flame spray pyrolysis (FSP) [14]
y combustion of appropriate precursor solutions for nanoparticle
ynthesis with rates up to 1100 g h−1 [15]. Furthermore, there are
xamples in the literature that nanostructured sensing films can
e made by FSP and direct deposition of SnO2 nanoparticles onto
ensor substrates [16] and in situ annealing [17], leading to stable,
ransparent, and highly sensitive micro-gas sensors [18]. The oppor-
unity to produce LiMn2O4 thin films is realized by considering
hese examples from literature.

Here, flame spray deposition (FSD) and in situ annealing [17] are
mployed to rapidly deposit the LiMn2O4 nanoparticles onto cur-
ent collectors to make thin model cathode films. This method does
ot require the usage of any binder and conductive carbon black.
his preparation method has never been applied for the preparation
f cathodes in Li-ion batteries. The electrochemical performance of
uch thin films on different current collectors that were used as
odel electrodes in Li-ion batteries is investigated.

. Experimental

.1. Materials preparation

The FSP method was used to prepare LiMn2O4 thin films and
he experimental setup is described in detail elsewhere [16].
ig. 1 displays the schematic diagram of that FSP setup. Prod-
ct LiMn2O4 particles made by FSP were directly deposited onto

he current collector (height above burner, HAB = 150 mm) while
he rest were collected on a glass-fiber filter (Whatmann GF/D,
57 mm in diameter). The precursor solution was prepared by
issolving lithium acetylacetonate (Aldrich, purity >97.0%) and

ig. 1. Schematic of flame spray deposition of LiMn2O4 onto a water-cooled current
ollector. Flame-made LiMn2O4 nanoparticles were directly deposited onto the cur-
ent collector at a given height above burner (HAB) and the rest were collected on a
lass-fiber filter.
Deposition time 5 min
In situ flame annealing 5 mL min−1 of xylene were

introduced for 5 min to the FSP unit

manganese (III) acetylacetonate (Aldrich) in a solution, mixture
of acetonitrile (Sigma–Aldrich, purity >99.5%) and 2-ethylhexanoic
acid (Riedel-de Haën, purity >99%) [14]. The Li:Mn molar ratio
was adjusted to 1:2 and the total metal concentration of precursor
solution was 0.4 M. The precursor solution was fed into the reac-
tor nozzle (Table 1) by a syringe pump (Inotech R232). The liquid
spray was ignited and maintained by a premixed methane/oxygen
flame ring surrounding the nozzle exit. The LiMn2O4 nanoparticles
were directly deposited onto stainless steel (SS; Brütsch-Rüegger,
Switzerland) and aluminum-coated primer (ACP; GAIA Germany)
current collectors. The aluminum-coated primer current collector
is a standard aluminum foil coated with a commercial carbon-
based primer. The thickness of the aluminum foil is approximately
22 �m and the overall thickness (including the primer) is approx-
imately 24 �m. The SS current collectors were first cleaned with
acetone and rinsed with distilled water thrice, whereas the ACP
current collectors were used as-received. Both current collectors
were mounted on a water-cooled copper block.

The axial temperature profile of a comparable spray flame was
measured by Schulz et al. [19] with a maximum of 2400 ◦C at 50 mm
above the burner, decreasing to about 1000 ◦C at 120 mm above the
burner. The precursor used here, however, had 30% less combus-
tion enthalpy density and the current collector was placed 150 mm
above burner, so the deposition temperature near the current col-
lector was reduced to less than 500 ◦C, which is similar to Tricoli et
al. [17]. After deposition for 5 min, the deposited film was annealed
in situ by a pure xylene (Fluka, purity > 97.0%) spray flame. The
xylene-FSP flame temperature was estimated to be about 1000 ◦C
above the burner [17]. However, the temperature of the current
collector was reduced to approximately 120 ◦C as it was attached
to the water-cooled copper block during the entire deposition and
annealing process. The temperature was measured at the back side
of the current collector [16]. The growth or synthesis conditions of
LiMn2O4 thin films are shown in detail in Table 1.

2.2. Materials characterization

The Brunauer–Emmett–Teller (BET) specific surface area, SBET,
of the powder before and after in situ annealing, collected from
the glass fiber was determined by five-point nitrogen adsorption
isotherm at 77 K, using the Micromeritics Tristar 3000. All sam-
ples were degassed in N2 at 150 ◦C for 1 h prior to analysis. X-ray
diffraction (XRD) patterns of the thin film samples on the current

collectors were measured using a Bruker AXS D8 Advance device
operated at 40 kV, 40 mA with Cu K� radiation (� = 1.5405 Å) and
analyzed with a TOPAS 2 software. The surface morphology of the
LiMn2O4 thin film was observed by field-emission scanning elec-
tron microscopy (FE-SEM, LEO 1530 Gemini) operated at 1 kV.
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ig. 2. XRD spectra of in situ annealed LiMn2O4 films on (a) aluminum-coated primer
ACP) and (b) stainless steel (SS) current collectors; and (c) standard LiMn2O4 powder
rom JCPDS Card No. 35-0782.

.3. Electrochemical characterization

The LiMn2O4 nanoparticle films on the current collector were
ut into 1.0 cm2 squares with the active material loading of about
.05 mg cm−2. It was then dried at 120 ◦C in vacuum for 12 h and
sed as electrodes directly. Electrochemical test cells similar to
oin-type cells [20] were assembled using the LiMn2O4 thin films
s the working electrode and the Li metal (Aldrich, 99.9%) as both
he counter and reference electrode. Both electrodes were sepa-
ated by a 1-mm thick glass-fiber separator saturated with 500 �L
f electrolyte solution. The electrolyte solution used was 1 M LiPF6
n ethylene carbonate (EC):dimethyl carbonate (DMC), 1:1 in mass
atio (Ferro Corp., USA). The cells were assembled in an argon-filled
love box with less than 1 ppm of oxygen, nitrogen, and water con-
ents.

Cyclic voltammetry (CV) and galvanostatic charge and discharge
easurements were performed by a computer-controlled cell-

ata capture (CCCC) system (Astrol Electronic AG, Oberrohrdorf,
witzerland). The CV measurements were performed in the range
f 3.50–4.30 V vs. Li/Li+ at scanning rate of 0.02 mV s−1. Other cells
ere galvanostatically charged and discharged in the same poten-

ial range at a constant specific current of 40 mA g−1. In order to
romote complete charge–discharge at the respective potential

imits, a potentiostatic step was included until the specific current
as 10% of the current used in the galvanostatic step.

. Results and discussion

.1. Characterization of the materials

The crystallinity and purity of the thin films before and after
n situ flame annealing was determined by XRD. Fig. 2 shows the
RD diffractograms of such films after annealing on SS and ACP
ollectors. These patterns are consistent with conventionally and
SP-made LiMn2O4 nanoparticles [14]. They appeared to be in good
greement with the known spinel phases (Fig. 2c) with a space
roup Fd3m given in the literature (JCPDS 35-0782). Two major
eaks corresponding to (1 1 1) and (3 1 1) planes of spinel LiMn2O4
ere clearly observed. The (4 0 0) peak at 44.1◦ for both thin film
amples overlapped with the peak of the applied current collector.
here is no notable intensity variation induced by a secondary phase
r any impurities for both samples after in situ annealing. The XRD
rystal size was about 10 nm for the material on both current collec-
ors before annealing. After annealing the films on the ACP current
Fig. 3. The morphology of FSP-made LiMn2O4 nanoparticles as-deposited onto (a)
SS and (b) ACP current collectors; and after in situ annealing onto the (c) SS and (d)
ACP current collectors.
collector, no discernible change was observed in XRD crystal size. In
contrast, the XRD crystal size of the films on the SS current collec-
tor increased by 30% to 13 nm by in situ flame annealing indicating
significant crystal growth by sintering.



4 ower Sources 189 (2009) 449–453

a
t
t
t
w
(
f
t
l
d
o
o
i
a
t
(
I
b
s
A
f
r
c
i
w
t
t
c
a

3

s
o
i
e
t
i
s
t
i
t
t

F
S

52 S.Y. Chew et al. / Journal of P

Fig. 3 shows the morphology of these LiMn2O4 films before
nd after in situ flame annealing onto SS and ACP current collec-
ors as determined by FE-SEM. Fig. 3a shows the surface of the
hin film after direct deposition for 5 min on a SS current collec-
or without in situ annealing. It is clear that a homogeneous film
ith a thickness of ∼7 �m was formed. This film is highly porous

98% porosity is expected [16]) with a lace-like structure of uni-
ormly sized nanograins similar to SnO2 sensor film deposited by
his method [16,17]. The corresponding films on the ACP current col-
ector have similar morphology (Fig. 3b). Essentially, there are no
etectable cracks or variation in film structure as no solvent evap-
ration takes place by this technique in contrast to wet-deposition
f slurries or pastes [16]. When these films undergo in situ anneal-
ng on the SS current collector (Fig. 3c), most of the nanoparticles
re rather densely packed together forming cauliflower-like struc-
ures [17]. This is quite different than the corresponding ACP films
Fig. 3d) that have remained virtually unchanged by that annealing.
t should be noted that the ACP current collector (with the carbon-
ased primer coated onto the aluminum foil) is not stable after in
itu annealing. The adhesion between the nanoparticles and the
CP surface is poorer than that of SS as has also been observed

or sensor micropatterning of lace-like film structures [17]. These
esults are consistent with the above XRD crystal size data that indi-
ated crystal growth by sintering took place in the SS collector by
n situ annealing in contrast to ACP current collector. Consistent

ith the above trend though not directly comparable because of
he difference in high temperature residence time distribution with
he particles deposited on current collectors, the SBET of nanoparti-
les collected on the filter paper is approximately 134 m2 g−1 before
nnealing while after annealing is reduced to about 124 m2 g−1.

.2. Electrochemical performance

The as-synthesized LiMn2O4 thin films (grown without the in
itu annealing FSD, for both SS and ACP current collectors) have no
bvious redox peaks (not shown here) and thus the in situ anneal-
ng was applied to improve the crystallinity of the thin films and to
nhance their conductivity and/or the contact to the current collec-
or. A slow scan CV for the LiMn2O4 thin films after in situ annealing
s shown in Fig. 4 for the initial cycle. According to Fig. 4, the in
itu annealed LiMn O thin films are electrochemically active in
2 4
he applied potential range. Two pairs of redox peaks at approx-
mately 4.00 and 4.15 V vs. Li/Li+ are clearly observed, indicating
wo stages of the Li-ions extraction and insertion [2,3]. This is a
ypical characteristic of the Li+ intercalation/de-intercalation pro-

ig. 4. Cyclic voltammograms of in situ annealed LiMn2O4 thin film electrodes on
S and ACP current collectors at scan rates of 0.02 mV s−1 for the initial cycle.
Fig. 5. Reversible charge as a function of cycle number from the galvanostatic exper-
iments of the in situ annealed LiMn2O4 thin film electrodes on the SS and ACP current
collectors.

cess of the LiMn2O4 spinel during the electrochemical reaction [2].
The redox peaks for both in situ annealed LiMn2O4 thin films are
sharp with well-defined splitting. In particular, the peaks for the
thin film grown on the SS current collector are more symmetric
with narrower peaks, thus suggesting better suitability of films on
SS current collectors for model electrochemical experiments.

Fig. 5 shows the reversible charge of the electrodes prepared
with the in situ annealing LiMn2O4 nanoparticles deposited onto
the SS and ACP current collector upon cycling. Capacity fading is
observed after several charge/discharge cycles in all cases, but the
decay of the charge capacity for in situ annealed LiMn2O4 nanopar-
ticles deposited on the SS current collector is much slower than
those on the ACP current collector. The former electrode has in aver-
age only 0.87% charge loss per cycle in 30 cycles. The ratio for the
charge respective to the two peaks of film grown onto the SS current
collector is close to unity (cf. Fig. 4), and therefore it confirms the
better reversibility of the cell. The improved performance of the SS
collector is attributed to the better adhesion of the cauliflower-like
LiMn2O4 thin films on its surface.

The results in Figs. 4 and 5 indicate that the electrochemi-
cal response of the prepared LiMn2O4 thin films depends on the
dynamics of particle or crystal growth, adhesion, and type of current
collector. The mechanical properties of these cathode films are still
poor due to the porous and fractal-like surface morphology [17,21].
According to Fragnaud et al. [13], the current collector temperature
during spray pyrolysis substantially modifies the morphology and
adhesion of the films. Hence, further improvement will be focused
on the preparation of dense and tough layer of LiMn2O4 thin films
with good adhesion properties to the SS current collector.

4. Conclusions

The present studies indicate that spinel LiMn2O4 thin films can
be prepared by a novel method, flame spray deposition and in
situ annealing. This simple, fast, and efficient method has never
been applied for the preparation of cathode materials. Two pairs
of electrochemically active redox peaks are clearly observed. This
indicates that the prepared electroactive LiMn2O4 thin films made
without any binder and conductive carbon black could be used as
model electrodes to study the electrochemical behavior in lithium-

ion batteries. In particular, nanostructured thin films that have
adhered better by sintering and crystal growth on current collec-
tors seem to perform better electrochemically than thin films which
were not sintered.
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