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Sputter-Deposited Amorphous LiCuPO, Thin Film as
Cathode Material for Li-ion Microbatteries

Vinsensia Ade Sugiawati,” Florence Vacandio,”

We report the electrochemical performance of amorphous
LiCuPO, thin films obtained by radio frequency sputtering as a
cathode material for Li-ion microbatteries. The thin films were
characterized by X-ray diffraction, scanning electron micro-
scopy, profilometry and electrochemical techniques. Charge/
discharge profiles and cycling performance were evaluated in
lithium electrochemical test cells. Cyclic voltammogram of the
LiCuPQ, film shows the typical redox reaction peak at ~ 1.9V
vs. Li/Li*. A discharge capacity of 160 mAhg™' (50 pAhcm™) is
attained for the first cycle at C/10 to reach a stable capacity of
70 mAhg™' (22 pAhcm™) with good stability over 160 cycles.
For comparison, the electrochemical performance of a crystal-
line LiCuPO, film was investigated. The first discharge could
deliver a high capacity of around 375 mAhg™' at C/10, but the
capacity decayed quickly to a low capacity of 11 mAhg™' over
50 cycles. The results show that the LiCuPO, amorphous
materials can be considered as the exciting cathode candidate
for Li-ion microbatteries.

Introduction

In recent years, Li-ion batteries have received great attention
for a variety of energy storage devices due to their attractive
performance including high specific energy, power density and
thermal stability.” Much effort has been devoted to improving
the electrochemical performance of Li-ion batteries, leading to
the discovery of novel cathode materials with many improve-
ments in terms of safety, cycle life, power and energy densities
to fulfill the demands for different energy storage applications.
In particular, cathode materials based on lithium transition
metal phosphates LiMPO, (M=Fe, Co, Ni, Mn) have attracted
much attention due to their excellent cycling behavior and rate
capability.”
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Researchers have reported several strategies to enhance
the performance of cathode materials. For instance, Zhang et
al.® synthesized a mesoporous biocarbon nanowire coated
LiFePO, with high-energy quantum dots by using a high-
energy biomolecule ATP in order to improving the electro-
chemical performance of Li-ion batteries ; this nanostructured
LiFePO, displayed a high discharge capacity of 197 mAhg™' at
the C/10 rate, which is higher than the theoretical specific
capacity of LiFePO, (170 mAhg™'). Also, Nagaraju et al.”
fabricated thin sheets of reduced graphene oxide (rGO)-
wrapped LiFePO, composite using a co-precipitation method
which shows an enhanced performance compared with the
bulk LiFePO,. More recently, electrodes composed of Cu have
been investigated as cathode materials for Li-ion batteries such
as Cuy(PO,),*' Li;,CulP0,® LiCuPO,” etc. Besides good
theoretical gravimetric capacity, low cost, and being environ-
mentally benign, the potentials of Cu%Cu'*/Cu®" redox
couples are compatible with the stability domain of classical
electrolytes. However, the performance of thin film cathodes
still needs to be improved to realize high performance Li-ion
microbatteries. So far, LiCuPO, (LCP) material prepared by a
solid state reaction method involving a stochiometric mixture
of Li,CO,;, CuO, and (NH,),HPO, has been reported as a cathode
for Li-ion batteries. The LCP cathode has been considered as a
promising cathode candidate due to its ability to intercalate
more than one Li atom per active transition metal, leading to a
high theoretical capacity (> 300 mAhg").” Since this has been
the only study on LiCuPO, composite electrodes reported to
date, further investigation on thin film cathodes is needed to
verify their performance. In order to obtain high performance
thin film cathodes, numerous studies on the fabrication of thin
films using a variety of processing methods such as radio-
frequency (rf) sputtering,” chemical vapor deposition,"”
pulsed laser deposition (PLD),"™ and sol-gel™” have been
reported. Among them, r.f. sputtering shows many advantages
such as better surface adhesion, smaller grain size, good control
of film thickness, film uniformity and low-temperature plasma
production."” Moreover, it has been widely utilized to fabricate
electrode components for all-solid-state Li-ion microbatteries
owing to its excellent cyclability with almost no capacity loss."”

In this work, we report for the first time the remarkable
electrochemical properties of an amorphous LCP thin film
deposited by radio frequency (rf) sputtering. We show that
amorphous LCP layers reveal a good capacity over 160 cycles.
Interestingly, the performance of the amorphous LCP film is
higher than that of crystalline LCP slurries carrying binder and
additives.
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Results and Discussion

LCP thin films were prepared using rf. sputtering technique. As
can be seen in the Figure S1 (see Supporting Information), a
gaseous plasma is generated by applying an electric field inside
a vacuum chamber filled with an inert gas such as Argon at a
specific pressure. The positively charged ions (Ar*) are accel-
erated into the negatively charged LCP target material, leading
to the the atoms ejection. Then, the atoms are diffused and
deposited as a LCP thin film on the surface of the Ti foil."

Furthermore, Thornton developed a structure-zone model
to prove the film morphology evolution upon sputtering with
different argon pressure and homologous substrate temper-
ature (T/Tm, where T is the substrate temperature, Tm is the
melting temperature of the target). In the present experiment,
we carried out the deposition process at room temperature
with an argon pressure of 10 mTorr, meaning that LCP
deposition is in zone 1 structures (T/Tm = ~0.1-0.5) which is
amorphous and it is difficult to identify the columnar growth
for certain materials, as reported previously."®

Prior to battery assembly, the structural properties of the
different LCP electrodes were studied by XRD (Figure 1a). The
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Figure 1. XRD patterns of the initial target, crystalline LCP film and as-
deposited LCP film (a). Corresponding SEM images (b) of as-deposited LCP
film from the top view and cross-sectional view (inset in Figure 1b).

initial target and the slurry obtained from a crystalline powder
show the same peaks corresponding to well-crystallized LCP
phases. According to work conducted by Amine,”” LCP material
has orthorhombic symmetry with the following unit cell
parameters : a=5.31 A b=13.43 A, and c=4.91 A. It has been
reported that the structure of LCP is different from other olivine
materials due to a much larger unit cell compared to the olivine
LiIMPO, (M=Co, Fe, Ni, and Mn). For comparison, after
deposition at room temperature, the XRD pattern of the as-
deposited LCP thin film has no visible diffraction peak
indicating that the film is amorphous. This phenomenon may
be due to the deposition being performed at room temper-
ature, which cannot provide enough energy to cause the
recrystallization of the sputtered particles. This result is in
agreement with previous work, reporting that crystalline
phases with a regular atomic arrangement can be obtained by
either substrate heating during the deposition process or a
post-annealing treatment at high temperature.®' However,
such a heating treatment step of the thin films is not

compatible with the polymer electrolytes and low-temperature
substrate materials."® In addition, it will add complexity to the
battery preparation process and also cause unwanted side
reactions between the deposited film and the electrolyte,
limiting the application of Li-ion microbatteries. Hence, low-
temperature processing of the thin film cathodes are favored
to fabricate the microbatteries."®'”

SEM images of the as-deposited LCP thin film obtained after
3 hours on a Si substrate are given in Figure 1b. The
morphology observed from the top and cross sectional views
(inset in Figure 1b) reveal that the layer is uniform and dense
with a thickness of 850 nm measured by profilometry.

The cyclic voltammogram of the amorphous LCP film has
been recorded to elucidate the electrochemical reactions
undergone during cycling (Figure 2a). The cyclic voltammo-
gram obtained at a scan rate of 0.5 mV/s exhibits a broad
reduction peak in the voltage range between 1.7 Vand 2.3 V vs.
Li/Li*. It can be assigned to the insertion of Li* ions into the
LCP structure and the typical peak for amorphous compounds.
In addition, a broad oxidation peak marked by an increment of
the current density is observed in the voltage range between
1.4 and 3.4V vs. Li/Li* suggesting that Li* ions also reacted
with other phases meaning a different conversion reaction may
occur.

Other reduction peaks with high current densities can be
also observed at a potential of around 1.2V vs. Li/Li",
corresponding to Li;PO, phases formation during the discharge
process.”” The electrochemical conversion reactions of the LCP

cathode may be written as the following Equations (1-4):>72"

LiCuPO, + 2Li* + 2~ — Li,PO, + Cu =
LiCuPO, + 2Li* + 2~

LiCuPO, + 2Li* + 2~ = Li,PO, + Cu (2)
Li,Cu(1),PO, + Li* + e = Li;PO, + Cu (3)
Li,Cu(ll),PO, + Li* + e = Li;PO, + Cu (4)

According to the Equation (1), the LiCuPO, phase is
electrochemically reduced to form a nanocomposite consisting
of lithium rich (i.e, LisPO,) and Cu during the discharge
process. An irreversible conversion reaction at the first cycle
probably takes place as previously reported.”” However, the
reversible reaction occurs after the first cycle which results in
smaller particle sizes compared to the initial LCP particles. Due
to the fact that the oxidation state of copper in LCP is +2, it
can be deduced that the Cu* may be formed during cycling
and the conversion reaction of LCP, Li,Cu(l),PO, and LiCu(ll),
PO, into Cu and Li;PO, could have occurred as given in
Equation (2-4). Simply, the electrochemical conversion reac-
tions of the LCP cathode could be described through the
reduction of Cu®" to intermediate of Cu™ with one Li™ insertion
and then further reduction of Cu* to metallic Cu with another
Li* insertion, and vice versa, totally delivering 2-electrons redox
capacity.”®
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The electrochemical behavior was then studied by galvano-
static cycling experiments. The charge/discharge profiles for
the amorphous LCP thin film at C/10 can be seen in Figure 2b.
The film exhibits one pseudoplateau at around 2.3 V vs. Li/Li*
in the 1** cycle and two pseudoplateaus at around 1.8 V vs. Li/
Li* in the 2" and 3" cycles, which is in good correlation with
the cyclic voltammogram of the amorphous LCP film.

The galvanostatic charge/discharge profiles obtained at C/
10 of the half-cell battery show a first charge capacity of the
amorphous LCP film of 118 mAhg™" (37 yAhcm™) and a
discharge capacity of 160 mAhg™' (50 uAhcm™) leading to a
coulombic efficiency of 74% (the corresponding Li* ions
insertion for the charge and discharge capacities are 0.7 mol
and 1 mol Li* ion per formula unit, respectively). The discharge
capacities for the 2™, 3, 30", and 50" cycles are 128 mAhg™
(50 ;kAhcm™), 104 mAhg™" (33 uAhcm™), 70 mAhg™’
(22 uAhcm™) and 70 mAhg™' (22 uAhcm™), respectively. The
coulombic efficiency continuously increases from 76% to
almost 100%. Moreover, it can be pointed out that the
discharge curves overlapped together very well for the 30" and
50" cycles with a good capacity of 70 mAhg™"' (22 uAhcm™3),
implying a good reversibility and stability of Li* ion insertion
and extraction after the first few cycles.

For comparison, we also observed a crystalline LCP film
prepared by mixing LCP powder with a binder and conductive
agent. A SEM image of the crystalline LCP film is shown in
Figure S2 (see Supporting Information). The charge/discharge
profiles of amorphous and crystalline films can be seen in
Figure 2c. A large discharge plateau observed for the crytalline
LCP film at 1.9V vs. Li/Li* at the first cycle and a charge
pseudoplateau at around 2.7V vs. Li/Li* correspond to the
insertion/extraction of Li* ions and also conversion/deconver-
sion reactions of Cu®Cu'*/Cu®" redox couples. Figure 2d
shows the capacity of the crystalline LCP film decreases rapidly
up to a very low capacity, delivering a capacity of 11 mAhg™".
This result is in good agreement with previous work reported
by Zhong et al.”’ showing that almost no cycle performance of
the as-prepared crystalline cathode could be observed due to
the fact that the reversibility of the electrode is very sensitive
to the particle size. Interestingly, herein, the amorphous LCP
film shows better performance than the crystalline LCP film,
preserving a good capacity over 50 cycles.

In light of these results, the electrochemical performance of
amorphous LCP film compared to crystalline LCP film is shown
in Table 1.
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Figure 2. (a) Cyclic voltammograms of the as-deposited LCP film at a scan
rate of 0.5 mV/s and (b) Typical galvanostatic charge/discharge profiles. (c)
Charge/discharge profiles of (mmm) crystalline LCP film and (—) amorphous
LCP film and (d) discharge capacity of the amorphous and crystalline LCP
films at C/10.

Table 1. Discharge capacities and cycling efficiencies of both amorphous
and crystalline LCP film in the potential window between 1 and 4.5 V vs. Li/

Lit.
LCP 1% cycle rever-  Irreversible  50™ cycle rever-
sible sible Cycling
capacity capacity capacity efficiency
(mAh g™) (mAhg™)  (mAhg™) (%)
Amorphous 128 31 70 55
Crystalline 151 224 1 7




When both amorphous LCP film and crystalline LCP film are
cycled between 1 and 4.5V vs. Li/Li*, amorphous LCP film
shows improved performance compared to crystalline LCP film.
For amorphous film, a discharge capacity of 70 mAhg™' was
obtained after 50 cycles, corresponding to 55% cycling
efficiency considering the 1* cycle reversible capacity, while for
the crystalline film, the first discharge delivers a high capacity
around 375 mAhg™' at C/10 with a low cycling efficiency of
about 7% and a very high irreversible capacity of 224 mAhg™".
A high irreversible capacity loss observed at the first cycle may
be associated with an inhomogeneous carbon distribution in
crystalline LCP film and its large particles, leading to the
difficulty in Li* diffusion. The better cycling performance of the
amorphous sample may be due to the smaller sputtered
particle of discharge products (i.e, Cu and Li;PO,) in the
amorphous sample, providing better physical contact among
them which may facilitate the recharge reaction and improve
the electrochemical cycling performance of the LCP cathode.”

The cycling performance of amorphous LCP film at different
kinetics is illustrated in Figure 3. The battery delivers a stable
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Figure 3. Discharge capacity of the amorphous LCP film at multi C-rates.

capacity of 70 mAhg™"' (22 pAhcm™) at C/10, 55 mAhg™
(17 pAhem™) at C/5, 40 mAhg™' (13 pAhem™) at C/2, and
30mA h g7' (10 ;kAhecm™) at 1C beyond 110 cycles. The
capacity can be recovered after cycling at fast C-rate with a
discharge capacity of 70mA h g=' (22 pAhcm™) over 160
cycles, revealing that the reversibility of the conversion reaction
of thin films could be improved by sputtering. It is important to
notice that reasons for the capacity fading for the initial cycles
can be attributed to the loss of the active material. Indeed,
dissolution of Cu into an electrolyte is supposed to form an
intermediate Cu* compound leading to the increasingly
ineffective reconversion process during recharging.”**¥ More-
over, it is likely caused by the initial particle size of the LCP
cathode and the insulating character of Li;PO, which formed
after the discharge process.”’ The amorphous LCP film
provides a good capacity suggesting that the amorphous

component seems to be a potential cathode material for Li-ion
microbatteries.

Conclusion

Amorphous LiCuPO, thin films were deposited onto Ti foils by
rf. sputtering at room temperature. Charge/discharge cycling
results show that the LiCuPO, thin film has good electro-
chemical performance. The cyclic voltammogram of amorphous
LCP film exhibits a broad reduction peak between 1.7 and 2.3V
vs. Li/Li*. A 850 nm thin film delivered a stable capacity of
70 mAh g~ (22 pAh cm™) at C/10 over 160 cycles with a high
coulombic efficiency close to 100%. For comparison, the
electrochemical performance of a crystalline LiCuPO, film has
been studied. A first discharge could deliver a high capacity
around 375 mAhg™" at C/10, but the capacity decayed quickly
up to a very low capacity of 11 mAhg™' after 50 cycles. These
results demonstrate that amorphous LiCuPO, thin film depos-
ited by r.f. sputtering could be considered as a cathode material
for Li-ion microbatteries.

Supporting Information Summary

The experimental section can be found in the supporting
information. The supporting Figures have been also provided.
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