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abstract

All-solid-state thin film batteries based on sputtered pyrite electrodes, a lithium phosphorus oxynitride electrolyte
and a lithium anode were prepared and characterized. The successive reduction of both $2~ and Fe?™ species led to
an impressive volumetric discharge capacity, five times higher than the one for LiCoO,. Excellent reversibility
and capacity retention were obtained during the first and the subsequent 800 charge—discharge cycles. A continuous
cycling in the low voltage domain was found to be detrimental to the reversibility of the conversion reaction,
suggesting a progressive evolution of the phase distribution inside the electrode. The initial capacity was easily
recovered after few full oxidation cycles.

1. Introduction

The continuous miniaturization of electronic devices and the
emerging need for self-powered miniaturized systems (stand-alone
sensors, medical implants, MEMS,...) boost the development of
miniaturized energy storage solutions such as all-solid-state thin
film batteries (i.e. microbatteries). Up to now, most studies on cathodes
focused on intercalation compounds (LiCoO,, LiMn,0,4, V,0s,...),
despite their limited capacity (650-1150 mA h-cm™3) [1,2].
Nevertheless, other materials reacting with lithium according to a
conversion reaction described by the general formula M X, + (b-n)
Li <> aM + bLi, X (M = metal; X = O, N, F, S, P, H) are promising [3].
Among them, pyrite (FeS, or Fe?S37) is an attractive material due to
its high capacity of 894 mA h-g~* (or) delivered around 1.5 V vs Li*/Li
and corresponding to the overall electrochemical reaction FeS, +
4L + 4e~ — Fe + 2Li,S. Given its density of 5.01 g-cm™3, its
volumetric capacity, which is a more relevant criterion for microbatteries
than the specific capacity, theoretically reaches 4450 mA h-cm™3,
Hence, this value is even higher than the one for elemental sulfur
(3460 mA h-cm™?2). Several mechanisms have been proposed to describe
the reduction of pyrite in batteries with the formation of intermediate

compounds which is temperature dependent [4], the final stage being
the formation of nanosized iron domains surrounded by a Li,S matrix.
At room temperature, pyrite is not recovered upon oxidation, instead
either a blend of pyrrhotite Fe, _ ,S and elemental sulfur [5,6] or a
Fe3*(S?7)(S5 7)o material [7] is formed.

Despite its high specific capacity, the use of pyrite in commercial
systems is confined to lithium primary cells and thermal batteries. As
for lithium—sulfur cells, the main phenomenon hindering the cycle
life lies in the formation of polysulfides which are soluble in the liquid
electrolyte. Hence, a way to solve this problem consists in using a
solid electrolyte, as recently demonstrated by Yersak et al., in bulk
solid-state batteries leading to a reversible capacity higher than
700 mA h-g~* at 30 °C during 20 cycles [6].

Only few studies were conducted on the electrochemical behavior of
iron sulfide thin films [8-10]. Siyu et al. reported a rather fast capacity
loss in liquid electrolyte for sol—gel prepared FeS, films [9]. Strauss
et al. highlighted the better capacity retention of sputtered thin films
(0.9 ym thick) when tested in polymer electrolytes at 125 °C, with
a capacity (~1750 mA h-cm™3) remaining far below the theoretical
value [10].

This study reports for the first time on the preparation and the
electrochemical characterization of complete all-solid-state thin film
batteries comprising pyrite sputtered thin film as positive electrode.
The awaited benefits of an all-solid-state configuration and of the thin
film planar geometry on the course of this ‘four electron’ electrochemical
reaction are investigated.



2. Experimental

FeS, thin films were prepared by radiofrequency magnetron
sputtering (Plassys) from ahomemade 2" FeS, (Alfa Aesar, 99.9%) target
in a pure argon atmosphere at a total pressure of 1 Pa and an applied
power of 1.27 W-cm™?, without intentional heating of the substrate.
Prior to the introduction of the sputtering gas, the pressure in the
chamber was reduced below 6.10™ ° Pa.

Chemical analysis was performed on an Electron Probe X-ray Micro
Analyzer (EPMA) using a CAMECA SX 100 Bruker AXS spectrometer.

X-ray diffraction measurements were achieved on a Bruker D8
Advance diffractometer either in Bragg—Brentano or in grazing incidence
(0.2°) geometry.

Raman scattering measurements were performed with a Horiba
Jobin Yvon Labram HR-800 micro-spectrometer. Spectra were recorded
using a 514.5 nm excitation wavelength of an Ar™ laser and a power of
50 pW.

All-solid-state cells (25 mm?) were prepared through the successive
deposition of the following patterned thin films: current collector
(250 nm), FeS, positive electrode (365 nm), LiPON vitreous solid
electrolyte (1400 nm), and a lithium negative electrode (3000 nm)
on a passivated silicon wafer, as reported elsewhere [11]. Finally
the cells were protected using a glass cover and a paraffin sealant.
The ionic conductivity of the LiPON electrolyte was 2.10~° S-cm™*
at 25 °C. All electrochemical characterizations were carried out in
air at 25 °C using a VMP3 galvanostat—potentiostat (Bio-Logic). For
these thin film electrodes embedded in solid state stacks, as only their
volume can be measured, their weight (~37 pg), then their specific
capacity were estimated from electrochemical measurements carried
out in liquid electrolyte (EC:DMC 1:1, LiPFg 1 M) with weighted FeS,
thin film electrodes deposited on aluminum foils.

3. Results and discussion
The chemical analysis of iron sulfide films by EPMA measurements
leads to a composition of FeS, 4 close to FeS,. The XRD pattern of the
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thin film (Fig. 1a) demonstrates the direct formation of a pure crystallized
pyrite phase at room temperature, with a cubic cell parameter a =
5.422(3) A very close to the value for bulk FeS, (5.418 A) [12]. No Sg or
pyrrhotite impurities initially present in the target were detected in
the film. The lower relative intensity of the (002) reflection probably
highlights a preferred orientation of the (00I) planes perpendicular to
the substrate. Raman scattering also confirms the FeS, nature and the
pyrite structure. The spectrum (Fig. 1b), similar to the FeS, powder one,
is dominated by 3 narrow bands characteristic of a well-crystallized
FeS, pyrite phase, at ca. 343 cm™* (E, mode), 379 cm™* (A,) and
430 cm™—?* (Ty), in agreement with literature (note that 5 Raman-active
modes A, P E, D 3T,

are predicted by the factor group theoretical analysis of the FeS, pyrite
structure but 2 T, modes are expected at 350 and 377 cm™ * in close
vicinity of the intense E; and Ay bands) [13].

The cross section view of a 560 nm thick film (Fig. 1c) clearly
exhibits a columnar growth and nevertheless a quite dense morphology,
the density being equal to 91% of the theoretical one. The electrical
conductivity of the film, measured by the four-probe method, is about
51 S-cm™* at 25 °C which is significantly higher than for bulk FeS, or
FeS, thin films obtained by sulfidation of iron [14] and is likely to be
induced by both intrinsic defects and the presence of oxygen traces
[15]. Afterwards, such pyrite thin films were also patterned on
current collectors using a shadow mask (Fig. 1d), integrated in all-
solid-state cells (active area 0.25 cm?) and then electrochemically
characterized.

At low current density, the first reduction of the pyrite film occurred
in three distinct stages: (i) a short step between 2.3 and 1.8 V vs Li™/Li,
(i) a marked plateau at 1.7 V vs Li™*/Li and (iii) a final plateau around
1.5 V vs Li*/Li (Fig. 2a). The two latter involving each about half of the
total capacity are consistent with the processes described in literature
for bulk FeS,, i.e. a first insertion step corresponding to the reduction
of disulfide species into sulfide and leading to the formation of a
‘Li,FeS,” compound and a second step corresponding to the reduction
of iron through a conversion reaction [4]. The total delivered capacity
is then close to 335 mA h-cm™2 (830 mA h-g™1), i.e. 80% of the
theoretical volumetric capacity, this difference being mainly due
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Fig. 1. Comparison of (a) XRD patterns and (b) Raman spectra of the FeS2 powder and the FeS2 thin film. (c) SEM cross section of a pyrite thin film deposited on a silicon wafer,
and (d) 25 mm* positive electrodes deposited on current collectors (first levels of the solid-state microbattery stack).
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Fig. 2. (a) Voltage curves measured at various constant current densities, and (b) evolution of the thin film capacity during prolonged cycling at 100 uA-cm*2 between 0.5 and 3.5 V.

to the lower density of the thin film and a lower thickness of FeS,
thin film near the edges of the pattern due to shadowing effects.
During the first charge, 98.2% of the inserted lithium is removed from
the electrode during two reactions at 1.8 and 2.4 V vs Li™/Li. During the
subsequent discharges, two well-defined plateaus are present at 2.14
and 1.5 V vs Li*/Li. Hence, the first stage of the second reduction takes
place 0.4 V above the position of its counterpart during the first reduc-
tion. This was attributed in the literature to the formation of a compound
different from the pristine pyrite Fe?*S3™ at the end of the charge:
(Fe; —, S+ S) or Fe®*(S27)($5 7)o [5-7]. The present results are fully
consistent with the formation of a new compound with an unchanged
overall composition at the end of the charge, and clearly highlight
the overall reversibility of the lithium insertion. The suppression of
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polysulfide dissolution and the minimization of the lithium diffusion
paths in all-solid-state thin film cells lead to an excellent electro-
chemical behavior, with a limited voltage hysteresis even at high re-
gime (Fig. 2a) and an excellent reversibility. Then, the microbattery
delivers 565 yW h-cm™2 (per ym of positive electrode) and its mean
discharge voltage is 1.75 V.

The cycle life was assessed using a higher current density
(100 pA-cm™2, 1.2 C rate) in the full voltage window between 0.5
and 3.5V vs Li™/Li during 500 cycles (Fig. 2b). The capacity retention
was also found to be excellent with a fading of only —0.0048%/cycle.
As for silicon thin film electrodes, the huge volume expansion of the
electrode material during lithium insertion (~+180%) has no marked
detrimental effect on its cycle life in all-solid-state microbatteries [16].
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Fig. 3. Influence of the voltage window of the electrochemical behavior of the FeS, thin films cycled at 100 uA-cm_z: (a) evolution of the capacity in different voltage windows, evolution of
the voltage curves when resuming cycles in the [0.5-3.5] V range (b) from a stabilized status in the [1.5-3.5] V range or (c) from a quite stabilized status in the [0.5-2.1] V range, and
(d) comparison voltage curves before and after cycling sequences in reduced voltage windows. Orange arrows on (a) indicate the regions where the cycles plotted on (b), (c), and
(d) were recorded. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)



The reversibility of the two electrochemical processes taking place
respectively in the high voltage [1.5-3.5 V] and the low voltage
[0.5-2.1 V] vs Li™/Li regions was then evaluated separately (Fig. 3).
Starting from the steady electrochemical behavior obtained in the
full voltage range, the lower cut-off voltage was then raised from
0.5 to 1.5 V/Li™/Li to operate the electrode only in the FeS,—Li,FeS,
compositional range. After few cycles in the high voltage window, the ca-
pacity is stabilizing at around half of the total capacity (348 mA h-g~—%)
and the coulombic efficiency remains unchanged and close to 100%
(Fig. 3a). Compared to the shape of the full voltage curve, the one of the
stabilized curve in the high voltage region (cycle #554) is slightly
modified, with a reduction of the polarization at the beginning of
the charge and a displacement to a higher voltage at low state of
charge. Further on, when resuming cycling in the full voltage range,
the initial shape is perfectly and rapidly recovered in less than 10
cycles.

On the contrary, starting from a similar stabilized status in the
full voltage range, a continuous operation in the low voltage region
(i.e. initially between Li,FeS,—2Li,S + Fe compositions) is clearly
detrimental to the capacity retention (Fig. 3a, ¢) since the latter rapidly
falls down from 340 to 200 mA h-g~*. This capacity fade is accompanied
by a coulombic efficiency significantly higher than 100%, indicating a
limitation of the lithium deinsertion process compared to the insertion
one. This behavior is connected to a progressive increase of the
deinsertion potential (see cycle #784) which can be mainly attributed
to an increase of the concentration polarization, as the ohmic drop at
the end of the charge remains quite constant (~32 mV). Besides, the
resumption of cycling in the full voltage window (i.e. changing again
the lower cut-off voltage from 1.5 to 0.5 V/Li™/Li) rapidly leads to the
perfect recovery of the initial steady electrochemical behavior
(Fig. 3d); meaning that the electrode material was not damaged during
the prolonged operation. These observations finally suggest that only
the distribution of the reactive species involved in the conversion
reaction progressively changes inside the electrode film. Thus, two
main phenomena are likely to lead to the capacity fade observed in
the conversion reaction region: the segregation of the more oxidized
product(s) near the electrode/electrolyte interface (Li,, .FeS,
composition at the expense of 2Li,S + Fe) inducing an increasingly
positive concentration polarization during the succession of charges
and preventing from fully recovering the Li,FeS, composition at the
end of the charge (2.1 V/Li™/Li) and/or a progressive increase of
the size of the Li,S and/or Fe domains leading to a less imbricated
network, thus impeding the transport of species and the kinetics of
the re-conversion reaction [17].

4. Conclusion

For the first time, all-solid-state lithium batteries using pyrite thin
film electrodes were prepared and electrochemically characterized. In
this cell configuration which inhibits the solubilization of sulfide inter-
mediates occurring in liquid electrolyte and allows the maintenance
of the integrity of the monolithic stack despite the large and repeated
volume changes of the electrode material, pyrite thin films exhibit a
high capacity (~830 mA h-g~* and 3300 mA h-cm™2) with almost no
irreversible capacity during the first cycle (b2%) and an excellent
cycle life (—2.5% after 500 cycles). Hence, itis a very promising positive
electrode material for all-solid-state thin film batteries. Besides, the
perfect stability of its electrochemical behavior in these solid state

cells allowed highlighting a progressive detrimental evolution of the
electrochemical response when the electrode is operated only in the
conversion reaction domain. The associated capacity fade, which can
be erased by a complete lithium deinsertion, is likely to originate from
a slow coarsening of the phase distribution which hinders the kinetics
of the reverse conversion reaction. This phenomenon will have to be
considered for the practical use of not only cells using pyrite, but
possibly also other electrode materials involving conversion reaction
with lithium.
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