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Abstract

The electrochemical stability of various current collector materials such as Si, Pt, 304 stainless steel, Ti, Al exposed to the most common
lithium-ion electrolyte salts (LiPFg, LiBF,, LiAsFg, LiTESI, LiClO4) have been herein investigated. For applied potentials greater than 3V, the
acidic fluorine-based electrolytes were shown to be the most corrosive. Consequently, aqueous and non-aqueous electrolytes (1 M LiNO3/H,O vs.
1 M LiClO4/EC-DMC) were successfully applied to study the electrochemical properties of C-free LiFePOy, thin films whose redox potential is near
3.5V vs. Li*/Li®. Using aqueous electrolyte has resulted in a lowering of both cell resistance and interfacial charge transfer resistance by almost
one order of magnitude, hence enabling to considerably increase the electrochemical capacity of our LiFePO, thin films. Besides, we unravel the
importance of the mechanical strains at the substrate/LiFePO, thin film interface on the film textural, structural modification and electrochemical

stability upon cycling.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Since the commercialisation of the LiCoO;/graphite sys-
tem by Sony in 1991, “lithium-ion batteries” have remarkably
invaded the market of the portable electronic devices and are
expected to be the best candidate for Hybrid Electric Vehicle
(HEV)/Electric Vehicle applications. However, present Li-ion
technology falls short in meeting energy storage demands
required by the automotive industry both in terms of per-
formances and cost. That is why alternative redox materials
displaying higher performances (e.g. high capacity and stability)
with low cost and low toxicity are required. The 1997 Padhi et
al.’s [1] report on the electrochemical activity of LiFePO4-based
cathodes constitutes one of the first steps towards the search for
more environmentally friendly systems. Following such a find-
ing, Ravet et al. [2] demonstrated that electrodes made of such
low conducting LiFePO4 materials could be an alternative to
LiCoOs electrodes. This was realised by improving the material
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conductivity through the preparation of C/LiFePO4 compos-
ites using carbon nanopainting techniques. Combining coatings
with processes aimed towards lowering the particle size [3,4],
nanosize coated LiFePOy4-based electrodes were successfully
prepared and implemented, as alternative to LiCoO,-based elec-
trodes found in today’s Li-ion cells for the HEV and power tools
markets. Aiming to better understand the fundamental aspects
governing the electrochemical properties of such olivine type
material, we have recently undertaken the study of this system
through a thin film approach [5], showing particularly that the
morphology of the films [6] together with the choice of the
preparation route (one step vs. two step deposition process)
[7] influence largely its electrochemical reactivity. However, the
obtained capacities were far from the theoretical ones, reaching
solely 40% for well-structured films. This raised the question
about the origin of such limited capacities, besides the low elec-
tronic and ionic conductivities arguments previously considered.
To grasp further insight on such an issue, we have looked at
the factors affecting the material electrochemical activity. We
particularly compared the electrochemical kinetic of lithium
insertion/de-insertion of LiFePO4 both in organic and aque-
ous electrolyte using the C-free films grown by pulsed laser
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deposition (PLD). Furthermore, our group [5] and other reports
[8,9] have shown that LiFePO4 is rechargeable in aqueous
media. In such electrolytes, enhanced kinetic of the electro-
chemical phenomena has been previously reported for the spinel
Li;_xMny04 most likely because of a larger electrolyte ionic
conductivity together with the absence of a solid electrolyte
interphase (SEI) [10]. In the present study, we further address
different fundamental points essential when studying electrode
materials thin films together with the aforementioned kinetic
limitations. This paper is more specifically geared towards (i)
identifying the most adequate non-aqueous electrolytes so as to
ensure minimum corrosion of the films substrate during electro-
chemical testing, (ii) comparing the electrochemical kinetics in
aqueous electrolyte compared to non-aqueous, (iii) measuring
the electrochemical performance of dense carbon-free LiFePOg4
thin films together with the evolution of their microstructure
upon cycling.

2. Experimental

Electrolytes based on 1 M LiPFg, LiAsFg, LiClO4 or LiBF4 in
a mixture of ethylene carbonate/dimethyl carbonate (EC/DMC:
1/1) were obtained from Merck (selectipur® grade). The lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI)-based electrolyte
was prepared by dissolving this salt in a Merck selectipur®
mixture of EC and DMC 1:1 (v/v). For the study of the elec-
trolyte reactivity with Si, a 10 nm thick Pt current collector was
sputtered under vacuum at ambient temperature upon 7-Si(0 0 1)
substrate (Sb doped). Al, Ti, 304 stainless steel substrates were
cut at the desirable dimensions (about 1.5 cm x 1 cm), mechan-
ically polished up to a mirror-like quality and successively
ultrasonically washed in ethanol and acetone. The growth of
carbon-free crystallized LiFePOy, thin films was performed by
PLD [5]. A 80% dense LiFePOy4 target was prepared by anneal-
ing a pellet pressed at 2000 bar under isostatic conditions [6] at
800 °C under Ar for 24 h. The deposition process was conducted
with a pulsed KrF excimer laser beam (Lambda Physik Compex
102, A =248 nm) at a 10 Hz frequency under 8 x 10~2 mbar of
argon. The laser fluency and the target/substrate distance were
2Jecm™2 and 3 cm, respectively.

The films morphology was investigated using scanning
electron microscopy (Philips XL30FEG). High resolution trans-
mission electron microscopy (HRTEM—FEI TECNAI F20
S-TWIN) was used to evaluate the structural and textural evo-
lution of the film upon cycling. The samples were obtained
by peeling of the thin films and depositing the resulting pow-
der on copper grids coated with lacey-carbon film. The film
thicknesses were evaluated by profilometry using a Dektak ST3
model.

All the electrochemical measurements were recorded using
a three-electrode configuration and monitored by an automatic
multi-potentiostat system (VMP—Biologic SA, Claix, France)
in a dry Ar backfilled glove box containing less than 1ppm
of water. A saturated Calomel electrode (SCE) and a Pt strip
were used both as reference and counter electrodes in aqueous
medium. In organic electrolyte, two lithium metal strips serve
as counter and reference electrode. The distance between the

electrodes was fixed at around 2 cm for all the experiments to
allow a good comparison of the data between aqueous and non-
aqueous electrolytes.

3. Results and discussion

3.1. Compatibility between lithium-based electrolytes and
substrates

The effect of electrochemical side-reaction of substrate (cur-
rent collector) with the electrolyte is crucial when studying thin
film electrodes because of the low amount of active material
present. The current linked to the parasitic reaction can easily
be of the same order or higher than the studied phenomenon, ren-
dering the study impossible. We first focused on a Si/Pt substrate,
commonly used in thin film deposition for devices implementa-
tion. Fig. 1 shows the voltamperograms collected using different
salt-based electrolyte in EC/DMC between 3V and 4.5V vs.
Li*/Li. While LiPFg EC/DMC is known to be stable up to 4.8 V
[11], we observe the presence of a non-negligible anodic current
around 3.8 V on n-Si/Pt which reaches a density of 1 mA cm~2 at
4.5 V. Furthermore, in the 34 V (vs. Li*/Li) domain, a parasitic
current of few tenth of A cm™? is also observed. Using a LiBFy-
based electrolyte, a similar behaviour was observed with an even
lower onset critical potential (3.2 V) giving rise to a parasite
current density of 0.5mA cm~2 between 4.1V and 4.5V. On
the other hand, LiAsFg, LiClO4 and LiTFSI-based electrolytes
lead to almost negligible currents below 4.2V, with therefore
an exponential-like increase of the current beyond. These three
latter salts thus appear suitable for the study of cathode materi-
als, deposited on n-Si/Pt substrates, having redox potentials less
than 4 V.

Over noble metals, it is known that above 3.5V vs. Li*/Li
alkyl carbonate-based electrolytes can be oxidized [12]. How-
ever, this is not the only probable origin for the appearance of
such anodic current since we noticed an evolution of the sub-
strate surface morphology after only one electrochemical cycle
(Fig. 2). It evolves from a smooth surface to a honeycomb-like
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Fig. 1. Cyclic voltamperograms recorded at v=2mV s~! scan rate between 3 V
and 4.5V (vs. Li*/Li) of a n-Si (00 1)/Pt electrode in different electrolytes (1 M
LiPFg, LiBF4, LiAsFg, LiClO4 and LiTFSI, EC/DMC). In inset, a zoom in the
cyclic voltamperograms recorded using LiClO4, LiAsFe and LiTFSI.
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BEFORE

Fig. 2. SEM micrographs of the n-Si/Pt electrode before and after one cycle performed by cyclic voltamperometry in 1 M LiPFsEC/DMC 1:1.

rough surface with holes size ranging from 5 um to 10 um of
diameter suggesting a corrosion reaction-type process linked to
the electrolyte salt nature and involving solvent decomposition.
Such results did not come as a surprise knowing the well-known
equilibriums (listed below) established for LiPFg and LiBF4
solvated ions [13,14]:

Ligsolvy T + PFe(solv)~ < LiF(s) + PFs(g) (M
Lisolv) ¥ + BFagsolv)~ ¢ LiF(s) + BF3g) 2

We added some LiF salt (quasi-insoluble) into the electrolyte
to try to displace the equilibrium but no drastic evolution was
observed enabling us to rule out the influence of LiF or the
lewis acid (PFs5 or BF3) on the observed corrosion reaction.
Another possibility lies in the presence of HF traces in these
electrolytes keeping in mind that the solvated ion PF¢ ™ strongly
reacts with water traces (very difficult to suppress) yielding to
the production of two HF molar equivalent according to [13]:

Li(solv)+ + PFé(solv)_ +H,0 — 2HF + POF3 + LiF 3)

Such HF-driven corrosion is currently used for the electrochemi-
cal formation of macro and mesopores on doped silicon wafer in
dilute HF(5q) with similar morphological observations [15,16].
Furthermore, the absence of HF traces in LiAsFg-based elec-
trolyte could be consistent with the inactivity of the latter on
silicon substrate [14]. Similar cyclic voltamperometry exper-
iments were performed for different metallic substrates: 304
stainless steel (304SS), Al and Ti. For conciseness reasons,
we have summarized the electrolyte/substrates compatibility
results in Table 1. As a result, we have obviously highlighted
the advantage of using LiClO4 as no electrochemical reactiv-

Table 1
Compatibility between substrate and EC/DMC based electrolytes (the signs @

and ‘f) are used when substrate corrosion is observed and not, respectively)

LiPFs LiAsFg LiBF,4 LiTFSI LiClO4
n-Si(00 1)/Pt Q O] @ ) O]
$S304 D (] (] D )
Ti ) ) ) ) )
Al ) ) ) @ )

ity was experienced, regardless of the substrate nature. In other
electrolytes, the main problems with 304SS arise because of
the current collector electrochemical dissolution. Similarly, the
inadequation of aluminum with LiTFSI is not surprising because
of a catalyzed oxidation of this metal in such electrolyte [17].
Moreover, we can underline that whatever the substrate nature,
no side-reactions were observed when using the aqueous elec-
trolyte 1 M LiNO3,

3.2. Comparison of the electrochemical properties in
aqueous and non-aqueous electrolytes

Inlight of the above results, we performed a cyclic voltamper-
ometry test (scan rate from 0.2 mV s~! to 7.5 mV s~!) using both
1 M LiNO3/HO (the cycling was performed between —0.1 V
and 0.8 V vs. SCE) or 1 M LiClO4/EC-DMC electrolytes with a
450 nm thick film. Typical FePO4/LiFePOj electrochemical sig-
natures are obtained in both electrolytes [5,8,18] with narrower
faradaic peaks for 1 M LiNO3/H»O, first indication of a faster
kinetic (Fig. 3a and b). The measured equilibrium potential is
3.42'V (vs. Li*/Li) and 0.153 V (vs. SCE) in non-aqueous and
aqueous media, respectively. By integrating the peak current,
quite similar capacities, (2.06 wAhcm™2 vs. 2.27 pAhcm™2 in
1M LiCIO4/EC-DMC and 1 M LiNO3/H;O0, respectively) are
obtained during the first charge at v=0.2mVs™! scan rate.
The film activity is thus significantly low (by a factor of 10)
as compared to the one theoretically expected for this film
(26.9 wAhcm™2) [6,7]. Fig. 4a represents the capacity evo-
lution as a function of the scan rate. A capacity decrease is
observed by increasing the scan rate owing to the low intrin-
sic transport properties of LiFePO4 but with a lower fade in
1 M LiNO3/H,O (76% of the initial capacity is still recorded
at 7.5mV s~! as compared to 38.2% in 1 M LiClO4/EC-DMC).
Independently of the solvent nature, a linear evolution of the
current density as a function of the scan rate square root is
observed attesting that (i) the redox system is rapid in both
electrolytes, and (ii) the de-insertion/insertion kinetic is under
diffusion control (Fig. 4b). Interestingly, the slope is three times
greater using 1 M LiNO3/H,0 (A=0.135mA 5% cm=2 V03
vs. 0.042mA s%9 cm=2V=03) All of these results indicate a
faster electrochemical kinetic using the aqueous electrolyte.
Moreover plotting the evolution of the current density vs.
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Fig. 3. Cyclic voltamperogram recorded using a 450nm thick LiFePOg4
thin film at different scan rates from 0.2mVs~' to 7.5mVs~! in (a) IM
LiCIO4EC/DMC, (b) 1 M LiNO3/H;0.

AEp/2 (with AEp the peak separation and AEp/2 equivalent
to the polarisation of the cell) we also obtain a linear evolu-
tion indicating an ohmic behaviour (Fig. 4c). The calculated
cell resistances are different by about one order of magnitude
(86 2cm? in 1 M LiNO3/H,0 as compared to 643 Qcm? in
the organic electrolyte). Similar results were reported by Lee
and Pyun on LiMn;O4 thin films [19] confirming the better
rate capability recorded in 1 M LiNO3/H>O. To rule out the
major influence of electrolyte conductivity, we have compared
the film capacities recorded in galvanostatic mode for the two
previous electrolytes together with 0.1 M LiNO3/H,;O which
exhibits a comparable ionic conductivity (o7 ;+ = 8.8 x 107> M)
to the perchlorate-based electrolyte (Fig. 5). As expected, using
a 0.1 M LiNO3/H,0O electrolyte induces a decrease (i) in the
redox potential of FePO4/LiFePO4 in agreement with Nernst
law [18] and (ii) in the film capacity from 1.77 pAhcm™2 to
1.35 wAhcm™2 but remaining larger than the one recorded in
the organic electrolyte (0.32 wnAhcm™2).

In light of these results, the electrochemical kinetic of C-free
LiFePOy thin films seems to be dominated by the charge trans-
fer process. The impedance spectrum (AE=20mV) recorded
in aqueous media displays a semi-arc with a characteristic fre-
quency of SkHz and a resistance of ca. 50 Qcm? giving a
capacitance of 6.4 x 1077 Fcm™2 or 4mFg~! (assuming the
theoretical film density), consistent with a double layer capac-
itance (Fig. 6). The resistance of this semi-circle can be thus
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Fig. 4. Electrochemical study of a 450 nm thick LiFePOy thin film as a function
of the scan rate using 1 M LiNO3 H,O or LiClOy4. (a) Evolution of the film
capacity during cycling, (b) linear dependency of the current peak density as a
function of v, (c) linear dependency of the peak current density as a function
of AEp/2.

ascribed to the charge transfer resistance. At low frequencies,
a Warburg-diffusion behaviour is observed. The impedance
response in organic media is remarkably more complex with the
convolution of several semi-circles having closed relaxation time
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Fig.5. Comparison of the galvanostatic signatures as a function of the electrolyte
for a 450 nm thick LiFePOy thin film (current density j= 1 wA cm™2).

among which one is most likely linked to a passivation film on the
LiFePQy4 surface [20]. The formation of polymer/polycarbonate
layers similar to the SEI is well established on oxide-based
cathode surface and dependent on the surface acid/base prop-
erties [21,22]. Moreover, we can notice a clear increase of the
global interfacial resistance. In addition to the probable sur-
face layer, this increase could also be linked to (i) the solvation
of lithium-ion which is more important in non-aqueous elec-
trolyte as a result of the higher dipole moment of the EC/DMC
(~16 x 1039 Cm vs. 6.07 x 10°°C m for H,0) and (ii) a less
efficient surface wetability of the EC/DMC. To summarize, the
lithium de-insertion/insertion kinetic is mainly controlled by
the higher interfacial impedance in 1 M LiC1O4/EC/DMC than
in LiNO3 1 M/H,O. This point clearly emphasizes the bene-
fit of using aqueous electrolyte rather than the actual organic
electrolyte for the study of such films.

3.3. Structural and activity vs. Li* evolution of in situ made
LiFePOy thin films

We evaluated the influence of electrode thickness (from
70nm to 270 nm) on the cyclability using LiClO4-based elec-
trolyte in a CV mode (v=2mV s~! between 3 V and 4 V). The
capacity (normalized by the first cycle capacity) evolution as
a function of the film thickness over 150 cycles is reported
Fig. 7. It is clear that the film thickness drastically influences
the electrode cycling capability. Indeed, the 70 nm thick film
capacity decreases by 40% over the first 10 cycles, while the
capacity for thicker is doubled over 150 cycles, consistent with
the fact that solely a tiny fraction of the film is initially electro-
chemically active. A similar behaviour was found using 1 M
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Fig. 6. Electrochemical impedance spectroscopy response recorded using a
three-electrode setup for a thin LiFePOy4 film 450 nm thick in aqueous and in
organic electrolytes.

LiNO3/H;0. Although such films were initially smooth and
dense, after 150 cycles, important morphological evolution can
be noticed through the appearance of defects on the 150 nm
and 270 nm thick films (Fig. 7). The progressive appearance of
such surface modifications induces both an increase of triple
point numbers (area of electrolyte/electrode/current collector
contact) and the contact area between the film and the elec-
trolyte explaining the capacity increase. From a structural point
of view, the formation of crevices reveals the existence of notice-
able strains released during the LiFePO4/FePO4 phase transition
upon cycling, in agreement with recent works on both hexag-
onal single crystals and on platelet-like particles [23-25]. The
release of these strains via electrochemical grinding appears to
be beneficial to the electrochemical activity of our films that
are in strong interaction with the substrate. Such an observation
is not unique as such strains/structural pressure interaction is
now well known to have a drastic effect on the electrochemical
insertion/de-insertion of lithium as exemplified by the reactiv-
ity of rutile TiO; [26]. In this latter case, the uptake/removal
of Li* was triggered by moving from bulk to nano-TiO; rutile
particles owing to the ability of these latter to easily release the
strains/structural tensions upon cycling.

At this point it is legitimate to ask why the above described
results apparently contrast with those reported by Iriyama et al.
[27] and Song et al. [28] depicting a capacity fading for films
thicker than 150 nm. It should be recognized that these films were
prepared though a two-step growth route (one step deposition
at room temperature +a crystallization step via a post anneal-
ing treatment) favouring open morphology, positive attribute to
enhance the films electrochemical activity. We further looked at
the evolution of the film texture during cycling using HRTEM on
a 250 nm thick thin film. To do so, the as-made film was exam-
ined prior to cycling (Fig. 8a) and after 150 cycles (Fig. 8b).
As we can see, the as-deposited thin film is well crystallized
and formed by disoriented nano-sized domains (20-50 nm).
After 150 cycles, an important evolution is noticed (Fig. 8b).
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Fig. 8. HRTEM picture of 250 nm thick LiFePOy4 thin film (a) initial state (pic-
ture adapted from Ref. [7]), (b) after 150 cycles in cyclic voltamperometry
mode at v=2mV s~ (black arrows illustrate some nanocristallites which were
formed).

Indeed, while the core of the films does not change drastically,
much smaller crystallized domains together with some defec-
tive regions ranging from 4 nm to 10 nm are clearly visible on
the sample border edge. This is reminiscent of an electrochemi-
cal grinding phenomenon. The region between the core and the
ground particle edge most likely defined the depth limit of the
film activity (<10 nm) in the used conditions.

4. Conclusion

We first discussed the importance of selecting, in conjunc-
tion with the nature of the substrate, the appropriate electrolyte
prior to undertaking any electrochemical activity studies of cath-
ode material thin films. Both LiTFSI and LiClO4 EC/DMC
electrolytes turn out to be the most friendly when Si(00 1)/Pt
substrates are used. In contrast, we highlighted a strong corro-
sion of both n-Si(0 0 1)/Pt and 304SS substrates in presence of
electrolytes bearing fluorine-based salts. The influence of the
solvent nature (aqueous vs. non-aqueous) on the electrochemi-
cal properties of LiFePOy thin films was examined. Significant
cell and interfacial resistances decreases were found using
aqueous electrolyte (1 M LiNO3/H,0O) enabling a better elec-
trochemical utilization of LiFePQO, thin films. Moreover, we
noticed a capacity increase upon cycling for films thicknesses
greater than 150 nm, while thinner (70 nm) exhibits 40% capac-
ity loss after 10 cycles. Such a difference was shown to be
nested in the onset of defects which develop upon cycling on
thick films owing to a less influence of the substrate induced
strains upon increasing the film thicknesses. This confirms
again the importance of structural strains on the cycling prop-
erties, leading to either severe capacity limitations or drastic
textural modifications. Although the current work is focussed
on LiFePOy4 thin films, we believe that most of the observed
phenomena are applicable to other poorly conducting inter-
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calation materials as long as they can be prepared as thin
films.
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