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Abstract: In this research, we used a combination of experimental techniques to shed some light on
the effect of lithium perchlorate (LiClO4) on the electrochemical and physical properties of indium tin
oxide (ITO) films. For this, we studied the effect of ITO films immersed in a LiClO./PC+EC solution.
Chronoamperometry, along with transmissivity measurements, shows that ITO undergoes optical
changes as a function of voltage changes. However, as the number of cycles increases, the
transmissivity decreases significantly due to ITO degradation. Cyclic voltammetry reveals the presence
of reduction and oxidation processes, suggesting ITO reduction and possible ion trapping. X-ray
diffraction does not show compelling signs of lithium insertion or the presence of other phases. Finally,
X-ray photoelectron spectroscopy is used to evaluate the oxidation states and chemical bonding. The
analysis reveals the presence of indium oxide, suggesting that the surface is mainly ITO, in agreement
with XRD studies.
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1. Introduction

Indium tin oxide (ITO) is the most common transparent
conductive oxide (TCO) used today (Akanda et al., 2020;
Minami, 2008). It possesses remarkable optical and transport
properties, with a transmissivity higher than 80% and an
excellent resistivity of less than 107-4 Q cm. Its applications
range from displays to solar cells, touchscreens,
electrochromic devices (ECDs), and electrochromic batteries
(Wu et al, 2018). The conductivity and optical properties
heavily depend on the operating conditions of the devices.
Many of these devices use a thin layer of ITO that interacts with
several other materials. Of importance for electrochromic
applications, it is thought that ITO may interact with Li-based
solutions comprising the electrolytes in ECDs and
multifunctional devices.

The effect of Li insertion/extraction in ITO thin films has
been considered by several researchers in the past (Bressers &
Meulenkamp, 1998; Cogan et al., 1985; Corradini et al., 1990;
Goldneret al., 1985; Macher et al., 2020; Svensson & Granqvist,
1985). Although some findings are contradictory, most likely
due to different fabrication conditions, there is no doubt that
ion insertion has strong effects on the optical and transport
properties of ITO. For instance, Liu et al. have induced ITO
reduction by electrochemical insertion of several anions
(SO%~, Cl7, BrT, SO3) showing that the nonlinear optical
properties can be manipulated as a function of the reduction
agent (Liu et al., 2015). In another work, reduction of ITO was
induced by exposing commercial ITO thin films to a SiO;
solution (Folcher et al., 1997). This study reported a great
change in the electrical resistance and variations in coloration
from transparent to dark and gray.

Aware that the electrical and optical properties of ITO
strongly depend on the electrolytic media (Folcher et al., 1997;
Spada et al,, 2013), in this work, we report on the effect of
LiClO, electrolyte on the chemical, electrochemical, structural,
and optical characteristics of commercial ITO films. Our
purpose is to identify the possible role played by Li* cations
on the electrochemical properties of ITO thin films. Recently,
this idea has been explored in fluorine-doped tin oxide (FTO)-
based ECDs (Perez, 2023; Wang et al., 2019). Nonetheless, FTO
is not the most common TCO used in such devices, and we
thus feel that a deeper investigation into ITO films is valuable.
This research might be of particular interest to the electronic
industry and researchers working with ECDs and
multifunctional devices.

To reach this goal, we have used a variety of experimental
techniques, including scanning electron microscopy (SEM), X-
ray diffraction (XRD), cyclic voltammetry (CV), transmissivity
along with chronoamperometry (CA), and X-ray photoelectron
spectroscopy (XPS) of the In 3d, Sn 3d, O 1s, and Li 1s core
levels. With these tools, we investigate the effect of lithium

perchlorate solution on the morphology as well as on the
crystalling, electrochemical, and chemical properties of
commercial ITO samples.

2. Materials and methods

2.1. Experimental

We used two ITO/glass thin films acquired from MTI
corporation, Richmond, CA, USA. The area of the samples is 2.5
cmx2.5cm. Thethicknessofthe glassandthe ITO film is 0.7 mm
and 180 nm, respectively. According to the manufacturer, the
sheet resistance of the films ranges from 8 to 10 Q/sqg. ITO
samples contain 1,03 and SnO, in 90 at% and 10 at%,
respectively. One of the samples was dipped into the
electrochemical solution, as described in Subsection 2.2, while
the other was kept as a reference. The former is, henceforth,
called LilTO, and the latter the as-received (ITO-AR) sample.

2.2. Characterization

Electrochemical properties are studied by cyclic voltammetry
and chronoamperometry, using a CorrTest (CS350
electrochemical workstation. For the CV measurements, a
scan rate of 0.05 V/s in the potential interval from -2 Vto +2 V
for 30 cycles was used. To assess possible degradation, we
carried out CA measurements for 100 cycles with steps of 10 s.
A typical three-electrode setup is adopted for both
measurements. Platinum and Ag/AgClq electrodes play the
role of counter and reference electrodes, respectively. The
sample is used as a working electrode, and the three
electrodes are placed in a cubic optoelectrochemical cell filled
with the Li-based solution under dry conditions. The
electrolytic solution amounts to 110 cm® of 1 M LiClO,
dissolved in PC and EC. To remove any residues of water and
avoid contamination, the lithium salts were preheated at 140
°Cfor 1 h and the solution was prepared in a glove box under
argon atmosphere (water content <8 ppm).

For the assessment of optical properties of ITO,
transmissivity during CA measurements is acquired at a fixed
wavelength of 637 nm, using a high-sensitivity sensor, Pasco
(model CI-6604), connected to a Pasco interface UI-500.

Surface morphology before and after lithium exposure of
the samples is studied by SEM with a field emission
microscope JSM7000F. The possible effect of lithium insertion
on the atomic structure is evaluated by XRD using a Siemens
diffractometer model D-5000 with Cu K,, radiation (A =1.5406
A). XRD patterns were measured at steps of 0.0016° with a time
per step of 3sin a Bragg-Bretano configuration.

To assess the chemical properties of the samples, the In 3d,
Sn3d, O 1s,and Li 1s core levels were measured with a Thermo
Scientific K-Alpha XPS spectrometer. Details of the parameters
used can be found elsewhere (Perez et al., 2018; Perez et al,,
2019, Perez et al., 2021). Oxidation states and atomic bonding
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are determined by fitting the experimental data using a Tougaard
background and Voigt functions as implemented in the CasaXPS
software (version 2.3.19PR1.0). In and Sn spectra are
deconvoluted using doublets with spin-orbit splittings of 7.51 eV
and 842 eV, respectively. Table 1 shows a summary of the
characterization conditions for the two samples.

Table 1. Characterization conditions for the samples. SEl=secondary
electron imaging, COMPO=composition, TOPO=topography,
SR=Scan rate, PW=Potential window, NC=number of cycles, CL=Core
Levels, ST=step time, DST=degree step per time,
A=wavelength of light.

Technique-sample ITO-AR LiITO
SEM 15 kV: SEI, 15 kV: SEl,
COMPO, TOPO | COMPO, TOPO
XRD Bragg- Bragg-Betano,
Bretano, DST=0.0016°/3
DST=0.0016°/3 | s, A=1.5406 A
s, A=1.5406 A
cv - SR=0.05V/s,
PW=12V,
NC=30
CA - ST=10s,
PW=%2V,
NC=100
Transmissivity A=637nm
XPS CL=C1s,In3d, | CL=C1s,In3d,
Sn3d,02p Sn3d, 0 2p, Li
1s

3. Results and discussion

3.1. Electrochemical and optical properties

To define a safe potential interval for the CV and CA
measurements, we first performed preliminary tests. During
these experiments, we observed that for potentials less than -
3V, the samples turned blackish (not shown). Bressers and
Meulenkamp (1998) also reported observing a metallic black
color in films with ITO reduction below -2 V, which was
interpreted as a sign of ITO degradation. We thus set an
electroactive window from -2 Vto 2 V.

CV measurements were carried out to study the
electrochemical characteristics. The results are depicted in
Fig. 1(a). As a reference, the ITO-AR sample looked transparent
to the naked eye. During these measurements, the sample's
color changed from transparent to yellowish from positive to
negative potentials (cathodic potential), this change might be
induced by Li transport from the electrolyte into the film.
Indeed, this coloration was reported by other authors
(Bressers & Meulenkamp, 1998; Cogan et al., 1985) and was
interpreted as Li intercalation. The sample returns to its initial
state in the reverse order, transporting Li" ions from the film.

At about -0.9 V, we observe an oxidation peak at anodic
potentials (from negative to positive potentials) that can be
associated with the oxidation of metallic In. Bressers and
Meulenkamp (1998) also observed this behavior and
interpreted it as Li intercalation. However, the presence of a
strong reduction peak at -1.7 V reveals a severe ITO reduction.
This agrees with the findings of Macher et al., who reported a
reduction peak on ITO/PET samples using an electrolyte of
LITFSI/PC (Macher et al., 2020). This behavior can be the cause
of degradation in ECDs (Wen et al, 2015). We also point out that
the intensity of the oxidation peak increases as a function of
cycle number (the arrow in the graph represents the direction
of increase from cycle 1 all the way to cycle 100), which can
also be associated with ITO reduction.
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Figure 1. (a) Voltammograms; (b) Transmissivity (blue) along with
chronoamperometry measurements (black). The number “1” in the
CV graph indicates the first cycle, and the adjacent arrow indicates

the direction of the cycle increment. The arrow on the right indicates
the direction of the cycle.

The transmissivity of the samples, along with CA
measurements, is displayed in Fig. 1 (b). We observe that a
yellowish coloration appears for negative currents (or
equivalently, negative voltages). The transmissivity for both
cases decreases as the number of cycles increases, reaching a
minimum, and then undergoing severe suppression after 40
cycles, suggesting possible degradation. Starting from the first
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cycle, the transmissivity for the initial state (Ty) at A =637 nm is
about 73.1% with a value for the colored state (T.) of 56%. For
the last cycle, the values are 53% and 50.5%, respectively.
Considering possible electrochromism of the sample, the
coloration efficiency n is defined as

ln(;—lz)

Qx

n= (1)

where Q, is the extracted/inserted charge. This can be
obtained from CA data by integration under the curve as a
function of time. Accordingly, it is found that the charge
inserted (Qy) for the first cycle is 68 mC and the charge
extracted (@) is 28 mC. This yields a reversibility for the first
cycle of K_1=Q;,/Q0u:=0.41. Similarly, for the last cycle the
inserted (extracted) charge is 43 mC (10 mC), so the
reversibility for the 100th cycle is Ki00=0.23. The corresponding
coloration efficiencies are, respectively, 9.5 cm?/C and 4.8
cm?/C. These values are relatively low for practical
applications if compared to those of the most common
electrochromic materials, NiO (50 cm?/C @ 550 nm) and WO?
(54.8 cm?/C @ 633 nm) (Acufia et al., 2021; Mahmoudi et al.
2016). At the end of the 100 cycles, the sample color became
brownish, and reversibility is no longer possible. The overall
behavior suggests electrochemical degradation, thus
reducing the efficiency as the number of cycles increases. This
seems to be accompanied by some degree of ITO reduction.

3.2. Morphology and effect of lithium on crystalline
structure

Figure 2 presents the observations from SEM. The first
micrograph shows the ITO-AR sample, which exhibits the
typical flake-like morphology of ITO (Liu et al, 2015). This
morphology is common in samples with high conductivity.
After the electrochemical tests, the LiITO sample was left in a
colored state, cleaned with ethylene carbonate and taken to
the microscope. We observe that the sample forms an
inhomogeneous layer with black zones (Fig. 2b). These zones
are believed to be dissolution zones attacked by the
electrolyte, leading to changes in the total transmissivity.
Secondary electron images and topographic images also
confirm this view (Fig. 2c and 2d). We also observe small grains
with diameters ranging from a few nanometers to about 100
nm, which are distributed all over the surface. They are clearly
from a different composition from the rest of the sample. An
EDS analysis carried out on single grains showed a slight
increase (about 3%) in In at%, suggesting that the grains are
formed by metallic indium, possibly derived from ITO

reduction. Spherical particles of metallic indium have been
reported before (Liu et al., 2015; Spada et al., 2013) in which
ITO was electrochemically treated with several electrolytes.
The formation of grains was attributed to ITO reduction.
Although the morphology in our sample differs from previous
reports, we do not rule out the possibility that the same
mechanism causes it. However, the differences can be
attributed to the use of different electrolytes.

COMPO 15.0kV X10,000

SEI 15.0kV  X10,000 Tpm

WD 59mm
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TOPO  150kV  X10,000 Tm

WD 59mm

Figure 2. a) ITO AR. b)-d) Electrochemically treated sample with
different electron modes. Some grains are observed on top of the
sample indicating degradation. b) Compositional image, c)
Secondary electron image, and d) topographic image.

The lattice of In;O; has a body-centered-cubic structure
belonging to space group la-3 (No. 206). The experimental lattice
parameterisa=10.1170 &, and the unit cell contains 8 formula units
for a total of 40 atoms per unit cell. ITO is formed by replacing one
In atom in the 40-atom cell with a Sn atom at the 8b sites, which
corresponds to a 6.25 at% Sn doping, It is well known that if ion
intercalation takes place, ions enter as interstitial defects and one
should be able to observe changes in the crystalline structure
(Ingham et al.,2005; Perez etal., 2021). Alarge number of impurities
drive the material into phase transitions, while small amounts can
induce variations in the lattice parameters that might be observed
with X-ray diffraction (Ingham et al., 2005; Monk et al., 2007; Zhong
et al,, 1992; Pramudita et al., 2017). According to our own density
functional theory calculations of Li-doped ITO, Li insertion of 2.5%
in the supercell of ITO would induce an increase in the unit volume
of about 5%. Figure 3 displays the results from XRD of both samples
compared to the main phase of ITO (In1gsSN012505) and taken as
reference from crystallographic data files (PDF 01-089-4597). We
observed six prominent peaks located at (21.7,30.7,35.7,45.5,51.1,
60.8)° that compare well with the reference (red vertical solid lines).
Both of our samples exhibit a preferential orientation in the [440]
direction. By comparing the diffractograms of both samples, no
peak displacement is spotted, indicating a stable structure and no
changes in cell parameters. It has been argued (Bressers &
Meulenkamp, 1998) that charge insertion equal or greater than 5
mC/cm?, corresponding to a stoichiometry of Lig1I TO, would induce
a remarkable change in cell structure. However, our findings
suggest that if there is a charge insertion, it is pretty low to be
detected by XRD. It is worth mentioning that we do not observe
traces of additional phases such as metallic In or In(OH); whose
main peaks should have appeared at 33.1 °C and 22.3 °C,
respectively (Smith & Schneider, 1964; Mullica et al., 1979). These
findings indicate that the only phase present corresponds to ITO.

2504 —ITO-AR
LilTO
{1 —— PDF 01-089-4597
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Figure 3. XRD for ITO-AR (blue spectrum) and LilTO (black
spectrum) as compared to ITO reference PDF 01-089-4597 (red
vertical lines). No peak displacement is observed.

3.3. Bonding and oxidation states

The chemical properties of both samples were determined by
XPS analysis. Again, the XPS analysis for the LiITO sample was
carried out after applying -2 V. Figure 4 shows the XPS
spectrum for the C 1s, In 3d, Sn 3d, and O 1s core levels. The
carbon core level was taken, on one hand, to determine the
level of contamination and, on the other, to establish a core
level standard. The data were fitted with three Gaussian line
shapes [see Fig. 4(a) and (b)], whose main peaks are located at
284.7 eV, 286.0 eV, and 288.2 eV. The peaks are attributed to
graphitic carbon, carbon dioxide (CO,), and to carboxyl groups,
respectively. This kind of contamination is typically found on air-
exposed surfaces (Moulder et al., 1992; Shiratsuchi et al, 1992;
Kuo, 1992; Pollard & Puddephatt, 1999).

The XPS signal for In and Sn 3d core levels is resolved each
into two doublets with 3ds, and 3ds, suborbitals caused by
spin-orbit interaction; these are separated by 7.50 eV and 8.42
eV, respectively [see Fig. 4 (c)-(f)]. The ITO-AR sample shows the
In 3ds, peaks at positions 444.1 eV and 445.2 eV in agreement
with the literature (Liu et al., 2015; Moulder et al., 1992; Fan &
Goodenough, 1977). The first one is attributed to In-O bond in
the In*" valence state as part of In,0s, while the other peak has
been attributed to indium suboxides (InO,). No traces of metallic
indium are spotted. Similarly, we observe two doublets with the
Sn 3ds, peaks at 486.2 eV and 487.2 eV. The high-energy feature
corresponds to the Sn-O bond in the Sn4+ oxidation state,
forming Sn0O,. The second one belongs to tin suboxides (SnOy),
most probably SnO (Fan & Goodenough, 1977; Grust et al,
1973), and again no traces of Sn reduction are spotted. For the
lithiated sample [see Fig. 4(d) and (f)], there is no change in the
peak positions for In 3d core line. The absence of the energy shift
indicates that the oxidation state for In remains unaffected.
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Figure 4. XPS spectra for C 1s (aand b), In 3d (cand d), Sn 3d (e
andf) and O 1s (gand h) core levels. Left column for as-received ITO
and right one for LiITO. See text for discussion.

Fig. 4(g) shows the O 1s core level for the ITO-AR sample.
This signal was deconvoluted into two main Gaussian peaks
located at 529.8 eV (blue peak) and 531.0 eV (pink peak). These
two signals also appear for the LiITO sample [see Fig. 4(h)], but
they are slightly shifted 0.1 eV to lower energies. The low
energy peak is due to O-metal bond in O% oxidation state. The
higher one is due to carbon contamination, as discussed
above (Perez et al., 2018; Perez et al., 2019; Pollard &
Puddephatt, 1999; Ke et al., 2015; Ren et al., 2018). In LiITO, we
can see that the low-energy peak has a much higher intensity
than in ITO-AR. Since this sample was dipped into the
electrolytic solution, we think that some amount of lithium
hydroxide (LiOH) was produced and remained on the surface
after the electrochemical tests. LiOH could have been formed
during sample handling or electrochemical measurements, as
environmental water is challenging to eliminate, even under
controlled conditions. Evidence for the generation of metal
hydroxides in samples dipped in LiClO, solutions has been
reported earlier (Acufia et al., 2021). To check this issue, we
also measured the Li 1s core level of the LiITO sample [see Fig.
5]. The signal was deconvoluted into two mainly Gaussian

peaks located at 55.0 eV and 55.5 eV. The first binding energy
peak is due to the presence of LiOH (Dupin et al, 2000). The
significant contribution to the whole signal comes from this
peak. The second minor peak is attributed to Li-O bonding that
corresponds to Li;O present in the sample in low quantities.

4000

—— Envelope
—LiOH
—LizO

Counts/s

57 56 55 54 53
BE/eV

Figure 5. XPS spectra for Li 1s of LilTO.
4, Summary and conclusions

By using a series of experimental techniques, we have
investigated the effect of LiClOs; electrolyte on the
electrochemical, structural, and morphological properties of
commercial ITO films. Electrochemical measurements show
that the chemical solution affects the transmittance due to a
change in coloration at negative voltages. As the number of
cycles increases, the transmissivity is significantly suppressed;
we believe this could be due to possible sample degradation
as evidenced by chronoamperometry tests combined with
transmissivity. SEM images seem to support such a scenario,
indicated by the presence of a layer with dark zones, where it
is thought that the electrolyte attacks the surface film. On the
other hand, XRD studies did not reveal changes in the lattice
parameters of the LIITO sample, suggesting that Li does not go
deep into the lattice. However, we do not rule out an
accumulation on the surface. XPS verified this assumption.
The analysis of the Sn 3d, In 3d, O 1s, and Li 1s core levels did
not show a noticeable effect on the oxidation states. Still, we
observe the presence of Li on the surface, confirming our
assumption that lithium resides on a thin layer atop. These
results could support researchers and technologists working
on the development of ECDs, smart windows, touchscreens,
multifunctional devices such as electrochromic batteries, and
other devices where ITO is used in combination with lithium-
based solutions with an emphasis on lithium perchlorate.
Lastly, it is worth mentioning that the research conducted
here does not address an important question regarding the
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dynamics of ions in the electrolyte and in the ITO surface. As is
well known, mass transport can manifest via three modes:
convection, migration, and diffusion. If no mechanical forces
act on the solution, one can rule out the first mode. On the
other hand, migration and diffusion can manifest even in the
absence of mechanical forces and are more complex
mechanisms that require deeper studies. Characterization
techniques, including voltammetry in combination with
electrochemical impedance spectroscopy (EIS), could be key
to answering this question. Voltammetry carried out at
different scan rates can give information on the diffusion
coefficient of the oxidized analyte using the Randles-Sevcik
equation. According to this equation, there is a linear
dependence between the peak current (I,) and the square root
of the scan rate (v/v) that can reveal diffusion mechanisms
involved. On the other hand, EIS can shed some light on the
resistance associated with charge transfer at the electrode-
electrolyte interface. This provides insight into the kinetics of
the electrochemical reactions occurring at the ITO surface. EIS
can give cluesasto how the analyte interacts with the electrode,
including binding characteristics or competitive reactions. Also,
EIS can reveal diffusion-related processes, especially if there is a
Warburg impedance element in the Nyquist plot. This can
indicate the diffusion of the analyte to the electrode surface and
can provide information about mass transport limitations.
These investigations go beyond the scope of the present paper
and will be addressed in a future contribution.
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