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the Internet of things (IoT).[1] Such appli-
cations have created a high demand for 
Li-ion microbatteries with high energy 
density. Up to now, the vast majority of 
commercial microbatteries use transi-
tion metal oxides active materials at 
the cathode side, e.g. LiCoO2,[2] V2O5,[3]  
LiMn1.5Ni0.5O4,[4] or phosphate-based mate-
rials such as LiFePO4,[5] or LiMnPO4.[6] At 
the anode side, Li-metal is commonly used 
due to its interesting characteristics such 
as low molecular weight which leads to a 
high specific capacity of 3828 mAh g−1 and 
high reducing character (ELi

+
/Li = −3.05 V 

vs standard hydrogen electrode (SHE)). 
However, the Li metal reactivity toward the 
air and the humidity imposes several con-
straints, especially battery encapsulation 
to protect the lithium against the environ-
ment. Furthermore, the low melting point 
of lithium (181 °C) excludes or makes dif-
ficult specific assembling processes used 

to integrate the components directly on the electronic circuit, 
for instance, the solder-reflow process involving a tempera-
ture peak at 260 °C. Therefore, further development of thin 
film anode materials plays a crucial part in the development of 
Li-ion microbatteries.[7]

Electrochemical lithium (de)intercalation in an atomic layer deposited (ALD) TiO2 
anatase thin film deposited on a planar Si /Al2O3/Pt substrate is investigated by 
Raman spectroscopy. An initial discharge capacity of 63 µAh cm−2 µm−1 (0.5 Li+ 
mole−1) is reached at C/10 rate, which increases up to 77 µAh cm−2 µm−1 upon 
further cycles. An excellent capacity retention is achieved over at least 100 cycles, 
showing the good adherence of the ALD thin film. Raman spectra of LixTiO2 
(0 ≤ x ≤ 0.5) thin film electrodes point to the nucleation of the orthorhombic lithi-
ated titanate (LT) Li0.5TiO2 phase from x = 0.1. This LT phase coexists with tetrag-
onal TiO2 in the 0.1 ≤ x ≤ 0.4 composition domain to be pure for x = 0.5. A fully 
reversible transformation from orthorhombic LT to tetragonal TiO2 is observed 
upon the charge. The high quality of the Raman spectra allows identifying for the 
first time 12 modes in the 100–800 cm−1 region for the electrochemically formed 
LT phase. Furthermore, an appropriate Raman spectra analysis allows a reliable 
and quantitative determination of the thin film composition during discharge 
and charge. These results illustrate Raman spectroscopy is a powerful probe to 
scrutinize the Li insertion/extraction mechanism in TiO2 thin films.

© 2023 The Authors. Advanced Materials Interfaces published by 
Wiley-VCH GmbH. This is an open access article under the terms of the 
Creative Commons Attribution License, which permits use, distribution 
and reproduction in any medium, provided the original work is properly 
cited.

Research Article
﻿

1. Introduction

Thin film solid-state Li microbatteries are becoming the best 
choice for stand-alone sensor applications like radio-frequency 
identification tags, smart cards, wearable devices as well as 
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In the last decade, several alternative materials have been 
proposed and thoroughly studied to overcome the limitations of 
Li-metal anodes: Li-metal alloys, silicon, germanium, and tin-
based materials. However, despite providing greater capacities, 
the common problem of these materials is their huge volume 
expansion upon cycling.[8] To overcome these drawbacks, low-
voltage oxides have been extensively studied as negative elec-
trode materials, especially titanium-based oxides such as TiO2 
and Li4Ti5O12 that exhibit working potential lying within the 
thermodynamic stability window of conventional organic car-
bonate electrolytes (>0.8  V vs Li+/Li), environmental friendli-
ness, high safety, and low cost.[9] Among the different TiO2 
polymorphs, tetragonal anatase exhibits the most attractive 
properties due to an easier lithiation/delithiation reaction, low 
volume change (<4%) during Li ion insertion/deinsertion pro-
cess, short paths for fast lithium ion diffusion, flat discharge 
voltage plateau, and excellent cycling stability.[9] Some inherent 
drawbacks of TiO2 such as its relatively low theoretical capacity 
and electrical conductivity have motivated various strategies to 
solve these problems.[10]

Interestingly, TiO2 thin films have been the subject of 
numerous studies for applications in photo-electrochemical 
solar cells[11] and Li-ion microbatteries.[12–17] Haridas et  al. 
reported the electrochemical performance of a 135  µm thick 
TiO2 electrode deposited by spray pyrolysis technique that 
yielded to ultra-high areal capacity and volumetric capacities 
of 3.7 mAh cm−2 and 274 mAh cm−3, respectively at 1C rate  
(1C = 335 µAh mg−1, for 21 mg cm−2 of mass loading) in 1 m LiPF6 
ethylene carbonate (EC):dimethyl carbonate (DMC) electro-
lyte.[12] Lakshmi–Narayana et  al. examined the electrochemical 
properties in 1 mol L−1 Li2SO4 aqueous solution of TiO2 thin films 
deposited by electron-beam evaporation on multilayered Au/ 
Ti/ SiO2/Si substrate.[13] At a high current density of 1 mA cm−2,  
a discharge capacity of 74 µAh cm−2  µm−1 (corresponding to 
0.6 Li uptake) was obtained. Another work by Curcio et  al.[14] 
on pulsed laser deposited anatase-based TiO2 nanoparticles 
on aluminum substrate reported a capacity of ≈11 µAh cm−2 
at 1  µA cm−2, using LiPF6 EC: DMC electrolyte. Interestingly, 
using atomic layer deposition (ALD), Eustache et  al. success-
fully performed conformal deposition of anatase TiO2 layer  
(38 to 150  nm thick) on a 3D surface structure.[15,16] Electro-
chemical measurements in standard liquid electrolytes allow 
achieving surface discharge capacities of 200 µAh cm−2 at C/10 
for the 150  nm thin film, the highest one reported for a TiO2 
negative electrode deposited on a 3D topology.

Many papers have reported the phase transformation 
behavior upon Li electrochemical insertion into TiO2 anatase. 
From early ex situ X-ray diffraction (XRD) study in 1985, 
Li insertion in bulk anatase TiO2 was found to produce an 
orthorhombic lithium titanate (LT) Li≈0.5TiO2 phase through a 
diphasic transition occurring at 1.78 V versus Li+/Li, leading to 
a specific capacity of 168 mAh g−1.[18] Later, many other works 
based on NMR,[19,20] neutron diffraction,[21,22] and Raman spec-
troscopy,[23–26] confirmed this spontaneous phase separation 
into Li-poor (Li ≈ 0.01) and Li-rich (Li ≈ 0.5) domains. How-
ever, when TiO2 is synthesized at the nanometric scale, several 
studies have described a progressive Li-ion solubility increase 
as well as an extension of the solid solution domain as the par-
ticle size is reduced,[25,27–31] with electrochemical performance 

strongly depending on the particle size.[25,30–34] In spite of such 
nano-size effects, the Li insertion/extraction mechanism into 
TiO2 anatase thin film has been scarcely reported. This is prob-
ably due to the difficulty to carry out conventional XRD experi-
ments on thin films, owing to the small diffraction volume as 
well as ill-defined and broad diffraction peaks usually exhibited 
by small crystallite-size materials.[35]

Raman spectroscopy on the other hand is capable of probing 
short-range structures[36–39] and was proved to be efficient to 
discriminate the orthorhombic and tetragonal phases in the  
Li/TiO2 system.[23–26] However, this technique has been mainly 
carried out for the characterization of the lithium insertion/
extraction mechanism in bulk TiO2.[23–26] In 2004, Baddour-
Hadjean et  al. reported the first ex situ Raman spectra of 
LixTiO2 composite electrodes during the discharge-charge cycle 
of anatase.[23,24] The Raman fingerprint obtained for the fully 
lithiated Li0.5TiO2 composite electrode, made of 12 modes, was 
fully assigned thanks to the help of lattice dynamics simula-
tions. In 2007, Hardwick et al. performed in situ Raman spec-
troscopy experiments on various nano-scale TiO2 anatase pow-
ders and showed a noticeable effect of the crystallite size on 
the electrochemical reaction as well as the width of the solid 
solution domain.[25] In 2013, with the help of isotope labeling, 
Kavan et  al. reported the Raman spectra of electrochemically 
and chemically lithiated TiO2 anatase powders, with a slightly 
better spectral resolution of the latter that allow the authors 
to identify 20 modes in the experimental Raman spectrum 
of LT.[26] These works reported in unison that Li-insertion in 
the anatase TiO2 powder caused the disappearance of the six 
anatase Raman lines (I41/amd-D19

4h), to the benefit of novel 
features attributed to the orthorhombic LT phase (Imma-D28

2h). 
Regarding TiO2 thin films, one single paper from Dinh et al. in 
2003 showed a significant perturbation of the anatase Raman 
spectrum upon electrochemical lithiation of sol-gel TiO2/ITO 
electrochromic thin films, with the appearance of 5 broad and 
ill-defined bands that the authors tentatively attributed to the LT 
phase.[40]

This paper intends to add the lacking knowledge in the 
field of thin films materials by exploring the electrochemical 
Li insertion mechanism in ALD-deposited TiO2 anatase thin 
films, using Raman spectroscopy. The electrochemical proper-
ties of the TiO2 thin film are examined in 1 m LiClO4 EC: DMC 
1:1 liquid electrolyte. Then, ex situ Raman spectra are collected 
during the first discharge-charge cycle and accurately analyzed 
to picture the structural changes accompanying lithium inser-
tion/extraction in LixTiO2 thin film electrodes (0 ≤ x ≤ 0.5).

2. Results and Discussion

2.1. Characterization of the TiO2 Thin Film

Figure 1a shows the schematic of the stacked layers on the Si 
wafer. Typically, this stacking is composed of several layers 
(from bottom to top Si (0.385  mm)/Al2O3 (100  nm)/Pt cur-
rent collector (50  nm)/TiO2 (150  nm)/Li3PO4 (3  nm)). The 
cross-sectional scanning electron microscopy (SEM) image 
shown in Figure 1b reveals that all the layers of the functional  
Si/Al2O3/ Pt/ TiO2 stacking are well segregated and exhibit  
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uniform thickness with flat and sharp interfaces at the nanoscale 
level and no interdiffusion between the layers, as expected from 
thin films deposited by ALD technique.[41,42] Hallot et  al.[43] 
have well explained the purpose of introducing a dense Al2O3 
layer in the stacking, capable of preventing the Pt–Si interdiffu-
sion leading to the formation of PtSi alloy. Moreover, the 3 nm 
thick Li3PO4 solid-electrolyte layer deposited on the top of the 
TiO2 layer acts as a good ionic conductor and electronic insu-
lator, and has been reported as a good protective layer.[15,43] The 
XRD pattern of the TiO2 thin film is shown in Figure 1c. Note 
that peaks observed at 36o and 40° correspond to the (111) dif-
fraction plane of the platinum current collector (JCPDS PDF  
00-004-0802), the first one is due to the K-β X-ray emission line 
that is not completely filtered in this high-flux configuration. All 
the other diffraction peaks correspond to a pure anatase struc-
ture (JCPDS number 021–1272) and are indexed using a body-
centered tetragonal symmetry (space group I41/amd-D19

4h). The 
refined cell parameters of a = b = 3.7838(4) Å and c = 9.495(3) Å 
are in good agreement with the powder diffraction data. Broad-
ening of the Bragg peaks is typical of the presence of a nano-
sized material. An average apparent crystallite size of 50 nm is 
found, using a fundamental parameters approach implemented 
in the JANA2006 software.[44] The crystal structure of TiO2 
anatase (insert of Figure 1c) is made of zig-zag chains located in  
close-packed planes, titanium ions occupying half of the 4a 
octahedral sites and oxygen atoms sitting in the 8e tetrahedral 
sites. Each [TiO6] octahedron shares two adjacent edges with 
other [TiO6] units in the (b, c) plane to form infinite, planar 
double chains parallel to a and b directions. These double 
chains share corners with identical chains above and below and 
are shifted along the c-axis with respect to each other. Finally, 
all [TiO6] octahedra share four edges and all oxygen ions are 

bonded to three titanium ions. The empty octahedral sites also 
comprise double chains that may be similarly described.

Raman spectroscopy is an appropriate structural method to 
differentiate between the different polymorphs of TiO2.[45–53] 
There has already been several papers devoted to the lattice 
dynamics study of anatase TiO2.[23,24,52] According to factor 
group analysis, the 15 optical modes of anatase TiO2 have the 
following irreducible representation:

A A B B E Eg u g u g u( )Γ = + + + + +TiO 1 1 2 1 3 2opt 2 1 2 1 2
	 (1)

The A1g, B1g, and Eg modes are Raman active and thus, six 
fundamental transitions are expected in the Raman spectrum 
of anatase TiO2:

A B Eg g g( )Γ = + +TiO 1 2 3Raman 2 1 1
	 (2)

The experimental Raman spectrum of the TiO2 thin film 
(Figure  1d) displays the typical fingerprint of anatase at room 
temperature, showing five main bands located at 144 cm−1 (Eg 
mode), 195 cm−1 (Eg mode), 398 cm−1 (B1g mode), 516 cm−1 
(merged A1g and B1g modes), and 640 cm−1 (Eg mode) corre-
sponding to O–Ti–O bending and Ti–O stretching modes.

2.2. Electrochemical and Structural Study

2.2.1. Electrochemical Study

The typical discharge–charge curves for the TiO2 thin film are 
shown in Figure 2a.

Starting from the open circuit voltage (OCV) of 2.8  V, 
after an abrupt fall down to ca. 1.95  V, the voltage decreases  

Figure 1.  a) Schematic of the Si/Al2O3/Pt/TiO2/LPO layers stacking, b) SEM cross-section analysis of the Si/Al2O3/Pt/TiO2 stacking, c) XRD pattern of 
the TiO2 thin film, in insert: structure of anatase TiO2, d) Raman spectrum of the TiO2 thin film, in inset: octahedral Ti environment.

Adv. Mater. Interfaces 2023, 2202141
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monotonically to 1.75 V, then a quasi-voltage plateau is observed 
in the 1.7  V region followed by a sloping curve down to 1  V. 
The first discharge capacity is 63 µAh cm−2  µm−1 (which cor-
responds to 0.5 Li uptake/mole of oxide) assuming a density of 
3.75 g cm−3 for our TiO2 thin films.[41,44]

The charge process exhibits a flat potential plateau 
at 1.9  V and involves a slightly lower capacity value of  
50 µAh cm−2 µm−1, as usually observed for micrometric anatase 
TiO2.[23,33] However, from the fifth cycle, the same capacity 
value of 61 µAh cm−2 µm−1 is reached on discharge and charge, 
indicating a fully reversible Li insertion-extraction process.

Cycling experiments at C/10 reveal an overall capacity 
increase during the 50 cycles, from 63 to 77 µAh  cm−2  µm−1 
(corresponding to 0.61 Li/mole of oxide), which then stabilizes 
over at least 50 cycles (Figure  2b). This capacity increase was 
also reported for 60 nm thick ALD thin films and explained by 
an electrochemical activation of crystallites in the layer.[15] The 
excellent capacity retention achieved over at least 100 cycles, 
is related to the minor volume expansion experienced by TiO2 
anatase upon lithium insertion (i.e., 2.4%), but also demon-
strates the good adherence of the present ALD TiO2 thin films.

2.2.2. Study of the Li Insertion/Extraction Mechanism During the 
First Discharge-Charge Cycle

The structural changes induced in the TiO2 thin film by the elec-
trochemical Li insertion/extraction have been explored using 
Raman spectroscopy. Previous studies on bulk TiO2 describe 
a tetragonal TiO2 (I41/amd- D19

4h) to orthorhombic LixTiO2  
(Imma – D28

2h) transformation upon lithium insertion.[18–26] In 
the LT structure, Li+ ions occupy multiple positions inside the 
oxygen octahedra.[22] The equivalent amount of Ti4+ is reduced to 
Ti3+ as Li+ ions are inserted into the structure, and first principle 
calculations have reported that the structural stability of the elec-
troformed Li0.5TiO2 is associated with the similarity of the ionic 
radii of Li+ and Ti3+ ions (0.74 and 0.67 Å, respectively).[53]

The tetragonal-to-orthorhombic distortion implies a sym-
metry reduction from D4h to D2h. Therefore, A1g and 2B1g modes 
of the anatase lattice transform into 3Ag modes of the LT lat-
tice, and the 3Eg modes of the anatase lattice split into 3B2g and 
3B3g modes of the LT lattice.[23,24] In addition, three Li modes 
involving displacements of the Li atoms along x (B2g), y (B3g), 
and z (Ag) directions appear. In total, the Raman spectrum of 
the LT phase consists of 12 modes distributed as:

LT A B Bg g g( )Γ = + +4 4 4Raman 2 3
	 (3)

The Raman spectra of the LixTiO2 electrodes recorded at dif-
ferent x values (0 ≤ x ≤ 0.5) during the first discharge at C/10 
rate are shown in Figure 3. The discharge curve shown in 
Figure  3a marked with different color sphere symbols shows 
the different investigated x values in LixTiO2. Note that what-
ever the x value, similar spectra were found for the 10 inves-
tigated areas, showing the good homogeneity of the lithiation.

A thorough examination of the Raman spectra collected during 
the discharge (Figure 3b,c) leads to the following comments:

i) The Raman spectra of the initial anatase TiO2 electrode, 
with Raman bands at 144, 195, 398, 516, and 640 cm−1 is not 
altered up to x = 0.05, indicating the 0.05 composition is the limit 
of the solid solution domain. ii) From x = 0.1, the spectral pro-
file is greatly changed with several new components appearing 
in the 100–800 cm−1 wavenumber range, pointing to the begin-
ning of the tetragonal to the orthorhombic phase transition. 
In the low-frequency region, the intense Eg mode at 144 cm−1  
is replaced by three bands located at 152, 168, and 183 cm−1 while 
new peaks appear at 225, 236, 318, and 348 cm−1. In the middle-
frequency range, the band at 398 cm−1 is shifted to 416 cm−1  
and two new components start to rise at 440 and 466 cm−1. In 
the high-frequency range, the band at 520 cm−1 is replaced by 
two bands at 532 and 556 cm−1 while the 640 cm−1 peak shifts 
to 632 cm−1. iii) On further Li insertion (0.1 ≤ x ≤ 0.35), the new 
bands at 168 and 182 cm−1 grow at the expense of the 152 cm−1 
one. iv) At the end of the discharge (0.4 ≤ x ≤ 0.5), the Raman 
spectrum exhibits the full fingerprint of the LT Li0.5TiO2 phase, 
with 12 bands at 168, 182, 225, 236, 318, 348, 416, 440, 466, 536, 
556, and 632 cm−1. Modes at 440, 466, and 556 cm−1 are related 
to Li-O vibrations while the others correspond to lattice modes 
perturbed by Li interactions (Figure 4).[30,31]

This Raman study allows proposing of a phase diagram in 
the Li/TiO2 thin film system. The 0 ≤ x  ≤ 0.05 composition 
range corresponds to a solid solution of tetragonal anatase 

Figure 2.  Electrochemical properties of the TiO2 thin film. a) First and 
fifth discharge-charge cycle in black solid line and red dashed line, respec-
tively; b) Evolution of the discharge capacity and coulombic efficiency 
versus number of cycles. 1  m LiClO4 / EC:DMC (1:1  vol.%) electrolyte. 
3−1 V voltage window. C/10 rate (0.75 µA cm−2).

Adv. Mater. Interfaces 2023, 2202141
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LixTiO2 (phase 1). In the 0.1 ≤ x  < 0.5 composition range, a 
biphasic region of phase 1 and orthorhombic LT LixTiO2 (phase 
2) is observed, the phase 2 proportion increasing at the expense 
of phase 1 to be 100% for x = 0.5. The important spectral varia-
tions in the low wavenumber region (100–200 cm−1) provide rel-
evant descriptors of the tetragonal to orthorhombic transition. 
Indeed, an estimation of the proportion of the LT phase in the 
thin film electrode can be proposed by considering the relative 
area of the 168/182 bands belonging to the LT phase to that of 
the 144/152 bands assigned to TiO2. Selected Raman spectra fit-
tings shown in Figure 5 lead to the LT phase relative amounts 
at different states of discharge gathered in Table 1.
Figure 6 compares the estimation of the electrode composi-

tions from the Raman spectroscopy analysis (represented by 

black circles) to those issued from the faradaic yield involved 
during the electrochemical preparation (represented by a red 
line). It is noteworthy the remarkable agreement of x values in 
LixTiO2 estimated by Raman with that obtained from the fara-
daic yield. This result demonstrates the reliability of our Raman 
analysis and its efficiency to provide an accurate estimation of 
the thin film electrode composition.
Figure 7 shows that reverse spectral changes occur during 

the charge. Indeed, the band at 152 cm−1 reappears as lithium 
is extracted, as shown for the electrode composition Li0.26TiO2 
(in green) and the intensity of this band increases with further 
removal of Li from LixTiO2 followed by the growth and reverse 
shift to 144 cm−1. Above 1.9 V, this band increases at the expense 
of the orthorhombic B2g/B3g doublet at 168/182 cm−1. A com-
plete restoration of the Raman spectrum of the tetragonal TiO2 
framework is observed at 3 V, with the main bands observed at 
144, 195, 398, 516, and 640 cm−1.

The structural reversibility upon the cycling experiment 
examined by Raman spectroscopy is shown in Figure 8. The 
fingerprints of the thin film electrodes after one cycle and after 
130 cycles clearly exhibit the typical Raman spectrum of the 
pristine TiO2 electrode, indicating the excellent reversibility of 
the lithium insertion-extraction process and the good structural 
stability of the TiO2 thin film at the scale of the chemical bond.

3. Conclusion

In this work, Raman spectroscopy is carried out to explore 
the short-range environment on LixTiO2 thin film electrode  
(0 ≤ x ≤ 0.5) with the pure anatase TiO2 nanometric thin film 
being deposited by ALD on a platinum current collector. The 

Figure 3.  a) Evolution of the potential from OCV to 1 V versus x content in LixTiO2 at C/10 rate, b) Continuum of Raman spectra recorded during the 
first discharge for electrochemically lithiated LixTiO2 thin film electrodes (0 ≤ x ≤ 0.5), c) Enlarged view of the Raman spectra in the 100−400 cm−1 range.

Figure 4.  Raman spectrum of orthorhombic LT Li0.5TiO2 with its 
assignment.
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Figure 5.  Raman spectra fittings in the 100−400 cm−1 region of the LixTiO2 anatase thin film at different depths of discharge during the first discharge 
(0 ≤ x ≤ 0.5) and after a discharge-charge cycle. LT : lithiated titanate phase.

Table 1.  Proportion (in %) of LT phase in discharged LixTiO2 thin film 
electrodes (0 ≤x ≤ 0.5) obtained from the analysis of the Raman spectra, 
compared to that expected from the faradaic yield. Band A belongs to 
anatase (Eg mode at 144 cm−1 and shifting to 152 cm−1). Bands B and C 
belong to LT phase (168 and 182 cm−1, respectively).

x in LixTiO2 
faradaic yield

% LT from 
faradaic yield

% LT from Raman 
B/(A + B)

% LT from Raman 
C/(A + C)

x in LixTiO2  
from Raman

0 0 0 0 0

0.1 20 25 26 0.125

0.15 30 33 34 0.165

0.2 40 39 39 0.195

0.25 50 57 58 0.287 ± 0.005

0.3 60 65 60 0.312 ± 0.012

0.35 70 72 70 0.355 ± 0.005

0.4 80 75 75 0.380 ± 0.050

0.5 100 100 100 0.5

Figure 6.  Estimation of x value in LixTiO2 electrodes from Raman spectra 
analysis (black circles) compared to the faradaic yields involved during 
electrodes preparation (red line).
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excellent adherence of the 150 nm thick deposit allows to reach 
a high reversible capacity value of 56 µAh cm−2 µm−1 at C/10 in 
the 1 V−3 V voltage range and a remarkable stability of capacity 
over at least 100 cycles.

For the first time, detailed Raman spectra are obtained on 
TiO2 thin films in a Li cell, providing a comprehensive pic-
ture of the structural changes induced by lithium intercalation 
during the first discharge-charge cycle. This study shows the 
electrochemical lithium reaction in the thin film is homog-
enous and involves a 2-phases mechanism. From x  = 0.1 
Li+ in LixTiO2, new Raman lines in the lower wavenumber 
point to the emergence of lithiated titanate with orthorhombic  

structure (Imma-D28
2h), that coexists with anatase in the  

0.1 ≤ x  ≤ 0.4 composition range and is found to be single for 
x = 0.5. More interestingly, by considering the relative areas of 
appropriate Raman descriptors, an estimation of the propor-
tion of each phase can be provided at each stage of the lithi-
ation process. The relevance of our approach is confirmed by 
the remarkable agreement between the lithium uptake values 
calculated from the Raman analysis and the faradaic yields 
involved during the electrode preparation. In addition, a high 
structural reversibility after 100 cycles is revealed by Raman 
spectroscopy. While XRD is limited both by the small volume 
of active material in thin film configuration and the difficulty 
to discriminate between the fingerprint of the pristine and lithi-
ated materials, this study clearly demonstrates the efficiency of 
Raman spectroscopy to provide at the laboratory scale a com-
prehensive and quantitative picture of the electrochemical lithi-
ation mechanism in nanometric TiO2 thin films.

4. Experimental Section
TiO2 Thin Film Preparation: First, an aluminum oxide (Al2O3) layer 

(100 nm-thick) was deposited on a 3″ silicon wafer by ALD in a PicoSun 
reactor. This layer acts as a diffusion barrier to prevent the interdiffusion 
between Pt and Si species leading to the formation of Pt–Si when 
deposition and/or post-annealing process is achieved.[15] A Plassys MEB 
550S equipment was used to evaporate a 50 nm-thick Platinum layer on 
the aluminum oxide layer. Then, the TiO2 thin film was also deposited 
by ALD from a TFS200 Beneq ALD reactor, as already reported.[15,16] The 
TiO2 deposition was achieved using TiCl4 (claimed purity 99.9999%, 
From Strem Chemical) as a metallic precursor and deionized water as an 
oxidant. The ALD reaction followed 4 steps using first TiCl4 and then the 
water. Nitrogen was used as the purge and the carrier gas. The chamber 

Figure 7.  a) Evolution of the potential versus time during the charge at C/10 rate, b) Continuum of Raman spectra recorded during the charge for 
electrochemically delithiated LixTiO2 thin film electrodes (0 ≤ x ≤ 0.5), c) Enlarged view of the Raman spectra in the 100−400 cm−1 range.

Figure 8.  Raman spectra recorded on the initial TiO2 thin film electrode, 
after the first charge and after 100 cycles at C/10. 1−3 V potential range.
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temperature was held at 250 °C in order to promote the formation of 
the desired anatase TiO2 polymorph. The bottle temperature of the two 
precursors was kept at ≈20 °C as they operate at high vapor pressure. 
The thickness of the TiO2 layer was measured at close to 150  nm. To 
stabilize the solid/liquid interface, a 3  nm-thick Li3PO4 (LPO) layer 
was deposited on the top of TiO2 by ALD in a R200 PicoSun reactor at 
≈2 mbar at 300 °C, using trimethylphosphate and lithium tert-butoxide 
from StremChemical (claimed purities of 97% and 98%, respectively).[43] 
The electrochemical and structural study were carried out on the 
resulting Si/ Al2O3/ Pt/ TiO2/LPO stacked layers.

Morphological Analysis and Structural Characterization: The thickness 
and microstructure of the films were determined using a scanning 
electron microscope (Zeiss supra55-VP). The structure of the 
deposited TiO2 thin film was determined with a Rigaku SMARTLAB 
multipurpose six-axis diffractometer (9  kW rotating anode) equipped 
with Cu-Kα radiation (λ  = 1.5418 Å). Cell parameters were refined 
using the JANA2006 software.[44] Raman spectra were recorded with 
a LaBRAM HR 800 (Jobin-Yvon Horiba) Raman micro-spectrometer 
including Edge filters and equipped for signal detection with a back-
illuminated charge-coupled device detector (Spex CCD) cooled by 
Peltier effect to 200 K. A He:Ne laser (632.8  nm) was used as the 
excitation source. The spectra were measured in back-scattering 
geometry. The spectral resolution was ≈0.5 cm−1. A 100X objective was 
used to focus the laser light on the sample surface to a spot size of 
1 µm2. The power of the laser beam was adjusted to 0.2–0.5 mW with 
neutral filters of various optical densities in order to prevent any laser-
induced damage of the sample. Raman spectra were systematically 
recorded on ten different spots of each sample, which gave similar 
fingerprints, showing the good homogeneity of the electrochemical 
reaction in the thin films.

Electrochemical Study: Electrochemical measurements were carried 
out in a homemade Teflon flat cell operated in an Ar-filled glove box 
(O2 and H2O quantities: less than 1 ppm). The cell is composed of two 
pieces of Teflon where the samples are sandwiched between the pieces. 
A hole of 0.442 cm2 was drilled in the top piece, allowing the filling 
the flat cell with the liquid electrolyte (2 mL of 1 m LiClO4 anhydrous, 
99% dissolved in ethyl carbonate EC (C3H4O3, anhydrous, 99%) and 
dimethyl carbonate DMC (C3H6O3, anhydrous, 99%) (EC:DMC, 1:1). 
An O-ring was used to seal the sample/top piece interface and to 
define an analyzed electrode surface area of 0.442 cm2. The cell was 
assembled with TiO2 thin film as a working electrode and pure lithium 
metal foil, which acts as both a reference and counter electrode. The 
two electrodes were separated by a Whatmann glass fiber soaked in 
the electrolyte. The 1  m LiClO4 EC: DMC 1:1 electrolyte was prepared 
in an argon-filled glovebox (0.1 ppm of O2/0.1 ppm of H2O). The water 
content of the electrolyte solution was analyzed by Karl Fischer titration 
and was found to be below 20 ppm. The measurements were performed 
at 20°C using a multichannel BioLogic VMP3 potentiostat. The Raman 
investigation was carried out in the 1–3  V versus Li+/Li potential 
window in the two electrodes flat-cell, during the first charge–discharge 
cycle of TiO2. The cells were discharged (and charged) at C/10 rate 
(0.75 µA cm−2) up to the required x composition in LixTiO2 (0 ≤ x ≤ 0.5).  
The current supply was stopped when the desired x content was 
reached and the cells were disassembled in the glove box. The thin film 
electrodes were rinsed three times with DMC in order to remove any 
electrolyte residue and placed in an airtight Raman cell to be analyzed 
by Raman spectroscopy.
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