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A study of the doping process in Li4Ti5O12 and TiO2 battery 
electrode materials studied in ion-gated transistor configuration
José Ramón Herrera Garzaa,#, Luan Pereira Camargoa,b,#, Ramin Karimi Azaria#, Lariel Chagas da Silva 
Neresa,c, Shahid Khaleela, Martin Schwellberger Barbosad*, Francesca Soavie*, Clara Santatoa*

Understanding how the electronic conductivity of metal oxides used as electrode materials in Li-ion batteries (LIBs) evolves 
as a function of the degree of lithiation/delithiation is relevant to try to prolong the battery lifetime, which affects, among 
others, the sustainability of LIBs. We propose the use of ion-gated transistors (IGTs) employing as transistor channel 
materials films of Li4Ti5O12 (LTO) and TiO2 interfaced to the ionic liquid 1-Ethyl-3-methylimidazolium 
bis(trifluoromethylsulfonyl)imide ([EMIM][TFSI]) including the salt LiTFSI, to study the evolution of the doping mechanism, 
charge carrier density and mobility with the advancement of lithiation/delithiation in the films. The process of 
lithiation/delithiation is controlled by the electrical bias applied at the gate electrode, made of carbon paper coated with 
high surface area activated carbon. The sweeping rate of the gate bias affects the kinetics of Li intercalation/deintercalation 
and, consequently, the electronic doping of the transistor channel. We discuss how different doping mechanisms, namely 
electrostatic, “purely” electrochemical, or electrochemical possibly associated to structural changes in the transistor channel 
are possible for the metal oxide films. We consider such discussion relevant to contribute to the optimal use of the electrode 
materials in LIBs.

Introduction
In ion-gated transistors (IGTs), the electronic conductivity of the 

semiconducting transistor channel is modulated by the 

redistribution of the ions of the ion gating medium at the 

interface and within the channel. Such redistribution is 

triggered upon application of an electrical bias at the gate 

electrode immersed in the gating medium in contact with the 

channel. IGTs are relevant for flexible and printable electronics, 

chemo- and bio-sensing and neuromorphic computing.1,2

Recently, we proposed IGTs as in operando tools to monitor the 

changes in the electronic conductivity of lithium-ion battery 

(LIB) cathode materials with the degree of lithiation/de-

lithiation of the material. To this purpose, we employed LIB 

cathode materials as transistor channels. We observed changes 

in the electronic conductivity, disentangled from ionic 

conductivity, of LiNi0.5Mn0.3Co0.2O2 (NMC532)- and 

LiNi1.5Mn0.5O4 (LNMO)-based cathode materials with the degree 

of delithiation.3

In the field of LIBs, lithium titanate (Li4Ti5O12, LTO) has been 

considered as anode material (specific capacity 175 mA h g–1).4,5 

It features zero-strain upon Li+ insertion, since the spinel 

structure of LTO undergoes a transition to the Li7Ti5O12 rock-salt 

structure with minimum expansion; the formation of its Solid-

Electrolyte-Interphases (SEIs) is object of investigations.6–8 LTO 

has a conductivity as low as 10−13 - 10−8 S cm−1, whereas the 

conductivity of Li7Ti5O12, obtained upon lithiation from LTO, 

ranges between 10−2 - 2 S cm−1.9 Structural and chemical 

changes in LTO with lithiation/delithiation have been carried 

out in situ by X-ray diffraction (XRD) combined with either in situ 

Bragg coherent diffraction imaging10 or in situ X-ray absorption 

spectroscopy (XAS).11,12 Further, in situ transmission electron 

microscopy (TEM) was used in combination with Electron 

Energy Loss Spectroscopy (TEM-EELS).13
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TiO2, due to its abundance, safe operation, and theoretical 

specific capacity (335 mA h g−1), is a promising alternative for 

LIB anodes;14,15 However, it features low charge/discharge rate, 

related to slow Li+ insertion kinetics and low electronic 

conductivity.16–18 In TiO2 anatase, upon lithiation, two 

orthorhombic phases can form, namely Li0.5TiO2 and LiTiO2,19,20 

as observed by in situ XRD and TEM.21,22 The effect of the 

lithiation degree on the electronic properties has been 

investigated by in situ spectroscopy,23,24 computational 

methods and direct conductivity measurements in IGTs.25,26 

Values of the conductivity of 0.4 S cm−1 and 0.75 S cm−1 have 

been reported for Li0.5TiO2 and LiTiO2, respectively.27

The low electronic conductivity of LTO and TiO2 has been 

addressed with several strategies such as creating controlled 

nanostructures or adding conductive components to the 

formulation of the electrode materials.5,28

In this work, we initially studied in IGT configuration films of an 

LTO-based anode composite material including a conductive 

carbon additive (indicated from now on as LTO+C) interfaced to 

an ionic liquid ion gating medium possibly including Li+, with the 

aim to observe changes in electronic charge carrier density and 

charge carrier mobility in this material as a function of the 

applied potential and its sweeping rate. The sweeping rate 

affects the kinetic response of the electrodes, which is 

principally limited by lithium-ion diffusion and redistribution at 

the electrode/electrolyte interface and in the intercalation sites 

of the electrodes, in turn affecting the effectiveness of the bias 

to trigger the doping. Afterwards, analogous studies were 

carried out on LTO without carbon additive and TiO2 films to 

better understand the fundamentals of Li+ intercalation and 

electronic doping in titanium dioxide and double oxide 

materials, in IGT configuration. Prior to their transistor 

characterization, films were characterized for their 

electrochemical behavior, by cyclic voltammetry, and structure, 

by scanning electron microscopy and X-ray diffraction.

Experimental
Fabrication of Au electrodes on SiO2/Si substrates

Drain and source Au/Ti electrodes were patterned on SiO2/Si 

wafers by subtractive photolithography (lift off process) and 

deposited by e-beam evaporation. The thickness of the 

electrodes was 65 nm (10 nm of Ti as adhesion layer, 55 nm of 

Au). Devices had a channel width of 4 mm and a channel length 

of 10 µm (Fig. S1).

Li4Ti5O12 (LTO) and LTO+C films

Lithium titanate films (Li4Ti5O12, Sigma Aldrich, battery grade 

99.5% purity) with and without conductive carbon additive 

(indicated as LTO+C and LTO) were studied as transistor channel 

materials. Films were deposited over microfabricated Au on 

SiO2/Si substrates by drop-casting. The precursor ink was 

prepared from LTO and poly(vinylidenefluoride) binder (PVDF, 

Kynar, 99.5% purity) with a weight ratio of 9:1, in N-methyl-

pyrrolidone (NMP, Sigma-Aldrich, 99.5% purity). The precursor 

ink including conductive carbon (Super P® conductive carbon 

black, Imerys) was prepared with an 8:1:1 weight ratio of LTO, 

PVDF, and conductive carbon. For film deposition, the ink was 

drop-casted onto pre-cleaned substrates and dried overnight in 

a vacuum oven, at 60 °C. The thickness of the films was 6±1 µm, 

for both LTO and LTO+C, as measured by profilometry.

TiO2 films

We prepared a suspension of 0.5 g of Titanium (IV) oxide 

(Aeroxide® P25, Sigma Aldrich,  99.5% purity) and 0.2 g of 

PVDF (Sigma-Aldrich, 99.5% purity) in 10 mL of N,N-

dimethylformamide (Acros Organics, 99.8% purity).29 The 

suspension was vigorously stirred for 1 hour. We deposited the 

films by spin-coating (40 µL, 4000 rpm for 40 s). Films were air 

dried for 30 min at 25 °C, vacuum dried for 40 min at 100 °C, 

and then treated for 1 h at 450 °C, in a tubular furnace. The 

thickness of the TiO2 films was 2.4±1 µm.

Fabrication of carbon paper gate electrodes

For the reference/counter and gate electrodes, we used carbon 

paper (Spectracarb 2050 A) coated with an ink including high 

surface area activated carbon (Picactif supercap BP10, Pica) and 

20% w/w PVDF binder in NMP. After coating, the electrode was 

thermally treated at 80 °C overnight.30 The resulting mass 

loading of activated carbon in the coating was ca 1 mg cm−2. For 

the activated carbon electrode potential we used 

0 V vs. activated carbon ≈ 3 V vs. Li+/Li.31

Ion gating medium

The ionic liquid 1-Ethyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide, ([EMIM][TFSI], Iolitec, 99% purity) 

was purified overnight at 60 °C under vacuum conditions. To gate in 

presence of Li+, bis(trifluoromethane)-sulfonimide lithium salt 
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(LiTFSI, Sigma-Aldrich, 99.95% purity) was dissolved in purified 

[EMIM][TFSI] to reach a concentration of 0.1 mol L–1 in Li+.

Device assembly

IGTs with TiO2, LTO, and LTO+C as channel materials were 

assembled in a N2 glovebox (H2O, O2 concentrations below 3 

ppm). We placed a Durapore® PVDF membrane (4 mm  9 mm, 

125 µm-thick) soaked with either [EMIM][TFSI] or [EMIM][TFSI] 

including 0.1 mol L–1 [LiTFSI] in correspondence of the transistor 

channel. We completed the assembly by placing the 

reference/counter or gate electrodes (6 mm  3 mm, 170 µm-

thick) on top of the membrane (Fig. S1).

Materials characterization

The thickness of the films was measured using a profilometer 

(Dektak 150). Two samples for each material were 

characterized, with eight measurements each sample. The 

morphological characteristics of the films were studied by 

scanning electron microscopy (SEM, model: JEOL JSM-7600F), 

at an accelerating potential of 10 kV. The structure of LTO and 

TiO2 films was investigated using X-ray diffraction (XRD, model: 

Bruker D8), using a Cu-Kα source (wavelength 1.54 Å).

Electrical and electrochemical characterizations

Electrical and electrochemical characterizations were 

performed in an N2 glovebox (H2O, O2 concentrations below 3 

ppm). Cyclic voltammetry measurements were performed using 

a VersaSTAT4 potentiostat. Transistor characteristics were 

measured in a home-made electrical probe station using an 

Agilent B1500A semiconductor parameter analyzer. The same 

transistors were investigated in [EMIM][TFSI] and, afterwards, 

in [EMIM][TFSI] including LiTFSI.

Results and Discussion
Structural and morphological characterizations

We initially collected the SEM images of TiO2, LTO, and LTO+C 

films to confirm their porous nanostructure (Fig. 1).29,32–35 We 

also studied the films by XRD (Fig. S2 (a-c)). The TiO2 pattern 

exhibits peaks corresponding to the anatase (Joint Committee 

on Powder Diffraction Standards, JCPDS#1-083-2243: 25.3° 

(101), 37.0° (103), 37.9° (004), 48.1° (200), 53.9° (105), 55.1° 

(211), 62.8° (204)) and rutile (JCPDS#00-034-0180: 27.5° (110), 

36.1° (101), 54.4° (211), 56.7° (220)) phases (Fig. S2 (a)).32,33 The 

patterns of LTO and LTO+C films showed diffraction peaks 

Fig. 1 Scanning electron microscopy images of films of LTO (a), LTO+C (b), and TiO2 (c), 
deposited on a SiO2/Si substrate.

indexed to spinel structure characteristic of Li4Ti5O12 (Fd3m 

space group). Indeed, the peaks at 18.3° (111), 35.6° (311), 43.3° 

(400), 47.4° (331), 57.2° (333), 62.8° (440), and 66.0° (531) 

belong to the LTO structure (JCPDS#00-049-0207) (Fig. S2 (b-

c)).34,35 The addition of carbon did not influence the spinel 

structure.

Electrochemical response and IGT characteristics of LTO and LTO+C 
films

Initially, we ran the cyclic voltammograms of LTO and LTO+C 

films in IGT configuration. Here, the metal oxide films, included 

between source and drain contacts, were used as the working 

electrode and a high surface area carbon electrode acted as the 

counter and reference electrodes (short circuited). The cyclic 

voltammograms for LTO obtained at 0.5 and 1 mVs−1 feature a 

broad reduction signal between -2.25 V and -2.5 V vs. activated 

carbon, during the cathodic sweep, and two oxidation signals, 
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Fig. 2 Electrochemical and transistor characteristics of LTO (a, c) and LTO+C (b, d) films. 
Cyclic voltammograms of (a) LTO, (b) LTO+C. Transfer characteristics of (c) LTO and (d) 
LTO+C, at Vgs sweep rate of 1 mV s–1, Vds = 1 V. Ion gating medium: 0.1 mol L–1 LiTFSI in 
[EMIM][TFSI].

between -2.25 V and -1.8 V and -1.65 V and -1.25 V (shoulder), 

during the anodic sweep (Fig. 2 (a), Fig. S3). These features are 

attributed to the redox activity of the Ti3+/Ti4+ couple.36 With 

LTO+C films, the cathodic current features an inflection point at 

about -2.25 V, likely associated to the beginning of a 

voltammetric signal (we reversed the scan at -2.5 V to ensure 

the stability of the system); the oxidation signals are analogous 

to those of LTO (Fig. 2 (b)).

For IGTs based on LTO films, the transfer characteristics (drain-

source current (Ids) vs. gate-source voltage (Vgs) at constant 

drain-source voltage (Vds)) show that Ids increases slightly from 

Vgs=1.9 V and then more significantly from Vgs=2.1 V (Fig. 2 (c), 

Fig. S4, Fig. S7, Table S1). Ids shows lower values during the 

forward scan with respect to the backward one 

(counterclockwise hysteresis), likely due to the slow diffusion of 

the lithium cations in the channel.

For LTO+C, the transfer characteristics show that Ids decreases 

from Vgs=1 V to 1.35 V; for Vgs > 1.35 V, Ids increases (Fig. 2 (d), 

Fig. S5, Fig. S7, Table S1). Ids for LTO+C curve shows higher Ids 

values during the forward scan with respect to the reverse scan 

(clockwise hysteresis). The difference in the type of hysteresis 

(anti-clockwise for LTO and clockwise for LTO+C) is attributable, 

among others, to the faster lithiation process in the highly 

conductive LTO+C films, compared to LTO counterparts.

Despite Ids being about four orders of magnitude higher for 

LTO+C than LTO (due to the presence of the conductive carbon 

additive), Igs has the same order of magnitude for the two cases. 

This shows the difference between the processes that 

determine the values of Ids (predominant electronic transport in 

the oxide and/or in the composite of the oxide with the carbon 

conductive additive) and Igs (ion accumulation at the gate 

electrode).

From the transfer characteristics, we deduced the charge 

carrier density, n, as  where Q is the charge 𝑛 =
𝑄

𝑒𝐴 =
(∫𝐼𝑔𝑠𝑑𝑉𝑔𝑠)

𝑟𝑣𝑒𝐴

accumulated during the forward scan (obtained through the 

integration of Igs vs. time),  is the geometric area of the film 𝐴

exposed to the ion gating medium (4×10–2 cm2),  is the Vgs 𝑟𝑣

scan rate, and e is the elementary charge.37 The charge carrier 

mobility, µ, was obtained through  where L is the 𝜇 =
𝐿
𝑊

𝐼𝑑𝑠

𝑛 𝑒 𝑉𝑑𝑠

source-drain interelectrode distance (10 μm) and W is the 

electrode width (4 mm).

For LTO, at 1 mV s–1, Q was 2×10–3 C, leading to n=3×1017 cm–2 

and µ= 3×10–8 cm2 V–1 s–1. For LTO+C, for the same sweeping 

rate, again Q = 2×10–3 C and n= 3×1017 cm–2, but in this case µ= 

2×10–4 cm2 V–1 s–1. In the LTO+C case, the mobility is that of the 

composite materials (LTO and carbon conductive additive), not 

LTO.

Electrochemical response of TiO2 IGTs

We run cyclic voltammograms of TiO2 in [EMIM][TFSI] without 

and with Li+ in the range 0 V to -2.5 V vs. activated carbon 

(Fig. 3 (a) and (b)). Without Li+ (Fig. 3 (a)), the cyclic 

voltammograms obtained at different sweeping rates show a 

similar behaviour, namely no clearly distinguishable 

oxidation/reduction signals. In presence of Li+, voltametric 

currents are about three times higher than in absence of Li+ and 

voltammograms show signals similar to those observed for LTO 

films (Fig. 2 (a)). One broad reduction signal is observable 

between -2 V and -2.5 V whereas two barely distinguishable 

oxidation signals, at -1.75 V and -1.25 V, are observable during 

the oxidation scan. The two oxidation signals are better 

resolved with the decrease of the scan rate. The presence of Li+ 

improves the resolution of the voltammetric signals, because 

their presence is mainly associated to Li+ intercalation in LTO (in 

absence of Li+, [EMIM] can bring about surface-confined 

electrochemical doping and a low concentration of H+ might be 

present in the ion gating medium considering the fact that 

[EMIM][TFSI] is a protic ionic liquid).38–41
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Fig. 3 Cyclic voltammograms of TiO2 in IGT configuration at different sweep rates, 
potential windows and ion gating media. (a) and (c): [EMIM][TFSI]. (b) and (d) 0.1 mol L–1 
LiTFSI in [EMIM][TFSI].

Fig. 3 (c, d) shows the cyclic voltammograms of TiO2 without and 

with Li+, in the range 0 V to -1.4 V vs activated carbon. The 

addition of Li+ leads to a slightly higher cathodic current, as 

expected.26

Device characteristics of TiO2 IGTs (Vgs from 0 V to 2.5 V)

The characteristics of TiO2 IGTs upon application of Vgs values 

from 0 V to 2.5 V, in absence of Li+ in the gating medium, show 

a typical n-type transistor behaviour (Fig. 4 (a,b) Fig. S6, Table 

S1). No clearly distinguishable peaks are observable in the Igs 

plot (Fig. 4 (b)), in agreement with the voltammograms of Fig. 3 

(a).

With Li+ in the gating medium, the transistors still show a typical 

n-type behavior (Fig. 4(c)-(h), Table S1) but now Igs plots show 

distinguishable signals (Fig. 4 (d), (f), (h)), in agreement with 

Fig. 3 (b), associated to the presence of electrochemical doping. 

In the Vgs range from 0 V to 2.5 V, without Li+, at 10, 50, and 100 

mV s–1, the charge carrier densities were 5×1016 cm−2, 2×1016 

cm−2, and 1×1016 cm−2 (Fig. S6). With Li+, however, the values of 

n were 2.4×1017, 1×1017 and 6.5×1016 cm–2. In presence of Li+, 

the values of n are higher than in absence of Li+, due to a more 

advanced degree of electrochemical doping in the latter case. 

Further, the volumic charge carrier density (considering a film 

thickness of about 2.4 µm, see Experimental section) is 

n=2×1020 cm−3, 8.5×1019 cm−3 and 6×1019 cm−3 in absence of Li+, 

for Vgs scan rates of 10 mV s−1, 50 mV s−1, 100 mV s−1, 

respectively. In presence of Li+, the corresponding values are 

Fig. 4 TiO2 IGTs with the ion gating medium [EMIM][TFSI]: (a) Output characteristics with 
Vds at 10 mV s–1; Vgs from 1 V to 2 V with 0.2 V steps. (b) Transfer characteristics with Vgs 
at 10 mV s–1. Vds= 0.1 V. Same type of transistors with ion gating medium 0.1 mol L–1 
LiTFSI in [EMIM][TFSI]: (c), (d), (g) Output characteristics with Vds at (c) 100, (e) 50, (g) 10 
mV s–1; Vgs from 1 V to 2 V with 0.2 V step. (d), (f), (h) Transfer characteristics with Vgs at 
(d) 100, (f) 50, (h) 10 mV s–1, Vds= 0.1 V.

9.9×1020, 4.3×1020 and 2.7×1020 cm−3. Such values of the 

volumic density have been associated in the literature to an 

insulator-metal Mott transition in the anatase form of titania.42

The values of μ upon gating in in absence of Li+ are 2×10–3, 

4.5×10–3, and 6×10–3 cm2 V–1 s–1 for Vgs sweeping rates of 10 

mV s−1, 50 mV s−1 and 100 mV s−1 whereas when Li+ is present 

the corresponding values are 4×10–4 cm2 V–1 s–1, 1.2×10–

3 cm2 V–1 s–1 and 2×10–3 cm2 V–1 s–1.

In the presence of Li+, for transfer curves obtained at 10 mV s−1, 

we observe a decrease in the values of Ids for Vgs above ca. 

2.15 V. The shape of Igs still indicates the presence of 

electrochemical doping. The presence of a maximum in the 

transfer curves could be explained by several contributions. 

Firstly, the Li+ insertion process occurs through a first-order 

phase transition, from TiO2 anatase to orthorhombic Li0.5TiO2.

Page 5 of 8 Journal of Materials Chemistry C
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Fig. 5 TiO2 IGTs. Output characteristics with Vds at 50 mVs−1, (a) [EMIM][TFSI], (b) 0.1 
mol L–1 LiTFSI in [EMIM][TFSI], Vgs from 0.8 V to 1.4 V with 0.2 V steps. Transfer 
characteristics with Vgs sweep rate at 50 mV s−1, Vds= 0.1 V: (c) [EMIM][TFSI] and (d) 0.1 
mol L–1 LiTFSI in [EMIM][TFSI].

Here, the conductivity is of about 0.4 S cm−1, lower than that of 

Li-doped anatase TiO2 (1.8 S cm-1).27 Secondly, the charge 

carrier density induced by the ion gating could high enough to 

bring about electron-electron screening effects, in turn causing 

a decrease of Ids, analogously to what reported for organic IGTs, 

featuring finite windows of conductivity.43,44 A further 

possibility to explain the decrease of Ids could be that the 

proximity of Li+ causes a decrease in the mobility of electrons 

and, hence, the electronic conductivity.

Device characteristics of TiO2 IGTs (Vgs from 0 to 1.4 V)

TiO2 IGTs were characterized in the Vgs range from 0 V to 1.4 V, 

a smaller interval with respect to the one already discussed. The 

aim of this study was to explore the early stages of the doping. 

The comparison of the transistor characteristics in absence 

(Fig. 5 (a), (c)) and presence (Fig. 5 (b), (d)) of Li+ show slightly 

higher values of Ids in the latter case.39 No peaks are observable 

in the Igs plots as expected for an electrostatic type of doping. 

Further, no maxima are observable in the transfer 

characteristics (different from results observed when values of 

Vgs probed are up to 2.5 V, as in Fig. 4).

Conclusions
In conclusion, we studied films of Li4Ti5O12, both in pristine form 

(indicated as LTO) and as composite including a carbon conductive 

additive (indicated as LTO+C), and TiO2 as channel materials in ion-

gated transistors (IGTs), making use of the ionic liquid [EMIM][TFSI] 

including the salt LiTFSI. LTO+C and TiO2 have been investigated in 

the literature as anode materials in Li-ion batteries (LIBs).

The IGTs characterized in this work behave as n-type transistors 

working in accumulation mode, under the action of a gate bias 

inducing the lithiation of the channel material.

We observed that for IGTs making use of pristine LTO (without 

carbon conductive additive) we need slow Vgs sweeping rates (1 

mV s–1) to observe a transistor behavior (not observable at 10, 50, 

100 mV s–1). For IGTs based on LTO+C films, a clear transistor 

behavior is observable at 1, 10, 50, 100 mV s–1; a value of Vds>0.1 V 

(e.g. 1 V) has to be applied, at all the mentioned sweeping rates, to 

make the electronic component of the current in the transistor 

clearly observable, with respect to the capacitive (ionic) component.

For TiO2, several doping mechanisms are possible, including the 

electrostatic (observable for low values of Vgs, between 0 V and 1.4 

V), “purely” electrochemical (bringing about values of the charge 

carrier density typical of insulator-to-metal Mott transitions in 

anatase TiO2) and, for values of Vgs>2.15 V and low Vgs sweeping rates 

(10 mV s–1) an electrochemical mechanism where the increased 

concentration of Li+ induces the formation of low-conductivity 

crystalline phases, thus explaining the decrease of the transistor 

current. Actually, electron-electron screening effects, as those 

previously observed in organic IGTs, could also explain the decrease 

of the current at high charge carrier density (about 1020 cm–3).

Work is in progress on two fronts, at least. The study of other metal 

oxides used as electrode materials in LIB to assess the potential of 

our IGT approach to study the evolution of the electronic properties 

of LIB electrode materials with the lithiation/delithiation. Further, on 

a more fundamental side, we are studying the structure of the 

electrical double layers at the ion gating/channel interface as they 

ultimately govern the doping process in IGTs.
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