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Abstract

Composite materials consisting of TiO2 and graphene (TiO2/GR) have exciting

properties that could make them suitable as anode material for Li-ion batteries. Sys-

tematic density functional theory (DFT) calculations were performed to investigate

the TiO2/GR energy-storage mechanism, adsorption sites and diffusion pathways of

Li ions in TiO2/GR. Its interface and the region outside graphene were studied for

identifying stable surface sites. The adsorption energies are dominated by van der

Waals interactions. Li diffusion along the graphene plane was the most favorable

with a diffusion energy barrier of 0.24 eV, whereas the probability of diffusion at the
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interface is low, due to the barrier of 3 eV. The composite exhibited a higher specific

charge-storage capacity than other van der Waals heterostructures. The TiO2/GR

interface retains a large amount of charge implying that the TiO2/GR composite

shows suitable electrochemical properties for use as anode in lithium-ion batteries.
Keywords: LIB, DFT, TiO2, Composite carbon structure, Graphene.

1. Introduction

The use of sustainable energy systems is essential to ensure an energy future based

on renewable resources. The goal is that 85% of the consumed energy should in 2050

be renewable [1, 2]. It has been estimated that the electrochemical energy-storage

capacity will increase from 195 GWh in 2019 to 2 TWh in 2030 [2]. Lithium-ion

batteries (LIBs) will play an important role in the development of this technology.

LIBs are aimed for short-term energy storage, whose maximum energy density is

300-750 kWh/m3 [3] as compared to other energy-storage technologies such as capaci-

tors (10-35 kWh/m3), flywheels (0.3-400 kWh/m3), superconducting magnets (0.2-14

kWh/m3) [4], compressed air (0.4-20 kWh/m3), pumped hydroelectric storage (0.4-

1.1 kWh/m3), hydrogen fuel cells (500-3000 kWh/m3), and thermal energy storage

(800-500 kWh/m3) [5]. Higher energy density, higher power, longer cyclic stability,

and better thermal stability to a lower cost are necessary for future rechargeable

batteries [6, 7]. Low-dimensional materials such as graphene-oxide, graphene-sulfide,

and graphene-chloride nanostructures have been studied since they may be used in

low-cost energy-storage devices [8–14].

Atomistic simulations are an important tool that allows the design of new battery

materials with improved physico-chemical properties [15, 16]. Composite materials
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of metal oxides and carbonaceous structures have a remarkably large storage capac-

ity and a high electronic conductivity [17–22]. In particular, TiO2 composites have

been extensively studied due to their cyclic stability, low volume expansion and non-

toxicity [16, 23], which holds for the anatase and the rutile crystal structures. The

anatase structure has a good ionic diffusion and thermal stability [24, 25]. Experi-

mental studies of anatase in a graphene composite material (TiO2/GR) showed that

they have a better storage capacity than pristine TiO2. The use of nanocomposites

based on the combination of graphene and metal oxide has been extensively studied

for applications in energy storage [26–30]. In this context, among the most popu-

lar methods in the synthesis of the TiO2/GR composites, the sol-gel and Hummers

methods [28, 30] are widely known. The characterization techniques such as high-

resolution transmission electron microscopy (HRTEM) and X-ray diffraction (XRD)

have been used to evidence the phases of the nanocomposites. The performance of

the composite material is still good after several charge/discharge cycles [20, 24, 31–

34]. Fu et al. [33] reported a storage capacity of 568 mAh/g for a multilayer structure

that reached a constant value of 175 mAh/g after 3000 cycles. The voltage range of

the TiO2/GR composite material ranges from 1.7 V to 3 V [24, 31], which is higher

than that of graphite-based anodes [35]. First-principles calculations on TiO2/GR

yielded a smaller band gap [36–39] than for pristine TiO2. Charge density calcula-

tions showed that van der Waals forces dominate the interaction between graphene

and the TiO2 nanoparticles (NP). Liu et al. [40] modeled insertion of Li ions into

the composite material by calculating adsorption energies and charge densities. The

most energetically stable site for insertion of Li ions was at the interface near the
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oxygen atoms. Muñiz et al. [41] have studied the adsorption of TiO2 clusters on

a multi-walled carbon nanotube (MWCNT) using molecular dynamics simulations.

They found a non-covalent interaction between the TiO2 clusters and the multilayer

carbon material as well as a strong intermolecular electrostatic-type C-O interaction.

Cai et al. [42] performed a combined experimental/theoretical study of a TiO2-

graphene composite, where graphene was grown on TiO2 nanotubes forming a K-ion

hybrid capacitor with an energy and power density of 81.2 Wh/kg and 3746.6 W/kg,

respectively. The electronic conductivity was elucidated by using a TiO2 molecular

model interacting with the graphene monolayer. Calculations of the density of states

showed that there is a change from semiconducting to metallic TiO2 due to charge

transfer from the graphene. A combined experimental/theoretical study of N-doped

oxygen deficient TiO2−x/reduced graphene oxide for use in Li/S batteries showed

that the doping increased the adsorption of Li polysulfides, which was shown by

calculating the adsorption energy of Li2S6 clusters grafted on pristine anatase TiO2

and the adsorption energy for a defective TiO2−x (101) surface. Seetharaman et al.

[27] also performed an experimental/theoretical study of a supercapacitor electrode

model consisting of TiO2/carbon hybrids. They assessed the quantum capacitance

of bulk TiO2, surface TiO2, and a model of TiO2/reduced graphene. The quantum

capacitance was found to be better for the composite material, which was attributed

to the formation of electronic states that lead to a conducting TiO2/carbon compos-

ite. DFT calculations by Zhu et al. [43] showed that the capacitance properties of

the black titania/carbon composite material are enhanced as compared to those of
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pristine TiO2 due to the decrease in the Li+ adsorption energy, which may be closely

related to an easier Li diffusion than for pristine TiO2. DFT calculations by Zou et

al. [44] also showed that the H-TiO2−x/C composite has a stable structure whose

oxygen vacancies may result in low energy barriers and small adsorption energies for

Na+ ions.

Combined experimental and theoretical studies showed that the TiO2/GR com-

posite material could be used as anode material for LIBs, whereas a limited number

of theoretical studies has been performed on TiO2/GR interfaces and how they affect

the energy-storage properties of the composite material. The diffusion pathways of

the Li ions at the TiO2/GR interface are still not elucidated. Here, we calculate

electronic structure properties of a TiO2/GR composite material at the DFT level.

Li ions are inserted at different sites in the composite material and at the interface

to estimate the diffusion pathways of the Li ions and the energy-storage capacity.

2. Computational details

The DFT calculations were performed at the generalized gradient approximation

(GGA) level using the Perdew-Burke-Ernzerhof (PBE) functional [45, 46] as imple-

mented in the Quantum ESPRESSO code [47]. The van der Waals interactions were

introduced with Grimme’s semi-empirical dispersion correction [48]. Particularly,

the PBE-D2 [49] and PBE-D3 [50] functionals were used in benchmark calculations,

which are described in section 3.1 below. The valence electrons C(2s22p2), Ti(4s23d2),

O(2s22p4), and Li (2s1) were expanded in a plane-wave basis set with a cut-off en-

ergy of 400 eV. A supercell of 5 × 5 × 1 was chosen, based on the unitary carbon
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cells (40 carbon atoms). A spatial gap of 30 Å was introduced to avoid spurious

interactions. A 2 × 2 × 1 Monkhorst-Pack k-point sampling grid was used in the

structural relaxation. A 4 × 4 × 1 sampling grid was employed to obtain electronic

structure properties. The electronic energy convergence of the self-consistent-field

calculations was reached when the energy change was smaller than 1×10−4 Ry and

the force reached a value of 0.01 eV/Å. This force threshold was also used in the

structural optimizations. To elucidate the interaction of the TiO2 model with the

GR layer, several possible configurations were investigated. The lowest-energy con-

figuration was considered to be the most stable structure. The adsorption energy

was calculated using

Eads = ET (TiO2/GR + Li)− ET (TiO2/GR)− ET (Li), (1)

where ET (TiO2/GR+Li) is the total energy of the Li ion adsorbed on the TiO2/GR

system. ET (TiO2/GR) is the total energy of the TiO2/GR system, and ET (Li) repre-

sents the total energy of an isolated Li atom in the same unit cell. The charge-density

differences (∆ρ) were also studied using Bader’s population analysis to elucidate the

TiO2 charge transfer on the GR substrate. The isosurface of the charge-density

differences is given by

∆ρ = ρ(adsorbent+substrate)− ρ(adsorbent)− ρ(substrate) (2)

where ρ(adsorbent+substrate) is the charge distribution of the Li ion adsorbed on

the TiO2/GR system. ρ(substrate) is the charge of the GR surface and ρ(TiO2) is
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the charge density of the TiO2 model. The average adsorption energy (Eavg) and

open-circuit voltage (OCV) are extensively used to characterize battery performance.

The battery health and the electronic charge storage are characteristic properties of

battery performances [51]. The Eavg was computed as

Eavg =
ET (substrate + Li)− ET (substrate)− nET (Li)

n
, (3)

where n is the number of intercalated Li ions. The OCV profile is important since

it is related to the energy-storage properties and to the total energy of the battery

[52].

The OCV can be estimated by calculating the largest Li-ion retention in the

system, i.e., the OCV is given by

OCV =
−Eavg

e
, (4)

where e is the elementary charge. The Eavg parameter has been successfully used

in several studies [53] to assess the OCV values. The agreement in such works

with the experimental data has been excellent. Consequently, the accuracy of the

methodology is reliable without considering the zero point energy (ZPE) correction

through Gibbs free energy calculations. This can directly be inferred since the OCV

parameter does not depend on the temperature when assuming that the entropy and

volume parameters can be neglected [54–56]. The energy-storage capacity was also

estimated using
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Q = 1000× F × z
n

Ma

, (5)

In Eq. 5; F , z, n and Ma are the Faraday constant (F is 26.801 Ah/mol) [51], z is

the number of valence electrons (z = 1 for Li), n is the number of the intercalated

Li ions, and Ma is the molar mass of the system without the ion. The study of

the diffusion properties and the activation energies of Li adsorbed on the surface

was performed with the nudged elastic band method (NEB) [57, 58]. The schematic

diffusion pathways consist of seven images, which were evaluated at two initial po-

sitions. A convergence threshold of 1×10−4 Ry was used for the total energy of

the studied diffusion pathways. The convergence of the adsorption energy of the

most stable TiO2/GR composite configurations was checked by decreasing the en-

ergy threshold from 10−4 to 10−6 Ry. The obtained values with the two thresholds

are 1.522 and 1.521 eV, respectively. Since the difference between the values is very

small, all calculations were performed with the energy threshold of 10−4 Ry to speed

up the computational time. For the TiO2 system, it is relevant to consider the effect

of the one-site Coulomb correction of the atomic 3d levels. Therefore, the GGA+U

approach proposed by Dudarev et al. [59] was also used. An effective U value of 8.0

eV was used for the anatase structure as suggested by German et al. [60].

The electron density of the alloying mechanism as well as of the conversion and

intercalation reactions were analyzed using the atoms in molecules (AIM) formalism

[61]. The Bader AIM analysis was performed with the TURBOMOLE 6.6 program

[62] at the DFT level using the PBE functional and the def2-SVP basis sets. The

details of the employed AIM formalism are described in the Supporting Information
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(SI). The temperature effect was also studied to assess the thermal stability. Ab initio

molecular dynamics (AIMD) calculations were performed within the NVT ensemble

at a temperature of 300 K. The full AIMD simulation time was 5 ps, with a time

step of 1 fs. All AIMD simulations were performed with the VASP computational

code [63–65].

3. Results and discussion

3.1. Structural description of theTiO2/GR, TiO2/GR/Li and TiO2/Li/GR models

The model system used in the calculations consists of a TiO2 semiconductor sup-

ported on a graphene monolayer as shown in Fig. 1. The anatase phase of the TiO2

surface was chosen due to its good diffusivity and thermal stability. These prop-

erties have been studied for structures smaller than 200 nm [24]. It is important

to highlight that in the molecular models, the anatase symmetry was implemented,

since it has been shown [20] that Li-ion batteries based on TiO2/carbon composite

yielded an enhanced performance for anatase from that observed in rutile or brookite

symmetries. This may be understood from the symmetrical arrangement in anatase,

which exhibits wider tunnels where the ions are allowed to intercalate. This behav-

ior is certainly limited in geometrical dispositions provided by rutile and brookite

structures. Nevertheless, the ion diffusion pathways may also be explored for the

combinations rutile/graphene, and brookite/graphene, but are out of the scope of

the present work. The direction of the interaction between the TiO2 model and the

GR monolayer was chosen to be perpendicular to the (001) plane. A reduced surface

model is necessary to optimize the computational costs and to speed up the conver-
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gence of the DFT calculations. Periodic boundary conditions are used for the TiO2

structure supported on the GR slab model. The TiO2 model covers 37% of the GR

surface, having a comparable size as the GR slab. There are experimental Atomic

Layer Deposition (ALD) studies where a small portion of TiO2 has been deposited

on carbon as a solid thin film [66] suggesting that calculations on a moderate amount

of TiO2 on carbon may be enough to reproduce the most significant electronic struc-

ture properties. The TiO2/carbon composite system has been experimentally studied

with different carbon allotropes, such as MWCNT [20] and porous carbon [66]. TiO2

was uniformly deposited on the GR layer. The lattice parameters of TiO2 anatase

and the carbon nanostructure do not match. This is also the case for porous carbon.

In order to study such systems at the atomistic level, a cluster-type TiO2 anatase

was therefore used in the DFT calculations (see Fig. 1 (a)). This model is valid since

the lattice parameters of both TiO2 and GR are not modified in the calculations. A

similar approach has previously been used in studies of other heterojunctions [67].

This approach may provide realistic electronic structure properties, which has been

the case in studies of other systems [68]. The simplified model could represent exper-

imentally studied electrode materials whose TiO2 nanoparticles were deposited on

MWCNTs using the controlled hydrolysis technique [20] or using the ALD method

on porous carbon [66].

The electronic structure of the graphene monolayer has characteristic C-C bond

lengths of 1.41 Å. To preserve the intrinsic properties of the GR monolayer, the

TiO2 model was supported on the GR monolayer with the unchanged structural

parameters of the TiO2 anatase, as shown in the inset in Fig. 1(a).
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The TiO2/GR interaction distance was estimated by performing single-point cal-

culations of the energy for a number of structures with different distances between

the graphene layer and TiO2. A similar procedure was used for determining the equi-

librium position of the Li ion adsorbed at the interface. The distance between the

graphene monolayer and TiO2 is 2.69 Å, which was obtained by fitting a Morse-type

potential to the calculated energies. The edge sites were not saturated with hydro-

gen atoms because periodic conditions were imposed on the unit cell. The missing

hydrogen atoms and their influence on the stability of the composite system was

also tested. The interaction between the TiO2 model system and graphene was thor-

oughly evaluated by varying the distance between them from 1.8 Å to 5.0 Å, which

guarantees that a stable configuration can be found in this interval. The repulsion

dominates at small separation distances (1.8 Å) and the attraction vanishes at a long

distance (5.0 Å). The computed adsorption energy profile is depicted in Fig. 1(a).

The dispersion data were fitted to a Morse potential by using a home-made Python

code [69]. The Morse-type potential has been widely used to model the structural

properties of extended graphene models and their interaction with different adsor-

bates [70–73]. Some results for the carbon models and their interactions agree rather

well with those obtained at the DFT+D2 level of theory [74]. Thus, the employed

methodology can be used for simulating the TiO2/graphene interface. A comparison

of the model stability was performed with PBE-D2, PBE-D3 and DFT+U(PBE-D3)

functionals, which was our fastest computational level. The equilibrium distances

obtained at these levels are 2.70, 2.62 and 2.93 Å, respectively. Since the difference

between these values are small, we used the computationally robust and affordable
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(PBE-D2) approach in the this work.

The equilibrium distance obtained at the PBE-D2 level is at 2.70 Å. A significant

contribution of 1.52 eV to the binding energy can be directly attributed to van der

Waals attraction as shown in Fig. 1(a). The energy minimum was obtained at 2.81

Å when the TiO2 model was saturated with hydrogen atoms. Since the distances

do not significantly differ, the calculations were performed only using the model

without hydrogen saturation. Calculating the equilibrium distance at other levels

of theory yielded similar results as shown in Fig. 1(a)). As a consequence, the

Hubbard potential U does not play a significant role for the molecular structure.

The structural calculations were therefore performed without the U term.

The Li ions were intercalated in the TiO2/GR structure by considering several

positions. The material with the Li ions adsorbed under the graphene monolayer

is denoted (TiO2/GR/Li), while the structure with the Li ions intercalated at the

interface between TiO2 and GR is denoted TiO2/Li/GR. The sites of intercalation

are called hollow (H), bridge (B), and top (T). See Fig. 1(b). The H sites are at

the center of a six-membered ring of the graphene lattice; the B sites are at the C-C

bonds; the T sites are at a carbon atom. The calculated adsorption energies for the

sites are summarized in Table 1.

The adsorption energies of the Li ions in the TiO2/GR/Li structure are -1.75,

-1.41 and -1.43 eV for the H, B, and T sites, respectively. The equilibrium distances

of the Li ion are 2.74, 2.74 and 2.75 Å for those sites. See Fig. 2(b),(d),(f). The ad-

sorption energy for the H site is larger than for the Li ions on pristine graphene. An

adsorption energy of -1.46 eV has been previously reported for Li ions adsorbed on
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Figure 1: (a) Side view of the TiO2/GR structure. Red, blue and brown balls represent the O, Ti
and C atoms, respectively. The optimized distance between the graphene layer and the closest O
atom is 2.69 Å. (b) The green balls represent the positions where the Li ions are intercalated.

graphene. [75]. The adsorption energies obtained in this work agree well with values

calculated for other graphene-based heterostructures, such as phosphorene/graphene

(P/GR/Li) [76] and antimonene/graphene (Sb/GR/Li),[77] whose adsorption ener-

gies at the H sites are -1.48 and -1.79 eV, respectively.

Calculations on TiO2/Li/GR yielded adsorption energies of -3.33, -2.70 and -

2.22 eV for the H, B and T sites, respectively. The obtained equilibrium distances

are 2.67, 3.61 and 3.53 Å. See Fig. 2(a),(c),(e). The adsorption at the H site has

the lowest energy. It is slightly larger than the one obtained in previous studies on

P/Li/GR [76], and Sb/Li/GR [77], whose adsorption energies are -2.58 and -2.74 eV,

respectively. The reported adsorption energy of Li ions on the TiO2 anatase surface

is -3.67 eV [78]. The calculated adsorption energies show that the Li ions are bound

to the TiO2/GR composite material at all adsorption sites.
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Figure 2: Side view of the optimized structures and the relative energy as a function of the distance
between the graphene layer and the nearest O atom. The studied systems are TiO2/Li/GR: (a)
Hollow, (c) Bridge, (e) Top, and TiO2/GR/Li: (b) Hollow, (d) Bridge, (f)Top.
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Table 1: Partial Bader charges (in e) of the C, Ti, O and Li atoms. The equilibrium distances
and adsorption energies of the Li ion adsorbed at the hollow (H), top (T) and bridge (B) sites of
TiO2/Li/GR and TiO2/GR/Li are also given. The TiO2/GR system is given as reference.

System Sites QLi QC QTi QO dmin[Å] Eads[eV
TiO2/GR - - +0.068 +0.184 -0.253 2.69 -
TiO2/Li/GR H +0.875 -0.431 -0.106 -0.337 2.67 -3.327

B +0.870 -0.441 -0.117 -0.312 3.61 -2.703
T +0.856 -0.424 -0.166 -0.265 3.53 -2.218

TiO2/GR/Li H +0.861 -0.776 -0.031 -0.054 2.74 -1.752
B +0.814 -0.743 -0.027 -0.050 2.74 -1.412
T +0.819 -0.743 -0.029 -0.048 2.75 -1.423

3.1.1. Electronic structure properties of the studied systems

To understand the interactions in the studied system, we performed electronic

structure calculations to determine the hybridization level of the C, Ti and O atoms

in the TiO2/GR composite material. The band-gap energies (Eg) were calculated

for the three studied systems. Fig. 3(a) shows the total density of states (TDOS) of

graphene, TiO2 and TiO2/GR. The DOS of graphene shows that it has a vanishing

band-gap at the Dirac point of the Fermi level (EF ). This is related to the sp2

hybridization of the C atoms in agreement with previous theoretical studies [22, 79].

Calculation of the DOS of TiO2 showed that it has a band gap of approximately 1

eV. See Fig. 3(a). The obtained band gap of TiO2 is smaller than the Eg of the

TiO2 bulk material of 3.20 eV [36, 38]. The smaller band gap can be attributed to

the confinement effect of the reduced TiO2 anatase clusters (see [80] and references

therein).

The DOS of the TiO2/GR system showed that this system has a smaller band

gap than TiO2. The band gap can be attributed to the hybridization of the valence
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orbitals of the C atoms with the Ti and O orbitals. Similar results have been reported

in previous studies [36, 37, 39, 81]. The smaller band gap of the composite material

could also be related to the improved conductivity. Enhancement of the conductivity

has been observed in experimental studies [20, 31–33, 82].

The partial density of states (PDOS) was also calculated for the TiO2/GR com-

posite material. Fig. 3(b) shows that the dominating states of the valence band are

mainly formed from the O-2p orbitals. The hybrid orbitals consisting of contribu-

tions from the Ti-3d, O-2p and C-2p orbitals can also be identified in the energy

range from -6.0 eV to 0.4 eV, which is in agreement with results obtained in a pre-

vious study [83]. The conduction band (CB) mainly consists of Ti-3d orbitals with

a small contribution from the O-2p and C-2p orbitals. The C-2p states in the lower

part of the CB lead to a narrowing of the band gap, which has also been considered

to be related to its optoelectronic properties [38, 83, 84].

The PDOS was mapped to understand the interaction of the Li atoms interca-

lated in the TiO2/GR/Li and TiO2/Li/GR composite materials. The PDOS reveals

contributions from the Li ions located at the H site. The PDOS of TiO2/GR/Li in

Fig. 3(c) has a large contribution from the Li-2s orbitals in the CB, suggesting that

the Li ions introduce electronic states into this band. An overlap of the C-2p and

Li-2s orbitals was also found in the CB suggesting that there is a strong electrostatic

interaction between the C and Li atoms. The Fermi level is also close to the CB,

indicating an excess of charge carriers in the composite material.

The PDOS of TiO2/Li/GR is shown in Fig. 3(d). The Li ion is inserted at the

interface of the composite material. There is a contribution from the Li-2s orbitals

16



in the CB and an overlap of the Li-2s and O-2p orbitals showing that there is an

electrostatic interaction between the O and Li atoms.

The calculations reveal that the Li-2s orbitals of the Li ions in TiO2/GR/Li have

the largest contribution to the DOS of the composite material, which agrees with pre-

vious studies on graphene heterostructures.[18, 76, 77, 85] In antimonene/graphene

composite materials, there is a larger contribution from the C(p) orbitals of GR to

the CB of Li/GR/Sb as compared to GR/Li/Sb, [77] which was also obtained in

computational studies on phosphorene/borophene composite materials (Li/P/B and

P/Li/B) [85].

The isosurfaces representing the electron-density differences (∆ρ) for TiO2/GR,

TiO2/Li/GR and TiO2/GR/Li are shown in Fig. 4. The yellow regions represent

electron accumulation, while depletion is shown in cyan. For TiO2/GR in Fig.

4(a),(b), the electron transfer occurs from graphene at the interface of the com-

posite between the C and O atoms to the TiO2 surface leading to positively charged

graphene. Electrons are accumulated near the O atoms resulting in a negative charge

distribution on the isosurface that is shown in yellow. Electrons are also transferred

from the Ti atoms as shown in cyan.

Figures 4(c) and (d) depict the TiO2/Li/GR interaction. The charge is depleted

at the surface between the C and the Li ions, and transferred to the TiO2 surface.

The interface between TiO2 and GR has a significant charge transfer. A small charge

transfer was identified at the TiO2 surface.

In TiO2/GR/Li (Fig. 4(f),(g)) the electron depletion is located to the Li ion. The

region between the Li ion and the graphene surface shows electron accumulation,
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Figure 3: (a) Density of states (DOS) of GR, TiO2 and the TiO2/GR composite, (b) partial density
of states (PDOS) of TiO2/GR, (c) PDOS of TiO2/GR/Li, (d) PDOS of TiO2/Li/GR. The inset
shows an amplification of the lowest DOS values.
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Figure 4: Electron density difference isosurfaces are shown. Cyan and yellow areas represent
electron depletion and accumulation, respectively. The studied systems are TiO2/GR: (a) side
view, and (b) crystal orientation view. The isosurface value is 0.001 e/Å3. TiO2/Li(H)/GR: (c)
crystal orientation view, and (d) side view. The isosurface value is 0.001 e/Å3. TiO2/GR/Li(H):
(e) crystal orientation view, and (f) side view. The isosurface value is 0.0003 e/Å3.
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whereas there is electron depletion at the interface between the graphene surface

and TiO2. In TiO2, electron accumulation appears around the O atoms. There is

a small electron transfer to the lower layers of TiO2, even though they are not in

direct contact with the graphene surface.

The charge density averaged in the xy plane along the z-axis of TiO2/GR/Li and

TiO2/Li/GR were also calculated and reported in Fig. S2 of the SI. In the density

profile of TiO2/Li/GR, there is a charge-density difference at the interface between

the graphene surface and TiO2. The charge profile of TiO2/GR/Li shows electron

depletion at the graphene surface.

Bader charge analysis was performed for TiO2/GR, yielding charges of QC =

+0.0684 |e|, QT i = +0.1843 |e| and QO = -0.2527 |e|, which agree with values es-

timated from the electronic charge-density isosurfaces discussed above. The largest

charge states are found among the Ti and O atoms, which may be due to the ionic

bonding in the TiO2 surface.

The charge transfer between the graphene surface and the O atoms at the inter-

face is small, since the interactions in this region are dominated by van der Waals

forces. This is in agreement with results reported in previous computational studies

of TiO2 anatase structures on graphene, where it was shown that the graphene sur-

face exhibits a charge depletion with atomic charges of +0.07 and +0.1 |e| [37, 39].

The Bader charge analysis was also performed for TiO2/Li/GR and TiO2/GR/Li

with Li ions in the H sites. The obtained charge difference of the elements are re-

ported in Table 1. The calculations show that the largest electron transfer occurs

at the H sites, which also agrees with results obtained with the electron localization
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function (ELF) analysis reported in Fig. S3 of the SI. The ELF analysis shows that

the electrons are localized to the sp2 hybridized bonds of graphene. The Li ions

affect the electron distribution between graphene and the TiO2 structure by forming

a large contribution of the ELF at the interface. The overall charge of the composite

system is neutral. The initial neutral charge of Li, O, and Ti atoms changed in the

geometry optimizations (see Table 1), whereas the total charge did not change. Since

the Li atoms have a charge of +0.8492, we call it Li ion.

The Li ions at the H sites in TiO2/Li/GR have a positive charge of +0.875 |e|

and a charge of -0.431 |e| is transferred to the GR surface. TiO2 has a negative

charge of -0.443 |e| of which -0.337 |e| and -0.106 |e| belong to the O and Ti atoms,

respectively. The Li electrons are distributed at the interface between graphene and

TiO2, suggesting a charge polarization at the interface.

For TiO2/GR/Li, the Li ion has a charge of +0.861 |e|. Its electrons are trans-

ferred to the GR surface resulting in a charge of -0.776 |e|. The Ti and O atoms

have charges of -0.031 and -0.054 |e|, respectively. The charge transfer occurs at

the GR surface, confirming ionic interactions as it was also observed in previous

computational studies on GR heterostructures [76, 77].

AIM calculations were used for evaluating the bond critical points (BCP) in the

TiO2/GR composite system in the presence of Li. The AIM calculations described

in the SI provide information about the reaction mechanisms of the anode material

and might identify the alloying-conversion and intercalation mechanisms [52]. The

AIM method was used for evaluating the BCP values for the optimized TiO2/GR/Li

and TiO2/Li/GR structures. The BCP are shown in Fig. 5. TiO2/GR/Li has a
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BCP at the GR/Li interface. The obtained BCP values are summarized in Table

2. Two BCPs were obtained at the top and bottom regions of the Li interface

of TiO2/Li/GR, which indicates the presence of weak interactions. Based on the

AIM analysis, TiO2/GR/Li and TiO2/Li/GR seem to have intercalation-reaction

processes.

Figure 5: AIM critical points (light green balls) in the composite systems: (a) TiO2/GR/Li and
(b) TiO2/Li/GR.

Table 2: AIM values of the bond critical points (BCP) for TiO2/GR/Li and TiO2/Li/GR
.

System ρ (rbcp) (a.u) ∇2ρ (rbcp) (a.u.)
TiO2/GR/Li – BCP1 0.048 0.033
TiO2/Li/GR – BCP1 0.127 1.008
TiO2/Li/GR – BCP2 0.066 0.631
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3.2. Theoretical voltage and specific capacity

Full optimization of structures with a large number of intercalated Li ions on

TiO2/GR was performed to assess the maximum capacity of the system. Different

concentrations of nLi were evaluated, where n= 8, 16, 24, 32, 40, 48, 56 and 64.

The largest number of Li ions is limited by the available sites. The H sites were

considered as initial positions before the optimization. For n ≥ 56, also the T sites

were considered. The OCV was calculated using Eq. 4. The theoretical specific ca-

pacity for each concentration was calculated using Eq. 5. The relationship between

the voltage and the specific capacity is shown in Fig. 6. The voltage has a step-like

behavior with increasing Li concentration. The system with n=8 has a specific ca-

pacity of Q=173 mAh/g and a voltage of 3.34 V. For n=64, the specific capacity is

Q=1384 mAh/g and a voltage of 1.83 V. These systems have voltages of 3.34 and

1.83 V, respectively, which are higher than for other composite structures [52, 77].

These results should be considered with caution, since the enhanced specific capacity

of 1384 mAh/g could be due to structural deformation of graphene after Li-ion sat-

uration. This behavior is shown in Fig. 6 (c). In this respect, the enhanced specific

capacity could be compromised with a certain degree of distortion on the GR layer,

which may represent a limitation on the performance of the battery. Alternatively,

the implementation of different chemical compositions, such as Li1.3V0.4Nb0.3O2 and

Li1.25V0.55Nb0.2O1.9F0.1 may dramatically mitigate the former issue, since they rep-

resent zero-strain systems for battery cathodes [86]. The absence of volume changes

in the cathode is intimately related to improved performance of the material. Such

theoretical results were also certified via the experimental characterization of the
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cathode with in situ XRD measurements. Specific capacities of the same order of

magnitude have been previously obtained in computational studies on other systems

such as boron phosphide (1283 mAhg−1) [87], silicene (954 mAhg−1) [88] and Sn

(994 mAhg−1) [89]. A specific capacity of 1130 mAh/g has also been obtained ex-

perimentally by Fu et al. [33]. This value was obtained in the first charge/discharge

cycle when using a TiO2/carbon anode composite material [33]. The results suggest

that increasing the number of Li ions is related to a bonding tendency of the TiO2

structure by an intrinsic interaction, while the Li-C bond is sufficiently effective for

Li intercalation in the studied systems. The charge of the O and Ti atoms allows an

attraction of Li ions that weakens the repulsion of the negative charges. However,

lithiation with a high Li content causes distortions in the TiO2 surface.

Based on the slight distortion by the TiO2 structure during the process of maxi-

mum charge (64 Li), the thermal stability could be considered another descriptor to

assess anode materials. Thus, AIMD simulations were performed for the TiO2/GR

system both prior and at the end of the storage charge process. Fig. S4 shows the

evolution of the TiO2/GR, TiO2/Li/GR, and TiO2/GR/64Li systems throughout

5 ps of AIMD simulation at the fixed temperature of 300 K. Both TiO2/GR and

TiO2/Li/GR systems exhibited a small energy fluctuation (2 eV) after the 3 ps of

the AIMD simulation (Fig. S4 (a) and (b)). The structural changes in the TiO2 clus-

ter are evident. However, the Ti-O bond is not dissociated, since the initial chemical

composition (TiO2) is maintained throughout the AIMD simulation. In addition,

the temperature effect provokes the TiO2 detachment from the GR surface. Never-

theless, this magnitude of separation is smaller for the TiO2/Li/GR system, in which
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the presence of the Li ion shows a higher affinity to interact with the TiO2 struc-

ture. The origin of such separation may be strongly related to the weak interaction

between the anatase structure and the GR surface. The effect of temperature on the

TiO2/GR/64Li system maintains structural stability between the TiO2 cluster and

the GR monolayer. In this system, the energy fluctuation reaches a small value of

3 eV after 3 ps in the AIMD simulation (See Fig. S4(c)). It is noteworthy to note

that in all systems evaluated with AIMD simulations, the GR monolayer exhibits

slight distortions. In order to give insight into the thermal stability of all systems

under study, video clips of the AIMD simulation were also included in the SI. At the

largest charge configuration, the TiO2/GR/64Li system shows acceptable thermal

stability, which could be strongly related to those experimentally evaluated in this

type of composite [26].

As a further remark, it is known [90] that the optimal range of temperatures in

which a LIB ensures environmental sustainability is from -40°C to 60°C. Tempera-

ture values above 60°C; namely 75°C, correspond to the melting point of ethylene

carbonate (EC) electrolyte. At a temperature of 115°C, the breakdown of the solid

electrolyte interphase (SEI) is also observed. Both phenomena have a detrimental

effect in the overall performance of the battery. The incorporation of the electrolyte

into the simulations of the present work is definitely out of the scope. Nevertheless,

it is of interest to explore the behavior of the systems under study subjected to tem-

peratures at operational conditions that do not compromise the intrinsic structure of

the given materials. That is, further AIMD calculations were performed up to 60°C

to elucidate the evolution of the TiO2/carbon material, as it is incorporated in a LIB.
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Such calculations were performed for the same series of systems previously studied at

room temperature; namely TiO2/GR, TiO2/Li/GR and TiO2/GR/64Li. This set of

simulations were performed by subjecting the system for 5 ps at an applied constant

temperature of 60 °C (333 K). The systems were then allowed to evolve at this given

temperature by 5 ps.The energy profiles describing this procedure are shown in Fig.

S5 (a) - (c) of SI.

The systems TiO2/GR and TiO2/Li/GR also revealed an energy stabilization

starting at 1 ps (see Fig. S5 (a) and (b) of SI), with small energy fluctuations

amounting to 1 eV and 1.5 eV for systems TiO2/GR and TiO2/Li/GR, respectively.

It indicates that the systems are virtually unaltered at these given temperatures. It is

worth mentioning that the TiO2 structure in the TiO2/GR system was subjected to a

slight modification coming from an interaction between a Ti atom and a C center onto

GR. Nevertheless, such modification does not alter the overall energy of the system

as it is shown in Fig. S5 (a) of SI. Moreover, the system subjected to a temperature

of 60 °C with a massive number of Li-ions adsorbed in the composite TiO2/GR/64Li,

also revealed an analogous behavior than that reported for room temperature. This

behavior also addresses the thermal stability of the composite material subjected to

extreme operating conditions if it were implemented as a LIB anode. It is important

to highlight that the top temperature of 60 °C, as observed for LIBs operating with

EC as the electrolyte, is justified in the evaluation of the systems under study, since

the composite material TiO2/carbon has been experimentally implemented as an

anode material in LIBs, operating with EC as the electrolyte [20]. The video clips

of these simulations were also included in the SI.
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Figure 6: Open circuit voltage as a function of the specific capacity. The lithiated TiO2/GR
with different number of ions and its average adsorption energy (Eavg) are shown, (a) 8 Li+ ions,
Eavg=-3.35 eV, (b) 24 Li+ ions, Eavg=-2.26 eV, (c) 48 Li+ ions, Eavg=-1.91 eV, (d) 64 Li+ ions,
Eavg=-1.84 eV. Color code: brown, blue, red and lime balls correspond to C, Ti, O and Li atoms,
respectively.
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3.3. Diffusion pathways of Li ions and NEB calculations

Li diffusion is related to the battery charge/discharge performance [52]. Calcula-

tions of the Li diffusion were then performed using the NEB methodology. Energy

barriers were calculated for different pathways to understand the diffusion character

of the Li ions along these pathways. The H sites are the most stable when adsorbing

Li ions onto TiO2/GR. The Li diffusion from the H sites was modeled to explore

possible energy barriers along the pathways. Three diffusion trajectories of the Li

ion were chosen: (i) inside the TiO2 structure, (ii) at the interface, and (iii) under

the graphene monolayer of the TiO2/GR system.

Fig. 7(a) and (b) illustrate case (iii). The pathway is chosen from one H site to

another H location passing through two top sites (H→ T→B→T→H). The energy

barrier for this pathway is 0.24 eV, which is comparable to the diffusion energy of Li

on a graphene/phosphorene monolayer [22, 75, 91]. Similar results were obtained for

other heterostructures such as Sb/GR/Li and borophene/GR/Li. Energy barriers

of 0.34 and 0.25 eV were obtained for the diffusion below the graphene monolayer

[76, 77]. Even when the pathway is symmetric with respect to the graphene surface,

the energy curve of the transition states is not necessarily symmetric, which could

be due to irregular van der Waals interactions between the Ti and O atoms with the

graphene surface.

We also examined the interface between TiO2 and GR. The Li ions follow the

H→B→H path in Fig. 7(c),(d), where the B site is the least stable with an energy

barrier of 3.0 eV. Regardless of the initial and final positions of the Li ion, it re-

mained at the H site with different relative energy values. Particularly, the location
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H corresponded to the site with the highest stability, which could be attributed to

a stronger interaction of the Li ion with the O and Ti atoms in the initial position.

The energy barriers at the interface are larger than in those cases where the Li ion

remains below the TiO2/GR composite. This may be attributed to the interactions

of the Li ion with TiO2 and GR.

Fig. 7 (e) and (f) describe the pathway inside TiO2 from one octahedral O site to

another. The Li ion migrates through the midpoint (M) which is the transition state

with the largest energy. The pathway is then symmetric with an energy barrier of

0.79 eV. This value is similar to those reported in the 0.48-0.63 eV range. It agrees

with previously reported values for the migration of Li ions in TiO2 [92, 93].

We have used a simplified theoretical model for understanding the electronic

structure properties of the composite material without omitting relevant information

due to the atomistic treatment. The TiO2/GR interface interaction is mediated by

a weak attraction of the hydrogen bonding type according to the AIM calculations.

Such an interaction is able to induce an electron transfer between the TiO2 and the

GR layer. The diffusion pathways calculated with the NEB methodology suggest a

plausible mechanism for the Li-ion diffusion in the composite material. The most

probable pathways of the Li-ion are below the TiO2/GR interface and pass through

the TiO2 tunnels of the anatase structure, suggesting that intercalation represents

the dominant mechanism of the ion transport. The diffusion below the GR layer may

also contribute to the overall diffusion. Diffusion along the interface can definitely be

ruled out due to the large activation energies. The weak interactions in the composite

material prevent the transport of the Li ion at the interface.
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It is worth mentioning that the energy barrier amounting to 0.79 eV corresponds

to the diffusion pathway inside the TiO2 anatase structure, which is comparable to

other energy barriers observed in anode materials implemented for batteries [52, 94].

That is, the Sb2S3/S-doped carbon [52] and MoN2 [94] showed energy barriers of 0.69

and 0.56 eV, respectively. Additionally, they showed adequate capacity and OCV

values for energy storage applications. Moreover, the energy barriers are increased

at the interface (see Fig. 7), which could be interpreted as a diffusion route with a

small probability to be feasible in a charge/discharge cycle. Nevertheless, the most

probable diffusion pathways are expected to be found at those regions where the Li-

ion directly interacts with the carbon structure of the TiO2/GR composite. In those

sites the energy barriers are significantly decreased, amounting to 0.24 eV, which is

even comparable with the barriers of 2D materials, such as Ti2CSi2 [95] and ReS2

[53], with energy barriers amounting to 0.22 and 0.16 eV, respectively. This may be

interpreted as the overall capacity of the composite material that allows the Li-ion

diffusion to be enhanced at those regions that directly interact with carbon in the

TiO2/GR anode material.

With the aid of the present calculations, it was identified that the TiO2 system

and the graphene model share an interaction of the vdW-type that allows the sta-

bility on the composite material. As it was previously discussed in the present work,

the diffusion pathways of the Li-ion which were found at the interface between the

TiO2 model and graphene appeared to be marginal. That is, the activation ener-

gies at those locations exhibited large values (see Fig. 7). As a consequence, the

vdW-interaction could not be related to the Li-ion diffusion. Nevertheless, upon
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evaluation of the diffusion pathways below the TiO2/GR composite model, lower ac-

tivation energies were assessed, which can be directly interpreted as an improvement

in the energy storage process. Consequently, the combination of TiO2 with carbon

(exhibiting a mechanism of interaction) may certainly improve the energy storage

processes, but it is not strictly related to the rising of the vdW-attraction. Nonethe-

less, the directionality of the ion-diffusion at the geometry of the TiO2/carbon system

may be a condition to improve the energy storage properties. Additionally, other

mechanisms, such as quantum capacitance may also be responsible for an enhanced

total capacitance, as it has already been observed upon carbon combination with

other metal oxides [27].
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Figure 7: Diffusion pathways and energy barriers of the Li ions. (a) TiO2/GR/Li, (c) TiO2/Li/GR
and (e) inside TiO2. Graphical representation of the minimum energy pathways (b) of TiO2/GR/Li:
H→T→B→T→H , (d) of TiO2/Li/GR: H→B→H and (f) inside TiO2:O→M→O.
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4. Conclusions

The role of the TiO2 structure on a graphene monolayer and the Li ions storage

capacity were computationally studied at the DFT-D2 level. Insertion of Li ions into

the TiO2/GR composite materials was investigated by considering several interac-

tion positions at the TiO2/GR interface and at the graphene on the outside of the

composite. The most stable site (most exothermic) was found at the interface. The

covalent bonding character is dominated by interactions between Li-C and Li-Ti/O

atoms. The calculated adsorption energies yielded the strongest interactions of -3.33

and -1.75 eV, which correspond to the hollow positions of the interface and outside

the composite material, respectively. The nature of this interaction was also cor-

roborated by AIM analysis, showing different bond critical points. The composite

material was found to support a large number of charge/discharge cycles due to its

high specific capacity of 1384 mAh/g. Additionally, AIMD simulation evidenced

the structural stability of the TiO2/GR/64Li system at 300 K (during 5 ps). The

system can operate in the voltage range from 1.85 to 3.35 eV. Such a high voltage

is due to synergistic electronic effects of the graphene and TiO2 providing an ade-

quate performance during the lithiation/delithiation cycle, which could also lead to

an effective intercalation reaction and a large storage capacity. NEB calculations for

three pathways of the Li-ion diffusion in the composite structure showed that outside

the graphene surface, the mobility of Li ions is improved as compared to the inter-

face or inside the TiO2 lattice. The results provide an atomistic-scale understanding

of the Li-ion insertion to TiO2/GR composite materials. The results also confirm

that the TiO2/GR composite represents a system for an efficient performance as an
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electrochemical anode material implemented in LIB devices.
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