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ABSTRACT: Graphene/metal-oxide nanocomposites have been widely studied as oo 0 C
anode materials for lithium ion batteries and exhibit much higher lithium storage ’5_‘9:*(:: 4:_5: Ot L
capacity beyond their theoretical capacity through mechanisms that are still poorly Z‘?’i& G#j)()
understood. In this research, we present a comprehensive understanding in I ]' I\Ti
microscale of the discharge process of graphene/TiO, containing surface, bulk, sl T 9. 79
and interfacial lithium storage based on the first-principles total energy calculations. It SR e a2

is revealed that interfacial oxygen atoms play an important role on the interfacial
lithium storage. The additional capacity originating from surface and interfacial
lithium storage via an electrostatic capacitive mechanism contributes significantly to
the electrode capacity. The research demonstrates that for nanocomposites used in
energy storage materials, electrode and capacitor behavior could be optimized to
develop high-performance electrode materials with the balance of storage capacity

and rate.
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1. INTRODUCTION

Lithium ion batteries with high power and energy densities are
required due to the development of mobile electronics and
electric vehicles. Exploiting electrode materials with long cycle
life, high capacity, and fast charging/discharging rates is one of
the main challenges. Metal oxides, such as Fe,0;, SnO,, TiO,,
etc., have been widely researched as anode materials for Li ion
batteries." However, metal oxides exhibit poor cycling stability
due to the large volume swing generated during the charge—
discharge process and poor rate performance because of their
low electrical conductivity. Graphene addition is widely used to
improve the structure stability and rate performance of the
metal oxide, since the volume swing during the charging/
discharging processes can be alleviated by the porous structure
of the composites and the electrical conductivity is expected to
be enhanced by the graphene layer within the metal oxide
nanomaterials.” Very recently, experimental results reveal that
the graphene-modified electrode materials exhibit lithium
capacity beyond theoretical capacity.>* Reduced graphene
oxide exhibits considerable lithium storage capacity.5 Therefore,
for the graphene/metal oxide nanocomposites, there may be a
synergetic effect of graphene and metal oxide resulting in the
additional lithium storage capacity. Moreover, for metal oxides
the additional capacity is attributed to surface lithium storage
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via the decomposition of LiOH into Li,O and LiH.® Thus, for
graphene/metal oxide nanocomposites, Li ion storage behavior
at the interface of graphene/metal oxide is expected to be
different from that in bulk metal oxide, as well as that at pure
metal oxide surfaces. It is very important to study the interfacial
Li ion storage behavior between graphene and metal oxides in
microscale, as well as the effect of graphene on the electronic
structure of the electrode materials, in order to understand the
additional capacity in graphene/metal oxide.

In this research, we systematically investigate the Li ion
storage behavior in the graphene-nanoribbon (GNR) modified
anatase TiO, which has high structure stability and stable
performance during lithium insertion/extraction as an anode
for Li ion batteries.”® It is revealed that interfacial oxygen atoms
as the bridge of GNR and TiO, play an important role in the Li
ion storage behavior at the interface, and during Li insertion,
the bond between interfacial oxygen and carbon atoms in GNR
is broken, which acts as to reduce GNR and enhances the
electrical conductivity of the system. A pseudocapacitive
interfacial Li ion storage mechanism is proposed based on
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Figure 1. Atomic configurations with different lithium content in GNR-modified TiO, (001) surface. Side view of S1, LF, 10, and top view of SF, 14,
IF are presented. The red, light gray, gray, purple, and white balls indicate O, Ti, C, Li, and H atoms, respectively. Larger red and purple balls in I0,

14, and IF indicate interfacial oxygen and lithium atoms, respectively.

the electronic structure analysis. Through detailed research on
the Li ion insertion process, a discharge process model is
illustrated in microscale which reproduces the experimental
discharge curve of graphene-modified TiO, ultrathin nano-
sheets well.

2. COMPUTATIONAL METHODS

The projector augmented wave (PAW) formalism of density
functional theory as implemented in the Vienna ab initio
Simulation Package (VASP)?~'" is used in the system energy
and electronic structure calculations. The exchange-correlation
functional is approximated with the local density approxima-
tion. The generalized gradient approximation proposed by
Perdew, Burke, and Ernzerhof (PBE),"* and DFT +U'*'S is
adopted in order to confirm the calculation results (see the
Supporting Information). The Gaussian smearing method'®

was used, and the width of smearing was chosen as 0.05 eV.
The energy cutoff for plane-wave expansion of the PAW’s is
500 eV. TiO, (001) is selected as the research object for the
good electrochemical performance of graphene/anatase TiO,
nanosheets with exposed {001} facets.'” As shown in Figure 1,

for TiO, (001) and LiysTiO, (001) surfaces with GNR
adsorbed, a 2 X 5 supercell containing 80 O and 40 Ti atoms is
used. LiysTiO, with orthorhombic titanate phase'® is adopted.
In the ¢ direction, four TiO, layers are used with the bottom
TiO, layer fixed. For geometry optimizations, all the other
internal coordinates are relaxed until the Hellmann—Feynman
forces are less than 0.03 eV/A. The Brillouin zone is sampled
using Monkhorst—Pack scheme'® with 3 X 1 X 1 k-point grid.
GNR containing 36 C and 6 H atoms is adsorbed on TiO,
(001) surface. The lattice of GNR is elongated 2.2% to match
the surface lattice of TiO,. The binding energy of Li is defined
as B, = —(Er — Ey — nEy;)/n, where E, is the energy of the
studied system, Er is the energy of the corresponding system
with n Li atoms adsorbed, and Ej; is the energy of one Li atom

in bee bulk.

3. RESULTS AND DISCUSSION

When one Li atom is adsorbed at the first surface layer of TiO,
(001) surface with GNR modified, the most stable adsorption
site is in between the surface O atoms (S1 in Figure 1), and the
binding energy is 2.88 eV which is much larger than that (2.16
eV) of one Li insertion in the TiO, bulk (see the Supporting
Information, TiO, in Figure S1). The configuration with the
surface adsorption sites half occupied (sites 1 in SF) has been

studied, and the adsorption energy is 2.56 eV, still larger than
that of one Li insertion in TiO, bulk. For the Li atoms further
occupation of the other half of the surface adsorption sites
(sites 2 in SF), the binding energy is 1.91 eV, only slightly
larger than the average binding energy of Li atom in LiysTiO,
bulk (1.90 eV, Liy s TiO, in Figure S1). It should be pointed out
that the Li content in the surface TiO, layer is twice larger than
Li content in each TiO, layer of Li;sTiO, bulk. Thus, surface Li
storage contributes to the addition storage capacity.

Subsequently, we investigate the configuration of LiysTiO,
(001) surface with all the surface adsorption site occupied (LF
in Figure 1, in total 15 Li adsorption sites below the first surface
layer). We find that the average binding energy of all the
subsurface Li atoms is 2.06 eV, which is larger than the average
binding energy of Li atom in Li,sTiO, bulk (1.90 eV, Li,TiO,
in Figure S1) due to the existence of Li atoms inserted in the
subsurface layers and the fixed bottom layer of the supercell
whose coordination environment is different from that of Li
atoms in LijsTiO, bulk. To prove this assumption, one Li atom
adsorption at subsurface layer of TiO, (001) (GR/TiO, (001)
in Figure S1) has been calculated and the binding energy is 2.28
eV, which is slightly larger than that of one Li atom inserted
(2.16 eV) in TiO, bulk.

Based on the binding energies of Li atoms in different
configurations, it could be expected that in the Li insertion
process, Li atoms first occupy partial surface adsorption sites in
between surface O atoms with high binding energy, and then
occupy subsurface insertion sites and the bulk insertion sites in
the solid-solution manner with low Li content,* accompanying
with the drastic decrease of the discharge voltage consistent
with the experimental result.'” Moreover, the binding energy of
Li atom in S1 (2.88 V) is much larger than that (2.31 €V) of
the Li adsorption on TiO, (001) surface with 1 X 4
reconstruction (TiO, (001) in Figure S1). As shown in Figure
2a, Li insertion at surface results in electron accumulation near
graphene and covalent-like bonding between Li and surface O
atoms, which enhance the binding energy of Li at surface in
GNR-modified TiO, (001).

More additional Li atoms may adsorb at the interface
between GNR and TiO, (001) surface. Two configurations for
one and six additional Li atoms inserted at the interface are
considered (Figure S2), and the binding energies are —0.30 and
0.11 eV, respectively. Due to the high voltage in the
experimental electrochemical tests,'” the additional Li atoms
cannot account for the storage capacity. On the other hand,
Ti—O—C bonds forms between TiO, nanosheet and reduced
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Figure 2. Electronic density differences of configurations LF (a) and
IF (b) in Figure 1, which are obtained by subtracting electronic
densities of Li atoms adsorbed at surface or interface and
configurations LF and IF without Li atoms insertion at surface or
interface from that of LF and IF. The electronic density is plotted via
VESTA.”® The isosurface contours correspond to 1.5 X 107 and 2.5 X
107% e/A> for a and b, respectively. Purple and yellow colors indicate
the positive and negative electronic density, respectively. (c)
Schematic model for the explanation of interfacial-storage mechanism.

graphene oxide,”" and interfacial bridge oxygen atoms have also
been revealed between NiO and graphene.22 Thus, config-
uration I0 in Figure 1 with interfacial oxygen atoms between
GNR and TiO, (001) is considered. The average binding
energies with 1, 2, and 4 Li atoms adsorbed around the
interfacial oxygen atom are 1.56, 1.46, and 1.17 eV, respectively.
The configuration with four Li atoms adsorbed around the
interfacial oxygen atom is shown as I4 in Figure 1, and the
interfacial Li atoms are adsorbed above oxygen atoms in the
surface TiO, layer. Furthermore, we investigate the config-
uration with three interfacial oxygen atoms and all the sites
above oxygen atom in the surface TiO, layer between the GNR
and TiO, (001) occupied (configuration IF in Figure 1, totally
12 interfacial Li atoms). The average binding energy of the
interfacial Li atoms is 1.01 eV. Thus, the interfacial Li storage
behavior of GNR/TiO, composites is significantly enhanced by
the interfacial oxygen atoms. Moreover, it is found that with the
insertion of Li atoms at interface, the bond between O and C
atoms in GNR is broken, which could serve as the reduction
process of graphene oxide, and the electrical conductivity of the
system is expected to be enhanced. As shown in Figure 3, with
the Li atom insertion in the interface, the electronic density of
states around Fermi energy is gradually increased. Thus,
graphene oxide or reduced graphene oxide used in the
fabrication of graphene/metal oxide composites could better
serve as the conductor with Li insertion at interface.

As shown in Figure 2a, the introduction of surface Li atoms
causes an electronic charge transfer toward GNR. Surface O
atoms bond with Li atoms via valence-like bond and serve as
host for Li*, while GNR serves as electron acceptor. Thus, a
charge separation forms. With the interfacial Li atoms insertion,
an additional electronic charge transfers toward the GNR
(Figure 2b). The interfacial bridge O atoms serve as host for Li*
via ionic bonding with Li atoms. Thus, the anomaly interfacial
storage mechanism can be shown in Figure 2c, which is
pseudocapacity-like with charge separation. In nanocomposites
for energy storage, both capacitor behavior and electrode
behavior contribute to the energy storage capacity. Through
carefully control the interface structure and composition, an
optimization of storage capacity versus rate is expected to be
obtained. Recently experimental results also confirm the
contribution of pseudocagacity to fast lithium storage in
metal oxide nanomaterials.***®
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Figure 3. Density of 2p states of the C atom bonding with the
interfacial oxygen atoms in configuration I0 in Figure 1 (top) and the
corresponding C atoms in configuration 14 (middle) and IF (bottom).
The Fermi energy is set as 0 eV.

Based on above discussion, the discharging process (Figure
4a) of graphene-modified TiO, ultrathin nanosheet (Figure 4b)

Voltage (V)

Stage I Stage 1T
" Surface and Bulk Storage

Interface Storage

Capacity
(@) (b)
Figure 4. Schematic illustration of the discharge process (a) of

graphene-modified TiO, ultrathin nanosheet (b). The sketch shows
atomic structures at different discharge stages.

could be schematically illustrated. First, Li atom will occupy
TiO, surface sites, subsurface adsorption site and the bulk
insertion site in the solid-solution manner with low Li content
(stage I). Second, Li atoms gradually insert into TiO, bulk, and
anatase TiO, changes into LiyTiO, with titanate phase, as well
as the full occupation of surface adsorption sites. Surface and
bulk storage constitute stages I and IL. Third, Li atoms insert at
the interface sites via interfacial oxygen atoms (interface
storage, stage III). Thus, surface and bulk storage contribute
to the monotonous potential drop and the potential plateau,
while interface storage contributes to the slope potential drop
in the discharging process of the graphene/TiO, electrode.
Surface and interfacial lithium storage provides additional
capacity beyond the theoretical capacity of 167.5 mAh g~' with
lithium ions occupying about half of the available interstitial
octahedral sites in TiO,.
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If we suppose that the TiO, nanosheet is 4.5 nm thick with
both surfaces covered by graphene with 20 at% oxygen content
(Figure 4b) and that Li atoms at the interface occupy all the
sites above oxygen atoms of the first surface layer
(configurations inserted in Figure 4a), the capacity of the
system is expected to be 226 mAh/g, with the contribution of
surface, bulk, and interface storage about 13%, 60%, and 27%,
respectively. The capacity is well reproduced in the
experimental results reported.'” About 335% additional Li
storage capacity beyond the TiO, theoretical capacity is from
the surface and interface storage process via a pseudocapacity-
like energy storage mechanism.

4. CONCLUSIONS

In conclusion, Li atom adsorption at the TiO, (001) surface is
significantly enhanced due to GNR modification. Li adsorption
at the GNR/TiO, (001) interface is around interfacial oxygen
atoms, and with Li adsorption at the interface, the reduction
process of graphene oxide benefits electrical conductivity.
During the surface and interface storage process, surface and
interfacial O atoms serve as hosts for Li* and bond with Li
atoms via valence-like and ionic bonds, respectively, while GNR
serves as an electron acceptor, resulting in a charge separation.
Surface and interface storage processes contribute to additional
Li storage capacity beyond the theoretical capacity via an
interfacial pseudocapacity-like storage mechanism. The dis-
charge process of graphene-modified TiO, can be divided into
surface, bulk, and interface storage, with surface and bulk
storage contributing to the monotonous potential drop and
potential plateau and interface storage contributing to the slope
potential drop in the discharge curve. The research results
present a comprehensive understanding (in microscale) of the
discharge process of graphene/metal oxide and indicate the
possibility of the development of electrode materials with high
capacity and fast charging/discharging rates through an
interfacial storage mechanism in graphene/metal oxide nano-
composite electrodes.

B ASSOCIATED CONTENT
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Different structures used for the test to determine the stable Li
adsorption sites in GNR/TiO, (001) and the calculations
results obtained using GGA and DFT +U approximation. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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