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ABSTRACT: Beyond two-dimensional (2D) materials, interfaces between 2D materials
and underlying supports or 2D-coated metal or metal oxide nanoparticles exhibit excellent
properties and promising applications. The hybrid interface between graphene and anatase
TiO, shows great importance in photocatalytic, catalytic, and nanomedical applications due
to the excellent and complementary properties of the two materials. Water, as a ubiquitous
and essential element in practical conditions and in the human body, plays a significant role
in the applications of graphene/TiO, composites for both electronic devices and
nanomedicine. Carbon vacancies, as common defects in chemically prepared graphene,
also need to be considered for the application of graphene-based materials. Therefore, the
behavior of water on top and at the interface of defective graphene on anatase TiO, surface
was systematically investigated by dispersion-corrected hybrid density functional
calculations. The presence of the substrate only slightly enhances the on-top adsorption
and reduces the on-top dissociation of water on defective graphene. However, at the
interface, dissociated water is largely preferred compared with undissociated water on bare

graphene —~

TiO, surface, showing a prominent cover effect. Reduced TiO, may further induce oxygen diffusion into the bulk. Our results are
helpful to understand how the presence of water in the surrounding environment affects structural and electronic properties of
the graphene/TiO, interface and thus its application in photocatalysis, electronic devices, and nanomedicine.
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1. INTRODUCTION

Graphene, as the prototype of two-dimensional (2D) materials,
shows excellent properties and has been widely studied.'™
Moreover, graphene can anchor or wrap metal and metal oxide
nanoparticles effectively to form various nanocomposites, which
show great potential in catalytic applications.””” Among these
nanocomposites, TiO,—graphene nanocomposites have drawn
great attention because TiO, possesses superior photocatalytic
performance, good biocompatibility, and chemical and thermal
stabilities.” '" In recent years, graphene-coated TiO, nano-
particles have also been synthesized in experiments and found
to show enhanced photocatalytic activity.''~'* The observed
improved performance in photocatalysis and photovoltaics of
TiO,—graphene nanocomposites is attributed to the presence
of the graphene layer.”~'” On one hand, graphene can act as an
electron acceptor to effectively hinder the electron—hole pair
recombination upon UV irradiation of TiO,;*”"""*~'* on the
other, if TiO,—graphene nanocomposites are exposed to visible
light, graphene can act as sensitizer with electrons being
photoexcited within the graphene states and then eventually
trapped by Ti atoms, after direct transfer to the TiO,
conduction band.'”'”?*° Moreover, graphene-coated TiO,
nanoparticles exhibit great applications in lithium-ion bat-
teries,”' ~>* in biosensors,”* and are also rather promising in the
field of nanomedicine because graphene and TiO, have a good
performance for carrying bioactive molecules and for
photodynamic therapy,”® respectively.

In real TiO,—graphene nanocomposite samples, graphene is
expected to present defects”’ that may play an important role.
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Carbon vacancies can naturally form during the growth process.
Eventually, they could be also generated on purpose through
particle irradiations or chemical treatments.”® For example, one
widely used approach to prepare graphene-based/TiO,
composite photocatalysts is the reduction of graphene oxide
(GO).” This GO-derived graphene inevitably contains few
residual amounts of oxygenated functional groups and a
particularly large population of defects. Another very common
approach to obtain graphene—TiO, composite is to use
graphite dispersion and exfoliation,””*" which also leads to
defective graphene samples that present carbon vacancies, as
experimentally observed by TEM.>>** Defects do not always
appear as unfavorable factors, reducing or even degrading the
excellent qualities of graphene. They can also be used,
exploited, and even properly designed to suite desirable
purposes. For instance, vacancies in graphene sheets or
nanotubes can be used as traps for metal atoms, by providing
strong C—metal bonds.””* Vacancies are good anchoring
points for deposition of nanoparticles®”**™** and can enhance
the catalytic activity of the nanoparticles. The CO oxidation
barrier®® and O, dissociation activation energy37 on small
platinum nanoparticles are reduced when the platinum
nanoparticles are supported on defective graphene. Moreover,
defective §raphene is also promising in the fields of hydrogen
storage’”™ and air purification.”’ Recent theoretical study
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shows that vacancy defects can highly enhance the binding
between graphene and metal surfaces (Cu and Pt) by forming
strong organometallic bonds.”* Therefore, defects may have a
big influence on the graphene/TiO, interface and thus affect
the performance of TiO,—graphene nanocomposites.

Water is ubiquitous in normal environmental conditions and
especially in human bodies. Thus, the behavior of water at the
interface of graphene-coated TiO, (i, G/TiO,) is of great
interest and significance for the applications of TiO,—graphene
nanocomposites in photocatalysis, lithium-ion batteries, bio-
sensors, and nanomedicine. Recently, the reactivity of water
molecules on top and at the interface of nondefective G/TiO,
composite was studied by density functional theory (DFT)
calculations.”® On top of G/TiO,, water physically adsorbs on
the graphene layer with an adhesion energy slightly larger than
that on freestanding graphene. At the interface, H,O prefers to
adsorb on TiO, rather than on the carbon sheet, leading to
adsorption configurations very similar to those on bare TiO,.
Thus, the appearance of graphene does not improve the activity
for water dissociation. However, the presence of carbon
vacancies in the graphene layer may rather affect the situation
but it is still an open question.

Many exciting results have been recently achieved, exploiting
the confined space between graphene or other 2D materials and
an underlying support for different reactions of small molecules,
like H,, O,, CO, and H,0. For example, intercalated CO at the
graphene/Pt(111) interface shows weaker interactions with the
metal as well as lower desorption temperatures and a lower
reaction barrier for oxidation compared to those of bare
Pt(111).%**7* The desorption of H, on Pt(111) surface is
facilitated in the presence of either graphene or h-BN
monolayer due to the cover effect.”” Recent experiments
show that oxygen can reach the graphene/Cu interface and lead
to a partial oxidation of Cu.***" In contrast, dissociation of O,
at boron-doped graphene/Cu(111) interface leads to the
competitive oxidation of the graphene sheet in the proximity
of the dopant.” It is shown that water can reach the interface
between graphene and different substrates, such as HfO,,*"
silica,”> BaTiO,>® or Ni(111) surfaces,”® by intercalation.
Water intercalation under the epitaxial graphene on Ru(0001)
surface can efficiently split the graphene along line defects into
numerous fragments at temperatures as low as 90 K> On
Cu(111), however, the water-induced splitting of graphene is
far less effective.”> At the interface of graphene, with carbon
vacancies on Cu(111) surface, water is capable of breaking the
C—Cu bond by dissociating at the undercoordinated carbon
atom of the vacancy, restoring the weak van der Waals type of
interaction at the interface.*” The same is not true in the case of
Pt(111) surface, where C—Pt bonds are much stronger. Recent
DEFT calculations show that graphene-on-Cu is a good catalyst
for water splitting and is suitable for the low-temperature
process.”® By X-ray absorption spectra, Bottcher and co-
workers proposed that on Ni(111)-supported graphene,””
water is not just physisorbed as on freestanding graphene’®
but it is chemically bound, inducing a p-type doping.”’
Moreover, water is expected to dissociate within the
graphene/Ni(111) interface at room temperature, providing a
hydrogenated graphene sheet with a gravimetric density
competitive with current technology for hydrogen storage.™

In this work, by means of dispersion-corrected hybrid density
functional theory (DFT) calculations, we investigate two
atomic defects in the hybrid interface: C monovacancy in
graphene and O vacancy in TiO,. The C monovacancy can be

5794

considered a prototype defect in graphene because the
undercoordinated C atoms appearing in the structure are
analogous to those that would appear in the presence of larger
(pluriatomic) vacancies or in the presence of extended edges.
The O vacancy is a prototype defect for reduced TiO, samples,
which are those commonly obtained after annealing. First, we
study the structural and electronic properties of the interface
between graphene with one C monovacancy (VG) and the
stoichiometric anatase TiO,(101) surface (VG/TiO,). Then,
we analyze the behavior of water at the interface. Finally, we
consider the effect of the presence of one O vacancy in the
TiO, support. Our results show that the characteristic
magnetism of freestanding VG* quenches in the presence of
an underlying anatase TiO,(101) surface and a C—O bond may
occur at the interface. Dissociated rather than molecular water
is preferred at the interface VG/TiO, in contrast with what is
observed on bare TiO, surface. O atoms at the interface may
diffuse into the reduced TiO, sublayers to heal O vacancies.
This study is helpful to understand how the presence of water
in the surrounding environment affects structural and electronic
properties of the graphene/TiO, interface and thus its
application in photocatalysis, electronic devices, and nano-
medicine.

2. COMPUTATIONAL METHODS

All of the calculations were performed with the CRYSTAL14 code,’’
where Kohn—Sham orbitals are expanded in Gaussian type functions
(the all-electron basis sets are O 8-411(d1), Ti 86-411(d41), C 6-
31(d1), and H-11(pl)). The hybrid functional B3LYP®*** was
adopted for all of the calculations. To properly take into account
the long-range van der Waals interactions, dispersion correction was
introduced with the Grimme approach.®*®® The lattice parameters of
anatase were calculated to be 3.764 and 9.793 A for a and ¢,
respectively. The anatase (101) TiO, surface was modeled by a three
triatomic layers slab (144 atoms), with the bottom layer fixed. A (5 X
6) supercell for graphene and a (4 X 2) supercell for anatase (101)
slab were used to build the co-periodic lattice of the graphene/anatase
(101) hybrid system. An angle of 50° exists between the vectors of the
supercells of graphene and anatase (101) TiO, surface. Here, the
lattice of graphene was slightly stretched in x direction and
compressed in y direction (see Figure 1) to fit the anatase lattice.
Thus, a slightly tensile strain along x axis (+1.9%) and compressive
strain along y axis (—0.6%) were introduced. Therefore, two
configurations appear for freestanding graphene with monovacancy,
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Figure 1. Two ball-and-stick configurations of slightly strained
freestanding graphene with a single C vacancy: VG,, and VG,,.. The
red triangles indicate the vacancy defect. The solid red lines represent
elongated C—C bonds and the dotted lines indicate no C—C bond.
The three C atoms at the vacancy are marked a, b, and c.
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VG,, and VGy,, depending on the rearrangement of carbon atoms at
the vacancy site, as shown in Figure 1. One carbon single vacancy was
created in one supercell of VG/TiO,, resulting in a distance larger than
11 A between two periodically repeated defects and in a vacancy
concentration of 1.67%. The difference between VG, and VG, is just
the vacancy pattern when we repeat the supercell, as can be seen in
Figure S1 in the Supporting Information (SI). VG, is 0.21 eV higher
in energy than VG, Thus, for the VG/TiO, interface, only VG, is
presented in the manuscript. To make sure that we always get the
reasonable VG/TiO, interface, VG,./TiO, interfaces were also
calculated and are shown in Figure S2 in the SI, which are always
higher in energy compared with VG,,/TiO, interfaces.

The geometry optimizations were done using a 2 X 2 X 1 k-point
mesh. A dense k-point mesh of 1S X 15 X 1 was adopted in the
calculations for density of state (DOS) to get a good description of the
electronic properties.

The adhesion energy of the interface VG/TiO, is defined as

AE , = E(VG/TiO,) — [E(VG) + E(TiO,)] (1)

where E(VG/TiO,) is the energy of the VG/TiO, interface, E(VG) is
the energy of freestanding VG, and E(TiO,) is the energy of the TiO,
slab.

The adsorption energy (AE,q,) and dissociation energy (AEy,) of
water on freestanding VG are computed as follows

AE = E(VG + H,0) — [E(VG) + E(H,0)] ()

where E(VG + H,0) is the total energy of molecular or dissociated
H,O on VG, E(VG) is the energy of freestanding VG, and E(H,0) is
the energy of an isolated H,O molecule.

The same quantities (AE, and AEg,) for water on bare
TiO,(101) surface are computed as follows

ads or diss

AE = E(TiO, + H,0) — [E(TiO,) + E(H,0)] (3)

where E(TiO, + H,0) is the total energy of molecular or dissociated
H,O on TiO, surface, E(TiO,) is the energy of the TiO, slab, and
E(H,0) is the energy of an isolated H,0 molecule.

The same quantities (AE,4 and AEg,,) for water on top or at the
interface of VG/TiO, are computed as follows

ads or diss

AE = E(VG/TiO, + H,0) — [E(VG/TiO,) + E(H,0)]

(4)
where E(VG/TiO, + H,0) is the total energy of molecular or
dissociated H,O on top or at the interface of VG/TiO,, E(VG/TiO,)
is the energy of the most stable configuration of the interface VG/
TiO,, and E(H,0) is the energy of an isolated H,O molecule.

In the following, we define the nomenclature that will be used in the
manuscript. We name the hybrid interface between graphene and the
anatase Ti0,(101) surface as “G/TiO,” (Section 3.1). In the presence
of one C monovacancy in G/TiO,, we may observe interaction of the
vacancy either with a 2-fold coordinated bridging oxygen (Oy,) or a 5-
fold coordinated Ti atom (Tis.) on the anatase TiO,(101) surface. If
the type of interaction is a C—O covalent bond at the interface, we

ads or diss

represent it by the symbol “—” (VG—O,,); if it is a weak van der
Waals interaction, we represent it by the symbol “-” (VG---Oy, or
VG--Tig,).

For the configurations of molecular water adsorption on VG/TiO,
(Section 3.2.1), we use the symbol “/” when on top (H,0/VG—O,,)
and a second “/” when between the two materials (VG/H,0/TiO,).

For the configurations of dissociated water (in OH + Hor O + H +
H), further details must be given (Section 3.2.2). When on
freestanding defective graphene, we add subscripts a, b, or ¢ to each
fragment of dissociation (e.g, OHH, O,H,H, or O,2H.) that
identify which uncoordinated C atoms at the vacancy site are involved
in the bonding (see Figure 1 (left) or Figure 2 for the definition of C
atoms a, b, and c). When the dissociation takes place on top or at the
interface of VG/TiO,, we do not explicitly mention VG/TiO, in the
label but we use the generalized label “.../.../..” where the first “/”
distinguishes what is on VG from what is at the interface and the
second “/” distinguishes what is at the interface from what is on TiO,:
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Figure 2. Schematic top views of the C monovacancy defect in VG/
TiO, interfaces (top line). Side views of selected configurations of
VG/TiO, interfaces in the singlet close shell (S,) (middle line) and in
the triplet (T) solutions (bottom line). For labels, see Section 2 and
Figure 1. Adhesion energies per supercell calculated according to eq 1
are listed below each configuration. Small red and light gray balls
represent O atoms and C atoms. Big dark gray balls represent Ti
atoms. Distances are in A.

the fragments of dissociation bound to VG go on the left part of the
label (e.g., OH,/.../...), the fragments at the interface between VG and
TiO, go in the central part of the label (e.g, ../OH,/..), and the
fragments on TiO, go on the right part of the label (e.g, .../.../OpH or
w/ ./ Tis OH), where Oy, is a 2-fold coordinated O and Tis. is a S-fold
coordinated Ti on the anatase TiO,(101) surface. Accordingly,
dissociated water on bare TiO, surface was simply labeled as
“Tis OHOLH” (Section 3.2.3).

3. RESULTS AND DISCUSSION

3.1. Interface between Defective Graphene and
TiO,(101) Surface. The ground state for VG is calculated to
be triplet with a planar configuration, which is in accordance
with a previous study.”” After the formation of one single
vacancy in the graphene sheet, there is a dangling bond on the
C. atom with a sp® hybridization, whereas the other two carbon
atoms (a and b) get closer to form an elongated C—C bond
(labeled as VG,, in Figure 1). The singlet close shell solution
for VG with a buckled high of 0.62 A at the vacancy was found
to be 0.50 eV higher in energy than the corresponding triplet
solution. However, considering that the magnetism may quench
in the presence of TiO,(101) surface, both triplet and singlet
close shell solutions were considered for the VG/TiO,
interface.

Various different configurations of the VG/TiO, interfaces
have been considered to search for the most stable one,
including different relative positions between graphene and
TiO, surface, as well as the mirror flipping of graphene. Some
selective configurations of VG/TiO, interfaces are listed in
Figure 2. Less stable configurations resulting from a mirror
flipping of graphene are shown in Figure S3 in the SI First, we
focus on the singlet close shell structures.

When the VG was put close to the TiO, surface and above
one bridge oxygen atom, the most stable interface VG—O,,
could be obtained after geometry optimization, with an
adhesion energy of —3.18 eV per supercell. The ground state
of this configuration is singlet close shell state, in which the
carbon atom ¢ (marked in Figure 2) is oxidized and forms a
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Figure 3. Top and side views of G/TiO,, VG—Oy,, and VG---Ti,, interfaces (top and middle lines) along with the density of states (bottom line).
The C atoms at the vacancy are highlighted in black, and the other C atoms are shown in light gray. Small red balls represent O atoms, and big dark
gray balls represent Ti atoms. In the DOS, the filled gray area represents the total DOS and the black line is DOS-projected on graphene (G or VG),
which is XS for clarity. The red and blue lines are DOS-projected on all O and all Ti atoms in the TiO, slab, respectively. Fermi energy (Eg) is set at

the eigenvalue of the highest occupied states.

strong covalent bond with the Oy, atom. The C—O bond
length at the interface is 1.35 A. One of the original two O—Ti
bonds is broken, and the other one is elongated from 1.82 to
1.84 A. This C—O—Ti bond agrees well with X-ray photo-
electron spectra and Fourier transform infrared spectra of
TiO,/graphene nanocomposites in previous experiments.éé_68
This additional chemical bond between graphene and TiO,,
which is otherwise just attracted by dispersion forces, is crucial
because it was shown to facilitate the interfacial charge transfer,
improving the photocatalytic activity of TiO,—graphene
composites.15’69

Another metastable singlet configuration is the VG---Tis,
which is 80 meV higher in energy than VG—O,,. For VG---
Tis,, in which the vacancy is above one 5-fold Ti atom on the
TiO, surface, the carbon atom ¢ moves down toward the Tis,
atom to establish an interaction. However, the C—Ti distance is
as long as 2.48 A, much larger than the normal C—Ti bond
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length in C—Ti alloy (2.11-2.16 A), implying that there is no
true chemical bond at the interface. Actually, we never succeed
in getting a C—Ti bond at the interface even when starting
from a very short interface distance, which is in agreement with
previous theoretical results about TiO, nanostructures on
graphene.”” Only for very small (TiO,), clusters (n < 15) on
VG, some Ti—C bonds have been reported in the literature.”"
Another less stable singlet-state configuration for the interface
is named as VG---Oy,, in which the carbon atom ¢ moved down
toward one Oy,. However, the C—O distance is very high (2.66
A). Thus, there is no true chemical bond in this configuration at
the interface and the adhesion energy is much smaller when
compared to that of VG—O,,.

Now, we turn to the triplet solutions. The most stable two
triplet configurations are shown in Figure 2. We observe that
the triplet solutions for VG/TiO, are always characterized by
the planar geometry of VG on TiO, surface, with an
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equilibrium distance between graphene and TiO, surface of
about 2.8 A, indicating weak van der Waals interactions at the
interfaces. The adhesion energies at the interfaces are —2.94
and —3.00 eV per supercell for VG---Tis, and VG---Oy,
respectively.

On the basis of the results above, we conclude that the
magnetism of VG is quenched when it is supported on a
TiO,(101) surface because the singlet-state configurations for
VG—O,, and for VG---Tis. are the most stable ones. The
chemical adsorption of VG on Ti0,(101) (VG—O,,) involves
the breaking of one O—Ti bond. Thus, we expect an energy
barrier between physical and chemical adsorption. We suppose
that after the transfer of graphene from the substrate for growth
(for example Cu or Ni) to the TiO, anatase (101) surface, the
interface presents a mixture of VG—O,, and VG---Tis. So,
hereafter, we will focus our work on these two most stable
singlet close shell configurations.

The top and side views of G/TiO,, VG—Oy,, and VG---Tig,
interface models are shown in Figure 3, where the relative
position of the vacancy on the TiO, surface is clearly displayed.
To further investigate and understand their electronic proper-
ties, the projected density of states is plotted under each
structure. In all three systems, we observe that the C 2p states
largely fill the TiO, band gap region. This can explain the broad
background absorption in the visible-light region of TiO,—
graphene nanocomposites.é(”72 For the nondefective G/TiO,
interface, the Dirac cone at the Fermi level originating from
freestanding graphene is quite preserved and the total density
of states is almost the superimposition of those from
freestanding graphene and from TiO, surface due to the
weak interaction at the interface, even though a small band gap
opening is registered (0.14 eV)."” We wish to recall, from a
previous work by us,” that a small band gap opens also when
the C monovacancy is introduced in the freestanding graphene
(VG). This is 0.26 eV with the computational setup and
supercell model used in the present work. It is very interesting
to observe what happens when VG is now put on TiO,. In the
case of VG—O,, interface, the DOS presents some states
originating from Ti atoms at the Fermi level; thus, there is no
band gap but a metallic character is exhibited. This is a
consequence of the Ti—O bond breaking at the TiO, surface
that results in a non-fully oxidized TiO, surface. The metallic
character of VG—Oy, interface can be more clearly noted in
the zoomed DOS shown in Figure 4a. On the contrary, for the
VG--Tis, interface, a band gap of 0.27 eV is observed (see
Figure 4b) due to the presence of the C vacancy, in line with
the case of freestanding VG.*

To gain more insight on the interaction at the interfaces of
VG—O,, and VG---Tis,, the projected density of states on C,,
Oy and Tis. atoms are calculated and shown in Figure 4a,b,
respectively. For VG—O,, interface, a clear hybridization
between C. p and Oy, p orbitals exists in the energy range
between —4 and —9.5 eV below the Fermi level due to the C—
O chemical bond at the interface. For VG---Tis, some
hybridization between C_ p and Tis. d orbital can be seen in
the energy range between —3 and —8 €V, in line with a strong
interaction at the interface.

3.2. Reactivity with Water. In this section, we describe the
water reactivity with the VG/TiO, interface in terms of
molecular (Section 3.2.1) and dissociated (Section 3.2.2)
adsorption modes. We consider the possibility that either
water molecules approach from the top of the interface or they
are intercalated through graphene edges or large carbon holes
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Figure 4. Total and projected DOS for the VG—O, (a) and VG---
Tis. (b) interfaces in a larger range of energies but in a zoomed range
of density with respect to Figure 3. The green lines in (a) and (b) are
DOS-projected on the p states of the C atom ¢ marked in Figures 1
and 2. The red line in (a) is DOS-projected on the p states of the Oy,
atom on the TiO, surface bonding to the C atom c at the interface
VG—O,,. The blue line in (b) is DOS-projected on the d states of the
Tis, atom interacting with the C atom c at the interface VG---Tis.. The
black lines in (a) and (b) are DOS-projected on the p, states of all C
atoms in VG. See Figures 2 and 3 for structures. Fermi energy (E) is
set at the eigenvalue of the highest occupied states.

in the graphene sheet, in the confined zone between the two
materials. Then, we evaluate the cover effect on the energetics
of water dissociation on TiO,(101) surface (Section 3.2.3).
Finally, we investigate the electronic properties of hydrated
VG/TiO, (Section 3.2.4) and the effect of an underlying
reduced TiO, surface (Section 3.2.5).

3.2.1. Molecular Adsorption. We compare energy of
adsorption (AE,,), as defined in detail in Section 2. By
comparing the systems in the top panel of Figure §, it is evident
that water binds more strongly on a 5-fold coordinated titanium
(Tis.) of the anatase (101) TiO, surface (—0.97 eV) than on a
defective graphene sheet (—0.22 eV), where it just weekly
physisorbs by pointing the H atoms down toward the =&
electron density of the C layer.

As a next step, in the central panel of Figure S, we consider
that water comes from the top side of the two most stable
interface configurations (see Figure 2). The adsorption energy
(AE,g,) slightly increases with respect to the freestanding case
by about —0.1 eV, which is probably due to some surface
polarization induced by the presence of the titania substrate
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Figure S. Side views of molecular water adsorption on top of
freestanding VG and TiO,(101) surface (top line), side views of
molecular water adsorption on top of the most stable two VG/TiO,
interfaces (middle line), and molecular water adsorption at the VG/
TiO, interface (bottom line). Labels and adsorption energies are
reported above and below each configuration, respectively, and defined
in Section 2. Small red, light gray, and black balls represent O atoms, C
atoms, and H atoms, respectively. Big dark gray balls represent Ti
atoms.

that enhanced the weak van der Waals interaction between the
defective graphene sheet and the water molecule.

Finally, we have the water at the interface between the two
materials, binding to a Tis. and with the two H atoms pointing
toward the 7 electron density of the graphene sheet. However,
the adsorption energy in this configuration is much smaller
than on the top of TiO, surface (—0.24 vs —0.97 V). The
reason is that the graphene sheet must largely distort upward to
give enough space to the water molecule, which accounts for a
relevant energy cost. Moreover, the C sheet uplift highly
reduces the adhesion energy between the two surfaces, which is
a second relevant energy cost. The net balance (AE,,) is still
negative and comparable with water adsorption on top of VG/
TiO, (—0.31/—0.33 V).

3.2.2. Dissociated Adsorption. Water dissociation is
typically in two fragments: OH and H. On a freestanding
graphene sheet, as shown in the top panel of Figure 6, the OH
fragment covalently binds to an under coordinated C atom of
the vacancy, whereas the H atom covalently binds to another
one. We have investigated more possibilities, among which the
two lowest in energy are those shown in Figure 6: one with the
OH on the C, atom and the H on the C_ atom (OH,H,) and
the other with the OH on the C, and the H on the C.
(OH,H,). The dissociation energy values (AEgy,) are very
similar and amount to about —1.9 eV. The dissociation energy
becomes slightly smaller (by about 0.15—0.2 eV) when these
types of dissociation happen on a TiO,-supported graphene
sheet, as a consequence of a reduced adhesion energy between
the two materials due to the additional distortions. On the
contrary, it becomes larger when the dissociation takes place at
the interface (up to —2.10 eV). This is because the OH
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Figure 6. Top views of the partially dissociated products of water (OH
+ H) on freestanding VG (top line), side views of the partially
dissociated products of water on top of VG/TiO, (middle line), and at
the interfaces of VG/TiO, (bottom line). Labels and dissociation
energies are reported above and below each configuration, respectively,
and defined in Section 2. Small red, light gray, and black balls
represent O atoms, C atoms, and H atoms. Big dark gray balls
represent Ti atoms.

fragment establishes an additional stable bond with the Tis. on
the anatase surface.

However, the OH + H dissociation mode is not the most
favorable one on a defective graphene sheet. Further
dissociation in O + H + H, or full dissociation, is found to
produce a large energy gain. We considered many possible
configurations; the four most stable ones are shown in Figure 7,
whereas others are reported in the SI (see Figure S7). The two
H atoms may either covalently bind to two different
undercoordinated C atoms in graphene with the O atom
forming a keto group on the third one (O,H,H, and O,H,H,)
or both bind to the same C atom (forming a CH, species), with
the O atom forming an ether group with the other two
undercoordinated C atoms (—COC— species) (O,2H. and
Op.2H,). The most favored ones are the latter two with the
O,,2H, having the largest dissociation energy (AEg,,) of —4.37
eV.

When these dissociation processes happen on a supported
graphene sheet, the energy gain is slightly less negative but the
O.2H,// configuration is still the most favorable (—4.32 eV).
On the contrary, when these dissociations take place at the
interface, we observed that the O of the keto group for the first
two systems on the left side is largely stabilized by a strong
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Figure 7. Top views of the fully dissociated products of water on freestanding VG (top line); side views of the fully dissociated products of water (O
+H + H) on top of VG/TiO, (middle line), and at the interfaces of VG/TiO, (bottom line). Labels and dissociation energies are reported above
and below each configuration, respectively, and defined in Section 2. Small red, light gray, and black balls represent O atoms, C atoms, and H atoms.

Big dark gray balls represent Ti atoms.

interaction with the Tis. on the anatase surface. Therefore, an
inversion in the relative stability is clearly observed and water
dissociation at the VG/TiO, interface in the H,H._/O,/
configuration becomes very stable with a AEy, of —4.29 eV,
similar to that of O,2H_//.

In Figure 8, we show a number of configurations where
either one or two H atoms are transferred to the TiO, surface.
In one case, we even form an H, molecule that is physisorbed
on the surface. However, as it is evident from analyzing the
energies of dissociation, all of these configurations are less
stable than those proposed in Figure 7, where both the H
atoms saturated two undercoordinated C atoms of the defective
graphene layer. Note that if one H atom is transferred, the O
atom coming from the water saturates two C atoms by forming
an ether group, whereas when both H atoms are transferred,
the remaining O atoms replace the missing carbon in the
graphene sheets and are 3-fold coordinated to the three
undercoordinated C atoms of the vacancy (O,.).

In the last part of this section devoted to water dissociation
on and at the interface of VG/TiO,, we are going to present an
overview, as sketched in Figure 9, on what can actually happen
when water comes from the top or is intercalated in the
confined zone between the two materials, considering all of the
configurations discussed above.
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If water comes from the top, it may first physisorb (H,0//)
and then dissociate into two fragments (OH,H.//) and then
further into three (O,,2H.// or O HyH.//). The final product
O2H,// is very stable (AEg,, = —4.32 V) and more stable
than O, HyH.//; however, the latter could eventually further
evolve into the product HH./O,/, where the O atom coming
from the water full dissociation is bridging between a C atom of
the graphene sheet and a Tis. atom on the TiO, surface. This
final product is also extremely stable (AEy,, = —4.29 eV) and
competes with O,,2H_//.

If water successfully intercalates in the interface zone,
molecularly bound to a Tis. atom of the TiO, surface, there
are several possibilities for the next chemical step: the water
dissociation into two fragments (OH + H) may result in (i) an
OH that is bridging between the two materials and the H
bound to an undercoordinated C atom on graphene (H./OH,/
and H./OH,/), (ii) an OH that is bridging between the two
materials and the H bound to the same C atom as the OH (H_/
OH,), or (iii) into an OH that is bridging between the two
materials and the H bound to a 2-fold O atom on the TiO,
surface (/OH_/O,H). Each of these four (OH + H)
configurations can evolve in a fully dissociated product (O +
H + H), as described in Figure 9. The most stable final
configuration is again the HyH./O,/, which was already
discussed above (—4.29 eV). We wish to note that the OH
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Figure 8. Side view of the total dissociation of water (O + H + H)
with one H atom transferred to the Oy, of the TiO, surface (top line,
left) and the consequent diffusion of the H in the subsurface layer (top
line, right). Side view of the total dissociation of water (O + H + H)
with both H transferred to O, atoms of the TiO, surface (bottom line,
left), and finally, side view of the desorption of a H, molecule at the
VG/TiO, interface (bottom line, right). Labels and dissociation
energies are reported above and below each configuration, respectively,
and defined in Section 2. Small red, light gray, and black balls
represent O atoms, C atoms, and H atoms. Big dark gray balls
represent Ti atoms.

species in the H./OH,/ configuration is found to preferentially
evolve into H,H_./O,/ than into H./O,/O,H: —4.02 vs —2.09
eV.

Therefore, this analysis allows us to conclude that one of the
most stable products, independently of the water origin, from
the top or through the interface, is H,H./O,/, where there is an
O atom strongly linked to both the materials: to graphene with
a C—O covalent bond (1.26 A) and to TiO, with a Ti—O
strong covalent bond (2.06 A).

3.2.3. Cover Effect. In this last section, we analyze the cover
effect on water dissociation. Although the cover effect on
molecular water adsorption on TiO, is a negative one (from
—0.97 to —0.24 eV), as shown in Figure S and discussed in
Section 3.2.1, in the case of dissociated water, the cover effect is
positive and largely stabilizes the OH + H dissociation (from
—0.63 to —1.02 eV) by forming a bridging species with the OH
bound to both a C atom of the graphene sheet and a Ti atom
on the TiO, surface (see Figure 10).

3.2.4. Electronic Properties of Hydrated VG/TiO,. We
investigated the electronic properties of the two most stable
structures resulting from full dissociation of water on VG/TiO,,
which are O42H.// and HH./O,/. The aim is to determine
the water effect on the electronic properties of the composite.
We recall from Section 3.1 that VG—O, is metallic, whereas
VG---Tis. is semiconducting with a 0.27 eV band gap (see DOS
in Figure 3). After water dissociation, we observe a semi-
conducting character in the DOS (Figure S8 in SI) of both the
hydrated structures (O,,2H.// and H,H./O,/) with a band gap
of 0.49 and 0.40 eV, respectively.

3.2.5. Effect of an Underlying Reduced TiO, Surface. In
this last section, we discuss what could happen if the TiO,
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system were reduced, as often is the case in real samples. We
thus considered the possibility that the full dissociation of water
(configuration H,H./O,/) takes place on a nonstoichiometric
TiO, slab, presenting an oxygen vacancy Vj, in the second layer
of the slab (HyH./O,/V,), as shown on the left side of Figure
11. Considering that excess O atoms on the surface are known
to diffuse into the bulk of TiO, to heal eventual subsurface or
bulk oxygen vacancies in anatase TiO,,”* we transferred the O
atom from the interface to the V site and fully relaxed the
structure (HyH.//), as shown on the right side of Figure 11.
The energy gain that is computed is rather large because it
amounts to —1.76 eV. Therefore, we may conclude that the
presence of an underlying reduced metal oxide support may
further complete the water splitting at the VG/TiO, interface
by attracting the oxygen atom from water into the subsurface
layers or in the bulk of the oxide where vacancies are present.

4. CONCLUSIONS

In summary, the atomic structure of the interface between
defective graphene and anatase TiO, surface, together with its
electronic properties and chemical reactivity with water
molecules, were systematically investigated by dispersion-
corrected hybrid density functional calculations. The magnet-
ism observed for the carbon monovacancy model in graphene
(VG) is found to quench when VG is put on TiO,(101)
surface. The interaction at the VG/TiO, interface is typically
based on van der Waals or dispersion forces. However, after
overcoming some energy barrier, a C—O bond may be formed
at the interface. The chemical adsorption of VG on TiO,(101)
leads to a metallic character of the hybrid system, whereas the
physical adsorption presents semiconducting properties, with a
small band gap of 0.27 eV. The adsorption energy of molecular
water on top of VG/TiO, interface is slightly increased with
respect to the freestanding case by about —0.1 eV. Water
molecules can dissociate either on top or at the VG/TiO,
interface. Our study allowed the definition of the possible
reaction paths and of the most stable dissociation products. Full
dissociation into O + H + H is found to be largely preferred.
These configurations involve the formation of a methylene
(CH,) and one ether (—COC—) group at the C vacancy site in
VG (O,2H,//) or two CH bonds and the O atom strongly
linked to both materials, forming a C—O bond on one side and
a O-Tis, bond on the other (H,H./O,/). This O atom is an
interface species. Very importantly, if the underlying TiO,
substrate is partially reduced, with oxygen vacancies in the
subsurface layers, this interface O atom is found to be subject to
a force that would favorably drive it down to heal the vacancy
(by —1.8 V). Then, water splitting is fully achieved because the
two H atoms are left on the graphene layer, whereas the O
atom is deep in the TiO, bulk.

To conclude, this comprehensive study provides important
information on the details of the atomic structure and
electronic properties of graphene/titania composites, even
when the conditions are not as ideal as one would wish, i.e., in
the presence of C vacancies in the graphene sheet prepared on
top of the TiO, sample, in the presence of unwanted water
molecules in the experimental conditions, and in the presence
of oxygen vacancies when the TiO, sample is not fully
stoichiometric because of reducing preparation conditions or
because of severe annealing processes. The results give a clear
overview of what chemistry would take place in these real
complex composite systems.
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Figure 9. Side views of water adsorption on top or at the VG/TiO, interface (left column); side views of partial water dissociation in OH and H on
top and at the VG/TiO, interfaces (middle column), and finally side views of the various possible steps of total water dissociation (right column).
Labels and adsorption/dissociation energies are reported above and below each configuration, respectively, and defined in Section 2. Small red, light
gray, and black balls represent O atoms, C atoms, and H atoms. Big dark gray balls represent Ti atoms.

DOI: 10.1021/acsami.7b18087

5801
ACS Appl. Mater. Interfaces 2018, 10, 5793—5804


http://dx.doi.org/10.1021/acsami.7b18087

ACS Applied Materials & Interfaces

Research Article

Tis,OHO, H JOH_/O, H
w—m._'é’yv—uu
-0.63 eV -1.02 eV

Figure 10. On the left side, view of water dissociation on bare
TiO,(101) surface and on the right, the cover effect of defective
graphene on water dissociation at TiO, surface. Labels and
dissociation energies are reported above and below each configuration,
respectively, and defined in Section 2. Small red, light gray, and black
balls represent O atoms, C atoms, and H atoms. Big dark gray balls
represent Ti atoms.

HyHJO,IV,

Figure 11. On the left, side view of the fully dissociated product of
water at the VG/TiO, interface, with one oxygen vacancy (V) in the
subsurface layer of TiO,. On the right, the oxygen O, from the water
heals the V5 in TiO,. The energy gain during the transfer/healing
process is shown on top of the arrow. Labels are reported above each
configuration. Small red, light gray, and black balls represent O atoms,
C atoms, and H atoms. Big dark gray balls represent Ti atoms. The
dotted black circle represents the Vg in TiO,.
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