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ABSTRACT: The pursuit of superb building blocks of light
harvesting systems has stimulated increasing efforts to develop
graphene (GR)-based semiconductor composites for solar cells
and photocatalysts. One critical issue for GR-based composites
is understanding the interaction between their components, a
problem that remains unresolved after intense experimental
investigation. Here, we use cerium dioxide (CeO,) as a model
semiconductor to systematically explore the interaction of
semiconductor with GR and reduced graphene oxide (RGO)
with large-scale ab initio calculations. The amount of charge
transferred at the interfaces increases with the concentration of
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O atoms, demonstrating that the interaction between CeO, and RGO is much stronger than that between CeO, and GR due to
the decrease of the average equilibrium distance between the interfaces. The stronger interaction between semiconductor and
RGO is expected to be general, as evidenced by the results of two paradigms of TiO, and Ag;PO, coupled with RGO. The
interfacial interaction can tune the band structure: the CeO,(111)/GR interface is a type-I heterojunction, while a type-II
staggered band alignment exists between the CeO,(111) surface and RGO. The smaller band gap, type-II heterojunction, and
negatively charged O atoms on the RGO as active sites are responsible for the enhanced photoactivity of CeO,/RGO composite.
These findings can rationalize the available experimental reports and enrich our understanding of the interaction of GR-based
composites for developing high-performance photocatalysts and solar cells.
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1. INTRODUCTION

Understanding mechanisms and modifying photocatalytic
performance have always been a prime interest of photo-
catalytic technologies. To develop novel photocatalysts, it is
important to improve their visible light photocatalytic activity
and structural stability during photocatalytic processes.
Graphene (GR)-based semiconductor photocatalysts have
recently attracted increasing attention for their promising
potential for converting solar energy to chemical energy.'™ A
group of GR-semiconductor nanocomposites, such as TiO,/
GRS’ ZnS/GR® ZnO/GR'® Ag,PO,/GR,'' C;N,/GR,"”
CdS/GR,"*" MoS,/GR*"® $nS,/GR,'® and $nO,/GR,'”'®
have been investigated experimentally. It has been demon-
strated that two-dimensional (2D) GR can not only serve as a
support material to which semiconductor particles anchor, but
also greatly improve the photocatalytic performance of
nanocomposites. For examples, TiO,/GR nanocomposites
exhibit much higher photocatalytic activity than bare TiO, for
selective photoreduction of CO, to CH, under both UV and
visible (vis) light irradiation.” CdS/GR composites have a high
H, production rate of 1.12 mmol h™" (about 4.87 times higher
than that of pure CdS nanoparticles) under visible-light
irradiation and an apparent quantum efficiency (QE) of
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22.5% at wavelength of 420 nm."? Concurrently, nano-
composites of graphene oxide (GO) or reduced graphene
oxide (RGO) and semiconductors are found to be high-
performance photocatalysts (including TiO,/RGO,"” ZnO/
GO,”® Ag;PO,/GO,*"** C;N,/GO,” CuS/GO,** $nS,/GO,>
Sn0,/RGO,"” ZnIn,S,/RGO,* and BiVO,/RGO*’). One
typical case is that the MoS,/RGO heterostructure shows
significant photocatalytic activity toward the hydrogen
evolution reaction in the wavelength range from the UV light
through the near-infrared light.*®

It is considered that the GR, GO, or RGO introduced into
the nanocomposites mainly acts to promote the separation of
charge carriers and transport of photogenerated electrons,
which is responsible for the enhancement of photocatalytic
performance. To explain the experimental results, GR, GO or
RGO is generally assumed to be the electron shuttle to carry
excited electrons from the semiconductors.””** The first-
principle calculations conducted by Gao™ provide a theoretical
support: there is a significant charge transfer from anatase
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TiO,(001) plane to the GR at the ground electronic state.
Using large-scale ab initio calculations, however, Du et al.
reveals that the function of GR is to sensitize TiO,,*' supported
by another theoretical study.*> Other theoretical studies
available to date on GR-semiconductor or carbon-semi-
conductor composites, including TiO,/carbon nanotube,>
TiO,/fullerene,** and Ag,;PO,/GR*® found that the charges
always transfer to semiconductors. In ZnO/GR, the charge
transfer direction depends on the kind of outermost layer atom
in ZnO.>**” The calculated band gaps of these GR-semi-
conductor composites are much smaller than those obtained by
experiments. Further investigations are thus necessary to settle
these discrepancies. Moreover, the underlying mechanisms of
the improved photocatalytic performance of GO (RGO)-
semiconductors have not been revealed so far.

In this work, the interaction of semiconductor with GR and
RGO is systematically explored via a model semiconductor of
CeO,. The choice of CeO, is motivated by its important
industrial applications (e.g, in automotive catalytic converters
to decrease pollutants from combustion exhausts®®) and
technological applications by virtue of its unique electronic
properties. Furthermore, CeO, is believed to be one of the key
materials for future hydrogen production technology, in
particular for the water—gas-shift reaction and the conversion
of ethanol and ethanol—water mixtures into dihydrogen.*”
More importantl}r, there are many experimental investigations
on CeO,/GR*™ and Ce0,/RGO,* % whereas few
theoretical studies are reported. Our results show that the
charges transfer from GR (RGO) to CeO, due to the difference
of their work functions. The amount of charge transferred is
proportional to the concentration of O atoms absorbed on a
RGO sheet. Thus, the interaction between CeO, and RGO is
much stronger than that between CeO, and GR, and weakens
as the concentration of O atom on the RGO sheet decreases.
The interaction variation can be attributed to the change of the
average equilibrium distance between the interfaces. The
stronger interaction between semiconductor and RGO is
expected to be general, as evidenced by the results of two
paradigms of TiO, and Ag;PO, coupled with GR and RGO.
The change of band structures with the interaction can
rationalize the UV—vis spectra and photocatalytic properties
obtained by experiments.

2. COMPUTATIONAL DETAILS

Our density-functional theory (DFT) calculations are ;)erformed by
using the Vienna ab initio simulation package (VASP) % based on
DFT with the projector augmented wave (PAW) method.>® Local
density approximation (LDA)*® is adopted because long-range van der
Waals (vdW) interactions are expected to be significant in the systems.
However, LDA has been generally known to underestimate the band
gap of semiconductor, resulting into an overestimate for photoinduced
electron transfer in photocatalytic processes. To get the correct band
gap, all of the theoretical calculations are performed using the DFT/
LDA+U method. We performed extensive tests to determine the
appropriate U parameters, which reproduced the correct energy gap
(3.2 eV) for cubic CeO,. The appropriate Hubbard U values for Ce 4f
and O 2p are 9.0 and 4.5 eV, respectively. The kinetic energy cutoff is
500 eV for the plane wave basis. Brillouin zone integrations are used
on grids of 3 X 3 X 1 and 5 X 5 X 1 Monkhorst—Pack k-points®” for
geometry optimization and calculating the density of states,
respectively. The symmetry unrestricted optimizations for geometry
are performed by using the conjugate gradient scheme until the
Hellman—Feynman force is smaller than 0.01 eV/A. The vacuum
space perpendicular to the CeO,(111) surface is around 15 A, which is
enough to separate the interaction between periodic images.

It should be pointed out that (semi)local exchange-correlation
functionals employed in standard DFT calculations lead to unphysical
delocalization of lone pairs from the oxygen atoms in oxygen-
terminated zigzag GR nanoribbons due to self-interaction errors.®
Fortunately, the systems investigated here do not contain electron lone
pairs. On the other hand, the quantitative prediction for the chemical
and physical properties of CeO, requires an accurate description of the
f states. Several groups have compared the results obtained by different
DFT methods,” " including the local spin density (LSDA), LDA+U,
generalized gradient (GGA) approximations, Perdew—Burke—Ernzer-
hof (PBEO), and Heyd—-Scuseria—Ernzerhof (HSE) hybrid func-
tionals. The calculated structural parameters, band gap, and the levels
in the vicinity to Fermi level obtained from LDA+U, PBEO, and
HSE06 are in agreement with each other and coincided with
experimental results. Considering the very large system here (more
than 400 atoms), we choose the DFT/LDA+U method. It is worth
noting that using the chosen Hubbard U values, we can reproduce the
correct lattice parameters and energy gap (3.2 eV) for cubic CeO,
(Figure S1 Supporting Information). Moreover, the position and
width of the Ce 4f and O 2p bands are in good agreement with the
experiment and previous calculations. This indicates that the DFT/
LDA+U computations can correctly characterize the Ce 4f and O 2p
states. For comparison, we also calculate the electronic structure of a
small model using the HSE06 method, which gives the same
conclusion as those from the LDA+U method.

3. RESULTS AND DISCUSSION

The CeO,/GR composite is first investigated. To construct the
periodic interface, we choose a very large (5 X S)
stoichiometric cubic CeO,(111) surface slab (nine layers)
containing 150 O atoms and 75 Ce atoms, among which the
three bottom layers are fixed at the bulk position, matching an
(8 X 8) GR sheet (128 C atoms), as shown in Figure 1a,b. This
gives rise to minor compressed deformation of GR, resulting
into a 2.8% lattice mismatch. The calculated equilibrium
distance between the GR sheet and the top of CeO,(111)
surface is 2.96 A, which is in consistent with those in other GR-
semiconductor composites.*>”” After optimization, the GR
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Figure 1. (a) Top and (b) side view of the simulated interface between
GR and the cubic CeO,(111) surface model. Gray, red, and purple
spheres represent C, O, and Ce atoms, respectively. DOS for an (c)
isolated GR sheet and (d) CeO,(111)/GR composite (the magenta
and blue lines are for GR and CeO,(111), respectively). The DOS of
GR in the CeO,(111)/GR composite is amplified 3 times for the eyes.
The Fermi level is set to zero.
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sheet is quite flat, indicating that the CeO,(111)/GR
interaction is indeed vdW rather than covalent, in accordance
with previous studies.>>*”

To explore the interaction between CeO, and GR, we have
calculated the density of states (DOSs) of individual CeO, and
GR sheet before and after the formation of the hybrid interface,
as shown in Figure 1c,d. The calculated band gap (between the
occupied 2p band of O and unoccupied empty 4f band of Ce)
of pure CeO, is 3.2 eV, which is in agreement with the well-
established experimental value (Figure S1, Supporting
Information). Figure lc shows that the monolayer graphene
sheet is a zero-gap semiconductor; therefore, GR cannot be
used directly in many applications such as photocatalysis and
field-effect transistors. Upon the formation of a hybrid interface,
the band gap of CeO,(111)/GR is about 0.48 eV. The
interaction between CeO, and GR induces a band gap opening
right at the Dirac point of GR, and the Fermi level is up-shifted
by around 1.5 €V relative to the VBM of CeQ,(111) surface
(Figure 1d). However, their interaction is not strong enough to
effectively change the electronic structure of the CeO,(111)
surface in the absence of covalent bonding. Compared to the
pure CeO,(111) surface (Figure S1b, Supporting Information),
the band gap (3.15 eV) of CeO,(111) in CeO,/GR hybrid has
only slight variation. The weak coupling can further confirmed
by Bader charge analysis, which shows that a small charge
transfer of only 0.001 e per C atom from GR to the CeO,(111)
surface.

Closer inspection to Figure 1d reveals that the band edges of
GR nest into the band gap region of CeO,. In photocatalysis,
such band alignment is not beneficial for the separation of
photogenerated electron—hole pairs. When the incident light
illuminates on the CeO,, electrons are excited to the
conduction band (CB) and subsequently transferred to the
CB minimum (CBM) of GR. Meanwhile, the photogenerated
holes transfer to GR as well due to the lower valence band
maximum (VBM) of CeO,. As a result, the photogenerated
charge carriers do not separate at the interface but recombine
readily on the GR sheet. Therefore, the GR might act as
recombination centers and degrade the photocatalytic activities
of CeO,/GR composite. The results can reasonably expound
the experimental reports that the CeO,/GR composites have
various superior performances (e.g, supercagacitor perform-
ance,*' higher photoluminescence efficiency,* and the anode
material for lithium ion battery*>**), rather than photocatalytic
properties.

Recent experiments have demonstrated that the CeO,/RGO
composites display much higher catalytic activity than pure
Ce0,.***9%%3 "To uncover the mechanism, the electronic
structures of CeO,/RGO composites are studied. We first
consider RGO with C/O atomic ratio of 2. The CeO,(111)/
RGO composite can be obtained by fully adsorbing the O atom
on the two parallel edges (P and P* in Figure 2a) of
honeycomb lattice in CeO,(111)/GR (Figure 2a,b). The whole
system contains 417 atoms with 2696 valence electrons. After
the geometry optimizations, the flat C atom layer suggests that
the Ce0,(111)/RGO interaction is also vdW rather than
covalent. The equilibrium distance (2.81 A) between RGO and
the top of CeO,(111) surface is smaller than that of CeO,/GR,
indicating that the interaction between RGO and CeO,
becomes stronger. The stronger interfacial adhesion of CeO,/
RGO is also reflected by more charge transfer: Bader charge
analysis shows that 0.36 e per C atom transfers from RGO to
the CeO, and O atom in RGO.
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Figure 2. (a) Top view of one-quarter of the calculated RGO cell.
Selected adsorption positions for the second O atom with respect to
the first fixed O atom (F), are indicated by P, T, and P* in RGO. (b)
Side view of the simulated interface between the CeO,(111) surface
and the RGO (O/C = 1/2) model. Gray, red, and purple spheres
represent C, O, and Ce atoms, respectively. DOS for an (c) isolated
RGO sheet and (d) CeO,(111)/RGO composite (the magenta and
blue lines are for GR and CeO,(111), respectively). DOS for
individual species for the (e) RGO and (f) CeO,(111). The vertical
dashed lines indicate the Fermi level.

The discrepancy of interactions in CeO,/GR and CeO,/
RGO can be visualized (Figure 3ab) by three-dimensional

charge density difference of Ap = pceo,(111)/6r(RGO) — Pceoy(111)
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Figure 3. 3D Charge density differences for (a) CeO,(111)/GR
composite and (b) CeO,(111)/RGO (O/C = 1/2) composite. The
yellow and cyan regions represent charge accumulation and depletion,
respectively; the isosurface value is 0.0006 e¢/A>. (c) Planar averaged
charge density difference for (blue) the CeO,(111)/GR composite
and (green) the CeO,(111)/RGO composite as a function of position
in the z-direction. The horizontal dashed line indicates the location of
the top layer of the CeO,(111) surface. The plots show that charge
transfer occurs significantly between the CeO,(111)/RGO composite
over that of CeO,(111)/GR composite.
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— PGR(RGO) where PCe0,(111)/GR(RGO)r P CeO,(111) and PGR(RGO)
are the charge densities of the composite, CeO,(111) surface,
and free-standing GR(RGO) in the same configuration,
respectively. Figure 3a renders that charge redistribution mostly
occurs at the CeO,/GR interface region, while there is almost
no charge transfer to the CeO, farther from the interface. In
contrast, for the CeO,/RGO interface, charge redistribution
takes place in the whole RGO and several atomic layers in
CeO, besides the interface due to a strong donor—acceptor
interaction, leading to a large amount of charge transferred. The
plot also directly reflects the hybridization between the in-plane
Py orbital of O atom and the out-of-plane p, frontier orbital of
GR. Figure 3c displays the planar averaged charge density
difference along the direction perpendicular to the CeO,(111)
surface, which can provide quantitative results of charge transfer
and redistribution. The horizontal dashed line is the position of
the top layer of the CeO, surface. The positive values denote
electron accumulation, and negative values represent electron
depletion. This plot further confirms that efficient charge
transfer occurs in both cases, despite the fact that the
transferred charge amount in the CeO,/RGO interface is
much greater than that in the CeO,/GR interface.

To gain insight into the origin of enhanced photocatalytic
activity of CeO,/RGO composites, we present the DOSs of
individual CeO, and RGO sheet before and after formation of
the hybrid interface in Figure 2c,d. The RGO layer has a wide
band gap of 2.28 eV, while the band gap of CeO,/RGO is small
(0.65 eV). Such a small band gap would lead to the absorption
in the entire visible spectrum, and even in the infrared region,
and thus enhance photocatalytic activity. Most importantly,
Figure 2d indicates that different from the CeO,/GR interface,
the CeO,/RGO interface becomes a type II heterojunction,
namely, with both the valence and conduction band edges of
CeO, below the corresponding RGO counterparts, which
greatly facilitates effective separation of carriers. This is similar
to the anatase—rutile TiO, composite.”* With light illumina-
tion, the electrons at the top valence band (C and O 2p states
in RGO, Figure 2e) are excited to the CB consisting of Ce 4f
states with small O 2p states mixing (Figure 2f), that is,
photogenerated electrons transfer from RGO to CeO,, leading
to electron—hole pair separation. Moreover, the negatively
charged O atoms on the RGO (Figure 3b) are active sites for
photocatalysis. It can therefore be concluded that the smaller
band gap, the formation of type-II heterojunction, and the
negatively charged O atoms on the RGO are responsible for the
enhancement of photocatalytic activity of CeO,/RGO photo-
catalyst.

The interaction of CeO, and RGO with an O/C atomic ratio
less than 1/2 can be demonstrated by using three typical
structures: CeO,/RGO—P, CeO,/RGO-T, and CeO,/RGO—
PP*. As one O atom is fixed at F, the other O atom is adsorbed
on position P(T) (Figure 2a). The RGO with an O/C ratio of
1/16 is denoted as RGO—P (RGO-T). The RGO—PP* (i,
the other two O atoms adsorbed on positions P and P* besides
the fixed O atom at F) has a O/C ratio of 3/16. Figure 4
illustrates the DOSs of individual RGO sheet and CeO, before
and after formation of the hybrid interface. The calculated band
gaps of RGO—P, RGO-T, and RGO—PP* are 1.1, 0.29, and
0.96 eV, respectively. Interestingly, upon formation of an
interface, the band gaps of the corresponding composites
become 1.1, 0.31, and 0.51 eV, respectively. This indicates that
the concentration or position of the O atom in RGO can tune
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Figure 4. DOS for (a) RGO—P sheet, (b) RGO—-T sheet, (c) RGO—
PP* sheet, (d) CeO,(111)/RGO—P composite, (e) CeO,(111)/
RGO-T composite, and (f) CeO,(111)/RGO—PP* composite. The
DOSs of the isolated sheets are presented in green lines, and those of
individual RGO (O/C < 1/2) and CeO,(111) are plotted in magenta
and blue lines, respectively. The vertical dashed lines indicate the
Fermi level.

the band structure of CeO,/RGO, that is, interaction between
CeO, and RGO.

The analysis of the charge transfer following the formation of
the CeO,/RGO interface (Figure S2, Supporting Information)
reveals that once O atom is adsorbed on GR to form RGO, the
interaction between them will be reinforced. Moreover, the
amount of efficient charge transfer in the CeO,/RGO interface
increases as the concentration of O atoms in RGO rises (Figure
S2c, Supporting Information). The band alignment of CeO,/
RGO interfaces (the three lower panels of Figure 4) suggests
that the CeO,/RGO—PP* composite is the most appropriate
photocatalyst due to its small band gap and the orbital
hybridization between CeO, and RGO in the vicinity of Fermi
level.

The experimentally measured UV—vis spectra of CeO,/RGO
nanocomposites****>%> show the absorption edges at 400 nm,
corresponding to the optical band gap of 3.10 eV. A close
analysis to Figure 4 sheds a brilliant light on these roughly
identical results. Just like the DOS of CeO,/RG, the band
edges of RGO also nest into the band gap region of CeO,
(Figure 4). The band gap of CeO,(111) surface coupled to
RGO is about 2.90 eV, and some intermediated levels appear in
the band gap of the CeO,/RGO—P and CeO,/RGO—PP*
systems. Because the states in the bottom of the CB and the top
of the VB from the RGO are quite low (see the lower panels of
Figure 4), the values of corresponding matrix elements in
equation of the imaginary part of the dielectric function are very
small, which results in very weak optical absorption in the
visible-light region. Therefore, the intrinsic band gap of CeO,
in CeO,/RGO systems has a slight change, indicating that the
electron transition from O 2p at the VB to Ce 4f at the CB is
the dominant process under UV—vis irradiation, leading to a

slight red-shift of the absorption edges (Figure S3, Supporting
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Information). In most experiments, the GR (RGO, GO) in the
semiconductor composites is obtained using natural flake
graphite, rather than exfoliated graphite, as a starting material
by thermal, chemical, or electrochemical treatments. Naturally,
the GR-based semiconductor composites have a mixed
distribution of GR, GO, and RGO with various C/O ratios.
Therefore, the measured UV—vis spectra of CeO,/GR(RGO)
nanocomposites are the superimposition of those of CeO,/GR,
Ce0,/GO, and CeO,/RGO. This can expound the UV—vis
spectra difference between model calculations and experiments.

The charge transfer at the GR-semiconductor interfaces is
generally rationalized in terms of the difference in their work
functions.>' 7***' To understand the origin of different charge
transfer in the interfaces discussed above, the work functions
for the CeO,(111) surface, GR, RGO, RGO—P, RGO-T, and
RGO—-PP* layers have been calculated by aligning the Fermi
level relative to the vacuum energy level, as shown in Figure Sb.
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Figure 5. (a) Three-dimensional charge density differences for a RGO
(O/C = 1/2) sheet. (b) Variations in average distance between
RGO(GR) and CeO,(111) surface and the work function of system
with different C/O ratios in RGO. The horizontal dashed line
indicates the work function of the CeO,(111) surface.

The work function of the CeO,(111) surface is 6.18 eV, larger
than those of GR (RGO). Compared to that of RGO, the GR
sheet has the smallest work function, i.e., 4.55 eV, in agreement
with previous studies.>**!' When O atom is adsorbed on GR,
the work function increases: those of the RGO—P, RGO-T,
RGO—PP*, and RGO layers are 5.12, 5.09, 5.13, and 5.18 €V,
respectively, demonstrating that the concentration or position
of O atom in RGO has little effect on its work function.
Apparently, the difference of work functions between the
CeO,(111) surface and the GR layer is greater than that
between the CeO,(111) surface and the RGO layer. Thus, the
spontaneous interfacial charge transfer from GR(RGO) to
CeO, can be rationalized by the higher work function of the
Ce0,(111) surface. But, the amount of charge transferred at
the interface does not hinge on the difference of work
functions.

The amount of charge transferred at the interface is the key
factor for converting light energy into electricity or fuels, and its
origin is still challenging. We have calculated the average
distance, d, between the top of the CeO,(111) surface and all of

the carbon atoms, as displayed in Figure 5b. When the O/C
ratio is smaller than 1/2, the carbon atom layer in RGO
interfaced with CeO,(111) surface is undulated, and the typical
case is the CeO,/RGO—P interface (Figure S4 a, Supporting
Information). This is reasonable from the fact that even the
suspended graphene sheets are not perfectly flat; as reported,
“they exhibit intrinsic microscopic roughening such that the
surface normal varies by several degrees and out-of-plane
deformations reach 1 nm”.%° Figure S shows that the average
distance, d, is 2.962 A in the CeO,/GR interface, decreases with
the O/C ratio in the CeO,/RGO interface, and finally reaches
the smallest value of 2.81 A as O/C = 1/2. The CeO,/RGO—P
and CeO,/RGO-T interfaces with the identical O/C ratio of
1/16 have the same value of d. The change trend of d is
opposite to that of the amount of charge transferred at the
interface: the smaller average distance, d, the more amount of
charge transferred. One can therefore conclude that the amount
of charge transferred at the GR(RGO)-semiconductor interface
depends on the average distance, d, between them, and the
smaller average distance results in stronger interaction. The
shorter average distance, d, can be attributed to the enhanced
vdW force between CeO, and RGO, hence the charge
distribution fluctuations of RGO sheet, as shown in Figure Sa.

In support of the given argument, we have recalculated all
models discussed above by using a relative smaller supercell (a
2 X 2 CeO,(111) surface interfaced with a 3 X 3 GR(RGO)
sheet). The smaller model has a minor tensile deformation of
GR just opposite the larger one, only leading to a 3.7% lattice
mismatch. The conclusion made from these smaller models is
fundamentally the same as that from the larger ones. As an
example, the optimized interface structures of the CeO,(111)/
RGO interface and its total DOS and partial DOSs for RGO
and CeO,(111) surface are presented in Figure 6a—d. The total
DOS of the CeO,(111)/RGO interface and partial DOSs for
RGO and CeO, show a band gap of 0.701 eV, and the top VB
is dominated by C and O 2p states in RGO, while the bottom
CB is mainly composed of Ce 4f states mixed with some O 2p
states. This is consistent with those in the larger model. Several
studies® ' found that, compared to LDA and GGA methods,
the hybrid HSE functional gives a more consistent picture of
both the structural and electronic properties of CeO,, and in
particular, the latter can present the correct magnetic states,
whereas the former cannot. It is therefore essential to prove the
validity of the results from the LDA+U method. Because of the
high computational cost of the hybrid computations, the
smaller model of the CeO,(111)/RGO interface is chosen for
HSEOQ6 calculation. The DOSs calculated by HSEQ6 are given
in Figure 6e—g. The HSE06 and LDA+U functionals give
similar, but not identical, descriptions of the CeO,(111)/RGO
composite. One can see that the HSE06 functionals present a
larger band gap of 1.02 eV (Figure 6e), a wider lowest
unoccupied 4f state (Figure 6g), and a greater energy difference
between the lowest 4f state and 5d state of CeQ,, as well as a
lager band gap of RGO (Figure 6f). These results are in
agreement with those reported by Da Silva et al.% 1t is,
however, very important for us to note that the components of
the upper VB and the bottom CB of the CeO,(111)/RGO
composite are same for both LDA+U and HSE06 functionals.
Therefore, the conclusion given above is reasonable and
reliable, independent of computational methods.

The interaction between CeO, and RGO being stronger than
that between CeO, and GR is expected to be general in GR-
based semiconductor composites. TiO, and Ag;PO,, as two
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Figure 6. (a) Optimized interface structure: a (2 X 2) CeO,(111) surface interfaced with a (3 X 3) RGO sheet; (b and e) calculated DOS of (red)
RGO and (black) CeO,(111) surface. Calculated PDOS of (c and f) RGO and (d and g) CeO,(111) surface. The curves in (b, ¢, and d) are
obtained by using LDA+U method, and those in (e, f, and g) are obtained by using HSE06 method. The vertical dashed lines indicate the Fermi

level.

paradigms, are chosen to study the coupling between
semiconductor photocatalyst and GR(RGO). For this kind of
composite, the coupling strength can be reflected by the extent
of charge transfer at the interfaces, that is, the more charge
transfer, the stronger coupling is. Figure S5 (Supporting
Information) shows that the amount of charge transferred at
the TiO,/RGO interface is much larger than that at the TiO,/
GR interface. This situation for the Ag;PO,/RGO composite is
more pronounced compared to the Ag;PO,/GR interface
(Figure S6, Supporting Information). The greater charge
transfer indicates that the RGO layer shows stronger
interaction with the surface of semiconductors. These results
provide convincing evidence that the coupling strength
between semiconductor and RGO is stronger than that
between semiconductor and GR.

More recently, the interactions of semiconductor—semi-
conductor and semiconductor—metal photocatalysts are
reviewed.®® In the photocatalysis, the charge transfer is a
dynamical process. It is therefore of great importance to study
the mechanisms on charge separation and energy losses in
composite, particularly in the GR-based composites in which
charge separation competes with energy losses that can result in
rapid electron—hole annihilation inside metallic GR.” Consid-
erable effort has been devoted to the dynamical process of
charge transfer in hybrid systems.®*® Thus, the excited-state
calculations are needed to deeply reveal the interaction in the
systems studied here, but they are as yet unreachable for such a
large system with more than 400 atoms.

4. SUMMARY

In summary, the electronic structure and interfacial charge
transfer have been investigated in hybrid CeO,/GR(RGO)
systems using large-scale density functional (both LDA+U and
HSE06) calculations to explore the interfacial interaction in
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GR-based semiconductor composites. The CeO,/GR compo-
site can form a potentially excellent photovoltaic solar cell
owing to a small interaction that leads to a slight charge
transfer. In contrast, due to effective charge separation across
the CeO,/RGO interface, the RGO is better than the GR as a
photosensitizer to induce greater enhancement of the visible
light photoactivity. The interfacial interaction between CeO,
and RGO is much stronger than that between CeO, and GR,
and it is weakened as the concentration of O atoms on the
RGO sheet decreases. The interaction increases as the average
equilibrium distance between the interfaces decreases. The
stronger interaction between semiconductor and RGO is
expected to be general, which is further verified by the results
of two paradigms of TiO, and Ag;PO, coupled with RGO. The
interaction at the interface can alter the band structures: The
CeO,(111)/GR interface is a type-I heterojunction, making it
superior in various performances other than photocatalytic
properties. On the contrary, a type-II staggered band alignment
exists between the CeO,(111) surface and RGO. The smaller
band gap, type-II heterojunction, and the negatively charged O
atoms on the RGO are responsible for the enhanced
photoactivity of the CeO,/RGO composite. This work can
rationalize the available experimental results and enriches our
understanding on the interaction of GR-based composites for
developing high-performance photocatalysts and solar cells.
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