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A nanocomposite of ZnV2O6 with hierarchical flower-like structure hybridized with reduced graphene oxide (rGO) was fabricated
using a facile hydrothermal approach. The structure, morphology, optical and electronic properties were explored using comprehensive
analytical techniques. The results revealed that the rGO sheets were decorated with the in situ-formed ZnV2O6 nanoparticles yielding
a well-combined composite structure. The photocatalytic activity of as-prepared ZnV2O6/rGO hybrids is 2.48 times larger than that
of pristine ZnV2O6 for the degradation of Rhodamine B (RhB). In parallel to the experimental results, the basic mechanisms of
interfacial interaction, charge transfer/separation and subsequently their influence on the photocatalytic activity were theoretically
studied by first-principles calculations. The photocatalytic enhancement is attributed to efficient interfacial electron transfer from
ZnV2O6 to rGO, leading to a prolonged lifetime of photoinduced charge carriers. We anticipate that these results will lead to new
insights in the judicious design of graphene-based semiconductor photocatalysts.
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Manuscript submitted February 15, 2018; revised manuscript received April 6, 2018. Published May 5, 2018.

The increasing demand for energy and the adverse effects on the
environment caused by excessive use of fossil fuels are humanity’s
greatest challenge in the 21st century. Semiconductor-based photo-
catalysis holds great promise as a low-cost and feasible technology in
applications such as hydrogen generation, degradation of pollutants
and air purification.1–3 Titanium dioxide is known as one of the best
photocatalysts, due to its strong redox ability, nontoxicity and excel-
lent stability toward photocorrosion. However, it suffers from rapid
recombination rate of charge carriers and unsatisfactory absorption
performance because of its wide bandgap, which limits light harvest-
ing to the UV region.4,5 Thus, the development of narrow band-gap
photocatalysts is widely pursued.6–8

In recent work,9 we performed first principles calculations using
density functional theory (DFT) for monoclinic ZnV2O6 structure and
concluded that this photocatalyst has great potential for solar technolo-
gies. According to our calculations at band extremes, the hole transfer
in the valence band of ZnV2O6 is faster than electron migration at
the conduction band. The combination of a photocatalyst with two-
dimensional carbon sheets is considered as an efficient strategy to
enhance the photocatalytic activity due to the exceptional properties
of graphene such as high surface area, high electrical conductivity
(106 S cm−1), high carrier mobility (200000 cm2 V−1 S−1) and effi-
cient electron collection and transport.10,11 The plane of carbon atoms
in graphite oxide is decorated by oxygen-containing groups making
the atomic-thick layers hydrophilic. Therefore, these oxidized layers
can be easily exfoliated in water and form graphene oxide (GO) if they
include only one or few layers like graphene. GO is the intermediate
state between graphite and graphene and can be reduced to graphene-
like sheets by removing oxygen functionalities with the recovery of the
conjugated structure.12 Numerous reports have focused on the integra-
tion of graphene-based materials and a semiconductor, such as TiO2,13

Nb2O5,14 BaTiO3
15 and Fe3O4,16 demonstrating nanocomposites with

superior photocatalytic performance. For instance, Jabeen et al.17 have
successfully developed a simple suitable UV-assisted photocatalytic
reduction method to prepare ZnO/rGO photocatalysts. The obtained
nanocomposite exhibited an enhanced photocatalytic performance for
the degradation of methylene blue (∼80%) as compared with pure
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ZnO nanoparticles (∼68%) thanks to the prolonged recombination
time of electron-hole pairs. Ding et al.18 have also reported that the
organic compound removal rate over the CaIn2S4/rGO nanocompos-
ite can reach about 55% after 60 min irradiation, while the degraded
phenol by pure CaIn2S4 photocatalyst was less than 25%.

Here we build on our recent computational results to design and
synthesize a composite photocatalyst with enhanced performance.
Specifically, we report experimental results on the one-pot hydrother-
mal synthesis of rGO incorporated with ZnV2O6 and the photocat-
alytic properties of this nanocomposite for the degradation of RhB.
We anticipate that the reduction of GO to rGO, the in situ deposi-
tion of synthesized ZnV2O6 particles on the carbon nanosheets, and
the formation of ZnV2O6/rGO nanocomposites can be obtained si-
multaneously during the hydrothermal process. In addition, to better
understand the intrinsic mechanism of enhanced photocatalytic per-
formance in the nanocomposites the interfacial interaction of ZnV2O6

and graphene was modeled and studied by ab initio technique based
on DFT calculations.

Experimental

Sample preparation.—All chemicals were of analytical grade and
purchased from Sigma-Aldrich. Graphene oxide was synthesized from
natural graphite powder using a modified Hummers method accord-
ing to previous reports.19,20 The ZnV2O6/rGO nanocomposite was
fabricated via a facile hydrothermal process. Briefly, 35 mg GO was
dispersed in 75 mL deionized water by ultrasonication to obtain a ho-
mogeneous suspension. Subsequently, 0.549 g Zn(CH3COO)2 · 2H2O
(2.5 mmol), 0.585 g NH4VO3 (5 mmol) and 0.1 g sodium dodecyl ben-
zene sulfonate (SDBS) as surfactant were added into the suspension.
The mixture was stirred for 30 min and transferred to a 100 mL Teflon-
lined stainless steel autoclave. The mixture was then heated in an oven
at 220◦C for 4 h. After cooling, the mixture was centrifuged to collect
the dark yellow product and washed with 1:1 ethanol-deionized water
mixture and finally dried at 110◦C in oven for 2 hours. Pristine ZnV2O6

was also synthesized through the same procedure without GO.

Characterization.—X-ray diffraction (XRD) patterns were
recorded using a France Intel. (EQuinox 3000) Diffractometer with a
Cu Kα source. Raman spectra measurements were carried out using
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Figure 1. (a) XRD patterns and (b) Raman spectra of as-prepared samples; the inset shows the unit cell of monoclinic ZnV2O6 structure.

a Bruker SENTERRA dispersive microscope. The morphology and
microstructure of the samples were characterized by field emission
scanning electron microscopy (FE-SEM; model Mira 3) equipped
with the energy-dispersive X-ray spectroscopy (EDS) analysis. Trans-
mission electron microscopy (TEM) images were acquired with a
JEOL 2010 microscope after placing the particle solution on a carbon-
coated copper grid followed by drying the sample. The UV-vis absorp-
tion spectra were detected using a UV-vis spectrophotometer (JEN-
WAY 6715 UV-Vis) in water solution. The surface area and pore
size distributions were conducted on the basis of nitrogen adsorption
isotherms measured at 400◦C according to Barrett-Joyner-Halenda
(BJH) method. X-ray photoelectron spectroscopy (XPS) was carried
out on a Physical Electronics PHI Quantera SXM system operated
with an Al Kα X-ray source. Electrochemical impedance spectra (EIS)
were measured using an AUTOLAB PGSTAT302N spectrometer in
a three electrode configuration. The working electrodes were fab-
ricated by dispersing 95 wt% as-synthesized materials and 5 wt%
poly(vinylidene fluoride) binder in N-methyl-2-pyrrolidone solvent.
The resultant slurries were spread on a conducting fluorine-doped
SnO2 glass substrate by the doctor blade technique and dried at 110◦C
for 4 hours. The applied bias voltage was set at open-circuit voltage
with AC amplitude of 10 mV in the frequency range of 0.1 Hz–
100 kHz. The photocatalytic activity of as-prepared nanomaterials
were measured by monitoring the adsorption and degradation of RhB
under a 300 W Xe arc lamp irradiation with an illumination intensity
of 400 mW/cm2. Before analysis of the photocatalytic reaction, the
prepared suspension was magnetically stirred for 15 min in the dark
to ensure the establishment of an adsorption-desorption equilibrium
between photocatalysts and the dye molecules. The concentration of
RhB and photocatalyst were set as 20 mg/L and 1 g/L, respectively.

Models and computational details.—First-principle DFT calcula-
tions were performed using the Cambridge Serial Total Energy Pack-
age (CASTEP) code based on the total-energy plane-wave pseudopo-
tential approach.9,21 Three-dimensional periodic boundary conditions
were employed for construction of the composite system. A 4 × 4
single graphene layer is adopted to match a 2 × 2 × 2 atomic layer
stoichiometric a ZnV2O6 (1 1–1) surface slab where the bottom layer
fixed at bulk position in a super-cell (18.5302 × 7.0484 × 13.1778
Å3). If the crystal lattice mismatch is considerable, the interface would
be unstable due to the large interfacial stress. The generalized gradi-
ent approximation (GGA) in the Perdew-Burke-Ernzerhof (PBE)22

correlation gradient correction was used to calculate the energy and
electronic properties. All models were first relaxed without any sym-
metry constraint. The vacuum space was set 15 Å at Z-axis to avoid the
interactions between the periodic features. The convergence thresh-
old for self-consistent iteration was set at 10−6 eV per atom while the
convergence tolerance of force was 0.01 eV/Å. The kinetic energy cut-
off for wave function expansion and Monkhorst-Pack k-point meshes
were considered as 340 eV and 1 × 1 × 1, respectively.

Results and Discussion

Figure 1a presents the XRD patterns of GO, ZnV2O6 and
ZnV2O6/rGO samples. The diffraction lines for both ZnV2O6 and
ZnV2O6/rGO are well matched with the monoclinic ZnV2O6 phase
according to JCPDS No. 74-1262. ZnV2O6 crystallizes in the mono-
clinic structure with space group C2/m where the Zn2+ ions are oc-
tahedrally coordinated and the V5+ ions have an irregular octahedral
coordination (inset of Fig. 1a). No apparent peaks of GO are observed
in the ZnV2O6/rGO composite, suggesting that the regular stacking of
GO was likely destructed during the hydrothermal reduction process.
Due to the electrostatic repulsion and its hydrophilicity, GO sheets
can be easily dispersed in water where they exhibit negative charges
after ionization of the carboxylic acid and phenolic hydroxyl groups
on edges. The electrostatic interactions between positively charged
Zn2+ cations and GO sheets result in a strong driving force for their
combination. In the presence of VO3

−, ZnV2O6 particles were then
formed on rGO sheets under hydrothermal conditions. No character-
istic graphene peaks are detected in the hybrid material due to the low
content of rGO. The lower limit of crystallite size of ZnV2O6 was
estimated about 23 nm from the line broadening of diffraction peaks,
according to the Scherrer equation.23,24 Raman spectra of ZnV2O6

and ZnV2O6/rGO samples are shown in Fig. 1b. For ZnV2O6, the fun-
damental Raman scattering peaks were in complete agreement with
previous work.25 The two peaks around 1330 and 1590 cm−1 in the
Raman spectrum of ZnV2O6/rGO are typically assigned to the char-
acteristic of disordered carbon (D band) and graphitic structure (G
band), respectively. The D band corresponds to the A1g phonon of sp3

carbon atoms, while G band indicates the second-order scattering of
E2g mode observed from the vibration of in-plane sp2 carbon atoms.
For ZnV2O6/rGO sample the ID/IG ratio was estimated as 1.09.
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Figure 2. (a) XPS full spectrum of ZnV2O6/rGO sample and deconvoluted peaks of C 1 s (b) before and (c) after hydrothermal process.

To further clarify the composition of the as-prepared ZnV2O6/rGO
nanocomposite, XPS analysis was performed. From Fig. 2a, the chem-
ical binding energies at 1018.1, 528.7 and 515.9 eV are assigned to the
characteristic peaks of Zn2p, O1s and V2p, respectively. The reduction
of GO to rGO during hydrothermal process was also monitored by
detecting the chemical state of C species as illustrated in Fig. 2b and
Figs. 2c. The ZnV2O6/GO and ZnV2O6/rGO samples exhibited four
deconvoluted peaks at 284.6, 285.5, 286.9, and 288.9 eV, attributing
to C-sp2 bonding and the oxygenated carbon species of C-OH, C-O-
C and -COOH, respectively.26 The content of oxygenated functional
groups at 284–291 eV decreased after hydrothermal process indicating
that GO was significantly reduced to rGO. The electron transfer level
and subsequently the photocatalytic performance can be influenced
by the reduction degree of rGO.

The morphology and microstructure of ZnV2O6/rGO nanocom-
posites were characterized by FE-SEM and TEM (Figs. 3a–3c).
Flower-like ZnV2O6 microspheres homogeneously anchor on the rGO
sheets and it is expected that such a structure would enable facile
interfacial charge transfer between the photocatalyst and the rGO

sheets after exciton generation. The absorbed SDBS surfactant around
the ZnV2O6 crystals results in hierarchical flower-like framework of
ZnV2O6 through a self-assembly process.27,28 In general, photocat-
alysts with unusual structures, such as hierarchical flower-like mor-
phologies organized with two-dimensional (2D) nanosheets, possess
larger specific surface areas which can improve light absorption and
consequent photocatalytic performance.29 No free ZnV2O6 particles
are found outside of the carbon-based sheets in TEM image, indi-
cating a perfect combination between two components. In addition,
the composition of the ZnV2O6/rGO sample was identified by EDS
(Fig. 3d), revealing the presence of elemental Zn, V, O and C in the
composites, thus confirming that the obtained composite consists of
rGO and ZnV2O6.

The surface area and porosity of the ZnV2O6/rGO composite were
investigated by N2 adsorption and desorption analysis. From Fig. 4a,
the sample reveals a type-IV isotherm with a hysteresis loop in the
relative pressure range of 0.7–1.0, implying the presence of inhomo-
geneous mesopores due to the interstitial space between the nanopar-
ticles and the rGO sheets.30 The pore size distribution curve (Fig. 4b)

Figure 3. (a,b) FE-SEM and (c) TEM images and (d) EDS spectrum of ZnV2O6/rGO nanocomposite.
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Figure 4. (a) N2 adsorption-desorption isotherm and (b) BJH pore-size distribution of ZnV2O6/rGO nanocomposite.

calculated from the adsorption branch by the BJH method reveals that
the mesopore size mainly falls in the 5–15 nm range. Furthermore, the
ZnV2O6/rGO nanocomposite has a relatively high surface area (73.26
m2 g−1) which can increase the number of photocatalytic reaction
centers.

Figure 5a displays UV-vis diffuse reflectance spectra acquired from
the ZnV2O6 and ZnV2O6/rGO samples. Both as-synthesized samples
absorb in the visible region with an absorption edge at about 475 nm,
corresponding to a bandgap of 2.5 eV based on the Tauc equation.
This value is within the range reported for V2O5 (2.12 eV) and ZnO
(3.3 eV)31,32 and in relative agreement with our first-principles calcu-
lations (2.31 eV).9 Ab initio techniques often underestimate bandgap
values, since DFT calculations do not take into account the discon-
tinuity in the exchange-correlation potential.33 The enhancement of
visible light absorption for ZnV2O6/rGO nanocomposites is mainly
attributed to the background absorption of graphene-based materials.
Also, the end of the absorption band-edge exhibits almost no change
in the hybrid structure, indicating that the introduction of rGO has
little effect on the bandgap value of ZnV2O6. Since the photocatalytic
activity of a catalyst can be influenced by the transfer process of the
photo-generated electrons, we analyzed as-prepared photocatalysts
using EIS. Figure 5b displays typical Nyquist plots of ZnV2O6 and
ZnV2O6/rGO samples. In these plots, the semi-circle resistance in the

high-middle frequency is attributed to charge transfer resistance. The
arc radius of the ZnV2O6/rGO plot is considerably smaller compared
to the one of ZnV2O6, implying that the presence of rGO can suppress
charge recombination thanks to the fast interfacial electron transfer
between ZnV2O6 clusters and rGO sheets.

The photocatalytic activity was evaluated through the degrada-
tion of RhB in an aqueous solution, as depicted in Fig. 6a. The
self-degradation of RhB after 120 min irradiation is almost negli-
gible (∼6%). When ZnV2O6 powders were inserted in the solution,
the degradation of RhB increased to 48% after irradiation for 2 h.
It indicates a comparative photocatalitic activity of ZnV2O6 rather
than many photocatalysts have been suggested for degradation of
RhB before.34-36 In addition, the introduction of rGO can consider-
ably enhance the photocatalytic performance of ZnV2O6. Consider-
ing the pseudo-first-order model, the rate constant for ZnV2O6/rGO
nanocomposite to remove RhB is about 13.9 × 10−3 min−1, which is
2.48 times larger than that of pristine ZnV2O6 (Fig. 6b).

To elucidate the mechanism of enhanced photocatalytic activity
and explore the interfacial properties, we performed first-principles
DFT calculations for hybrid materials. The representative views of an
interfacial model for ZnV2O6 slab and a graphene layer adopted in our
simulation are depicted in Fig. 7. At first, the lattice of bulk monoclinic
ZnV2O6 and graphene was optimized. The interfacial adhesion energy

Figure 5. (a) Diffuse reflectance spectra and (b) EIS Nyquist plots of ZnV2O6 and ZnV2O6/rGO photocatalysts.
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Figure 6. (a) Photocatalytic activities and (b) reaction kinetics of ZnV2O6 and ZnV2O6/rGO on the degradation of RhB.

was calculated as:

Ea = Eint − (Eg + E p) [1]

where Ea represents the adsorption energy, Eint, Eg, and Ep de-
note the total energy of optimized interface, graphene and photo-
catalyst surfaces, respectively. The calculated adsorption energy of
ZnV2O6/graphene system is −2.39 eV. The negative value implies
that this interface is stable and the process is exothermic. The steady
and nondestructive contact between graphene sheet and ZnV2O6 can
be favorable for the photocatalytic process.

To understand the details of the interaction between the ZnV2O6

plane and graphene, the partial density of states (PDOS) and the total
electronic density of states (TDOS) on Zn, V, O and C atoms were
computed along the high symmetry directions of the Brillouin zone, as
illustrated in Fig. 8 where the Fermi level (EF) was referenced at 0 eV.
According to our earlier computational report,9 the valence band (VB)
of ZnV2O6 is dominated by oxygen 2p orbitals whereas vanadium 3d
states are main constituents of conduction band (CB). After approach-
ing graphene sheet to ZnV2O6, we can observe that a predominant
hybridization of electronic charge occurs around the 2p states of oxy-
gen and carbon in VB, while the CB majorly comprise of vanadium
3d orbitals and 2p orbitals from graphene. Therefore, electrons in the
O 2p and V 3d levels are likely to be directly transferred into C 2p or-
bital due to the intense hybridization with graphene, which constitute
the major electron density component of the low-lying conduction
band states. In addition, the hybridization between the photocatalyst
and graphene leads to a significant decrease in ZnV2O6 bandgap at
the interface where the O 2p and V 3d levels extend because they
are in the vicinity of EF from the two directions of the VB and CB.
Thus, it is expected that the introduced states near the Fermi level
greatly improve the charge carrier mobility and subsequently prolong
the recombination time of electron-hole pairs.

The band edge energies and work function (WF) were calculated
to evaluate the energy level match between the two components for
charge transfer and its probability in the heterostructured interface.
We estimated band edge positions for ZnV2O6 photocatalyst at the
point of zero charge (ZPC) according to a semi-empirical equation
using the absolute electronegativity of the atoms and the bandgap as
follows:37,38

EV = 0.5Eg + χ − Ee [2]

EC = EV − Eg [3]

where Eg is the bandgap and Ee is the scale factor relating the reference
electrode redox level to the vacuum level (Ee ≈ 4.5 eV for normal
hydrogen electrode (NHE)). Also, the absolute electronegativity, χ, is
the geometric mean of the electronegativities of the constituent atoms
defined by:

χ ≈
(∏P

k=1
χk

)1/P

[4]

where P is the number of atoms in the crystal. The absolute elec-
tronegativity of ZnV2O6 without considering the crystal structure and
surface polarizations is 6.03, respectively, computed from experimen-
tal electronegativity values (Zn = 4.45 eV, V = 3.6 eV and O =
7.54 eV).39 Therefore, the CB and VB edge potentials of ZnV2O6 are
about 0.235 and 2.825 V with respect to the NHE at pH = pHZPC. The
WF which is the required energy to remove electrons from a surface
can be calculated by:40

φ = Evac − EF [5]

where Evac denotes the energy of a stationary electron in the vacuum
nearby the surface and EF is the Fermi level defined as the ground
state electronic structure. Figure 9 presents the electrostatic potentials
for graphene, bare ZnV2O6 layer and the ZnV2O6/graphene interface.

Figure 7. Model for simulating the interface between graphene and
the monoclinic ZnV2O6 (1 1 −1) surface: (a) side view and (b) top
view.
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Figure 8. (a-d) PDOS and (e) TDOS on Zn, V, O and C atoms (f) along the high symmetry directions of the Brillouin zone in the ZnV2O6/graphene interface.

The work functions of isolated ZnV2O6 and graphene are 6.522 and
4.301 eV, respectively. Since the EF of ZnV2O6 is more positive than
that of graphene, it can be inferred that electrons flow from graphene
(lower WF) to ZnV2O6 (higher WF) after contact of two components.

Figure 9. The electrostatic potentials for (a) graphene, (b) ZnV2O6 (1 1 −1)
layer and (c) ZnV2O6/graphene interface.

It subsequently levels up the potential energy at the interface and
also builds up an n-type-like Schottky barrier by about 1.1 V (Fig.
10). As a consequence, the WF of the ZnV2O6/graphene heterojunc-
tion would be 5.418 eV. This result was confirmed by Mulliken charge
population analysis.41 The Mulliken charges for six carbon atoms lo-
cated on the hexagon structure of a graphene layer were calculated
as −0.1, −0.04, −0.06, −0.08, −0.07 and −0.11e. All C atoms in
pure graphene had a Mulliken charge of 0 electrons, while every C
atom owed a negative Mulliken charge nearby the ZnV2O6 slab, in-
dicating a charge transfer process from the photocatalyst’s plane to
the graphene layer at the ground electronic state. Therefore, the Fermi
levels shift in the negative and positive directions for ZnV2O6 and
graphene, respectively, until they become equal. In these conditions,
the CB and VB of ZnV2O6 are slightly pulled in the negative direction,
and then form a downward band bending near the interface. After irra-
diation, the electrons are excited from the VB to the CB of the ZnV2O6

by the absorbed photons, forming electron-hole pairs. The photoex-
cited electrons can flow into graphene via a percolation mechanism42

through which they are trapped in graphene and cannot migrate back to
ZnV2O6. The n-type-like Schottky junction encourages the movement
of electrons from the photocatalyst toward graphene and leaves holes
in the ZnV2O6, facilitating the separation of photogenerated carriers.
Since the standard redox potentials of O2/•O2

− (−0.28 V vs. NHE)
and H2O/•OH (−0.83 V vs. NHE) are more positive than the CB
potential at the interface, the electrons can be scavenged easily by the
adsorbed O2 and H2O molecules to form superperoxide radical anions
•O2

− and •OH, respectively.43,44 These strong oxidizing species can
then effectively damage the conjugated structure of organic dyes. On
the other side, the VB potential (1.721 V vs. NHE) is less positive than
the standard redox potential of •OH/OH− (1.99 V vs. NHE), implying
that the photogenerated holes in the VB of the ZnV2O6 layer cannot
oxidize OH− into •OH free radicals. However, the VB edge is more
positive than the redox potential of RhB (1.43 V) which can result
in direct oxidation of RhB by the photogenerated holes. Hence, it is
expected that rGO as a solid-state electron mediator leads to efficient
charge separation and prolonged recombination time of electron-hole
pairs.
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Figure 10. Diagram of the possible mechanism for photo-degradation of RhB over the ZnV2O6/rGO nanocomposites according to the band edge positions before
and after contact.

Conclusions and Perspectives

Following DFT predictions of suitable optical and electronic prop-
erties for semiconducting ZnV2O6, we synthesized this material and
tested its photocatalytic performance. Due to the anticipated limi-
tations of this material, flower-like ZnV2O6 microspheres were an-
chored on the graphene-based materials to promote interfacial charge
transfer. Using a one-step hydrothermal synthesis route, the reduction
of GO to rGO was obtained with the in situ deposition of ZnV2O6 on
the rGO nanosheets simultaneously. According to DFT calculations,
the electronic hybridization between the two components increases
charge transfer at the interface, facilitating the separation of pho-
togenerated electron and hole pairs. Therefore, compared with pure
ZnV2O6, the ZnV2O6/rGO exhibits a much higher light absorption and
photocatalytic activity toward the photodegradation of RhB, making
this nanocomposite a promising candidate for applications in environ-
mental and energy technologies. Our results point to future directions
for the design and synthesis of high performance nanocomposites for
applications in photocatalysis.
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