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ABSTRACT: We report the fabrication of one-dimensional TiO,—graphene nano-
composite by a facile and one-step method of electrospinning. The unique nanostructured
composite showed a significant enhancement in the photovoltaic and photocatalytic
properties in comparison to TiO, as demonstrated in dye-sensitized solar cells and

photodegradation of methyl orange.
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raphene, a two-dimensional nanomaterial, is attracting

widespread attention because of its remarkable properties
such as superior mechanical strength,’ excellent mobility of
charge carriers,” high thermal conductivity,® and large specific
surface area.* Graphene and its composites® found apglications
in fields such as ghotocatalysis,6 liqluid crystal displays,” lithium-
ion batteries," ' and solar cells."'~** Integration of graphene
into materials such as metal oxides and polymers render them
unique functionalities."* For example, solar cells with layered
graphene/quantum dots and graphene/TiO,/quantum dots
have been demonstrated to have good performances due to the
ability of graphene in enhancing charge collection and
transport.'>'® The extended light absorption range as well as
the improved charge separation caused by the incorporation of
graphene into TiO, have been attributed to the enhanced
photocatalysis performance.'”

Among the graphene-based composites, TiO,—graphene
composites (TGCs) have been widely studied for various
applications. TGCs with enhanced performance in lithium-ion
batteries,® ' solar cells,">'® and photocatalysis'®~>* have been
reported. So far, TiO,—graphene composites (TGCs) have
been fabricated by the methods of hydrothermal method,'>*°
molecular grafting,11 solvothermal method,'® and heteroge-
neous coagulation.”” However, most of the TiO,—graphene
composites reported have been fabricated with complicated
processes involving hydrothermal treatments, assembly of
graphene with TiO, by multistep methods, or the reduction
of the TiO,-graphene oxide composite into TiO,-graphene
composite.'*>*” For photovoltaic and photocatalysis applica-
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tions, TiO, in one-dimensional (1D) morphology is desired
compared to the spherical TiO, nanoparticles owing to
excellent mobility of charge carriers,”® high surface areas,”’
scattering more light at the red part of the solar spectrum,* and
the existence of straight pores which enhance the accessibility
of electrodes to the hole transporting materials®® and hence
enhanced charge collection and transport.**** There were only
a few reports on TGCs with 1D TiO,; however, these
employed graphitic oxide (GO)." Thus it is desirable to
develop a simple method to integrate graphene into 1D
nanostructured TiO, for enhanced photovoltaics and photo-
catalytic applications.

In this letter, we report for the first time a simple method to
fabricate TGCs by electrospinning. Electrospinning is a simple
and cost-effective technique to fabricate 1D nanostructures in
random and aligned, core/shell and hollow conﬁg.;urations.34’35
Besides the traditional 1D nanostructures of nanofibers/
nanowires, we have recently shown that a novel 1-D rice-
shaped TiO, mesostructures with single crystallinity and high
surface area could also be fabricated by electrospinning.***’
The unique mesostructures showed better photocatalytic and
photovoltaic properties than the commercial P-25 TiO, and
electrospun TiO, nanofibers. In the present case, by the
introduction of cetyltrimethylammonium bromide (CTAB)-
functionalized DMF soluble graphene®**” (see the Supporting
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Figure 1. Schematic of the fabrication of TGCs by electrospinning. A polymeric solution consisting of PVAc, dispersed graphene, acetic acid, and
TiO, precursor was electrospun to get a nanofiber mat that was subsequently sintered at 450 °C for 1 h to obtain the 1D TGC.

Information, SI-1 and SI-2 for synthesis and characterization of
graphene) into the polymeric solution for electrospinning, we
have successfully integrated graphene into the TiO,. The
obtained composites displayed enhanced photovoltaic and
photocatalytic properties compared to bare TiO, (rice grain-
shaped TiO,) as demonstrated in the applications of dye-
sensitized solar cells (DSCs) and photocatalytic degradation of
methyl orange (MO).

The synthesis procedure is presented in a schematic in Figure
1. Briefly, 0.6 mg offunctionalized graphene®® was dissolved in
N,N-dimethyl acetamide containing polyvinyl acetate (PVAc),
acetic acid, and a titanium precursor and subjected to
electrospinning. The collected PVAc—TiO,—graphene compo-
site fibers were sintered at 450 °C for 1 h to obtain the TGC
(see the Supporting Information, SI-3). Figure 2 A shows the

Figure 2. (A) SEM and (B) TEM image of TiO,—graphene composite
(TGC). (C) TEM and (D) lattice-resolved image of a single TGC.
Inset of D shows an SAED pattern showing the single crystallinity of
the TiO,.

SEM image of the TGC obtained after sintering. A well-
connected TGC network with randomly distributed rice grain-
shaped 1D TiO, mesostructures could be seen in the SEM
image. The average dimension of the TGC mesostructures was
~450 nm in length and ~150 nm in diameter. Graphene was
not directly spotted in the SEM image as this might be
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submerged into the TiO, network (as the amount of the former
being small in comparison to the latter). The composite was
further investigated by TEM. The TEM image (Figure 2B)
shows the presence of exfoliated graphene flakes and the TiO,
forming a composite. The TEM image of a single rice-like
mesostructure (Figure 2C) clearly shows that the same was
composed of small spherical particles with an average diameter
of ~20 nm, which leads to a relatively high surface area of ~62
m?*/g for the composite. Figure 2D shows the lattice-resolved
image and the SAED pattern of the TiO, in the composite,
indicating its single crystalline anatase phase with the perfect
lattice spacing of 0.35 nm [(101) anatase]. This is in agreement
with the results of the XRD pattern shown in Figure 3A. The
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Figure 3. (A) XRD pattern, (B) UV—vis spectra, (C) photo-
luminescence (PL) spectra, and (D) Raman spectra of the TiO, and
the TGC.

peaks in the XRD pattern clearly show the (101), (004), (200),
and (10S) lattice planes of the anatase TiO,. The diffraction
peak of graphene was not separately seen as the same at ~25°
(002) overlaps with the (101) diffraction of TiO,.”

The TGC was further characterized by the UV-—vis
absorption spectroscopy and photoluminescence (PL) spec-
troscopy, respectively. From the UV—vis spectra (Figure 3B),
we can see that the spectrum of TiO, underwent a red-shift of
25 nm with the incorporation of graphene indicating the
interaction between the TiO, and the graphene.?° The
enhanced absorption in the visible- and near-IR regions due
to the incorporation of graphene into TiO, would be beneficial
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for photovoltaics and photocatalysis applications of TiO,.° The
PL spectra of the TiO, and the TGC excited at 375 nm are
presented in Figure 3C. The emission peak of TiO, at around
510 nm was slightly broadened and quenched in intensity
indicating electron transfer from the conduction band of TiO,
to the graphene.'” This corresponds to an efficient charge
separation in the TGC, which would have an effect on the
photovoltaic and photocatalytic properties of the material.
Raman spectrum of TGC showed the presence of D and G
bands of graphene indicating successful incorporation of the
same into the TiO, matrix (Figure 3D). In comparison to the
functionalized graphene (see the Supporting Information, SI-
2), the increased Ip,/I; peak intensity ratio in the TGC reveals
the presence of increased defects and disorders of graphene
introduced by the integration process demonstrating the strong
interaction between the TiO, and graphene.*’

The TGC was utilized in the active layer for DSCs. The
DSCs were fabricated by doctor-blading as reported previously
(see the Supporting Information, SI-3).*® The working area of
the cells was 0.25 cm® and the thickness of the electrodes was
~11 pm (this was found to be the optimized thickness of the
electrode from several experimental trials, see inset in Figure 4A
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Figure 4. (A) I-V parameters (photocurrent and dark current), (B)
UV—visible spectra of the detached dye molecules, (C) IPCE spectra,
and (D) the EIS spectra of the different electrodes. The inset in A
shows the cross-sectional SEM image of the electrode.

for the cross-sectional SEM image of the electrode and the
Supporting Information, SI-4, for thickness-dependent photo-
voltaic parameters). To study the effect of the graphene
concentration on the performance of solar cells, TGCs with
different concentrations (0.25—0.75 wt % graphene with
respect to TiO,) were fabricated and made into electrodes, it
has been found that the 0.5 wt % was the optimum
concentration to have the better device performance (see the
Supporting Information, SI-S). The short circuit current
density—voltage (J,.—V) response is presented in Figure 4A
showing improved energy conversion efficiency of the TGC
electrode (0.5 wt %). With the introduction of the graphene
into the TiO, network, the J,. has been improved from 9.58 to
12.78 mA/cm” while maintaining the high open-circuit voltage
at 0.82 V and the fill-factor remained at ~62%. Hence, the
overall energy conversion efficiency was enhanced from 4.89 to
6.49%, which is a 33% enhancement. The dark current (arises
mainly from the recombination of charge carriers by the
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reduction of I;~ at the TiO, surfaces) characteristics were also
measured. It is evident that the incorporation of graphene did
not affect the dark current—voltage characteristics of the
electrodes much and both the electrodes showed nearly the
similar diode effect.*” Graphene being a zero band material,*!
its calculated work function is close to that of FTO (—4.22 eV
vs —4.4 eV for FTO) and therefore the apparent Fermi level of
TiO, was not affected by the incorporation of graphene. This is
the reason why the V,_ was unaffected which makes graphene a
superior candidate for photovoltaics over CNTs.'” The dye-
loading in TGC and TiO, electrodes of similar thicknesses were
1.57 X 1077 mol/cm? and 1.62 X 1077 mol/cm?, respectively
(the UV—visible spectra of the dyes desorbed from the TiO,
electrodes are given in Figure 4B). The slightly reduced dye-
loading for the TGC could be attributed to the reduced
effective mass of the TiO,. Thus, it is obvious that despite the
effective reduction in the amount of dyes, the TGC showed
superior photovoltaic parameters because of a strong role
played by the graphene in the composite. The increase in ],
with the incorporation of graphene could be attributed to the
effective charge separation and the resultant suppression of
recombination of the excited electrons with the oxidized dye
and the redox electrolyte (as evidenced from the PL spectra) as
well as the enhanced charge transport through the TGC
network. This is further evident from the incident photon-to-
current conversion efficiency (IPCE) spectra shown in Figure
4C. With nearly similar dye-loadings in TiO, and TGC, the
IPCE peak of the TGC was ~31% (from 45% to 59%) higher
than that of the TiO,. As is well-known, the most important
factors affecting the IPCE are the light harvesting efficiency,
and charge separation and collection yields.*> As the
contribution from the first parameter is negligible in the
present case because of nearly similar dye-loadings, it becomes
obvious that the 31% IPCE enhancement was mainly due to the
contribution from the latter two parameters viz. the enhanced
charge separation (as reflected in the PL spectra) and faster
charge transport and collection (see the electrochemical
impedance, EIS, data below). To get further insights on the
enhanced photovoltaic parameters of the TGCs, we collected
electrochemical impedance spectra (EIS). Figure 4D shows the
EIS of the cells measured at a bias voltage of 0.70 V under dark,
demonstrating the same results with the PL spectra. The large
semicircle at the intermediate frequency that corresponds to the
charge recombination resistance at the TiO,/dye/electrolyte
interface®™** indicates that the charge recombination was
highly retarded by the incorporation of graphene into the TiO,
network, because of a more effective charge separation (and
transport) process through the TGC network. This is further
evident from the bode-phase plots shown in the inset of Figure
4B. With the integration of graphene, the characteristic
frequency peak of the composite (which is related to the
inverse of recombination time or electron lifetime' in the
TGC matrix) shifted to lower frequency, indicating reduced
recombinations and longer electron lifetime.

The enhanced photocatalytic property of the composite was
deducted from the photodegradation of MO (see the
Supporting Information, SI-3). Among the above three
compositions of TGC, the one with 0.75 wt % graphene
showed the highest photocatalytic activity which could be
because of the enhanced adsorption of MO on the TGC. The
UV—visible spectra and a chart showing the concentration of
MO remaining after 3 h of UV-light irradiation are presented in
panels A and B in Figure 5, respectively. The typical absorption
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Figure S. (a) UV—visible spectra and (b) bar plotting of initial dye solutions and the dye solutions after 3 h irradiation in UV light. Photodegradation
of dye solutions under (a) UV light and (b) visible light (>400 nm). TiO,—graphene* denotes the physical mixture of TiO, and graphene obtained

by mechanical grinding.

feature of MO (aq. solution) at 460 nm decreased in intensity
after irradiation with TiO, and TGC, respectively, indicating
the photodegradation of MO. The enhanced photodegradation
by the composite was clearly visible from the spectra and the
chart. The concentration of MO remaining after irradiation was
18% in the case of TGC and 46% in the case of TiO,. The
digital photographs were also presented to provide a visual
evidence for the enhanced photodegradation (inset of Figure
SB) by the TGC. The TGC material was found to be reusable
several times just after sintering at 250 °C. For a comparison of
the photocatalytic properties, we have also collected data from a
TGC obtained by physical mixing of TiO, and graphene (by
grinding, denoted as TiO,—graphene* in panels C and D in
Figure S). The systematic data of the photodegradation by the
TiO,, TiO,-graphene*, and the electrospun TGC (0.75 wt %)
under the UV and visible irradiations were plotted in panels C
and D in Figure S, respectively. The better performance shown
by the electrospun TGC in both the cases demonstrates better
percolation of graphene into the TiO, matrix thus detailing the
usefulness of the electrospinning process for the fabrication of
the composite. The mechanical mixing of TiO, and the
graphene may not produce a composite with well-dispersed
graphene in TiO,. The reason for the improved photocatalysis
could be traced to the enhanced adsorptivity (see the
Supporting Information, SI-6, for the amount of dye molecules
remaining in solution after equilibration in the dark for 10
min), the extended light absorption range (as evident from the
UV-—vis spectra in Figure 3), and the enhanced charge
separation and transport (as evident from the PL and EIS
spectra in Figure 3). The visible-light-assisted photocatalysis
(though less efficient than the UV light assisted in the present
case as the TGC is still TiO,-rich) by the TGC is promising
from the perspective of environmental remediation.

In summary, we have fabricated TiO,—graphene composite
by a facile process of electrospinning. The TGC in which the
TiO, was single crystalline has shown enhanced photovoltaic
and photocatalytic properties as demonstrated in DSCs and
photodegradation of MO. We believe that the simple one-step
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approach to fabricate TGC with the unique morphology would
open up many windows for further applications of the material
in Li-ion batteries, photoelectrochemical water splitting,
sensors, etc.

B ASSOCIATED CONTENT
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Experimental detail, Raman spectrum of graphene, I-V
characteristics of electrodes with different thickness and
different graphene concentration, and the plots of remaining
concentration of dye molecules after equilibrium. This material
is available free of charge via the Internet at http://pubs.acs.org.
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