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Abstract

Conformal structured TiO,-reduced graphene oxide composite nanosheets (TiO,@rGO CNS) have been synthesized by a
one-step hydrothermal method. The prepared TiO, composite features a two-dimensional (2D) structure with an ultra-large
specific surface area of 269 m* g™! and homogeneous TiO, nanoparticles directly grown on the surface of reduced graphene
oxide (rGO) sheets. With this special architecture of 2D sheet, it gives rise to improve light-harvesting and photo-to-electron
conversion efficiency. When the TiO,@rGO CNS incorporated into the photoanode, it exhibits a greatly enhanced absorption
in the visible range and low charge transfer resistance of 10.16 Q compared with that of bare TiO,-based electrode (15.22
Q). When the rGO content in TiO, @rGO CNS is 0.8 wt%, the fabricated solar cell obtains a remarkably enhanced power
conversion efficiency (up to 7.05%), compared with that of the bare TiO,-based solar cell (4.36%), where the short-circuit
current density, open-circuit voltage, and fill factor of the device are 13.63 mA cm™2, 0.712 V, and 0.69, respectively. With
the above-mentioned merits, this work supplies a feasible approach for the functionalization of 2D materials decorated with
controlled metal oxide nanoparticles, which is expected as a promising material in high-performance photovoltaic devices
for practical applications.

1 Introduction

Photoanodes have been considered as a critical component
for the photoelectron devices due to its crucial role in light
harvest and charge transfer promotion. Among the photoanode
materials, TiO, has attracted enormous attention due to its
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the lack of reactive oxygen moieties, leading to the difficulty
of functionalization in the synthesis process [10, 11].
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Recently, using semiconductor/reduced graphene oxide
(rGO) nanocomposites as different materials applica-
tions, e.g., enhanced photocatalytic activity [12-14] and
improved photovoltaic performance [15, 16], has attracted
many research interests. In particular, a method to combine
rGO with mesoporous TiO, provides a promising method
for high photoelectric performance of anode [17-19]. When
the ultra-large surface area of rGO sheets serves as the sup-
port substrates for coating TiO, nanoparticles, it offers a new
pathway for charge transport due to the high conductivity of
—99 S cm™! [20-22]. Zhao et al.[23] used TiO, nanorods
loaded on rGO as photoanode, and the fabricated solar cell
achieved a higher power conversion efficiency, which is
increased by 17.7% compared with that of bare TiO,. Liu
et al.[24] found that the incident photon-to-current conver-
sion efficiency gradually increases with rGO content from
0.0 to 0.75 wt% and then decreases at rGO over 0.75 wt%
loading in their TiO, composites. These researches effec-
tively improved the photocurrent but the fill factor (FF)
was still low, even worse than that of bare TiO, [25]. On
the other hand, the most reported TiO,-rGO composite, at
present, is a disordered and random distribution of rGO,
leading to a low charge transfer efficiency due to the high
recombination possibility of the photogenerated carrier
in the transport routes [19, 26-28]. Therefore, it is highly
desirable to develop a facile method for preparing conformal
nanostructured TiO,-rGO composite, in which rGO sheet
with controlled weight content coated by TiO, nanoparticles
and forming a well-ordered mesoporous film.

Herein, we report a two-dimensional structured
TiO,-covered rGO composite nanosheets (TiO, @rGO CNS)
prepared by covering the titania precursor on the surface
of graphene oxide (GO) with the one-step hydrothermal
process, and then direct fabrication mesoporous anode by
a doctor-blade method. The achieved TiO,@rGO CNS not
only possesses uniform distributed anatase TiO,, control-
lable rGO content from 0-1.2 wt%, and ultra-high specific
surface area, but also exhibits a low charge transfer resist-
ance and long electron lifetime at the interfaces of the fabri-
cated anode. In addition, the fabricated photoanodes based
on TiO,@rGO CNS are applied in the solar cell devices and
achieve a dramatically enhanced power conversion efficiency
of 7.05% with FF of 0.69, compared with that of bare TiO,
of 4.36% with FF of 0.61.

2 Experimental section
2.1 Synthesis of materials
Figure 1a illustrates the typical route for TiO, and related

TiO,@rGO composite synthesis using the hydrothermal
method. All chemicals were analytical grade reagents and

used without further purification. Graphene oxide (GO) dis-
persion (1 mg/mL) was obtained with the improved Hum-
mers method [29]. Titanium isopropoxide (TTIP) (3.56 mL)
was added to glacial acetic acid (15 mL). The obtained solu-
tion was then added dropwise in a mixture of synthesized
GO dispersion (0—12 mL), deionized (DI) water (12—-0 mL)
and ethanol absolute to form a homogeneous solution after
magnetic stirring for several hours at ice-bath. The total vol-
ume of the solution was 80 mL. The formed titania precursor
was then transferred into a p-polyphenylene-lined autoclave
(100 mL) and kept at 180 °C for 12 h. The oxygen-containing
groups in GO (left column of Fig. 1a) facilitate metal oxides
(e.g., TiO,) to easily cover the GO sheets and disperse in
oxygen-containing solvent (e.g., H,0, CH;CH,OH) [30].
Interestingly, the GO sheets are synchronously reduced in
the crystallized process of titanium precursor during the
thermal process [27, 31]. Then, the gray or white precipi-
tates were washed alternately with ethanol and deionized
water several times via centrifugation after annealing. The
bare TiO, was obtained in the same way without added GO
dispersion. Finally, the as-prepared bare TiO, (0 mL GO
dispersion) and TiO,@rGO CNS (2-12 mL GO dispersion)
were dried at 90 “C for 2 h at vacuum oven.

2.2 Fabrication of device

Figure 1b shows the fabrication process for the as-prepared
materials-based mesoporous films using the doctor-blade
method [32]. Briefly, we prepared a homogeneous paste,
which consists of bare TiO, (or TiO, composites), polyeth-
ylene glycol (PEG-2000), DI water, and ethanol by the mass
ratio of 2:1:10:20, using a balling technique. Then, we trans-
ferred the paste onto a clean FTO glass with a mask, and
then formed a ribbon of 5x20 mm?. The thickness of the
obtained film was around 12 pm examined by a step profiler.
Finally, we placed the naturally leveling paste on FTO glass
in an oven to remove the exceeded organic materials and
form mesoporous film via annealing. The optical images of
the fabricated mesoporous films are shown in the top column
of Fig. 1b. Obviously, the bare TiO, and of TiO,-rGO com-
posite-based film can be initially recognized by the color,
which exhibits white and gray colors, respectively.
Subsequently, the obtained mesoporous films were
immersed into 0.5 mM N719 ruthenium complex dye solu-
tion with absolute ethanol for overnight at room tempera-
ture in the dark. The dye-sensitized film was rinsed with
ethanol to remove residual dye molecules and dried. The
sensitized photoanode and the Pt-covered counter electrode
were encapsulated using a heat-sealing film and the elec-
trolyte was injected through a hole with a diameter of 0.5
mm on the counter electrode edge. The electrolyte solution
was 0.6 M DMPII, 0.1 M Lil, 0.03 M I,, and 0.5 M TBP in
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Fig. 1 Scheme of preparation of TiO,@rGO CNS and related anodes.
a Synthesis process of TiO,@rGO CNS. The inset (left) is the sug-
gested molecular model of GO. b Fabrication process of photoan-
ode based on TiO,@rGO CNS. The inset (top) is optical images of

acetonitrile. The hole was also sealed using a heat-sealing

film. The active area of our devices was 5 X5 mm?>.

2.3 Measurements and characterization

The morphology and structure of samples were charac-
terized by a field emission scanning electron microscopy
(FE-SEM, JEOL JSM-7500F) and atomic force microscopy
(AFM, Bruker Dimension D3100). The thickness of the pre-
pared film was examined using a step profiler (Bruker Dek-
takXT). The crystalline structure was obtained by employing
X-ray diffraction (XRD, SHIMADZU XRD-7000) with a Cu
Ko radiation (2=1.5418 A) and Raman shift with 532 nm
laser wavelength at room temperature in the spectral range of
75-3200 cm™ !, as well as X-ray photoelectron spectroscopy
(XPS, Kratos XSAMS800). Brunauer—Emmett—Teller (BET)
method and nitrogen adsorption/desorption measurement at
77 K (Gemini V ASAP-2010) were employed to characterize
the pore structures. The ultraviolet—visible (UV-Vis) spectra
were measured by a spectrophotometer (Agilent Cary5000).
The monochromatic incident photon-to-electron conversion
efficiency (IPCE) was measured with a quantum efficiency
system (PV Measurements QEX10-PP). Photovoltaic char-
acters of the dye-sensitized solar cell (DSSC) including cur-
rent density/voltage (J-V) and electrochemical impedance

@ Springer
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TiO2@rGO CNS-based anodes with controllable rGO content. TiO,,
TiO,@rGO-1, TiO,@rGO-2, TiO,@rGO-3, and TiO,@rGO-4 indi-
cate 0, 0.2, 0.5, 0.8, and 1.2 wt% rGO in TiO,@rGO CNS, respec-
tively

spectrum (EIS) at 0.1-10° Hz employed a solar simulator
(BOS-500X-Z, Changchun, China) at 960 W/m? associated
with an electrochemical workstation (CHI660C, Shanghai,
China).

3 Results and discussion

The morphology of the as-prepared TiO,@rGO CNS sam-
ples was examined by scanning electron microscopy (SEM)
and atomic force microscopy (AFM). As shown in Fig. 2a,
the synthesized TiO, composite is a two-dimensional shape
with the lateral size of micrometer order and thickness of
nanometer order. Figure 2b shows the SEM image of the
rough surface of bare TiO, nanoparticles synthesized using
the same method. Obviously, the distribution of TiO, nano-
particles in composites is similar to that of bare TiO,. The
controllable rGO content in prepared composite materials is
proved by the AFM. Figure 2c, d shows the average height
of TiO,@rGO CNS with 0.2 wt% and 1.2 wt% rGO, respec-
tively. Evidently, the content of TiO, coating on the surface
of rGO sheet is easily tuned by controlling the introduction
of rGO content. Figure 2e, f shows the energy distribution
spectroscopy (EDS) of synthesized materials. According
to the element distribution intensity, the carbon contents of
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Fig.2 Morphology of synthesized bare TiO, and TiO,@rGO CNS.
SEM images of prepared a TiO,@rGO CNS and b bare TiO,. The
insets are the high-resolution SEM images of synthesized TiO, nano-
particles. AFM image of ¢ 0.2 wt% and d 1.2 wt% rGO in TiO,@rGO

0.2 wt% and 1.2 wt% rGO in prepared composites are quite
different, which further confirms the rGO of the composite
can be easily controlled by the addition of GO dispersion.
Meanwhile, the AFM images (insets of Fig. 2¢, d) show a
consistent result with SEM images (insets of Fig. 2a, b),
namely the shape of the composite is nanosheet composed
by rGO sheet covered with a nanoscale size of TiO,.

As shown in Fig. 3a, the X-ray diffraction (XRD) pattern
of the bare TiO, and TiO,@rGO CNS exhibits well-defined
diffraction peaks, which can be well indexed to the typi-
cal anatase phase (ICSD No. 009855). The diffraction peak
of —23.76° can be contacted with the phase of (0 0 2) of
reduced graphene oxide [33]. Of particular note that the peak
at around 23.76° occurs evidently in the TiO,@rGO when
the content of rGO in composite exceeds 5.0 wt%, as shown
in Fig. S1 (Supplementary Information). This trend may be
connected with the nature of regular stack of rGO destroyed
by the intercalation of TiO, when the content of rGO is less
than 5.0 wt% [34, 35]. The average crystal size of the TiO,
nanoparticles is calculated to be about 20 nm from the (1
0 1) plane diffraction peak at around 25.3° by the Scherrer
equation [2], which is consistent with the above-mentioned
morphology images (Fig. 2a—d). As shown in Fig. 3b, the
Raman spectra of bare TiO, and TiO,@rGO CNS display
signal at 142 cm™!, 478 cm™!, 519 cm™!, and 635 cm™!,
which are contacted as E, band, E,, band, E,E,, band, and
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CNS. The insets are the high-resolution AFM images corresponding
to the TiO, nanoparticles grown on the rGO sheets. EDS images for
Ti, O, and C elements mapping of e 0.2 wt% and f 1.2 wt% rGO in
TiO,@rGO CNS

E, band of anatase phase TiO,, respectively [36]. The other
two signals at 1343 cm™! and 1602 cm™" are corresponding
to the D band and G band of rGO, respectively [37]. The
shift of the G band compared to that of bare rGO may con-
nect with the interaction between the rGO sheets and the
surface TiO, nanoparticles [38—40].

XPS spectroscopy was employed to confirm the rGO
sheets in TiO,@rGO CNS, reduced from GO in titanium
precursor by hydrothermal method, shown in Fig. S2 (Sup-
plementary Information). Figure 3c—e documents the XPS
peaks of the as-prepared TiO,@rGO CNS. As depicted in
Fig. 3c, the energy binding peak of C 1 s at 284.5 eV, 285.6
eV, and 288.3 eV attach to the C—C/C=bond, C-O, and
C=0/0-C=0 bond, respectively [41, 42]. The Ti 2p peaks
at 459.3 eV of Ti 2p;,, 462.4 eV of Ti 2p,,, (Fig. 3d), and
Ti—O bonds (Fig. 3e) are slightly shifted than that of bare
TiO, [43]. This shift is resulted by a strong electron interac-
tion between the rGO sheets and TiO, particles as well as the
partial formation of Ti—~O—C bonds, which is consistent with
the Raman shift in Fig. 3b. A similar result is also observed
in other TiO,-based composite, such as TiO,@C core—shell
structured nanomaterials [44].

The specific surface area and pore size distribution of
the prepared bare TiO, nanoparticles and TiO,@rGO CNS
were investigated by nitrogen adsorption/desorption meas-
urement with the Brunauer—Emmett—Teller (BET) method.
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Fig.3 Characterization for the structure of synthesized TiO,@rGO
CNS. a XRD spectrum of TiO,@rGO CNS and bare TiO,. The TiO,/
rGO mixture is fomed using ultrasonication to disperse the bare TiO,
in the rGO solution. The rGO content in synthezed TiO,@rGO com-

The results of N, adsorption/desorption isotherms with an
H, hysteresis loop are shown in Fig. 4a. It shows that the
specific surface area of bare TiO, and TiO, @rGO CNS with
0.8 wt% rGO is — 152 m*/g and — 269 m*/g, respectively,
indicating that the introduction of reduced graphene oxide
sheets exerts a strong positive effect on morphology struc-
ture. Benefited from the ultra-large specific surface area, the
TiO,@rGO CNS potentially provides more active sites for

Binding Energy (eV)

Binding Energy (eV)

posite is 1.2 wt%. b Raman spectroscopy of TiO,@rGO CNS and
bare TiO,. ¢ Cls, d Ti 2p, and e Ti-O bond spectra of XPS for TiO,@
rGO CNS

sensitizer adsorption to produce photo-induced carriers com-
pared with the bare TiO, [45]. The pore size distribution of
the fabricated electrodes is shown in Fig. 4b. Compared with
bare TiO, whose pore size concentrating near — 1 nm and
— 4 nm, the TiO,@rGO CNS with 0.8 wt% rGO possesses
an even pore size distribution centralized within around 5
nm, which is convenient for the diffusion of redox couple
[32, 45].
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To explore the performance of photo-to-electron conver-
sion, we used the prepared bare TiO, and TiO, @rGO CNS
(0.2-1.2 wt% rGO) as active materials to fabricate photo-
anodes (Fig. 1b). Firstly, we employed an ultraviolet—vis-
ible (UV-Vis) spectroscopy to justify the light-harvesting
capability of the prepared photoanodes. Figure 5a shows
that all the photoanodes based on TiO,@rGO CNS pos-
sess enhanced absorption in the visible region, especially
at the wavelengths of around 350 nm and 530 nm, com-
pared with the bare TiO,-based photoanode. Meanwhile,
the monochromatic incident photon-to-electron conversion
efficiency (IPCE) spectroscopy was used to investigate the
light-harvesting capacity of according electrodes with dif-
ferent contents of rGO, shown in Fig. 5b. The intensity of
IPCE increases with the increasing incorporation of rGO
from 0.2 wt% to 0.8 wt%. The enhanced IPCE may be attrib-
uted to the significant improvement of specific surfaces in
the prepared composites, who can adsorb more sensitizer
to generate photo-induced carriers compared with the bare
TiO, [45]. However, the TiO, @rGO-4 (1.2 wt% rGO)-based
photoanode exhibits a poor IPCE performance, although
the corresponding photoanode possesses the highest pho-
ton absorption intensity. The fall of IPCE in photoanode
could be associated with the exceeded rGO (1.2 wt%) in
TiO,@rGO CNS that generates superfluous trapping sites
to enhance the photon absorption; however, it also produces
excessive recombination sites to increase dark current [46].

Fig.5 Photoresponse of bare

To further investigate the behavior of the photo-induced
carrier in prepared photoanodes, the electrochemical imped-
ance spectrum (EIS) was applied to explore the characteris-
tics of the recombination and transport of the carrier at the
interfaces. A typical Nyquist plot consists of three semicir-
cles along with the increasing frequency, which is corre-
sponding to the Nernst diffusion in the electrolyte (R,), the
charge transfer resistance at the photoanode with dye/elec-
trolyte interface (R,) and the counter electrode/electrolyte
interface (R)), respectively [47]. In general, R, is the distinct
difference which is determined by the diameter of the cor-
responding semicircle, while R, and R, are seemly identical
due to the consistency of employing the same electrolyte and
counter electrode. Obviously, the R, value in the dark condi-
tion of Fig. 5c grows as the introduction of rGO increases in
photoanodes, which indicates that TiO, @rGO electrodes can
efficiently prevent the recombination of the photogenerated
carrier. Meanwhile, according to the EIS plots at illumina-
tion shown in Fig. 5d, the R, of TiO,@rGO-0.8 wt% pos-
sesses the minimum value (10.16 Q), rather than TiO,@
rGO-1.2 wt% (19.02 Q) which is even higher than that of
bare TiO, (15.22 Q). These indicate that the appropriate
addition of rGO can enhance the transportation of carrier,
while an excessive introduction of it will exert a negative
impact. Besides, the photogenerated electron lifetime (<)
during the cell operation can be calculated with the formula
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the frequency at the maximum phase angle (Fig. S3, Sup-
plementary Information). The f,,, of TiO,@rGO-0.8 wt%
(19 Hz) is much lower than that of the bare TiO, (146 Hz),
indicating a much longer electron lifetime in TiO, @rGO-0.8
wt% (8.28 ms) than in bare TiO, (1.09 ms). It indicates that a
smaller charge recombination probability and subsequently
improves the photon-to-electron transport efficiency of the
fabricated photoanodes, which is consistent with the results
of IPCE (Fig. 5b).

Benefited from the ultra-high performance of photo-
to-electron conversion, the prepared TiO, @rGO could be
one of the best candidates of next-generation photoelec-
tric devices, such as solar cell, photocatalysis, and oth-
ers. Herein, we used the electrodes based on TiO,@rGO
as anodes for the application of DSSC. The photovoltaic
performances of the fabricated DSSC based on TiO,@
rGO CNS are shown in Fig. 6a. It can be observed that the
open-circuit voltage (V) of assembled DSSC is around
0.71 V, which is dominantly determined by the potential
difference between the Fermi level of the illuminated
mesoporous TiO, semiconductor and the Nernst potential
of I"/1;™ redox couple in the liquid electrolyte. The short-
circuit current density (Jgc) reaches to 10.40, 12.05, and
13.63 mA/cm? for different photoanodes fabricated with
0.2, 0.5, and 0.8 wt% rGO in TiO,@rGO CNS, respec-
tively. The reasons for this significantly improved Jsc
could be explained as follows: (1) the ultra-high specific
surface of TiO,@rGO CNS possesses much more posi-
tive sites for absorbing sensitizer to generate carriers [40,
49]; (2) the unique structure of the as-prepared TiO, @rGO

CNS induces a low resistance at the interfaces of rGO/
TiO,/dye/electrolyte in DSSC [8, 50]. However, when the
excessive content of 1.2 wt% rGO/TiO, introduced into
the composite nanosheet, the Jg slashes to 8.48 mA/cm?,
even lower than the bare TiO, (8.73 mA/cm?).

All of the photovoltaic performances of DSSC in this
work are summarized in Table 1. Obviously, the TiO,@
rGO-3 (0.8 wt% rGO) exhibits a maximum PCE of 7.05%,
which is apparently increased in contrast with that of bare
TiO, of 4.36%. As shown in Table 2, the obtained perfor-
mances of our device are superior to other TiO, composites
[3, 4], and are also comparable to the reported TiO,-rGO
composites [25, 40]. Meanwhile, the dark currents in DSSC
were investigated, as shown in Fig. 6b. Compared with bare
TiO,, the low dark current density of TiO, @rGO CNS-based
DSSC could be contributed to the photon-induced-current
loss derived from the recombination of I;~ ions in electrolyte
[51, 52]. Corresponding with the results of EIS measure-
ment, the calculated J-V curves show that the TiO, @rGO-4
(1.2 wt% rGO) cell exhibits a higher dark current density
at the same potential compared with TiO,@rGO-3, even
higher than bare TiO,. This trend could be connected with
the increasing recombination of photogenerated carriers
induced by the exceeded introduction of rGO sheets, which
further verify the low IPCE of the fabricated photoanodes
(Fig. 5b). Such ultra-high photo-to-electron transport effi-
ciency is also observed in other two-dimensional combined
with metal oxide composites, such as g-C;N, co-modified
with MnO, [53], MoS, nanofibers combined with TiO, [54],
graphene nanosheets covered with ZnO [54, 55].
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[m) o a‘.' [a)] -3 2 0..1
= 5{ -+ @02wt% AL =71 —» @0.2wit% 4
o 2 @0.5Wt% 'a_, g A @0.5wt%: 0‘ ]
3 v @0.8 W% b % 341 v @0.8wt%: <%
. @1.2W% we, . @1.2W%: i
0 *. '5 T T T \ :. T
0 0.2 04 0.6 0.8 0 0.2 0.4 0.6 0.8
Voltage (V) Voltage (V)
Table 1 Photovoltaic 2
Sample Jsc (mA/cm Voc (V PCE (% FF rGO (wWt%
parameters of the fabricated P sc ( ) oc V) %) (wt%)
DSSC Bare TiO, 8.73+0.05 0.711+0.001 4.36+0.02 0.61+0.08 0
TiO0,@rGO-1 10.40+0.02 0.718 +£0.003 4.92+0.03 0.63+0.03 0.2
TiO, @rGO-2 12.05+0.03 0.713 £0.002 6.04+0.05 0.67+0.03 0.5
TiO,@rGO-3 13.63+0.02 0.712£0.002 7.05+0.02 0.69 +0.04 0.8
TiO, @rGO-4 8.48+0.02 0.710+0.003 4.02+0.03 0.65+0.02 1.2
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Table 2 . Performance Photoanode materials Jsc (mA/cm?) Voc (V) PCE (%) FF Ref.

comparison of assembled DSSC

between our work and other TiO,@rGO-0.8 wt% 13.63+0.02 0.712+0.002  7.05+0.02  0.69+0.04  This work

typical TiO,-based solar cells TiO,@g-C;N,-1.0 wt%  7.43+0.04 0.721+0.002 4734002  0.53+001  [4]
N,S-doped TiO, 9.78 0.69 3.35 0.50 [3]
Ti0,@rGO composite 16.75 0.74 7.57 0.65 [25]
Ti0,@rGO composite 18.39 0.682 7.68 0.61 [40]

4 Conclusion 2. X. Chen, S.S. Mao, Titanium dioxide nanomaterials: Synthesis,

In conclusion, the unique structured TiO,@rGO CNS mate-
rials were successfully synthesized by a facile hydrothermal
method. Morphology characterization indicates the TiO,
nanoparticles loading in TiO,@rGO CNS can be easily tuned
by changing the addition of graphene oxide dispersion. The
TiO,@rGO CNS possesses an ultra-large specific surface
area up to —269 m?/g leading to improve photons harvesting
and photogenerated carrier generation/separation efficiency
in photoanodes. Under the illumination, TiO,@rGO CNS-
based photoanodes own a strong absorption intensity within
the wavelength range of UV—Vis, especially at the wavelengths
of around 350 nm and 530 nm. Further, the rGO sheets with
high conductivity introduced to the mesoporous active layer,
rendering the TiO,@rGO CNS photoanodes own low resist-
ance at the photoanode with dye/electrolyte interface (10.16
Q) and long electron lifetime (8.28 ms). Benefited from these
merits, the solar cell based on TiO, @GO composite with 0.8
wt% rGO exhibits both an enhanced fill factor as high as 0.69
and a power conversion efficiency of 7.05%, which is enhanced
by 61.7% compared with that of bare TiO, of 4.36%. The
dual-functional properties of TiO,@rGO CNS indicate that
the two-dimensional reduced graphene oxide can be employed
in casting the emerging devices with high performance for
photon-to-electron conversion, e.g., solar cells, photocatalysis,
and photodegradation.
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