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Semiconducting nanocomposites were formed from layers of reduced graphene oxide (RGO) and ZnO and na-
noparticle or mesoporous forms of TiO, by dip-coating on fluorine-doped tin oxide (FTO) substrates. The effect
of nanoparticle or mesoporous TiO, on the electrical conductivity was compared. The crystalline phases and
microstructures of the nanocomposites were investigated by XRD, DRS-UV, FTIR and FE-SEM, showing the layers
to be homogeneous and of consistent thickness, with the TiO, in the anatase form. The bandgaps and electrical

conductivities of the nanocomposites, determined by Tauc plots and electrochemical impedance spectroscopy
(EIS), show that under UV irradiation, the nanocomposites containing nanoparticle TiO, have higher electrical
conductivities than those containing mesoporous TiO,. A mechanism is suggested involving the formation of
nano-capacitors on the surface of the ZnO layer, the pores in the mesoporous TiO, acting as the dielectric and the
conducting electrodes formed by UV irradiation of the TiO,.

1. Introduction

Among various metal oxide semiconductors, TiO, [1] and ZnO [2,3]
have been the most extensively studied due to their unique photo-
catalytic efficiency, low cost, nontoxicity, and high stability. However,
the fast electron-hole pair recombination of TiO, and ZnO significantly
limits their photocatalytic efficiency [4]. Xu et al. [5] have reported
that graphene hybridized ZnO photocatalysts showed enhanced pho-
tocatalytic degradation of an organic dye, the degree of photocatalytic
activity enhancement strongly depending on the coverage of the gra-
phene on the surface of the ZnO nanoparticles [5]. This photocatalytic
enhancement was attributed to the high migration efficiency of photo-
induced electrons and the inhibition of charge carrier recombination
due to the electronic interaction between the ZnO and the graphene [5].
ZnO/TiO, nanocomposites improved the electrical conductivity com-
pared to ZnO and TiO, alone. One of the primary drawbacks of de-
position of TiO, on ZnO nanorod systems is the poor quantum efficiency
under visible light. The photocatalytic efficiency found for these photo
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catalytic systems is due to the fast recombination of electron-hole pairs
[6,7]. The improved photocatalytic efficiency of a semiconductor hy-
bridized with carbonaceous materials such as RGO has attracted at-
tention in photocatalytic research and has been recently been a focus of
the scientific community with regard to the beneficial role of carbo-
naceous materials hybridized with semiconductors to improve their
photocatalytic efficiency [2,8,9]. Liu et al. [10] reported that ZnO
composites with reduced graphene oxide (RGO) show improved pho-
tocatalytic performance compared with pure ZnO, ascribing this im-
provement to increased light absorption intensity and range and the
inhibition of photoelectron-hole pair recombination in the ZnO by the
introduction of RGO. The first report of electrospinning of TiO5-ZnO-
graphene composite into nanofibers for photovoltaic and biomedical
applications was by Madhavan et al. [11]. The composite fibers were
employed as photoanodes for DSSC applications, giving an efficiency of
~3.7%. Liu et al. [12] synthesized ZnO-TiO,-reduced graphene oxide
composites by a microwave-assisted reaction and reported that the re-
sulting ZnO-TiO»—RGO composites show better photocatalytic
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activities than ZnO or ZnO-RGO composites alone. The photocatalytic
performance of ZnO-TiO,-RGO depends on the proportion of TiO5 in
the composites, the enhanced photocatalytic performance being as-
cribed to the increased light absorption intensity and the reduction of
photoelectron-hole pair recombination in the ZnO with the introduc-
tion of the TiO,. Tuz Johra et al. [13] confirmed that the photocatalytic
activity of RGO-TiO>-ZnO composites was superior to that of pure ZnO
and TiO»-ZnO, and showed that the presence of the TiO, nanoparticles
in the RGO-ZnO nanocomposites reduced their total impedance, thus
improving their electrical conductivity [13].

Although research during last decade showed that the nano-
composites RGO-ZnO-TiO, had better conductivity and photocatalytic
efficiency, the role of different types of TiO, (e.g. mesoporous and
nanoparticle forms) is not well understood. In this work we studied the
effect of different types of TiO, (meso and nano) additions on the
electrical conductivity of RGO-ZnO nanocomposites and discuss the
mechanistic implications of these results.

2. Experimental
2.1. Synthesis of graphene oxide (GO) and reduced graphene oxide (RGO)

Graphene oxide nanoparticles were prepared from graphite by a
modified Hummers method [14]. Prior to the synthesis, the graphite
was leached by refluxing with boiling HCI for 45 min, then vacuum-
filtered, washed five times with distilled water to remove the acid and
dried under vacuum at 40 °C for 3h. 1g of the leached graphite na-
noplatelets was then added to a solution of 23 mL concentrated H,SO,4
and 0.5g of KNOs, followed by the slow addition of 3g of KMnO,,
cooling the mixture in an ice bath at 0-5°C. After standing at room
temperature for 1 hr, 140 mL of deionized water and 10 mL of 10%
H,0, were added, and the resulting GO powder was ultrasonically se-
parated from the solution, centrifuged and dried for 24 hr. in a vacuum
oven. The impurity Mn ions were then removed by washing five times
with HCI, then with water at 70 °C to remove the excess acid. The re-
sulting powder was irradiated for 21 hr. at room temperature under two
15W UV lamps, then reduced by calcining for 30 min. at 400 °C under
argon.

2.2. Synthesis of ZnO

The ZnO powder were prepared by dissolving 14.75g of Zn
(CH3CO0)52H,0 (99%, Sigma Aldrich) in 60 mL of ethanol and 5.2 ¢
NaOH in 30 mL of ethanol. After ultrasonification, the two solutions
were mixed and stirred at 60 °C for 72h [15]. The white ZnO powder
was then separated by centrifuging, washed with water and ethanol and
dried under vacuum at 40 °C.

2.3. Synthesis of TiO, nanoparticles

5mL of Ti [OCH (CHs),]4 was dissolved in 100 mL of isopropyl
alcohol and stirred for 1 hr at room temperature. 400 mL of deionized
water was then added rapidly and the resulting solution was aged for 3
hr before being dip-coated on to a fluorine-doped tin oxide (FTO) glass
substrate (Sigma Aldrich, 15 Ohm) and calcined at 450 °C for 2 hr in
argon atmosphere [16].

2.4. Synthesis of mesoporous TiO,

1 g triblock copolymer (Pluronic P123, PEO22PPO72PEO22, Sigma
Aldrich) was dissolved in 60 mL ethanol and 5.18 mL titanium iso-
propoxide (979, Sigma Aldrich) was added. This mixture was then
added to 36 mL distilled water, maintaining the pH at 10 by the addi-
tion of ammonia solution. The resulting sol was aged at room tem-
perature for 24 h, then coated on to FTO glass and heated under argon
at 200°C for 2 hr, then at 450°C for 3h to form the mesoporous
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Table 1
Description of the composite samples on FTO glass and their electrical mea-
surement conditions.

Sample Description Electrical measurement conditions
1 RGO-ZnO-nanoparticle TiO, Visible radiation

2 RGO-ZnO-nanoparticle TiO, UV radiation

3 RGO-ZnO-mesoporous TiO, Visible radiation

4 RGO-ZnO-mesoporous TiO, UV radiation

structure [17].

2.5. Deposition of the various layers of the composite samples

The various layers of the composite samples (nanoparticle TiOo,
mesoporous TiO, and ZnO) were deposited by dip coating. A GO layer
was deposited on an FTO glass substrate, followed by a layer of ZnO
particles. A layer TiO,, either of nanoparticle or mesoporous mor-
phology, was then applied, and the assembly calcined at 400 °C in argon
for 4 hr. The descriptions of the various samples and the conditions
under which their electrical properties were measured are shown in
Table 1.

2.6. Sample characterization

The crystalline components of the samples were identified by X-ray
diffraction (Bruker Avance D8) using Cu radiation and a Ni filter.
Fourier transform infrared spectroscopy was carried out using a Nicolet
Impact 400D spectrometer, and diffuse reflectance-UV spectroscopy
was carried out at 190-2700 nm using a JASCO spectrophotometer
model V-670, Japan. The microstructures of the samples were studied
by TEM (JEOL model JEM 2011) and SEM (LEO 435VP) and the surface
morphology, structures, and compositions of the samples were char-
acterized by field emission scanning electron microscopy (FE-SEM) and
energy dispersive X-ray spectrometry (EDS) analyses (MIRASTESCAN-
XMU). The BET surface areas and pore volumes of the samples were
determined at liquid nitrogen temperature, using a Gemini modele
2365 (Micromertic Company) apparatus Electrochemical impedance
spectroscopy (EIS) was carried out using a Princeton Applied Research
Model PARSTAT 2273, under UV light in a cell using an iodide/triio-
dide electrolyte (ELT-ACN-I-10ML, Sharifsolar Co), to compare the re-
sistance of the samples containing the two forms of TiO,. The BET
surface areas and pore volumes of the TiO, samples were determined at
liquid nitrogen temperature, using a Gemini model 2365 apparatus
(Micromeritics Company).

3. Results and discussion
3.1. Characterization of the starting materials

3.1.1. Graphite, GO and RGO

Fig. la shows the XRD patterns of the graphite, GO and RGO.
Graphite contains a strong sharp peak at 26 = 26° arising from the
(002) plane, and GO contains a reflection at 26 = 11° from the (001)
plane. The plane in graphene oxide reflects the presence of the oxygen-
containing functional groups [18]. The lack of a graphite peak in the
GO pattern indicates complete graphite oxidation and confirms the
synthesis method [19]. Fig. 1a (III) shows the disappearance of the
(001) GO reflection consistent with its reduction [20], which also
produces a much-broadened (0 0 2) plane.

Fig. 1b shows the FTIR spectra in the range 450-4000 cm ™! of the
leached graphite reactant, GO and RGO samples prepared under UV
light. The spectra show the OH stretching band at 3420 cm ™, the C=0
carbonyl stretch at 1728 cm ™! and the C—O epoxide group stretch at
1225 and 1071 cm ™~ !. The peaks of the oxygen-containing functional
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Fig. 1. a) XRD patterns, b) FTIR spectra of I) graphite, II) GO, III) RGO.

groups are almost completely removed in RGO (Fig. 1b (III)) and the
intensity of the C=C band at 1620 cm'is increased, suggesting that the
reduction of the graphene oxide is complete [21-23].

Typical SEM micrographs of the RGO nanoplatelets (Fig. 2) show
both the layered and exfoliated structure aspects of the structure [24].

3.1.2. ZnO and nanoparticle and mesoporous TiO,

The XRD patterns of the ZnO and TiO, starting materials (Fig. 3)
indicate that both are crystalline, with the TiO, occurring solely in the
anatase form. The presence of the (1 00) reflection in the low angle
XRD pattern of the mesoporous TiO, (Fig. S1) is identical to that pre-
viously observed in mesoporous TiO, [17] and confirms the meso-
porous structure of this phase.

The SEM micrographs of the ZnO particles and nanoparticle TiO,
(Fig. 4a,b) show the particle size of the ZnO to be larger than that of the
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Fig 3. XRD patterns of a) TiO,, b) ZnO.

TiO,, and to contain a large proportion of rounded particles, possibly
aggregates of smaller particles (Fig. 4a). By contrast, the morphology of
the nanoparticle TiO, (Fig. 4b) consists of aggregates of much smaller
particles. The TEM micrograph of the mesoporous TiO, (Fig. 4c) is as
expected in this material [17] and shows this phase to possess a nano
structure with a pore size in the range 5-10 nm [25]

The BET plot of the mesoporous TiO, and plot of ( ) vs. 1, (nm) are

shown in Fig. 5(a, b), where v, and r, are the pore volume and radius
respectively. The data obtained from these plots (Table 2) were used to
calculate the total pore surface and mean pore size (d) by equations 1-3
[26].

S — VmLavAm
M, @
1
Vi =
s+ 2)
a=2"
S, 3)
where Loy = 6.022 x 10%® (Particle/mole), Am = 0.162nm?,

M, = 22414 cm>, S and I are the slope and intercept of the BET plot and
Vp is pore volume.

These results showed a good correlation between the TEM micro-
structure and the BET measurements.

3.2. XRD characterization of the layer-structured nanocomposites

XRD analysis was carried out on two of the thin layered

Fig. 2. SEM images of RGO. a) Magnification 8000x, b) magnification 15000x.
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Fig. 4. SEM micrographs of a) ZnO, b) nanoparticle TiO, ¢) TEM micrograph of mesoporous TiO.

nanocomposites, RGO-ZnO-(mesoporous TiO,) and RGO-ZnO-(nano-
particle TiO,) deposited on an FTO glass substrate. The XRD patterns
(Fig. 6) contain sharp peaks from the TiO, and ZnO, together with a
broad peak at 20 = 15-30° typical of an X-ray amorphous phase,
probably arising from a superposition of the RGO and the FTO glass
substrate. Fig. 6 also shows no differences in the XRD structures of the
nanocomposite containing nanoparticle TiO, and mesoporous TiOs.

3.3. Electrochemical impedance spectroscopy of the layer-structured
nanocomposites under UV and visible irradiation

Impedance spectroscopy measurements have been widely used to
investigate the charge transfer mechanisms in systems such as the
present one [27,28]. The spectra consist of semicircles in the frequency
regions. Fig. 7 shows the Nyquist plots derived from electrochemical
impedance spectroscopy of the layered nanocomposites RGO- ZnO-
(mesoporous TiO,) and RGO-ZnO-(nanoparticle TiO,) on FTO sub-
strates under UV and visible light. The Nyquist plots show that both the
samples containing nanoparticle TiO, and mesoporous TiO, showed
lower total impedances under UV irradiation than the same samples
under visible light. These results may be related to the excitation of the
electrons under UV radiation [29].

The band gaps of these samples were determined from the Tauc
plots [30] using the relationship proposed by Tauc, Davis, and Mott
[31]:

(hva)/™ = A(hv—Eg) '6D)

where h is Planck’s constant, v is the frequency of vibration, a is the
absorption coefficient, calculated from the equation

a = 1/t(Ln(1/7T))

where T is the transmittance as shown in Fig. S2(a, b) and t is the
thickness of the samples which is considered to be constant and about

0.024
0.021 (a)
0.018

0.015

0.012

PVa(Dyp)

0.009

0.006

P/po

Table 2

BET data and mean pore size for mesoporous TiO,.
Material Slope Intercept S, (m?%/g) Vp (em®/g) d (nm)
mesoporous TiO, 0.039 -91x107° 114.09 0.228 7.9

1.41(pm) for all samples, according to data in Table (S1), Eg is the band
gap, A is a constant and n denotes the nature of the sample transition,
and varies from 1/2 to 3. Based on the literature [17], we set m = 1/2
for the present calculations. The bandgap is determined from the point
of intersection of the linear portion of the Tauc plot (Fig. 8) with the
horizontal axis. This calculation indicated that the band gap in the
sample containing nanoparticle TiO, is about 3.1 eV, which is smaller
than the band gap of the sample containing mesoporous TiO,
(3.6 eV).Based on the Nyquist plots and band gap information, two
mechanisms may be advanced to explain these differences in electrical
conductivity, namely differences in the layer thickness between the
samples, and the possible formation of nano-sized capacitors on the
mesoporous TiO,. These possibilities are discussed below.

3.4. Layer thickness of the RGO-ZnO-TiO nanocomposites on FTO glass

The resistance of a given material increases with length, but de-
creases with increasing cross-sectional area [32]. Thus, one of the
parameters which will affect the total impedance is the thickness of the
RGO-ZnO-TiO, nanocomposites. SEM/EDS analysis across the nano-
composite layer on the FTO glass (Fig. S3) indicates that the deposited
layer is uniform cross-section and similar thickness of about 1.43 um in
all the samples (Table S1), with no gap between the nanocomposite
layer and the FTO glass. Thus it may be concluded that the total im-
pedance is not affected by variations in the thickness of the deposited
layers of the various samples. Furthermore, EDS spot analyses (Fig. S3)

")
- 25
g
A
el
g 20 g
2
L&
S s i
N 3
= |WT
10 o
e
AN
5 \’\0\‘\‘\*\*\
-,
0
0 10 20 30 40 50 60 70 80 %0 100

r/nm

dv
drp

Fig. 5. a) BET plot of mesoporous TiO,, b) =2 vs. 1p (nm) for mesoporous TiO,.
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Fig. 6. X-ray diffraction pattern of layered nanocomposites on FTO glass substrates. a) RGO-ZnO-(mesoporous TiO2), b) RGO-ZnO-(nanoparticle TiO2).
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Fig.7. Nyquist plots under UV and visible irradiation, (a) RGO-ZnO-(nanoparticle TiO,), (b) RGO-ZnO-(mesoporous TiO,).
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Fig. 9. a) Simulated equivalent circuit for analysis of the electrochemical impedance, b) Nyquist plots in the dark and under UV irradiation of RGO-ZnO-(nanoparticle

TiO5) and RGO-ZnO-(mesoporous TiO5).

Table 3
Simulated parameters of samples RGO-ZnO-(nanoparticle TiO,) and RGO-ZnO-
(mesoporous TiO,) under UV and visible irradiation. Sample designations as in
Table 1.

Sample Rs(Q) CPE1 (uWF) R1(Q) CPE2(uF) R2(Q) 7t (Q)
1 10.01 14.0 2587 11.1 5.73 x 10° 1010
2 10.06 16.9 1330 17.9 1.13 x 10° 769
3 11.28  51.9 6918 12.5 6.21 x 10° 1271
4 11.86 38.7 1017 12.3 1.56 x 10° 1100

taken from points close to the interface (point A) and in the middle of
the nanocomposite layer (point B) indicate that the layer components
are homogeneous within all the nanocomposite samples.

3.5. Formation of nano-sized capacitors on the mesoporous TiO»

The spectrum was fitted by an equivalent circuit model composed of
two parallel combinations of resistance-capacitance (R-CPE) and one
resistance (Rs) in series. Rs is related to I~ /I3, (R1-CPE1) is related to
TiO5 nano layer and (R2-CPE2) corresponding to the FTO-RGO-ZnO
layer, and these elements were fitted by Z view software (Fig. 9a)
[33,34]. The values of these parameters in Fig. 9a, are collected in
Table 3, which suggests that the decreased total impedance (Zt) in the
samples under UV irradiation compared with visible irradiation may be
related to the decreased charge transfer resistance R2 of the ZnO-RGO-
FTO layer. Since this resistance may be related to the RGO-ZnO, layers,
this observation could explain the improved efficiency of the reduction
of RGO under UV irradiation. To confirm this result, Electrochemical
Impedance Spectroscopy (EIS) was carried out under dark condition for
the samples (RGO-ZnO-nanoparticle TiO5) and (RGO-ZnO-mesoporous
TiO,) and the results for these samples under dark conditions were
compared to those under UV irradiation (Fig. 9b). The results show that
the charge transfer resistance (the radius of the semicircle) in Nyquist
diagrams is increased significantly.

Comparison between the parameters of sample 2 (containing na-
noparticle TiO, under UV) and sample 4 (containing mesoporous TiO,
under UV) shows that the total impedance is greater in the sample
containing mesoporous TiO,, whereas the interfacial capacitance of the
RGO-ZnO layer (CPE2) showed little change but the interfacial capa-
citance of the TiO, (CPE1) decreased from 16.9 pF in the nanoparticle
TiO5 to 38.7 pF in the mesoporous TiO,. These results could be ex-
plained by the formation of nano-sized capacitors within the meso-
porous TiO, which could be arranged in different ways (in parallel or
series) on the surface of the FTO-RGO-ZnO structure, as shown

94

schematically in Fig. 9a. Such a nano capacitor would consist of two
conductors separated by a non-conductive region which could be either
a vacuum or an electrical insulator such as air as the dielectric. In the
present nano capacitor, the conducting electrodes would be formed by
the mesoporous TiO, under the action of UV light, and the dielectric
medium would be the airgap in the pores (Fig. S4).

4. Conclusions

Hybrid semiconductor nanocomposites composed of layers of re-
duced graphene oxide (RGO), ZnO and both nanoparticle and meso-
porous forms of TiO, were dip-coated on to FTO glass substrates. The
RGO was formed from graphene oxide, reduced under UV radiation at
room temperature, then under argon atmosphere at 400 °C for 30 min.
and the TiO, and ZnO components were synthesized by a sol-gel
method. The resulting layered nanocomposites were shown by XRD,
DRS-UV, FTIR and FE-SEM techniques to be of homogeneous layer
composition and of consistent thickness, with the TiO, in the anatase
form. Electrochemical impedance spectroscopy (EIS) was used to de-
termine the bandgap and electrical conductivity of the nanocomposites.
Analysis of these results showed that when measured under UV irra-
diation, the nanocomposite containing nanoparticle TiO, was more
electrically conductive than the nanocomposite containing mesoporous
TiO,. Two possible reasons for this were: (i) differences in the layer
thickness of the samples (ruled out by SEM measurements) and (ii) the
formation of nano-capacitors on the surface of the ZnO layer. Detailed
analyses of the EIS measurements are consistent with this proposed
mechanism, in which the pores in the mesoporous TiO, act as the di-
electric and the conducting electrodes are formed by the action of the
UV irradiation on the TiO,.
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