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Abstract—The influence of the graphene oxide addition on the structural, optical, optoelectronic and photo-
voltaic properties of TiO, was studied. It was shown that a nanocomposite material is formed during hydro-
thermal synthesis; this fact was proven by the data obtained by electron microscopy and XPS analysis. It was
estimated that the absorption spectrum of the TiO,—GO nanocomposite is shifted to the longwave region as
compared to the absorption spectra of the initial components. The data on the quenching of luminescence of
the synthesized material evidence that the efficiency of the recombination processes of photogenerated elec-
tron—hole pairs is lower as compared to pure TiO,; it improves the photoelectric, photovoltaic and electro-
physical parameters of TiO,—GO nanocomposite material.
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Graphene is a very attractive material for the devel-
opment of the graphene-containing inorganic com-
posites due to its electronic properties, high transpar-
ency, mechanical characteristics, and high specific
surface. Several methods are used for obtaining
graphene; graphite oxidation (the Hummers’ method)
that leads to the formation of graphene oxide (GO) is
the most popular among them [1, 2].

GO is more convenient for technological use than
graphene, because GO forms stable dispersions in
water and certain organic solvents [3, 4]. In addition,
its optical, conducting, and chemical properties can be
changed by the reduction of graphene oxide and vari-
ation of the content of oxygen-containing groups,
such as functional carboxyl, hydroxyl, and epoxide
groups [5, 6]. It also provides the possibility of con-
troling the band gap of graphene oxide [7]; such a pos-
sibility is very urgent for GO use in the organic photo-
voltaics, photocatalysis, electronics, and optoelec-
tronic devices and in combination with other
inorganic materials.

For example, GO—semiconductor nanocomposite
structures demonstrate enhanced optical, photocata-
lytic, and photodetecting properties as compared to
the initial materials [5, 8, 9]. Titanium dioxide, which
is widely used in photocatalysis for the degradation of
organic compounds, water splitting, and as an active
material for UV photodetectors [10, 11], should be
mentioned among the most frequently used metal

oxide semiconductors. The use of TiO, in photovol-
taic cells is also very popular due to its chemical stabil-
ity, optical characteristics, and band structure, which
is compatible with numerous organic sensitizer dyes.

Currently, a lot of effort is aimed at the improve-
ment of the efficiency of organic solar cells. The main
methods for the solution of this problem are the devel-
opment of new materials and improvement of the effi-
ciency of phototransformation and charge transport
characteristics of the components that have already
been used. Graphene and its derivatives can be used
for it.

Particularly, it was shown in [12, 13] that graphene
photoanodes improve the fill factor of solar cells, but
lower the efficiency of solar devices. Besides, graphene
films were used as withdrawal electrodes [14]; at this,
the efficiency of the obtained cells varied within 0.5—
7.5%. The films based on the mixture of
graphene/graphene oxide and titanium oxide were
used as photoanode of the Gritzel cells in the studies
[15—17]. It was shown that photovoltaic parameters
are improved generally, due to the change of the opti-
cal characteristics of the obtained samples and lower-
ing of the recombination processes in the semicon-
ducting film. However, the use of the nanocomposite
material synthesized by the hydrothermal method has
almost not been reported.

In this study, we show that the formation of a nano-
composite material based on graphene oxide and TiO,
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that is characterized by better photoelectric and pho-
tovoltaic parameters as compared to pure TiO, is pro-
vided by a hydrothermal reaction.

EXPERIMENTAL

A nanocomposite based on GO and TiO, was syn-
thesized by a hydrothermal method according to the
technique given in [5, 9]. GO (SLGO, Cheaptubes)
and TiO, (nanoparticles diameter of ~21 nm, anatase,
99.7%, Sigma Aldrich), deionized water purified using
AquaMax water purification system, and ethanol
(anhydrous) were used for the preparation of nano-
composite. All reagents were of the analytical grade;
they were used without further purification. GO con-
centration in composite was 5 wt % with respect to the
amount TiO,, because we previously showed that the
highest effect on the charge transport parameters and
photocatalytic activity of the synthesized nanocom-
posite is observed at this concentration [5].

The films of TiO, or nanocomposite were applied
onto the surface of glass substrates coated with con-
ductive FTO layer (Fluorine doped tin oxide coated
glass slide, ~7 Q/sq, Sigma Aldrich) by centrifuging at
the rate of 1000 rpm from the ethanol paste to measure
the optoelectronic parameters. The films were formed
on the quartz substrates to conduct the optical mea-
surements.

The morphology of the surface and microstructure
of the obtained composite materials were studied using
a Tescan Mira-3 scanning electron microscope (SEM)
and JEM-2100F (Jeol) transmission electron micro-
scope (TEM) at the accelerating voltage of 200 kV.

Structural properties of the synthesized nanocom-
posites were studied by the X-ray photoelectron spec-
troscopy (XPS). XPS spectra were registered using Axis
Ultra DLD spectrometer (Kratos Analytical) at the
transmission energy of 160 eV (overview spectrum) and
40 eV (high-resolution spectra). The spectra were regis-
tered using ALK, X-ray source with neutralizer. Spectra
were calibrated against Ti 2p; , at 458.6 eV. The spectra
of GO sample were calibrated using O ls line at
532.5¢eV.

Absorption and luminescence spectra were regis-
tered using Cary-300 and Eclipse (Agilent) spectrom-
eters, respectively. The samples were placed into the
optical cryostat (Oxford Instr.) for the measurements.
The band gap was estimated using the technique given
in [9, 18], by plotting a tangent to the edge of the
absorption band of semiconductor and determining
the point of its intersection with the abscissa axis. The
error in determination of the band gap is £0.01 eV.

The current—voltage characteristics (CVC) of the
prepared samples were registered using Elins P-20X

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A Vol. 95

IBRAYEV et al.

potentiostat/galvanostat (Elins). The samples were
irradiated with xenon lamp (35 mW/cm?).

Glass substrates coated with an FTO layer were
used for the preparation and assemblage of solar cells.
A blocking layer of TiO, was applied onto the FTO
surface according to the technique given in [19, 20].
The thickness of the obtained films was measured by
SEM (10—12 um). Solar cells were sensitized by ruthe-
nium dye N719 (Sigma Aldrich). Then the platinum
electrodes were separately prepared on the FTO sur-
face. Platinum was electrodeposited from the solution
of H,PtCl¢ (Sigma Aldrich) in ethanol. The assem-
blage of cells was completed at the final stage using the
standard technique given in [20].

Photovoltaic parameters were determined by the
irradiation of the cells with the xenon lamp light at the
radiation power of 100 mW/cm? using Cell Tester
Model CTS50AAA (Photo Emission Tech., Inc.,
USA). The value of efficiency of solar cells was deter-
mined using the obtained values of open-circuit volt-
age, short-circuit current, and fill factor. ZView 3.2b
software and equivalent circuit were used to analyze
the data obtained with Z500PRO impedance meter.

RESULTS AND DISCUSSION

An overview of the XPS spectra of the studied sam-
ples are given in Fig. 1. The lines attributed to carbon,
oxygen, and titanium are observed in the spectra. The
energy calibration of the spectra of the titanium-con-
taining samples was performed using Ti 2p; , line. The
observed position of the line corresponding to C—C
bonds in the adsorbed carbon-containing compound
was ~285.0 eV at such calibration. The shape of Ti 2p
XPS spectra was almost identical for all samples; it
evidences the identical state of titanium in the sam-
ples.

Figure 1 shows that Cls spectra of TiO,—GO sam-
ples cannot be described as a sum of TiO, and GO
spectra. Two types of peaks can be marked out at the
decomposition of spectra: the ones related to the oxy-
gen-containing groups (at the region of 286.7 and
288.4 eV) and the ones attributed to the different states
of carbon atoms. At this, one asymmetrical compo-
nent corresponds to the spectrum of the sp? hybridized
carbon (~284 eV), while the symmetrical components
were used to describe other states. The observed
energy of the bond of the sp? hybridized carbon
(~283.6 eV) is significantly lower than the typical bond
energy (usually of ~284.3—284.5 eV). Such a shift can
be related to the differential charging of the conductive
particles of the sp? hybridized carbon with respect to
the nonconducting TiO, matrix. Authors of [21, 22]
also mention that such a shift evidences the chemical
binding between GO and TiO,. Besides, the shoulder
at ~283.6 eV is more pronounced in the spectrum of
TiO,—GO; the fraction of C—O and C=O0 bonds sig-
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Fig. 1. XPS spectra of GO, TiO,, and TiO,—GO nanocomposite.

Fig. 2. SEM and TEM (rightmost) images of TiO,, GO, and TiO,—GO.

nificantly decreases (see the decrease of the integrated
areas of these spectra, Table 1). It evidences the fact
that the reduction of graphene oxide takes place in the
nanocomposite material; the fraction of the sp?
hybridized carbon is higher. It is also proven by the
values of areas below the curves with maximum at
283.6 eV that are equal to 1.17 and 0.64 rel. units for
GO and TiO,—GO, respectively.

The obtained results accord with our structural
analysis data [5, 9] obtained by IR spectroscopy and
the decrease of the content of the oxygen-containing
bonds.

Ols spectra of the studied samples (except GO) are
characterized by a quite similar shape (Fig. 1). Tita-
nium oxide (a narrow line at 529.8 eV) and oxygen-
containing groups on the surface (broader lines at
~531.1 and 533.0 eV) give the main contribution in
these spectra. Oxygen-containing groups of GO also
contribute to the two latter mentioned states of O 1s
XPS spectra of TiO,—GO samples. The bond C—O—
Ti that is formed by the dehydration reaction between
—OH groups on the surface of TiO, and —OH groups
of GO sheets is represented by the improvement of the
charge transport properties of semiconductor; it also
provides the narrowing of the band gap that is efficient
for the use in photocatalysis and solar cells [20, 23].

SEM and TEM images of nanocomposite mate-
rial, and SEM images of the initial components are
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given in Fig. 2. It is seen that the titanium dioxide par-
ticles tend to aggregate. Graphene oxide is character-
ized by a layered structure that is formed by the indi-
vidual sheets. The graphene oxide sheets form “wrin-
kles” and folds. GO sheets “coat” TiO, particles in
TiO,—GO nanocomposite.

The obtained data show that the semiconductor’s
particles are concentrated along the folds of GO
sheets. This can be related to the higher concentration
of the preserved oxygen-containing groups on such
regions because the interaction between graphene
oxide and titanium dioxide passes via these groups
[24]. This conclusion was also proven by the XPS data
(see above).

The registration of the absorption spectra showed
that the TiO,—GO composite can absorb much more
visible light than pure titanium dioxide (Fig. 3a).

Table 1. Values of integrated areas below the XPS curves of
the oxygen-containing groups in the synthesized samples

Samol c-o, Cc=0, |O-H/C-O,
ample 286.6 &V 288.4 6V 532.5¢eV

TiO, 0.94 0.78 0.52

TiO,~GO 0.30 0.23 0.67

GO 1.95 0.94 2.06
No.4 2021
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Fig. 3. Normalized absorption spectra (a) and luminescence spectra (b) of the films based on TiO,, GO, and TiO,—GO.

At this, the edge of the absorption band of nano-
composite is bathochromically shifted with respect to
the band attributed to TiO,, evidencing the narrowing
of the band gap of the composite material. The band
gap of TiO,—GO composite decreased from 3.26 eV
(TiO,) to 2.55 eV (Ti0,—GO); this allows this material
to absorb a drastically higher number of photons and
transform them into photocurrent.

Luminescence spectra are usually widely used to
study the efficiency of generation, transport, and trap-
ping of the charge carriers, and to investigate the evo-
lution of the electron—hole pairs (EHP) in semicon-
ductors. Photons are emitted at the recombination of
EHP after irradiation of a semiconductor; photon
energy can be associated with the process of deactiva-
tion of the excited states of the groups on the surface or
in the volume of TiO,. The luminescence spectra of
TiO, and TiO,—GO films registered at the room tem-
perature under photoexcitation of the samples by the
light (A = 330 nm) are given in Fig. 3b. It is seen that
the luminescence bands of the pure semiconductor
and nanocomposite are characterized by the same
shape. Several maxima can be marked out in the lumi-
nescence spectrum. The most intensive one corre-
sponds to 380 nm; two less intensive maxima repre-
sented as the shoulders at 362 and 385 nm are located
to the right and to the left from the most intensive one.
Two maxima characterized by low intensity are clearly
seen near 423 and 450 nm on the longwave wing of the
radiation spectrum; these maxima are attributed to the
traps on the oxygen vacancies characterized by the dif-
ferent energy. The band with the maximum at
~750 nm was registered in the near-IR range between
700 and 800 nm; various authors attribute this band to
the luminescence of the rutile form of titanium diox-
ide [25, 26]. The luminescence at ~360 nm is related
to the direct band gaps in semiconductor [26], while
the luminescence at ~385 and 380 nm is caused by the
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indirect band gaps. At the same time, in [25], it was
mentioned that this luminescence is related to the
luminescence of the anatase form of TiO, crystals; this
is of the exciton nature.

The phase composition of the samples based on
titanium dioxide was proven by the data of the X-ray
diffraction (XRD) analysis of TiO, and TiO,—GO
nanocomposite in the study [5]. It was shown that
TiO, nanoparticles preserve the structure of the crystal
lattice after hydrothermal synthesis. The peaks typical
for the crystal planes of the anatase form of TiO, were
registered in the XRD spectrum. Besides, characteris-
tic diffraction peaks attributed to (101) and (111)
planes of TiO, rutile emerged in the spectrum at 37.0°
and 38.5°.

High-energy and intensive luminescence observed
in all samples can be classified as the radiative recom-
bination of the autolocalized excitons in the volume of
anatase TiO,. Figure 3b shows that this luminescence
is significantly quenched (by ~25%) in the film based
on TiO,—GO. The intensity of luminescence at
750 nm almost did not change. The thickness of the
films was the same; it was controlled by both similar
conditions of the film deposition and optical density
value. Therefore, we can suppose that the processes of
recombination of the photogenerated EHP would pass
less efficiently.

We studied photoelectric parameters of the films
based on TiO, and TiO,—GO to prove this supposi-
tion. The CVC of the studied films are given in Fig. 4.
It is seen that the photocurrents registered without the
light irradiation of the samples are significantly lower
than the light CVC. Thus, the value of the dark current
of the pure semiconductor equals 0.81 and 1 puA at the
voltage of 30 and —30 V, respectively. In case of the
samples containing GO this parameter equals 3.5 and
2.3 pA, respectively. The values of photocurrent
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Fig. 4. Current—voltage characteristics of TiO, (a) and TiO,—GO (b).

increase for both types of films at the light irradiation.
The maximum values of / equal to 1.90 and 1.24 A,
respectively, were registered for titanium dioxide at the
applied voltage of +30 and —30 V, respectively.

In the case of the nanocomposite, the values of
current equaled 5.48 and 3.0 UA, respectively. The val-
ues of generated photocurrent /;, calculated as the dif-
ference between dark and light values of I are given in
Table 2.

The obtained data show that significant dark cur-
rents are registered for both types of samples; it is
known that dark currents are related to the electron
transport in the system [27, 28]. Therefore, the corre-
sponding high values of /,,, registered for TiO,—GO
are determined by the increase of the number of elec-
trons in the nanocomposite, as has been supposed
above.

Sensitivity R of the prepared films was estimated
using the formula R = I,/ P, where P is the power of
the incident radiation. The data given in Table 1 show
that the sensitivity of the composite films is by 80%
higher than the one of the films based on pure TiO,. As
was mentioned in the studies [5, 29], the increase of
photoelectric parameters of TiO,—GO can be related
to either improvement of charge transport characteris-
tics of the synthesized films or additional transfer of
photogenerated electrons from GO to TiO,. At this,
the oxygen vacancies on the semiconductor’s surface
act as the paths for electron transfer.

The specific detectivity D* of the prepared samples
was further examined; this determines the ability of a
device to detect weak light signals. D* can be deter-
mined from the following equation [30, 31]:

RA1/2
px=-24__
2eIdark

where R is the sensitivity of films, A4 is the sample’s
area under light irradiation, e is the modulus of elec-
tron charge, and /4, is the value of the dark current at
+30 V. The obtained D* values equal ~6 X 107 Jones
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for both types of films; this can be explained by a
higher value of the dark current in nanocomposite
film as compared to pure TiO,. The comparison of the
values of photocurrent, R and D* with the data
obtained by other authors [32, 33] allows marking out
that the values obtained for TiO,—GO films are not
inferior to the ones obtained for the pure graphene; the
values of generated /,,;, are even superior.

Photovoltaic parameters of the Gratzel cells based
on the obtained nanocomposite material and TiO, are
given in Table 3. The following parameters were deter-
mined on the basis of the current—voltage characteris-
tics of solar cells: short-circuit current /., open-circuit
voltage V., fill factor of cell FF, and cell’s efficiency 1.

The measurements showed that the introduction of
5wt % graphene oxide additive leads to the significant
worsening of the photovoltaic parameters of solar
cells. However, the efficiency of the cell can be signifi-
cantly improved by decreasing the mass fraction of
GO in the semiconductor’s film. The solar cell effi-
ciency increases by ~2.5 times at GO concentration of
1 wt % as compared to the efficiency registered at
5wt % GO concentration. If we compare the parame-
ters of cells based on nanocomposite material and pure
TiO,, then it should be mentioned that the improve-
ment of efficiency is generally determined by the
increase of fill factor and value of short-circuit cur-
rent.

Photoelectric parameters of solar cells were studied
according to the technique given in [9, 33] based on

Table 2. Optoelectronic parameters of films based on TiO,
and TiO,—GO

Sample LIon, WA | L, LA | R x 1070, | D* x 1077,
at+30V | at-30V A/W Jones
TiO, 1.09 0.24 31 6.3
TiO,—GO 1.98 1.3 56 6.2
No.4 2021
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Table 3. Photovoltaic parameters of solar cells based on
TiO, and TiO,—GO

I, Voo Efficiency,
Sample mA/em?| mV FF %
TiO, 7.61 698.5 | 0.32 1.80
TiO,—GO Swt % 2.98 609.0 | 0.61 1.12
TiO,—GO 1 wt % 7.99 621.2 | 0.57 2.72
TiO,—GO 0.5 wt % 6.34 612.7 | 0.53 2.09

Table 4. Electron transport parameters of solar cells based
on TiO, and TiO,—GO

Samples R Q | R, Q | ko, 57" | Ter, MS
TiO, 265.7 33.0 51.767 | 19.31
TiO,—GO 0.5 wt % 509.1 47.3 37.283 | 26.82
TiO,—GO 1 wt % 81.2 30.9 193.03 5.180
TiO,—GO Swt % 142.9 33.0 372.74 2.683

R, is the charge transfer resistance related to the electron—hole
recombination, R, is the electron transport resistance in TiO,—
GO film, kg is the effective recombination rate of the charge car-
riers, and T is the electron effective lifetime.

impedance hodographs to explain the obtained data
(Table 4).

The data given in Table 4 show that the addition of
GO in certain concentrations into titanium dioxide
films leads to a decrease of both charge transport resis-
tance and recombination processes in the semicon-
ductor, as has been observed in the luminescence
spectrum of nanocomposite. Particularly, the value of
parameter R, decreased by 2.3 and 1.8 times for the
cells containing 1 and 5 wt % of GO, respectively. At
the same time, the highest value of the effective
recombination rate of the charge carriers was regis-
tered for the nanocomposite containing the highest
GO concentration. In the case of the GO concentra-
tion in TiO, equal to 0.5 wt %, the recombination of
charge carriers passes more efficiently; however, this is
compensated by a larger lifetime of the electron.
Therefore, the registered parameters of solar cell effi-
ciency are relatively high.

Thus, the influence of graphene oxide addition on
the structural, optical, optoelectronic, and photovol-
taic properties of TiO, was studied. It was shown that
nanocomposite material is formed during hydrother-
mal synthesis; at this, the semiconductor’s particles
are concentrated along the folds of GO sheets. It can
be related to the fact that a higher number of oxygen-
containing groups required for the interaction between
graphene oxide and titanium dioxide is preserved in
these regions.
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The measurements of the optical characteristics of
the synthesized material showed that the absorption
spectrum of TiO,—GO nanocomposite is shifted to
the longwave region as compared to the absorption
spectra of the initial components possibly due to the
change of the band gap of semiconductor. Intensive
luminescence observed in the luminescence spectra of
titanium dioxide at 380 nm is related to the radiative
recombination of the autolocalized excitons in the vol-
ume of anatase TiO,. GO addition leads to the ~25%
quenching of luminescence evidencing the lower effi-
ciency of the processes of recombination of the photo-
generated EHP in composite. In turn, it influences the
improvement of both optoelectronic characteristics of
TiO,—GO films (by ~80% as compared to the pure
TiO,) and their photovoltaic and electrophysical
parameters.

The obtained results can be used for the elaboration
of photoelectric devices and solar cells, as well as the
processes of photocatalytic degradation of organic
compounds.
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