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In dye sensitized solar cells, the role of the electron transport layer is crucial because it makes it easier for
photo-generated electrons to get from the dye to the external circuit. In DSSCs, the utilization of TiO; is
likely to be given preference in the production of electron transport electrodes due to its notable
characteristics such as its expansive surface area, porosity, and capacity to scatter light. Nevertheless, the
presence of heterogeneity within the mesoporous structure increases the likelihood of TiO, aggregation,
which subsequently diminishes the beneficial impact of TiO, on the performance of DSSCs. In this
context, reduced graphene oxide (r-GO) is introduced as an additive into the TiO, network during the
preparation of TiO,/reduced graphene oxide (r-GO) composites. The integration of r-GO with TiO, has
been recognized as a promising approach to enhance electron transport and electron lifespan, owing to
remarkable qualities exhibited by r-GO. The present investigation involved the synthesis of a composite
material including titanium dioxide/reduced graphene oxide (TiO,/r-GO) through the utilization of the
co-precipitation technique. Following this, the generated TiO,/r-GO composite material and pure TiO,
were deposited on FTO through electrophoretic deposition to obtain an electron transport electrode of
a dye sensitized solar cell. It should be noted that when r-GO was combined with TiO,, the performance
of DSSCs improved notably compared to pure TiO,. As a result, the findings of this work have significant
implications for the advancement of the TiO,/r-GO composite deposited through electrophoretic
deposition. The power conversion efficiency reached 6.64% with the addition of r-GO in the metal oxide
electron transport electrode. The obtained findings align with the outcomes of electrochemical
impedance investigations in which the electrode constructed with TiO,/r-GO exhibits reduced electron
transport resistance (Rcy) at the anode/dye/electrolyte interface, as well as lower overall resistance (Riotal)
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DOI: 10.1039/d4ra00829d in comparison to TiO,-based DSSCs. These advancements have the potential to be employed in

rsc.li/rsc-advances commercial DSSC manufacturing.

The fundamental operational mechanism of DSSCs comes
from the photovoltaic phenomenon, wherein photosensitizing
dyes absorb energy from photons and further emit electrons

Introduction

Dye-sensitized solar cells (DSSCs), which represent third-
generation solar cell technology, have had notable progress
since the time of them being reported by Brian O'Regan and
Michael Gritzel in 1991." In comparison to silicon-based solar
cells that were first developed in the 1940s, DSSCs have notable
benefits including environmental sustainability, recyclability,
and efficiency, particularly in the presence of artificial lighting
conditions.>* Furthermore, the versatile and user-friendly
nature of DSSCs presents researchers with prospects to inves-
tigate various materials and synthesis techniques with the
objective of improving their total efficiency.>”
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that are transported through an electron transport electrode.®™°
To achieve optimal efficiency, it is imperative for electron
transport electrode (photoanode) materials to fulfil the needs of
possessing good dye absorption characteristics and possessing
an acceptable band-gap energy. Therefore, the utilization of
TiO, is likely to be given preference in the production of elec-
tron transport electrodes for DSSCs due to its notable charac-
teristics such as its expansive surface area, porosity, and
capacity to scatter light.''"* Nevertheless, the presence of
heterogeneity within the mesoporous structure increases the
likelihood of TiO, aggregation, which subsequently diminishes
the beneficial impact of TiO, on the performance of DSSCs.
Therefore, the use of TiO, in conjunction with diverse carbon-
based materials, including carbon nanotubes, carbon nano-
rods, carbon quantum dots, and carbon nanofibers, to augment
the efficiency of DSSCs has garnered significant interest from
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the global scientific community."**® The integration of r-GO
with TiO, has been recognized as a promising approach to
enhance electron transport and electron lifespan, owing to the
remarkable qualities exhibited by r-GO."” These properties
include good thermal and electrical conductivity, a large
specific surface area, and a membrane-like structure. Hence,
TiO,/r-GO composites can be made from their respective
precursor components using co-precipitation synthesis.
Furthermore, within the co-precipitation procedure, the incor-
poration of a reducing agent serves to produce r-GO sheets and
improve the interconnection between TiO, NPs and r-GO
sheets. Nevertheless, it is crucial to acknowledge that the co-
precipitation approach may be subject to the direct involve-
ment of the reducing agent in the synthesis of the composite
material. Although prior studies have investigated diverse
methodologies for material synthesis and corresponding reac-
tion processes, there exists a scarcity of comprehensive research
that has systematically examined the impacts of distinct
reducing agents within identical experimental parameters.
Hence, it is crucial to combine these impacts to facilitate the
identification of the most suitable reducing agent for the
required synthesis.

The present study involves the production of a TiO,/r-GO
composite material by the co-precipitation process, employing
electrophoretic deposition for the fabrication of an electron
transport electrode for dye sensitized solar cells. The produced
electrodes were subjected to different analytical techniques for
analysis.*®*® The role of r-GO in TiO, was investigated using the
surface area enhancement technique and water contact angle to
assess the hydrophilicity of the electrodes. Furthermore,
photovoltaic and electrochemical testing was implemented to
analyze the performance of electron transport electrodes of dye
sensitized solar cells.

Experimental
Materials

Titanium tetraisopropoxide (C;,H,3O,Ti, Sigma-Aldrich), acetic
acid (CH3COOH, Sigma-Aldrich), graphite powder (Merck),
potassium permanganate (KMnO,, Sigma-Aldrich), phosphoric
acid (H3PO,, Sigma-Aldrich), sulfuric acid (H,SO,, Sigma-Aldrich),
and hydrogen peroxide (H,0O,, Sigma-Aldrich) were used for the
synthesis of titanium dioxide, graphene oxide and the composite
material. Furthermore, for electron transport electrode fabrica-
tion, fluorine-doped tin oxide (FTO)-coated glass was sourced
from Sigma-Aldrich and N3 (cis-bis(isothiocyanato)bis(2,2'-bipyr-
idyl-4,4'-dicarboxylato) ruthenium(u)) dye was acquired from
Sigma-Aldrich for the sensitization of the photoanode. A Pt-based
electrode was used as a counter electrode of DSSCs.

Iodine (I, Sigma-Aldrich), guanidine thiocyanate (GuSCN,
Sigma-Aldrich),  1,2-dimethyl-3-propylimidazolium iodide
(DMPII, Sigma-Aldrich), and 4-tert-butylpyridine (TBP, Sigma-
Aldrich) were used for the preparation of the electrolyte that
was used in the fabrication of devices. Last, lithium iodide (LiI,
Sigma-Aldrich), lithium perchlorate (LiClO,, Sigma-Aldrich)
and acetonitrile (CH;CN, Sigma-Aldrich) were used for electro-
chemical testing of the photoanode.
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Synthesis of TiO,/r-GO composite material

Graphene oxide (GO) was produced from graphite utilizing the
Hummer's method, with a modification implemented in
accordance with the procedure applied in previous work.*
Using this, a suspension of GO was produced in deionized water
at a concentration of 1 mg mL ™" using ultrasonication. Tita-
nium tetraisopropoxide (TTIP) was employed as a precursor in
the processing of TiO,. Initially, 5 mL of TTIP and 1 mL of acetic
acid were dissolved together for 15 minutes at ambient
temperature. Subsequently, a volume of 25 mL of deionized
water was slowly introduced and agitated for a duration of 2 h to
afford full hydrolysis of TiO,. The GO suspension was subse-
quently added to the hydrolyzed TiO, solution while being
subjected to magnetic stirring for a duration of 2 h at
a temperature of 25 °C and a stirring speed of 600 rpm. To
promote the reduction of GO and synthesis of titanium dioxide/
reduced graphene oxide (TiO,/r-GO) composite materials,
hydrazine was injected into the solution.

Furthermore, the GO content was kept constant at 10% of
the precursor mixture (TTIP and GO). The reducing agent,
hydrazine, was introduced gradually in a consistent weight
proportion of 4 mg per 1 mg of GO for a duration of 4 h, at 60 °C,
and 600 rpm. The above process was repeated in the absence of
GO and reducing agent to generate TiO, NPs, which were
utilized as a reference sample. The resultant mixes were then
centrifuged with deionized water at 4000 rpm to obtain
suspensions. Subsequently, the suspensions were subjected to
a thermal treatment at 450 °C for a duration of 5 h, resulting in
the formation of TiO,/r-GO composites as well as TiO, nano-
particles. Using an EPD process, electron transport electrodes of
pure TiO, and TiO,/r-GO composite material were then fabri-
cated.”* In our previous research, the EPD fabrication process
for electrodes is described.” The overall process is shown in
Fig. 1. For the deposition procedure, a homogenous suspension
was prepared by stirring 0.2 g of TiO,/r-GO composite powder in
50 mL of ethanol with 1 mL of distilled water. At room
temperature, this mixture was agitated for 30 min. The elec-
trodes (FTO glass) were immersed vertically in the prepared
suspension and connected to a power supply to initiate the
deposition process. The deposition process was conducted for
5 min at 20 V voltage to achieve a uniform deposition. Under the
influence of an electric field, charged particles migrate towards
an electrode surface during this process. The photoanode was
rinsed with ethanol and dried at room temperature. Further, the
electron transport electrode was placed in a furnace at 450 °C
for 1 hour at a heating rate of 5 °C min~" before being cooled to
ambient temperature. The entire procedure was repeated to
create a pure TiO, electron transport electrode.

Characterization

X-ray diffraction (Bruker, Germany, D8 ADVANCE instrument
fitted with a Cu Ko, radiation emitter. A = 1.5418 A) was performed
for structural analysis at 25 kV operating power. Measurements
were taken between 5° and 70° in 26, advancing in step-scans of
0.02°. A multipoint Brunauer-Emmett-Teller (BET; Quantach-
rome NovaWin 2.0 instrument, Virginia) analyzer was used to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Synthesis of TiO,/r-GO composite and electron transport electrode fabrication through electrophoretic deposition technique.

measure the surface area, pore volume, and pore size of the TiO,/
r-GO composite material. This analysis was conducted on the
sample using a volumetric apparatus, and nitrogen gas was used
for the adsorption-desorption isotherm at a temperature of
—196 °C. Before the analysis, the sample was dried at a tempera-
ture of 150 °C for 8 hours to eliminate moisture content.

The surface features of composite electrode film were
examined using a TESCAN-MIRA3 SEM device. The images were
captured at a field magnification ranging between 200 um and
500 nm and employed an accelerating voltage varying from 15.0
to 10.0 kV. Further, the electron transport electrode was sub-
jected to water contact angle measurement (VCA-OPTIMA) to
assess the hydrophilicity of the TiO, nanoparticles and
composite material.

A high-resolution X-ray photoelectron spectrometer (XPS)
was employed to conduct elemental and chemical analyses of

© 2024 The Author(s). Published by the Royal Society of Chemistry

the TiO,/r-GO composite. The full-scan, high-resolution spectra
of different elements such as Ti 2p, C 1s, and O 1s were also
recorded.

Electrochemical impedance spectroscopy (EIS) was con-
ducted with dummy cells that had two identical electrodes and
electrolyte solution in the frequency range of 10~ to 10> Hz,
utilizing an alternating current (AC) amplitude of 5 mV. The
photovoltaic characterization of built DSSCs was conducted by
measuring them using a solar simulator with an illumination
intensity of 100 mW cm 2.

Results and discussion

For structural analysis, XRD (Bruker, Germany) patterns of TiO,,
TiO,/r-GO and r-GO were employed, as shown in Fig. 2. XRD
profiles indicate that TiO, and r-GO are consistent with the
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Fig. 2 XRD patterns of TiO,, r-GO, and TiO,/r-GO composite and adsorption—desorption curve of TiO,/r-GO composite.

literature. The profile of as-prepared TiO, is well matched with
the standard tetragonal crystal system pattern of anatase of TiO,
(73-1764). For 1-GO, a distinct diffraction peak was observed at
24.6°, associated with the (002) crystal plane, denoting its highly
organized structure. Further, the diffraction peaks of TiO, and
r-GO are visible in the pattern of the composite material as seen
in Fig. 2.

Using a BET surface area measurement tool, the surface
characteristics of the TiO,/r-GO composite were evaluated. The
composite powder was subjected to a pre-treatment process at
a temperature of 150 °C for a duration of 8 hours before the start
of the analysis. A temperature of —196 °C was used for the
adsorption and desorption of nitrogen. Fig. 2 also shows the
adsorption-desorption isotherm of TiO,/r-GO and pore size
distribution curve. In accordance with the IUPAC classification,
the TiO,/r-GO adsorption isotherm might be categorized as type
II. The BET surface area was 54.989 m”> g~ ' for the TiO,/r-GO
composite, which is greater than that of pure TiO, nano-
particles. Furthermore, this material is nano porous with an
average pore radius of 1.795 nm and a pore volume of 0.088 cm®
g !, according to the Barrett-Joyner-Halenda (BJH) method.

Porous materials are more favorable for the electron trans-
port electrodes of dye sensitized solar cells because high-
surface-area materials allow greater amount of dye loading
and improve electrolyte permeability.

Fig. 3

15910 | RSC Adv, 2024, 14, 15907-15914

In the current analysis, the addition of r-GO in the TiO,
nanoparticles is accountable for enhanced dye loading and
excellent electron transport. TiO,/r-GO with a desirable surface
area is a promising composite material for superior dye loading.
Further, it is capable of transferring charge through shorter
paths. Wang et al. reported that a higher surface area of the
electron transport electrode material is responsible for
improved dye loading and excellent electron transport.® To
probe the surface topography and structure of the composite
film by TESCAN-MIRA3 scanning electron microscopy (SEM),
TiO,/r-GO film was deposited on FTO/glass substrate. Fig. 3(a)
and (b) show SEM images of the prepared TiO,/r-GO film at 200
pm and 500 nm, respectively. In Fig. 3(c), a water droplet on the
TiO,/r-GO film to measure the contact angle can be seen. The
wettability of a surface depends on two factors: its physical
features like roughness and micro-/nanostructures and the
inherent surface energy of the material itself.

The reason why the TiO,/r-GO composite performs better in
converting light into energy compared to pure TiO, is linked to
a reduction in the water contact angle, which was measured as
30.32°. A smaller contact angle means that dyes can cover the
nanostructures more effectively, leading to enhanced photo-
conversion efficiency.*

The X-ray photoelectron spectroscopy (XPS) technique was
utilized to conduct elemental and chemical analyses of the

(a and b) Scanning electron microscopy and (c) contact angle measurement of TiO,/r-GO composite film.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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TiO,/r-GO composite. The full-scan spectrum and high-
resolution spectra of Ti 2p, C 1s, and O 1s are shown in Fig. 4.

In Fig. 4(a), a comprehensive analysis of TiO,/r-GO reveals
the presence of four prominent peaks at binding energies of
approximately 284.5, 458.3, 466.5 and 533.0 eV. These peaks are
attributed to C 1s, Ti 2psp, Ti 2pi, and O 1s components,
respectively. Other low-intensity peaks are also present in the
full-scan spectrum. Fig. 4(b) illustrates the C 1s spectrum,
deconvoluted into three peaks, attributed to different C bond
types. The most noticeable peak is ascribed to the presence of
C=C bonds at 283.7 eV, whereas the subsequent prominent
peak is assigned to the presence sp>-hybridized C-C bonds at
285.0 eV, and the peak at 287.3 eV is associated with C-O-C
bonds. The observed C 1s peaks reported in this paper are well
aligned with the findings of Tien et al.*® The signal associated
with the O 1s peak (Fig. 4(c)) has been separated into three
distinct peaks by deconvolution. The peak with the highest
intensity at 532.1 €V is associated with C-O bonds. Moreover,
peaks at 531.1 and 530.18 correspond to C-O-C and Ti-OH,
respectively. The high-resolution spectrum of Ti 2p is shown in
Fig. 4(d), which shows a doublet at 459.3 eV for Ti 2ps/, and at
465.1 eV for Ti 2p,,,. In the literature, the difference in the
binding energies of Ti 2p3/, and Ti 2p,,, is about 5.8 eV, which is
in agreement with the +4 oxidation state of Ti in the TiO,

View Article Online

RSC Advances

lattice.”® A similar difference is observed in the current
composition, which indicates the existence of Ti*" in the
prepared TiO,/r-GO composite.

To analyze the electron transport resistance across different
interfaces, we applied electrochemical impedance spectroscopy
(EIS). This was done in a frequency range from 10° Hz to 1 Hz,
linked with an applied open circuit potential. In Fig. 5, prom-
inent semicircles are evident for TiO,/r-GO and TiO,, indicating
considerable electron transport resistances in these configura-
tions. The data fitting procedure is represented by the Randles
circuit model. Within the high-frequency spectrum, the visible
semicircle can be attributed to the charge-transfer resistance
(Reounter) Occurring at the interface between the cathode and
electrolyte. Additionally, the symbol Ry represents the sheet
resistance, primarily attributed to the resistance of the FTO
substrate utilized in the electrode production process. Table 1
presents the values of sheet resistance (Ry), interfacial charge-
transfer resistance (Reounter), and various other factors. The
resistance values obtained from the second semicircle, covering
a frequency range of 1 to 100 Hz, indicate that the resistance at
the anode/dye/electrolyte interface (Rg.) of TiO, (112 Q) was
greater than that of TiO,/r-GO (34.31 Q) composite electron
transport electrode.
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Fig. 5 Electrochemical impedance spectroscopy and current—voltage measurements of pure TiO, and TiO,/r-GO composite devices.

Table 1 EIS and /-V measurements of TiO,/r-GO- and TiO,-based dye sensitized solar cell devices

Electrode Rs (Q) Rcounter (Q) Rct (Q) Isc (mA) Voc (mv) n (O/D) FF (OAj)
(TiO,/r-GO) 8.38 24.33 34.31 12.57 761 6.64 54.1
TiO, 6.92 32.88 112 10.0 708 5.00 55.0

The total internal series resistance is equal to the sum of all
these resistances (Rota1).- For DSSCs made of TiO,/r-GO and
pureTiO,, the total internal resistance is 67.1 Q and 151.6 Q,
respectively. The performance of the TiO,/r-GO electron
transport electrode can be seen to be superior that of the TiO,
one. In the literature, a similar electrochemical behaviour is
reported, in which a cobalt sulfide nanostructure in compar-
ison with Pt-based DSSCs is described, and cobalt sulfide has
been proved to be very effective in catalyzing the redox elec-
trolyte in DSSCs.*”

To understand complete performance of titanium dioxide/
reduced graphene oxide (TiO,/r-GO) and titanium dioxide
(TiO,) electron transport electrodes in DSSCs, photovoltaic (I-
V) features were assessed using a power source while sub-
jecting the devices to an illumination intensity of 100 mW
cm 2. Fig. 5 also shows the photovoltaic (I-V) characteristic
curves of DSSCs using titanium dioxide/reduced graphene
oxide (TiO,/r-GO) and titanium dioxide (TiO,) electron trans-
port electrodes. The fill factor (FF) and power conversion
efficiency (n) were computed from current voltage measure-
ments, and the resulting values for all associated photovoltaic
parameters are presented in Table 1. The findings indicate
that a DSSC fabricated with a combination of TiO, and r-GO
exhibits higher efficiency in comparison to a cell constructed
with TiO,. Hence, the inclusion of r-GO can significantly
increase the functioning of the device. In the literature, the
performance of electron transport is dependent on the inter-
action between both materials. Thus, reduced graphene oxide
(r-GO) possesses a planar structure with delocalized 7t-elec-
trons, allowing them to form -7 stacking interactions with
the titanium dioxide (TiO,) nanoparticles. This stacking
interaction can facilitate electron transfer between the r-GO

15912 | RSC Adv,, 2024, 14, 15907-15914

and TiO, nanoparticles. Here, in this work, the performance
of the device showed the strong interaction between TiO, and
r-GO in the nanocomposite.*®

The obtained findings align with the outcomes of the elec-
trochemical impedance investigations. Specifically, the DSSC
constructed with a TiO,/r-GO electrode exhibits reduced elec-
tron transport resistance (R at the anode/dye/electrolyte
interface, as well as lower overall resistance (Rio) in compar-
ison to TiO,-based DSSCs. Therefore, it can be observed that the
performance of the TiO,/r-GO composite electrode surpasses
that of the TiO, electrode. Hence, the higher efficiency of the
TiO,/r-GO-based device as compared to others is mainly due to
high surface area for dye absorption which is confirmed from
BET surface area analysis and low contact angle.

Conclusion

Pure TiO, nanoparticles, TiO,/r-GO composite materials and
their electron transport electrodes were successfully synthe-
sized using the coprecipitation method and electrophoretic
deposition technique. XRD patterns obtained from TiO,, -GO,
and the TiO,/r-GO composite provided evidence for the effec-
tive synthesis of these materials. The impact of reduced gra-
phene oxide (r-GO) on the photovoltaic efficiency of DSSCs was
demonstrated through higher BET surface area of 54.989 m?
g¢~', reduced contact angle (30.32°) and the enhancement
observed in the I, and PCE values of the DSSCs. Moreover, the
resistance values derived from EIS spectra indicated the
capacity of TiO,/r-GO composite materials to mitigate charge
recombination and facilitate electron transport, hence boosting
the performance of the DSSCs. Experimental findings indicate
that the TiO,/r-GO composite material is a viable option for

© 2024 The Author(s). Published by the Royal Society of Chemistry
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constructing electron transport electrodes in DSSCs using the
coprecipitation technique.
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