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HIGHLIGHTS GRAPHICAL ABSTRACT

Improved DSSCs photovoltaic per-
formance was achieved by using an-
nealed photoanode film.

Enhanced DSSCs photovoltaic per-
formance was obtained by hybridiz-
ing an annealed photoanode film
with the custom-made hyper-
branched TC14-rGO.

e Improved DSSCs photovoltaic per-
formance was achieved by different

photoanode configuration. nanorods
e The hybridization of TC14-rGO with ‘

MWCNTs increased the electrical TiO, 4—— FTO

performance of CE thin film. nanoflowers TC14-1GO
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carbon nanotubes (MWCNTSs), which then coated by thin platinum (Pt) NPs (TC14-rGO_MW(CNTs/Pt)
and used as counter electrode (CE) thin film. Based on solar simulator measurements, the highest
energy conversion efficiency (1) (1.559%) was achieved by TiO, NRs-NFs/TC14-rGO/TiO, NPs hybrid
photoanode film with the short current density (Jsc), open circuit voltage (V,.), and fill factor (FF)
of 3.275 mA/cm?, 0.747 V, and 53.5, respectively as compared to others fabricated photoanode films;
non-ann TiO; NRs-NFs/TiO, NPs (1.215%), ann TiO; NRs-NFs/TiO, NPs (1.462%), and TiO, NRs-NFs/TiO,
NPs/TC14-rGO (0.525%). This result shows that the utilization of TC14-rGO for both photoanode and
CE film increases the conductivity of the film. High n was also supported by high dye adsorption
promoted by TiO, NPs as the top photoanode layer.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

The development of solar cell technology has gained a lot of
interest since the invention of first-generation silicon wafers solar
cells in the 20th century by Russell Ohl and the next second-
generation solar cells based on amorphous silicon, copper indium
gallium selenide (CIGS), and cadmium telluride (CdTe). Good per-
formance and high efficiency (n) of around ~20% was recently
achieved and became a potential candidate for reducing and
slowly replacing the usage of fossil fuel as an energy source [1].
However, the scarcity of source elements, high vacuum processes,
and high-temperature treatment induced high production costs,
thereby limiting the fabrication of such solar cells at industrial
scales [2]. The dye-sensitized solar cells (DSSCs) as the third-
generation solar cell was first invented by O’Regan and Gratzel
in 1991 [3] and became a promising candidate to overcome
problems for the current generation. DSSCs offers a simple fab-
rication, flexibility and design opportunities, low-cost material,
light weight, and relatively high n [3-6]. Recently, 14% efficiency
was achieved [7] and presents a possibility to match the capa-
bilities of CIGS and CdTe solar cells. In order to increase DSSCs
performance, several improvements on four main DSSCs compo-
nents were widely investigated. These components include the
photoanode, dye, electrolyte, and counter electrode (CE).

Among the four components, the photoanode, which is com-
monly fabricated from semiconductor materials, is crucial for
the improvement of DSSCs efficiency due to its role on provid-
ing the surface area for the adsorption of dye molecules, light
absorption, and also transferring excited electrons to the sub-
strate. Zinc oxide (Zn0O) [8] and titanium dioxide (TiO,) [9-11]
were the most popular semiconductor materials investigated in
the DSSCs application. This was due to their nontoxicity, wide
band gap energy (needed for light absorption), and good carrier
mobility. ZnO presents better carrier mobility, lower electron
recombination, and a flexible synthesis process as compared to
TiO, [12]. Recently, a high DSSCs n of 8.22% was achieved when
ZnO was treated by a 1H,1H,2H,2H-perfluorodecyltriethoxysilane
(PFDTES) hexane solution after dye immersion [13]. However, the
smaller chemical stability of ZnO yields the precipitation after
dye immersion; this resulted in less dye loading, poor electron
injection, and lower efficiency [12,14]. TiO, offers better chemical
and physical stabilities, large surface area, and presents a higher
DSSC efficiency as compared to ZnO thus suitable to be applied as
a photoanode material [14-16]. TiO, has three crystallite forms
(phases), which are commonly known as anatase, rutile, and
brookite. Brookite was not beneficial for several applications due
to its unstable form at room temperature. Anatase is a metastable
phase that can transform into rutile by high temperature, while
rutile is the most stable form. Both anatase and rutile phases
were commonly utilized for DSSCs applications due to their high
photocatalytic activity [17]. However, the drawback of TiO, as
compared to ZnO as photoanode is its lower electron mobility and
higher electron recombination, thus requiring improvement [12].

It is known that TiO, morphology can critically affect the
DSSCs performance, thereby its improvement and modification
were widely investigated to solve this problem [18]. Several TiO,
morphologies which had been successfully synthesized and ap-
plied as photoanodes were nanoparticles (NPs) [19], nanorods
(NRs) [16,20], nanowires (NWs) [21], nanotubes [22], nanoflowers
(NFs) [23], and hollow hemispheres [24]. Meanwhile, usual syn-
thesis methods for TiO, were sol-gel, chemical vapor deposition
(CVD), solvothermal, and hydrothermal growth methods. Among
those methods, hydrothermal growth is simple, low-cost, fast
reaction velocity, and has the necessary flexibility for control-
ling the TiO,morphology. The zero-dimensional (0D) TiO, NPs
provide a large specific area for effective dye adsorption, which
may increase DSSCs efficiency [25,26]. On the other hand, one
dimensional (1D) TiO, nanostructures, such as NRs and NWs,
offer faster and direct electron pathways to the substrate due to
their vertically aligned morphology [27-29]. The combination of
both morphologies and phases was proven to give better DSSCs
performance as compared to the pure phase. Hafez et al. [30]
show that pure TiO, NRs and TiO, NPs give lower n (4.4 and 5.8%,
respectively) as compared to the TiO, NRs/NPs bilayer (7.1%). Cao
et al. [26] also achieved a higher n of 7.39% by utilizing a bilay-
ered photoanode consisting of TiO, NRs and NPs as compared to
pure film (0.54 and 4.63% for NRs and NPs, respectively). This
result was also in a good agreement with several works done
by utilizing both different morphologies and phases of NRs and
NPs [25,31,32].

Post-treatment of TiO, nanostructures, such as annealing, also
critically affects the optical and electrical properties of fabricated
films. Ahn et al. [33] show that post-annealing of TiO, nanobarbed
fibers resulted in higher crystallinity and higher conductivity as
indicated by a lower band gap energy (E;). Hasan et al. [34]
reported that the TiO, morphology structure remains unchanged
as the annealing temperature increases (300—600 °C), while its
transmittance decreases due to surface roughness. Meanwhile,
Zhao et al. [35] showed that the surface roughness factor for TiO,
NPs increases with the annealing temperature (350—600 °C). A
low annealing temperature (350 °C) yields small-sized crystal-
lites, while a higher temperature (600 °C) improves the crys-
tallinity, thus decreasing the internal surface area and impending
the dye adsorption. Moreover, Meng et al. [36] found that the top
ends of TiO, NRs sharpen as the annealing temperature increases
(200—500 °C). They also showed that higher DSSCs 5 is achieved
by the annealed films as compared to the as-deposited films
without annealing. This is also in a good agreement with results
from Ahmad et al. [20], who obtained the highest dye adsorption
and DSSCs 1 by annealing TiO, NRs at 450 °C for 30 min.

Besides post-annealing treatment, the hybridization of TiO,
nanostructures with carbonaceous material, such as carbon nan-
otubes (CNTs), graphene, graphene oxide (GO), or reduced GO
(rGO) was also done in order to improve TiO, electrical proper-
ties [11,37-44]. This was due to the high conductivity of the car-
bonaceous material, which increases the electron transfer
through TiO,, decreases the electron recombination, and yields
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higher short circuit current density (Jsc). Among these carbona-
ceous material, rGO offers an advantage for the functionalization
and hybridization with other material due to the presence of
oxygen-functional groups resulted from the reduction process
of GO [45]. This oxygen-functional groups can form a strong-
coupling composite between the rGO and TiO, [46]. A higher 7, of
7.52% was achieved by Zhao et al. [43] with a TiO,-rGO nanocom-
posite via a one-step hydrothermal method as compared to a
pure film of TiO,NPs (6.39%). Meanwhile, Liu et al. [40] achieved
6.85% efficiency when immersing the prepared TiO,NPs in the GO
solution and then reducing them via thermal reduction process.
However, they also found that less dye adsorption occurred in the
sample with excess rGO. This leads to the conclusion that a high
amount of rGO must be avoided. The configuration of the pho-
toanode film also gives different effects in DSSCs performance.
Song et al. [41] sprayed a rGO layer on TiO, NPs and achieved
6.06% efficiency. They also found that a thicker rGO layer was not
beneficial for dye adsorption, which decreased ». In contrast, Liu
et al. [42] deposited the rGO layer between TiO, NPs films by the
electrospray method. By spraying 1 layer of rGO (40 nm) between
two TiO, NPs films, a higher efficiency (7.8%) was obtained as
compared to pure TiO, NPs films (7.1%) and thicker (120 nm)
rGO layers (7.3%). Furthermore, when they investigated multiple
rGO layers between the TiO, NPs films, the highest n (8.9%) was
achieved by three rGO layers as compared to five layers rGO
(6.1%).

However, most reported papers used the GO or rGO powder
synthesized through Hummers method which well-known using
the highly toxic chemicals and more complex synthesis steps [40,
43,47]. The challenge and more step (dissolving in solvent) on
the thin film fabrication method due to the powder form of
the synthesized GO can be minimized by developing new GO
synthesis method. The simple and water-based GO synthesized
by using electrochemical exfoliation becomes a promising so-
lution to minimize these drawbacks which can further easily
fabricated by spraying method. In this work, the novel hybridiza-
tion of TiO, NRs-NFs synthesized by hydrothermal growth with
rGO based on hyper-branched sodium 1,4-bis (neopentyloxy)-
3-(neopentyloxycarbonyl)-1,4-dioxobutane-2-sulphonate (TC14)
surfactant produced by chemical reduction was done by sim-
ple spray deposition before applying TiO, NPs by the squeegee
method [19]. In addition, the post-annealing treatment of TiO,
NRs-NFs after hydrothermal growth was also done in order
to investigate its effect in DSSCs performance. The comparison
summary between the recent literature of modified photoanode
with this work are presented in Table 1.

CE also plays a key role in DSSCs performance to facilitate elec-
tron transfer which needed to regenerate the oxidized dye after
electron excitation. Highly conductive materials such as plat-
inum (Pt), multi-walled CNTs (MWCNTSs), rGO, or a hybridization
thereof become popular choices to be used as CEs [6,48]. Several
works have already proven that a hybrid material poses better
electrical properties as compared to a pristine CE film [6,48-51].
In this work, the resultant material from the hybridization of
rGO, MWCNTs, and Pt NPs was utilized as the CE based on its
highest performance, which was reported previously as compared
to commercially available SDS surfactant [51]. The TC14-rGO was
synthesized utilizing hyper-branched TC14 surfactant, which has
been proven in previous reports to give better DSSCs performance
by utilizing ZnO- and TiO, NWs-based photoanodes [14-16,51].
Meanwhile, the MWCNTs was synthesized from waste cooking
palm oil as the carbon source [52,53]. The combination of both
hybrid photoanode and CE materials was believed to give better
DSSCs performance due to better crystallinity and electrical prop-
erties of the photoanode film and the high conductivity of CE thin
film.

2. Material & methods
2.1. Fabrication of photoanode film

In this study, four types of fabricated photoanode films are
non-annealed (non-ann) TiO, NRs-NFs/TiO, NPs, ann TiO, NRs-
NFs/TiO, NPs, TiO, NRs-NFs/TiO, NPs/TC14-rGO, and TiO, NRs-
NFs/TC14-rGO/TiO, NPs as illustrated in Fig. 1. Two photoanodes
were without TC14-rGO and the two others were with TC14-rGO
as different configurations of the photoanode film. In essence, all
photoanode films consist of TiO, NRs-NFs and TiO, NPs. The ru-
tile TiO, NRs-NFs were synthesized by the hydrothermal growth
method as described in previous work [16] and used as the
bottom layer of all fabricated photoanode films. In brief, the same
volume ratio of deionized (DI) water and hydrochloric acid (HCI)
were well mixed under constant stirring for 5 min. Afterward,
titanium butoxide (TBOT) was added to the solution with the
volume ratio of 1:40 and stirred for another 10 min until a
clear solution was formed. Fluorine-doped tin oxide (FTO) was
initially placed in the autoclave with the conducting surface fac-
ing upward before pouring the hydrothermal solution and then
performing the hydrothermal growth for 5 h at 150 °C. After the
autoclave was cooled down to room temperature, the synthesized
TiO, NRs-NFs film was taken out and rinsed with DI water. The
films were then dried at room temperature; some of them were
annealed at 450 °C for 30 min as the post-treatment [20]. Mean-
while, the anatase TiO, NPs were prepared by mixing ethanol,
titanium (IV) isopropoxide (TTIP), and titanium (IV) oxide in paste
form and applied by the squeegee method [19]. The coated films
were then heated for 10 min at 150 °C before being annealed
at 450 °C for 1 h. The hybrid photoanode films were fabricated
by spraying the TC14-rGO solution using the spray deposition
method with an airbrush (0.3 mm nozzle diameter). The spraying
process was performed at 10 cm distance from the preheated
fabricated TiO; nanostructures film (120 °C for 5 min). The fresh
sprayed films was then annealed at 400 °C for 1 h under argon
atmosphere.

2.2. Fabrication of CE thin films

The fabrication of the TC14-rGO_MWCNTs/Pt CE thin film was
initially done by synthesizing TC14-GO as the initial solution
before undergoing the chemical reduction process as mentioned
in the previous work [14-16,51]. The electrochemical exfoliation
method was performed by connecting two graphite rods 7 V
DC power supply for 24 h [14,15,51]. The rods were partially
immersed in the water-based 0.1 M electrolyte solution contain-
ing custom-made hyper-branched TC14 surfactant. Afterward, a
small amount of hydrazine hydrate was dropped to the syn-
thesized GO and stirred for 24 h under ~95 °C temperature to
produce the TC14-rGO solution. One weight per cent of MWCNTSs
was further dispersed to the TC14-rGO solution and spray coated
on the FTO substrate. In brief, the TC14-rGO_MWCNTs hybrid so-
lution was sprayed on the preheated FTO (120 °C for 5 min) which
then annealed at 400 °C for 1 h in an argon atmosphere [51]. The
last step was sputter coating the 10 nm Pt NPs layer onto the CE
film.

2.3. Fabrication of DSSCs

The DSSCs device was fabricated by assembling the dyed pho-
toanode (non-ann and ann TiO, NRs-NFs/TiO, NPs, TiO, NRs-
NFs/TiO, NPs/TC14-rGO, and TiO, NRs-NFs/TC14-rGO/TiO, NPs)
and TC14-rGO_MWCNTs/Pt CE film followed by an electrolyte
(1,2-dimethyl-3-propylimidazolium iodide (DMPII)) injection be-
tween them. Ruthenium (N719) was used as the dye, which
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The comparison summary between the recent literature of modified photoanode with this work.

TiO, nanostructures Photoanode films DSSCs n (%) Reference
rGO-TiO, (anatase) - The GO was synthesized by modified Hummers’ method TiO, NPs; 6.13 [40]
- The TiO, NPs film was immersed in the GO solution rGO-TiO, NPs; 6.85
followed by sintering
TiO,-rGO (anatase) - The rGO was prepared by reducing the initial GO TiO, NPs; 7.1 [42]
synthesized by modified Hummers’ method TiO, NPs/rGO/TiO, NPs; 7.8
- The TiO, NPs was sprayed by rGO solution with different TiO, NPs/rGO (3 layer of
time and configuration rGO between NPs); 8.9
rGO/TiO, (anatase-rutile) - The rGO was prepared by reducing the initial GO synthesized TiO, NPs; 6.39 [43]
by improved Hummers’ method using ethylene glycol rGO-TiO, NPs; 7.52
- The rGO|TiO,was synthesized by hydrothermal method
rGO-TiOynanocomposite - The rGO was prepared by sonicating and stirring the initial TiO, NPs; 4.98 [47]

(anatase) GO synthesized by modified Hummers’-Offeman method

- The rGO-TiO,was fabricated by doctor blading method
TiO,/rGO/TiO,(anatase— - The water-based rGO solution was prepared by reducing the
rutile) initial GO synthesized by electrochemical exfoliation assisted

rGO-TiO, NPs; 7.68

This work

by custom-made hyper-branched TC14 surfactant using

hydrazine hydrate

- The different configuration of photoanode film was
fabricated by spraying the rGO solution on top and between

the TiO, NRs-NFs and TiO, NPs

Non-ann and ann TiO, NRs-NFs/TiO, NPs

TC14-rGO_MWCNTSs/Pt

FTO
1 1t i Q 9 1
Adsorbed dye on 4_____%,,“ pPT L T substrates
TiO, NRs-NFs/TiO, NPs i Electrolyte
TiO, NRs-NFs/TiO, NPs/TC14-rGO
TC14-1GO_MWCNTs/Pt
T
FTO
Adsorbed dye on «——— ‘ ‘Wsubstratcs
it = i S pTTIIILLLLILSES
TiO, NRs-NFs/TiO, NPs / T -
TC14-1GO

TiO, NRs-NFs/TC14-rGO/TiO, NPs

TC14-rGO_MWCNTs/Pt

. _—
Adsorbed dye on TiO, NPs w N ] FTO
/ % S| L—" substrates
TC14-1GO I

S ST !
g

Electrolyte
TiO, NRs-NFs

Fig. 1. Illustration of fabricated various photoanode films.

was initially prepared by dissolving it into a mixture of acetoni-
trile and 1-butanol in the same volume ratio. The photoanode
immersion was fixed for 24 h followed by rinsing the dyed pho-
toanode film with ethanol and dried at room temperature. Mean-
while, the redox couple of 1,2-dimethyl-3-propylimidazolium io-
dide (DMPII) was used as the electrolyte. The fabricated DSSCs
were then measured by a solar simulator device in order to
investigate their performance.

The morphological properties and their element compounds of
fabricated photoanodes and CE thin films were investigated by a
FESEM-Hitachi SU8020 and EDX-Horiba EMAX, respectively. The
FESEM images were taken at working distance of 8 mm using
upper detector with 5 kV accelerating voltage. Meanwhile, the
EDX analysis were performed by using 30 kV accelerating voltage
and 15 mm working distance. Furthermore, the structural proper-
ties were analyzed by a HRTEM-JEOL JEM 2100, XRD-Bruker D8

Advance, and a Renishaw InVia microRaman System for Raman
spectroscopy. The HRTEM samples preparation was done by dis-
persing some drops of TC14-rGO solution in ethanol as solvent.
The dispersed solution then sonicated for 5 min and 1-2 drops
of solution was dropped on lacey carbon film (LC300-Cu on 300
mesh copper grids) followed by drying at room temperature. The
analysis was done by performing 160 kV accelerating voltage. The
electrical and optical properties comprised the electrical resistiv-
ity, transmittance, and band gap energy (E,); they were measured
by a Agilent Technologies Cary 60 UV-Vis and four-point probes
instrument; a Keithley 2636A was the source meter and Leios
TMXpert software was used for data analysis. DSSC photovoltaic
performance was finally measured by solar simulator Oriel Sol 1A
under 1AM solar illumination.

3. Results and discussion
3.1. FESEM, EDX, and HRTEM analysis

The top view morphology of synthesized TiO, NRs-NFs is
presented in Fig. 2(a). Based on low magnification, the dense
NRs without any holes or cracks were grown uniformly on the
substrate. Higher magnification shows that the top TiO, facet has
a tetragonal shape with smooth structure, in which the diameter
ranges from 75.3 to 295 nm (Fig. 2(b)). This NR diameter range
is consistent with observations from previous work [16] and con-
firms the reproducibility of the hydrothermal growth method for
TiO, NRs-NFs. A cluster of NFs was clearly observed to be stacked
on top of TiO, NRs; these NFs appear to have complete and
incomplete structures (Fig. 2(c)). The complete single NF diameter
is around 8.3 wm, while the two NFs colliding each other form a
bigger NF with a diameter of 12.7 ywm. Based on the incomplete
NF structure, it can be concluded that the NFs were formed from
one crystal nucleus, which had different crystal faces for growing
NFs petals [54]. The FTO position during hydrothermal growth
offers the place of the excess nucleating centers to “stay” thus
formed the NFs [55]. The short hydrothermal synthesis time of
5 h prevents a potential glut of grown NFs, as proven by the
observed rarity of NFs on NRs in the low magnification FESEM
images. It can be seen in these images that the NFs had also
formed with a tetragonal structure with a diameter slightly bigger
than that of the tetragonal structure of NRs. This was believed to
be due to the slow hydrolysis rate caused by the acidic solution,
which offers the abundant Ti**as the source of TiO,crystals. EDX
analysis (Fig. 2(d)) shows the titanium (Ti) and oxygen (O) atomic
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percentages of 27.03 and 72.97%, respectively which is consistent
with the previous work [16].

The morphology of the tetragonal crystal structure of TiO, NRs
was seen to remain unchanged after the annealing treatment.
However, the top surface became rough as shown by blue arrows
in Fig. 2(e), which is in good agreement with the results of several
works [34,36,56,57]. The density and roughness of the ann film
increased due to the deformation and recrystallization during the
annealing treatment. The observed diameter of ann TiO, NRs was
also slightly bigger in the range of 94—313 nm as compared to
non-ann TiO, NRs. This resulted in reduced porosity for the film,
which was proven by the lower amount of empty space between
each NR. After TC14-rGO was sprayed on TiO, NRs-NFs, TC14-rGO
layers were clearly observed to adhere to the NRs and NFs with
the fold-up layer in the edge plane (Fig. 2(f)). The fold-up layer
originates from the successful oxidation process during electro-
chemical exfoliation. In addition, the presence of the thin layer of
TC14-rGO was due to the successful reduction process utilizing
hydrazine hydrate as the reducing agent, which eliminates the
oxygen-containing functional groups. The EDX analysis further
confirmed Ti, O, and carbon (C) as the elemental components of
the fabricated films (Fig. 2(g)). The inset shows that the C atomic
percentage was slightly higher (44.51%) than O (42.24%), which
is characteristic of the rGO sample due to its reduced O content
after the chemical reduction process was carried out. However,
the O atomic percentage in this sample was much higher as
compared to the pristine TC14-rGO sample (~66.66% of the result
in previous work [16]) which was believed to be contributed by
the O content of TiO, NRs-NFs.

The porous morphology of TiO, NPs comprising the top pho-
toanode layer on non-ann and ann TiO, NRs-NFs/TiO, NPs films
and also TiO, NRs-NFs/TC14-rGO/TiO, NPs hybrid photoanode
films were seen to uniformly cover the entire bottom photoanode
layer without any cracks (Fig. 2(h)). The NPs were interconnected
closely to each other due to the effective TTIP molar ratio (0.1
M) used in the TiO, NPs paste preparation [19]. This also was
supported by the second annealing of the TiO, NPs paste, which
assisted the formation of particle interconnections, while the first
annealing decomposed the residual organic compound [58]. The
cross-section view of mixed-phase non-ann TiO, NRs-NFs/TiO,
NPs shows that the fabricated photoanode film thickness was
~17.35 pm and the TiO, NRs layer thickness was 3.38 pm
(Fig. 2(i)). This thickness for the NRs layer is consistent with the
previous work (3.37 pm) [16]. After the post-annealing treat-
ment of the TiO, NRs-NFs layer, its thickness increased by ~9% to
3.67 pwm, while the total thickness of the fabricated photoanode
film remained at ~17 pm (Fig. 2(k)). The longer TiO, NRs are
believed to have resulted from the second growth process during
the annealing treatment; these NRs come from the Ti compound
which still remains in the sample after hydrothermal growth [51].
This also in a good agreement with Selman et al. [59] and Muaz
et al. [57], who reported obtaining longer film thicknesses after
the annealing treatment. Based on the cross-section view, NFs
were observed to be covered with NPs as shown by the orange
circle (Fig. 2(k)). Further EDX analysis of mixed-phase TiO,NRs-
NFs/TiO, NPs shows higher Ti atomic percentage (29.03%) and
lower O atomic percentage (70.97%) of ann film as compared to
non-ann film (26.82 and 73.18%, respectively) as shown in Fig. 2(j)
and 2(1). These differing atomic percentages are believed to be
due to the annealing treatment, which not only contributed to
the increase of film crystallinity but also to the diminishment of
O content.

Meanwhile, the configuration morphology of a first hybrid
photoanode film fabricated by spraying TC14-rGO on TiO, NRs-
NFs/TiO; NPs (TiO, NRs-NFs/TiO, NPs/TC14-rGO) is shown in
Fig. 2(m). In this image, the TC14-rGO particles are stacked on

top of TiO, NPs and cover a significant portion of NPs as shown
by the red circles surrounding the dark regions. The uncovered
NPs are surrounded by green circles (brighter region) and indicate
a drawback of using this process due to the smaller surface area
available for dye adsorption. In order to counter this drawback,
different configuration of photoanode film were synthesized by
spraying TC14-rGO between the NRs-NFs and NPs (TiO; NRs-
NFs/TC14-rGO/TiO, NPs). The top view of such a film is similar
to the one shown in Fig. 2(h), while the cross-section is believed
to be similar to the one shown in Fig. 2(k); the similarities are due
to the thin layer of TC14-rGO, which is difficult to be observed.

The TC14-rGO layer serving as the hybrid material for the
hybrid CE and photoanode is shown in Fig. 3(a). The thin basal
plane of TC14-rGO is clearly discerned by the dark region in the
image. Meanwhile, the transparent and folded up layer on the
edge plane of the rGO layer as shown by the red arrow indicates
the successful oxidation process promoted by the hyper-branched
TC14 surfactant. The fold-up edge plane is also confirmed by
the HRTEM image as shown in Fig. 3(b). Based on results from
previous work [16], ~2—4 layers were successfully produced by
using this electrochemical exfoliation utilizing hyper-branched
surfactant. This also been proven to give better performance
as compared to the rGO produced by utilizing single-tail SDS
surfactant [14-16]. The thin fold-up layer prevents the layers
from restacking and increases the electrolyte diffusibility, thus
improving the photovoltaic DSSCs performance [15,16,60]. When
TC14-rGO was hybridized with MWCNTs and then coated by
Pt NPs, the MWCNTs are prevented from agglomerating due to
their strong adhesion to TC14-rGO (Fig. 3(c)). Simultaneously,
MWCNTs also prevent the rGO layers from restacking [61]. The
EDX analysis shown in Fig. 3(d) confirms the higher C atomic
percentage (73.79%) of the hybrid film as compared to O atomic
percentage (24.17%) is the marker of rGO, which is also consistent
with previous work [51]. Moreover, the low Pt atomic percentage
(2.04%) is due to the thin Pt coating (10 nm).

3.2. Micro-Raman spectroscopy

Fig. 4(a) presents micro-Raman spectra for both pure non- and
ann TiO, NRs-NFs and also the mixed-phase TiO, NRs-NFs/TiO,
NPs photoanode film. Based on the spectra shown in the bottom
and middle part of Fig. 4(a), five peaks are clearly observed at
119 and 148 cm™' (Byg), 238 and 240 cm™' (multiple phonon
scattering), 446 and 447 cm~! (E,), 612 and 613 cm™! (Ayz), and
694 and 696 cm~! for non- and ann TiO, NRs-NFs, respectively.
The rutile phase of the synthesized film was further confirmed
by three relevant Raman active modes, which are expressed as
Aig* Big+ Eg. A weak sharp peak at 119 and 148 cm™! corre-
sponding to the By mode is caused by the symmetric bending
vibration of O-Ti-O. Meanwhile, the anti-symmetric bending vi-
bration results a sharp intense peak at 612 and 613 cm™'. Another
intense peak characteristic of the rutile phase arises at 446 and
447 cm™!, which results from the O-Ti-O symmetric stretching
vibration [62]. The nanometer scale of NRs-NFs was confirmed by
the existence of a broad band peak at ~238 and 240 cm™! caused
by multiple phonon scattering. Meanwhile, the small bump peak
at ~694 and 696 cm~'further confirms the existence of the
formed NFs shown by FESEM images (Fig. 2(c)) [63]. The red-
shifted peak of ann TiO, NRs-NFs as compared to the non-ann
sample is believed to be caused by the increment of compressive
and tensile stress during the annealing treatment [36]. Next, after
coating TiO, NPs on the TiO, NRs-NFs, four additional peaks
representing the anatase phase are clearly observed in the range
of 200-800 cm™! [64,65]. The most intense peak at 144 cm~! and
the small peak at 198 cm ™! relates to the E; mode. The two other
peaks are 399 cm~! (Byg) and 518 cm~! (A, By, ), which confirms
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Element
compound (%)

‘Weight (%) Atomic

Titanium (Ti) | 34 13.25

Oxyzen (0) | 36.63 224

Carbon (C) | 2897 4451

TiO, Nanorods:
nanoflowers/TC14-rGO

Element Weight | Atomic
compound (%) (%)

Titanium (Ti) 5258 27.03
Oxygen (0) | 4742

Fig. 2. FESEM images and EDX analysis of; (a)—(d) non-ann TiO, NRs-NFs, (e) ann TiO, NRs-NFs at 450 °C for 30 min, (f)—(g) TiO, NRs-NFs/TC14-rGO hybrid (h)
TiO, NPs, cross section of (i)—(j) non-ann and (k)—(l) ann TiO, NRs-NFs/TiO, NPs, and (m) top view of TiO, NRs-NFs/TiO, NPs/TC14-rGO hybrid photoanode films.

the formation of crystalline TiO, [40]. Furthermore, when TC14-
rGO was sprayed on the ann TiO, NRs-NFs sample, three peaks
of Raman active modes were blue-shifted to lower wavelengths
(144, 444, and 610 cm™!) (Fig. 4(b)). In Fig. 4(b), the stacked
rGO layer on TiO, NRs-NFs is indicated by two additional peaks
at 1383 and 1589 cm~!, which confirms the D- and G-bands of
TC14-rGO. Their low peak intensities may be due to the small
amount of TC14-rGO as compared to the TiO, NRs-NFs. The
enlarged TC14-rGO peak presented in the inset of Fig. 4(b) implies
a Ip/IG ratio of 0.68. A high Ip/IG ratio indicates a large number of
defects confirmed by the wrinkled and fold-up layer morphology
observed in the FESEM images (Fig. 3(a)).

The micro-Raman spectrum of the TC14-rGO_MWCNTs/Pt CE
thin film is presented in Fig. 4(c). The low sharp peak observed at
242.3 cm~! represents the Aqg symmetry radial breathing mode
(RBM), which is characteristic of CNTs [66,67]. This also confirms
a small intertube MWCNTs diameter of < 2 nm [52]. The intense
laser irradiance used in the measurement generated a peak at
544.2 cm~! [67]. The D-, G-, and 2D-band (characteristics of
carbon material) are also clearly observed at 1344.8, 1573.2, and

2679.2 cm™!, respectively; the calculated Ip/IG ratio is 0.41. The
lower Ip/IG ratio of the hybrid film as compared to I/IG ratio of
pristine TC14-rGO (0.70 of the previous result [16]) is due to the
incorporation of the perfect sp? carbon structure of MWCNTSs [66]
and the Pt coating [51].

3.3. XRD analysis

The XRD patterns of fabricated TiO, NRs-NFs, TiO,
NRs-NFs/TiO, NPs, and the hybridization with TC14-rGO by dif-
ferent configurations as the photoanode film are shown in Fig. 5.
The bottom pattern (Fig. 5(a)) shows the rutile peaks of the
pure non-ann TiO, NRs-NFs film; the intense peak arising at
27.83° represents the [110] plane. Three other discernible peaks
are located at 36.49, 41.75, and 55.07°, which represent the
[101], [111], and [211] planes of the rutile phase. After TiO, NPs
were coated on non-ann TiO, NRs-NFs (Fig. 5(b)), an intense
peak located at 25.65° [101] is seen, which is characteristic
of the anatase phase. Two other discernible anatase peaks are
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Covered NPs §
by TC14-rGO

25K

e

Element Weight | Atomic
compound (%) (%)
Titanium (Ti) | 5232 | 2682
Oxygen (0) 47.68 73.18

T Non-ann TiO, NRs-NFs/TiO, NPs

Element Weight | Atomic
compound (%) (%)

Titanium (Ti) | 55.04 | 29.03
Oxyzen (0) | 4496 | 7097

TC14-rGO_MWCNTs/Pt

::""(‘)‘u“: || Weight (%) Atomic (%)
Carbon (C) | 53.03 73.79
Oxygen (0) 23.14 24.17
Platinum (Pt) 23.83 2.04

Fig. 3. (a)—(b) FESEM and HRTEM images of TC14-rGO and (c)—(d) top view and EDX analysis of TC14-rGO_MWCNTs/Pt as CE thin film.

observed at 38.97 and 48.38°, which represent the [004] and
[200] planes, respectively. This further confirms the mixed-phase
fabricated film as shown by micro-Raman spectra. The observed
rutile and anatase peaks are in a good agreement with PDF
No0.01-071-4809 and PDF No.01-075-1537, respectively. All the
rutile-anatase mixed-phase peaks remain and no obvious peak
shifts can be detected in the ann TiO, NRs-NFs/TiO, NPs, TiO,

NRs-NFs/TiO, NPs/TC14-rGO, and TiO, NRs-NFs/TC14-rGO/TiO,
NPs samples shown in Fig. 5 (c)—(e). The C peak of TC14-rGO,
which is normally detected at ~25° was not detected in the
hybrid photoanode films; this is believed to be due to its overlap
with the anatase TiO, peak [39,68,69]. In addition, the thin layer
resulting from the small amount of TC14-rGO and the thick
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Fig. 4. Micro-Raman spectra of; (a) pure non- and ann TiO, NRs-NFs and mixed-phase TiO, NRs-NFs/TiO, NPs, (b) hybrid TiO, NRs-NFs/TC14-rGO with the insert
picture showing the enlarged TC14-rGO peak, and (c) TC14-rGO_MWCNTs/Pt CE thin film.

layer of TiO, NPs as shown by FESEM images affect the laser
penetration.

Additional crystallinity measurements reveal that pure non-
ann TiO, NRs-NFs have a high crystallite percentage of 84%,
which its four obvious peaks indicate the crystallinity to be over
85%. Moreover, the crystallite size implied by the obvious rutile
peaks was found to be around 25—31 nm. The crystallite percent-
age of the films decreased to 78% when TiO, NPs were applied
with the ratio between rutile and anatase phase was 26 and
74%, respectively. The lower crystallite percentage of the mixed-
phase photoanode film can be easily attributed to the porous
morphology of TiO, NPs as shown by FESEM images. Meanwhile,
the crystallite size of pure anatase was 19—20 nm; its crystallite
percentage indicated by the peaks was 85 and 87%, which is quite
high for the fabricated film. The crystallite percentage of ann
TiO, NRs-NFs/TiO, NPs slightly increased (79%) with the ratio
between rutile and anatase phase was 21 and 79%. The bigger
crystallite size of the rutile peak at 55—56° (40 nm) as compared
to non-ann film (25 and 39 nm of pure and mixed-phase films,
respectively) was caused by the annealing treatment [35,70]. The
same crystallite percentage of 79% was also found for the hybrid
TiO, NRs-NFs/TC14-rGO/TiO, NPs photoanode film.

3.4. I-V measurement

The resistivity comparison of pristine TC14-rGO,
TC14-rGO_MWCNTs hybrid, and TC14-rGO_MWCNTSs/Pt hybrid
CE thin films is presented in Fig. 6. The high resistivity of pristine
TC14-rGO (3.15 Qcm) decreased when it was hybridized with
WCPO-based MWCNTSs (2.85 Q2cm). This was due to the incorpo-
ration of highly conductive MWCNTSs by each TC14-rGO layer and
thereby preventing the layers from restacking. This prevention

(e)

« #

#

# Anatase
* Rutile

#
(@ A . ok L

7]
c # # *
] (c) 3 *
15 b A M ¥
- #
* 2 # *
® 4“‘ ‘“‘i Jk-_a-J.‘-...-l*-.—-hl-.-ﬂ-.-
" l Lo K
T T i T . T T T T T X T E
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20/°

Fig. 5. XRD pattern of fabricated photoanode films; (a) non-ann TiO; NRs-NFs,
(b) non-ann TiO, NRs-NFs/TiO, NPs, (c) ann TiO, NRs-NFs/TiO, NPs, (d) TiO,
NRs-NFs/TiO, NPs/TC14-rGO, and (e) TiO, NRs-NFs/TC14-rGO/TiO; NPs.

decreased the internal resistance and provided faster electron
pathways. In addition, based on previous work [16], TC14-rGO
was also proven to give better conductivity as compared to
the fabricated film utilizing single-tail SDS surfactant. The thin
layer of TC14-rGO has fewer oxygen-containing functional groups
as a result of the successful oxidation and reduction process
for providing faster electron mobility. Lower resistivity (2.30
Qcm) was further obtained after coating Pt NPs on the TC14-
rGO_MWCNTSs hybrid film. Small and uniform Pt NPs with less
aggregation provide better electron transport due to their lower
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Fig. 6. The resistivity comparison of TC14-rGO, TC14-rGO_MWCNTs, and TC14-rGO_MWCNTs/Pt CE thin films by using four-point probes.

resistance [49]. The larger surface area of Pt NPs also resulted in
better catalytic activity, which is beneficial for DSSCs application.

3.5. UV-Vis spectrophotometer

The transmittance of fabricated CE and photoanode films are
presented in Fig. 7(a). Based on the spectra, the transmittance
value of TC14-rGO_MWCNTs/Pt hybrid CE thin film was found to
be 34.14%. Its relatively low transmittance value resulted from
the low transmittance value of pristine Pt NPs and the dense
bundled form of MWCNTs. Meanwhile, the transmittance value
of the fabricated photoanode film was found to be < 3%. For
the pure non-ann TiO, NRs-NFs film, a transmittance value of
1.51% caused from the dense and uniform synthesized film as
shown by FESEM images. The transmittance further decreased to
0.87% after the synthesized film was annealed. This near-opacity
may be caused by the structure refinement during the annealing
treatment, which reduced the gap between the NRs and formed
a uniformly arranged film. In addition, the surface roughness
increased, which enhanced the light scattering effect and further
decreased the transmittance [34,36]. When the ann pure TiO,
NRs-NFs film was hybridized with TC14-rGO, its transmittance
value increased to 1.53%. This may result from the existence
of TC14-rGO, which is favorable for light harvesting [71]. The
transmittance was further lowered when the TiO, NPs were
applied on pure non-ann TiO, NRs-NFs (0.43%). Meanwhile, a
similar low transmittance value of 0.39% was obtained for ann
TiO, NRs-NFs/TiO, NPs, TiO; NRs-NFs/TC14-rGO/TiO, NPs and
TiO, NRs-NFs/TiO; NPs/TC14-rGO hybrid films. This lower trans-
mittance was due to the thick yet homogeneous TiO, NPs as
presented in FESEM images.

Additional optical band gap energy (E;) calculations based on
Tauc’s plot obtained from the intersection of the tangent line
interpolation and the horizontal reference line [72] reveals the
similar value of the theoretical rutile band gap (3.02 eV) of non-
ann TiO, NRs-NFs [17]. This value decreased to 2.95 eV after the
film was annealed as post-treatment after hydrothermal growth.
The E; value decrement suggests better electron transport and
better electrical properties of the ann film (Fig. 7(b)), which is
believed to be due to the increment of oxygen vacancies [56]. In
addition, the annealing treatment improves the interconnection
of NRs and NFs and thus improves the electron mobility [20].
This value then slightly decreased when the film was hybridized
with TC14-rGO (2.93 eV). The thin TC14-rGO layer on the sample
additionally enhances electron transport through the sample due
to its good electrical properties. After TiO, NPs were applied on
the synthesized pure and hybrid films, E, decreased again. The
non-ann TiO, NRs-NFs/TiO, NPs film exhibits a band gap value of
2.96 eV (from 3.02 eV for pure non-ann TiO, NRs-NFs), while the

Table 2
Transmittance and calculated E; values of fabricated TC14-rGO_MWCNTSs/Pt
hybrid CE and various photoanode films.

Photoanode and

Transmittance Band gap energy

CE thin films (%) (Eg) (eV)
TC14-rGO_MWCNTs/Pt 34.14 3.97
Non-ann TiO, NRs-NFs 1.51 3.02
Ann TiO, NRs-NFs 0.87 2.95
Ann TiO; NRs-NFs/TC14-rGO 153 2.93
Non-ann TiO, NRs-NFs/TiO; NPs 0.43 2.96
Ann TiO; NRs-NFs/TiO, NPs 0.39 292
TiO, NRs-NFs/TC14-rGO/TiO, NPs 0.39 2.89
TiO, NRs-NFs/TiO, NPs/TC14-rGO 0.39 2.94

ann TiO, NRs-NFs/TiO, NPs film presents a lower band gap value
of 2.92 eV (from 2.95 eV for pure ann TiO, NRs-NFs) (Fig. 7(c)).
This once again confirms that the annealing treatment signifi-
cantly affects the electrical properties of the fabricated film for
the better performance. The band gap energy decrement of TiO,
NRs-NFs/TiO, NPs was due to the synergistic effect of the mixed-
phase TiO, film where the TiO, NRs-NFs and TiO, NPs were
lying close to each other [73]. In addition, by applying the mixed-
phase TiO,, film, higher electron mobility and lower electron-hole
recombination were achieved thus affect the band gap energy
value [74]. As for the hybrid film (TiO, NRs-NFs/TiO, NPs/TC14-
rGO), a higher E, value of 2.94 eV indicates less efficiency for
electron transport. The lowest E, value of 2.89 eV for TiO; NRs-
NFs/TC14-rGO/TiO, NPs suggests that this film has the fastest
electron transport, rendering it effective for the application as
the photoanode film. Concurrently, the TC14-rGO_MWCNTSs/Pt CE
film shows a low band gap value of 3.97 eV, which agrees well
with the previous result [51]. Moreover, the high conductivity of
small Pt NPs and MWCNTSs adds to the overall conductivity of the
CE film and thus decreases its Eg. The summaries of measured
transmittance and E; values of CE thin films are tabulated in
Table 2.

3.6. Solar simulator measurement

Four types of photoanode films used in this work are non-
ann TiO, NRs-NFs/TiO, NPs, ann TiO, NRs-NFs/TiO, NPs, TiO,
NRs-NFs/TiO, NPs/TC14-rGO, and TiO, NRs-NFs/TC14-rGO/TiO,
NPs. The short circuit current density-voltage (Js.-V) curves based
on solar simulator measurements are presented in Fig. 8. Based
on the measurement, non-ann TiO, NRs-NFs/TiO, NPs exhibits
lower 7, V,, and J; values of 1.215%, 0.738 V, and 3.078 mA/cm?,
respectively, as compared to the ann TiO, NRs-NFs/TiO, NPs
film (1.462%, 0.756 V, and 3.765 mA/cm?, respectively). Since the
method to synthesize TiO, NPs was the same for all samples,
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Fig. 7. (a) Transmittance measurements of CE and various photoanode films; calculated band gap energy of (b) non-ann and ann pure TiO; NRs-NFs, (c) ann TiO,
NRs-NFs/TC14-rGO hybrid and non-ann TiO, NRs-NFs/TiO, NPs, (d) ann TiO, NRs-NFs/TiO, NPs and TiO, NRs-NFs/TC14-rGO/TiO, NPs, and (e) TiO, NRs-NFs/TiO,
NPs/TC14-rGO hybrid photoanode film and TC14-rGO_MWCNTSs/Pt CE hybrid thin film.

the possible reason for the different values between ann and
non-ann samples could originate from the condition of the TiO,
NRs-NFs. The post-annealing treatment of TiO, NRs-NFs as the
photoanode bottom layer after hydrothermal growth increased
the film crystallinity (confirmed by the higher crystallinity per-
centage and crystallite size for mixed-phase films), which further
enhanced the V,. and J;. values [70]. In addition, potential sur-
face contamination remaining after hydrothermal growth was
further removed. The interconnection between NRs and NFs was
strengthened by the annealing treatment [20], which may have
decreased the electrical resistance and thus enhanced the elec-
tron mobility as proven by the lower E; value of the annealed
film. An NRs surface roughened by annealing enhanced the light
scattering effect resulted in a higher electron injection and an

increased Js. value [36]. The greater Js. value is also supported by
the fact that the annealed film is shown to adsorb more dyes [20].
The higher V,. value of the ann TiO, NRs-NFs/TiO, NPs film also
suggests that the fabricated film has fewer defects and lower
charge recombination [70].

When TC14-rGO was sprayed on the TiO, NRs-NFs/TiO, NPs
film (TiO, NRs-NFs/TiO, NPs/TC14-rGO), DSSCs efficiency
dropped to 0.525% and became the lowest 1 in comparison
to other photoanode films. The much lower J, value (1.291
mA/cm?) might be a result of less dye adsorption of TiO, NPs.
The rGO coating had partially covered the TiO, NPs as shown by
FESEM images [42,43]. The stacked TC14-rGO layer on TiO, NPs
shortened penetration distance for the dye molecules and thus
reduced the electron injection on TiO, NPs and TiO, NRs-NFs.
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Fig. 8. Solar simulator measurement of DSSCs based on various kinds of
photoanode films and on TC14-rGO_MWCNTs/Pt as the CE thin film.

Table 3

The photocurrent density-voltage characteristic curves of DSSCs fabricated with
various types of photoanode films and with TC14-rGO_MWCNTs/Pt as the CE
thin film.

Photoanode films Voe (V) Jsc (mAfcm?)  FF (%) 1 (%)
Non-ann TiO, NRs-NFs/TiO; NPs 0.738 3.078 439 1.215
Ann TiO, NRs-NFs/TiO, NPs 0.756 3.765 43.2 1.462
TiO; NRs-NFs/TiO, NPs/TC14-rGO  0.647 1.291 47.2 0.525
TiO; NRs-NFs/TC14-rGO/TiO, NPs  0.747 3.275 535 1.559

This is supported by the higher E; value of the TiO, NRs-NFs/TiO,
NPs/TC14-rGO film, which indicates a slower electron transfer
through the film. In contrast, when TC14-rGO was sprayed be-
tween TiO, NRs—NFs and TiO, NPs (TiO, NRs-NFs/TC14-rGO/TiO,
NPs), n increased by ~2x to 1.559%. This value also was cal-
culated to be 28.3 and 6.6% higher as compared to non-ann
and ann TiO, NRs-NFs/TiO, NPs, respectively, which suggests
that TC14-rGO produced an incremental improvement in DSSCs
performance. TC14-rGO has a role on facilitating the electron
transfer from TiO, NPs to TiO, NRs-NFs and lessening the elec-
tron recombination. A thin layer of TC14-rGO in the middle
photoanode layer enlarges film porosity and thus increases the
electrolyte diffusibility [38]. The existence of TC14-rGO may also
induce better electron transfer after photoexcitation occurs in
the dyed semiconductor layer. This is believed to reduce the
internal resistance and thus grant an advantage for faster electron
transport through NPs before reaching the TiO, NRs-NFs layer
and the TiO, NRs-NFs/TC14-rGO hybrid bottom layer. However,
the drawback of applying rGO on TiO, also damages TiO, struc-
ture [40]. This is evidenced by lower J,. (3.275 mA/cm?) and V,,
values (0.747 V), as compared to ann TiO, NRs-NFs/TiO, NPs (see
Table 3). The highest n value of TiO, NRs-NFs/TC14-rGO/TiO,
NPs was supported by the highest fill factor (FF) value as com-
pared to other photoanode films. The highest FF value indicates
that the fabricated film has the lowest recombination rate with
electrolytes, thus confirming the effectiveness of TC14-rGO [36].

The electron transmission in the hybrid TiO, NRs-NFs/TC14-
rGO/TiO, NPs photoanode film can be explained from its conduc-
tion band (CB) as shown in Fig. 9(a). Based on the diagram, the
excited electron from the dye is directly injected to the lower
TiO, NPs conduction band (CB) and further transferred to the
TC14-rGO layer due to its further lower CB than the TiO, NPs.
Next, the slightly higher TiO, NRs CB (-4.41 eV) as compared
to TC14-rGO CB (-4.43 eV) might restrain electron transmission.
However, this is compensated by highly conductive TC14-rGO,
which enables electrons to jump to the TiO, NRs and then rapidly
transmit to the FTO substrate due to the vertically aligned TiO,

NRs and lower CB of the FTO substrate. The restrained electrons
on the boundary of TC14-rGO and TiO, NRs lower the electron
transmission and become the reason for the diminished J,. and
Voc values of DSSCs based on the TiO, NRs-NFs/TC14-rGO/TiO,
NPs photoanode film. This is in stark contrast with the ann TiO,
NRs-NFs/TiO, NPs sample. The lower CB from the top to the
bottom photoanode layer (Fig. 9(b)) produced direct and fast
electron transmission from the excited dye to the FTO substrate.
This is proven by the highest J. and V,. values of the sample.
However, the large thickness of the TiO, NPs layer increased
the electron recombination probability and thus lowered the FF
value. Concurrently, the lowest n based on the TiO, NRs-NFs/TiO,
NPs/TC14-rGO photoanode film was caused by the much higher
CB of the TiO, NPs (-4.21 eV) as compared to the CB of TC14-rGO
(-4.43 eV), which restrained the electron movement. Moreover,
the low dye adsorption in TiO, NPs cannot be compensated by
the small number of electrons from TC14-rGO, which resulted in
the lowest J,. value.

Overall, the high amount of dye adsorption is an outcome of
the large thickness of the TiO, NPs as mentioned in the litera-
tures [58,75,76]. This was supported by a fact that anatase TiO,
NPs presents higher photocatalytic activity as compared to rutile
TiO, NRs-NFs due to its strong adsorption ability on the surface
which offers favorable site for the reaction [17]. These desired
dimensions are produced by the optimal TTIP molarity used for
TiO, NPs fabrication, which resulted in a porous morphology and
a network of closely interconnected particles that are beneficial
for dye adsorption and electron transfer, respectively. In addition,
the wrinkled TC14-rGO structure led to enhanced electrolyte
diffusibility for both photoanode and CE thin film [15,16]. The
high conductivity of the hybrid TC14-rGO_MWCNTs/Pt CE film
arises from the incorporation of highly conductive MWCNTs and
Pt NPs. These two materials serve to increase electron mobility,
which is crucial for improving DSSC performance. When MWCNTSs
bond to the TC14-rGO layer, they reduce the film resistance and
help quicken electron transference. This also supported by the
small size of Pt NPs, which is proven to yield better catalytic
activity.

3.7. EIS analysis

The series resistance (Rs) and charge transfer resistance (R.)
of fabricated DSSCs were measured by EIS analysis; results are
presented in Fig. 10(a). In the inset figure, it is clearly seen that
the lowest R value (80.24 2) was obtained from ann TiO, NRs-
NFs/TiO, NPs. This indicates the lowest interfacial resistance and
promotes effective carrier transport in the DSSCs device [77].
Moreover, this confirms that the post-annealing treatment of
TiO, NRs-NFs significantly affects the electrical properties of the
fabricated film. The highest R; value (92.07 2) was achieved
by TiO, NRs-NFs/TiO, NPs/TC14-rGO, which is attributed to the
higher CB of TiO, NPs as compared to TC14-rGO as mentioned
in the previous sub-section. More R, measurements show that
TiO, NRs-NFs/TiO, NPs/TC14-rGO sample presents the highest
R value of 35 k2. The R, value is related to the charge trans-
fer resistance, which indicates the lowest photovoltaic perfor-
mance confirmed by the lowest n (0.525%) as compared to other
samples. Conversely, the lowest R, value (13.93 k) of TiO,
NRs-NFs/TC14-rGO/TiO, NPs suggests the fastest electron trans-
fer and lowest charge recombination, thus yielding the highest
n (1.559%). This also confirmed by Bode plot shown in Fig. 10(b).
Lower log frequency of TiO, NRs-NFs/TC14-rGO/TiO, NPs as com-
pared to other samples indicates longer electron lifetime [78].
Moreover, the highest Bode plot of TiO, NRs-NFs/TiO, NPs/TC14-
rGO suggests lower electron lifetime which resulted lowest 7.
A lower R of ann TiO, NRs-NFs/TiO, NPs (27.25 k) as com-
pared to non-ann TiO, NRs-NFs/TiO, NPs (28.25 k2) confirms
the higher n and better performance of the annealed film. The
EIS analysis of fabricated DSSCs is summarized in Table 4.
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Fig. 9. Schematic diagram of electron transmission in photoanode based on
(a) TiO, NRs-NFs/TC14-rGO/TiO, NPs, (b) TiO; NRs-NFs/TiO, NPs, and (c) TiO,
NRs-NFs/TiO, NPs/TC14-rGO.

Table 4
EIS analysis of DSSCs fabricated with various photoanode films and
TC14-rGO_MWCNTs/Pt CE thin film.

Photoanode films R (R2) Ree (k2)
Non-ann TiO, NRs-NFs/TiO, NPs 87.22 28.25
Ann TiO, NRs-NFs/TiO, NPs 80.24 27.25
TiO, NRs-NFs/TiO, NPs/TC14-rGO 92.07 35.00
TiO, NRs-NFs/TC14-rGO/TiO, NPs 87.62 13.93

4. Conclusions

Various types of photoanode films were successfully fabri-
cated using the simple and low-cost hydrothermal growth and
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Fig. 10. (a) EIS analysis and (b) Bode plot of fabricated DSSCs.

squeegee method. Based on solar simulator measurements, the
highest DSSCs efficiency was achieved by using
TiO, NRs-NFs/TC14-rGO/TiO, NPs as photoanode (1.559%) with
high V., Jsc, and FF values of 0.747 V, 3.275 mA/cm2, and 53.5,
respectively. This was due to the incorporation of TC14-rGO,
which enhanced the electron transport and thus decreased the
electron recombination. In addition, the thick TiO, NPs layer and
the vertically aligned TiO, NRs layer provided a large surface
area for dye adsorption and direct electron pathway, respectively.
This also was supported by the utilization of a highly conductive
TC14-rGO_MWCNTSs/Pt hybrid CE film, which enhanced electron
mobility. This result also shows that the annealing treatment after
hydrothermal growth significantly enhanced DSSCs performance.
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