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This research focused on the fabrication of dye-sensitized solar cell based on a photoanode of carbon nanotube/titanium dioxide
(CNT/TiO

2
) nanocomposite photoanode synthesized through acid-catalyzed sol-gel method. The results show the improvement

of the chemical and electrical properties of the solar cells annealed at different temperatures. The CNT/TiO
2
colloidal solution was

synthesized using titanium tetraisopropoxide and CNT/2-propanol solution. The thin films were doctor-bladed on a fluorine tin
oxide glass before being annealed at 550, 650, and 750∘C. The field emission scanning electron microscopy morphological images
show that the thin films were homogenously distributed and maintained their spherical structures. The X-ray diffraction patterns
show that the films consisted of anatase and rutile phases with large crystallite sizes due to temperature increment. The atomic
force microscopy analysis presents the thin film roughness in terms of root mean square roughness. The photovoltaic performance
was analyzed using IV curve and electrochemical impedance spectroscopy (EIS). The thin films annealed at 750∘C had the highest
energy conversion efficiency at 5.23%.The EIS analysis estimated the values of the effective electron lifetime (𝜏eff), effective electron
diffusion coefficient, effective electron diffusion (𝐿

𝑛
), and effective recombination rate constant (𝑘eff). A large 𝜏eff, small 𝑘eff, and

longer 𝐿
𝑛
can improve photovoltaic performance efficiency.

1. Introduction

Dye-sensitized solar cell (DSSC) is considered a relatively
new type of solar cell as it was first discovered byO’Regan and
Grätzel in 1991 [1, 2]. DSSCs show better potential compared
with Si solar cells because they are cheap [3, 4], more envi-
ronmentally friendly, and simpler to manufacture [5]. DSSCs
have attracted substantial attention worldwide. Grätzel’s cell
has a solar conversion efficiency of ∼13%, which is signifi-
cantly lower than that of Si solar cells. To improve the perfor-
mance of DSSC devices, a number of factors need to be con-
sidered. Electron transport across a TiO

2
electrode is one of

themost important factors affecting the conversion efficiency
of DSSC. As the electron mobility increases, the DSSC effi-
ciency also increases. However, charge recombination gener-
ally inhibits the transport of the injected electrons from TiO

2

to the conducting glass substrate, thus decreasing the perfor-
mance of DSSCs. Therefore, a rapid photoinduced electron
transport in the TiO

2
working electrode and the suppression

of charge recombination ensure a higher DSSC conversion
efficiency.

A similar literature suggests that carbon nanotubes
(CNTs) are suitable semiconductor supports because of
their combination of electronic, adsorption, mechanical, and
thermal properties [6, 7]. CNTs provide interpenetrating
electrodes with high surface areas for DSSCs. The intro-
duction of CNTs into the electrodes of organic solar cells
[8, 9] and dye-sensitized solar cells [10] has been per-
formed, and researchers have concluded that CNTs efficiently
enhance the electronic conductivity of the electrode, thus
increasing the photoconversion efficiency of the photovoltaic
device. Furthermore, previous studies have shown that the
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introduction of CNTs decreases TiO
2
crystalline grain and

particle sizes [11]. Previous studies also suggest that a TiO
2

semiconductor with large particle or crystalline sizes has a
large surface area and has numerous contact points among
the particles, carbon nanotubes, and underlying substrates.
These results are beneficial for the improvement of the cell
performance. Therefore, CNTs are regarded as promising
materials for use in DSSCs, and the utilization of CNTs to
improve the photoconversion efficiency of DSSCs is expected
and should be conducted. In the past decade, several studies
have reported that the incorporation of CNTs in a nanocrys-
talline TiO

2
working electrode prepared using blended fab-

rication with commercial TiO
2
(P25) increases the solar

energy conversion efficiency of DSSCs [12]. However, fur-
ther increasing the CNT loading may inhibit the improve-
ment of DSSC cell performance because of serious CNT
aggregations.

In this study, we prepared CNT/TiO
2
nanocomposite

thin films annealed at various temperatures from 550∘C to
750∘C.We investigated themorphological and photocatalytic
activity properties of the CNT/TiO

2
solar cell. This morpho-

logical structure was examined using field emission scanning
electron microscopy (FESEM), X-ray diffraction (XRD), and
atomic force microscopy (AFM).The photovoltaic properties
of the solar cell were determined using IV curve analysis and
electrochemical impedance spectroscopy (EIS). The results
show that the annealing temperatures significantly affect the
combination of TiO

2
nanoparticles with CNT and hence

influence the performance of the CNT/TiO
2
dye-sensitized

solar cell.

2. Methodology

2.1. Preparation of the CNT/TiO
2
Nanocomposite Solution.

The CNT/TiO
2
nanocomposite photoanode was synthesized

using modified acid-catalyzed sol-gel method. CNT powder
was acid-treated first before being used. The synthesis was
conducted by boiling raw CNT in a concentrated nitric acid
solution for 5 h. The CNT solution was then filtered and
washedwith distilledwater several times to remove the excess
acid. Afterward, the mixture was dried in oven for 24 h.
Then, 2-propanol (Solaronix, SA) anhydrate solution (40mL)
was used as the starting material. Precisely 0.06 g of CNT
nanopowder (Sigma-Aldrich, USA) was sonicated in the 2-
propanol solution for 1 h to adequately disperse the particles.
Titanium tetraisopropoxide (TTIP) (10mL) (Sigma-Aldrich,
Belgium), which was the titanium precursor, was poured into
the CNT/2-propanol solution.Themixture was continuously
sonicated for an additional 1 h to improve the interactions
between the two materials. Diluted ethanol (100mL) was
slowly dropped into the solution, and the solution was heated
at 100∘C for 12 h in a wet furnace to remove the excess water.
Last, the CNT/TiO

2
gel-look solution was produced. Figure 1

shows the flowchart of this preparation.

2.2. Preparation of CNT/TiO
2
NanocompositeThin Film. Flu-

orine tin oxide (FTO) glass (Solaronix, SA) was used as
the conductive substrate. The FTO glass was ultrasonically

cleaned with acetone, methanol, and deionized distilled
water. The CNT/TiO

2
thin films were prepared by applying

the nanocomposite on the FTO conducting glass. The gel-
look product from the above preparationwas then addedwith
carbowax 400 (R&M Chemical, UK) that acted as binder.
The gel solution was vigorously stirred for 1 h to produce
a viscous gel paste. The CNT/TiO

2
nanocomposite mixture

was doctor-bladed onto the conductive substrate to form a
0.25 cm2 active area. The thin films were dried on a hot plate
at 60∘C for 15min. Subsequently, the CNT/TiO

2
thin films

were annealed in air using a dry furnace at different annealing
temperatures of 550, 650, and 750∘C for 30min. Figure 2
shows the flowchart of this preparation.

2.3. Preparation of CNT/TiO
2
Dye-Sensitized Solar Cell. The

fabricated dye-sensitized solar cell has two parts, namely,
CNT/TiO

2
thin film electrode and platinum thin film counter

electrode. The electrodes were immersed in ruthenium
dye (N719-Solaronix, SA) for 24 h. The counter electrodes
were coated with platinum thin film using screen printing
technique and annealed in a furnace at 350∘C for 30min.
A parafilm spacer was sandwiched between the annealed
CNT/TiO

2
and counter electrodes, and both sides of the

substrate were clipped. IodolyteMPN-100 (Solaronix SA)was
used as the electrolyte in this solar cell. The dye-sensitized
solar cell frame was sealed using silicon glue to prevent
electrolyte leakage during the experiments. Figure 3 shows
the flowchart of this preparation.

2.4. Characterization. The morphological structures and
energy-dispersive X-ray (EDX) analysis of the CNT/TiO

2

thin films were analyzed and conducted using a FESEM
instrument (Zeisz Supra: 15 kV). XRD analysis was con-
ducted using an X-ray diffractometer (Siemens D-5000)
with CuK𝛼 irradiation (𝜆 = 1.5406 Å) to determine the
crystalline orientations of the CNT/TiO

2
thin film. AFM

analysiswas conducted to determine the average roughness of
the thin film using 3D images. A G300 instrument (GAMRY
Instruments) with simulated AM 1.5 xenon illumination
having a 100mW/cm2 light output was used to analyze the
photovoltaic efficiency and electrochemical impedance of the
solar cell.

3. Result and Discussion

3.1. Field Emission Scanning Electron Microscopy (FESEM).
Figure 4 shows the FESEM images of the surface morpholo-
gies of the CNT/TiO

2
nanocomposite thin films sintered at

different temperatures. From these FESEM images, we can
see the arrangement of CNT particles within the nanoporous
CNT/TiO

2
films [13]. The diluted ethanol solution acted

as the solvent and as a soft template for the films. This
preparation technique generates good interactions between
the CNT and TiO

2
nanoparticles. The diluted ethanol also

improves the pore formation within the nanocomposite thin
films. In addition, acid-catalyzedmodificationmethod assists
in the formation and interactions between the CNT and TiO

2

nanoparticles because of the strong chemical absorption [14].
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Adding diluted nitric acid (65%) + stir vigorously

+
Acid treatment carbon nanotube (0.06 g)/2-propanol anhydrate solution (40mL)

CNT/TiO2 colloidal gel-look solution formed

Sonicated for 60 minutes + added diluted ethanol (dropwise)

Heat in wet furnace at 100∘C for 12 hours

Titanium tetraisopropoxide—TTIP (10mL)

Figure 1: Flowchart for CNT/TiO
2
nanocomposite solution.

FTO glass cleaned using acetone + methanol + deionized distilled water

Thin film on FTO glass using doctor-blade technique

CNT/TiO2 colloidal gel-look solution + carbowax 400

Stirred for 1 hour

Dry in room temperature for 1 hour

Annealed in air at 550∘C, 650∘C, and 750∘C for 30 minutes

CNT/TiO2 thin film with noncrack texture

Figure 2: Flowchart for CNT/TiO
2
nanocomposite thin films.

Although this preparation technique limits the crystalline
growth of the nanocomposite, it still improves the dye
absorption for dye-sensitized solar cell application.

Figure 4 also presents the images of the CNT/TiO
2

thin films annealed at 550, 650, and 750∘C. These images
were observed at 100 nm with 20Kx magnifications. All
the annealed samples consisted of irregularly arranged and
shaped TiO

2
and CNT nanoparticles. The thin film nanopar-

ticles were randomly connected to a noncrack surface. We
found that CNT nanoparticles had large sizes in the pore
structures of almost all samples, especially for the thin film
annealed at 750∘C [15]. We also noticed that the varying tem-
peratures affected the morphological structures of the films.
The addition of diluted ethanol assisted in the dispersion
of the CNT/TiO

2
nanoparticles. Highly dispersed films, in

turn, assisted the electron transport inside the films. The
films annealed at high temperatures generated large particles
size of around 10 nm to 20 nm and produce large surface
areas with high porosities inside the films for dye absorption.
Another researcher [16] confirmed that samples annealed
at high temperatures show more sintered nanoparticles that
merged to form the neck between adjacent nanoparticles with
better contacts for efficient electron transfer.

Figure 5 shows the average thickness of all samples.
Table 1 shows that the average thicknesses for samples
annealed at 550, 650, and 750∘C were approximately 21.68,
21.27, and 16.07 𝜇m, respectively. High annealing tempera-
tures decrease the average thickness because of the resulting
large surface areas and high porosities inside the films. Table 1
presents the data for EDX analysis conducted from the
FESEM analysis. The EDX analysis was used to identify the
elements or materials contained in the thin films. Figure 6
shows the EDX data to simplify it using a graphical diagram.
From this analysis, we discovered the presence of carbon (C),
titanium (Ti), and oxygen (O) in all samples. The carbon and
titanium elements almost linearly increased with increasing
annealing temperature as mentioned in another study [17].
Besides EDX measurement, all these elements (C, Ti, and O)
can be proven and supported by using the X-ray diffraction
(XRD) measurement analysis.

3.2. X-Ray Diffraction (XRD). The phase transition of the
CNT/TiO

2
thin films was studied based on the anneal-

ing temperatures. Figure 7 shows the XRD patterns of the
CNT/TiO

2
thin films annealed at 550, 650, and 750∘C,
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+
Coat platinum counter electrode using screen printing technique

+
Iodolyte MPN-100 used as electrolyte

Immersed in N719 dye for 24 hours

CNT/TiO2 thin films with absorbed N719 dye

CNT/TiO2 dye-sensitized solar cell

The annealed CNT/TiO2 thin films + ruthenium dye—N719

Figure 3: Flowchart for CNT/TiO
2
dye-sensitized solar cell fabrication.
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Figure 4: FESEM images of CNT/TiO
2
thin films annealed at different temperatures: (a) 550∘C, (b) 650∘C, and (c) 750∘C.

respectively. As the annealing temperature increases, the
TiO
2
nanoparticles go through phase transitions to achieve

anatase and rutile structures.The patterns were analyzed and
compared using the database file of PDF number 01-078-
2486 (TiO

2
-anatase) and PDF number 01-086-0147 (TiO

2
-

rutile). The XRD patterns were calculated at an angle of 2𝜃

between 20∘ and 60∘. The peaks that appeared from these

patterns were (101), (004), (200), and (211) at 25.2∘, 37.96∘,
47.84∘, and 55.40∘, respectively, for the anatase phase, and the
peak was (211) at 54.04∘ for the rutile phase. The major peaks
corresponded to the anatase phase with a crystallographic
plane of (101) at 25.2∘ for all the films. The rutile phase was
hardly observed and only occurred in the thin film annealed
at 750∘C. Brookite phase was not observed in these patterns.
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Figure 5: CNT/TiO
2
thin film’s average thickness of (a) 550∘C, (b) 650∘C, and (c) 750∘C annealing temperature.

Table 1: EDX analysis data for all CNT/TiO2 thin films.

Sample Temperature, ∘C Element weight, %
Carbon Titanium Oxygen

(a) 550 1.31 52.78 45.91
(b) 650 1.42 54.91 43.67
(c) 750 1.46 53.58 44.96

Table 2: XRD analysis parameters for all CNT/TiO2 thin films.

Sample Temperature,
∘C

Major
peak

Crystalline
size, nm

Lattice parameter
𝑎 𝑏 𝑐

(a) 550 Anatase 15.62 3.7845 Null 9.5143
(b) 650 Anatase 17.10 3.7845 Null 9.5143
(c) 750 Anatase 17.96 3.7845 Null 9.5143

Based on other studies [18, 19], the CNT peaks are usually
located at 26.0∘ and 43.4∘, although CNT elements were
not detected in this present study. This phenomenon could
occur because of the peaks of the crystalline TiO

2
anatase

phase at 25.2∘, which partly covers the CNT main peak at
26.0∘. Moreover, overlapping peaks may occur because the

crystalline structure of TiO
2
is larger than that of CNT. A

quantitative evaluation of the crystallite size using Scherrer’s
equation was conducted and the results are shown in Table 2
with a graphical diagram in Figure 8:

𝐷 =

𝑘𝜆

𝐵 cos 𝜃

, (1)

where 𝜆 is the wavelength of 1.492 nm, 𝐵 is the full width
at half-maximum of the main peak, and 𝜃 is the main peak
position divided by 2 [20, 21]. Scherrer’s equation proves that
the film crystallite size slightly increased with increasing of
annealing temperatures. The data in Table 2 show that the
crystallite sizes for the thin films annealed at 550, 650, and
750∘C are 15.62, 17.10, and 17.96 nm, respectively.

The crystallite size increased, and the crystal size in
the nanoparticles grew with increasing temperature. The
comparison with the XRD peaks of P25, which contains
both anatase and rutile phases, confirmed that the annealed
TiO
2
nanoparticles at 750∘C formed rutile peaks. In high-

temperature annealing, the average crystal size increases,
reducing the grain boundaries and crystal defects because of
the present anatase and rutile phases. The decreased number
of trap sites on the nanoparticles reduced the number of
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Figure 6: EDX graphical data for (a) carbon, (b) titanium, and (c) oxygen versus annealing temperature.
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obstacles for the fast-moving electron. These effects influ-
enced the charge-trap conditions and consequently increased
the electron diffusion speed [22]. Although the combination
of the anatase and rutile phases has been proven to enhance
the photocurrent density, excessive rutile TiO

2
nanoparticles

could form a barrier for the electrons because of high-
energy level of the rutile phase [23]. Therefore, the best
and optimum temperature determined in this present study
is 750∘C because the sample annealed at this temperature
provided a combination of small amounts of the rutile and
anatase phases.

The increase in crystallite size of the TiO
2
nanoparticles

provides a better contact point between the nanoparticles.
Hence, this advantage provides a more efficient charge trans-
port and faster photo induction for the electron transfer [24].
The lattice parameter data in Table 2 from the database PDF
number 01-078-2486 (TiO

2
-anatase) show the same value for

all the samples with 𝑎 = 3.7845, 𝑏 = null, and 𝑐 = 9.5143.
These results suggest that the incorporation of CNTs into
TiO
2
thin films does not affect the TiO

2
lattice structure [25].

3.3. Atomic Force Microscopy (AFM). The CNT/TiO
2
thin

film topography and upper surface were observed using
AFM. The images in Figure 9 show the samples from all
annealing temperatures.These images show that, with increa-
sing annealing temperature, the texture of the thin films
becomes rougher and the nanoparticle arrangement becomes
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Figure 9: AFM images for CNT/TiO
2
films annealed at (a) 550∘C, (b) 650∘C, and (c) 750∘C.
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ture.

structured. The root mean square roughness (𝑅
𝑞
) values

demonstrate the morphologies of the films with a uniform
and dense granular surface structure. The AFM results
confirm that the lowest annealing temperature (550∘C) has
𝑅
𝑞
value of only around 1.032 nm. The roughness average

gradually increases with increasing annealing temperature.
Average roughness values for thin films annealed at 650∘C
and 750∘C are 1.554 nm and 3.063 nm, respectively. The 𝑅

𝑞

values for all films are listed in Table 3 and are graphically
shown in Figure 10.

Table 3: Root mean square roughness (𝑅
𝑞
) data for all samples.

Sample Temperature, ∘C Root mean square
roughness (𝑅

𝑞
), nm

(a) 550 1.032
(b) 650 1.554
(c) 750 3.063

The AFMmeasurements analyzed the surface morpholo-
gies of the thin films. This characterization is significant to
the photoelectrode of the solar cell as the reflection angle of
photoelectrode surface can be investigated from 𝑅

𝑞
values.

With the increase in roughness, the increase in the surface
texture angle in the thin films will bounce the light on the
surface films, indirectly reflecting it back to the film surface.
This phenomenon shows that the thin film thickness and
crystallite size decrease as the average roughness increases
with increasing annealing temperature. This phenomenon
can increase the light absorption of the photovoltaic metal
oxide and improve the light-to-electricity conversion energy
because the light or photon reflectance angle decreased [26].

3.4. Dye-Sensitized Solar Cell Efficiency Performance.
Figure 11 shows the IV curves of the CNT/TiO

2
dye-sensi-

tized solar cell. The efficiency of the photoelectric conversion
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Figure 11: 𝐼-𝑉 curve efficiency for dye-sensitized solar cell annealed at (a) 550∘C, (b) 650∘C, and (c) 750∘C.

of the photoelectrode solar cell is strongly dependent on the
annealing temperature and concentration of added CNT.
The active areas of solar cell photoelectrode were around
0.25 cm2 [27].Themaximum current or short-circuit current
density (𝐽sc) (mA/cm2) was obtained when the solar cell
was short-circuited. The open-circuit voltage (𝑉oc) (V)
was determined from the potential difference between the
CNT/TiO

2
conduction band edge and electrochemical

potential of the redox couple of the electrolyte. The fill
factor (FF) and solar energy conversion efficiency (𝜂) can be
determined using equations [28, 29]

FF =

𝐼max × 𝑉max
𝐼sc × 𝑉oc

,

𝜂 =

𝑃out
𝑃in

× 100 =

𝐼max × 𝑉max
𝑃in

× 100

=

𝐼sc × 𝑉oc × FF
𝑃in

× 100.

(2)

Table 4 shows the evaluated and summarized data from
the solar cell efficiency analysis. Both 𝑉oc and 𝐽sc increased
from 0.68V to 0.71 V for (𝑉oc) and from 9.40mA/cm−2 to
10.33mA/cm−2 for (𝐽sc). The FF and 𝜂 also increased with
increasing the annealing temperature.The FF increased from
69% to 71% for the annealed thin films at 550∘C to 750∘C.
𝜂 expectedly increased gradually from 4.53%, 4.67%, and

5.23% for the thin films annealed at 550, 650, and 750∘C,
respectively.

Figure 12 represents the graphical diagram of the effi-
ciency versus temperature.The increasing annealing temper-
ature and insertion of CNT decrease the internal resistance at
the TiO

2
/dye/electrolyte interface, thus reducing the charge

recombination rate of the excited electrons and holes in the
dye-sensitized solar cell [30].These factors cause the increase
in the 𝑉oc and 𝐽sc values of these solar cells.The improvement
in the short-circuit current densities shows the improvement
in the collection and transport of electrons between the
conductive substrate and thin films in the dye-sensitized solar
cell [31]. The highest efficiency was achieved through the
morphological structures of the thin films. From FESEM
images, we can see that the thin film annealed at 750∘C is
significantly compact and has high porosity. The thin film
also has a compact structure with unagglomerated dispersed
nanoparticles that enhances the dye absorption on the TiO

2

surface. Moreover, the thin films consisting of anatase and
rutile phases reduce the internal obstacle and assist in the
electron transport in the cell.The thin film annealed at 750∘C
and formed with a high average roughness captures more
electrons and reflection of photons from the sun into the
photoelectrode area.

However, the CNT concentration should be maintained
at ∼0.06 g to avoid agglomeration within the films, which
causes light-harvesting competition between the dye and
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Figure 12: The DSSC percentage efficiency versus temperature for
all samples.

Table 4: Dye-sensitized solar cell parameter data for all samples.

Sample Temperature/∘C 𝑉oc/V 𝐽sc/mA/cm−2 Fill
factor/% 𝜂/%

(a) 550 0.68 9.40 69 4.35
(b) 650 0.70 9.39 71 4.67
(c) 750 0.71 10.33 71 5.23

CNT that consequently increases the charge transport resis-
tance and reduces the solar cell efficiency [32]. In addition,
excess CNT may cause aggregation of the TiO

2
grains (as

observed in the FESEM result), resulting in a decrease in
amount of adsorbed dye on the working electrode. Moreover,
excessive amounts of CNT may cause the working electrode
to be less transparent, leading to a reduced DSSC efficiency.

3.5. Electrochemical Impedance Spectroscopy. EIS analysis was
used to investigate the electron transport and charge recom-
bination that occurs in these CNT/TiO

2
dye-sensitized solar

cells. The solar cell impedance spectrum from EIS analysis
is generally composed of three semicircles, which are usually
recognized as 𝑍

1
: Pt/Electrolyte, 𝑍

2
: TiO
2
/Dye/Electrolyte,

and 𝑍
3
: diffusion of I

3

− in the electrolyte. The transmission
line for DSSC generally consists of several resistances and
capacitances, which are situated in different boundaries. The
𝑅Pt and 𝐶Pt are the charge-transfer resistance and capaci-
tance in the counter electrode/electrolyte boundary, respec-
tively. The sheet resistance of the conducting substrates,
𝑅
𝑠
, and charge-transfer resistance, 𝑅ct, are attributable to

the electron recombination in the electrolyte/CNT/TiO
2
/dye

boundary. 𝑅
𝑡
is the electron transport resistance at the

metal oxide photoanode, and 𝐶
𝜇
is the chemical capaci-

tance within the metal oxide conductive electrode. 𝑍
𝐷

is
the limited Warburg impedance and redox diffusion in the
electrolyte. 𝑅FTO and 𝐶FTO are the charge-transfer resis-
tance and internal capacitance for the electron recombi-
nation in the FTO/electrolyte boundary, respectively. By
using the fitted line from the transmission equivalent circuit
model, we can plot and analyze the impedance spectra
[33].

Figures 13(a) to 13(c) illustrate the DSSC impedance spec-
trum in the Nyquist plot diagram for the thin films annealed

at 550, 650, and 750∘C. In Figure 13, the high frequency
semicircle 𝑍

1
corresponds to the counter electrode 𝑅Pt and

Helmholtz 𝐶Pt. The middle semicircle indicates the 𝑅ct and
𝐶
𝜇
between the metal oxide and electrolyte layers of the

CNT/TiO
2
. The last semicircle at low frequency is attributed

to the diffusion impedance in the electrolyte boundary [34].
Although the Nyquist plot diagram in Figures 13(a) to 13(c)
does not show three perfect semicircles, the parameters for
the solar cell performance still can be extracted from the
impedance spectra. The parameters are as follows:

(i) 𝑘eff is the reaction rate constant of the electron
recombination in the metal oxide interface and is
estimated from the peak frequency 𝜔max at the center
of the semicircle;

(ii) 𝜏eff is the effective electron lifetime within the solar
cell and is calculated from

𝜏eff =

1

2𝜋𝑓max
; (3)

(iii) 𝜏eff is the inverse of 𝑘eff, which determines the peak
frequency of the CNT/TiO

2
semicircles and is defined

as

𝜔max = 𝑓max = 𝑘eff =

1

𝜏eff
; (4)

(iv) 𝐷eff is the effective electron diffusion coefficient and
calculated as

𝐷eff = (

𝑅ct
𝑅
𝑡

) (

𝐿
2

𝜏eff
) , (5)

where 𝐿 is the photoanode thin film thickness and 𝑅ct
and 𝑅

𝑡
are estimated from the EIS measurement;

(v) 𝐿
𝑛
is the effective electron diffusion length of the

CNT/TiO
2
photoelectrode and is determined as

𝐿
𝑛

= 𝐷eff × 𝜏eff. (6)

Figure 13 and Table 5 demonstrate all the three CNT/TiO
2

photoelectrode solar cell diagrams and the data from the dif-
ferent film thicknesses and annealing temperatures. Several
differences are observed and these can assist us to determine
the solar cell internal performance (e.g., 𝐷eff and 𝜏eff data).
Even though the thin film annealed at 550∘C has significantly
higher 𝐷eff (8.37 × 107 cm2s−1) compared with the other
samples, it has the lowest 𝜏eff (14.33ms). The thin films
annealed at 650∘C and 750∘C have significantly higher 𝜏eff
values (27.01ms and 100.35ms, resp.). The 𝑘eff for the thin
film annealed at 750∘C is the lowest. These circumstances
decrease the electron transport rate within the cell and
consequently affect the overall solar cell performance. From
the photovoltaic measurements, we determined the solar cell
efficiency to be around 5.23% for the thin film annealed at
750∘C, and this result is supported and proven by the EIS
analysis. EIS analysis results show that the thin film has
𝜏eff = 100.35ms, 𝑘eff = 9.96 × 10

−3, 𝐷eff = 1.76 × 10
7,
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Figure 13: Electrochemical impedance spectroscopy (EIS) measurements for (a) 550∘C, (b) 650∘C, and (c) 750∘C.

Table 5: Parameters determined by electrochemical impedance spectroscopy analysis.

Sample 𝐿 (𝜇m) 𝜔max (Hz) 𝑅
𝑠
(Ω) 𝑅ct (Ω) 𝑅

𝑡
(Ω) 𝑅Pt (Ω) 𝐶

𝜇
(𝜇F) 𝑍

𝐷
𝜏eff (ms) 𝐾eff (s

−1) 𝐷eff (cm
2
⋅s−1) 𝐿

𝑛
(𝜇m)

(a) 21.68 40.7 31.12 7.35 2.88 × 10−6 9.68 2.79 × 10−5 0.052 14.33 6.98 × 10−2 8.37 × 107 1.20 × 109

(b) 21.27 76.7 34.56 8.43 2.82 × 10−6 10.64 2.81 × 10−5 0.054 27.01 3.70 × 10−2 5.01 × 107 1.35 × 109

(c) 16.07 285 37.83 20.66 3.02 × 10−6 12.86 3.34 × 10−5 0.060 100.35 9.96 × 10−3 1.76 × 107 1.77 × 109

and 𝐿
𝑛
= 1.77 × 109. These improvements are caused by

the increasing annealing temperature that improves and
enhances the surface morphology and thin film thickness
of the solar cell. Moreover, the 𝐿

𝑛
of the thin film is

larger compared with its film thickness (16.07 𝜇m), which is
important for a high efficiency [35, 36]. A high annealing
temperature also has a positive effect as the thin film annealed
at 750∘C has a large surface area for dye adsorption and high
porosity that assist in the electron transport inside the films.
Based on a previous study [37], the recombination effects
in a photoelectrode from the back reaction, low catalytic
activity in counter electrode (redox couple decrease), and
slow electron/ion transport between the photoelectrode and
counter electrode are the main limitations of a dye-sensitized
solar cell.

4. Conclusion

In conclusion, dye-sensitized solar cells based on CNT/TiO
2

photoelectrode were successfully fabricated. The solar cell
preparation with different annealing temperatures (550, 650,
and 750∘C) has a high power conversion efficiency. Precisely
0.06 g of CNT was used in this research. We confirmed that
the CNT/TiO

2
solar cell annealed at 750∘C provides the

highest photoconversion efficiency (5.23%) compared with
those annealed at 550∘C and 650∘C (4.35% and 4.67%, resp.).
The FESEM and XRD analysis results show that the thin
films are compact and noncrack and have high porosities.The
best annealing temperature is 750∘C as the anatase and rutile
phases occur within the film formed at this temperature. The
combination improves the electron mobility within the cell.
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AFM analysis shows that the roughness average of the film
is 31.063 nm. In EIS analysis, thin film annealed at 750∘C has
better 𝜏eff (100.35ms), which improves the electron transport
within the cell and reduces the recombination reaction rate
by almost 75% compared with other solar cells. The excellent
electron transportwas also determined from𝐷eff = 1.76×10

7,
effective 𝑘eff = 9.96 × 10

−3, and 𝐿
𝑛
= 1.77 × 109. All these

measurements and analyses proved that the dye-sensitized
solar cell annealed at 750∘C has the best morphological and
internal structure to achieve high photovoltaic efficiency.
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