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Dye-sensitized solar cells (DSSCs) with titanium dioxide (TiO,) doped with multiwalled
carbon nanotubes (MWCNTs) were fabricated in this study, and the impact of the doped-
MWCNT concentration on the performance of the DSSCs was investigated. The TiO,-based
DSSC doped with MWCNTs exhibited a higher photoelectric conversion efficiency than the
DSSC with only TiO,. The structural characteristics of the MWCNTs allowed the DSSC film to
increase its surface porosity to adsorb more dye, which enhanced the DSSC’s electron transport
properties and performance significantly.

1. Introduction

The dye-sensitized solar cell (DSSC) is an electrochemical cell mainly made of titanium
dioxide (TiO,). It is easy and cheap to manufacture as cheaper materials and conventional
equipment can be used. Although their efficiency is lower than those of other advanced thin-film
solar cells, the benefits of the DSSC have garnered significant research and industrial interest.
The technology for manufacturing DSSCs is still being developed to overcome several technical
constraints and improve photoelectric conversion efficiency but the DSSC is regarded as a
promising solar cell in terms of broad adoption and popularity.

Bach et al. employed a mesoporous TiO: nanoparticle film to develop cost-effective
photovoltaic cells as the electrode, and using this film increased surface area and photoelectric
conversion efficiency.()) Since then, the DSSC has been improved as an efficient photovoltaic
cell, particularly to power wireless sensors even under indoor light.®)
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The DSSC is used widely owing to low manufacturing costs and abundant raw materials, and
it is appropriate for solar modules as it is thin, lightweight, and flexible. These make the DSSC
ideal for use with smart Internet of Things (IoT) sensors that are revolutionizing industrial and
domestic automation systems with enhanced control functions and extensive monitoring
capabilities. Aslam et al. examined factors affecting the performance of the DSSC, such as light
absorption efficiency, charge transport, and material stability, and evaluated the relevance of the
DSSC in IoT applications. However, they noted the challenges that must be overcome for the
commercialization of the DSSC, including its durability in operation, the scalability of
production, and the optimization of materials when fabricating DSSCs for specific uses.®) By
overcoming such challenges, DSSC-powered IoT sensors can be manufactured on a large scale,
facilitating efficient and automated IoT networks.

Multiwalled carbon nanotubes (MWCNTs) are renowned for their high aspect ratio, electrical
conductivity, and mechanical and chemical stability.) When MWCNTs are doped into TiO2,
composite photoanodes with high conductivity and large surface area can be fabricated, and
electron transport is significantly enhanced. Such doping improves the photocatalytic and
photoelectrochemical conversion efficiencies of the DSSC.6-7) MWCNTs form a conductive
network within the photoanode, facilitate efficient electron movement, and reduce energy losses.

In this study, we enhance the electrical conductivity and photocurrent generation of the
DSSC by doping MWCNTs into TiO2. The combination of TiO, and MWCNTs creates a three-
dimensional conductive network with many pores on the film surface to increase dye adsorption.
The increased dye adsorption enhances light absorption and, consequently, improves the
photoelectric conversion efficiency. With MWCNTs as a dopant, the current limitations of the
DSSC can be solved, and the photovoltaic performance of the DSSC can be improved for
commercial use. The successful integration of MWCNTs in this study provides the basis for
using the DSSC as an efficient and cost-effective solar energy harvesting device.

2. Fabrication Process

In this study, N3 dye was used to fabricate the DSSC. N3 dye exhibits excellent energy-gap
matching and absorbs light effectively in the visible spectrum, ranging from 400 to 800 nm. It
has prominent absorption peaks at 398 and 538 nm, with an excited state lifetime up to 60 ns. We
used a liquid electrolyte as it has a high photoelectric conversion efficiency, rapid diffusion, and
superior penetration into porous films. In the DSSC, the liquid electrolyte serves as the /13~
redox couple, offering excellent redox reversibility and optimal stability. In this study, MWCNTs
with diameters from 10 to 50 nm and lengths from 5 and 15 pm were used. As MWCNTs tend to
agglomerate because of van der Waals forces, their photoelectric conversion efficiency can be
reduced.® To address this problem, we used tert-butanol as a solvent. MWCNTs were dispersed
in tert-butanol, and the mixture was sonicated for 4 h to ensure the uniform distribution of
MWCNTs.

We used a double-beam ultraviolet (UV)/visible (VIS) spectrophotometer (Hitachi U2800A)
for the quantitative analysis of the fabricated DSSC. UV light has a wavelength range of
200—-400 nm, while VIS light ranges from 400 to 800 nm. The DSSC has significant noise below
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300 nm. Therefore, the wavelength range of the spectrophotometer was set between 300 and 800
nm to ensure accurate measurements. American Society for Testing and Materials defines three
standard solar spectra based on the atmospheric path length of the sunlight: AMO, AMI1, and
AMI1.5. AMO represents the solar spectrum outside the Earth’s atmosphere, and AMI1 and
AML.5 refer to the paths 17 and 48° above the horizon. For solar cell testing, the standard
condition is AM1.5. According to the International Electrotechnical Vocabulary 891 and 904-1,
the power density for AML1.5 is 1000 W/m?

We employed the XES-40S1 Class A solar simulation system (SAN-EI Electric Co., Ltd.
Japan) to simulate sunlight and measure the voltage—current (V—C) characteristics of the DSSC.
A xenon lamp was used as its light source in the solar simulation system, and the light path was
adjusted using a reflector. Multilayer optical filters were used to calibrate the wavelength and
intensity of the light to accurately simulate sunlight. Electrochemical impedance spectroscopy
(EIS), also known as AC impedance analysis, was used to study the electrical properties of the
DSSC. By applying an AC voltage (ACV) signal at a specific frequency and amplitude, a
photovoltaic system generates a steady-state sinusoidal current response. Then, the phase
difference between the response current and the input voltage is measured to calculate the
complex impedance of the electrode of the DSSC. Then, V-C output curves were used to
estimate the efficiency of the DSSC. As key parameters, open-circuit voltage (Vp ), short-circuit
current density (J5c), photoelectric conversion efficiency (), maximum power (P,,,,), and fill
factor (FF) were measured. The incident photon conversion efficiency (IPCE) was also
measured to estimate the efficiency of converting photons into electrons at different wavelengths.
The photocurrent generated by the DSSC was converted to voltage by a digital signal processor.
The effect of the wavelength of incident light on the performance of the DSSC was evaluated as
the following ratio of the number of electrons generated in the external circuit (L,,,) to that of
incident solar photons (L;,) with a constant of 1240:

1240 x J g (A/em?)
(W/em?)

L
IPCE (%) = =24 x 100% =
L, A(nm)x 1,

mc

x100% . (1)

In an ideal solar cell, the IPCE curve has a rectangular shape, indicating uniform efficiency
at different wavelengths. However, the recombination of electron—hole pairs reduces the
efficiency of solar cells, which makes it difficult for charge carriers to reach the external
circuit.®) As a result, IPCE values decrease. For the DSSC, the absorption range of the N3 dye is
between 398 and 538 nm. The IPCE value of the DSSC decreases sharply beyond the
wavelengths of 550 to 600 nm. This indicates that the efficiency in converting photons to
electricity diminishes outside the dye’s absorption range and it is important to optimize dye
absorption at a certain wavelength to enhance the solar cell performance.

3. Results and Discussion

We prepared a sol-gel paste consisting of MWCNTs and TiO: and applied it to an indium tin
oxide-coated glass substrate by the doctor blade method. The surface morphology and structure
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of the composite film were analyzed by field emission scanning electron microscopy (FE-SEM).
The MWCNTs used in this study had lengths of 5 to 15 um and diameters of 5 to 50 nm. Under
light irradiation, the dye molecules are excited and electrons are generated. MWCNTSs provide a
pathway for the electrons to be conducted to the electrode. In a pure TiO, film, electrons migrate
in arbitrary directions. This fixed migration through MWCNTs increases the probability of
electron—hole recombination between the dye molecules and the electrolyte, which decreases the
photoelectric conversion efficiency of the solar cell. Doping MWCNTs into the TiO, film
enhances the overall performance of the DSSC. Because of their high electrical conductivity and
large surface area, MWCNTs allow more efficient charge transfer than pure TiO,. When the dye
molecules are excited by light, they release electrons that are transferred efficiently to the
electrode, generating an electrical current. The MWCNTs provide a structured and conductive
network that minimizes electron recombination and improves the charge transport. Figure 1
presents a top view of the MWCNT/TiO, composite film. It shows the uniform distribution of
MWCNTs in the TiO, matrix, which enables the enhanced electron pathway.

Figure 2(a) shows MWCNTs mixed with TiO, particles in the film. When too many
MWCNTs exist or they are not evenly dispersed, MWCNTs aggregate owing to van der Waals
forces. Such aggregation hinders MWCNTs from being effectively doped into TiO, particles.
Figure 2(b) show MWCNT aggregations that prevent effective mixing with TiO, particles.
Aggregated MWCNTs form physical barriers that limit charge transfer between MWCNTs and
TiO, particles. MWCNT aggregations hinder the interaction of MWCNTs with TiO, and cause
electrons to be trapped or to occupy isolated regions. This decreases the efficiency of electron
transport and increases electron—hole recombination, which directly affects the performance of
the DSSC. The electron—hole recombination occurs when electrons are released by dye
molecules from holes. This reduces the number of free electrons available for current generation.
Therefore, the uniform dispersion and integration of MWCNTs in the TiO, matrix are crucial for
increasing the performance of the DSSC. When MWCNTs are uniformly dispersed, a continuous
network is created, and electron transport is enhanced, reducing recombination.

We analyzed the J—V curves of the DSSC fabricated with composite films having different
concentrations of MWCNTs. We also obtained UV-VIS absorption spectra, I[PCE curves, and
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Fig. 1. MWCNT/TiO, composite film.
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Fig. 2. (a) MWCNTs doped into TiO, particles and (b) aggregated MWCNTs.

EIS curves to determine the optimal concentration of MWCNTs. We doped 0, 0.005, 0.01, and
0.015 wt% MWCNTs into TiO, films. Figure 3 presents the J—J curves of DSSCs doped with
different MWCNT concentrations, while Table 1 lists the measured performance parameters.
The highest efficiency (3.62%) and the highest Jg- were observed with the MWCNT
concentration of 0.01 wt%. The tubular structure of the MWCNTs provides effective pathways
for electron transport. However, when the concentration was 0.015 wt%, the efficiency and
performance deteriorated owing to the aggregation of MWCNTSs, which impeded effective
electron transfer.

Figure 4 presents UV-VIS absorption spectra of DSSCs doped with MWCNTs of different
concentrations, and Table 2 lists the performance parameters. UV-VIS absorption spectra are
critical for understanding how the MWCNT concentration affects the performance of the DSSC.
The UV-VIS measurement results show the light absorption of the DSSC in their sensitized but
unsealed state, indicating the performance of the electrode. When adding 0.01 wt% MWCNTSs,
their dispersion was optimal for a uniform distribution that increased dye adsorption. In this
case, the peak light absorption was observed between 430 and 440 nm. Given that the N3 dye
has a short absorption wavelength, the light absorption decreases significantly at longer
wavelengths. Increased dye adsorption maximizes the energy harvesting of the DSSC and
improves efficiency. The absorption peak observed between 430 and 440 nm is the effective
light absorption range of N3 dye. The observed decrease in absorption intensity at longer
wavelengths is consistent with the known characteristics of N3 dye, which is less effective in
capturing light outside its absorption range. Well-dispersed and integrated MWCNTSs with the
TiO, matrix facilitate the effective distribution of light-adsorbing dye molecules. This enhances
light absorption and photovoltaic performance. Optimized MWCNT concentration increases
light absorption and photoelectric conversion efficiency.

Figure 5 shows the IPCE of the doped DSSC, while Table 3 lists the corresponding
characteristic parameters. The IPCE of the DSSC at all concentrations of MWCNTs increased
between the wavelengths of 400 and 550 nm, with the highest IPCE observed between 530 and
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Fig. 3. (Color online) J-V curves of DSSCs doped with different concentrations of MWCNTs.
Table 1
Performance parameters of DSSCs with different doping concentrations of MWCNTs, obtained by J-V curve
analysis.
Concentration (wt%) Voe (V) Jye (MA/cm?) FF (%) Efficiency (%)
0 0.73 6.71 64.75 3.19
0.005 0.72 7.06 66.95 3.40
0.01 0.74 7.64 64.33 3.62
0.015 0.70 7.27 67.01 3.43
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Fig. 4.  (Color online) Absorbance curves of DSSCs with different doping concentrations of MWCNTs.
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Table 2
Performance parameters of DSSCs with different doping concentrations of MWCNTs, obtained from UV-VIS
absorption spectra.

Concentration (wt%) Efficiency (%) Absorbance Wavelength (nm)
0 3.19 2.665 435
0.005 3.40 2.681 435
0.01 3.62 2.692 440
0.015 3.43 2.691 440
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Fig. 5. (Color online) IPCEs of DSSCs with different doping concentrations of MWCNTs.

Table 3

Performance parameters of DSSCs with different doping concentrations of MWCNTs, obtained by IPCE analysis.
Concentration (wt%) Efficiency (%) IPCE (%) Wavelength (nm)

0 3.19 44.62 530

0.005 3.40 52.53 530

0.01 3.62 58.73 530

0.015 3.43 54.77 540

550 nm. The DSSC doped with 0.01 wt% MWCNTs exhibited the highest photoelectric
conversion efficiency. Excessive doping increases the likelihood of MWCNT aggregations that
limit electron transport and reduce the photoelectric conversion efficiency. This highlights the
importance of optimizing the MWCNT doping concentration to improve electron transfer while
preventing aggregation.

Figure 6 presents Nyquist plots based on the EIS results of the DSSC. The corresponding data
are shown in Table 4. The charge transfer resistance (R,) decreases with the addition of
MWCNTs; this is attributed to the improved conductivity of the electrode—electrolyte interface
owing to the presence of MWCNTs. At a doping concentration of 0.01 wt%, the DSSC exhibited
the lowest R;, indicating optimal internal resistance and efficient electron transfer. As the
concentration increased to 0.015 wt%, R, increased owing to an increased number of
aggregations of MWCNTs. Such aggregations introduce structural defects that hinder the
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Fig. 6.  (Color online) Nyquist plots of EIS data of DSSCs with different doping concentrations of MWCNTs.

Table 4

Performance parameters of DSSCs with different doping concentrations of MWCNTs, obtained from EIS data.
e PRGNS R @ R@ R@ R0@ Ky )
0 3.19 19.88 8.73 25.45 5.55 25.31 39.51
0.005 3.40 14.96 6.75 23.96 4.38 25.31 39.51
0.01 3.62 13.30 8.40 22.55 3.97 25.31 39.51
0.015 3.43 14.87 6.64 22.79 4.31 25.31 39.51

effective doping of MWCNTs into TiO, particles, thereby increasing R;. The Nyquist plots
present the impedance characteristics of the DSSCs doped with MWCNTs. The reduction in R,
with MWCNT doping indicates that MWCNTs enhance the conductivity at the electrode—
electrolyte interface of the DSSC and improve electron transfer for efficient operation.

4. Conclusions

We explored the effects of MWCNT doping (0, 0.005, 0.01, and 0.015 wt%) on the
performance of DSSCs. At the doping concentration of 0.01 wt%, the highest short-circuit
current and efficiency and the highest overall performance of the DSSC were obtained. The
results of this study confirmed that doping MWCNTs into the TiO, film of the DSSC increased
electron transfer and reduced electron—hole recombination by providing a rapid transport
pathway for electrons; this was enabled by the high conductivity and tubular structure of
MWCNTs. When the concentration increased to 0.015 wt%, the current and efficiency decreased
owing to an increase in the number of MWCNT aggregations. The aggregations hindered the
electron transfer through the tubular structure of MWCNTSs, which in turn increased electron—
hole recombination, resulting in the deterioration of the DSSC performance. The results of this
study will contribute to the optimization of DSSC manufacturing methods and the use of DSSCs
in wireless sensors for ol networks.
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