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Abstract: In this study, we employed a chemical solution method to grow zinc oxide (ZnO) nanorods
on SnO;:F (FTO) substrates as photoelectrodes for dye-sensitized solar cells (DSSCs). The influence
of varying ZnO nanorod dimensions on cell performance was investigated. Specifically, we explored
the effects of nanorod length and diameter on dye adsorption capacity and photovoltaic conversion
efficiency. Characterization techniques such as electrochemical impedance spectroscopy (EIS), X-ray
diffraction (XRD), and field-emission scanning electron microscopy (FE-SEM) were utilized to analyze
the ZnO nanorods. Our results demonstrate that the sequential growth technique allows for control
over the length and diameter of ZnO nanorods, thereby modulating their optoelectronic properties.
XRD and FE-SEM analyses revealed that the surface morphology of the ZnO nanorods impacts dye
adsorption capacity and photovoltaic conversion efficiency. EIS measurements further indicated
a significant influence of dye adsorption on the electron lifetime of ZnO nanorods. Overall, this
study highlights the potential of multi-step growth of ZnO nanorods to optimize the performance of
dye-sensitized solar cells by tuning their morphology and surface properties.

Keywords: DSSCs; ZnO nanorod; multi-step growth

1. Introduction

Dye-sensitized solar cells (DSSCs) are a promising new solar cell technology that
offers several advantages over traditional silicon solar cells. DSSCs exhibit superior power
generation capabilities under low light conditions compared to conventional silicon solar
cells. Low manufacturing cost: DSSCs require simpler materials and manufacturing
processes compared to traditional silicon solar cells, resulting in lower manufacturing
costs. Moreover, the fabrication of DSSCs does not require high temperatures or pressures,
making them less environmentally impactful. Excellent spectral selectivity: DSSCs can
absorb visible and near-infrared light and convert it into electricity, exhibiting better spectral
selectivity than traditional silicon solar cells. As a result, DSSCs can generate electricity
even under low light conditions, making them suitable for indoor lighting and cloudy
weather applications. Strong flexibility: DSSCs can utilize lightweight, thin, and flexible
substrates as electrodes, providing excellent flexibility. This enables DSSCs to be applied in
fields such as wearable electronics and flexible electronics, with the potential for further
performance improvement and expanded application possibilities [1,2].

One of the most commonly used electron transport materials in DSSCs is TiO;. It
possesses high stability, a wide bandgap (~3.2 eV) [3], and a porous structure [4], which can
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enhance its surface area and photocatalytic activity [5]. TiO, is typically deposited as a thin
film on the electrode and plays a crucial role in transferring the generated electrons from the
photoconversion process to the external circuit. When photons enter the dye molecules, the
dye molecules convert the photons into electrons, which are then transferred to the surface
of TiO,. The electrons on the surface of TiO; are transported to the electrode, generating
electric current. The adsorption of dye molecules on the surface of TiO, enhances light
absorption and photovoltaic conversion efficiency. However, TiO, exhibits low electron
transfer efficiency, leading to carrier losses in the transport process. This results in lower
efficiency of DSSCs as they cannot fully utilize all available light energy [6]. Additionally,
TiO, is prone to degradation when exposed to prolonged UV radiation. This degrada-
tion causes a decrease in the efficiency of DSSCs over time, requiring maintenance and
replacement. Moreover, TiO; is relatively expensive, which increases the production cost of
DSSCs. Therefore, many studies have explored the replacement of TiO, with zinc oxide
(Zn0O) as the electron transport layer. ZnO possesses a similar bandgap to TiO,, exhibiting
good electron transport properties and an appropriate electron transport gap [7,8]. It also
demonstrates excellent chemical stability and is less susceptible to degradation from light
exposure and moisture. Consequently, ZnO can serve as a stable electron transport layer in
DSSCs over an extended period.

ZnO nanostructures can be prepared through various methods, including the chemi-
cal solution method, chemical vapor deposition, sol-gel synthesis, spray deposition, and
electrodeposition [9-12]. Among these methods, the chemical solution method is par-
ticularly noteworthy. The main reason is that the chemical solution method allows for
precise control of the morphology, size, and density of ZnO nanostructures by adjusting the
reaction conditions such as solution concentration, reaction time, and temperature [13-15].
This precise control enables tailoring of the performance of ZnO nanostructures to meet
specific application requirements. Furthermore, the chemical solution method enables
uniform growth of ZnO nanostructures on the substrate surface and can achieve uniform
growth over large-area substrates, offering excellent uniformity. Additionally, by control-
ling the chemical reaction conditions, high-purity ZnO nanostructures can be obtained,
thereby enhancing their optical and electrical properties and generating high-quality ZnO
nanostructures. In various applications, zinc oxide nanorods (ZnO NRs) are commonly
utilized as photoelectrodes in dye-sensitized solar cells. Typically, a single-step growth
approach is adopted, involving the utilization of a singular chemical solution for the growth
reaction [16-18]. While this method facilitates the production of elongated nanorods with
heightened dye adsorption capabilities, it often faces limitations due to inadequate reac-
tants present within a solitary chemical solution, thereby affecting nanorod growth [19].
Consequently, our study not only employs the chemical solution method for cultivating
zinc oxide nanorods as photoelectrodes but also integrates a multi-step growth technique.
This method encompasses changing the chemical solution before the reactants in a single
solution are completely depleted, thereby enabling the ongoing growth of nanorods. The
objective is to examine the impact of alterations in surface morphology on the attributes
of solar cells. Hence, in this study, the chemical solution method was chosen to achieve
the multi-step growth of ZnO nanorods, and their surface morphology and crystallinity
were analyzed using a field emission scanning electron microscope (FE-SEM) and X-ray
diffractometer (XRD). Moreover, the impact of the length and diameter of ZnO nanorods
on dye adsorption and the photovoltaic characteristics of DSSCs was investigated, aiming
to enhance the research momentum of ZnO nanorods in DSSCs.

2. Results

Figure 1a—-d shows the SEM cross-sectional images of the zinc oxide nanorod growth
for the 1-time, 2-time, 3-time, and 4-time samples, respectively. It can be observed that
the lengths of the ZnO nanorods for the 1-time, 2-time, 3-time, and 4-time samples are
approximately 1.3 pm, 4.5 pm, 5.5 um, and 6.5 pm, respectively. As the number of chemical
solution replacements increases, the length of the ZnO nanorods also increases. Addition-
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ally, it can be noted that near the bottom region, shorter and thinner nanorods are grown,
and as the number of chemical solution replacements increases, these nanorods gradually
elongate. Figure le—g shows the SEM top-view images of the ZnO nanorod growth for
the 1-time, 2-time, 3-time, and 4-time samples, respectively. It can be observed that as the
number of chemical solution replacements increases, the diameter of the ZnO nanorods
becomes wider. Furthermore, from the top-view images, it is evident that the surface
diameter of the ZnO nanorods in the 3-time and 4-time samples starts to exhibit uneven
distribution. Additionally, the 1-time sample has the highest nanorod density, followed by
the 2-time and 3-time samples (which have similar densities), while the 4-time sample has
the lowest density. From the summarized diameter distribution, the approximate diameters
of the ZnO nanorods for the 1-time, 2-time, 3-time, and 4-time samples are 64 nm, 231 nm,
296 nm, and 413 nm, respectively. Additionally, with an increase in the number of growth
steps of ZnO nanorods, the specific surface area decreases accordingly. The observed
phenomena can be attributed to the continuous consumption of reactants required for
nanorod growth during the ZnO nanorod growth process. This leads to a decrease in the
reactant concentration in the reaction environment, which cannot sustain sufficient ZnO
nanorod growth. When a new chemical solution is introduced, it provides an adequate
concentration to facilitate further growth of all ZnO nanorods. Additionally, when the ZnO
nanorods are too densely packed, they may undergo fusion during growth.
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Figure 1. SEM images of ZnO NRs with different multi-step growth times are shown in the figure.
(a—h) depict the cross-section and top-view SEM images of ZnO NRs for the multi-step growth times
of one, two, three, and four, respectively; (i-1) represent the diameter size distribution.

Figure 2a shows the XRD measurement results of the zinc oxide nanorods for the
1-time, 2-time, 3-time, and 4-time samples. It is evident that all samples exhibit a prominent
Zn0O(002) peak, and the peak intensity increases with the length of the nanorods. This
indicates that, even with the replacement of the chemical solution, the ZnO nanorods
primarily grow along the (002) plane. Furthermore, the full width at half maximum
(FWHM) of the ZnO nanorods’ (002) XRD peak is nearly 0.28 for all samples. This implies
that the quality of the ZnO nanorods is similar, and the main variation in this study is
attributed to the differences in surface morphology. To further understand the influence of
ZnO nanorod length and diameter on dye adsorption, the dye adsorption measurement
shown in Figure 2b was performed.
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Figure 2. (a) XRD spectrum and (b) optical absorption spectrum of N—719 dye for the 1—time,
2—time, 3—time and 4—time specimens. (c) J—V measurements underAM1.5 G (100 mA/ cm?) and
(d) IPCE spectra of DSSCs with ZnO NRs for various multi-step growth times. EIS of ZnO NRs’
dye-sensitized solar cells with different multi-step growth times. (e,f) Nyquist and Bode phase plots.
The equivalent circuit of this study is shown in the inset of (e).

In this experiment, the 1-time, 2-time, 3-time, and 4-time samples of zinc oxide
nanorods were first immersed in a 0.01 mM concentration of N-719 dye solution for one
hour at room temperature to allow dye adsorption. Subsequently, the ZnO nanorods with
adsorbed dye were washed using 5 mL of H,O and a 0.1 mM NaOH solution, which
removed the dye adsorbed on the nanorods and dissolved it into the solution. Figure 2b
shows a prominent peak around 510 nm, which corresponds to the main absorption band of
the N-719 dye. Overall, it can be observed that as the number of chemical solution replace-
ments increases, the dye adsorption capacity of the ZnO nanorods also increases. However,
for the 4-time sample, the dye adsorption capacity decreases with further replacements.
The reason behind this trend may be attributed to the significantly longer length of the
ZnO nanorods in the 2-time and 3-time samples compared to the 1-time sample, while
the diameter variation remains relatively insignificant. This leads to noticeable differences
in dye adsorption capacity. In the case of the 4-time sample, although the length of the
ZnO nanorods is not significantly different from that of the 3-time sample, the widening
diameter and the initiation of fusion growth cause a decrease in the volume of the ZnO
nanorods’ surface in contact with the dye, resulting in a reduction in dye adsorption.

Figure 2c—f presents the characterization results of dye-sensitized solar cells (DSSCs)
composed of the 1-time, 2-time, 3-time, and 4-time zinc oxide nanorod photoelectrodes.
Figure 2c shows the J-V curves of the DSSC devices under AM1.5G illumination for the
1-time, 2-time, 3-time, and 4-time samples. Component characteristics are listed in Table 1.
The results indicate that as the number of chemical solution replacements increases, the
open-circuit voltage (Vo) of the fabricated solar cells decreases. There could be two possible
reasons for this phenomenon: First, due to the fusion of nanorods, the penetration of dye
into the structure becomes difficult, resulting in non-uniform dye adsorption. This scenario
can lead to the generation of non-uniform energy level differences, subsequently inducing
Fermi level changes and resulting in a decrease in V. [20]. The second reason is that with
the increase in the length of the zinc oxide nanorods and their fusion, the electrolyte cannot
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fully penetrate, resulting in a decrease in the V. of the fabricated dye-sensitized solar
cells [21]. In this study, the ZnO NR photoelectrode, cultivated using the multi-step growth
method, exhibits a declining trend in specific surface area as the number of growth steps in-
creases. The heightened specific surface area facilitates a greater density of charges from dye
loading to infiltrate the ZnO conduction band. This occurrence results in an upward shift of
ZnQ'’s quasi-Fermi level, consequently augmenting the open-circuit voltage. Furthermore,
XRD analysis indicates comparable crystal quality. Nonetheless, it is counterintuitive that
nanorods with larger surface areas would theoretically display reduced V. due to surface
defects. This observation suggests that other factors may predominantly influence the V.
variation. As for the short-circuit current, with an increasing number of chemical solution
replacements, the short-circuit current of the prepared solar cells increases. However, the
short-circuit current of the 4-time sample noticeably decreases. This phenomenon may be
related to the variation in dye adsorption, which is influenced by the diameter and length
of the ZnO nanorods on the photoelectrode. Figure 2d demonstrates that in the wavelength
range of 300-800 nm, the incident photon-to-electron conversion efficiency (IPCE) of the de-
vices shows a proportional relationship with the variations in dye adsorption caused by the
length and diameter of the ZnO nanorods. This finding is consistent with the results shown
in Figure 2b. It is noteworthy that a distinct photocurrent peak is consistently observed
around 378 nm in all devices, positioned between the photocurrent peak at approximately
520 nm. This difference in shape compared to the dye absorption spectrum is evident. This
additional photocurrent peak is attributed to the light harvesting facilitated by the ZnO
nanorods. Electrons within the ZnO conduction band disperse through the ZnO nanorods
towards the transparent conductive oxide electrode, while the holes within the valence
band are replenished through direct charge transfer from the I3~ /I~ electrolyte [22]. It is
noteworthy that despite the much greater length of the ZnO nanorod photoelectrode in
the 4-time sample compared to the 1-time sample, there is no significant difference in the
short-circuit current. This is mainly due to the influence of length and diameter on dye
adsorption.

Table 1. Parameters of light current-voltage measurements obtained from DSSC based on different
ZnO NRs’ multi-step growth.

Sample Voc (V) Jsc (mA/cm?) FF 1 (%)
1-time 0.71 1.11 0.36 0.28
2-time 0.71 2.6 0.3 0.48
3-time 0.64 3.17 0.3 0.69
4-time 0.61 1.67 0.33 0.35

Figure 2e presents the electrochemical impedance spectroscopy (EIS) measurement
results, showing the Nyquist plots. The Nyquist plots exhibit a small semicircle at high
frequency and a large semicircle at low frequency. The inset in Figure 2e illustrates the
equivalent circuit used for the analysis, where R represents the resistance for electron
transfer between the FTO glass and the external circuit, Ret is the resistance for electron
transfer at the Pt electrode/electrolyte interface, and Rcr; is the resistance for electron
transfer at the ZnO nanorod/dye/electrolyte interface [23]. By performing electrochemical
impedance analysis and fitting, the impedance values for each interface can be obtained,
and the results are listed in Table 2. In this study, the Pt electrodes were prepared with the
same parameters, and the electrolyte used was also the same. Therefore, Rs and Rt would
not differ significantly. The main focus is on investigating the electron transfer resistance
at the ZnO nanorod/dye/electrolyte interface, which is represented by Rct,. From the
measurements, it is found that the values of Rcr; for the ZnO nanorod photoelectrodes of
samples 1-time, 2-time, 3-time, and 4-time are 404 (2, 169 (3, 116 (), and 222 (), respectively.
The Rcrp values are inversely proportional to the dye adsorption amount. This can be
attributed to the increase in free electrons in the ZnO nanorods when excited by sunlight,
resulting in an increase in carrier conductivity and a decrease in resistance.
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Table 2. Electrochemical parameters of DSSCs.

Sample Rs () Rer (€D Rerz () Test (ms)
1-time 19 29.5 404 2.2
2-time 23 25.3 169 3.2
3-time 18 19.7 116 3.9
4-time 24 25.8 222 2.3

Figure 2f shows the Bode phase plots of the characteristic frequency peaks (1-10° Hz),
providing information about the variation in characteristic frequency peaks. The char-
acteristic frequency can be considered as the reciprocal of the electron lifetime (Tes) or
recombination lifetime (t;) in the ZnO nanorods [24]. The results are also listed in Table 2.
Since the quality of the ZnO nanorods in this study is similar (as observed in the XRD
analysis results), the improvement in charge transport resistance leads to longer electron
lifetimes, primarily attributed to the difference in dye adsorption amount. Among the sam-
ples, the ZnO nanorod photoelectrode of the 3-time sample exhibits the lowest transmission
resistance (reduced from 404 () to 116 Q2) and the longest electron lifetime (increased from
2.2 ms to 3.9 ms).

3. Materials and Methods

In this study, SnO;:F (FTO) substrate was used as the working electrode substrate.
The fabrication process of zinc oxide nanorods can be referenced in various published
works [25-27]. Initially, zinc acetate dihydrate (Zn(CH3COO),-2H,0, Showa Chemical
Industry Co. Ltd., Tokyo, Japan) and ethanol (C;HsOH, EtOH, Echo Chemical Co. Ltd.,
Tokyo, Japan) were combined and placed on a hot plate magnetic stirrer at 60 °C for
1 h. Monoethanolamine (C;H;NO, MEA, Acros Organics, Tokyo, Japan) was introduced
during the stirring process, and the mixture was continually stirred at 60 °C for 2 h. The
molar ratio concentration of Zn(CH3COO),-2H,0 to MEA was 1:1. Subsequently, the
solution was allowed to sit at room temperature for 24 h to form a uniformly transparent
solution. This solution was then drop-casted onto an FTO substrate, spun at 3000 rpm
for 30 s, placed on a hot plate, and maintained at 140 °C for 20 min to facilitate sample
drying. This sequence was repeated 6 times, and the final step encompassed annealing
the sample in an atmospheric environment at 300 °C for 1 h within an oven, yielding a
seed layer with an approximate thickness of 500 nm. For the formulation of the solution to
facilitate the growth of zinc oxide nanorods, separate preparations of 100 mL of a 0.03 M
zinc nitrate (Zn(NO3),-6H0, Sigma Aldrich, Tokyo, Japan) solution and 100 mL of a
0.03 M hexamethylenetetramine (C¢H1,N4, HMT, Sigma Aldrich, Tokyo, Japan) solution
were undertaken (both solutions employed DI water as the solvent). These solutions were
combined and stirred at room temperature for 20 min. Following this, the amalgamated
solution was transferred into a beaker. Subsequently, the FTO substrate, already coated
with the seed layer (with the seed layer facing downward), was immersed within the
solution. The beaker was then covered using aluminum foil and positioned in an oven,
pre-set at 90 °C for 6 h, to facilitate the growth of zinc oxide nanorods. The reaction can be
described as follows:

C6H12N4 + 6H,O — 6HCHO + 4NHj; (1)
NH; + H,O — NH4" + OH™ 2)
Zn** + 20H~ — Zn(OH), (3)

Zn(OH), — ZnO +Hy0. )
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1-time

The photo-electrode with 6 h of grown zinc oxide (ZnO) nanorods was designated as
the 1-time sample. Subsequently, the same growth conditions were applied to the 1-time
sample, and the growth solution was replaced every 12 h. This process was repeated to
prepare the 2-time sample (18 h), 3-time sample (30 h), and 4-time sample (42 h).

Following the growth of zinc oxide nanorods, the samples underwent a cleaning pro-
cess to eliminate surface impurities using deionized water. Subsequently, the samples were
positioned on a hot plate and subjected to drying at 100 °C for a duration of 30 min. The
resultant samples are illustrated in Figure 3. A dye solution was formulated by combining
anhydrous alcohol with cis-bis(isothiocyanato)bis(2,2"-bipyridyl-4,4’-dicarboxylato)-ruthe-
nium(Il)bis-tetrabutylammonium (N-719 from Taiwan Eternal Chemical Industrial Co.,
Ltd., Taoyuan, Taiwan) to attain a volume of 100 mL and a concentration of 0.5 mM. The
prepared ZnO NR samples were then immersed in the dye solution at room temperature
for a duration of 1 h. Following this, the samples underwent rinsing with absolute ethanol
to eliminate any un-adsorbed dye.

2~4-time

)

Figure 3. Experimental schematic diagram.

For the electrode, a solution of 0.05 mM H,;PtCj; was prepared by dissolving it in
an acetone/alcohol (9/1, v/v) mixture, followed by subjecting the solution to ultrasonic
oscillation for a duration of 1 h to yield a Pt solution. Subsequently, 20 mL of the Pt solution
was drop-casted onto the FTO substrate, spun at 3000 rpm for 30 s, and then placed in an
oven set at 200 °C within an atmospheric environment for 30 min to undergo sintering.
Following this, a polymer resin (Surlyn) with an approximate thickness of 60 pm was
positioned between the two electrodes, thereby defining an area of 1 square centimeter. The
assembly was transferred to a heating platform at 130 °C, with a weight of 3 kg placed atop
it. After being heated for 5 min, the assembly was allowed to cool naturally, resulting in the
formation of a sandwich structure. Lastly, the pores were filled with an electrolyte solution
(0.5 M 4-tert-butyl-pyridine + 0.05 M I, + 0.5 M Lil + 0.6 M tetrabutylammonium iodide) to
finalize the assembly of the dye-sensitized solar cell. The fabricated DSSC was measured
for its photovoltaic conversion efficiency under AM1.5G (100 mW /cm?) illumination using
a Keithley 2420 source meter. The electrochemical impedance spectroscopy (EIS) was
performed using an Autolab PGSTAT 30 impedance analyzer under AM 1.5G illumination
while applying an open-circuit voltage (Voc). Additionally, a sinusoidal voltage with an
amplitude of 10 mV was applied between the anode and cathode, and measurements were
taken in the frequency range of 0.02 to 100 kHz. The incident photon-to-electron conversion
efficiency (IPCE) was measured using a system comprising a 300 W xenon lamp (Newport
66984) as the light source and a monochromator (Newport 74112). The spot size on the
sample was approximately 1 mm x 3 mm. The experiments were conducted at room
temperature in the laboratory.
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4. Conclusions

In this study, a low-temperature chemical solution method combined with multi-
ple growth cycles was employed to prepare ZnO nanorod photoelectrodes with varying
lengths and diameters, and their impact on the performance of dye-sensitized solar cells
was investigated. The results showed that the quality of the nanorod photoelectrodes
did not change with an increase in the number of growth times, but their morphology
exhibited noticeable variations, thereby affecting the dye adsorption amount. In addition,
the heightened specific surface area facilitates a greater density of charges from dye loading
to infiltrate the ZnO conduction band. This occurrence results in an upward shift of ZnO’s
quasi-Fermi level, consequently augmenting the open-circuit voltage. This study further
revealed a significant influence of dye adsorption amount on the electron lifetime of ZnO
nanorods. Based on these findings, the optimal DSSC efficiency achieved in this study
was 0.69%. In future research, exploring how to enhance the efficiency of dye-sensitized
solar cells through the modulation of nanorod morphology and surface properties can be
further investigated.
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