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Abstract

In this study, aluminum sulphate hydrate, Al>,(SO4)3-doped TiO» based passivation photoelectrode
(ADTP) was successfully proved to be a promising method of improving DSSCs. Here, ADTP
based photoelectrodes were obtained by varying the percentages of Al,(SOs); added to the
nanoparticles of Titanium dioxide (TiO). The morphological images of the ADTPs obtained using
field emission scanning electron micrograph (FESEM) indicate their compositional behavior,
which include two different sizes (different atomic radii) of titanium and aluminium nanoparticles.
Furthermore, the occurrence of the Ti*'/AI** ions substitution in the ADTP film was then supported
by UV-Vis spectroscopy analysis. Meanwhile, the fourier transform infrared (FTIR) spectroscopy
analysis revealed that the ADTP samples have higher OH" functional group which is attributed to
the formation of the AI(OH)3; mediators. These mediators enhance the binding of dye molecules to
the TiO, nanoparticles, thereby improving the adsorption of the dye molecules onto the ADTP
surfaces. The subsequent electrochemical impedance spectroscopy (EILS) analysis revealed that all
ADTP photoelectrodes exhibited higher conductivity TiO, film and trap states, which serves for
lower interfacial resistance, inhibiting back recombination and promoting more carriers for
electron conduction (photocurrent density, Jsc). The integrated properties of the ADTP
photoelectrode that improve interfacial resistance, induce higher dye adsorption and reduce back
electron recombination resulted in a 0.47 % increase in power conversion efficiency (PCE) of the
3-ADTP-based DSSC.

Keywords: Dye-sensitized solar cell, Aluminium-doped TiO, Photoelectrode, mediator, interfacial
resistance, back recombination, hydroxyls (OH).

INTRODUCTION

Dye-sensitized solar cell, DSSC is a type of photovoltaic technology that converts sunlight into electricity. When
compared to other cells, DSSC is less expensive, environmentally benign, and simple to manufacture [1]. TiO> is a
widely utilized semiconductor oxide either in DSSC photoelectrode or in other domains due to its affordability, lack
of toxicity, natural availability, and wide bandgap (2.8-3.3 eV) value [2]. Any modifications that are made to the TiO,
photoelectrode will affect the properties as well as the performances of DSSC device. As a result, the interface between
dye and the TiO; has been an interesting topic in recent discussions regarding the fabrication and enhancement of the
DSSC [3,4]. As a gauge of merit, the modification of TiO» could minimize the quantity of oxygen vacancies on the
TiO2 photoelectrode [5] and limit the recombination of charge carriers [6]. The enhancement in dye immobilization
uptake on the photoelectrode was accompanied by improvements in conductivity and interfacial resistance, leading to
a decrease in the recombination of electrons to their original environment.

Inhibiting the transfer of electrons from TiO; to the electrolyte will result in an improvement in terms of photoelectric
conversion efficiency (PCE). Three major approaches were used to group the prior research on this topic. In the first
method, the blocking layers were made out of very thin layers of inorganic oxides such as MgO [7], ZrO, [8], Al,O3
[9,10], SiO, [11], and Nb,Os [12]. It is the goal of these blocking layers to achieve greater physical passivation between
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photogenerated electrons and redox couples, thereby impeding the back recombination process [13]. The second
method was to use an acid treatment, which produced a protonation effect on the TiO» nanoparticles. This effect made
it easier for the dye to be adsorbed, and it reduced the number of electrons that were transferred back to the electrolytes
in DSSC [14]. For instance, photoelectrodes treated with nitric acid (HNO3) have the same effect in terms of producing
photogenerated carriers, which contributes to an increase in cell efficiency [15][16]. In the third method, a titanium
tetrachloride (TiCls) solution treatment was used to fabricate a thin layer of TiO, on top of a TiO, photoanode. This
method is a more general procedure when compared to the methods used in the previous two methods. The application
of the TiCly treatment was based on the idea that a positive shift in the TiO, conduction band would lead to a reduction
in the electron/electrolyte recombination rate constant [ 17].

Although numerous passivation techniques such as blocking layer materials, metal oxide doped TiO, and acid
treatments have been used to combat back recombination. Best to our review, no investigations on the implementation
of salt-based passivation material derived from aluminum sulphate hydrate, (Al>(SO4);. H,O) have been utilized for
such purposes yet. Alo(SO4)3 salt used in water treatment [18][19] for the purpose of water purification and for dye
adsorption enhancer. In most doping procedures and applications, aluminum (metal and oxide form) has been widely
utilized as a dopant for TiO, [10]. As a result, the purpose of this study is to investigate the application of Al»(SO4)3
as a doping material to the TiO» nanoparticles for the realization of ADTP photoelectrodes of DSSC application.
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Fig. 1. Band edge position of ADTP cell in comparison to pure-TiO> cell

In our prior study, we documented the incorporation of Al>(SO4); salt as a dye sensitizer additive into the dye sensitizer
solution during the dye immersion process. The study revealed that the dye's color intensified and the pH increased in
acidity as a result of the direct protonation process of the dye sensitizer. In conclusion, the modified dye has
significantly enhanced the overall efficiency of DSSC [29]. However, in this present study we use the same Al>(SO4);
material as the doping material to the TiO, nanoparticles during the preparation of ADTP photoelectrodes. As depicted
in Fig. 1, we hypothesize that ADTP will be influenced by a conservative acidic reaction occurring on its surface (the
dissolution of Alx(SO4); generates an acidic solution), similar to the effects of an acid treatment procedure.
Furthermore, the process of doping regulates the positioning of the band energy and decreases the resistance at the
interfaces. These effects result in accelerated electron injection and prevent the occurrence of back recombination in
the ADTP photoelectrodes. Last but not least, the influence of the ideal dose of Al»(SO4); that results in an appropriate
quantity of aluminum hydroxide (Al(OH3)). The ideal dose facilitates the coupling of additional dye molecules to the
TiO; anchor by forming bridges or mediators. For the investigation, Field Emission SEM (FESEM), Raman
spectroscopy (Raman), UV-visible spectroscopy (UV-Vis), Fourier transform infrared spectroscopy (FTIR),
characteristics of current-voltage (I-V), and electrochemical impedance spectroscopy (EIS) were used to characterize
all of these features and characteristics in UD-TiO, and ADTP DSSC devices.

2.0 Experiment

2.1 Preparation of TiO, Paste (ADTP and UD-TiO,)

In this method, 10 g of Degussa P25 TiO, nanopowder, 20 ml of deionized water, 5 ml of acetic acid, and 5 ml of
diluted detergent were blended in a beaker. The detergent was previously diluted by mixing 1 micro spatula of
detergent with 20 ml of deionized water. After placing a magnetic stirrer in the TiO, mixture and immediately covering
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it with aluminum foil, the mixture was further sonicated for 5 min. The prepared TiO» paste was then divided up into
five equal quantities and placed in separate small containers. The first container is set aside for the as-prepared TiO»
paste, which is referred to as undoped-TiO, (UD-TiO,). The remaining four containers were each doped with 0.1g,
0.2g, 0.3g, and 0.4g of alum, and they are referred to as Alx(SO4)3-doped TiO, (ADTP) in the order of 1-ADTP, 2-
ADTP, 3-ADTP and 4-ADTP, respectively. The rest of the experimental section including the DSSCs fabrication and
assembly were thoroughly explained in [30].

3.0 RESULT AND DISCUSSION

3.1 FESEM Surface morphology, EDX

The nanostructures of the porous films were obtained from the FESEM image are as shown in Fig.2(a) and (b). Both
3-ADTP, Fig. 2(a) and UD-TiO,, Fig. 2(b) photoelectrodes have uniform porous morphologies, with only slight
variations in their size of surface nanoparticles. The changes in the FESEM surface nanoparticles' size can be attributed
to the AI’* substitutional doping (substitution of Ti*" ions by Al** ions) because of the different ionic radii of both
materials [26]. The mixed-size morphology of the ADTP film, which was observed by the FESEM, lends some
credence to the idea that the AI’" ions must have been successfully doped into the TiO; lattice, creating a mixed
structure.
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Fig. 2. (a) FESEM morphology of, (a) UD-TiO; photoelectrode, (b) 3-ADTP photoelectrode, (c) EDX spectra of UD-
TiO,, (d) EDX spectra of ADTP

3.2 Optical Absorption

For comparison purposes, two absorption spectra between UD-TiO,and 3-ADTP films are shown in Fig. 3. According
to the spectra, neither of the films has an absorbance that is higher than 400 nm in which the ultraviolet region, UV
part displayed most of its high absorbance [20]. The sharp absorbance peaks were observed at a particular wavelength
when carriers were shifted from the valence band to the conduction band (V-B to C-B) [21]. In comparison to UD-
TiO,, the UV absorption peak of ADTP film is slightly shifted toward shorter wavelength as a result of the doping of
AI¥*. Absorbance maxima are shifted towards shorter wavelengths due to a reduction in the bandgap value of TiO»,
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which causes these shifts [22][23]. In this regard, the band gap shift was observed when Ti was replaced by Al**,
which contributes to the modification in the conduction band of the ADTP. The substitution causes defects to be
created in the conduction band consequently moves the absorption spectrum closer to the visible region [24].
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Fig. 3. UV absorption spectra of UD-TiO, and ADTP thin film (Inset-Taut plot of both films).
Meanwhile, the inset of Fig. 3 is a depiction of the band gap energy curve for both UD-TiO2 and 3-ADTP, which was
determined by using Tauc's relationship. It was seen that the band gap value, Eg of 3.23 eV of UD-TiO: is reduced to
3.08 eV when the film is doped with A1**ions in ADTP. The introduction of impurity energy levels (trap states) within
the bandgap by Al**ions reduce TiO,'s bandgap energy [25]. As the Eg of the doped material (3-ADTP) reduces, thus
the transition of the electrons becomes possible within the conduction and valance band of TiO, [26]. The blue-shift
of TiO,'s absorption spectra as a result of these intermediate energy levels, which was previously discussed in the UV-
Vis section, strongly correlates with this [27]. The substitution of Ti** by Al*"ion causes a decrease in the lattice
parameters following Al doping, as conferred in prior Raman measurements. The intermediate energy levels (trap
states) generated within the material's bandgap will facilitate electron excitation and transportation. Furthermore, the
trapped excited electrons at the interstitial sites help to limit electron-hole pair recombination and reduce interfacial
resistance. This may be understood on the premise of concentration quenching effect [28].
In fact, with the increase in doping concentration, more energy levels were created within the band gap and hence
band gap energy has decreased [28]. As a result, the ADTP film facilitates the passage of injected electrons from the
dye molecules to the TiO, conduction band and reduces interfacial resistance of the photoelectrode, resulting in higher
performance for ADTP device rather than UD-TiO»-based device.
3.5FTIR Spectroscopy
The FTIR spectrum for the UD-TiO; and all ADTP samples, after they were immersed in an anthocyanin dye sensitizer
is shown in Fig. 4. All samples displayed their essential functional groups in the spectra measured in the range of 400—
4000 cm™'. These essential functional groups were vital for dye attachment to the surface of TiO, because of their
carbonyl (C=0) and hydroxyl (O-H) elements. The O-H stretching that occurs in the hydroxyl group of the
anthocyanin dye can be observed between the wavelengths of 2500 and 3500 cm™!, with a peak occurring at 3288 cm’
!in the middle of that spectrum [31].
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Fig. 4. FTIR spectrum of UD-TiO»/Dye and four other ADTP/Dye after the immersion process.
Moreover, the appearance of substantially strong sulfate-related peaks in all ADTP samples can be noted at around
1074 cm’!, which agreed with some reported studies of the sulfate bonding occurring between 1000 cm™ and 1200

1168



TPM Vol. 32, No. S8, 2025
ISSN: 1972-6325
https://www.tpmap.org/

Open Access

cm! [26]. However, these peaks do not represent sulfate ions on their own; rather, it is the appearance of sulfate-
related bonding that enhanced the C-O peak of the treated solutions. More interestingly, with the co-existence of
surface coverages of hydroxyl groups (O-H) which are known to be reactive can potentially serve as important reactive
sites for sulfate adsorption on TiO, nanoparticle powdered samples. [46].

Furthermore, the associated hydroxyl functional group of the 4-ADTP sample is found to be the most intense compared
to others, which indicates the abundance of dye molecules attached to the TiO, nanoparticle. In addition, two
additional peaks appeared at 1634 and 1421 em™ which correspond to the vibrations of the carboxylate molecule's
symmetric vsym (-COO-) and asymmetric vasym (-COO-), respectively. These vibration peaks implied for the firmly
anchored porphyrin dye to the TiO nanoparticles through bidentate's bridging mode, which includes carboxylic acid
from both groups [32]. It is also worth noting that the peak of Ti-OH at 1074 cm™! in all ADTP samples was intensified
as Alx(SOs)s concentration increased, indicating that more AI** was successfully attached to TiO».

3.6 Photovoltaic Properties

Fig. 5 (a) shows the I-V characteristics of the dry cell for various percentage of Alo(SO4);in all ADTPs in comparison
to the UD-TiO; photoelectrode. As regards to the ADTP photoelectrode, at any point of anode voltage (V), the current
(I) was always higher compared to the current of the lower doped ADTP and also UD-TiO,. This higher current
implies that the conductivity, as well as interfacial resistance of ADTP film, is better compared to the UD-TiO, due
to Alx(SO4)3 doping. It was corroborated by several prior investigations on doping to the TiO,, which documented the
enhancements in the conductivity of solid state DSSC when a p-type dopant was used, and determined that the dopant
can impact the device's efficiency [53]. Furthermore, doping effectively suppresses the recombination loss [34] and
thus with the optimum doping dosage, the conductivity of TiO, can be enhanced [35-37]. This conductivity
improvement was beneficial for optoelectronic, photocatalytic applications and microelectronic [38][39].
Photovoltaics characterization is performed in order to investigate the influence of interface modification due to ADTP
on the photovoltaic performances of complete DSSCs cells. The current density—voltage (J-V) characteristics are
shown in Fig. 5 (b), and its photovoltaic properties are tabulated in Table 1. As can be witnessed, all ADTP-based
DSSC exhibits an increase in the open circuit voltage (Voc), photocurrent current density (Jsc), and power conversion
efficiency (PCE), as compared to UD-TiO»-based DSSC. The Jsc, Voc, and PCE of the 1-ADTP-based DSSC are 0.84
mA/cm2, 0.58 V, 62.58 %, and 0.30 %, respectively. Notably, the 3-ADTP-based DSSC exhibited the highest PCE

among other cells with Jsc, Voc, FF and PCE of 1.19 mA/cm2, 0.59 V, 67.37%, and 0.47%, respectively.
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Fig. 5. Photocurrent -voltage plot, J-V curve for (a) UD-TiO, and ADTP photoelectrode (dry cell), (b) UD-TiO,-
based DSSC and ADTP-based DSSC (wet cell)

Table 1  Photovoltaic properties of ADTP-based DSSCs with respect to UD-TiO,

Jse (mA/cm?) | Voc (V) FF (%) Efficiency (%)
UD-TiO, 0.76 0.56 62.93 0.2740.02
1- ADTP-based DSSC 0.84 0.58 62.58 0.30+0.02
2- ADTP-based DSSC 1.00 0.59 61.47 0.36+0.03
3- ADTP-based DSSC 1.19 0.59 67.37 0.47+0.01
4- ADTP-based DSSC 1.10 0.59 60.83 0.3940.02

Standard deviation calculated from three samples measured under simulated irradiation of AM 1.5
G (100 mW/cm 2).

Notably, the 3-ADTP-based DSSC exhibited the highest PCE among other cells with Jsc, Voc, FF and PCE of 1.19
mA/cm2, 0.59 V, 67.37%, and 0.47%, respectively. The higher Jsc recorded in this section is also in good agreement
with the increased dye adsorption attributed to the higher AI(OH); mediators discussed in FTIR measurement. In
addition, as moreAl>(SO4); was added into crystal, this will introduce more carriers for electron conduction, hence
further lowering the interfacial resistance. It was reported that Al-doping to the TiO, caused oxygen deficiencies in
the crystal unit and improves interconnects between particles and hence facilitates the diffusion of atoms [40][41].
Also, the lower interfacial resistance observed in this [-V measurement was in agreement with the I-V of the above
dry cell investigation. However, further adding the Al>(SO4);amount has been found to degrade the performances of
the 4-ADTP-based DSSC with Jsc, Voc, FF, and efficiency were 1.10 mA/cm2, 0.59 V, 60.83 %, and 0.39%,
respectively. The decrease in the PCE of the 4-ADTP-based DSSC might be attributed to the excess of AI(OH);
compounds that coexist on the surface of TiO, photoelectrode. It has been reported that the formation of excess
Al(OH); aggregates results in the reduction of the TiO> on top of the film and in contact with the aggregates, and to
form Ti,03 [42]. In addition, an abundance of dye molecules, along with the acidic carboxylic of the dye, will cause
the TiO, nanoparticles to be dissolved, which will lead to the formation of insoluble complexes between the Ti+ ions
and the anthocyanin dye molecules that have precipitated in the film pores [33]. Thus, due to incomplete dye
adsorption, inactive dye molecules formed on the surfaces of the TiO, nanoparticle. Furthermore, an excessively high
concentration of natural dye may promote polymerization and multilayer dye deposition.
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3.7 Electrochemical Impedance Spectroscopy, EIS

Electrochemical impedance measurements were used to study the electron transfer in the TiO; electrode film by which
the internal resistances and charge transport at the interfaces in DSSCs can be analyzed [43]. The Nyquist plots of
UD-Ti0O; and respective ADTP-based DSSC with different doping concentrations of Al>(SO4); are shown in Fig. 6
(a). The measured impedance data of DSSC was fitted by using Z-View software using an equivalent circuit model as
shown in the inset of Fig. 6 (a). Generally, the impedance spectrum of DSSC (Nyquist plot) mainly consists of three
semicircles corresponding to the different charge transportation processes.

The high frequency region corresponds to the charge transport at counter electrode and that at the low frequency region
corresponds to the diffusion of the electroactive species in the liquid electrolyte. The intermediate frequency region is
attributed to the electron transport in the photoanode film and the back reaction at the photo-anode/ electrolyte
interface. The electrochemical parameters and charge transport lifetime of ADTP-based DSSC with respect to UD-
TiO, based DSSCs is stabulated in Table 2. Generally, the EIS spectrum consists of Rs, R1, and R2, corresponding to
the high frequency intercept of the first semicircle owing to the transport resistance of ITO, TiO»/dye/electrolyte, and
electrolyte/Pt electrode interface, respectively. As can be seen from the plot, the R1 and R2 value of the UD-TiO, was
higher than all of the ADTP-based DSSC. These higher resistance components were attributed to the higher interfacial
resistance of the UD-TiO; photoelectrode compared to the ADTP-based DSSC counterpart. Upon the introduction of
Alx(SO4); for the case of 1-ADTP-based DSSC to 3-ADTP-based DSSC, the interfacial resistance of the cell gets
decreased, which induces rapid electron hopping (less boundary resistance) through direct bonding and Ti** trap states.
This lower interfacial resistance seen in this section is strongly in agreement with the I-V measurement of the
respective dry cell, as discussed in the earlier section. However, because of the increased Al»(SO4); doping
concentration in the 4-ADTP-based DSSC, interfacial resistance is observed to be greater than in the previous ADTP-
based DSSC. This situation might be attributed to the Al,(SO4); overdosing in the 4-ADTP-based DSSC have caused
higher density Ti*" trap states, which could permanently trap electrons [44]. The concentration of defect states in TiO-
photoanodes has a significant impact on electron recombination in DSSC. In addition, the doping of Al>(SO4)sprovides
Ti-Al (Ti-Al(OH)3) direct bonding which is advantageous for the transportation of electrons over a longer distance
due to reduced diffusive hindrance [13]. The interconnected TiO»-Al also gives a greater number of electron pathways
during conduction, and dye attachment sites which may favor improved charge injection and higher dye adsorption
towards greater photocurrent density, Jsc. However, once overdosing, a higher doping amount will result in higher
oxygen vacancy-Ti*" concentrations that could lead to recombination centers of electron-hole pairs, which reduced
the performance of DSSCs [45]. When compared to other DSSCs, the 3-ADTP-based DSSC has a suitable TiO-Al
(Alx(SO4)3 concentration) ratio, which reduces transport resistance and ultimately improves electron lifetime.
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Fig. 6. (a) EIS-Nyquist plots of UD-TiO, and the respective ADTP-based DSSC.
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Table 2  Electrochemical parameters and charge transport lifetime of ADTP-based DSSC with respect to UD-TiO,
based DSSCs

Sample cell Rs Q R1Q R2Q T(ms)

UD-TiO» 38.0 11.0 110.0 0.21

1-ADTP-based DSSC 37.5 6.1 86.0 0.25

2- ADTP-based DSSC 38.5 5.2 81.0 0.26

3- ADTP-based DSSC 38.0 3.5 71.0 2.00

4- ADTP-based DSSC 37.0 4.5 75.0 0.31
4.0 CONCLUSION

In conclusion, the tri-functional ADTP-based passivation photoelectrode was successfully investigated and proved to
be a promising method of improving DSSCs. ADTP-based TiO, photoelectrode was created by combining TiO»
nanoparticles and Al>(SO4)s salt at a specific weight percentage, and their elemental composition was confirmed using
EDS analysis. The slight differences in FESEM morphological images between the two samples indicate that Ti4+
ions have been mixed and replaced by AI** ions. In the meantime, it can be seen from the photovoltaics characteristics
I-V and EIS measurement that Al,(SO4); doping established higher conductivity TiO» film. This promotes more
carriers for electron conduction, which results in a further increase in photocurrent density, Jsc, as well as a reduction
in interfacial resistance. The lower interfacial resistance is caused by rapid electron hopping, which significantly leads
to a lower boundary resistance. The presence of direct bonding and Ti" trap states in the film enables these reactions.
The integrated properties of the tri-functional ADTP photoelectrode, which improve interfacial resistance, induce
higher dye adsorption and reduce back electrons recombination of the DSSC. Finally, it has contributed to the
improvement of the 3-ADTP-based DSSC, which exhibited the highest PCE among other cells with Jsc, Voc, FF and
PCE of 1.19 mA/cm2, 0.59 V, 67.37%, 0.47%, respectively.
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