
TYPE Original Research
PUBLISHED 11 October 2024
DOI 10.3389/fmats.2024.1457325

OPEN ACCESS

EDITED BY

Hock Jin Quah,
University of Science Malaysia, Malaysia

REVIEWED BY

Chih-Hsien Lai,
National Yunlin University of Science and
Technology, Taiwan
Senthilselvan Jayaraman,
University of Madras, India
Kosuke Sugawa,
Nihon University, Japan

*CORRESPONDENCE

R. Arun Prasath,
raprasath.get@pondiuni.edu.in,
raprasath@pondiuni.ac.in

RECEIVED 30 June 2024
ACCEPTED 24 September 2024
PUBLISHED 11 October 2024

CITATION

Joshi DN, Pal AK, Krishnapriya R and Arun
Prasath R (2024) Submicron-scale
Au-decorated TiO2 mesoporous spheres for
enhanced photon harvesting in DSSCs
through near-field enhancement, light
scattering, and dye loading.
Front. Mater. 11:1457325.
doi: 10.3389/fmats.2024.1457325

COPYRIGHT

© 2024 Joshi, Pal, Krishnapriya and Arun
Prasath. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Submicron-scale Au-decorated
TiO2 mesoporous spheres for
enhanced photon harvesting in
DSSCs through near-field
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Light harvesting materials are crucial for capturing the sunlight in a device
such as a solar cell for better efficiency. In this study, we developed high
surface area, submicron-sized TiO2 spheres (MTS) incorporated with anisotropic
Au nanoparticles (Au_MTS) to create highly light-absorbing photoanodes for
enhanced dye-sensitized solar cell (DSSC) efficiency. The high surface area
of MTS (∼125 m2/g) allows for increased dye-loading, while their submicron
size (150–300 nm) provides superior light-scattering capabilities for significantly
enhancing the photoanode’s light absorption. Furthermore, incorporating of
anisotropic Au nanoparticles enables broadband surface plasmon resonance
(SPR) coupling, synergistically boosting photon harvesting in the Au_MTS
photoanodes. The interconnected tiny TiO2 nanoparticle network in MTS
supports charge carrier generation and transport, providing ample sites for dye
adsorption and efficient electron pathways. Au_MTS with varying amounts of Au
nanoparticles synthesized by a greener microwave-assisted synthesis method
and DSSC devices were fabricated and compared with devices made from
pristine MTS and P25 nanoparticles. The optimal Au_MTS device, containing
∼1.3 wt% Au nanoparticles, achieved a maximum power conversion efficiency
(PCE) of ∼7.7%, representing improvements of ∼40% and ∼60% over pristine MTS
(PCE of ∼5.2%) and P25 nanoparticles (PCE of ∼4.71%), respectively. Overall, this
work demonstrates the effectiveness of plasmonic mesoporous photoanodes
in enhancing DSSC performance through improved photo response, light
scattering, and dye loading.
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1 Introduction

The demand for renewable energy is determinedly increasing
to fulfill the energy demand without impairing the environment.
In this scenario, third-generation solar cells have attracted broad
attention to generating electricity with low-cost, non-toxic materials
to promote sustainable and environmentally friendly technology.
Among the 3rd generation solar cells, the dye-sensitized solar
cells (DSSCs), the predecessor of currently developed perovskite
solar cell technologies (PSCs), still have significant scope for
performance and stability improvement and attracted substantial
interest in the scientific community due to their simple fabrication
method, economical energy payback time and especially their
ability to work under the diffuse light environment (O’regan
and Grätzel, 1991; Gonçalves et al., 2008; Goncalves et al., 2009;
Hagfeldt et al., 2010; Jung and Lee, 2013). The morphology of the
photoanode, determining the light-harvesting and charge carrier
transport, significantly affects the device’s efficiency. Conventionally,
TiO2 nanoparticles with an average size of ∼25 nm (P25) have
been used in the fabrication of photoanode films in DSSCs.
The high number of grain boundaries and recombination sites
in mesoporous structures deteriorates the device performance
in P25 based nanostructure. The application of nanotubes and
nanorods to improve the charge transport limits the efficiency
due to poor dye-loading, impacted by the inferior surface area of
these structures. Further, conventional P25 NPs photoanode film
possesses poor light absorption due to negligible light scattering,
leading to loss of large wavelength photons and subsequently limits
the PCE. The additional light scattering layer of sub-micron size
TiO2 NPs is applied on top of the active TiO2 layer (Joshi et al.,
2017). However, efficiency enhancement is limited due to the poor
electrolyte diffusion and the charge carrier recombination. Hence,
it is necessary to improve the light absorption by scattering effects
while maintaining a high internal surface area of the photoanode
films for efficient dye adsorption and electrolyte diffusion. The
efforts have been implemented to modify the photoanode structure,
such as utilizing hierarchical nanostructures to enhance the
device efficiency by controlling the light absorption, electron
transport, and reducing interfacial recombination (Wang et al.,
2013; Krishnapriya et al., 2015; Lim et al., 2015; Mohammadian-
Sarcheshmeh et al., 2020; Choudhury et al., 2021).

A significant improvement in the light-harvesting of the
photoanode has been reported by applying the mesoporous sub-
micron size TiO2 sphere, enhancing optical path length in the
photoanode via light scattering (Yang et al., 2010; Dong et al.,
2014; Ding et al., 2015; Li et al., 2015; Dissanayake et al., 2020).
Further, the application of the localized surface plasmon resonance
(LSPR) from the noble plasmonic NPs has also shown remarkable
achievement in the PCE enhancement by improving the light
absorption by the dye molecules (Atwater and Polman, 2010;
Jang et al., 2016; Mandal and Sharma, 2016; Sharifi et al., 2016;
Tran et al., 2016; Zarick et al., 2016; Moradi et al., 2020; Kaur et al.,
2022; Vemula and Raavi, 2022; Li et al., 2023).

Herein, microwave-synthesized Au_MTS spheres were utilized
to synergize the light scattering and SPR coupling to improve light
harvesting in the DSSCs. The Au_MTS sub-micron structures offer
several advantages: (1) Enhanced dye adsorption capacity in the
photoanode due to the high surface area of MTS, (2) Improved light

absorption through broadband localized surface plasmon resonance
(LSPR) from anisotropic AuNPs, enhancing dye-mediated photon
capture, (3) Enhanced light scattering at longer wavelengths by
sub-micron-sized TiO2 spheres, effectively lengthening the optical
path within the photoanode, and (4) Facilitated smooth electron
transport enabled by the well-connected network of Au-MTS
composite nanostructures.Thus, the synergistic light scattering, dye
loading, and plasmonic enhancement boost the light-harvesting
ability and improve the performance of the devices substantially.The
designed Au-MTS fabricated DSSCs device showed a phenomenal
improvement in the PCE of ∼60% compared to reference devices
fabricated with P25 TiO2 NPs.

2 Results and discussion

Au_MTS with varying AuNP loadings was synthesized by
incorporating irregular shape and sizes of Au nanoparticles (Mx-
AuNPs), prepared via a DMF-based microwave-assisted chemical
reduction method (Joshi et al., 2022). The AuNPs were introduced
into titanium glycolate precursor solutions at different weight
percentages, ranging from 0.25 wt% to 2 wt%, during the synthesis
process. The resulting materials were designated as Au_MTS-X (X
= 1,2,3,4 denotes the wt% of Mx-AuNPs in MTS 0.25, 0.5, 1 and
2, respectively). Figure 1A depicts the UV-Vis diffuse reflectance
spectra (DRS) of P25, as-synthesized MTS, and Au_MTS samples
with varying Au loadings. The broad absorption feature centered
around 550 nm, present in the spectra of Au_MTS but absent in P25
andMTS, is indicative of the broadband surface plasmon resonance
(SPR) associated with the Mx-AuNPs. As the Au loading in MTS
increases from 0.25 wt% to 2 wt%, a progressive enhancement in the
intensity of the SPR band is observed, accompanied by a red-shift
toward longer wavelengths. This shift is attributed to the increasing
aggregation of Mx-AuNPs with higher loading percentages.

Figures 1B, C display the XRD spectra of pristine MTS
samples, compared with standard P25 NPs and Au_MTS samples,
respectively. In pristine MTS samples, all diffraction peaks can
be indexed to a pure anatase phase structure (JCPDS Card No.
21–1272). No peaks related to the rutile structure are observed,
unlike in P25 NPs, confirming the phase purity of the MTS samples
(JCPDS Card No: 21–1276).

The significantly broadened diffraction peaks indicate the
formation of nanocrystalline MTS samples. Based on the Scherrer
equation, the crystallite size of the pristine MTS samples is
estimated to be approximately 7.5 nm, calculated from the FWHM
of the primary (101) peak. This crystalline anatase structure, with
small crystallites, is suitable for dye loading and efficient electron
transport inDSSC applications. InAu_MTS-X (X= 1,2,3,4) samples,
especially at high Au-loading, a tiny 2θ peak appears around 44.3°,
which can be assigned to the (200) planes of the Au NPs. Another
diffraction peak from the AuNPs around 38.1° corresponding to the
(111)might havemergedwith the diffraction peaks from the anatase
phase of MTS.

Figure 2 shows high-resolution SEM (HRSEM) images of
MTS and Au_MTS-3 (the best-performing sample). The images
reveal the presence of large, porous, flocky spheres ranging from
150 to 250 nm, with tiny TiO2 nanoparticles uniformly adhered
to one another. The magnified images of the TiO2 spheres,
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FIGURE 1
UV-Vis DRS and XRD spectra of the different powder samples, (A) UV-Vis spectra, (B) XRD spectra of pristine MTS and P25 NPs, and (C) XRD Spectra of
the Pristine MTS and different Au_MTS samples.

FIGURE 2
HRSEM image at different magnifications of the MTS at (A) 50K, (B)
100K, and (C) enlarged and Au_MTS samples (D) 50K, (E) 100K, and
(F) enlarged.

highlighted with red circles in Figures 2C, F, show that each
sphere is composed of interconnected nanoparticles, approximately
9 nm in size. This arrangement offers a substantial surface area,
making the MTS structures highly suitable for loading significant
amounts of light sensitizer dye. The surface areas of the MTS and
Au_MTS samples were measured at approximately 125 m2/g and
115 m2/g, respectively, surpassing that of standardP25nanoparticles
(60 m2/g). The high surface area, despite the larger submicron-
sized spheres, is a unique characteristic of the MTS structures.

The submicron size range of 150–250 nm is comparable to the
wavelength of visible light, promoting efficient light scattering
within the photoanode. This increases the optical path length,
thereby enhancing the probability of photon absorption in the
device. The particle size of the TiO2 spheres slightly decreases in
the Au_MTS samples, as shown in Figures 2B, E. This reduction is
likely due to the addition of AuNPs dispersed in ethanol during the
synthesis process, which results in a minor alteration of the reaction
solvent composition.

Figure 3 shows the TEM images of the MTS and Au_MTS-
3 samples. The images clearly reveal the packed and closely
interconnected nanocrystals with sizes around 7–8 nm in the
MTS structures. This observed crystallite size coincides with
the calculated crystallite size from the XRD spectra. Such
interconnected structures suggest good charge transport properties
of the material. Lattice fringes can be observed in the HRTEM
image of Au_MTS in Figure 4A, indicating the crystalline nature
of the materials. The observed lattice spacing of approximately
0.35 nm can be attributed to the (101) planes of the anatase
phase. The concentric circular selected area electron diffraction
(SAED) pattern of bright spots observed in Figure 4B indicates the
polycrystalline nature of the MTS. The concentric circular SAED
pattern of bright dots suggests the polycrystalline nature of theMTS
(Figure 4B).

The cumulative data fromXRD, FESEM, BET, andTEManalyses
suggest that the as-synthesized MTS possesses good crystallinity,
sub-micron size, high surface area, and an interconnected network.
These properties indicate superior light absorption and efficient
electron transport in thematerials, which are essential for fabricating
high-efficiency devices. The as-synthesized MTS, Au-MTS-1, Au-
MTS-2, Au-MTS-3, Au-MTS-4, and commercial P25 nanoparticles
were deposited on the FTO glass substrate using the doctor blading
method, followed by annealing at 500°C. The UV-Visible-DRS
absorption spectra of the films and the respective photoanodes
are shown in Figures 5A, B. In Figure 5A, the observed broad
absorbance peak in the 500–700 nm region is attributed to the
SPR effect of the AuNPs, which is absent in pristine MTS and
P25 nanoparticles. Notably, there is a redshift in the SPR peak
with increasing AuNPs loading (wt%) in MTS, likely due to the
aggregation of AuNPs. As the loading amount increases, the AuNPs
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FIGURE 3
TEM images of (A, B) MTS and (C, D) Au_MTS samples at different magnifications.

FIGURE 4
(A) Lattice fringes and (B) SAED pattern of the Au_MTS sample.

density in the MTS matrix rises, promoting aggregation during
annealing and resulting in a redshift in SPR. A similar SPR-
induced improvement in absorbance is observed in the dye-loaded
MTS film when incorporated with AuNPs, with the Au-MTS-4

photoanode showing the highest absorbance peak around 550 nm.
The absorbance peaks become slightly broader and red-shifted for
the Au-MTS photoanode films compared to pristine MTS and
P25 films due to the overlapping peak maxima of the dye and
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FIGURE 5
UV-Visible Diffuse Reflectance Spectra (UV-VIS-DRS) of P25, MTS and Au incorporated MTS (A) Fabricated TiO2 Film (B) Photoanode (TiO2-Dye) film.

TABLE 1 Average light absorbance of the photoanode film in different wavelength region.

Average absorbance (%) P25 MTS AM-1 AM-2 AM-3 AM-4 ΔAavg (P25/AM-3) ΔAavg (MTS/AM-3)

(a)Dye-Active
450–600 nm

39.9 60.5 71.5 74.0 77.6 80.5 ↑ 37.7 ↑ 17.1

(b)SPR-Active
550–700 nm

29.2 56.8 68.0 70.3 74.2 75.5 ↑ 45.0 ↑ 17.4

(c)MTS-active
600–750 nm

9.2 31.3 41.3 41.3 44.4 39.4 ↑ 35.2 ↑ 13.1

Total
400–800 nm

24.1 42.2 52.1 53.4 56.4 55.5 ↑ 32.3 ↑ 14.2

∗AM, Au_MTS.

SPR of the AuNPs. The significantly higher surface area of MTS
(∼125 m2/g compared to ∼60 m2/g for P25 NPs) enhances their
dye-loading capability, resulting in considerably higher absorbance
for the MTS photoanode compared to P25. Importantly, MTS
photoanodes (Figure 5B) show a clear improvement in absorbance
in the longer wavelength region (i.e., 600–700 nm) compared
to the P25 photoanode, attributed to photon scattering from
the larger MTS particles. According to the Rayleigh scattering
phenomenon, when particle size is comparable to a particular
wavelength, they tend to scatter light, enhancing the optical path
length and light absorption capacity of the film. This photon
scattering phenomenon, present in MTS-based photoanode films,
is absent in the P25 photoanode film. The calculated average
absorbance and enhancement in the absorbance of the photoanode
films are presented in Table 1. In the (a) dye-active (450–600 nm),
(b) SPR-active (550–700 nm), and (c) MTS-active (600–700 nm)
regions, light absorbance is primarily due to the amount of dye
loaded on the TiO2 film matrix (a), SPR from the AuNPs (b),
and photon scattering from larger TiO2 particles (c), respectively.
Thus, it is clear that with synergistic effects of high surface area,
large particle size, and AuNPs loading, the MTS and Au-MTS
photoanodes exhibit significantly improved light absorbance in all
three regions (a-c). The best-performing Au-MTS-3 photoanode
film enhances total light harvesting by 32.3% compared to
commercial P25% and 14.2% compared to pristine MTS. Notably,
despite the higher surface area of MTS-based photoanodes, which
would typically result in better dye loading and enhanced light

absorption, the light absorption in Au_MTS-based photoanodes
surpasses that of MTS-based photoanodes. This enhanced light
absorption in Au_MTS-based photoanodes is primarily attributed
to the localised surface plasmon resonance (LSPR) effect of
the Mx-AuNPs. Secondly, as evident from the Figure 1A, the
matching of LSPR energy to the optical absorption energy of
MTS facilitated the plasmon resonance energy transfer (PRET)
from Au nanoparticles to MTS molecules and the resonance
coupling of LSPR to molecular dipole of dye molecules promote
the fluorescence enhancement. On top of that, the electron transfer
may occur from Au nanoparticles to the dye molecule as a
result of physical contact between them, enabling further light
enhancement. The near-field enhancement and far-field scattering
effects of these nanoparticles improve the light absorption by the
dye molecules in their vicinity and extend the optical path length
within the photoanode, respectively, leading to overall improved
light absorption.

Figure 6A shows the cross-sectional view of the photoanode film
fabricated using Au_MTS-3 with the doctor blading method. The
film thickness is approximately 9 μm, and it adheres well to the
FTO substrate.Themorphology of the Au_MTS spheres (Figure 6B)
clearly shows largemicrospheres (150–200 nm) interconnectedwith
high porosity, which is desirable for high dye loading. Further EDX
mapping (Figures 6D–F) demonstrates the uniformdispersion ofAu
nanoparticles within the photoanode, with an approximate loading
of 1.23 wt% (Figure 6C). This dispersion of AuNPs is beneficial
for synergistic light absorption, enhancing light capture in the
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FIGURE 6
FESEM image with EDX mapping of the Au_MTS-3 photoanode, (A) Cross-sectional view of the photoanode, (B) Morphology of the photoanode film,
(C) Weight percentage (wt%) composition of different components, (D–F) EDX mapping showing distribution of Ti, O, and Au elements.

FIGURE 7
(A) J-V characteristic of DSSCs fabricated using Au-MTS/x (x = 0.25 to 1wt%Au) with standard P25-TiO2 NPs, (B) J-V Characteristic.

vicinity of the dye molecules due to the plasmonic effect of the Au
nanoparticles.

As discussed in the device fabrication section, the devices were
fabricated by sandwiching the photoanode and Pt-based cathode.
Figure 7A shows the J-V curves of the DSSCs fabricated using MTS,
P25-TiO2, and various Au-MTS-X (x = wt% Au = 0, 0.25, 0.5,
1.00, and 2.00) composites. The characteristic open-circuit voltage
(Voc), short-circuit current density (Jsc), fill factor (FF), and photo-
conversion efficiency (PCE) data are compared in Figure 7B. The
results reveal that increasing the loading of AuNPs in MTS has
substantially changed the PCE, primarily driven by an increase in
Jsc, with minor changes in FF and Voc. The constant Voc value
indicates that the TiO2 Fermi level does not change significantly

with the presence of AuNPs, as the potential difference between the
TiO2 Fermi level and the redox potential of the electrolyte primarily
determines Voc.The devices based on P25 NPs showed lower Jsc and
PCE compared to those based onMTS.The Jsc ofMTS-basedDSSCs
increased to 11.19 mA/cm2, compared to 9.84 mA/cm2 for P25-
TiO2-basedDSSCs. Consequently, the PCEof theMTS-based device
improved to 5.51%, a 16% enhancement compared to the P25-
TiO2-based DSSC device (PCE = 4.71%). The J-V data demonstrate
that increased Jsc values primarily drive the observed enhancement.
This improvement in MTS-based DSSCs can be attributed to
enhanced charge carrier generation facilitated by superior light
absorption capacity. The larger spherical size of MTS (Figure 2)
contributes to effective light scattering, while their high surface
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FIGURE 8
QE spectra of the MTS, P25-TiO2 and best performing Au-MTS
composite-based devices.

area enables greater dye loading in the photoanode (Figure 5).
These factors establish a clear correlation between the observed
enhancement in Jsc values and themechanismsunderlying improved
charge carrier generation in MTS-based DSSCs, emphasizing the
importance of light absorption capacity and surface area for efficient
dye loading. Additionally, DSSCs fabricated with Au_MTS-1 to
Au_MTS-4 exhibited increased Jsc values to 13.03, 13.89, 14.34,
and 14.96 mA/cm2, respectively, with minor changes in FF and
Voc. The data demonstrate a gradual increase in Jsc with higher
concentrations of AuNPs in MTS. Notably, DSSCs fabricated using
MTS with ∼1% wt. of AuNPs (Au-MTS-3) achieved a PCE of
approximately ∼7.7%, marking a significant improvement of ∼40%
compared toMTS-basedDSSCs (PCE∼5.51%) and∼60% compared
to P25-TiO2-based DSSCs (PCE ∼4.71%). These results clearly
illustrate that incorporatingAuNPs intoMTS substantially enhances
both Jsc and PCE in DSSCs.The progressive increase in Jsc followed
by PCE suggests that incorporating AuNPs into MTS significantly
enhances the photoanode’s absorption capacity, enabling adjacent
dyes to absorb photons (see Figure 5) effectively. These findings
indicate that the synergistic effect of improved absorbance in Au-
MTS composite-based photoanodes effectively enhances photo-
charge carrier generation in DSSCs, thereby boosting overall PCE.
InMTS-based DSSCs, the enhancement in PCE (∼25%) is primarily
attributed to light scattering from the spheres. Conversely, in
Au-MTS composites, the synergistic effect of radiative plasmonic
resonance processes from anisotropic AuNPs and light scattering
from the spheres significantly enhances light-harvesting, resulting
in a PCE increase of up to ∼60% compared to blank DSSC devices.

To further investigate the light-harvesting capability of
Au-MTS-based DSSCs, we characterized the best-performing
plasmonic device using QE spectroscopy and compared it with
the photo-response of MTS and P25-TiO2-based DSSCs (Figure 8).
The QE spectra show increased intensity across the entire visible
spectrum for both MTS and Au_MTS composites compared to
P25-TiO2-based DSSCs (see Figure 2). This enhancement trend
correlates with Jsc, indicating improved light-harvesting and
photo-response in devices fabricated with MTS and Au_MTS

composites. Although MTS has a higher surface area than Au_
MTS, which would generally result in greater dye loading and
enhanced light absorption, leading to increased short-circuit current
(Jsc) and quantum efficiency (QE), Au_MTS-based DSSCs still
outperform their MTS counterparts. This superior performance
is primarily due to the surface plasmon resonance (SPR) effect of
the AuNPs, which boosts light absorption by the dye molecules
via near-field scattering. Moreover, the far-field scattering effect
from the larger AuNPs further extends the optical path in Au_
MTS-based DSSCs, contributing to the overall enhancement in
Jsc and QE. A notable enhancement is observed in the longer
wavelength region (600–750 nm) for MTS- and Au_MTS-based
DSSCs, which follows a similar trend seen in the UV-Vis absorption
spectra of photoanodes fabricated with MTS and Au_MTS
composites (Figure 5).This enhancement confirms the contribution
of light scattering from the TiO2 spheres, as well as surface plasmon
resonance (SPR)-mediated light coupling between the Mx-AuNPs,
particularly in the longer wavelength region.

3 Conclusion

AuNPs incorporated mesoporous TiO2 sphere (Au-MTS) were
synthesized via the greener microwave-assisted hydrothermal
method. The MTS and Au-MTS fabricated photoanode films
showed improved light-harvesting ability compared to commercial
P25-TiO2 based photoanode due to the plasmonic effect of
AuNPs, and Rayleigh scattering from MTS. In addition, Au-MTS
nanocomposite-basedDSSC devices were found to facilitate smooth
charge transport and improved dye-loading due to their well-
connected interlinked mesoporous structure. The maximum PCE
of ∼7.7% was achieved for the DSSC device fabricated with Au-
MTS/1 (∼1 wt% AuNPs loaded MTS). The observed improvement
in the PCE is ∼40% and ∼60% higher compared to MTS-DSSCs and
P25-TiO2-DSSCs, respectively.This work revealed that the Au-MTS
nanocomposite with a porous network structure combined with
the plasmonic AuNPs could be utilised for better light harvesting
as a photoactive material to improve the light-harvesting ability in
photovoltaic and photocatalytic systems.

4 Experimental section

4.1 Materials and methods

TiCl4 (99%)- Spectrochem was diluted in deionized water
(DI) to prepare a 40 mM aqueous solution for use. Titanium (IV)
butoxide-TBT (97%) (Sigma-Aldrich), ethylene glycol-EG (99.8%)
(Merck), Auric chloride -HAuCl4-(Sigma-Aldrich), Polyvinyl
pyrrolidine-PVP-40,000M.W (Sigma Aldrich), fluorine doped tin
oxide coated transparent (FTO) glass (8 Ω/Sq)- Sigma Aldrich,
acetone (98%), ethanol (99.5%) were purchased and used as
received. The materials such as Ru N719 dye, redox electrolyte
(EL-HPE) and Pt-paste, Surlyn Sealant were purchased fromDyesol
to fabricate the DSSCs. TiCl4 (99%)- Spectrochem was diluted in
deionized water (DI) to prepare a 40 mM aqueous solution for use.
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FIGURE 9
Schematic representation of the reaction conditions used for the synthesis of MTS and Au_MTS nanoparticles.

4.2 Synthesis of the TiO2 and TiO2-Au
sphere

To attain the broadband photon harvesting two types of
nanoparticles were synthesized 1.) Mixed shapes of AuNPs (Mx-
AuNPs-for broadband SPR coupled harvesting) 2) High surface area
mesoporous TiO2 sphere (MTS-for improved harvesting by high
light-sensitizer loading and light-scattering). The mixed shape of
AuNPs (Mx-AuNPs) were synthesized by chemical reduction of
50 mM Au salt in mixture of 10 mM PVP in DMF.

The synthesis of the TiO2 sphere (MTS) was carried out as per the
literature with slight modifications (Wang et al., 2011). In detail, the
titanium glycolate precursor was synthesized by dissolving 1 mL of
TBT in the 40 mL of ethylene glycol (EG). Upon addition of the TBT
in, EG, the white translucent formed subsequently transforms into a
transparentsolution.Theas-preparedmixturewasquicklyaddedtothe
acetone bath, which contained 150 mL of acetonewith a trace amount
of water. The white precipitate that forms immediately reveals the
formationof the titaniumglycolate.Theas-formedmixturewas stirred
for 20 min and allowed to settle for 1 h aging. The resulting white
precipitate (titanium glycolate) was collected and dried at 60°C for
24 h. To synthesising the porous TiO2 sphere, the collected precipitate
(∼0.5 g) was dispersed in the mixture of 20 mL of water and ethanol
(1:1) in the 30 mL microwave vessel and loaded into the microwave
reactor for heating at 180°C for 15 min. The as-prepared sample was
collected using centrifugation and washed several times using water
and finally with ethanol to remove any impurities and unreacted, EG
before drying at 60°C for 24 h. The resultant sample was heated at
500°C for 30 min to obtain the TiO2 sphere.

To synthesize TiO2-Au composites (Au_MTS-x, x = 1,2,3,4), Mx-
AuNPs were first prepared according to the method described in
our earlier publication (Joshi et al., 2022). Specifically, Mx-AuNPs
were obtained by reducing 1 mL of 50 mM HAuCl4 with 5 mM
polyvinylpyrrolidone (PVP), which served as both a stabilising and
reducing agent, in 15 mL of N,N-dimethylformamide (DMF), acting
as the solvent and mild reducing agent. The reaction mixture was
subjected to microwave irradiation at a controlled temperature of
160°C for 3 min, resulting in the formation of irregularly shaped

AuNPs(Mx-AuNPs).Theas-synthesizedMx-AuNPswerecentrifuged
for careful solvent exchange to ethanol. The highly concentrated
∼10 mg/ml Mx-AuNPs dispersion was made and used for the
further reaction. Varying amounts of the as-prepared Mx-AuNPs
were added to the mixture of tetrabutyl titanate (TBT) and ethylene
glycol (EG) prior to the aceto-precipitation step. The subsequent
synthesis of Au_MTS composite spheres followed the same procedure
used for the preparation of MTS. The schematic representation
of the synthesis process for MTS and Au_MTS is illustrated in
Figure 9.

4.3 Fabrication of DSSCs

TheAu-MTS composite spheres were deposited on TiCl4-treated
(40 mM, 70 °C) FTO glass substrate by doctor blade technique using
3-M Scotch tape as a masking layer with a thickness of ∼15 µm. The
as-prepared film was annealed at 500 °C for 30 min at a heating rate
of 3°C/min in a furnace. Once the annealed film cooled down to
80°C, the films were immersed in 0.5 M N719 dye solution (prepared
using a 1:1 mixture of acetonitrile and butanol) for 18 h for dye
uptake. After the sensitization, the as-prepared photoanodes were
cleaned using 2-propanol to remove the excess dye molecules from
the substrate. The Pt counter electrodes were fabricated by coating
Pt-paste on FTO glass substrate followed by annealing at 450 °C for
30 min. The photoanode and counter electrode were sandwiched
together by Surlyn film with a thickness of ∼25 µm as a spacer
using binder clips. The high-performance electrolyte was introduced
into the inter-electrode gap of a sandwiched device. For comparison
purposes, the film with P25-TiO2 NPs and as-synthesised TiO2 were
also prepared. A minimum of five numbers of the fabricated DSSCs
for each material composition was prepared and studied for their
performance.

4.4 Characterization techniques

The absorbance spectra of as-synthesized TiO2, Au-
MTS, and the active photoanodes were measured using
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UV-Visible-NIR with a Keithley 2,400 current source meter
and by using a 300 W Xenon source as a light source. The
solar simulator with 1 Sun illumination, i.e. 100 mW/cm2

was obtained using an AAA class solar simulator fixed
with a 1.5 a.m. filter within the area of 2 × 2 cm. The
Quantum efficiency (QE) was measured using Bentham
PVE300-Quantum efficiency measurement system without
bias light.
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