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ABSTRACT

The harvesting of electrical energy from sunrays with low cost, clean form and prosperity is an
excellent progression. In this context, significant advancement has been made in the solar energy
area in terms of cell’s design to enhance efficiency. Light scattering may benefit solar cells in
this aspect by extending the travelling distance of light within the photoelectrode film. In this
work, dextran templating high-surface-area contained CeO> nanoparticles (~22 nm) were
employed to improve the power conversion efficiency (PCE) of a TiO2-based dye-sensitized
solar cell (DSSCs). Various physicochemical techniques were investigated to characterize the
synthesized CeO> nanoparticles. Synthesized cubic CeO. nanoparticles were further explored as
an additional layer on the top of the synthesized anatase TiO2 nanocube based film to fabricate
Ce0»,-TiO2 hybrid photoanode, encouraging light scattering in DSSCs. A comparative study was
undertaken to understand the effect of the CeO> layer on the synthesized and standard anatase
TiO,. The overall power conversion efficiency obtained for hybrid photoanode-based DSSC is
8.92%, ~46% higher than that of TiO2 nanocubes-based photoanode, a considerably improved
open-circuit voltage of 0.83V under 1 SUN 1.5 AM. In addition, the PCE enhancement is
observed only ~8% using standard TiO2 based photoanode under the same condition. The
photovoltaic performance highlights that dextran templating CeO> nanoparticle exhibits a
significant impact as the light scattering layer and heterojunction formation when incorporating
on top of the anatase TiO2 nanocube resulting in a hybrid photoanode enhancing the PCE of
DSSCs. This alternative approach could facilitate the performance of TiO, based DSSCs towards

improving efficiency.
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1. Introduction

As a typical renewable energy source, solar energy is an ideal alternative to traditional
conventional energies due to its low cost, green, inexhaustible, not limited to a region and
environmentally friendly behaviour [1]. Initiating with the first generation of solar cells,
extensive research works have produced significant achievements in the solar energy field,
which led to developing the various third-generation solar cells [2-4]. As one of the oldest
among the emerging photovoltaics (PV) technologies, dye-sensitized solar cells (DSSCs) have
opened new energy prospects due to their lower cost and more accessible fabrication perspective,
achieving the highest power conversion efficiency (PCE) of 13% to date [5,6]. With the
development of new nanostructured materials, synthesis technologies, refinement processes, the
field of DSSC is also improving day by day [7-10]. The essence of DSSC consists of a
sandwich-type photoelectrochemical cell invented with two electrodes and an electrolyte in
operation by light-induced redox reactions [11,12]. Strategies like ion doping, decoration of
noble metals, refinement with metal oxides, modifications with up/down conversion materials,
development of different dyes, using various electrolytes and investigation of varying counter
electrodes including carbon-based materials, composites and polymers, have assisted the DSSC
to the next level [13,14]. Traditionally, TiO. is the most vital component of DSSC, which
promises high PCE and stability [15]. However, due to the limitation of physicochemical
properties, TiO> photoanode often shows discouraging efficiency improvement [16]. In this
stage, searching for a better strategy, which can facilitate the performance of TiO, is highly
essential [17]. However, it is a challenge to improve further the performance of TiO2 by the
utilization of tailored geometries. TiO2 is majorly consisted of thermodynamically stable anatase

or rutile phase and synthesized in several morphological forms [18]. Various studies have been



carried out with anatase and rutile regular phases of TiO2, leading to noticeable outcomes of
DSSC applications, although the traditional electrodes composed of nanometer-sized TiO:
particles sufferers insufficient electron diffusion coefficient limiting the PCE [19-21]. In this
context, different methods have been attempted to incorporate suitable modifications into
conventional TiO2 photoanode by enlarging the light-harvesting, reducing recombination, and
promoting electron transfer rate [22]. Besides, allowing effective separation, lowering electron
recombination, and collecting energy-bearing photocarriers are vital for the DSSCs operation,
which various nanointerfaces can tailor in DSSCs [23,24]. The synergistic effects of the three
major factors, such as light scattering, electron transfer efficiency, and dye adsorption, influence
the current density (Jsc) and exhibit the maximum value in enhancing PCE [25,26]. In this
respect, the introduction of an optical scattering layer considered one of the most innovative
strategies to improve the photoanode's light-harvesting capability [16,27]. More efficient light
scattering materials and adequate light scattering structures are still in need with the planar
scattering effect. In recent years, several light scattering layers based on TiO2, ZnO, SnO,, CuO,
W-03, BaTiOs, reduced graphene oxides, graphene quantum dots, carbon nanotubes etc. have
been utilized to boost up the performance of DSSCs [28]. Among different oxides, cerium
dioxide (CeO2) has already proved its efficacy in fuel cell electrolytes, gas sensors, ultraviolet
absorbers for sunscreens, and others, influencing the researchers to reveal its applicability in
DSSC [29]. The CeO:2 based scattering approach on the efficiency improvement of DSSCs was
initially implemented by Yu et al. (2012) by utilizing the mirror-like light scattering effect of
Ce0,, which produced a noticeable PCE improvement of 17.8% in the case of a TiO2 based
DSSC [30]. Recently, a hybrid double-shell CeO.@TiO2 hollow sphere exhibited 7.95% PCE

reported by Bai et al. (2017) [31]. At the same time, Han et al. (2017) reported 7.05% PCE with



an enhancement of 27% using Er, Yb-CeO2 hollow spheres as a scattering layer [32]. Song et al.
(2016) reported the overall efficiency of 9.86% obtained by atomic layer deposited TiO>
photoanode modified with flower-like CeO. scattering layer, which is 31% higher than that of
the conventional TiO, photoanode [33]. CeO. can take different shapes and sizes depending on
the synthesis methods. Typically, a cubic nanostructure has long been considered a valuable
material for high-refractive index film in single and multi-layer optical coatings [34-36].
Therefore, the implementation of cubic CeO> as a light scattering layer on the top of the TiO>
layer to form a bi-layered photoanode are expected to be a potential alternative to achieve more
efficient light-harvesting for benefiting DSSCs performance. Both a high surface area and good
light scattering are the two major factors influencing light harvesting. Herein, we introduce a
cubic CeO2 nanoparticles layer onto the top of a hydrotehrmally synthesized TiO> (nanocubes)
layer to fabricate a hybrid CeO2-TiO2 photoanode for DSSCs application. Also, this experiment
reveals the combined effect of the scattering layer's thickness and TiO2 nanocube based
photoanode with a detailed explanation. Furthermore, we have compared the effect of CeO- layer
with the commercial and synthesized TiO> photonaodes to understand the maximum efficiency
generation. Our observation suggests an increase in the CeO2 layer thickness enhances the
diffused reflectivity in the photoanodes while suppressing the photoanode's dye-loading capacity,
reducing the performance of the device. In this work, we have observed a massive efficiency
enhancement ~46% predoming from the short-circuit current and open circuit voltage for the
synthesized TiO-based photoanode when employing a layer of CeO: on the top of the device.
We believe the recorded efficiency enhancement is quite competative among the recent related

studies.



2. Materials and Methods

2.1. Synthesis of TiO2 Nanocube

Synthesis of TiO, nanocubes was adopted from work reported by Mukhopadhyay et al. (2016)
[37]. In short, titanium (1V) isopropoxide (TTIP, C12H2804Ti, Sigma Aldrich) was mixed with
triethanolamine (TEOA, CsH1sNOz, Merck) at a molar ratio of TTIP/TEOA = 1:2, and 0.02 mol
dm of Na-oleate under constant stirring (pH ~ 10 + 0.5). After that, the resulting mixture was
transferred to a closed flask and kept undisturbed for 24 h at 100 °C to form gelation. Next, the
viscous gel was shifted to a Teflon-lined autoclave and aged at 140 °C for 72 h to nucleate and
grow the TiO> particles. Finally, the product was washed with distilled water several times to

reduce the pH of < 8 and finally dried under a vacuum at 120 °C for further use.

2.2. Synthesis of CeO2 Nanoparticles

CeO nanoparticles were synthesized using a 50 mL aqueous solution containing 0.274g of
Cerium Nitrate, Ce(NOz);. 6H.O (Alfa Aeasar, Ward Hill, MA) and 2 g of dextran,
H(CeH1005)xOH (Alfa Aeasar, Ward Hill, MA). The solution was vigorously stirred for 30
minutes to get a transparent homogeneous sol by ageing for 18 h to form a gel. Further, the gel
was preheated to 100°C followed by direct calcination at 500°C for 2h to produce CeO:
nanoparticles. Dextran mediated synthesis has many benefits like high water-soluble glucose-
based polysaccharides, less stringent use conditions, consisting of unique structural engagement
with multiband orientation suitable as a soft sacrificial templating agent to synthesize discreet

homogeneous nanostructured.



3. Material Characterization

X-ray diffraction (XRD) measurements of TiO2 nanocubes and CeO. nanoparticles were carried
out using X’pert pro MPD XRD of PANalytical system with CuK, radiation (A= 1.5406 A).
Besides, the Fourier transformed-infrared (FTIR) spectrum of CeO. nanoparticles was performed
on a Perkin Elmer, Spectrum two FT-IR spectrometer. The bright-field image, high-resolution
transmission electron microscopy image (HRTEM) of TiO2 nanocubes and CeO, nanoparticles
was explored using Tecnai G2 30ST (FEI), 300 kV. The Raman spectrum of CeO> nanoparticles
was measured using the Raman spectrophotometer STR500 (Cornes Technologies system using
514.5nm Ar" green laser with 50mW power). Field emission scanning electron microscope
(FESEM) of CeO»-TiO2 hybrid photoanode was executed utilising a TESCAN VEGA3 SEM.
The specific surface area of CeO, nanoparticles was measured by using Quantachrome (iQ3)
instrument. Brunauer-Emmett-Teller (BET) theory was applied to calculate the specific surface
area of the CeO> nanoparticle. Besides, the corresponding pore size distribution was evaluated
from Barrett, Joyner, and Halenda (BJH) method. The UV-Vis-NIR spectrophotometer's
absorption spectra and diffused reflectance spectrum of CeO2 nanoparticles were carried out
(SHIMADZU UV-3600). The photoluminescence spectra were recorded on a spectro-fluorimeter
(QM-40, Photon Technology International, PTI). X-ray photoemission spectroscopy (XPS)
measurements of CeO- nanoparticle was executed in a PHI 5000 Versa probe Il scanning XPS

microprobe (ULVAC-PHI, US).

4. Fabrication of DSSC
Pieces with a size of 2 x 2 cm? of transparent conducting oxide [fluorine-doped tin oxide (FTO)]

glass substrates having the sheet resistance of 8 Q/cm? were first ultrasonicated in deionized



water and ethanol. Next, they were subjected to surface cleaning by using a UV-Ozone cleaner
(Ossila UV Ozone Cleaner, UK) for 15 min to remove any dirt, patches on the surface of the
FTO glasses. Meantime, the synthesized TiO, samples were employed for the paste preparation
with ethyl cellulose (Merck, U.K) in a proportion of 2:1 with a periodic drop of 5 ml of a-
Terpineol (Merck, UK). We used two layers of TiO. paste (ST) to fabricate the photoanode
using the screen printing (120T mesh/inch, Mascoprint, UK) method followed by annealing
under an ambient atmosphere following multiple heating steps (125 °C for 5 min, 375 °C for 10
min and 450 °C for 30 min.) on a hot plate. The film thickness of the TiO> layer was maintained
at ~6 um while using the screen-printing process. The synthesized CeO> sample also underwent a
similar paste preparation method as mentioned above. CeO was deposited as a next layer on the
top of the deposited TiO> layers and further followed the similar fabrication process as described
above.

Similarly, a layer of 20 nm commercial TiO2 pastes from Greatcell Solar, such as 18NR-T and
18NR-AO, was coated on the FTO glass by the screen printing method (CT). The CeO2 was
introduced, such as one layer (C1) and two layers (C2) on the top of both types of TiO> films to
fabricate the hybrid films. The final active area was selected as 0.2826 cm? for the solar cell
testing purpose. An ethanolic solution of N719 dye (0.5 mM, Solaronix) was used for the dye
sensitization. The films were soaked inside the dye solution for 24h. Then, the dye-adsorbed
Ce0,-TiO2 (STC and CTC) hybrid film and a platinized FTO substrate were placed like a
sandwich in the presence of prepared I37/1" liquid electrolyte to make a DSSC device. The process
as mentioned above has been followed to make ST and CT-based DSSCs. Finally, the device

was allowed to test under 1000W/m? using the Wacom AAA continuous solar simulator [38]. Six



sets of devices have been used for their photovoltaic performances, and the champion cell’ data

IS reported.

5. Results and Discussions

5.1 Structural and Optical Analysis of TiO2 Nanocubes

As mentioned in our earlier report, we have used the same anatase TiO2 nanocubes [37]. The X-
ray diffraction (XRD) patterns of synthesized TiO2> nanocubes reflected well-resolved significant
diffraction peaks corresponding to the anatase TiO. phase, which matches well with the reported
standard XRD pattern in the JCPDS card number 21-1272, as shown in Fig. 1la. The TEM
bright-field images confirm the crystalline nature of the cube shape of the synthesized TiO3, as
shown in Fig. 1b. The distinct lattice fringes in the high-resolution TEM image (inset of Fig. 1b)
corresponds to the (101) reflection with a lattice spacing of 3.51A and further confirms the high
anatase phase of the sample. Highly crystalline TiO, nanocubes were synthesized in purely

anatase crystalline form, having an average crystallite size of 21 nm.
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Fig. 1. (a) X-ray diffraction pattern with standard JCPDS card no. 21-1272 and (b) TEM bright-
field image of the hydrothermally synthesized TiO, sample (inset: corresponding HRTEM

image).

5.2 Structural and Optical Analysis of CeO2

The X-ray diffraction pattern shown in Fig. 2a reveals a polycrystalline cubic CeO> structure as
it matches well with the reference diffraction pattern of CeO, (JCPDS card number 81-0792)
[39]. The calculated lattice parameter was observed to 5.411A. According to the Debye-Scherrer
formula, the strongest reflections (111) at 26=28.56° was used to calculate the average crystallite
size of the CeO2 nanoparticles, which was determined to be around ~20 nm. The FTIR spectrum
of the obtained CeO> nanoparticles is shown in Fig. 2b. The absorption band that appeared at
wavenumber 622 cm represents the Ce-O stretching band. Besides, the prominent band at 3410
cm indicates the stretching band of the hydroxyl group end. At the same time, the stretching
band appearing at1633 and 1448 cm signify anti-symmetric and symmetric vibration of the
carboxyl [40]. CeO- consists Ce-O-Ce symmetric vibration in their fluorite type crystal structure,
which allows Tog Raman mode. In the present study, the significant Raman band observed at
~460 cm™ (Fig. 2c) is assigned to the first-order scattering [41]. The absorption spectrum of
CeOz: in the spectral range of 200-800 nm is presented in Fig. 2d. A broad distinct peak has been
observed at ~430 nm, which indicates the distinct formation of CeO». The optical bandgap (Eg)
was estimated using the Tauc plot formula and is found ~3.02eV, indicates reduced particle size

formation of CeO>, as shown in Fig. 2d (inset).
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Fig. 2. (a) X-ray diffraction pattern with JCPDS card 81-0792, (b) FTIR, (c) Raman and (d) UV-
visible absorption spectrum of CeO. nanoparticles (inset: Corresponding Taucs’ plot),
respectively.

5.3 Scanning Electron and Transmission Electron Microscopic Analysis of CeO2

The homogeneously distributed dense spherical shape has been observed in the SEM
microstructural analysis of synthesized CeO, as shown in Fig. 3a. Fig. 3b and Fig. 3c exhibit
the bright-field image of the synthesized CeO, sample, consisting of a monodisperse particle-like
shape having an average size of ~22nm (inset of Fig. 3c). Besides, the corresponding HRTEM
image reveals different crystalline planes such as (200), (111) and (220) reflection signifying the
inter lattice spacing of 0.27, 0.31 and 0.19nm as shown in Fig. 3d. The selected area electron

diffraction (SAED) pattern indicates that the (111), (200), (220), (311), and (222) planes



correspond to the cubic crystalline phase of CeO> nanoparticle as shown in Fig. 3e. The EDX

result (Fig. 3f) confirms that the Ce and O is the only element present in the sample.
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Fig. 3. (@) SEM microstructural image, (b)-(c) TEM bright-field images at different
magnification (inset: corresponding histogram of crystalline size distribution), (d) HR-TEM

image,(e) SAED pattern and (f) EDX plot of CeO- nanoparticles.

5.4 X-ray Photoelectron Spectroscopy Analysis of CeO2

The XPS survey spectrum of the CeO» nanoparticle is shown in Fig. 4a, which agrees with the
literature reported for CeO, [42]. The Ce 3d XPS spectra of the Ce3* ions beside the primary
peaks sometimes show the satellites with higher intensity compared to the primary peaks,

indicates the co-existence of Ce** and Ce** bonding states.


https://www.sciencedirect.com/topics/chemistry/x-ray-photoelectron-spectrum

The R-ranges are more prominent than the a -ranges for the Ce-3d core level spectrum, as shown
in Fig. 4b. Besides, az and B4 signals are responsible for the electronic state of the Ce** ion
(3d1%4f°%). Whereas, Ce®* represents the prominent peaks of a1 and R indicates the 3d'%4f* initial
electronic state. Therefore, the CeO, consists of both Ce®* and Ce** ions simultaneously, and the
fraction of Ce* ions presence may result in the particle size reduction of the CeO; [43]. Fig. 4c
indicates the core level spectrum of the asymmetric O1s, which consists of two components at
529.89eV (O1 component) and 531.02 eV (02 component). O ions in the Ce-O-Ce metal oxide
lattice framework is responsible for the dominant O1 component. In comparison, chemisorbed
oxygen in the grain boundaries corresponds to the higher binding side O2 component, which

conclusively supports the FTIR data.
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Fig. 4. XPS (a) survey spectrum, core level spectrum of (b) Ce 3d and (c) Ols for CeO:>

nanoparticles.



5.5 Surface Characteristics of CeO2

Fig. 5a exhibits the room temperature excitation-dependent (300 nm to 345 nm) emission spectra
of the CeOy, resulted in a broad near band emission (NBE) spectrum originating from 4f band of
Ce* to the 2p band of O, emanate to a maximum emission peak at 360-370 nm,.The intensity of
the emission spectrum gets varied on changing the excitation wavelength, originating from band-
to-band transition [44]. At the 400-500 nm wavelength zone, the emission multiple weak bands
are also appeared due to the oxygen deficiency of the CeO: lattice. As a result, the band emission
for CeO: is relatively stronger compare to its defect-related emission [45, 46]. The BET analysis
revealed a surface area of 132.6 m2/g with mesoporous type-1V isotherm characteristics for the
CeO2 nanoparticles, which is higher than the synthesized TiO, nanocubes (71.8 m?/g) in Fig. 4b
[47, 48]. The resultant, more elevated surface area of CeO2 nanoparticles can effectively lead to
absorbed higher dye loading that facilitates the light scattering effect in the DSSC application.
Consequently, the BJH average pore diameter improved to 4 nm, ranging from 2-20 nm pore size

distribution for the CeO2 nanoparticles (inset of Fig. 5b).
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Fig. 5. (a) Excitation wavelength-dependent photoluminescence spectra and (b) BET surface

area isotherm of CeO. nanoparticles (inset: Corresponding BJH pore size distribution).



5.6 Dye Loading Behavior Study of CeO2-TiO2 Film

As shown in Fig. 6a, the diffuse reflectance of spectra of the TiO, and CeO.-TiO. hybrid
photoanode suggests, where CeO> employment drastically influences visible light scattering.
Therefore, the bandgap of one layer of CeO- film is narrower than those of only TiO: film in the
visible region of the solar spectrum. In particular, one-layer CeO coating exhibits more
reflection than the only TiOz, as shown in Fig. 6a. Furthermore, the dye loading amount slightly
reduces with one layer coating due to deposition of CeO> layer over TiO2 (Fig. 6b). This is
probably due to the densely packed top layer of CeO, that forge the dye molecules difficult to
diffuse efficiently into the TiO. porous layers. As a result, even though the thickness of the TiO>
layer was unchanged, reduced dye-loading was obtained. In addition, nanocrystallite aggregates
cause light scattering within the CeO»-TiO hybrid film. This will further facilitate the travelling
distance of light within the device, which finally leads to an improvement in the optical

absorption of the device.
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Fig. 6. (a) DR-spectra of TiO2 nanocube and CeO»-TiO; hybrid film and (b) UV-vis absorption
spectra of N719 dye at its initial state after treatment with TiO2 nanocubes and CeO2-TiO- hybrid

film.

5.7 Structural Analysis of CeO2-TiO2 Film

To characterize the CeO2 nanoparticle deposition on TiO2 nanocube films, the X-ray diffraction
studies of the film TiO2-CeO- (1L) was performed. The appearance of the cubic phase of CeO:
nanoparticles along with the expected anatase TiO> phase confirms the effective deposition of
CeO2 nanoparticles over TiO2 nanocube (Fig. 7a). This further demonstrates the stability of
formed CeO: even after the sensitization on the photoanode. The cross-sectional microstructure
of the same film was further characterized using the FESEM analysis (Fig. 7b). The overview of
a bilayered photoanode disclosed that the cubic CeO2 nanoparticle film having an average
thickness of ~2 um (for one layer) was evenly coated on the surface of a dense TiO2 nanocube
layer, which consists a thickness of ~5um. It is anticipated that due to consist of a densely

packed layer of CeOy, the entering of light somewhat restricted and expected to reduce the dye



loading. Therefore, it is a trade-off between layer thickness and diffuse reflectivity of the
photoanode to generate high PCE, and considering the fact, one layer of CeO. shows the
optimum result. The elemental mapping g further confirm the CeO> deposition over the TiO-

throughout the film surface, as illustrated in Fig. 7b.
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Fig. 7. (a) X-ray diffraction pattern, (b) FESEM cross-sectional view along with the elemental

colour mapping of CeO»-TiO2 (1L) in the hybrid film, respectively.

5.8 Photovoltaic Performance of CeO2-TiO2 Photoanode
Fig. 8a revealed the effect of the CeO, nanoparticle on its photovoltaic performance using

different TiO2 based photoanodes. Since the nanocrystalline TiOz is not sufficiently scattered



visible light, the DSSC with control photoanode shows the power conversion efficiency (PCE) of
6.10% with a current density (Jsc) of 14.68 mA/cm? and open-circuit voltage (Voc) 0.75V. The
photovoltaic parameters were rapidly enhanced upon adding the first CeO, scattering layer (1L)
onto the TiO2 film (STC-1). The STC-1 hybrid electrode, resulting in significant Jsc
enhancement to 20.62mA cm?, Voc to 0.83V and PCE of 8.92% compared to bare TiO;
nanocube film.

However, with more CeO> coating layers, the Jsc value was expected to increase more and,
therefore, PCE, but the efficiency reduced significantly due to lower Jsc. Therefore, the lower
PCE of 7.48% was achieved with the two layers (2L) CeO> coating as in STC-2 photoanode. To
understand the advantage of using the CeO. scattering layer over synthesized TiO2 nanocubes,
we have also evaluated a comparative study with the dyesol TiO> film, namely DTC-1 and DTC-
2, as shown in Fig. 8a. An enhancement of ~8% in PCE was achieved using DTC-1 hybrid
photoanode with a Voc of 0.75V than only dyesol TiO; film, and it is reduced more by ~4% in
case of double-layer CeO> used (DTC-2). The same efficiency trend follows in DTC hybrid films
during the increment of the CeO> layer from 1L to 2L as observed for synthesized STC hybrid
photoanode. The electrochemical impedance spectroscopy (EIS) measurements were carried out
to understand the transport properties at different interfaces in the TiO2-CeO, assembly, shown
in Fig. 8b. The TiO2-CeO> (ST1) device exhibits an electrochemical charge transfer resistance
(RcT) of 953.91 Q/cm? and a series resistance (Rs) of 84.67 Q/cm? which is significantly shorter
than the only TiO2 (ST) device. The latter resulted in an Rs value of 98.70 Q/cm? and a Rcr value
of 1464.07 Q/cm?. The smallest Rs and Rcr value reflects a good bonding between photoanode
layers and FTO substrates, promoting the transfer of more electrons/holes from the external

circuit, as evident from the enhanced Jsc and Voc for the STC1 device. The higher the shunt and



series resistance, the critical impact of parasitic resistance is to reduce the device’s FF. However,

the higher thickness of the photoanode predominantly resulted in reducing the hybrid device’s

FF.

a — 2000
( )20-1 i e _9\_31(;1 (b) 1 Rs CPE1 Ws1 =—ST
I L N —]-cTc2 1750 g L
8 —¥7—ST 1 hict

g —[>-sTC1 1500

2 154, -O-STC2 |

E N T 12501

N R

2 T < ]

= )))))))))))J)))))»)))))J))J)))»)l))))))))))))JY)l))))))JJ)))))l)))))i)))))))))))»)»)))}))))))))))‘/'}}l} o 1000 4

2 104 : ]

2 N 750

< I,

s 500 * ;

E s 1e %

o 250! "i '1

A O 0
0 T T T T T T T T —3y v 5L L5t . r7
0.0 0.2 0.4 0.6 0.8 500 1000 1500 2000 2500 3000 3500 4000
Voltage (V) Z' (ohm)

Fig. 8. J-V characteristics plot for synthesized only TiO2 nanocube (ST), only dyesol TiO, (CT)
and using different scattering layers (1L, 2L) of CeO2 nanoparticles with the ST and DT hybrid
photoanodes for DSSC devices, and (b) corresponding Nyquist plots with the equivalent circuit

used for fitting at the inset

Table 1. Comparative photovoltaic parameter study of commercial and synthesized TiO, with
synthesized CeO, used as scattering layer for DSSC devices.

Photoanode J£0.2 (m A/cmz) Voc (V) Fill PCE (%) £0.2 | PCE Enhancement
Factor (%)
ST 14.68 0.75 0.56 6.10 -
STC1 20.62 0.83 0.53 8.92 46.22
STC2 17.19 0.83 0.53 7.48 22.62
CT 11.49 0.75 0.64 5.76 -
CTC1 12.69 0.75 0.63 6.23 8.16
CTC2 12.11 0.75 0.64 6.02 4.15

CT: Commercial TiOy; ST: Synthesized TiO»; C: CeO»; 1,2: Number of layer (s)




It has been observed that a noticeable improvement in Jsc and efficiency among the prepared
photoanodes with one-layer CeO» coating, which provides an optimal and reasonable dual effect
of the dye loading and optical scattering effect.

It is speculated that the interfacial contact of large-sized CeO, and TiO2 nanoparticles in the
mixture might play an essential role in altering the charge carrier transport. Nevertheless, these
experimental pieces of evidence confirmed the beneficial bilayer structure design for efficient
light scattering and efficiency improvement of DSSC. An enhancement of ~46% efficiency was
observed in the 1L deposition of the CeO> scattering layer, whereas it gets reduced to ~22% on a
2L deposit. Though the efficiency has remarkable enhance for both the layer deposition cases
than without using the scattering layer. The observed PCE is enormously comparable to the other
reports of scattering layer phenomena observed for CeO»-TiO> bi-layered photoanode in DSSC
devices, as shown in Table 2. The mirror-like scattering could provide a short pathway for the
reflective light and reduce the reflective distance compared to the spherical scattering to reach
the dye on the TiO> surface. A plausible mechanism of the electron mobility across the hybrid
photoanode has been presented in Fig. 9. Due to low bandgap and higher surface area, CeO>
nanoparticles can load more dye compared to TiO2 as shown in the path 1 and 2 of Fig. 9.
However, conduction band (CB) and valance band (VB) position limit the application of CeO> as
an efficient photoanode utilizing solar energy, even though CeO> can absorb a more significant
fraction of the solar spectrum than TiO2. While the synthesized CeO. can effectively participate
as a scattering layer which helps to promote more electrons for TiO2 nanocubes, as shown in path
3 of Fig. 9, it is also interesting to note here that the bilayer DSSCs (CeO»-TiO2) had increased
Voc relative to the monolayer DSSC (TiO.) along with Jsc and efficiency. The electron and hole

diffusion process was further elevated between the dye-oxide cation and redox couple in the



electrolyte due to deceleration of back electron transfer in the CeO.-TiO2 hybrid photoanode,

further resulting in the device’s Voc improvement [49, 50].

Table 2. Comparative Performance of CeO; in a TiO2 based DSSC Device

Description

Type of Use

PCE(%)

PCE Enhancement
(%)

Reference

CeO: as scattering

layer over TiO>

Scattering Layer

8.60%

17.80

30

CeO: as scattering

layer over TiO2

Scattering Layer

7.95%

45.33

31

P25/Er, YbCeO2

Scattering Layer

7.04%

27.94

32

CeO2 quantum
dots on ZnO
nanorods

(as sensitizer)

Sensitizer

2.65%

101

49

Ce02-TiO;
admixed
photoanode with
natural dye

sensitization

Photonaode

3.50%

50

Photonaode CeOo-
TiO2 sensitized
with betacyanin

natural dye

Photoanode

2.80%

344

51

CeO: as scattering
layer over TiO»-
Atomic Layer

Deposition

Scattering Layer

9.86%

31.11

53

CeO2:Eu®*

Scattering Layer

8.36%

13.91

54

P25/CeO2: Er, Yb

Scattering Layer

6.66%

15.02

55

Ce0O: as a light-

scattering layer

Scattering Layer

4.55%

46.22

56




over ZnO

CeO; as scattering | Scattering/Additional 8.92% 46 Current

layer over TiO> Layer Work

CeO2 nanoparticle exhibits high surface area, allowing more dye molecule absorption followed
by the scattering effect enhancing the device efficiency. However, increasing the thickness of the
CeO: layer shows PCE decrement also. In addition, CeO, owns intrinsic oxygen vacancies that
favour electron-hole recombination [51-53]. Therefore, designing CeO»-TiO; tailored aggregates
that exhibits light scattering capability would be a viable approach for obtaining highly efficient
DSSCs. On the other hand, CeO: is also a type of semiconductor, and usually, the bandgap of
CeO- is narrower than that of TiO2. Due to the lower bandgap of CeO,, they are supposed to
absorb more light along with the light scattering property than TiO. does. Besides, This is more
likely that CeO, and TiO2 semiconductors are coupled together, which lead to a narrower
bandgap. There is also concern that the stacked scattering particles may impede the interfacial
contact between the redox electrolytes and the semiconductor electrodes. Therefore, it is
anticipated that a combination of scattering effect and bilayer heterojunction formation could

enhance the Jsc and Voc of the CeO»-TiO; hybrid photoanodes in the DSSC device.
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Fig. 9. Schematic illustration of CeO»-TiO2 hybrid photoanodes in the DSSC along with their
bandgap alignment results in a plausible combined effect of light scattering and heterojunction

formation towards enhancing the device's efficiency.

6. Conclusion

The present study provided a new and novel pathway to integrate and test the DSSCs to
incorporate with the scattering layer to improve the device's efficiency. Dextran templating
synthesis of cubic CeO> nanoparticles with an average size of ~22 nm with the visible bandgap
~3.02 eV and a high surface area of 132 m?/was introduced as the light scattering layers for
Ce0,-TiO2 hybrid photoanodes in DSSCs application. The anatase TiO2 nanocubes were also
synthesized using the hydrothermal method, consisting of an average particle size of 21 nm,
having a bandgap of ~3.2 eV, and a specific surface area of ~71 m?/g. The XPS spectrum of
CeO: revealed the co-existence of Ce®" and Ce*" bonding states along with the oxygen
deficiency. CeO; incorporation can further lead to the effective formation of the CeO2-TiO>

heterojunction photoanode that can enhance the dye loading capacity. Finally, compared with the



bare TiO2 nanocube based control films (6.10%), the DSSCs assembled with ~2 pm CeO> top
layer exhibited a remarkable ~46% improvement in the power conversion efficiency (8.92%) due
to the sparkling light scattering effect of CeO> along with the improved Voc of 0.83V resulting
from the more robust heterojunction formation. Significant enhancement in the short circuit
current and open-circuit voltage predominantly boosts the hybrid device's efficiency.

Furthermore, a comparative study was also performed with the dyesol TiO2 and there, the
efficiency enhancement was found ~8% using the same CeO> nanoparticles. Our result indicates
that applying CeO2 on the synthesized TiO. nanocubes effectively exhibits higher efficiency
enhancement than the commercial TiOz. It has also been found that the correlation between the
light scattering effect of CeO, dye loading effect and the heterojunction formation with the TiO>

requires more depth study that should be addressed in future work.
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CeO2 nanoparticle exhibits a significant impact as the light scattering layer on top of the anatase
TiO2 nanocube is explored as a hybrid photoanode to enhance efficiency for dye-sensitized solar

cells.



