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Hierarchical TiO, microspheres composed with
nanoparticle-decorated nanorods for the
enhanced photovoltaic performance in dye-
sensitized solar cellsy
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Hierarchical TiO, microspheres composed of nanoparticle-decorated nanorods (NP-MS) were successfully
prepared with a two-step solvothermal method. There were three benefits associated with the use of NP-
MS as a photoanode material. The decoration of nanoparticles improved the specific surface area and
directly enhanced the dye loading ability. Rutile nanorods serving as electron transport paths resulted in fast
electron transport and inhibited the charge recombination process. The three-dimensional hierarchical NP-
MS structure supplied a strong light scattering capability and good connectivity. Thus, the hierarchical NP-
MS combined the beneficial properties of improved scattering capability, dye loading ability, electron
transport and inhibited charge recombination. Attributed to these advantages, a photoelectric conversion

018 efficiency of up to 7.32% was obtained with the NP-MS film-based photoanode, resulting in a 43.5%
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Accepted 28th Decernber 2018 enhancement compared to the efficiency of the P25 film-based photoanode (5.10%) at a similar thickness.
Compared to traditional photoanodes with scattering layers or scattering centers, the fabrication process

DOI: 10.1039/c8ra09145¢ for single layered photoanodes with enhanced scattering capability was very simple. We believe the
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1. Introduction

With increasing global demands for green energy, the utiliza-
tion of solar energy to generate power is a promising and effi-
cient technique that has attracted much attention.“ As one of
the promising photovoltaic devices, dye sensitized solar cells
(DSSCs) possess the advantages of low cost, high conversion
efficiency, easy fabrication and high stability.>® The highest
recorded photoelectric conversion efficiency for DSSCs with
collaborative sensitization was 14.7%.” As a key component of
DSSCs, photoanodes play an important role in dye loading, light
harvesting, electron injection, electron transport and collection
processes, thus significantly affecting the photocurrent, pho-
tovoltage and photovoltaic conversion efficiency.*®

Titanium oxide is one of the most popular photoanode
materials due to the matching band structure, high electronic
mobility, non-toxicity and good stability.’ The size, morphology
and phase of titanium oxide can greatly influence the
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strategy would be beneficial for the easy fabrication of efficient dye-sensitized solar cells.

photovoltaic performance due to the dye loading capability as
well as electronic and optical properties. The size of TiO, can
determine the specific surface area, which influences the dye
loading capability. Meanwhile, the morphology of photoanode
materials could affect the roughness, dye loading, scattering
capability and electron transfer, thus influencing the light har-
vesting and collection efficiencies. Furthermore, the phase
mixture of TiO, is known to have good charge separation effi-
ciency for enhanced photovoltaic performance.'*** The familiar
photoanode materials include commercial TiO, nanoparticles
with a high specific surface area. However, the TiO, nanoparticle-
based photoanode was limited by the high light transmittance
and grain boundaries that resulted from its small size.”*** To
improve the light harvesting efficiency, the light scattering
capability was considered in the design of efficient DSSCs.

The scattering capability could significantly improve the light-
harvesting efficiency of solar cells by extending light paths with
large-sized TiO, acting as a scattering layer and/or scattering
center.”**> However, large-sized titanium oxides with a super-
scattering capability usually have less specific surface area.****
The connectivity among large-sized titanium oxides is usually
loose, resulting in an increased charge recombination and bad
photovoltaic performance.”® Photoanode fabrication with
enhanced scattering capability is complex, which limits their
applications.”**® Photoanodes with a scattering layer need more
steps in the calcining process and doctor-blade or spin-coating
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process. Photoanodes with scattering centers require screening
for the positive enhancement of optical and electronic properties.
Therefore, a single-layered photoanode with a high scattering
capability and large surface area is expected. Because large-sized
titanium oxides with a strong scattering capability generally
possess a low dye-loading capability and loose connectivity, the
poor photovoltaic performance of pure large-sized TiO,-based
photoanodes can be imagined. Thus, the hierarchical TiO,
microstructure composed of a one-dimensional (1D) or two-
dimensional (2D) structure serves as a promising material. The
small sized 1D or 2D blocking units could improve the specific
surface area, increase the speed of charge separation and elec-
tron transport.**>** The micro-sized hierarchical aggregate could
enhance light scattering, dye loading, and the interconnection
capability.®** As a consequence, DSSCs employing hierarchical
TiO, structures as photoanode materials could demonstrate
a superior photovoltaic performance. For example, Kim et al
obtained a conversion efficiency of 8.0% with hierarchical tree-
like TiO, nanorods, which is significantly higher than that of
commercially-available TiO,.**

In this study, hierarchical TiO, microspheres consisting of
anatase TiO, nanoparticle-decorated rutile TiO, nanorods
(marked as NP-MS) were successfully prepared with a two-step
solvothermal method. The single-layer photoanode was easily
fabricated with NP-MS using the doctor blading method. The
dye loading capability was improved due to the decoration of
TiO, nanoparticles. The large-sized NP-MS enhanced the light
scattering capability according to the Mie theory. Faster elec-
tron transport paths were provided by the nanorods, which
promoted electron transfer and reduced charge recombination.
Due to the enlarged specific surface area and improved light
scattering capability, NP-MS based solar cells exhibited an
enhanced photovoltaic performance and light harvesting effi-
ciency compared to pure P25-based cells.

2. Experimental
2.1 Synthesis of NP-MS

According to our previous study, the precursor was prepared with
microspheres composed of nanorods (MS).** 5.0 mL tetrabutyl
titanate, 1.0 mL hydrochloric acid, 1.0 mL of 2 M TiCl, aqueous
solution, and 25.0 mL toluene were added in a beaker with vigorous
stirring. MS was synthesized by keeping the above mixture in the
oven at 160 °C for 4 h. Next, 0.1 g of as-prepared MS was added to
40 mL of isopropanol. After ultrasonic processing for 15 min,
0.3 mL diethylenetriamine and 0.3 mL titanium isopropoxide were
added dropwise into the mixture. The mixture was transferred into
a teflon-lined autoclave with a 50 mL capacity in the oven at 200 °C
for 24 h. The products were collected after centrifugation. NP-MS
were obtained after calcination at 400 °C for 2 h.

2.2 Fabrication of DSSCs

The preparation of the series TiO, paste and the pre-treatment
of the FTP glasses were similar to our previous work.**?*® The
photoanodes were fabricated with as-prepared TiO, pastes
using the doctor blading method. TiO, photoanode films were
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then calcined in a muffle furnace at 450 °C for 15 min and
500 °C for 15 min. After cooling, the photoanode was further
immersed in a N719 solution for 24 h. The counter electrodes
were prepared by the homogeneous diffusion of H,PtCls solu-
tion on FTO glasses and calcination in a muffle furnace at
450 °C for 15 min. After being assembled by the heat sealing
method, complete DSSCs were fabricated with an electrolyte
injection into the space between the dyed photoanode and the
counter electrode.

2.3 Characterization and measurements

Images of the MS and NP-MS were captured with field emission
scanning electron microscopy (SEM, S4800 HSD) to explore the
morphological information. The nanoscale information was
further provided by a transmission electron microscope (TEM,
Tecnai G2 F20). X-ray diffraction patterns (XRD) were obtained
to identify the phase with an X-ray diffractometer (XRD-6000,
Shimadzu). The absorption spectra of the desorbed dye mole-
cules in 0.1 M NaOH and the reflectance spectra of the series
films were measured with a UV-Vis spectrometer (TU1901, Bei-
jing Purkinje). The nitrogen adsorption-desorption isotherms
were measured with an Automated Surface Area & Pore Size
Analyzer (ASAP 2020 V3.04H). The pore size distributions were
obtained with the Barrett-Joyner-Halenda (BJH) method. J-V
characteristic curves were measured under illustration with
a 100 mW cm™ > light intensity and dark condition. Electro-
chemical impedance spectroscopy (EIS) analysis was applied at
a bias potential of —0.75 V with the frequency ranging from
0.1 Hz to 100 kHz in a dark environment.**®* Open circuit
voltage decay (OCVD) curves were recorded after turning off the
simulated sunlight and during relaxation to the dark equilib-
rium. These electrochemical analysis were all acquired from the
electrochemical workstation (VersaSTAT 3, Ametek, USA).

3. Results and discussions
3.1 Characterization of NP-MS

The morphologies of the as-prepared MS and NP-MS were
characterized by SEM images as shown in Fig. 1. From Fig. 1a, it
could be determined that the as-prepared MS were uniform
with a mean diameter of 1.8 um. MS were constructed with
needle-like nanorods, which was proven by our previous study.
With isopropanol as the etherifying agent, the controlled
hydrolysis reaction of titanium isopropoxide was applied with
diethylenetriamine. Therefore, nanoparticles with an exposed
(001) surface were decorated on the MS.* The corresponding
SEM images of the NP-MS are shown in Fig. 1b-d. From the low
magnification SEM images of NP-MS, it can be seen that the
mean size of the NP-MS was about 1.8 um, which is similar to
the MS. As shown in Fig. 1c and d, nanoparticles were
successfully decorated on the surface of the MS. The voids
between the nanorods still existed in the NP-MS.

The XRD patterns of the as-prepared MS and NP-MS were
examined to identify their crystallographic structures as shown
in Fig. 2. The crystal phase of the MS was affirmed to be a typical
tetragonal rutile phase based on the Bragg diffraction peaks in
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Fig. 1 SEM images of (a) MS, and (b—d) NP-MS.

the XRD patterns. These Bragg peaks corresponded to the (110),
(101), (111), (211), (220), (002) and (301) planes indexed with the
standard rutile pattern (JCPDS #21-1276). According to the XRD
pattern of NP-MS, besides the rutile Bragg diffraction peaks, the
corresponding anatase Bragg diffraction peaks (JCPDS #21-
1272) of the typical (101), (004), and (200) planes were discov-
ered. The results suggest that anatase particles were success-
fully decorated on the rutile nanorods.

To further investigate the nanoscale information for the NP-
MS, TEM images of the NP-MS are shown in Fig. 3. The low
magnification TEM image of the NP-MS (Fig. 3a) further
demonstrated that the obtained NP-MS exhibited a uniform
spherical structure with the size of 1.8 pm. According to the TEM
images (Fig. 3a and c), the nanoparticles were decorated on top of
the nanorods. The HRTEM image of the TiO, nanorods (Fig. 3b)
indicated that the lattice fringe of the nanorod trunk was
0.325 nm, corresponding to the d;4, spacing of the rutile phase.
This suggests that the nanorods grew along the [001] direction.
From Fig. 3d, it could be obtained that nanoparticles with the
size of ~8 nm were decorated on the nanorod. The spacing
between the adjacent lattice fringes was approximately 0.189 nm
and 0.169 nm, corresponding to the interplanar distance of the
(200) planes in the typical anatase phase and (211) planes in the
typical rutile phase. This result confirms that anatase
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Fig. 2 XRD pattern of NP-MS.
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Fig. 4 (a) N, adsorption/desorption isotherm and (b) pore size distri-
bution curves of the MS and NP-MS.

nanoparticles were successfully decorated on the rutile nanorods,
which was in accordance with XRD analysis.

In order to explore the influence of the decoration of the
nanoparticles on the specific surface area, the nitrogen
adsorption-desorption isotherms of MS and NP-MS were
measured. As shown in Fig. 4a, the isotherms were type IV,
which indicated the presence of mesopores with existing
hysteresis loops at high pressures. The higher adsorption of the
NP-MS at the high relative pressure exposed the decreasing size
of the mesopores and higher specific surface area compared to
the MS. Based on the pore size distribution curves shown in
Fig. 4b, the average pore size of the MS and NP-MS were 8.1 nm
and 7.8 nm, respectively. The specific surface area of 37.4 m>
¢~ for MS and 80.7 m”> g~ for NP-MS were obtained according
to the BJH method. An enhanced dye loading capability was
achieved due to the higher specific surface area for NP-MS
compared to that of P25 (~50 m* g '). Thus, the decoration
of TiO, nanoparticles greatly enhanced the specific surface area,
leading to a positively enhanced dye adsorption ability and
improved the photocurrent density.

3.2 Characterization of photoanode film

To investigate the light scattering capability of the MS and NP-
MS, the diffused reflectance of single-layered P25, MS and NP-
MS films without N719 dye loading were measured by diffuse
reflectance spectroscopy and is shown in Fig. 5a. The diffused

This journal is © The Royal Society of Chemistry 2019
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reflectance spectra of the MS and NP-MS were higher than that
of P25 in the 400-800 nm range, which indicated a better
scattering capability for large sizes and the hierarchical effect.
The NP-MS showed a higher diffused reflectance compared to
that of MS, which may be attributed to the integrated scattering
effect of numerous 0-dimensional anatase nanoparticles, one
dimensional rutile nanorods and three dimensional hierar-
chical microspheres. Rutile TiO, nanorods possessed a high
refractive index, which could improve light refraction and
enhance the light scattering capability.*® The series absorption
spectra of the dye molecules with the fabricated dyed photo-
anode films immersed in a 0.1 M NaOH solution are expressed
in Fig. 5b. The amount of dye molecules is proportional to the
intensity at the 532 nm peak. According to the relationship
between the dye loading amount and peak intensity, the NP-MS
based photoanode exhibited the highest dye loading capability
for its improved specific surface area. In addition, the MS-based
photoanode showed a lower dye loading amount compared to
the P25 based photoanode for its less specific surface area. The
schematic diagram of the MS and NP-MS based photoanodes
are shown in Fig. 5c, which indicated a higher light harvesting
efficiency for the NP-MS film owing to the TiO, nanoparticle
decoration. Fig. 5d shows the schematic diagram of the electron
transport. In the pure MS film, electrons were transported in the
direction of the TiO, nanorods. However, the decoration of
anatase TiO, in the NP-MS complicated the electron transport
process under illumination.** The enhanced dye loading capa-
bility of the NP-MS lead to increased photogenerated electrons.
However, this increased grain boundary resulted in the charge
recombination between TiO, nanoparticles and the electrolyte.
In general, the scattering, dye loading capability and electron
transport of the NP-MS based photoanode was enhanced
compared to P25.

3.3 Photovoltaic performances of DSSCs

Fig. 6a shows the characterized -V curves of the series DSSCs
with the photoanode thickness of about 17 pm under a 100 mW
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Fig. 5 (a) Diffused reflectance spectra of the NP-MS, MS, and P25
films, (b) UV-Vis absorption spectrum of the dye after the desorption in
0.1 M NaOH, (c) schematic diagram of the photoanode and (d) sche-
matic diagram of electron transfer in DSSC.
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cm 2 illumination. The corresponding calculated parameters
(short-circuit current density (Jsc), open-circuit voltage (Vo ), fill
factor (FF), conversion efficiency (7)) and the amount of loading
dye molecules are listed in Table 1. The conversion efficiency for
the pure NP-MS up to 7.32% was higher than those for P25
(5.10%) and MS (3.62%). The order of increasing open circuit
voltage was as follows: MS (793 mV) > NP-MS (787 mV) > P25
(698 mV). This phenomenon can be explained by the reduced
charge recombination and larger pore size of the MS and NP-MS
compared to P25, leading to positive shift in the Fermi level.****
The photocurrent density was strongly associated with the dye
loading amount and scattering capability. The dye loading
ability was analyzed using the UV-Vis absorption spectrum
according to the Lambert-Beer law. The dye loading capability
was tightly associated with the specific surface area. Thus, due
to the enhanced specific surface area and scattering capability,
NP-MS based DSSC exhibited a larger value for the jsc compared
to P25 and MS. Fig. 6b records the dark currents for the series
DSSCs under a dark condition, indicating the recombination of
electrons in DSSCs between the photoanode and the electro-
lyte.** The dark current for the NP-MS based cell was higher
than that of the P25 based cell for an applied voltage, indicating
higher charge-recombination resistance. This result demon-
strated the reduced interfacial electron recombination process
between the photoanode and the electrolyte for MS and NP-MS
based cells.** Compared with the previous reports about single
layered and multi-layered photoanodes in recent two years as
shown in Table S1,7***7-%* our work presents a superior photo-
voltaic performance for the single layered photoanode. This can
be attributed to the enlarged specific surface area by nano-
particle decoration, enhanced scattering capability and electron
transfer paths provided by nanorods.

3.4 EIS analysis

To explore the electron dynamical process among the dyed
TiO,/electrolyte interface, DSSCs based on pure P25, MS and
NP-MS films were characterized with EIS methods under a dark
condition. The corresponding Nyquist and Bode phase plots at
the bias of —0.75 V and frequency range between 0.1 Hz to 0.1
MH?z are shown in Fig. 7. The insert of Fig. 7a is the equivalent
circuit built in the ZView software with the extended element
model (DX type 11-Bisquert #2)**** and the corresponding fitted
equivalent circuit data are shown in Table 2. Bisquert and Kern
proposed the model including diffusion coupled with
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Fig. 6 J-V characteristics of DSSCs (a) under illumination with light
intensity of 100 mW cm™2 and (b) in the dark condition.
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Table 1 Photovoltaic parameters for the fabricated DSSCs Table 2 Detailed EIS parameters for the fabricated DSSCs

Voc Jsc FF n Dye loading R1 R, R, fmax Tn L, Nee
Photoanode (mVv) (mA ecm™?) (%) (%) (nmol cm™?)  Photoanode  (Q) (Q) (Q) (Hz) (ms) (um) (%)
P25 698 10.1 72.2 5.10 331.7 P25 14.30 7.5 24.88 21.70 7.33 18.2 70
NP-MS 787 12.8 72.7 7.32 365.6 NP-MS 17.56 6.4 29.25 20.20 7.88 21.4 78
MS 793 6.5 70.8 3.62 254.8 MS 16.37 29.0 56.77 8.00 19.90 14.0 49

a homogeneous reaction with a continuity equation (as shown
in eqn (S1)t).°* In this equivalent circuit model, the equivalent
circuit included components of R1 (series resistance), R2
(resistance of Pt counter electrode), CPE1 (double layer capaci-
tance of Pt counter electrode) and DX1 (a complex electronic
component composed with r, 7, and C,, as shown in Fig. S17).
The interfacial electron transport resistance, R;, and charge
recombination resistance, R, were obtained by R, =/, and R, =
ri/l, respectively. In the Nyquist plots for the DSSCs, three
distinct semicircles were discovered, corresponding to the
interfacial electron transport and recombination processes
among the electrolyte, the dyed photoanode, and the counter
electrode.” The third semicircle for the NP-MS based solar cell
showed a smaller diameter compared to that of the P25 based
solar cell, which indicates enhanced electrolyte diffusion. After
the simulation with the equivalent circuit model, the photo-
anode of NP-MS exhibited minimum charge-transport resis-
tance (6.4 Q) compared to those of P25 (7.5 Q) and MS (29.0 Q),
indicating a fast electron transport process in the photoanode.
This result can be explained by the electron transport paths
provided by the nanorods and the good connection for the
decorated nanoparticles. The charge recombination resistance
for the NP-MS (29.25 Q) was larger than that of P25 (24.88 Q),
implying a reduced electron recombination process. However,
the charge recombination resistance for the NP-MS was lower
than that of MS (56.77 Q), which could be attributed to the
increased grain boundaries for the decoration of the anatase
nanoparticles.

The Bode plots of the series DSSCs are shown in Fig. 7b,
which indicates the frequency peaks of various interfacial
charge transport processes. The equation used to calculate the
electron lifetime (7,,) based on the frequency (fiax) located at the
mid-frequency peak is expressed as follows: 1, = 1/(27tfax)- The
larger electron lifetime for the photoanodes suggests that
photogenerated electrons were transported over longer
distances and reduced the charge recombination probability.

~Thetadeg)
%

X A L ',
2 & “ F S ..::: M&
10 ‘x 5 Jrosenet’ w
0 20 40 60 80 100 120 140 160 150 1 10 100 1000 10000 100000
Z/(ohm) Frequency(Hz)
Fig. 7 (a) Nyquist diagrams and (b) Bode diagrams of DSSCs in the
dark.
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According to the above-mentioned equation, the electron life-
time of the MS was enlarged for the reduced charge recombi-
nation. Compared to P25, the electron lifetime of the NP-MS
was enhanced for the provided electron transport paths by the
nanorods. However, the electron lifetime of the NP-MS was
shorter than the MS, which may be attributed to the increased
grain boundaries for the decoration of the nanoparticles. Two
parameters, the effective diffusion length (L,) and charge
collection efficiency (n..), were used to evaluate the perfor-
mance of DSSC and express the competition between electron
transport and the charge recombination processes. The L,, value
was calculated with the equation: L, = L(R,/R)?, and the 7,
value was demonstrated as: 1. = 1 — R¢/R,. The relevant L,, and
Nee Of the series photoanodes are shown in Table 2. Due to the
electron transfer paths provided by the nanrods and the good
compactness from the nanoparticle decoration, the NP-MS
based photoanode exhibited an enhanced L,, which was favor-
able for rapid electron transport. In addition, the NP-MS
possessed an optimal 7., which suggests a faster electron
transport and a reduced charge recombination.

The electron recombination kinetics were further charac-
terized with an OCVD measurement. The decay in the voltage
demonstrated the decrease in the photoelectron concentration
on the photoanode, which was attributed to charge recombi-
nation. Voc decay curves of different DSSCs recorded after the
relaxation to the dark equilibrium are shown in Fig. 8a. The
decay rate for the Voc in the MS and NP-MS film based photo-
anodes was much slower than that of P25. This result suggests
reduced charge recombination kinetics and a prolonged elec-
tron lifetime. The electron lifetime (7,), which quantifies the
extent of electron recombination with the redox electrolyte was
calculated as follows:*! 1, = —(ksT)((dVoc)/dE) /e, where ks
is the Boltzmann's constant, e is the elementary charge and T is
the temperature. The as-calculated response times, 7, as
a function of the Voc for the three types of DSSCs are displayed
in Fig. 8b. Fig. 8b demonstrates the dependency of the electron

09
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Fig. 8 (a) The open-circuit voltage decay profiles and (b) the electron
lifetime-Voc curves of DSSCs.
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lifetime on the open circuit voltage for the series DSSCs. The
result shows that the electron lifetime of the MS and NP-MS was
higher than that of P25, indicating reduced electron recombi-
nation with the redox electrolyte. This phenomenon could be
attributed to the nanorods providing fast electron transport
paths.

4. Conclusion

The synthesis of TiO, microspheres with anatase nanoparticle-
decorated rutile nanorods was successfully accomplished with
a two-step solvothermal method. Attributed to the decoration of
anatase TiO, nanoparticles, the specific surface area, dye
loading and light scattering capabilities were improved.
Meanwhile, the nanorods provided fast electron transport
paths, which significantly enhanced electron transport and
reduced charge recombination. The single-layered photoanode
based on P25, MS and NP-MS were easily fabricated. The
resultant photovoltaic conversion efficiency of up to 7.32% for
NP-MS was achieved, with a 43.5% enhancement compared to
P25 films based photoanode at a similar thickness. We believe
this strategy could be applied to efficient dye-sensitized solar
cells.
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