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Optical and electrical characteristics of wide bandgap metal oxides,
namely the charge mobility, bandgap and energy level, directly define
the performance and stability of photovoltaics. For the first time, novel
three-dimensional (3D) hierarchically structured cauliflower-shaped
SnO, nanospheres with nanorods on their surface were obtained by
a simple hydrothermal method without any additives at low temper-
ature. The obtained hierarchically structured SnO, nanospheres show
large specific surface areas, proven to be efficient for sensitizer
loading in both perovskite solar cells (PSCs) and dye-sensitized solar
cells (DSSCs). The nanospheres could improve light harvesting and
also enhance electron transport through the grain boundaries. Ulti-
mately, a maximum power conversion efficiency of 10.37% is obtained
for 3D hierarchically structured SnO, nanosphere-based DSSCs in
which SnO; is used as the scattering layer, and a remarkable efficiency
of 20.01% is achieved when 3D hierarchically structured SnO, nano-
spheres are employed as the electron transport material in PSCs. We
trust that our work provides a new insight into construction and
structural design of highly efficient hybrid photovoltaics.

1. Introduction

During the last several decades, wide bandgap metal oxides
(MOs) have attracted great attention from the photovoltaic
community owing to their outstanding electrical and optical
characteristics as well as their excellent thermal and chemical
stability in harsh environments."* On the basis of their distinct
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properties, wide bandgap MOs have been extensively applied in
hybrid photovoltaics such as dye-sensitized solar cells (DSSCs)
and perovskite solar cells (PSCs) in recent years.>* Perovskite
solar cells with excellent features such as high electron mobility,
a long carrier lifetime, a high absorption coefficient, and an
adjustable energy band gap have proven to be promising
contenders for current photovoltaic technologies by attaining
a remarkable power conversion efficiency (PCE) of 23.3%, the
highest device efficiency reported to date."***

Wide bandgap MOs are usually employed in PSCs as an
electron transporting layer (ETL), as they can harvest more light
that can reach the perovskite absorber. MOs employed as an
ETL in photovoltaics must have appropriate band alignment.
The valence band maximum (VBM) and conduction band
minimum (CBM) should be lower compared to those of the
perovskite light absorber. Moreover, enhanced charge mobility
is very crucial to transfer the carriers efficiently and retard the
combination of charges within the ETL. Last but not least, the
crystallinity of MOs boosts the device performance of PSCs.*>>

Among MOs, SnO, has been recently developed as an alter-
native ETL to widely used ZnO and TiO, in PSCs because of its
wide bandgap, high electron mobility, low-temperature film
formation, satisfactory band structure and chemical and pho-
tostability.”*¢ PSCs based on SnO, ETLs have demonstrated
a remarkable development in terms of a high certified device
efficiency of 20.9%, excellent photostability and a voltage
exceeding 1.19 V.*”** These SnO, based ETLs have been
synthesized mostly in the form of nanoparticles and nanosheets
via different methods such as chemical bath deposition (CBD),
atomic layer deposition (ALD) and electrospraying.**>
However, concerns about the additional improvement of device
efficiency and stability are still unsolved for SnO,-based ETLs
produced by a facile method. It is therefore of great importance
to develop a viable route such as a hydrothermal route to grow
three-dimensional (3D) hierarchically structured SnO, ETLs in
a simple way for device applications.

In this work, for the first time ever, we have exploited a low-
temperature hydrothermal route to grow novel cauliflower
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shaped SnO, nanospheres without any additives. 3D hierar-
chically structured SnO, ETLs with a large surface area and
enhanced electron transport were further synthesized by
growing the nanorods on the surface of these cauliflower sha-
ped SnO, nanospheres using a second hydrothermal step. The
as-prepared SnO,-based ETLs were further used in high effi-
ciency and hysteresis-free perovskite solar cells. 3D hierarchi-
cally structured SnO, ETLs with an optimal thickness produce
highly efficient mesoscopic PSCs with a maximum power
conversion efficiency (PCEp.x) of 20.01% compared to the
cauliflower shaped SnO, nanospheres (16.98%). DSSCs with
PCE 4« Of 10.37% were also fabricated using these novel 3D
hierarchically structured SnO, films. These incredible device
efficiencies were possible thanks to the growth of 3D hierar-
chically structured SnO, ETLs capable of fast electron transfer
over long distances by reducing recombination losses.

2. Experimental section

2.1. Synthesis of cauliflower-shaped SnO, nanospheres

Cauliflower-shaped SnO, nanospheres were synthesized using
a single-step hydrothermal method. In a typical synthesis
procedure, 2 g of sodium stannate trihydrate (Na,SnO;-3H,0)
and 0.5 g of sodium hydroxide pellets (NaOH) were dissolved in
80 mL distilled water. The solution was then transferred to
a 100 mL Teflon-lined stainless steel autoclave for hydrothermal
growth at 150 °C for 24 h. After that, the final product was
thoroughly washed several times with ethanol and deionized
water to remove the residual impurities. It was then dried at
100 °C for 2 h for further use.

2 g of the final powder (white in color) was then ground using
a few drops of acetic acid and ethanol to dissolve the aggregates.
The obtained solution was dispersed using an ultrasonicator
and added to 2 mL terpineol as the dispersant and 1 g ethyl
cellulose as the thickener in 15 mL ethanol. The resulting
colloidal suspension was further concentrated by removing
ethanol and the resultant paste was blade-coated onto fluorine-
doped tin oxide (FTO) glass substrates and finally dried on a hot
plate for 15 min at 120 °C.

2.2. Synthesis of 3D hierarchically structured SnO,
nanospheres

The FTO substrates coated with cauliflower-shaped SnO,
nanospheres obtained after the first hydrothermal step were
further processed in a second hydrothermal cycle to grow the
nanorods over their entire surface. The second hydrothermal
cycle was carried out under the same experimental conditions
(as described in Section 2.1) as used in the first hydrothermal
step. The reaction temperature and time are the main factors
for controlling the thickness of these films.

2.3. Electrode preparation and solar cell fabrication

The FTO substrates containing the SnO, films were then
annealed at 450 °C for 1 h. After cooling, the substrates were
then dipped in an ethanolic solution of ruthenium dye N719 for
20 h. Eventually, DSSCs were fabricated by placing a platinum
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counter electrode over the photoanode. A redox electrolyte
solution was poured between the electrodes to complete the
cell.

In case of PSCs, the ETLs were prepared by diluting the SnO,
paste in ethanol and a monolayer of the SnO, nanostructures
was spin-coated onto FTO glass substrates at 3000 rpm for 15 s
followed by sintering at 450 °C for 1 h. The solution of perov-
skites (FAPbI3), s5(MAPDBr3), 15 was made by dissolving 344 mg
of NH,CH=NH,I (1.0 M), 44.8 mg CH3;NH;3Br (0.2 M) fine
powders with 146.8 mg PbBr, (0.2 M) and 1014 mg Pbl, (1.1 M)
into a mixture of solvents DMSO and DMF (1 : 4, v/v). The as-
prepared perovskite solution was then spin-coated onto the
SnO, nanostructures at 3000 rpm for 40 s, and additionally 80
uL of chloroform was dropped during the last 10 s followed by
annealing at 130 °C for 20 min. The hole transporting material
of the spiro-OMeTAD solution was spin-coated over the perov-
skite layer at 2500 rpm for 30 s. Finally, gold electrodes were
deposited on the top of the cells with a thickness of about
65 nm. The complete device architecture of PSCs used in this
work is shown in Scheme S1.}

2.4. Characterization

The morphology of the SnO, nanostructures was obtained using
a field-emission scanning electron microscope (FE-SEM,
SU8010, Hitachi). Current-voltage (/-V) curves of the devices
were measured with the help of a Keithley 2400 source meter by
adjusting the light intensity to 100 mW cm > via a calibrated
silicon solar cell. The devices were stored in the dark where the
relative humidity was around 20-25%. A photoluminescence
(PL) test was performed via a spectrofluorometer. The electron
lifetime was obtained with the help of a transient photocurrent-
voltage spectroscopy system. Transmittance and absorbance
spectra of the nanostructures were collected on an ultraviolet-
visible (UV-Vis) spectrophotometer.

3. Results and discussion

In Fig. 1b, the surface FESEM image of SnO, nanospheres under
low magnification shows that the nanostructures were spherical
with a diameter of 250-300 nm. The surface FESEM image
under high magnification in Fig. 1a shows pyramidal crystal
facets. They were uniformly formed on the surface with an
average length of 70-100 nm. The interior of these nanospheres
(Fig. 1b) is in fact composed of densely packed nanorods. These
novel SnO, nanospheres have the shape of a cauliflower where
the nanorod bundles are smaller and more distinct. This facile
single-step hydrothermal method is highly suitable for the large
scale synthesis of monodisperse cauliflower-shaped SnO,
nanospheres with narrow size distribution. The cauliflower-
shaped SnO, nanospheres were further subjected to a hydro-
thermal step in order to produce 3D hierarchical SnO, nano-
structures with nanorods on their surfaces as well. In Fig. 1c, we
exhibit the FESEM image of the 3D hierarchical SnO, nano-
structures which show a novel nanoflower like morphology
having a bunch of nanorods. The high resolution FESEM image
in Fig. 1d clearly shows that these nanorods contain additional
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Fig. 1 Plane-view FESEM images of cauliflower-shaped SnO, nano-
spheres at (a) high resolution and (b) low resolution showing that the
inside of each cauliflower is made of tiny nanorods and surface FESEM
images of 3D hierarchical SnO, nanostructures at (c) low resolution
and (d) high resolution exhibiting that nanorods are grown over the
entire surface of the nanosphere, respectively.

bunches of aligned nanorods. These types of 3D hierarchical
SnO, nanostructures have several crucial benefits, such as
a large surface area and improved perovskite light-absorber
filling, superior light scattering ability and faster charge
extraction capabilities than the cauliflower-shaped SnO, nano-
spheres. These novel 3D hierarchical SnO, nanospheres with
a cauliflower-shape are reported for the first time. The side-view
SEM image of the 3D hierarchical SnO, nanospheres is dis-
played in Fig. S1.7 It can be seen clearly that the 3D hierarchical
SnO, nanospheres are completely covering the entire cross-
section of the FTO glass substrate. The optical transmittance
spectra of the cauliflower-shaped SnO, nanospheres and 3D
hierarchical SnO, films are exhibited in Fig. S2.1 Both types of
nanostructures exhibited high optical transmittance in the UV-
vis range while a slight reduction in transmissivity is seen for
the cauliflower-shaped SnO, nanospheres compared to the 3D
hierarchical SnO, films. Furthermore, in Fig. S31 we show the
absorbance spectra of the corresponding nanostructures. 3D
hierarchical SnO, films exhibited improved absorbance in the
UV-Vis range proving that this type of nanostructure scatters
more light than the cauliflower-shaped SnO, nanospheres.
Using these SnO, nanostructures with sufficiently increased
thicknesses, we have assembled both PSC and DSSC devices,
respectively. The representative j-V curves (both in the forward
and reverse scan) of the PSCs based on two distinct SnO,
nanostructures are displayed in Fig. 2a, and the parameters are
summarized in Table 1. PSCs based on ETLs with cauliflower-
shaped SnO, nanospheres showed an average power conver-
sion efficiency (PCE,yg) of 15.05%, with a short-circuit current-
density (Jsc) of 20.3 mA cm ™2, an open-circuit voltage (Voc) of
1030 mV, and a fill factor (FF) of 72%. With the employment of
ETLs based on 3D hierarchical SnO, nanospheres, PSCs
demonstrated a significantly enhanced device performance
(with a PCE,,, of 17.03%) and mainly inhibited hysteresis

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 (a) Comparison of J-V curves of PSCs based on two distinct

SnO, nanostructures and (b) histograms of the corresponding PSCs
showing variations in the PCE for 45 individual cells for each
nanostructure.

behavior. The improved device performance of 3D hierarchical
SnO, nanospheres ETLs is due to their improved light-
harvesting ability, complete pore filling, fast charge transport
and reduced charge recombination. The hysteresis-free
behavior is credited to the enhanced charge collection and
transport at the SnO,/perovskite light-absorber interface. Opti-
mization was checked systematically together with device
reproducibility which was confirmed via statistical distribution
of the device performance. Fig. 2b shows the histogram of the
PCE measured for 45 individual devices with two distinct SnO,
nanostructures. These devices show a high degree of repro-
ducibility in the PCE. As observed in Fig. 2b, the statistical
analysis show that almost all devices based on 3D hierarchical
SnO, nanospheres have a higher PCE compared to the devices
based on cauliflower-shaped SnO, nanospheres. The average
PCE of the devices with 3D hierarchical SnO, nanosphere and
cauliflower-shaped SnO, nanosphere ETLs is 17.03% and
15.05%, respectively.

Nanoscale Adv., 2019, 1, 2167-2173 | 2169
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Table 1 Device parameters obtained in different scanning directions for two distinct SnO, nanostructure based ETLs

ETL Scan direction Jsc (mA cm™?)
SnO, cauliflower Reverse 20.5

Forward 20.1

Average 20.3
3D hierarchical SnO, Reverse 21.5

Forward 21.3

Average 21.4

The thickness of ETLs plays a crucial part in defining the
photovoltaic performance, which is optimized by properly
tuning the experimental conditions in this work. The typical J-V
curves of PSCs with two distinct SnO, nanostructures with
varying film thicknesses are shown in Fig. 3. The cells achieved
the best performance with the thinnest ETLs (~435 nm, in
Fig. 2a). Further increase of the ETL thickness (Fig. 3) deterio-
rated the device performance due to poor perovskite loading
into the ETLs and slow charge transport in thicker films.

In Fig. 4a, we show the J-V curve (reverse scan) of the best
performing PSC with 3D hierarchical SnO, nanospheres. More
specifically, the champion device showed the highest PCE of
20.01% with a Vo, Jsc, and FF of 1155 mV, 22.8 mA cm ™2, and
76%, respectively. This remarkable device efficiency of 20.01%
is among the best results for PSCs with 3D hierarchical SnO,
nanospheres and is reported for the first time ever, to the best of
our knowledge. In order to further confirm the reliability of the
PSCs produced in this study, the steady state efficiencies of the
3D hierarchical SnO, nanosphere based devices are also
studied. As exhibited in Fig. 4b, the device showed a stable /s of
22.8 mA cm ™2 and a PCE of 20.01% at a voltage bias of 0.83 V,
which is possibly initiated by the faster charge transfer and
suppressed charge recombination due to the improved contact
interface between the perovskite and 3D hierarchical SnO,
nanosphere based ETL. The hysteresis behavior of the best
performing PSCs was also tested by collecting the J-V curves
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Fig. 3 J-V curves as a function of the ETL thickness for two distinct
SnO, nanostructures.
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Fig.4 (a) J-V plot (reverse scan) for the best performing PSCs with 3D
hierarchical SnO, nanospheres and (b) the steady state efficiency of
the corresponding devices measured at maximum power output.

both in the forward and reverse directions as seen in Fig. 5.
Negligible hysteresis is observed for these devices, thanks to the
improved charge passivation and transfer at the SnO, ETL/
perovskite light-absorber interface.

For comparison and application in DSSCs, SnO, nano-
structures with a thickness of around 8 um were used. Fig. 6
shows the J-V plots of the DSSCs based on these two distinct
photoanode films. Among these two photoanodes, the DSSCs
fabricated with 3D hierarchical SnO, nanospheres demonstrate
a higher Jsc due to a large amount of dye adsorption. The dye
loading amount of 3D hierarchical SnO, nanospheres was 18.56
x 107® mol em™* which was much higher than that of the

This journal is © The Royal Society of Chemistry 2019
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cauliflower-shaped SnO, nanospheres (8.71 x 10~ % mol cm?).
Since the Jsc depends strongly on both light utilization and
absorption, multiple scattering produced by the 3D hierarchical
SnO, nanospheres would enhance the paths of the incident
light within the photoanode film, and thus improve the chances
of dye molecules to be excited more. The Vi of 3D hierarchical
SnO, nanosphere-based DSSCs is relatively higher than that of
the ones with cauliflower-shaped SnO, nanospheres, thanks to
the well interconnected structure preventing charge recombi-
nation with I3~ in the electrolyte. In addition, DSSCs with 3D
hierarchical SnO, nanospheres demonstrate an improved PCE
of 8.62%, which is assigned to the high dye loading and proper
light confinement within the photoanode film. It is worth
mentioning that the best efficiency of 10.37% (in Fig. 7) of

This journal is © The Royal Society of Chemistry 2019
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DSSCs based on 3D hierarchical SnO, nanospheres ranks at the
top of the efficiencies of SnO,-based DSSCs reported to date.

In Fig. 7, we show the j-V plots of the best performing PSCs
and DSSCs based on 3D hierarchical SnO, nanosphere films.
The DSSC attained a remarkable PCE,,, of 10.37% with a Jsc of
18 mA cm ™2, a FF of 67% and a V¢ of 860 mV. The perovskite
device showed a remarkably superior efficiency, demonstrating
a PCE 5« of 20.01%, the highest and never been reported value
to date. These new findings clearly prove that, as novel nano-
structures, 3D hierarchical SnO, nanosphere films must be
superior building blocks for hybrid photovoltaics to obtain
better device performances than conventional SnO, nano-
particle based films which have been extensively used in both
solar energy applications and other research areas.

We also show the steady-state PL spectra (Fig. 8a) of perov-
skites based on different nanostructures of SnO, to explain the
reason behind the fast charge extraction capabilities of 3D
hierarchical SnO, nanostructures compared to the cauliflower-
shaped SnO, nanospheres. The perovskites formed on 3D
hierarchical SnO, nanostructures exhibit a less intense PL peak
compared to cauliflower-shaped SnO, nanospheres, which
enhances electron transfer from the perovskites to the oxide
layer. Moreover, an intensity-modulated photovoltage spec-
troscopy (IMVS) test was also performed (Fig. 8b) to evaluate the
electron lifetime of perovskites deposited on different SnO,
nanostructures. A longer electron lifetime was seen for the
perovskites based on 3D hierarchical SnO, nanostructures
compared to the cauliflower-shaped SnO, nanospheres,
demonstrating reduced charge recombination.

The stability of the performance of PSCs was also studied
constantly in dry air. The cells based on 3D hierarchical SnO,
nanostructures showed superior long-term stability even after
100 days (Fig. S4T) compared to the cells based on cauliflower-
shaped SnO, nanospheres. The improved shelf stability of
SnO, based PSCs can be assigned to the robust nature of SnO,
against moisture and oxygen. In addition, the highly porous
nature of the SnO, nanostructures facilitates better pore filling
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and the formation of a better interface between the perovskite
and the ETL which prevents perovskite phase separation. Thus
an extended lifetime was seen for the devices constructed using
SnO, nanostructures.

4. Conclusion

To summarize, SnO, ETLs based on novel 3D hierarchical SnO,
nanospheres have been prepared using a facile hydrothermal
route for the first time ever. These ETLs not only have a large
surface area, but also fast charge transport, improved light-
harvesting ability and inhibited charge recombination, which
are recognized through the remarkable improvement in terms
of the device efficiency in both perovskite and dye sensitized
solar cells. Perovskite devices were made by using a nanometer
size film of 3D hierarchical SnO, nanospheres to produce a high
PCE of 20.01%. DSSCs were assembled using thicker photo-
anodes, demonstrating the best PCE of 10.37%, the highest ever
value obtained using hierarchical SnO, photoelectrodes. These
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findings obviously prove that 3D hierarchical SnO, nanospheres
have huge potential for building next generation mesoscopic
photovoltaics. Additionally, these novel wide bandgap metal
oxide films are anticipated to also exhibit great potential in the
fields of electromagnetism, lithium batteries and sensors.
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