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Abstract: Light-harvesting and charge collection have
attracted increasing attention in the domain of photovoltaic
cells, and can be facilitated dramatically by appropriate design
of a photonic nanostructure. However, the applicability of
current light-harvesting photoanode materials with single
component and/or morphology (such as, particles, spheres,
wires, sheets) is still limited by drawbacks such as insufficient
electron—hole separation and/or light-trapping. Herein, we
introduce a universal method to prepare hierarchical assembly
of macroporous material-nanowire coated homogenous or
heterogeneous metal oxide composite electrodes (TiO~TiO,,
SnO,-TiO,, and Zn,SnO ~TiO,; homogenous refers to a mate-
rial in which the nanowire and the macroporous material have
the same composition, i.e. both are TiO,. Heterogeneous refers
to a material in which the nanowires and the macroporous
material have different compositions). The dye-sensitized solar
cell based on a TiO,-macroporous material-TiO,-nanowire
homogenous composition electrode shows an impressive
conversion efficiency of 9.51 %, which is much higher than
that of pure macroporous material-based photoelectrodes to
date.

I nrecent years, a great deal of scientific and technical interest
has been placed in hierarchical porous semiconducting metal
oxide based materials, which have shown great potential in
catalysis, energy conversion and storage, water splitting, or
optoelectronics.!'! Porous materials with hollow structures
have shown promising properties in processes involving
interface- and transport-related dynamics. For specific appli-
cations, such as in solar cells, reinforced light-harvesting and
charge-collection efficiency were obtained as a result of the
prominent role played by the hollow structure in confining the
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incident light within the electrode by the Mie scattering
mechanism, promoting electron transport and improving
electrolyte penetration.

The majority of reports on the hierarchical porous metal
oxides have focused on the 2D hollow structure enclosed by
single-crystalline nanoparticles,®! or which combine large
pores with walls containing small ones.! However, the dye-
sensitized solar cells (DSSCs) based on purely macroporous
photoelectrodes gave unsatisfactory photovoltaic perfor-
mance because of their low surface area for poor dye
loading !

To increase the dye loading, nanoparticle-filled macro-
porous materials have been found to improve the photo-
voltaic performance significantly.*" It is well established that
1D nanostructures, such as nanorods or nanowires, exhibit
fast electron transportation and slow electron recombination,
which contribute to the higher photocurrent density, voltage
as well as power conversion efficiency.) Hence, a photo-
electrode with a nanowire-coated macroporous material
hybrid structure which combines the advantages of macro-
porous structure and nanowire may potentially improve the
efficiency greatly. The key idea for these new forms of
photoanode materials is to couple the nanowires with
a hierarchical porous metal oxide backbone to achieve
enhanced light scattering over greater length scales, high
photosensitizer loading, and larger contact interface areas
with the electrolyte. Recent 3D hierarchically ordered TiO,
inverse-opal ZnO nanowire hybrid nanostructure showed
a higher photocurrent than the TiO, inverse opal in quantum
dot (QD) photoelectrochemical cells.”! However, the ZnO
may form the Zn*"-dye complex which influences the photo-
voltaic performance of DSSC. In contrast, it is established
that TiO, has a high isoelectric point that facilitates the
adsorption of dye molecules with acidic carboxyl groups
allowing ultra-fast photoelectron injection rates from excited
dye, making it the most efficient metal oxide photoelec-
trode.’! To our knowledge, reports concerning the facile
solution growth of anatase TiO, nanowire branched networks
on homogeneous pristine hollow TiO, scaffolds are scarce, as
are those of its growth on other heterogeneous hollow metal
oxides scaffolds.

Herein, typical metal oxide (i.e. TiO,, SnO,, Zn,SnO,)
macroporous structures are used as the host template for the
facile solution growth of anatase TiO, nanowires. Accord-
ingly, we demonstrate three novel hierarchical macroporous
oxide-TiO, nanowire hybrid nano-architectures consisting of,
namely, rambutan-like TiO,—TiO,, sunflower-like SnO,-TiO,,
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and nest-like Zn,SnO,~TiO,. Most importantly, this general
method offers the possibility of realizing size-tunable prep-
aration of metal oxide porous frameworks by a straightfor-
ward templating strategy while allowing well-crystallized
anatase TiO, nanowire branches to germinate inside and
outside the homogeneous or heterogeneous hollow material
scaffolds using a simple solution process.

The overall fabrication method is based on the size-
tunable preparation of macroporous host scaffolds by using
monodisperse polystyrene (PS) spheres as sacrificial tem-
plates, and then extended to allow the facile solution growth
of anatase TiO, nanowire branches to fill the macropores and
the interstitial voids between spheres (Figure 1). A metal

Calcinationb)
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B FTO glass B MO blocking B MO NPs
PS template layer

Figure 1. Procedure used to fabricate the 3D TiO, branched nanowire coated macroporous metal

oxides. See text for details.

oxide (i.e., TiO, or Sn0,) thin blocking layer (ca. 100 nm) was
pre-coated on F-doped SnO, conductive glass (FTO) to retard
interfacial recombination between electrons in the highly
conducting FTO and the I~ oxidized electrolyte.”) The
appropriate surface modification of FTO plays a vital role
in reducing the recombination at the FTO/metal oxide
interface and the grain boundaries of FTO.!”! The PS spheres
were densely enclosed within metal oxide nanoparticles
(MONPs) in a highly efficient and reproducible fashion by
sol-gel refluxing or hydrothermal method using alternating
metallic precursors. In the first stage, a uniform dispersion of
metal oxide coated PS spheres (PS@MONPs) in ethanol
solution was dip-coated on a blocking layer-coated FTO glass
to give a large-area highly uniform film (Figure 1a). In the
second step, the dried films underwent a burn-out process for
decomposing the PS spheres which led to the formation of
a highly crystalline macroporous metal oxide (MPMO)
scaffold composed of nanoparticles (NPs; Figure 1b) that
was well-connected to the underlying FTO glass front
electrode. In contrast to the conventional periodic macro-
scopic structures that were fabricated by infiltration of
nanoparticles onto self-assembled PS sphere scaffolds,
the current macroporous scaffold exhibits imperfect perio-
dicity and loose packing of hollows which enables filling of the
guest TiO, nanowires in all three spatial dimensions later on.
As shown in Figure S1 (X-ray diffraction (XRD), Supporting
Information), macroporous materials with the cubic structure
of Zn,SnO,, the cassiterite crystal structure of SnO,, and
anatase crystal structure of TiO, were obtained.

Figure 1c shows the formation of an intriguing 3D TiO,
branched hierarchical macroporous metal oxide (3D TiO,
branched MPMO) hybrid structure formed through the
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subsequent solution growth of anatase TiO, nanowires, in
which multiple TiO, nanowires can randomly align and
uniformly cover the entire pore surface of the macroporous
scaffolds.

Figure 2a and b shows the top-view FE (field emission)
SEM images of the macroporous TiO, (MP-TiO,) hollow
structures obtained by colloidal template-assisted method.
The diameter of the hollow TiO, spheres is slightly less than
that of original PS spheres (from 560 nm to 480 nm) and the
sphere wall is formed from 10 nm nanoparticles. Special
attention should be given to the “burst holes” which were
probably produced as a result of PS decomposition during the
high temperature calcination.”” The open holes, we believe,
could allow easy penetration of dyes
and electrolytes into the inner space
of the hollow structures. Also, the
accessible inner and outer surfaces
of the hollow spheres are beneficial
to enhance dye adsorption. For the
fabrication of TiO, macroporous
material-nanowire hybrid structure
(MP-TiO,-TNW), the macroporous
TiO, films were impregnated with
a surfactant-free precursor solution
containing titanium potassium oxa-
late, water, and diethylene glycol

3D TiO, branched
MPMO
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Figure 2. a,b) Top-view FE-SEM images of MP-TiO,. c,d) TEM and
HRTEM images of MP-TiO,. e,f) Top-view FE-SEM images of MP-TiO,-
TNW. g,h) TEM and HRTEM images of MP-TiO,-TNW. The insets of
(c) and (g) show the magnified view of the marked white square area.
i) Schematic illustration of growth mechanism for 3D TiO, branched
hierarchical macroporous TiO,. j) J-V curves and k) EIS spectra of MP-
TiO,, MP-TiO,-TNW, and P25 based cells.
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(DEG) and then treated hydrothermally. By adjusting the
water/DEG volume ratio, hierarchical macroporous TiO,
covered with different TiO, nano-branches were synthesized.
Specifically, TiO, nano-branches evolved from 1D long thin
nanowires to 0D nanoparticles (nanowires-nanorods-nano-
sheets-nanoparticles) along with decreasing DEG concentra-
tion (Figure S2), and in this case, DEG was employed as
a capping agent to hinder the hydrolysis of titanium potassium
oxalate and aids in directional growth of TiO, nano-
branches.""! Subsequently, the TiO, branched-nanowire-
coated hierarchical macroporous TiO, hybrid structure pre-
pared at a water/DEG volume ratio of 2.5:17.5 was selected as
the most appropriate and promising candidates for DSSCs
(seen Table S1). Figure 2e,f clearly show the 3D branched
hierarchical hollow structure as well as the disorder packing
inherited from the parental macroporous TiO, scaffolds. Note
that multiple TiO, nanowires with tiny diameters and long
lengths germinated on both sides (inner and outer) of each
macroporous scaffold and homogeneously covered almost the
entire pore throughout the whole film to form the rambutan-
like TiO, nanostructures. The thickness of the hierarchical
TiO, macroporous material-TiO, nanowire film is deter-
mined by the thickness of the parental TiO, macroporous
scaffold (Figure S2). Subsequently, attempts to increase film
thickness from 8 pm to 14 pum are successful by increasing the
amount of dispersion, whereas further increase of the
dispersion amount will result in the films cracking and peeling
off the substrates. TEM images reveal that the hierarchical
macroporous TiO, obtained is composed of crystalline
anatase with crystal size of approximately 10 nm in the
walls (Figure 2¢ and d). Visible in Figure 2g is the densely
grown TiO, nanowires of approximately 3-5 nm in diameter
and 150-200 nm in length within each macropore. The high
magnification TEM image (Figure 2h) shows the nanowires
are of high crystallinity with an interplane spacing of 3.5+
0.1 A that closely matches the d-spacing of the (101) plane in
anatase TiO,.

Time-dependent experiments were carried out to shed
light on the growth process of such intriguing 3D TiO,
branched hollow structure. The samples prepared at different
time intervals (1.5 h,3 h, 6 h, 9 h) were characterized by SEM,
TEM, and XRD, as shown in Figure S3 and Figure S4. The
XRD patterns (Figure S3j) reveals that the nanowire
branches were indexed as pure anatase TiO, (JCPDS No.
21-1271) with evidence of (101) and (200) preferred orienta-
tions and that a higher degree of crystallinity can be achieved
with increasing reaction time. Based on the results from
Figure S3 and S4, a diagram of the most plausible growth
mechanism is shown in Figure2i. In this process, the
hierarchical macroporous TiO, spheres serve as the scaffolds,
and the subsequent growth of TiO, nanowires branches
experienced a self-template procedure. At the initial stage
(1.5h), a high concentration of DEG hinders the hydrolysis
and facilitates the formation of thorn-like amorphous TiO,
nanocrystals preferably on the surface of MP-TiO,, and the
average diameter and length of nanocrystal are 8-10 nm and
10-20 nm, respectively. When the reaction time was pro-
longed to 3 h, the amorphous nanocrystals were gradually
crystallized and acted as cores to lead to the continuous
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growth of the crystallized nanowires. In this stage, some of the
amorphous nanocrystals split into thinner nanowires of 5-
8nm in diameter and 40-60 nm in length. Interestingly,
additional growth of TiO, nanowires can be observed on both
the inner and outer wall of MP-TiO,. As the reaction
proceeded (6 h), the nanowires continuously grew in length
(150-200 nm) with decreased diameter (3-5 nm) and the MP-
TiO, was covered with interlaced and interconnected slender
anatase TiO, nanowires. Strikingly, when the reaction was
finally carried out for 9 h, even though more densely TiO,
nanowires can be observed, the continuous growth of well-
crystallized anatase nanowires occurred at the expense of
a portion of the foregoing nanowires with poor stability, and
thus resulting in the nanowires with larger diameter (5-8 nm)
and shorter length (100150 nm), which was mainly driven by
the minimization of the system free energy during the
hydrothermal process. Hence, the length of anatase TiO,
nanowire can be conveniently controlled by adjusting the
reaction time. Six hours growth of TiO, branches results in the
formation of the longest and thinnest TiO, nanowires within
the macropore scaffolds which provides an enhanced surface
area for dye adsorption and facilitates the light-scattering.
Interestingly the shape of 3D branched hierarchical macro-
porous TiO, somewhat mimics one kind of fruit, namely,
rambutan.

To compare the current MP-TiO,-TNW, another two cells
based on pure MP-TiO, and commercial P25 nanoparticle
photoelectrodes were fabricated for comparison (Figure 2j
and Table 1). Specifically, the V,. of MP-TiO,-TNW reduced
to 824 mV compared to that of MP-TiO, (870 mV) which may

Table 1: Summary of device parameters obtained from DSSCs employing
various photoanodes with film thickness of approximately 14 um.

DSSCs Jse Ve n FF  Adsorbed dye/
[mMAcm™] [mV] [%] nmolcm™

MP-TiO, 8.82 870 5.53 0.72 60.93

MP-TiO,-TNW  16.23 824 9.51 0.71 140.7

P25 13.78 803 7.74 0.70 139.5

MP-SnO, 11.70 751 492 056 91.0

MP-SnO,-TNW 15.25 808 7.06 0.57 130.3

MP-Zn,SnO, 8.75 753 4.63 0.70 166.4

MP-Zn,SnO,  11.86 783 6.62 0.72 198.9

TNW

be linked to the higher amounts of recombination sites owing
to the larger surface area of the high aspect-ratio TiO,
nanowires coverage. Interestingly, this large surface area
causes a dramatic increase of J, from 8.82mAcm™ to
16.23 mAcm 2 Consequently, MP-TiO,-TNW exhibits
a nearly 1.7 times higher efficiency of 9.51 % as compared
to MP-TiO, (5.53%). On the other hand, it should be noted
that even though MP-TiO,-TNW and P25 have a similar dye-
loading amount (140.7 nmolcm ™2 vs. 139.5 nmolcm2), MP-
TiO,-TNW had both a higher V. (effective recombination
suppression) and higher J,. (prominent light-scattering and
efficient charge-collection) than P25. As seen in Figure S5,
the highest reflectance was found in the 3D MP-TiO,-TNW,
followed by MP-TiO, and P25. Given the fact that 3D
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branched-nanowire-coated macropores with size comparable
to the wavelength of the incident light contribute greatly to
the strong visible Mie light scattering, the randomly oriented
growth of TiO, nanowires is also expected to contribute
additionally to the improved diffuse scattering. Moreover, the
interior cavities induced by interlaced nanowires could
function as trapping chambers to confine the incident light
and reinforce the light-harvesting by means of multi-reflec-
tion. All these factors clearly highlight the superior diffuse
scattering of the 3D branched nanowire-coated macroporous
structured photoanodes with nanowire scattering centers
compared to the pure macropore or nanocrystalline ones,
resulting in the significantly improved J. Electrochemical
impedance spectra (EIS) analysis (Figure 2k) was used to
investigate the interfacial recombination of photoexcited
electrons within DSSCs, the electron lifetime (z,) can be
obtained by fitting the EIS spectra according to an equivalent
circuit model,l'” and the fitted resistance parameters of R,
and 7, are summarized in Table S2. In particular, MP-TiO,
and MP-TiO,-TNW show much larger recombination resist-
ance of R, and longer electron lifetime of 7, than the
nanoparticle-based films. It indicates the TiO, films consisting
of hollow spheres play a pivotal role in reducing recombina-
tion process. It is generally accepted that slower recombina-
tion occurs during the process of charge transfer, the
probability of photo-generated electrons being collected
becomes higher, which is beneficial to achieve high solar
conversion efficiency.

To extend the application of this versatile solution growth
of anatase TiO, nanowire branches on different macroporous
metal oxide scaffolds other than TiO, ones, the representative
binary oxides (SnO,) and ternary oxides (Zn,SnO,) were
selected as the host macroporous scaffolds. Figure 3 presents
the SEM images of macroporous SnO, (Figure 3a), macro-
porous Zn,SnO, host (Figure 3d) as well as their correspond-
ing TiO, branch modified networks (Figure3b and e).
Accordingly, the TEM images (Figure S6 and Figure S7)
clearly show the macroporous coated with nanowires struc-
ture of SnO,-TiO, and Zn,SnO,-TiO, hybrid films. SEM and
TEM images reveal the TiO, nanowires exhibit different
aspect ratios on different metal oxide interfaces. Specifically,

M%

4{-MP-5n0,
—o- MP-SnO,-TNW

0
0.0 0.2 0.4 0.6 0.8
Voltage (V)

4
~~MP-ZnySnOy
—~MP-Zn;Sn04-TNW

0.0 0.2 0.4 0.6 0.8
Voltage (V)

Figure 3. FE-SEM images of a) MP-SnO,, b) MP-SnO,-TNW, d) MP-
Zn,Sn0O, and e) MP-Zn,SnO,-TNW, respectively; insets are magnified
SEM images; ¢,f) J-V curves.
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20-60 nm long needle-shaped branches (8-10 nm in diame-
ter) were grown densely and uniformly on the entire inner
and outer surface of the macroporous SnO, scaffold, which
mimics the flower buds of sunflowers (inset in Figure 3b). On
the other hand, numerous 100-300 nm long rod-like branches
(ca. 20nm in diameter) preferably encircle the pristine
macroporous Zn,SnO, scaffolds to form a nest-like architec-
ture (inset in Figure 3e). The TEM and HRTEM images
(Figure S6 and S7) give further insight into the structure of
the 3D branched macroporous nanostructures and confirm
the anatase crystal structure of TiO, nano-branches. The
nanowire-coated macroporous material heterostructures, as
a proof of concept, were used as photoanodes for DSSCs
application and the device performance parameters are
summarized in Table 1. The MP-SnO,-TNW and MP-
Zn,SnO,-TNW-based devices show significant improvement
in both J and V. over that of their pristine macroporous—
backbone based devices (Figure 3¢ and f), resulting in better
conversion efficiency of 7.06% for MP-SnO,-TNW and
6.62% for MP-Zn,SnO,-TNW, which are the highest
recorded for SnO, or Zn,SnO, macroporous or SnO,-TiO,,
Zn,SnO,-TiO, heterojunction structured photoelectrode
based DSSCs. The enhanced J,, obtained with MP-SnO,-
TNW (from 11.70mAcm™? to 1525mAcm™>) and MP-
Zn,SnO,-TNW (from 8.75mAcm? to 11.81 mAcm?) can
be rationalized in terms of enlarged surface area for boosted
dye-loading (Table 1) and better scattering properties (Fig-
ure S8) as confirmed by diffused reflectance. Unlike the
photovoltage sacrifice behavior which has been observed for
homogeneous MP-TiO,-TNW, an increase of 57 mV and
30 mV for MP-SnO,-TNW (808 mV) and MP-Zn,SnO,-TNW
(783 mV) are obtained, respectively, which mainly relate to
the conduction band position and recombination dynamics in
the cell based on different photoanodes (see below). The EIS,
and intensity modulated photocurrent/photovoltage spectra
(IMPS/IMVS) results (Figure S9 and Figure S10) indicate
that the epitaxial growth of TiO, branches on the SnO, or
Zn,SnO, macroporous scaffold could form a core—shell
structure and thus facilitate the transport of photoinduced
electrons and suppress the recapture of photoinjected elec-
trons by I;~ (charge recombination) within DSSCs, leading to
increase in photocurrent and photovoltage.!'”!

The findings of photovoltage improvement motivate
further mechanism studies on the role of the interface
between the two components (the nanowire and the macro-
porous material) and the role of the homogeneous or
heterogeneous materials at this interface, charge transfer
pathways and other electronic properties of the materials with
the homo-/heterojunction hybrid structures that could affect
photogenerated electron injection dynamics or shift the quasi-
Fermi level. We make a comparison for the first time
regarding light-intensity dependence of the electron transport
time (7y) and electron lifetime (7,) among MP-TiO,-TNW,
MP-SnO,-TNW, and MP-Zn,SnO,-TNW photoelectrodes
based devices with homogeneous or heterogeneous interfa-
ces. Under various light intensities, 74 increased in the order
MP-SnO,-TNW < MP-TiO,-TNW < MP-Zn,SnO,-TNW and
7, decreased in the order MP-SnO,-TNW > MP-Zn,SnO,-
TNW >MP-TiO,-TNW (Figure 4a,b). Particular attention
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Figure 4. a) Transport time and b) electron lifetime of the DSSCs based on
the MP-TiO,-TNW, MP-SnO,-TNW and MP-Zn,SnO,-TNW photoelectrodes.
Schematic diagrams of c) rambutan-like TiO,~TiO,, d) sunflower-like
SnO,-TiO,, and e) nest-like Zn,SnO,-TiO, are used to illustrate the
electrical transfer dynamics.

should be paid on the growth of TiO, nanowires with different
size distributions and orientation on the surface of various
macroporous scaffolds, namely, randomly interlaced TiO,
nanowires with tiny diameters (3-5nm) and long lengths
(150-200 nm) on homogeneous TiO, macroporous scaffolds
(rambutan-like MP-TiO,-TNW, Figure 4c¢), densely uniform
short TiO, nanowires with diameter from 8-10 nm and length
from 20-60 nm on macroporous SnQO, scaffold (sunflower-like
MP-SnO,-TNW, Figure 4d), and TiO, nanorods of 20 nm in
diameter and 100-300 nm in length with a random arrange-
ment on a macroporous Zn,SnO, scaffold (nest-like MP-
Zn,SnO,-TNW, Figure 4e). Cross-sectional SEM images of
these three kinds of photoanodes are in Figure S11. Different
sizes of TiO, nanowire branches grown on TiO,, SnO,, or
Zn,SnO, macroporous scaffolds can be probably attributed to
the different interfaces between TiO,-TiO,, SnO,-TiO, and
Zn,SnO,~TiO, during the homo-/heterogeneous growth.
Specifically, it is important to note that MP-SnO,-TNW
based cells allowed the fastest electron transport and slowest
charge recombination owing to the short TiO, nanowires with
uniformly epitaxial orientation on MP-SnO, surface provid-
ing the most straightforward shortcuts for the injection of
photogenerated electrons from TiO, to SnO, and plus the
SnO, scaffold allows highest electron mobility (ca. 100 to
200 cm® V'S of the three scaffolds. The longest electron
lifetime for MP-SnO,-TNW based cells can be attributed to
comparably few electron recombination centers resulting
from short TiO, nanowires. For the comparison of MP-TiO,-
TNW and MP-Zn,SnO,-TNW, although the macroporous
Zn,Sn0O, scaffold offers higher electron mobility (ca. 10 to
15 cm?*V~'S™) than that of macroporous TiO, scaffolds (ca.
0.1 to 10 cm?>V~'S™1),% the random arrangement of TiO,
nanowires on the Zn,SnO, surface build up circuitous path-
ways for electron transport which hinder the fast electron
transportation and thus leading to the slowest electron
transport.

The electron lifetime of the MP-TiO,-TNW based cells
comprising the long thin TiO, nanowires with interlaced
and interconnected network is the shortest of the three
systems. In this case, the subsequent growth of TiO,
branches causes the most significant increase of surface
area for dye adsorption by the homogeneous branched
TiO, macroporous network, which in turn, provides far
more recombination centers and surface trapping sites for
recombination.

In conclusion, we have synthesized 3D branched-nano-
wire coated macroporous materials consisting of epitaxial
networks of anatase TiO, nanowires embedded within
various metal oxide scaffolds (for example, TiO,, SnO, and
Zn,Sn0,) through a facile fabrication strategy. Favorable
attributes, such as high specific surface area, strong light
scattering, and prominent electron transport properties,
allows the promise of such novel 3D hierarchical photo-
anode materials to be demonstrated as suitable concept
electrode for enhancing light harvesting, charge collection,
and reducing interfacial recombination to significantly
increase the photocurrent and photovoltage of DSSCs.
Hence, the cells delivered maximum PCE of 9.51%,
7.06 %, and 6.62 % under full sun illumination for macro-
porous TiO,-TiO, nanowire, macroporous SnO,-TiO,

nanowire and macroporous Zn,SnO,-TiO, nanowire based
hybrid electrodes, respectively. We believe that the simplicity
and versatility of these fabrication techniques will open up
new opportunities for processing novel materials with 3D
geometric architecture that enables structural control on the
homogeneous or heterogeneous materials interface, conduc-
tion-band position, electron extraction, optical scattering as
well as recombination dynamics, to achieve high-efficiency
and low-cost solar cells and realize its potential application in
the fields such as clean energy, optoelectronics and photo-
catalysis.

Experimental Section

Hierarchical macroporous metal oxides: The 560 nm polystyrene
spheres (PS) were synthesized in an emulsifier-free system.!'® The PS
coated by metal oxide nanoparticles (TiO,, SnO,, Zn,Sn0O,) was
synthesized by a template-assisted method. Concretely, the PS@TiO,
or PS@SnO, was prepared by a refluxing method. PS@TiO,: butyl
titanate (0.4 mL) was mixed with ethanol (20 mL) under vigorous
stirring at 70°C for 12 h followed by addition of an aqueous solution
of PS (4mL) and stirring for another 12 h. PS@SnO,: typically,
a SnCl,-2H,0 ethanol solution (5 mmol; 50 mL) was slowly added to
a flask containing distilled H,O (25 mL) and PS aqueous solution
(25 mL) under vigorous stirring and kept in an oil bath at 100°C for
12 h.BY PS@Zn,SnO, enclosed by Zn,SnO, nanoparticles was pre-
pared through a hydrothermal process in accordance with our
previous report.’! The as-obtained PS@metal oxide solution was
then rinsed with ethanol and distilled water, and then uniformly
dispersed in ethanol using an ultrasonic bath. Afterwards, the ethanol
solution of PS@metal oxide was dripped by a pipet onto a TiO, or
SnO, blocking layer (100 nm thick)-coated FTO glass substrates (7 Q/
square, America) and dried naturally in room temperature. Films with
different thickness were controlled by dropping different volumes of
the applied dispersions (typically, ca. 100 uL for 10-15 pm thick film).
Subsequently, the films were calcined in a box furnace at 500°C for
1 h to remove PS templates. The resultant TiO,, SnO,, and Zn,SnO,
films exhibited a hollow sub-microsphere structure with a uniform
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distribution and were designated as MP-TiO,, MP-SnO,, and MP-
Zn,Sn0O,, respectively.

Synthesis of rambutan-like TiO,-TiO,, sunflower-like SnO,-TiO,
and nest-like Zn,SnO,-TiO, hybrid electrodes: K,TiO(C,0,), (0.35 g)
was added to the mixture solvent containing diethylene glycol (DEG)
and deionized water in different volume ratios (0:20, 5:15, 10:10, 15:5,
17.5:2.5 and 19:1), whereas the total volume of the solutions was fixed
at 20 mL. After stirring for 30 min, the solution was transferred to
a 50 mL Teflon-lined stainless steel autoclave. Then as-prepared MP-
TiO,/FTO, MP-SnO,/FTO and MP-Zn,SnO,/FTO films were placed
at an angle against the wall of the Teflon-liner with the film side facing
down. The hydrothermal synthesis was maintained at 180°C for 1.5—
9 h and was air-cooled to room temperature naturally. Subsequently,
the samples were rinsed with deionized water, ethanol, and heated in
air at 500°C for 1 h to increase crystallinity. The MP-TiO,, MP-SnO,,
and MP-Zn,SnO, covered by TiO, nanowires prepared at 180°C for
6 h were designated as MP-TiO,-TNW, MP-SnO,-TNW, and MP-
Zn,SnO,-TNW, respectively. The assembly of DSSCs!'”) and detailed
characterizations of the materials and cells can be seen in Supporting
Information.
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