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ABSTRACT: The development of a novel nanoarray photoanode
with a heterostructure on a transparent conducting oxide substrate
provides a promising scheme to fabricate efficient energy
conversion devices. Herein, we successfully synthesize the
vertically aligned hierarchical TiO, nanowire/ZnO nanorod or
TiO, nanowire/ZnO nanosheet hybrid arrays, which are proven to
be excellent anode candidates for superior light utilization.
Consequently, the quantum-dot-sensitized solar cells based on
such hybrid arrays exhibit an impressive power conversion
efficiency (PCE) under AM 1.5G one sun illumination with
improved short-circuit current density (Jgc) and fill factor
compared to pristine TiO, nanowire arrays. Combined with the

TNW/ZNR TNW/ZNS

ZnO-seeded TNW

chemical-bath-deposited Cu,S counter electrode, the eventual PCE can be further optimized to as high as 4.57% for CdS/CdSe

co-sensitized quantum dot solar cells.
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1. INTRODUCTION

In recent years, semiconductor-nanomaterial-driven photo-
voltaic devices have attracted considerable interest.' Among
all of the photovoltaic devices, dye-sensitized solar cells
(DSSCs) have been regarded as the most promising candidate
for efficient solar energy conversion owing to their low cost and
environmentally benign advantages compared to the traditional
silicon-based solar cells.*"® In order to enhance the light-
harvesting efficiency of DSSCs, much effort has been made to
develop new sensitizers, for instance, porphyrin dyes’ or
narrow-band-gap quantum-dot (QD) semiconductors.® Specif-
ically, QDs such as Cds, >0 CdSe,'V? CdTe,'¥'* Pbs, 16
PbSe,'” Sb,S,,"® etc., exhibited excellent optical and electronic
properties, namely, a tunable band gap upon QD size, high
molar extinction coeflicient, and generation of multiple
electrons,"”~** which could lead to 44% theoretical photo-
voltaic conversion in quantum-dot-sensitized solar cells
(QDSSCs). >

Apart from sensitizers, morphologies and structures of anode
materials also played an important role in enhancing the
photovoltaic performance of solar cells.'""**™¢ Normally,
mesoporous nanoparticle films are widely used as photoanodes
in solar cells owing to their high internal surface area for
sufficient sensitizer anchoring. However, the enormous defects,
surface states, and grain boundaries existing in the random
electrical pathway of nanoparticles would lead to many
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unexpected trapping and detrapping events, thus hindering
further improvement of the photovoltaic performance.”'! More
often than not, poor light utilization, charge-transport rate, and
charge collection efficiency are the troublesome issue for
nanoparticle-based cells."> In contrast, one-dimensional (1D)
nanostructures such as nanowires' >’ and nanotubes™® have
been introduced as photoanodes because of their outstanding
features of providing a direct pathway for charge transport and
also efficiently suppressing charge recombination. Furthermore,
to increase the internal surface area and light-harvesting
efficiency, three-dimensional (3D) nanostructures have been
introduced in QDSSCs.** Among 3D nanostructures, hybrid
hierarchical nanostructures such as TiO,/TiO,-,** ZnO/
Zn0-**° TiO,/Zn0-*"** S$n0,/TiO,->**** and ZnO/
Zn,Sn0,-based®*® QDSSCs or DSSCs exhibited excellent
photovoltaic performance. Compared with the mostly used
TiO,, ZnO seems to be a good alternative candidate for not
only similar band gap (~3.2 eV) and physical properties but
also faster electron mobility than TiO, (205—1000 cm? V™' s7*
for ZnO compared with 0.1—4 cm? V7! s7! for TiO,).>”*®
However, the intriguing combination of ZnO and TiO, would
be the best option to fabricate an efficient photoanode with
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synergistic and complementary advantages. To the best of our
knowledge, no work has been published on the vertically
aligned hierarchical TiO, nanowire (TNW)/ZnO nanorod
(ZNR) or TNW/ZnO nanosheet (ZNS) hybrid array-based
QDSSCs.

In this study, we introduce novel vertically aligned TiO,/
ZnO hybrid arrays consisting of TNW on fluorine-doped tin
oxide (FTO) glass coated with ZNR or ZNS via a two-step
hydrothermal process, which are further used as photoanodes
for efficient CdS/CdSe cosensitized solar cells. The photo-
voltaic performance of TNW/ZNS hybrid-heterostructure-
based QDSSCs (3.57%) and TNW/ZNR-based QDSSCs
(3.20%) is 30% and 17% higher than that of the smooth
TNW-based QDSSCs (2.74%), respectively. Such a superior
enhancement in the power conversion efficiency (PCE) can be
attributed to larger surface area and higher light-harvesting
efficiency for TiO,/ZnO hybrid array heterostructures. More-
over, through utilization of a Cu,S counter electrode, an
optimized photovoltaic performance as high as 4.57% is
achieved.

2. EXPERIMENTAL SECTION
2.1. Synthesis of Vertically Aligned TNW Arrays. First, a FTO

substrate (2.5 cm X 3 cm) was ultrasonically cleaned with acetone,
ethanol, and water for 10 min, respectively. Then, the TiO, compact
layer was spln coated on the cleaned FTO glass using a TiO, colloid
solution,® followed by heating at 500 °C in ambient air for 30 min.
Vertically aligned TNW arrays were prepared via a facile solution-
processed method.* Briefly, 0.35 g of K, TiO(C,0,), was added to the
mixture solvent containing 5 mL of water and 15 mL of diethylene
glycol. After stirring for 30 min, the TiO, seed-layer-coated FTO was
immersed in the solvent against the wall of the Teflon liner with its
conducting side face down. The hydrothermal reaction was kept at 180
°C for 6 h. Afterward, the autoclave was cooled to room temperature
naturally, and the as-synthesized vertically aligned TiO, arrays were
rinsed with deionized water and ethanol and then dried at room
temperature.

2.2. Synthesis of TNW/ZNR or ZNS Hybrid Arrays. To obtain
the vertically aligned TNW/ZnO hybrld arrays, the above TNW array
film was immersed in the ZnO solution® at room temperature for 30
min and then heated to 300 °C for 30 min, which resulted in the ZnO
seed layer coating on the TNW surface. After that, the ZnO-seeded
TNW arrays were immersed in a solution containing 0.1 M Zn(NO,),,
0.1 M hexamethylenetetramine, 0.01 M sodium citrate, and 20 mL of
deionized water at 90 °C for 3 h, which led to the formation of TNW/
ZNS hybrid arrays. In contract, in the absence of sodium citrate,
TNW/ZNR hybrid arrays were obtained.

2.3. Electrodeposition of CdS/CdSe QDs. Prior to electro-
deposition, the as-prepared TiO,/ZnO hybrid arrays were treated with
a surface passivation solution that had been modified according to that
reported in ref 37. Briefly, the as-synthesized TNW arrays and TNW/
ZNS and TNW/ZNR hybrid heterostructured arrays were immersed
in an aqueous solution containing 0.05 M H;BO; and 0.05 M
(NH,),TiFg4 at room temperature for 30 min, washed with deionized
water and ethanol, and then sintered at 500 °C for 30 min. The
electrodeposition condition of CdS and CdSe QDs was reported in
our previous study.“ Briefly, for electrodeposition of CdS QDs, the
electrolyte containing 0.2 M Cd(NOs;),, 0.2 M CS(NH,),, and 1:1 (v/
v) dimethyl sulfoxide/water was maintained at 90 °C for 18 min with a
constant current of 0.625 mA cm™2 The electrode was taken out,
followed by rinsing with deionized water and ethanol successively. For
the electrodeposition of CdSe QDs, the electrolyte contained 0.02 M
Cd(CH,C0O0),, 0.04 M ethylenediaminetetraacetic acid disodium
salt, and 0.02 M Na,SeSO; (prepared by refluxing 0.24 g of selenium
powder and 1.0 g of Na,SO; in water at 100 °C for 3 h) with a
solution pH of 7.5—8. The electrodeposion was conducted at room

temperature for 28 min with a constant current of 0.625 mA cm ™
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2.4. Fabrication of TiO,/ZnO Hybrid Array-Based QDSSCs.
The vertically aligned TiO,/ZnO hybrid arrays grown on FTO glass
were used as photoanodes for QDSSCs. In order to evaluate the
photovoltaic performance, the photoanodes were assembled with a
platinum or Cu,S counter electrode in a sandwich type, and the
polysulfide electrolyte was injected into the space. The platinum
counter electrode and polysulfide electrolyte containing 1 M Na,S, 1
M sulfur, and 0.1 M NaOH in 7:3 (v/v) methanol/water were the
same as those in our previous report.”’ The Cu,S counter electrode
was synthesized through facile chemical bath deposition. A total of
0.24 g of CuSO, was dissolved in 60 mL of deionized water, and then
N, was bubble through the solution for 10 min to prevent the presence
of oxygen in water. Then, 0.37 g of Na,S,05-5H,0 was added to the
system, forming a light-green solution, which was kept in a 90 °C
water bath for 1 h. After that, the Cu,S counter electrode was rinsed
with deionized water and dried in ambient air.

2.5. Characterization. The morphology and structure of TiO,/
ZnO hybrid heterostructures were characterized by field-emission
scanning electron microscopy (SEM; JSM-6330F) and transmission
electron microscopy (TEM; JEOL-2010 HR). The phase structure of
the sample was characterized on a Bruker D8 Advance X-ray
diffractometer using Cu Ka radiation (A = 1.5418 A). The diffuse-
reflectance spectra were performed on a UV—vis—near-IR spectropho-
tometer (UV-3150). The photovoltaic performance of QDSSCs was
characterized by a Keithley 2400 sourcemeter using a solar light
simulator (Oriel model 91192) to simulate AM 1.5G illumination (100
mW cm™). The intensity was calibrated with a NREL-calibrated
silicon solar cell. The incident photon-to-current conversion efficiency
(IPCE) spectra were measured by a Keithley 2000 multimeter
incorporated with a Spectral Product DK240 monochromator. The
electrochemical impedance spectroscopy (EIS) spectra were measured
by an electrochemical workstation (Zahner, Zennium) at a bias
potential of —0.5 V in a frequency range from 10 mHz to 1 MHz
under dark conditions. Intensity-modulated photocurrent/photo-
voltage spectroscopy (IMPS/IMVS) was also measured on the same
electrochemical workstation under a modulated green-light-emitting
diode (457 nm) with the frequency ranging from 100 kHz to 100
mHz. Also, IMPS and IMVS were measured at short-circuit and open-
circuit conditions, respectively.

3. RESULTS AND DISCUSSION

3.1. Preparation Process, Morphology, X-ray Diffrac-
tion (XRD) Patterns, and Diffuse-Reflectance Spectra of
TiO, Arrays and TiO,/ZnO Hybrid Heterostructures.
Figure 1 displays a schematic diagram of the step-by-step
synthesis route to fabricate the TNW backbone and TNW/
ZNS and TNW/ZNR hybrid arrays. All of the TiO,/ZnO
heterostructures were fabricated via a simple seed-assisted
hydrothermal process. Interestingly, in the presence of sodium
citrate, the TNW/ZNS hybrid arrays with lamellar nanosheets
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Figure 1. Schematic diagram of the step-by-step synthesis route to
fabricate TNW/ZNS and TNW/ZNR hybrid arrays.
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epitaxially grown on the surface of TNW backbones were
obtained, while in the absence of sodium citrate, the rodlike
ZnO was intelligently coated on the TNW scaffolds to form a
treelike morphology. The schematic illustrations and relevant
cross-sectional SEM images of TNW arrays and TNW/ZNR
and TNW/ZNS hybrid arrays at low and high magnifications
are shown in Figure 2. One can notice that all TiO, or TiO,/

(@)

(®

Figure 2. Schematic illustrations and cross-sectional SEM images of
the as-synthesized TNW arrays (a—c) and TNW/ZNS (d—f) and
TNW/ZNR hybrid arrays (g—i).

ZnO hybrid arrays grew perpendicularly on FTO glass with
approximately ~18 um length (Figure 2c,f;i), which reveals that
the thickness of the vertically aligned array film did not change
even after subsequent ZnO modification. It is noted that the
individual TNW shown in Figure 2b is very smooth, and such a
structure is believed to exhibit a direct electric pathway for fast
electron transport. However, the smooth surface is also related
to a low internal surface area, leading to insufficient sensitizer
anchoring and thus a limited photocurrent density when
applied as a photoelectrode in solar cells.*’ In the current work,
1D ZNRs or 2D ZNSs are grown on the surface of the smooth
TNW array backbone, for the sake of optimizing the physical,
optical, and photoelectrochemical properties of array materials.
After seeded with a ZnO solution to form a uniform ZnO seed
layer for subsequent growth,*® the TNW arrays went through a
second-step facile hydrothermal reaction, which formed the
TNW/ZNS or TNW/ZNR hybrid heterostructured arrays. The
ZNSs (10—30 nm in thickness and 200 nm in length)
germinated on TNW backbone arrays are shown in Figure 2c,
while ZNRs (40—S0 nm in diameter and 250 nm in length)
coated on TNW backbone arrays are shown in Figure 2b.
Interestingly, the significant difference between the growth of
TNW/ZNS and TNW/ZNR hybrid heterostructured arrays
only depended on the presence or absence of sodium citrate in
the hydrothermal precursor solution (seen in the Experimental
Section). It is worth noting that the emergence of sheetlike
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ZnO branches can be attributed to the combination of sodium
citrate and the (001) plane of the ZnO crystal during the
hydrothermal process, which would suppress the growth of the
ZnO crystal along the (001) plane.*® Instead, ZnO can grow
along its (001) axis in the absence of sodium citrate, leading to
rodlike branches. The phase purity of the TNW arrays, TiO,/
ZnO hybrid arrays, and their CdS/CdSe QD-sensitized
derivatives is characterized by XRD measurement (seen in
Figure S1 in the Supporting Information, SI). Specifically, the
TNW arrays can be indexed as pure anatase TiO, (JCPDS no.
21-1272).% As for the TNW/ZNS and TNW/ZNR hybrid
heterostructures, additional peaks, which correspond to the
characteristic signal of ZnO, can be observed. Such peaks can
be indexed as the (100), (002), and (101) planes of crystalline
ZnO (green rhombus shown in Figure S1 in the SI; JCPDS no.
65-3411). In addition, the QDs@TNW/ZNS and QDs@
TNW/ZNR samples in the XRD pattern exhibit wide peaks at
42° and 44°, which can be ascribed to the subsequent
electrodeposition of CdS and CdSe QDs. The wide peaks at
42° and 44° can be indexed to the (208) facet of cubic CdS
(JCPDS no. 65-2887) and the (220) facet of cubic CdSe
(JCPDS no. 65-2891), respectively.

The intrinsic morphology and structure characteristics are
further confirmed by TEM, as shown in Figure 3. Figure 3a is

Figure 3. TEM images of the as-synthesized TNW arrays (a) and
TNW/ZNR (b) and TNW/ZNS (c and d) hybrid arrays.

the TEM image of a TNW array sample showing a smooth
morphology. The TNW/ZNS (Figure 3c,d) sample displays the
epitaxial and lamellar nanosheets uniformly covering the surface
of a pristine TNW backbone. On the other hand, the adjacent
nanosheets also connect with each other and form an
interconnected network with high porosity. Such geometry
would be beneficial to electrolyte penetration. Figure 3b shows
the morphology of TNW/ZNR hybrid heterostructures
exhibiting a lower density of branches, which may lead to
lower photovoltaic performance (low current density and open
voltage) compared to TNW/ZNS hybrid heterostructures.
The diffuse-reflectance spectra of TNW arrays and TNW/
ZNS and TNW/ZNR hybrid arrays are shown in Figure 4. Not
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Figure 4. Diffuse-reflectance spectra of TNW arrays and TNW/ZNS
and TNW/ZNR hybrid arrays.

surprisingly, the branched TiO,/ZnO hybrid heterostructured
arrays all exhibit higher reflectance than the smooth TNW
arrays in the overall wavelength range from 380 to 800 nm,
revealing that the branches grown on the TNW backbone
largely improve light scattering for the array films. However, it
is worth noting that the TNW/ZNS hybrid heterostructured
arrays showcase better light-scattering capability than their
TNW/ZNR counterparts, which may result from the 2D
sheetlike branch morphology as well as higher density of
branches germinated on the TNW backbone (as seen from
SEM and TEM analysis).

3.2. Photovoltaic Performance and IPCE of TNW
Arrays and TiO,/ZnO Hybrid Heterostructured Array-
Based QDSSCs. In order to illustrate the superior photovoltaic
performance of the TiO,/ZnO hybrid heterostructured arrays,
TNW, TNW/ZNS, and TNW/ZNR arrays were applied as
photoanodes in QDSSCs. The typical photocurrent density—
photovoltage (J—V) curves of QDSSCs based on photoanodes
of the TNW arrays and TNW/ZNS and TNW/ZNR hybrid
arrays are shown in Figure 5a. The detailed parameters of the
short-circuit photocurrent density (J,.), open-circuit photo-
voltage (V,.), fill factor (FF), and PCE () of TNW, TNW/
ZNS, and TNW/ZNR arrays are summarized in Table 1.
Clearly, all of the TiO,/ZnO hybrid array-based QDSSCs
exhibit better photovoltaic performance than the pristine TNW
array counterparts. Specifically, TNW/ZNS hybrid heterostruc-
tured array-based QDSSCs exhibit the best photovoltaic
performance of 3.57%, which is almost 30% higher than the
smooth TNW array-based QDDSCs (2.74%). Also, TNW/
ZNR hybrid heterostructured array-based QDSSCs exhibit a
photovoltaic performance of 3.20%, which is almost 17% higher
than the smooth TNW array-based QDSSCs. In detail, ]
increased from 10.82 mA cm™> (TNW) to 12.49 mA cm™> for
TNW/ZNR and further to 14.23 mA cm™> for TNW/ZNS,
which can be partially due to enhanced light-scattering
capability (Figure 4), higher charge mobility of ZnO branches,
and better light absorption (Figure S2 in the SI) for branched
TiO,/ZnO hybrid array photoanodes. It is noted that ], of
TNW/ZNS-based QDSSCs is better than that of TNW/ZNR-
based QDSSCs owing to the superior light scattering (Figure 4)
and much more efficient light absorption after deposition of
CdS/CdSe QDs (Figure S2 in the SI). V. decreased from 539
mV (TNW) to 504 mV (TNW/ZNS) to 493 mV (TNW/
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Figure S. (a) J—V characteristics and (b) IPCE spectra of TNW arrays
and TNW/ZNS and TNW/ZNR hybrid array-based QDSSCs.

Table 1. Detailed Photovoltaic Parameters of QDSSCs
Based on Different Photoanodes and Counter Electrodes

QDSSC Jee (mA cm™2) V,. (mV) n (%) FF
TNW 10.82 539 275 0.47
TNW/ZNR 12.49 493 3.20 0.52
TNW/ZNS 14.23 504 3.57 0.50
TNW/ZNS-Cu,S 16.11 512 4.57 0.55

ZNR), which can be ascribed to the aggravated charge
recombination resulting from the additional growth of ZnO
branches. However, FF increased from 0.47 (TNW) to 0.52
(TNW/ZNR) to 0.50 (TNW/ZNS) primarily because of the
improved connection between the roots of the arrays and the
FTO glass after the second-step hydrothermal reaction (Figure
S3 in the SI). It is worth noting that the ZNR or ZNS coverage
on the TNW backbone just occurred in the absence or
presence of sodium citrate. For QDSSC applications, we have
observed significantly increased ], for TNW/ZNS cells, which
is higher than that of the TNW/ZNR analogue, while V,_ and
FF are similar for these two cells. The improved J,. for TNW/
ZNS cells can be attributed to superior light scattering and light
trapping for improved light harvesting. To further evaluate the
photovoltaic performance of QDSSCs, the monochromatic
IPCE spectra, which highly correspond to the photocurrent
density of the QDSSCs, were measured as a function of the
wavelength ranging from 400 to 800 nm (shown in Figure Sb).
Obviously, the IPCE values of QDSSCs based on TiO,/ZnO
hybrid array photoanodes are higher than those of pristine
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TNW counterparts in the whole wavelength. The highest IPCE
values at around 530 nm are 63.1%, 68.7%, and 76.4% for
TNW, TNW/ZNR, and TNW/ZNS, respectively, which is in
accordance with the photocurrent density shown in Table 1. It
is notable that an obvious red-shift phenomenon is observed for
TiO,/ZnO hybrid heterostructured array-based QDSSCs at a
longer wavelength range from 650 to 750 nm, owing to the
enhanced capability of light scattering and utilization at this
wavelength region compared to TNW-based QDSSCs. This
fact is best illustrated by the diffuse-reflectance spectra (shown
in Figure 4).

3.3. EIS Studies and Charge-Transfer and Recombi-
nation Dynamic Analysis of TiO, Arrays and TiO,/ZnO
Hybrid Heterostructured Array-Based QDSSCs. To
further investigate the dynamics of charge transport and
recombination within QDSSCs based on TNW, TNW/ZNS,
and TNW/ZNR arrays, EIS studies were carried out. Figure 6a

(a) 100 Rs Rl R2 TNW
CPE! | [CPE2
80 —— TNW/ZNS
_ ——TNW/ZNR
E 60
S
N 404
20
0' T T T T
0 100 200 300 400
Z'(ohm)
(b) 01 —
Lifetime , TNW/ZNS
— a2 TNW/ZNR
H
8
§ 0.011 Transport Time
o
£
=

30 60 90 120 150
Light intensity(W-m2)

Figure 6. (a) EIS spectra and (b) IMPS/IMVS results of QDSSCs
based on TNW arrays TNW/ZNS and TNW/ZNR hybrid arrays.

shows the Nyquist curve from EIS spectra, and the
corresponding stimulated series resistance (R;), charge-transfer
resistance (R,) for the electron-transfer process at the counter
electrode/electrolyte interface (the first semicircle), recombi-
nation resistance (R,) for the electron-transfer process at the
semiconductor arrays/QDs/electrolyte interface (the second
semicircle), and electron lifetime (z,) are summarized in Table
S1 in the SL It is worth noting that R, of TNW/ZNS and
TNW/ZNR hybrid arrays is higher than that of TNW arrays,
leading to enhanced FF for such cells, which is caused by the
aforementioned improved contact between hybrid arrays and
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the front electrode (shown in Figure S3 in the SI). On the
other hand, the recombination resistance (R,) decreased from
198.9 Q (TNW) to 178.1 Q (TNW/ZNS) to 140.6 Q (TNW/
ZNR), and the electron lifetime (z,) decreased from 72.3 ms
(TNW) to 45.9 ms (TNW/ZNS) to 26.3 ms (TNW/ZNR),
indicating much more charge recombination within the hybrid
array-based cells, which is strongly related to the additional
growth of ZnO branches and thus inevitably introduced
additional boundaries, defects, and trapped/detrapped events
for recombination. Under such circumstances, the declined V.
is in good accordance with the decreased electron lifetime.

In addition, to further characterize the electron trans-
portation and charge recombination within the films of
TNW, TNW/ZNS, and TNW/ZNR, IMPS and IMVS
measurements were conducted. Figure 6b shows the electron-
transport time (7,) and electron lifetime (z,) for TNW-, TNW/
ZNS-, and TNW/ZNS-based QDSSCs, where 74 represents the
transit time of the photogenerated electron within the
photoanode films, while 7, represents the recombination time
of electrons with S, in the electrolyte, which can be calculated
by IMPS and IMVS plots using the expressions 74 = 1/27fy and
7, = 1/2xf,, in which f; and f, stand for the characteristic
minimum frequency of the IMPS and IMVS imaginary
components, respectively.*’ As shown in Figure 6b, the
TNW-based QDSSCs have higher 7, and lower 74 than the
TiO,/Zn0O-based QDSSCs, indicating a faster transport rate
and a slower recombination rate for the TNW-based QDSSCs,
from which we can conclude that the introduction of ZnO
nanobranches would prolong the charge-transport pathway
and, moreover, the enlarged surface area would bring about
additional recombination centers for serious charge recombi-
nation, leading to hindered electron transport and shorted
electron lifetime and thus inferior charge collection. However,
although TiO,/ZnO hybrid array-based QDSSCs suffer from a
decrease of V,, their significant improvement of J,. and FF
offers great contribution to the improvement of the photo-
voltaic efficiency, which, consequently, exhibits 30% higher
PCE for ZNS/TNW hybrid heterostructured array-based
QDSSCs compared to TNW-based QDSSCs.

3.4. Photovoltaic Performance and EIS Studies of
TNW/ZNS Hybrid Heterostructured Array-Based
QDSSCs Assembled with Platinum and Cu,S Counter
Electrodes. The platinum counter electrodes have poor
electrocatalytic activities in the polysulfide electrolyte, which
cause higher resistance and lower QD regeneration rate.*?
Therefore, a thin film of Cu,S on FTO glass as the counter
electrode is introduced via a simple and facile chemical bath
deposition. With the as-synthesized Cu,S counter electrode, we
fabricate the TNW/ZNS-based QDSSCs, and the detailed
photovoltaic performance compared with that of the QDSSCs
based on a platinum counter electrode is summarized in Table
1. The typical J=V curve is shown in Figure 7a. To further
characterize the dynamics of charge transport and recombina-
tion within QDSSCs based on platinum and Cu,S counter
electrodes, EIS studies were carried out, which are shown in
Figure 7b. As a result, QDSSCs based on a Cu,S counter
electrode further improve the photovoltaic performance, and an
impressive PCE as high as 4.57% was achieved (J,. = 16.11 mA
cm™?, V. = 512 mV, and FF = 0.55), 28% higher than that of
their platinum-based counterparts (J,. = 14.23 mA cm™, V,_ =
504 mV, and FF = 0.50). This result is attributed to the
superior electrocatalytic capabilities and lower charge resistance
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Figure 7. (a) J—V characteristics and (b) EIS spectral results of TNW/

ZNS hybrid array-based QDDSCs with a platinum or Cu,S counter
electrode.

(R, = 13.84 Q for the Cu,S counter electrode compared to
146.7 Q for the platinum counter electrode).

4. CONCLUSION

In summary, novel vertically aligned TNW/ZNR or ZNS
hybrid heterostructured arrays on FTO glass had been
successfully synthesized by facile, cheap, and green hydro-
thermal processes for highly efficient QDSSCs. The as-
synthesized TiO,/ZnO hybrid arrays exhibited optimized
light harvesting compared to that of pristine TNW arrays.
Consequently, TNW/ZNS hybrid array-based QDSSCs ex-
hibited a promising PCE of 4.57% with an optimized Cu,S
counter electrode. The present work demonstrates the
possibility of fabricating vertically aligned arrays with
heterostructured architecture via a simple hydrothermal
protocol, which we believe will potentially exhibit significant
performances in various areas such as organic—inorganic hybrid
perovskite solar cells, water splitting, lithium-ion batteries, fuel
cells, supercapacitors, field emission, etc.
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