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Abstract: Li-doped ZnO (LZO) aggregated nanoparticles are used as an insulating layer in SnO,
nanocomposite (SNC) photoanodes to suppress the recombination process in dye-sensitized solar
cells (DSSCs). Various weight percentages of SnO, nanoparticles (SNPs) and SnO; nanoflowers (SNFs)
were used to prepare SNC photoanodes. The photocurrent-voltage characteristics showed that the
incorporation of an LZO insulating layer in an SNC photoanode increased the conversion efficiency of
DSSCs. This was due to an increase in the surface area, charge injection, and charge collection, and the
minimization of the recombination rate of photoanodes. Electrochemical impedance spectroscopy
(EIS) results showed lower series resistance, charge injection resistance, and shorter lifetimes for
DSSCs based on an SNC photoanode with an LZO insulating layer. The open circuit voltage and fill
factor of the DSSCs based on SNC photoanodes with an LZO insulating layer significantly increased.
The DSSC based on a SNC photoanode with a SNC:SNF weight ratio of 1:1 had a high current density
of 4.73 mA /cm?, open circuit voltage of 630 mYV, fill factor of 69%, and efficiency of 2.06%.

Keywords: photoanode; nanoparticle; nanoflower; nanocomposite; dye-sensitized solar cells (DSSCs)

1. Introduction

Dye-sensitized solar cells (DSSCs) have been considered a cost effective, environmentally friendly
alternative power source since 1991. The redox mediators based on cobalt complexes allowed
DSSCs to achieve efficiencies exceeding 14% and the science community has recently proposed
various approaches and materials to increase the stability of DSSCs [1]. Various morphologies of
nanoparticles, nanowires, and nanoflowers in DSSC reduce the fabrication cost, stabilize the structure
of materials, and provide high light absorption and electron collection [2]. The novelty and flexible
portable DSSCs were prepared to compete the traditional silicon solar cell due to the low cost and
easy-to-prepare materials [3]. In addition, a new photoelectrochromic device which is the combination
of electrochromic device and a polymer-based DSSC was reported and shows long-term stability
under real outdoor conditions [4]. Recently, many studies have focused on metal oxide photoanodes,
such as TiO; [5], ZnO [6], SnO; [7], and ZnySnO;3 [8]. Among them, SnO, are the most prominent
candidate, due to its optical and electrical properties, such as higher electronic mobility [9] wide band
gap energy as compared to TiO,, which also guarantees higher stability under ultraviolet-visible (UV)
illumination [10].

However, DSSCs based on SnO, photoanode materials exhibit relatively low open circuit
voltages because of their high recombination kinetics with electrolytes [11]. In addition, they
reduce the conversion efficiency. SnO, with various morphologies of nanograin [4], nanowires [11],
and nanoparticles [12] have been investigated to increase the photoconversion efficiency of SnO,-based
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DSSCs. The high recombination rate and poor electron transfer efficiency in SnO,-based DSSCs are
still major challenges for increasing the energy conversion efficiency.

Coating a high band gap material, such as Zny,SnOj4 [13], ZnO [14], or MgO [15], on the surface
of SnO; is a promising method to reduce the recombination rate and increase the charge collection
in DSSCs. During the SnO, coating with different band gap semiconductor materials, the electron
density in the conduction band of SnO, increases and the charge recombination decreases because
of the core-shell barrier. Therefore, the open circuit voltage and the conversion efficiency of solar
cells increase. However, the effect of the insulating layer on the conversion efficiency of DSSC
requires further investigation. The satisfactory crystallization and electrical conduction of ZnO
materials can be used as an insulating layer for SnO;-based DSSCs. The different conduction band
energy [16] and higher electron mobility of ZnO compared with SnO, could minimize the interfacial
charge recombination and redox species oxidation in the electrolyte and solid-state hole transporter.
However, the low specific surface area of ZnO films and the formation of an inactive Zn?*/dye
complex layer on the ZnO surface reduce the injection efficiency of electrons from the dye molecules
to the lower semiconductor. To suppress the recombination process in DSSCs, numerous studies on
modifying ZnO by doping various elements, such as Sn [17], Mg [18], and Li [19] have been conducted.
In addition, ZnO with different morphologies, such as nanorods, nanoflowers, nanotubes, nanowires,
and nanofibers for DSSC photoelectrodes have been prepared and shown showed a significant
effect on the energy efficiency of DSSC [20]. Microspherical particles with nanocrystallites are
believed to have numerous favorable properties, including high specific surface area and effective
scattering properties. Therefore, the Li-ZnO microspherical structure is expected to provide a high dye
adsorption amount and light scattering properties to increase the energy conversion efficiency of DSSCs.
Even the nanomaterials can improve the performance of the DSSCs, however, it is well known that
many nanoparticles, such as TiO;, ZnO, SnO,, Ag, etc., can cause significant toxic effects in animal
tissues, cells or plant species [21-23]. Therefore, it is important to have a careful standard operating
proceedure for the preparation and recycling of DSSCs based on nano-structure materials.

In a previous study [24], we reported the deposition of a ZnO layer onto SnO, material, which
improved the cell conversion efficiency by more than two-fold. In this study, the SnO, nanocomposites
(SNCs), with various weight ratios of SnO, nanoparticles (SNPs) and SnO, nanoflowers (SNFs) were
prepared and coated on Li-doped ZnO (LZO) aggregated nanoparticles, which were used as insulating
layers on the top of SNC (SNC_Z). The recombination process in SNC and SNC_Z photoanodes were
investigated in detail by using open circuit voltage decay (OCVD) and dark current and electrochemical
impedance spectroscopy (EIS) methods.

2. Results and Discussion

The scanning electron microscope (SEM) top and cross-sectional views of the SNC photoanodes
with various weight percentages of SNPs and SNFs are shown in Figure 1. SEM micrographs show that
the SNFs with a 1.4-1.9 um diameter uniformly mixed with the SNPs and the average thickness of the
SNC samples was approximately 3.2 um. The cross-sectional view is shown in Figure 1f; an SNP layer
with a thickness of 1.4 um on the top of a fluorine-doped SnO, (FTO) substrate was an interconnector
between the FTO and SNF nanostructures. Figure 1c,d shows the top and cross-sectional views;
the SNFs were clearly observed as the weight ratio of SNFs was increased to exceed that of SNPs.
The inset high-magnification micrographs in Figure 1c,d show that the SNPs were firmly attached to
the SNFs and well interconnected to SNFs and the substrate. Figure 2 shows the SEM micrographs of
the LZO nanoparticles on the top of the SNC photoanodes. The SEM micrographs revealed that the
size of the uniform LZO spheres ranged from 750 nm to 1.25 um. The high surface area of these LZO
particles were due to their rough surface and were expected to improve the light scattering properties
and increase the dye absorption of the photoanodes.
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Figure 1. Scanning electron microscope (SEM) micrographs of (a) SnO, nanocomposite (SNC) (1:1);
() SNC (1:0.5); and (e) SNC (0.5:1) top views; and (b), (d), and (f) cross-sectional views. The inset
micrographs are corresponding high magnification views.

Figure 2. SEM micrographs of (a) SNC_Z (1:1) and (¢) SNC_Z (1:0.5) top views; (b) SNC_Z (1:1)
and (d) SNC_Z (1:0.5) cross-sectional views; (e) and (f) are the cross-sectional views of the SNC_Z
(0.5:1) photoanodes.
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Figure 3 shows the X-ray diffractometer (XRD) patterns of SNF, SNC (1:1), and SNC_Z (1:1)
photoanodes annealed at 450 °C for 2 h. All the diffraction peaks of SNF and SNC (1:1) were perfectly
indexed as the tetragonal rutile SnO, structure (JCPDS No. 41-1445). In the case of SNC_Z (1:1),
the diffraction peaks were related to ZnO (JCPDS No. 36-1451) and SnO, (JCPDS No. 41-1445).
No second phases were detected in the SNC_Z (1:1) sample, indicating that there was no chemical
reaction between ZnO and SnO, at 450 °C.
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Figure 3. X-ray diffractometer (XRD) patterns of (a) SnO, nanoparticle (SNP); (b) SnO, nanoflower
(SNEF); and (c) SNC_Z (1:1) samples.

Figure 4 and Table 1 show the J-V, photo-to-current conversion efficiency (IPCE) curves, and the
characteristics of the DSSCs based on SNC photoanodes with and without the LZO layer. Among
SNC (1:0.5), SNC (1:1), and SNC (0.5:1) photoanodes, the SNC (1:1) photoanode showed a higher
Voo, fill factor (FF), IPCE, and energy conversion efficiency (1) than the SNC (1:0.5) and SNC (0.5:1)
photoanodes. However, without the LZO layer (only SNC), the Js¢, Voc, FF, IPCE, and 1 were lower than
those of the DSSCs based on the SNC_Z photoanodes (with LZO). Comparing with the performance of
the DSSCs based on the SNC (1:1) photoanode, the [s. and V. of the DSSCs-based on the SNC_Z (1:1)
photoanode increased from 2.21 mA/cm? to 4.73 mA/cm?, and from 549 mV to 630 mV, respectively.
The apparent increased V. of DSSCs based on the SNC_Z photoanodes indicated that the electron
recombination rate was low because of the LZO layer coated on the top of the SNC photoanodes. The
open circuit potential of DSSC is directly related to the concentration of electrons in the conduction
band. This concentration is mainly limited by the recombination of conduction band electrons with
I ions in the electrolyte and oxidized dye molecules. The recombination of the conduction band
electrons with oxidized dye molecules was negligible; therefore, this process was significantly slower
than the regeneration of the sensitizer by I; [25]. Significant improvement of the FF and IPCE from
57.38% to 69.33%, and from 57.3% to 78.5%, respectively, caused the 1 of the SNC photoanode coated
with the LZO layer DSSCs increased from 0.7% to 2.06% (approximately three times), which is higher
than that of the DSSCs based on the SnO, photoanode [26].
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Figure 4. (a) I-V characteristic curves; and (b) photo-to-current conversion efficiency (IPCE) curves of
the dye-sensitized solar cells (DSSCs) based on different photoanodes.
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Table 1. Photoelectrochemical performance of the DSSCs based on different photoanodes.

Sample Jsc (mA/cm?) Voc (mV) FF (%) IPCE (%) 1 (%)
SNC (1:1) 2.21 549.93 57.38 57.3 0.70
SNC (1:0.5) 291 395.13 45.92 444 0.65
SNC (0.5:1) 2.72 400.07 45.00 33.0 0.49
SNC_Z (1:1) 4.73 630.15 69.33 78.5 2.06
SNC_Z (1:0.5) 3.57 670.16 68.56 80.6 2.02
SNC_Z (0.5:1) 3.49 615.08 63.21 63.9 1.36

The electron leakages in DSSCs were mainly caused by a back-electron transfer process; for
instance, the electrochemical reduction of I at the FTO surface [27]. The conversion efficiency of
the DSSCs could be increased by restraining the back-electron transfer process. Dark current can
explain this electrochemical behavior regarding the back-charge transfer process in the DSSCs. The
dark current obtained by sweeping the potential bias from 0 V to 1.0 V for different DSSCs are shown
in Figure 5. Under the dark condition, the current originated from the reduction of I at the surface of
the FTO substrate [28]. In addition, the onset potential of the DSSCs based on the SNC_Z photoanodes
is lower than that of the DSSCs based on SNC photoanodes. The onset potential of the DSSCs based
on the SNC_Z (0.5:1) photoanode is 610 mV, whereas that of the DSSCs based on the SNC (0.5:1)
photoanode is 380 mV. The reduction current of the DSSCs based on SNC_Z photoanodes decreased
significantly compare with that of the DSSCs based on SNC photoanodes because the potential
is > 500 mV. This indicated that the different band gap between ZnO and SnO, reduced the reaction
sites for the charge recombination of the electrons originating from the FTO substrate and I; ions in
the electrolyte [29]. The onset potential of the DSSCs based on the SNC_Z (1:0.5) photoanode increased
from 350 mV to 600 mV, compare to the DSSCs based on the SNC (1:0.5) photoanode. The increase
in the onset potential indicated a lower recombination in the SNC_Z photoanode than in the SNC
photoanodes. The increase in the V. of DSSCs based on the SNC_Z photoanodes caused by the LZO
insulating layer sufficiently decreased the interfacial electron recombination phenomenon. The higher
electron concentration in the conduction band and the reduction of the recombination rate improved
the photo-electrochemical performance of the DSSCs.
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Figure 5. Dark current characteristics of the DSSCs based on different photoanodes.

The increase in V. is always related to a negative shift in the conduction band or the suppression
of the charge recombination [30]. The increase in the dark current caused by the I ions generated
electrons from the semiconductor and reduce to iodine. The conduction band position of SnO, is lower
than that of ZnO [31], causing the dye molecules, which were absorbed on in ZnO, to inject the electron
into the conduction band of LZO, and the electron then passed through the interlinked SnO, particles.
The energy of the LZO-SnO, heterojunction is schematically shown in Figure 6. This photoanode
microstructure design is useful for separating the negative and positive charges and reducing the
injected electron recombination between the photoanode material with the redox I; /I and the oxide
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dye. The concept of using SnO, nanoflowers and nanoparticles was to improve the interconnection
between each layers and implement it into a DSSC. Better interconnection can improve the device
stability and faster charge transfer [22]. The recombination process in a DSSC was suppressed using
this new structure and we were able to minimize that process and improve the device performance
three-fold compared to a simple SnO, photoanode.
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Figure 6. Schematic diagram of electron transfer mechanism for the SnO,/ZnO nanocomposite
photoanode.

OCVD measurements have been widely used to obtain the electron lifetime (te) of DSSCs; these
measurements contains useful information on the rate constants of the electron transfer process [32].
The OCVD technique was used to monitor the subsequent decay of photovoltage after turning off
the illumination. Figure 7a shows the voltage decay curves of the DSSCs based on SNC and SNC_Z
photoanodes and the calculated 7. using Equation (1) [33,34]:
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Figure 7. (a) Open circuit voltage decay; and (b) electron lifetime of the DSSCs based on
different photoanodes.

The response time in the low-voltage region depends on the surface trap density in the
photoanode [35]. The OCVD results show that the response time in the DSSCs based on the SNC_Z
(1:0.5) photoanode is higher than that in the DSSCs based on the SNC photoanode in the low V.
region, indicating that the SNC_Z (1:0.5) photoanode has a higher surface trap density than that
without the LZO layer. Figure 7b shows the electron lifetimes as a function of voltage; the electron
lifetime in the SNC_Z photoanode is longer than that in the SNC photoanode. The longer electron
lifetime in the SNC photoanodes with the LZO layer indicated a lower charge recombination rate;
therefore, the SNC_Z photoanodes were expected to have a higher energy conversion efficiency [32].
This increase in the electron transfer efficiency is clearly caused by the optimized electron transfer
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pathways in the modified microstructure of the photoanodes. The expected electron transfer network
was successfully constructed and is shown in Figure 2. The inter-particle connection incorporated into
the LZO coating layer on the SNC surface and the FTO substrate. This photoanode microstructure
caused the electrons in the conduction band to move to the external circuit through the shortest
pathway. The shortest pathway for electron transfer reduced the probability of the electrons being
recaptured and considerably increased the transfer velocity of the photo-generated electrons from the
conduction band to the external circuit.

To further clarify the relationship between the photovoltaic performance of the SNC photoanodes
with and without the LZO insulating layer, EIS was used to evaluate the charge transport and collection
in the photoanode. The conversion performance of the DSSCs can be improved by increasing the dye
adsorption amount and electron transport based on the optimized morphology or thickness of the
photoanodes [35,36]. However, Guerin et al. [37] reported that reduction of the electron lifetime in a
photoanode is a crucial factor for obtaining high efficiency in DSSCs. Therefore, we studied the charge
transport and collection in detail to explain the increase in the energy conversion efficiency of DSSCs.
EIS spectra and photovoltage-current transient measurements are shown in Figure 8 and summarized
in Table 2.
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Figure 8. (a) Impedance spectra; and (b) bode phase plots of the DSSCs based on different photoanodes.

Table 2. Equivalent circuit parameters, electron lifetime (t.), effective diffusion coefficient (Deg), and
effective diffusion length (L) of the DSSCs based on different photoanodes.

Sample Rs (QY) Rqp (Q)) Te (ms) D (cm?.S71) Le (cm)
SNC (1:1) 12.75 151.1 10.04 1.95 x 10~ 0.447
SNC (1:0.5) 12.35 131.9 12.65 1.38 x 107 0.422
SNC (0.5:1) 12.72 153.6 12.65 1.56 x 107 0.499
SNC_Z (1:1) 9.02 69.33 3.99 4.90 x 107> 0.559
SNC_Z (1:0.5) 9.16 69.33 6.33 3.04 x 107° 0.555
SNC_Z (0.5:1) 9.16 67.38 7.97 2.35 x 107° 0.547

The charge transport resistances, Ry, for SNC_Z (1:1) and SNC photoanodes were 69.33 (2 and
151.1 ), respectively, and the Ry of the SNC_Z (1:1) photoanode decreased from 12.75 () to 9.02 () as
the LZO layer was coated on the top of the SNC photoanode. The EIS result demonstrated that the
electron density increased in the conduction band of the SNC_Z photoanode and reduced the inter
nanostructure resistance after introducing the LZO as the insulating layer. The electron lifetime (te) in
the photoanode is inversely proportional to the frequency of the maximum phase at the w; component
(wmax), as shown in Equation (2) [38]:

Te = 1/wWmax = 1/Keg )
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where K. is first-order reaction rate that constant for electrons being lost.

The energy conversion efficiency of the SNC_Z photoanode was higher than of the SNC
photoanode because the electron lifetime of the SNC_Z was higher than that of the SNC photoanode
with the LZO layer coated on the top of the SNC photoanodes, causing a low recombination reaction.
However, the injected electron density of the SNC_Z photoanodes was higher than that of the SNC
photoanode, and the LZO layer acted as an energy barriers, thus preventing prevent the electrons
from returning from the surface of LZO and suppressing the recombination. The effective diffusion
coefficient (Do) of an electron is another crucial factor that affects the efficiency of the DSSCs according
to Equation (3) [39] (Table 2).

Deft = <I;{Sh> X L? X Kegf ®)

S

The SNC_Z photoanodes had a higher effective diffusion coefficient than the SNC photoanodes
because the LZO layer affected the electron transport pathway. To explain the high current density in
the SNC_Z photoanodes, the effective diffusion length (L.) was calculated using Equation (4):

Le=LnxL @)

where the value of the electron diffusion length (L) reflects the competition between charge collection

and recombination.
Ln = v/Degt X Te ®)

A long electron diffusion length confirms the quantitative collection of photo-generated charge
carriers [40]. The SNC_Z (1:1) photoanode with a high L. value of 0.559 exhibited the highest Js. value
of 473 mA /cm?.

3. Materials and Methods

In this experiment, SNFs were prepared using a hydrothermal method. Details of the preparation
of SNFs are provided elsewhere [41]. 0.188 M NaySnO3-3H,0 (A18611, Alfa Aesar, Heysham, UK) and
0.35 M NaOH (A18395, Alfa Aesar) were mixed in a 40 mL aqueous solution at room temperature;
40 mL of absolute ethanol was then added drop-wise and the solution was stirred for 30 min.
This solution was transferred to a stainless steel autoclave and then placed in a furnace at 200 °C
for 48 h. It was then cooled down to room temperature. A precipitate was formed. The precipitate
was centrifuged at 6000 rpm for 5 min, washed twice with deionized water and ethanol, and dried
at 105 °C overnight.

LZO seed was prepared through a hydrolysis condensation reaction [42]. In brief, 0.01 M
lithium acetate monohydrate (LiAc'2H,0, 213195, Sigma-Aldrich, St. Louis, MO, USA) was used to
dope 0.1 M zinc acetate dihydrate (Zn(CH3COO),-2H,0 4296, ]J.T.Baker, Phillipsburg, NJ, USA),
which was then added to 250 mL of diethylene glycol. The solution was heated at 160 °C for 2 h
and cooled to room temperature. A colloidal suspension was formed. The colloid was concentrated
by a sequential treatment of centrifugation (6000 rpm for 5 min). The precipitate (ZnO aggregates)
was finally dispersed in absolute ethanol and ultrasonicated for 20 min to obtain the final colloidal
suspension solution.

SNC photoanodes were prepared by mixing SNF and commercially available SNPs (44606, Alfa
Aesar) at various weight ratios of 1:1, 1:0.5 and 0.5:1 in absolute ethanol. In this study, SNC photoanodes
with 1:1, 1:0.5 and 0.5:1 weight percentages of SNFs and SNPs were referred to as SNC (1:1), SNC
(1:0.5), and SNC (0.5:1), respectively. SNC and LZO films were prepared by using a spin-coating
technique, followed by annealing at high temperature. First, wet SNC films were coated on FTO and
heated at 350 °C for 1 h. Then LZO insulating layer films were deposited on the top of the SNC films
and annealed at 450 °C for 2 h. The SNC samples coated with the LZO insulating layer are referred to
as SNC_Z (1:1), SNC_Z (1:0.5), and SNC_Z (0.5:1), respectively.
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Next, 0.5 mM ethanolic solution of the ruthenium complex cis-bis(2,2-bipyridyl-4,
4-dicarboxylato)-ruthenium(Il)-bis-tetrabutylammonium  (commercially known as N719
dye(CssHgsNgOgRuS;) (Esolar D719, Everlight, Taoyuan, Taiwan) was heated at 50 °C for 1 h
in an ultrasonicator. Photoanode samples were heated at 100 °C for 1 h and then immersed in the
N719 dye in the dark for 30 min. After 30-min dye adsorption, the sensitized films were rinsed with
acetonitrile to remove excess dye from the surface, and the films were dried at 70 °C for 30 min. The
sensitized photoanode was incorporated into a typical cell; a Pt counter-electrode was placed over the
dye-sensitized photoanode, and the photoelectrochemical properties of the DSSC were measured.
An Eversolar E5A electrolyte (Everlight) was injected into the space between the photoanode and
counter-electrode.

The photocurrent-voltage characteristics were measured under one sunlight illumination
irradiated by AM 1.5 G solar simulator (YSS-50A, Yamashita Denso, Tokyo, Japan). The active area
of the resultant cell exposed to light was 0.25 cm?. A photovoltaic analyzer (5500, Jiehan, Taichung,
Taiwan) was used to control the output voltage of the DSSCs and record the current density. Maximum
voltage obtained for a DSSC under one sun light illumination is the open circuit voltage, Vo, and the
short-circuit current, /s, is the current passing through the solar cell when the voltage across the solar
cell is zero (i.e., when the solar cell is short circuited). A dual-channel optical meter (Model 96000,
Newport, CA, USA) was used to measure the IPCE. Dark current measurements were performed
by turning off the solar simulator light with a potential difference of 1.0 V. OCVD experiments were
conducted by monitoring the subsequent decay of V. after stopping the illumination on DSSC under
open circuit conditions.

The morphology was analyzed using a SEM (JSM-6701F, JEOL, Tokyo, Japan). A XRD (D-MAX,
Rigaku, Tokyo, Japan) with Cu K« radiation (A = 0.15406 nm) at a low scan rate of 1° min~! was
used to analyze the structure of the samples. EIS measurements were performed using frequency
response analyzer (1255B, Solartron, Leicester, UK) and potentiostat (1287A, Solartron) at a frequency
ranging from 0.1 Hz to 100 KHz with an alternating current (AC) amplitude of 10 mV under one sun
light illumination.

4. Conclusions

In summary, we successfully prepared a LZO insulating layer on the top of SNC photoanodes
with different weight ratios of SNPs and SNFs. The conversion efficiency of DSSCs based on this
novel photoanode microstructure was clearly increased. The SNPs increased the interconnection
between SNFs and the FTO substrate. The DSSC based on the SNC_Z (1:1) photoanode exhibited a
high efficiency () of 2.07%, which was considerably higher than that of the DSSCs based on the SNC
(1:1) photoanode (0.7%). The performance of the DSSCs depended on the ratio of SNPs and SNFs
and the LZO layer coating. The LZO layer coated on the top of the SNC photoanodes successfully
suppressed the recombination in the photoanode and this was proven by the dark current, OCVD, and
AC impedance measurements.
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