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Abstract

In order to enhance the power conversation efficiency of dye
sensitized solar cells (DSSCs), various trials have been report-
ed. In this work, composites of n-type semiconductors, ZnO
and ZrS, were fabricated in DSSCs. In addition, the effect of
addition of carbon dots on them was assessed. When 10 wt% of
ZrS, was mixed with ZnO, the power conversion efficiency
achieved 1.6 times of that of ZnO but the coexistence of carbon
dots and ZrS, in ZnO DSSC resulted the decrease of the power
conversion efficiency. ZrS, forms an n-n heterojunction with
ZnO and contributes to the fast transfer of electrons to the
conductive electrode substrate. Meanwhile, when carbon dots
are added to ZnO/ZrS,(10 wt%) DSSC, the electrons generated
and transferred to ZrS; should recombine with holes generated
and transferred to photosensitizer. These situations are com-
pared with a composite system of ZnO/carbon dots previously
reported and suggest us the selection of preferable combina-
tions of composite DSSCs.

Keywords: Carbon dot | ZnO/ZrS, dye sensitized solar cell |
Power conversion efficiency

1. Introduction

A solar cell is an electrical device that directly transforms
light energy into electrical energy by the photovoltaic effect.!
Dye-sensitized solar cells (DSSCs) can be manufactured at low
cost towards the assemblage of thin film solar cells.! The
photovoltaic cells are required to provide two fundamental
essences; the photogeneration of charge carriers (electrons and
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holes) in a semiconductor by photosensitizing the charge
carriers and transferring them to electric current through con-
ductive contact. Among several semiconductors,? metal-oxides
like TiO, and ZnO have been widely used for DSSCs because
of their appropriate band gap and high stability against photo
corrosion. ZnO nanoparticles (NPs) exhibit a few discrete
advantages over TiO, such as the adequate direct bulk band gap
of ZnO (3.37 eV compared to 3.2 eV of TiO,), simple tailoring
of structure, ease of crystallization, and high electron mobility
(200 cm?v~'s™! compared to 30 cm?v~'s™! of TiO,).* Thus, in
order to enhance the power conversation efficiency (PCE) of
ZnO DSSCs, several systems have been set up.*”’

Doping is a very beneficial way to advance the charge
separation in the semiconductor system, and various dopants
such as metal oxides or transition metal dichalcogenides could
improve the PCE of ZnO DSSC.>%? Furthermore, the combi-
nation of two semiconductors with dissimilar band gap values
has been demonstrated as one of the supremely effective ways
to enhance the photocatalytic and PCE. Some of the photo-
anode DSSCs based on composites of ZnO with metal oxides
like ZnO/Sn0O,, ZnO/CuO, ZnO/NiO, and ZnO/TiO, have
been reported.!%13

The group-IV transition metal disulfides (MS,; M = Ti, Zr,
Hf) are known to be n-type semiconductors, and their band gap
varies from 0.2-1.5eV, 1.68-1.78¢V and 1.96-2.85¢eV for
TiS,, ZrS, and HfS,, respectively.14 Especially, ZrS, has nar-
rower band gap energy, which plays a great role for decreasing
band gap energy of ZnO in order to increase the PCE of its
DSSCs. Both ZnO and ZrS, are n-type semiconductors, in
which the majority of charge carriers are electrons and their
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Fermi level energy is close to the conduction band. As a result,
they may have higher conductivity due to the mobility of
electrons higher than that of holes.

On the other hand, carbon dots (Cdots) are nanosized (less
than 5nm) carbon materials, which are extremely economical,
hydrophilic, easily synthesized and inherently conductive.'®
Especially, the photophysical properties of Cdots may open up
new opportunities for designing light harvesting systems.
Therefore, Cdots are sustainable alternatives to conventional
materials for fabricating competitive photovoltaic devices.'®!”
The performance of Cdots has been reported for ZnO electrode-
based DSSCs.!” That is, the photo-energy adsorbed by Cdots
causes HOMO-LUMO separation, the ZnO gains excess elec-
trons, and the excess electrons encourage the electron-hole
separation of ZnO for further raising the electric current.

Intensive research has focused on the modification of work-
ing electrodes with high surface area, fast electron transport
pathways, less recombination and so on to remarkably improve
the PCE of DSSCs. Our first motivation in this study is to
reduce the recombination by combining ZnO with n-type ZrS,
semiconductor, since ZrS; could form an n-n junction (ZnO/
ZrS;) with ZnO. Secondly, the influence of Cdots on ZnO/ZrS,
electrodes has been demonstrated in this work. Cdots can
improve the performance of ZnO-based photovoltaic electro-
chemistry along with their adsorption on ZnO, where Cdots
were used as an electron acceptor/donor, a conducting medium
for electron transfer, or a heterojunction forming charge dis-
sociation sites, allowing them to function as charge carrier.!”
Since the conduction band level of ZnO and ZrS, NPs is lower
than the LUMO level of Cdots,!” 20 the efficient electron
transfer from Cdots to both ZnO and ZrS, occurs and then the
photocurrent generation may be expected.

Thus, in this study, composite electrodes being comprised of
Zn0O/ZrS, and ZnO/ZrS,/Cdots sensitized with N719 were
applied to construct DSSCs for better confirming the effect of
ZrS, and the influence of added Cdots on the performance of
ZnO-based DSSCs. In this paper, ZnO NPs with smaller size,
which were synthesized by the polyol method, was utilized,
because they have more effective photovoltaic effect than those
with larger size.!” Finally, the difference of electron/hole trans-
fer mechanisms in the ZnO/ZrS, and ZnO/ZrS,;/Cdots DSSCs
are discussed in comparison with the ZnO/Cdots DSSC.

2. Experimental Section

Materials and Methods. Zinc nitrate hexahydrate
(Zn(NO3),-6H,0, 98%), zirconium(IV) chloride (ZrCly,
99.99%), ethylene glycol ((CH,OH),, 99+ %), ethylenediamine
(99%), isopropanol (99.5%), sodium sulfide (Na,S, 99%) and
citric acid anhydrous (99%) were purchased from Acros
Organics (USA). N719 was purchased from SORALONIX
(Germany) and stored in a dark environment. Indium-tin oxide
(ITO) glass was purchased from Aim Core Technology
(Taiwan). Other reagents were of analytical grade, and all
reagents were used as received.

Characterization was performed using an ultraviolet (UV)-
visible absorption spectrophotometer (JASCO, V-670, Japan), a
transmission electron microscope (TEM, JEOL, ISM-200FX 1I,
Japan, 120kV), a field emission scanning electron microscope
(FE-SEM) equipped with energy dispersion X-ray (EDX)
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analyser (JEOL, JSM-6500F, Japan), an X-ray diffractometer
(Bruker, D, Phaser, USA), and a Brunauer—-Emmett-Teller
(BET) analyzer (BELSORB, Max, Japan).

Synthesis of ZnO/ZrS, Composites. ZnO NPs were pre-
pared using the polyol solvent synthesis method, as previously
reported.?! Zinc nitrate hexahydrate (7.45 g) and NaOH (2.0 g)
were separately dissolved in ethylene glycol (25 ml), sonicated
for 20 min and stirred for 30 min at 80°C. Then the NaOH
solution was added to the zinc nitrate solution and stirred for
1 h at 80 °C. The white suspension was centrifuged at 6000 rpm
for 10 min to separate the precipitates from the supernatant. The
precipitates were washed twice with water, once with ethanol
and lastly with water and air-dried overnight to obtain ZnO
NPs.

The synthesis of ZrS, NPs was carried out by modifying the
previous procedure.’> ZrCly (0.2M) and Na,S (0.4 M) were
separately dissolved in water (25 ml), sonicated and stirred for
40 min at 80 °C. Then the Na, S solution was added to the ZrCly
solution and stirred for 2h at 80°C. The precipitates formed
were purified and dried to obtain ZrS, NPs using the same
procedure as the purification of ZnO NPs.

The ZnO (95wt%) and ZrS, (5wt%) were dispersed in
water, sonicated for 20 min, and stirred for 2 h at room temper-
ature. The precipitates (ZnO/ZrS,(5 wt%)) were purified and
dried using the same procedure as those for ZrS, NPs. The
composites of ZnO with different amounts (i.e; 10, 15, 20, 33.4
wt%) of ZrS, were prepared with the same procedure.

Synthesis of ZnO/ZrS,/Cdots Composites. Cdots were
prepared according to the bottom-up hydrothermal method.!*?!
In brief, citric acid (1.00 g) and ethylenediamine (0.30 ml) were
dissolved in water (60 ml). Then, the solution was heated for
5h at 230°C in a poly(tetrafluoroethylene) (Teflon)-lined auto-
clave. The product (citric acid: ethylenediamine (CA:EDA) =
1:1 mole ratio) was dark brown and transparent. The products
at CA:EDA = 1:1.5 and 1:2 mole ratios were similarly pre-
pared by changing the amount of ethylenediamine to 0.45 and
0.60ml, respectively. The size (2.5 £ 1.5nm) of Cdots was
determined from a transmission electron microscopic image.

The ZnO/ZrS,(10 wt%) and Cdots (1:1 mole ratio, 2 wt%)
were dispersed in water, sonicated for 30 min, and stirred for
2 h at room temperature. The precipitates (ZnO/ZrS,(10 wt%)/
Cdots(1:1,2 wt%) were purified and dried using the same pro-
cedure as that for ZrS,. Similarly, composites with fixed ZnO/
ZrSy(10 wt%) and different mole ratios and weight contents of
Cdots were prepared.

Solar Cell Fabrication. ITO glasses (2cm x 2 cm, sheet
resistance = 11-13 Qcm™2) were sequentially cleaned with
water, isopropanol, ethanol and acetone in an ultrasonic bath
for 20 min and exposed to UV-ozone for 10 min. ZnO NP pow-
der (200 mg) was dispersed in isopropanol (1 ml), stirred for 2 h
at room temperature, and spin-coated on the 1 cm x 1cm area
of ITO substrate at 500 rpm for 10s and 2000 rpm for 30s,
followed by annealing for 40 min at 400 °C. The dried ZnO/
ITO electrode was immersed overnight in a freshly provided
ethanol solution (5ml) of N719 (0.5 mM) and the excess dye
was rinsed with water and ethanol followed by drying at room
temperature. ZnO/ZrS,/N719/ITO and ZnO/ZrS,/Cdots/
N719/ITO substrates were similarly prepared. The counter
electrode was prepared by the thin film deposition of Pt (9 nm

© 2020 The Chemical Society of Japan


https://dx.doi.org/10.1246/bcsj.20200001
Asus
Highlight


thickness) onto the ITO glass substrate for 90s at 20 mA
sputtering current.

To construct the solar cells, the ZnO/dye/ITO or composite/
dye/ITO photoelectrode (anode) and the Pt-coated ITO counter
electrode (cathode) were assembled with the insertion of a
50 um thick separator film using a binder clip. The gap between
the electrodes was filled with an organic electrolyte solution
containing KI (0.3 M) and I, (0.05 M) dissolved in acetonitrile
(10 ml). Photocurrent density-voltage (J-V) performance was
measured using a ZHNAER CIMPS-X Photo-Electrochemical
Workstation (Germany) together with the THALES software
package (ZHNAER, XPot, 26356, Germany) with a light emit-
ting diode (LED) light source (blue light), at the light intensity
of 100 W/m?. The PCE of solar cells was calculated based on

eq (1):

sc oc FF
pCE = Jsc ¥ Vo x IF

% 100% (D

where V., Js, FF, and E are the open circuit voltage, the short
circuit current density, the fill factor and the incident radiation
flux (the source of stimulated light at 100 W/m?), respectively.

3. Results

Characterization of Composites. The composites of ZnO
NPs and ZrS, NPs were synthesized and characterized. UV-
visible absorption spectra of composites of ZnO NPs with
different amounts of ZrS, NPs (Figure 1A) indicated that the
ZrS;-loading on ZnO varied the absorbance of ZnO in UV-vis
region, demonstrating the increased UV-shielding effect.* That
is, different amounts of ZrS, on ZnO caused a small shift in the
absorption edge.>?*? These absorption edges were from 383 to
387, 397, 393, 390 and 384 nm for 0, 5, 10, 15, 20 and 33.4
wt% of ZrS,, respectively.

Absorbance

T T — T
300 350 400 450 500
Wavelength (nm)
4
B
F—a—————*

Band gap energy (eV)
N

0 5 10 15 20 25 30 35
7S5 (wi%)

Figure 1. (A) UV-visible absorption spectra for aqueous
solutions of ZnO/ZrS, (100 mg/1) with different amounts
of ZrS; NPs using 2 mm cuvette (cell) thickness, and (B)
band gap energy of composites as a function of amount of
ZrS, NPs.
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The band gap energy can be calculated from the wavelength
A of absorption edge by using Plank’s radiation law E = hc/A,
where E is the energy, h is Plank’s constant and c is the
speed of light. Thus, the band gap energies were found to be
3.24, 3.20, 3.12, 3.15, 3.18 and 3.22¢V for 0, 5, 10, 15, 20
and 33.4 wt% of ZrS,, respectively. Figure 1B plots the calcu-
lated band gap energies. The lowest band gap energy was found
at 10wt% of ZrS, which corresponds to the highest absorp-
tion edge. These results depict the interaction like van der
Waals attraction between ZnO and ZrS, towards the reduction
of band gap energy of ZnO. This result is comparable to the
report that the absorption bands of Zr**-doped metal oxides
have been reported to be shifted towards longer wavelength
compared to pristine metal oxides.?> The minimization of the
band gap at 10 wt% ZrS, may happen from the competition of
the band gap increase by the Burstein-Moss effect,”*?* which is
superior at the high ZrS, content, against the band gap decrease
by the addition of ZrS, absorption edge?® at the low ZrS,
content.

The morphology of ZnO and ZnO/ZrS;(10 wt%) NPs was
observed from TEM, as presented in Figure 2A.321:2227
Figure 2B shows the size distributions obtained by sampling
particles in TEM images. Both images of ZnO and ZnO/
ZrS;(10 wt%) NPs mainly consisted of spherically shaped NPs
having an average particle sizes of 19.3 +3.5 and 20.4 +4.0
nm. Due to the lower content (10 wt%) of ZrS,, the structure of
the ZrS, was not distinguished in the TEM image of ZnO/
ZrS>(10 wt%) NPs.

FE-SEM images also displayed similar morphology for
both ZnO and ZnO/ZrS,(10 wt%) NPs (Figure 2C). However,
EDX of ZnO/ZrS, (Figure 2D) displayed Zr element as well as
Zn element and the contents of Zn and Zr were 68.99 and
11.58 wt%, respectively. These numerical values are consistent
with the 10wt% ZrS, content added in preparation of ZnO/
ZrS, NPs. Elemental mapping images of ZnO/ZrS,(10 wt%)
(Figure 2E) indicate that the intensities of Zn and O were
stronger than those of Zr and S, as estimated. Thus, the EDX
data and elemental mapping images confirmed the successful
synthesis of the ZnO/ZrS, composite.

The XRD patterns of the pristine ZnO, ZrS, and a composite
of ZnO with ZrS,(10 wt%) are shown in Figure 3. The very
sharp diffraction peaks of ZnO NPs suggest its highly crys-
talline nature. The strong diffraction peaks of ZnO appeared at
32.2°, 34.9°, and 36.7°, which correspond to (100), (002) and
(101) planes, respectively, of the hexagonal wurtzite structure
of ZnO (JCPDS 89-0511), and the preferred orientation corre-
sponding to the plane (101) is shown as the most dominating
peak.»?227-2% On the other hand, ZrS, displayed the peaks at
30.2°, 50.5°, 60.3° and 62.9° corresponding to (002), (110),
(112) and (004) planes, respectively, of the hexagonal crystal
structure of ZrS, (JCPDS 03-1099).3

However, aside from the Bragg peaks of ZrS,, it should be
noted that the diffraction pattern of ZnO/ZrS,(10 wt%) dis-
played no difference from that of ZnO. This reveals that there
was no observation of Bragg peaks for ZrS, in the ZnO/
ZrSy(10 wt%) NPs, and ZnO in ZnO/ZrS,(10 wt%) also main-
tains a hexagonal wurtzite structure. This may be due to the low
concentration (10 wt%) of ZrS; on ZnO and less intense Bragg
peaks of ZrS, as compared to those of ZnO.
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(A) TEM images and (B) particle size distributions of ZnO and ZnO/ZrS,(10 wt%) NPs and (C) a FE-SEM image and

(D) EDX results and (E) elemental mapping images of ZnO/ZrS,(10 wt%) NPs.

The crystallite size (D) can be calculated by Debye-

Scherrer’s formula,?2?’
kA
p=_""_ 2
BcosH @

where £ is the particle shape factor (Scherrer constant) depend-
ing on the shape of the particles, A is the wavelength of the
incident CuKa radiation, B is the full width at half maximum of
the diffraction peak of the selected corresponsive plane, and 6
is the Bragg’s angle obtained from 26 value corresponding to
the same plane. Then the crystallite sizes of ZnO and ZnO/
ZrS;(10 wt%) NPs averaged the values from the Bragg peaks at
30-70 degree were calculated to be 14.3 and 15.7 nm, respec-
tively, which were approximately confirming the sizes obtained
from TEM analysis described above.

Nitrogen adsorption-desorption isotherms at 77 K were mea-
sured for ZnO and ZnO/ZrS,(10 wt%) NPs. The isotherms, the
pore size distribution curves and the BET parameters are shown
in Figure 4 and Table 1. The isotherms of both NPs belonged
to type IV, but the specific surface area increased about 23%,
whereas the average pore volume and diameter shrank by 35
and 20%, respectively, when ZrS, was added to ZnO, indi-
cating the influence of ZrS,-loading on ZnO. The increase of
the surface area after ZrS,-loading could be due to the addition
of surface area of ZrS, and the decreases of average pore
volume and diameter could be the reason that ZrS, infilled the
pores of ZnO NPs in ZnO/ZrS, NPs.
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Photovoltaic Performances of Composite Electrodes.
The J-V characteristics under blue LED light illumination for
ZnO DSSCs with different amounts of ZrS, NPs were mea-
sured to determine the electrical properties of DSSCs, namely,
open circuit voltage V., short circuit current density Jg, fill
factor FF, and PCE as shown in Figure 5a and Table 2. The
calculated values are plotted in Figure 6A. The voltage, the
current density and the fill factor did not clearly display sys-
tematic variation with the amount of ZrS, NPs. Nevertheless,
the PCE increased from 2.16 to 3.50% with increasing the
amount of ZrS, from 0 to 10 wt% and decreased to 2.51% with
the further weight increase of ZrS, to 33.4 wt%. Among all
different amounts of ZrS,, the maximum PCE at 10 wt% was
consistent with the lowest band gap energy as stated before
(Figure 1b, Table 2).

Cdots have excellent optical properties and high perform-
ance in photocatalysis and are expected to be a photosensitizer.
Thus, they have enhanced PCE of ZnO DSSCs.?! Figure 5b
shows J-V characteristics of the photoelectrode ZnO/ZrS,-
(10 wt%) added up to 15wt% of Cdots(1:1 mole ratio of
CA:EDA). The parameters calculated from J-V curves are
listed in Table 3 and plotted in Figure 6B. The open circuit
voltage and the fill factor did not reveal so much variation, but
the current density and the PCE varied: The current density
decreased gradually from 1.10 mA to 0.74 mA with increasing
up to 15wt% of Cdots(1:1). Since the current density plays a
great role for the enhancement of PCE on DSSCs, the PCE
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decreased from 3.50% to 2.26% by gain of 0 to 15wt% of
Cdots(1:1) in ZnO/ZrS,(10 wt%).

Similar influence of Cdots occurred even for the photo-
electrodes of ZnO/ZrS,;(10 wt%) adsorbed Cdots(1:1.5) (see
Figure Sc, Table 3, Figure 6B). While these electrodes showed
the gradual decrease of the fill factor, the open circuit voltage,
the short circuit current density and thus the PCE decreased
at the addition of only 2 wt% of Cdots(1:1.5) but almost con-
stant at higher content of Cdots(1:1.5). In consequence, the
PCE of these photoelectrodes decreased to less than half of
the PCE (3.50%) of ZnO/ZrS,(10 wt%). Moreover, the PCE
of the ZnO/ZrS,(10 wt%)/Cdots(1:2,10 wt%) photoelectrode
revealed the PCE of 1.26%, which is again less than half that
of ZnO/ZrS,(10 wt%) (compare in Figure 5d and Table 3).

Effect of Additives on Charge Transfer in ZnO-Based
DSSCs. To further verify the effect of ZrS, and Cdots on
charge transfer in ZnO-based DSSCs, the electrochemical
impedance spectroscopy (EIS) measurement was performed
under illuminating an applied bias of open circuit voltage with
an AC amplitude of 10mV and in a frequency range of 1 Hz—
10°Hz under dark conditions.>*=¢ The physical parameters of
internal resistance (Rg) and the charge-transfer resistance (R.)
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o™~
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o
(=]
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(b) ZnO/ZrS,(10 wt%)
=)
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=
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E
20 30 40 50 60 70 80
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Figure 3. XRD of (a) ZnO, (b) ZnO/ZrS,(10 wt%) and
(c) ZrS,.

are determined by fitting the EIS spectrum (Nyquist plot) to an
equivalent circuit model (as inset in Figure 7A). Figure 7A
shows the Nyquist plots obtained for ZnO, ZnO/ZrS,(10 wt%)
and ZnO/ZrS,(10 wt%)/Cdots(1:1,10 wt%) electrodes, and the
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Figure 4. Nitrogen adsorption/desorption isotherms at 77 K

for ZnO and ZnO/ZrS;(10 wt%). Inset is the pore size
distribution curves.
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Figure 5. J-V curves of (a) ZnO/ZrS, with different
amounts of ZrS;, and (b) ZnO/ZrS,(10 wt%)/Cdots(1:1),
(¢) ZnO/ZrSy(10 wt%)/Cdots(1:1.5), and (d) ZnO/ZrS,-
(10 wt%)/Cdots(1:2) with different contents of Cdots.

Table 1. Surface properties of ZnO and ZnO/ZrS,(10 wt%) NPs.

Nanoparticle

specific surface area

mean pore volume mean pore diameter

(m’g™") (em’g™") (nm)
Zn0 37.2 0.267 28.7
Zn0/ZrS>(10 wt%) 45.9 0.214 18.6
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Table 2. Parameters from J-V characteristics and band gap of ZnO with different amounts of ZrS,.

amount of ZrS; (Wt%) Vi, (V) Jye (mAcm™2)  FF PCE (%) E, (eV)
0 0.466 £ 0.003 0.947 £ 0.028 0.490 £+ 0.035 2.16 £0.11 3.24
5 0.488 £0.001  0.940 £0.015  0.562 £0.006 2.58+0.02 3.20
10 0.534 £+ 0.001 1.095 £ 0.006 0.599 £ 0.002 3.50 £0.02 3.12
15 0.505 £ 0.001 0.949 £+ 0.023 0.630 £ 0.001 3.03 £0.06 3.15
20 0.493 £0.024  1.220+0.006 0.469 £0.031 2814004 3.18
334 0.496 £ 0.004 0.830 £0.015 0.610 £0.002 2.51 +£0.07 3.22
(A) (B)
< 06 < 06 1
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Figure 6. Plots of parameters from J-V characteristics of (A) ZnO/ZrS, as a function of amount of ZrS, and (B) ZnO/
ZrS,(10 wt%)/Cdots(1:1) and ZnO/ZrS,(10 wt%)/Cdots(1:1.5) as a function of content of Cdots.

obtained numerical values are listed in Table 4 in comparison
with the value of PCE. The R of the five electrodes slightly
decreased with adding ZrS,, Cdots and EDA, but the R values
were lowest (17.7 ) for ZnO/ZrS,(10 wt%), indicating the
faster electron transfer in the ZnO/ZrS,(10 wt%) electrode in
concurrence with the tendency of higher PCE.

The electron lifetime, T,, in DSSCs is a barometer to assess
the recombination dynamics in the solar cell. The electron
lifetime in the electrode can be obtained from the middle
frequency (fmia = %24) peak in the Bode phase plot, using the
relation of;>*
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B Whid B 2JTfmid

If the peak of the middle frequency is shifted to lower fre-
quency, it indicates that longer electron lifetime appears and it
reduces the recombination rate giving higher PCE. The elec-
tron lifetimes evaluated from Figure 7B were 20.1, 50.8, 19.9,
19.6 and 19.0 ms, respectively, for ZnO, ZnO/ZrS,(10 wt%),
Zn0O/ZrS,(10 wt%)/Cdots(1:1,10 wt%), ZnO/ZrS,(10 wt%)/
Cdots(1:1.5,10 wt%) and ZnO/ZrS,(10 wt%)/Cdots(1:2,10
wt%) electrodes as listed in Table 4. Therefore, ZnO/ZrS,-

3

Te
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Table 3. Parameters from J-V characteristics of ZnO/ZrS,(10 wt%) DSSCs with different contents of Cdots
at 1:1, 1:1.5 or 1:2 CA:EDA mole ratio.

CA:EDA  Cdots (Wt%) Ve (V) Je (mAcm™2)  FF PCE (%)

1:1 0 0.534 £ 0.001 1.100 £0.006  0.599 £0.002  3.50 &£ 0.02
1:1 2 0.503£0.004  0.962+0.011  0.658+0016  3.1840.02
1:1 5 0.507£0.009  0.909 +0.038  0.647 £ 0.011 2.98 £0.13
1:1 10 0.505+£0.002  0.803+0.005  0.679+£0.007  2.75+0.02
1:1 15 0485+£0.001  0.736+0.005  0.631£0.003  2.26 £+ 0.02
1:15 2 0.4544£0.002  0.587+£0.009  0573+£0.010  1.53£0.02
1:1.5 5 0447 £0.001  0.594£0.002  0.548 + 0.003 1.46 £ 0.02
1:1.5 10 0455+£0.001  0.546+0.001  0.526+£0.007  1.30 £ 0.02
12 10 0456 £0.002 0493 £0.053  0.568£0.054  1.26 %+ 0.0l

Table 4. EIS parameters and power conversion efficiencies for different photoanodes.

Photoanode Series resistance  Charge transfer  Electron lifetime PCE
() resister (£2) (ms) (%)

ZnO 7.25 36.1 20.1 2.16

ZnO/ZrS,(10 wt%) 6.61 17.7 50.8 3.50

Zn0O/ZrS,(10 wt%)/Cdots(1:1, 10 wt%) 6.39 41.6 19.9 2.75

Zn0O/ZrS,(10 wt%)/Cdots(1:1.5, 10 wt%) 6.42 55.3 19.6 1.30

Zn0O/ZrS, (10 wt%)/Cdots(1:2,10 wt%) 6.02 55.6 19.0 1.26
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()
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Figure 7. (A) Nyquist and (B) bode phase plots of EIS of

(1) ZnO, (2) ZnO/ZrSx(10wt%), (3) ZnO/ZrSx(10 wt%)/
Cdots(1:1,10wt%) and (4) ZnO/ZrS,(10 wt%)/Cdots-
(1:2,10 wt%). The inset in (A) indicates the equivalent
circuit model of the cell.

(10 wt%) electrode has the longest electron lifetime, which
contributes to the highest PCE of DSSCs.

The photoluminescence spectra, which are another barometer
of the charge transfer from Cdots in ZnO-based DSSCs, were
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Figure 8. Photoluminescence excitation and emission spec-
tra of (a) Cdots(1:2) and (b) ZnO/ZrS,(10 wt%)/Cdots-
(1:2,10 wt%).

observed for ZnO, ZnO/ZrS;(10 wt%), Cdots(1:2) and ZnO/
ZrS,(10 wt%)/Cdots(1:2,10 wt%) as shown in Figure 8. ZnO
and ZnO/ZrS,(10wt%) did not display photoluminescence.
Whereas, Cdots(1:2) and ZnO/ZrS,(10 wt%)/Cdots(1:2,10
wt%) showed an intense blue emission at 441 and 442 nm,
respectively, at the excitation of 348 and 360nm. The 35%
decrease of photoluminescence intensity of Cdots after being
hybridized with ZnO/ZrS,(10 wt%) indicates that the energy or
charge transfer process partially occurred in the ZnO/ZrS,-
(10 wt%)/Cdots(1:2,10 wt%) electrode. This situation was dif-
ferent from the case of ZnO/Cdots, where almost perfect
quenching occurred.!”

4. Discussion

The composites of n-type semiconductors, ZnO and ZrS,,
were prepared by mixing their nanoparticles, and the ZnO/ZrS,
photoanodes were fabricated on ITO. The valence and conduc-
tion bands have been found to be —7.79eV and —4.08 eV for
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Scheme 1. Schematic representation of the electron-hole flow for (a) ZnO/ZrS,, (b) ZnO/Cdots, and (c) ZnO/ZrS,/Cdots of N917

DSSCs.

ZnO and —6.77¢V and —5.20eV for ZrS,, respectively.?%3’
Incidentally, the HOMO and the LUMO of N719 are —5.30eV
and —3.40eV, respectively.’® The electron transfers from the
higher energy level of the conduction band or LUMO to the
lower energy level of the conduction band or LUMO, whereas
the hole transfers inverse between the level of the valence band
and/or HOMO. Based on the band positions of components,
the schematic of the electron-hole flow is illustrated in
Scheme 1a for a ZnO/ZrS, DSSC.

In DSSCs, the photosensitizer dye is one of the crucial con-
stituents for achieving high PCE performance, and the photo-
current conversion begins from the absorption of light by dye
(N719) molecules. Once the light strikes the dye, the light-
absorbed dye excites electron from its HOMO (ground state) to
LUMO (excited state). Then the electron is injected into the
conduction band of ZnO. Afterwards it is transferred to the
conduction band of ZrS,. Hence, the diffused electrons on ITO
travel through the external circuit and eventually combine with
the electrolyte at the counter electrode. Finally, the redox
reaction (/~/I3) occurs in the electrolyte and it regenerates
exciton to recycle.’! ZrS, forms an n-n junction (ZnO/ZrS,)
and so can increase the fast electron transfer from ZnO to ITO.
Thus, the PCE of the composite electrode of ZnO and ZrS, was
enhanced by 62% (that is, increased from 2.16% of pristine
ZnO to 3.50% of ZnO/ZrS,(10 wt%)).

By the way, the photovoltaic process in the solar cells with
anode constructed of ZnO and Cdots (ZnO/Cdots DSSC)
should be partly different from the ZnO/ZrS, DSSC. Since the
HOMO and the LUMO of Cdots are —7.13eV and —3.52¢V,
respectively,’’ Cdots should be assigned between ZnO and
N719 based on their band positions, as illustrated in Scheme 1b.
Then, the flow of electrons between ZnO and Cdots is in the
opposite direction to that between ZnO and ZrS, as a result of
the differences of band gaps of Cdots and ZrS,. The charge
separation occurs in dye sensitizer by the absorbed visible light,
and the excited sensitizer transfers the electrons to the LUMO
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of Cdots and conduction band of ZnO. Separately, Cdots also
contribute to enhance the photovoltaic effect of ZnO by the
electron transfer to the conduction band level of ZnO by the
donation of the energy in Cdots excited by visible light, as
demonstrated from the quenching of photoluminescence inten-
sities.!” Hence, the PCE of ZnO increased after the addition
of Cdots.

Thus, following Scheme la, the PCE of the composites of
the ZnO with ZrS, was enhanced by the fast electron transfer
process to ITO due to the formation of n-n junction between
ZnO and ZrS,. Alternatively, in Scheme 1b, the PCE increased
due to the abundant photoenergy donation from Cdots. Then,
the energy donation from Cdots should be more effective than
the n-n junction effect of ZrS,, and thus the performance effects
(5.92%) of Cdots on PCE of ZnO DSSC!7 were superior to it
(3.50%) of ZrS,.

Nevertheless, it was clarified in the present work that the
coexistence of Cdots and ZrS, decreased the PCE performance
of ZnO-based DSSC. The anode, which is constructed of ZnO,
ZrS, and Cdots, is schematically depicted in Scheme 1c. Both
dye sensitizer and Cdots are absorbing visible light for induc-
ing the electron-hole separation, and then, the electrons are
excited to the LUMO of N719 and Cdots. Based on their band
positions, the electrons are transferred from the LUMO of
N719 to the LUMO of Cdots and conduction bands of ZnO and
ZrS,, sequentially. This electron flow may give rise to similar
enhancement of Scheme la and b. However, experimental
results show the decrease of PCE on DSSC in Scheme Ic.
Thus, we have to consider the hole transfer.

In Scheme 1a, the valence band of ZrS, and the HOMO of
N719 are positioned above the valence band of ZnO, and the
hole can transfer from the valence band of ZnO to both the
valence band of ZrS; and the HOMO of N719, but the majority
should be the transfer to ZrS, because the valence band of ZrS,
is lower than the HOMO of N719 and closer to the valence
band of ZnO. In Scheme 1b, since the HOMOs of Cdots and
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N719 are located above the valence band of ZnO, the holes
transfer from the valence band of ZnO to the HOMO of Cdots
and to HOMO of N719, sequentially, because the HOMO level
of Cdots is lower than the HOMO level of N719. In
Scheme 1c, the holes generated in the valence band of ZnO
preferably transfer to the HOMO of Cdots rather than to the
valence band of ZrS, and sequentially to the HOMO of N719,
because the HOMO of Cdots (—7.13eV) is a little closer to the
valence band of ZnO (—7.79 eV) than the valence band of ZrS,
(—6.77eV) and HOMO of N719 (—5.30¢eV). The closer band
level results in easier charge transfer. In addition, the photo-
generated holes in the HOMO of Cdots also flow to the HOMO
of N719. This phenomenon, namely, the abundance of holes in
N719 will allow the recombination with rich electrons at the
conduction band of ZrS,, because the conduction band (—5.20
eV) of ZrS; is close to the HOMO (—5.30eV) of N719. This
phenomenon was also demonstrated from EIS results. Thus, the
co-existence of Cdots and ZrS, in ZnO DSSC decreases the
PCE of DSSC consisting of these components.

The additives on the ZnO-based DSSC achieved the maxi-
mum PCE of 2.70% for In-Zn0O,* 1.34% for Al-ZnO,* 1.02%
for Sr-Zn0O.*! They may play a significant role in the optical
properties of ZnO NPs, because they have the ability to harvest
light, handle the faster charge separation, and enhance the
charge transport and in turn the PCE of ZnO-based DSSCs.
Since Zr plays a great role in changing the lattice constant of
ZnO like In, Al, and Sr, the doping of ZrS, into ZnO lattice
shifts the absorption edge to higher wavelength as shown in
Figure 1. This shift is probably due to the overlap of an impu-
rity absorption edge of the additive with it of ZnO and leads to
the decrease of the optical band gap. As a result of the decrease
of the optical band gap, the present work of ZnO/ZrS,(10 wt%)
achieved more efficiently the PCE of 3.50% as compared with
the PCE of the reported composites with In, Al, and Sr.

Concerning the effect of Cdots on DSSC, one report is the
addition of Cdots on ZnO DSSC as illustrated in Scheme 1b.
In this case, the PCE was intensified 7.4 times of that of ZnO
DSSC.!7 Although similar enhancement of the efficiency has
been reported even on TiO, DSSC, the increase of PCE by
adding Cdots was only 1.1-1.3 times.**#

5. Conclusions

In the photovoltaic process in the n-type DSSC with anode
constructed from ZnO NPs, the dye sensitizer is excited by the
absorbed visible light, and the excited sensitizer induces the
electron-hole separation in ZnO. When an n-type semiconduc-
tor additive like ZrS, is added in the n-type ZnO DSSC, it
forms an n-n conjunction with ZnO and contributes to the fast
transfer of electrons to the conductive electrodes. When the
additive is Cdots as a photoenergy donor, Cdots also enhance
the photovoltaic effect of ZnO by the electron transfer to the
conduction band level of ZnO based on the donation of the
energy in Cdots excited by visible light.!” The energy donation
from Cdots should be more effective than the fast electron
transfer effect of ZrS,, and thus the performance effects of
Cdots on PCE of ZnO DSSC are superior to that of ZrS,.

Notwithstanding, the coexistence of ZrS, and Cdots on ZnO
DSSC resulted the decreased PCE of ZnO-based composite
DSSC. This phenomenon can be interpreted by the charge
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recombination of the electrons in the conduction band of ZrS,
with the holes in HOMO of N719. It is for this reason that in
addition of ZrS; and Cdots on ZnO/N719 DSSC, the electron
transfers from the LUMO of N719 to the LUMO of Cdots and
moreover to conductive bands of ZnO and ZrS, and, differ-
ently, the hole generated in the valence band of ZnO transfers
to the HOMO of Cdots and to the HOMO of N719 but not to
the valence band of ZrS,, due to the comparison of their band
levels of valence and conduction bands or HOMO and LUMO.

The proposed photovoltaic processes were consistent with
the observed characteristics of electrode materials such as the
band gap, the surface area, the charge transfer resistance and
the life time. Thus, the present research demonstrates the nec-
essary factors to create more effective DSSC systems: It is the
adequate combination of the effective band gap alignment.
Thus our future perspective will be seeking an adequate semi-
conductive additive on ZnO/Cdots DSSC with the band gap
alignment minimizing the electron-hole recombination. Thus,
we will be able to fabricate an effective carbon quantum dots-
encouraged DSSC with high PCE.
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