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Abstract

Zn(NQOg3),, Cd(NO3),, SeO,, and Na,S onto fluorine-doped tin oxide (FTO) glass
substrates were deposited to function as photoelectrodes for polysulfide redox reactions
in (CdZnS)4/(CdZnSe),/ZnS quantum dot-sensitized solar cells (QDSSCs). In scanning
electron microscope images, the morphologies of spherical nanoparticles (NPs),
aggregated NPs, and ribbon-shape NPs were observed, respectively. While increasing
the layers through chemical bath deposition (CBD), UV-Vis absorption spectra indicated
that the absorption band became broadened. Under illumination of one sun (100 mwW
cm), the QDSSCs incorporating Pt counter electrodes provide the maximum current
density of 79.24 mA/cm? at 1.3 V (vs. Hg/Hg.Cl,) in a linear sweeping voltagram.
Measurements of fill factor and short-current density reveal that the electrocatalytic
activities of photoelectrodes play important roles in determining the energy-conversion
efficiency (n) of the QDSSCs. Under illumination of one sun, we use photoelectrodes
incorporating Pt wire to conduct water splitting reaction, and the optimal yield of

hydrogen is 0.98 mmol/hr.
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Quantum Dot-Sensitized Solar Cells
for Hydrogen Generation

by Photocatalytic Water Splitting

PANRANWIAST  Chih-Ning Ho & Ting-Wei Gau

ABSTRACT

Energy harvested directly from sunlight offers a desirable approach,
with minimal environmental impact, fulfilling the need for clean energy.
Solar cells producing hydrogen is a significant strategy for storing solar
energy only with the utilization of water. In this research, we tried to
fabricate higher efficiency photoelectrodes by using different quantum
dots (QDs) to pursuit the optimum yield of hydrogen. In our research,
TiO, were coated onto fluorine-doped tin oxide (FTO) glass substrates as
photoelectrodes. So as to broaden the absorption bands from ultraviolet
light to visible light, CdS, CdSe, and ZnS were deposited via chemical bath
deposition (CBD). For fabricating the most efficient solar cells, we
investigated the optimum photoelectrodes through varying the layers
and types of metal sulfide QDs. We finally obtained different structures
of QDs while varying the number of CBD cycles, which play important
roles in determining the hydrogen generation and the energy-conversion

efficiency of the solar cells.
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OBJECTIVES

1. The search for high efficiency of photoelectrodes by varying the
types and layers of metal sulfide QDs.
2. Generation of environmental friendly hydrogen energy using the

optimum photoelectrodes.

DESIGN OF
QUANTUM DOT-SENSITIZED SOLAR CELLS

h* CdS/CdSe/ZnS’

Fig. 1 Theory of QDSSCs

Q+hu->Q*

Q* -> Q" +e (Ti0,)

nQ" + Redox = nQ + Ox
Ox + ne” (Pt) > Redox

1. CdS and CdSe QDs were added on TiO, film to enhance the
absorption bands.
2. The higher energy gap of ZnS QDs was used to protect the

photoelectrodes.
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EXPERIMENTAL PROCEDURES

I. Fabrication of Photoelectrodes

A. Preparation of TiO,/(CdZnS)i.4

1.

Fabricate TiO, film onto fluorine-doped tin oxide (FTO) glass
with stirring rods.

TiO,-based photoelectrodes were immersed into a solution of
0.5 M Cd(NOs), and 0.75 M Zn(NOs), for 5 min, rinsed with DI
water, and dried with an air gun. They were then dipped for 5
min into 0.5 M aqueous Na,S, rinsed with DI water, and dried

with an air gun. These processes were a cycle of CBD.
Through 1~4 CBD cycles, TiO,/(CdZnS);~s electrodes were

obtained.

B. Preparation of TiO,/(€CdZnS);.4/(CdZnSe),

1.

Prepare TiO,/(CdZnS),~, electrodes with the process mentioned
in A.

Immerse TiO,/(CdZnS);~, electrodes into a solution of 0.5 M
Cd(NO3), and 0.75 M Zn(NOs), for 5 min. Then directly dip them
into 0.08 M aqueous Na,SeSO; for 1 h at 50 °C, followed by
rinsing with DI water and drying with an air gun. Repeat the
process up to 2 times, and TiO,/(CdZnS);~4/(CdZnSe), electrodes

were obtained.
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C. Preparation of TiO,/(CdZnS).4/(CdZnSe),/ZnS

1.

Prepare TiO,/(CdZnS),~4/(CdZnSe), electrodes with the process
mentioned in B.

The TiO,/(CdZnS);~4/(CdZnSe), electrodes were immersed into a
solution of 0.5 M Zn(NO3), for 5 min, rinsed with DI Water, and
dried with air gun. They were then dipped for 5 min into 0.5 M
aqueous Na,S, followed by rinsing with DI Water and drying with
an air gun, and TiO,/(CdZnS);~4/(CdZnSe),/ZnS electrodes were

obtained.

D. Preparation of TiO,/(€dS)4/(CdSe),/ZnS

1.

TiO,-based photoelectrodes were immersed into a solution of
0.5 M Cd(NO3), for 5 min, rinsed with DI Water, and dried with
an air gun. They were then dipped for 5 min into 0.5 M aqueous
Na,S, rinsed with DI Water, and dried with an air gun. The
process was repeated up to four cycles, and TiO,/(CdS),
electrodes were obtained.

The electrodes were dipped into a solution of 0.5 M Cd(NO;), for
5 min at room temperature and then immersed into 0.08 M
aqueous Na,SeSO; for 1 h at 50 °C, followed by rinsing with DI
Water and drying with an air gun. The process was repeated up
to two cycles, and TiO,/(CdS)./(CdSe), electrodes were obtained.
Repeat the process mentioned in C, and TiO,/(CdS),/(CdSe),/ZnS

electrodes were obtained.
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IT. Measurements of Photoelectrodes

1.

Energy dispersive X-ray spectroscopy (EDXS) was used to analyze
the elements deposited on photoelectrodes.

Scanning electron microscope (SEM) was used to monitor the
morphology evolution of QDs.

UV-Vis absorption spectrometer was used to measure the
absorption properties of different QDs.

Electrochemical analyzer was used to measure the photocurrent

density of photoelectrodes.

ITI. Energy Conversion Efficiency of Solar Cells

A. Fabrication of solar cells

1.

Deposit CoS/carbon nanotube (CNT) onto FTO glass substrates,
and CoS/CNT counter electrodes were obtained.

The devices of quantum dot-sensitized solar cells (QDSSCs) were
obtained after assembling one of the photoelectrodes with a
counter electrode by using thermoplastic films.

The electrolyte was a polysulfide solution: 2.0 M Na,S and 0.5 M

Na2503.

B. Energy conversion efficiency

1.

Place the solar cell devices under illumination of one sun (100
mW/cm?).
The energy conversion efficiency of QDSSCs was studied by

digital source meter.
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IV. Hydrogen Generation by Water Splitting

1. Under illumination of one sun, incorporate one of the
photoelectrodes with Pt counter electrodes to produce
hydrogen by water splitting.

2. Collect hydrogen by water displacement.

RESULTS AND DISCUSSION
I. Photoelectrodes Studied

Table 1 Four types of photoelectrodes

Photoelectrode

Type 1 Type 2 Type 3 Type 4

(CdZnS); | (CdZnS):/(CdZnSe), | (CdZnS)./(CdZnSe),/ZnS | (CdS)./(CdSe),/ZnS
(CdZnS), | (CdZnS),/(CdZnSe), | (CdZnS),/(CdZnSe),/ZnS
(CdZnS)s | (CdZnS)3/(CdZnSe), | (CdZnS)s/(CdZnSe),/ZnS
(CdZnS)4 | (CdZnS)4/(CdZnSe), | (CdZnS)4/(CdZnSe),/ZnS

1. Photoelectrodes were fabricated with only one type of QDs by
depositing different layers of CdZnS onto TiO, film (Type 1).

2. Electrodes were also fabricated with the combination of CdZnS
and CdZnSe (Type 2).

3. In order to avoid the electric leakage, ZnS QDs were added as
protective film of the electrodes (Type 3).

4. For the comparison, (CdS)./(CdSe),/ZnS photoelectrodes (Type 4)

were fabricated without the protection of inner layers of ZnS.
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IT. Photo Images and Elemental Analyses

(A) Control: TiO,

(B) Type 1: TiO,/CdZnS

Element | Atomic%
0K 67.55
SK 6.22
TiK 13.76
CdL 4.24
InlL 8.24

Element Atomic%
oK 40.75
Na K 7.49
SK 14.20
TiK 9.35
ZnlL 3.23
Sel 9.80
cdlL 15.19

(D) Type 3: TiO,/CdZnS/CdZnSe/ZnS

Element Atomic%
CK 27.99
0K 46.55
SK 4.22
TiK 5.00
ZnlL 9.67
Sel 3.34
cdlL 3.23

Fig. 2 Photographs of photoelectrodes and EDXS spectra of QDs
EDXS data show that QDs were successfully deposited onto FTO

glass substrates.
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ITI. Morphologies of QDs

:" ; }-r

¥

Fig. 3 Morphology evolution of QDs 200nm 100,000

1. The TiO, particles were 30~50 nm in diameter. There was still
substantial space available between TiO, particles.

2. The degree of aggregation was considerably increased when the
QDs were deposited on top, and the space between TiO, is

gradually filled.
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IV. UV-Vis Absorption Spectra
(A) Type 1: (CdZnS);~,

o0s J/-\.‘ * (CdZns),

\ « (CdZns),

o3
o '
sf"'-/\‘
e + (cdzns),

3

)
— .

1] & [
(v} ,..'.k [}
S o447 i3
-g _'.-’1. it
= ::‘ i i 3
g 33 kY %
K- %

< [

0
300 400 500 600 700 800

Wavelength (nm)

(B) Type 2: (Cdan)1~4/(CdanE)z

1.1

06 j." + (€dZnS),/(CdZnSe),

* (€dZnS);/(CdZnSe),

+ (CdZns),/(CdZnSe),

Absorbance (a.u.)

0.1
300 400 500 600 700 800

Wavelength (nm)

Fig. 4 Absorption spectra of three types of QDs
1. The more layers of QDs, the higher the absorbance.
2. The addition of QDs with narrow energy gap (CdSe) changed the
absorption bands from 300~500 nm to 300~650 nm.

3. With more layers and more types of QDs, the photocatalytic

efficiency was expected to increase.
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V. Photocurrent Density

(A) Type 1: (CdZnS);~4 (B) Type 2: (CdZnS);~,/(CdZnSe),
+ (cdzns)./(CdznSe),

+ (CdzZnS),/(CdZnSe),

« (€dzns),
+ (€dZns),

+ (CdZns),/(CdZnSe),
003

+ (CdzZns),
0.02
b ? 01

Current(A)
Current (A)

']Jr -0.1

Potential (V.vs.Hg/Hg,Cl,) Potencial (V.vs.Hg/Hg,Cl,)

(C) Type 3: (CdZnS);~4/(CdZnSe),/ZnS (D) Type 4: (CdS);~4/(CdSe),/ZnS

+ (€dzns),/(cdznSe),/ZnS| [ 79 ma + (CdS),/(CdSe),/ZnS 136 mA
. (CdZnS],/(CdZnSel:/ZnS
=< |* (CdZnS),/(CdZnSe),/ZnS —
$ g
5 0.03 .E 0.05
= o
3 =
© | _—
— /
5 0.1
0.1 1
Potencial (V.vs.Hg/Hg,Cl,) Potential (V.vs.Hg/Hg,Cl,)

Fig. 5 Photocurrent densities of different types of QDs

1. Photoelectrodes with multilayers (Fig. A) and more types (Fig. B)
of QDs provided higher photocatalytic efficiency (photocurrent
density).

2. When ZnS QDs were deposited as a protective film, the
difference between Fig. C and D (electric leakage was observed)
indicated that the inner layers of ZnS were critical for the

stability of photoelectrodes.
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VI. Energy Conversion Efficiency

ha
)]

Typel CdZnS,
Type 2 —— CdZnS /CdZnSe,
2.0+
Type 3 CdZnS /[CdZnSe,/ZnS

ﬁpmax

Current density (mA cm™)
o
(;“'a

Jn_,' Q

T T T T T v 1 v T T
0.0 0.1 0.2 0.3 0.4 05 06

Ve Potential (V)

©
=}

Fig. 6 J-V curves of different sets of solar cells

1. The energy conversion efficiency (Vyp X Jmp / Pin) increased with

more types of QDs. (V. is the maximum power voltage; J, is

the maximum power photocurrent density; P;, is the intensity of

the incident light.)

2. The TiO,/(CdZnS),/(CdZnSe),/ZnS photoeletrodes provided the

maximum energy conversion efficiency of 2.4 % (using CoS/CNT

counter electrode).

VII. Hydrogen Generation

Table 2 Hydrogen generation of photoelectrodes (n=6)

Photoelectrodes Yield of hydrogen (mmol/g - hr)

Type 1 (CdznS), 105.43
Type 2 (Cdzns),/(CdZnSe), 123.00
Type 3 | (CdZnS),/(CdZnSe),/ZnS 133.25

The yield of hydrogen increased with more types of QDs.

**We need to emphasize that because the voltage produced by

photoelectrodes (0.4 V) was not high enough for water splitting (1.2

V), 0.8 V was applied in hydrogen generation.
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Conclusions

According to UV-Vis absorption spectra, the more layers of QDs, the
higher the absorbance.

The combination of CdS with CdSe QDs broadened the absorption
bands from 300~500 nm to 300~650 nm.

Because of the higher energy gap, ZnS QDs, especially the inner
layers, avoided the electric leakage of photoelectrodes.
Photoelectrodes with multilayers and more types of QDs provided
higher photocurrent density and higher energy conversion efficiency.
(CdZnS)4/(CdZnSe),/ZnS was found to be the best photoelectrodes

for the hydrogen generation.
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