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Appendix A

EXPERIMENTS FLOW CHARTS

Cu plate
2

Fabrication CuO nanowires by oxidation reaction

4
Heating at 300, 400, 500, 600, and 700°C for 6 hr

3
4Cu(s) + 0,(g) ———> 2Cu,0(s)

2Cu,0(s) +0,(g) —> 4CuO(s)

Figure A.1 Preparation flow chart of CuO nanowires by oxidation of copper plate.
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Copper powder

1

Evaporation Cu thin films
in chamber 4x10° torr

1

Fabrication CuO thin films by oxidation cu thin films

1

Heating at 700, 800, and 900 °C
for 12, 24 and 48 hr

1

4Cu(s) + 0,(g) ——>  2Cu,0(s)

2Cu,0(s) + 0,(g) —> 4CuO(s)

Figure A.2 Preparation flow chart of CuO thin films by oxidation of copper thin
films.
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ZnOpowder42 g

Grind for 1 hour

Heat at 1,000°C for 12 hour

Grind for 1 hour

Heat again at 1,000°C for 12 hour

Grind for 1 hour

Press ZnO with 50 ton in cylindrical socket which has 3" diameter

Heatagain at 1,200C for 24 hour

Obtain ZnO target which has 3’ diameter and 3mm thickness

Figure A.3 Preparation flow chart of ZnO target.
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ZnO target
!

FTO substrate

!

The sputtering chamber 1x10- torr

!

Flow argon gas
pressure at 40 mtorr

!

Sputtering power of 300 W
Time of 5, 10, 20 and 40 min

!

ZnO buffer layer on FTO

Figure A.4 Preparation flow chart for synthesis ZnO nanobelts and nanowires by RF
sputtering technique.



106

ZnOpowder5 g+ PEG 1.1 g+H,0 10 cm? Cl4H,Pt.aq+acetone (0.5 mM)
L L
Spin the mixture by magnetic stirrer for | hour Screen on FTO glass
v v
ZnO paste Heat at 450° for 1 hour
| I
Screen on FTO glass Counterelectrode
T
Heat at 400°C for 1 hour
Sandwichtwo electrode and make space
A between them
Soak in Eosin-Y solution for 1 hour l
| Drop electrolyte into the space
Photoelectrode
DSSCdevice

Figure A.5 Preparation flow chart of DSSC based ZnO.



Appendix B
Thickness calculation of evaporation
I [—L—

H

Figure B.1 Schematic diagram of evaporation source to substrate.

The mass of starting materials is m. The distance between substrate and starting

materials is H and the substrate size of L. the thickness of evaporated (/,) films can

calculate by

w2 € 1 (B.1).

thin film
V. = Area - Thickness (B.2).
Vsmrt = 47ZH2 ' lO (B3)

§= Ant? -1, (B.4).
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Figure B.2 The relationship of thickness with length of substrate.

In this case, we calculated the thickness on substrate in a part of sphere but the real
substrate is flat. Thus, the relationship of thickness when the length of substrate was

changed can be write as

2
1
m 2
{1 +(L/H) }
[= B.6).
e (B.6)
/ is source thickness of deposited film
m is total deposited mass
P is density of material
L is distance between the centre of substrate and the point where the thickness is
calculated

H is the distance between source and substrate
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The next approximation, we calculate thickness by

[ 1

I, [iv@/myf (B

The thickness decrease by 10% for L=H/4.
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Abstract

The ethanol sensing properties of CuO nanowires prepared by oxidation reaction of copper plate have been examined. The characterization of
CuO nanowires by FE-SEM, EDS, and TEM revealed diameters of 100-400 nm and a monoclinic structure with a growth direction along (1 1 0}
direction. The ethanol sensing characteristics of CuO nanowires were studied at ethanol concentrations of 100-1000 ppm and working
temperatures of 200-280 “C. An increase of resistance was observed under an ethanol vapor atmosphere due to the p-type semi-conducting
property of CuQ. It was found that the sensitivity, the response and the recovery time depended on the working temperatures and also ethanol
concentration. The sensor exhibited the optimum sensitivity of 1.5 to ethanol vapor concentration of 1000 ppm at the working temperature of
240 "C with a response and recovery time of 110 and 120 s, respectively.

C 2008 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: B. Electron microscopy: E. Sensors

1. Introduction

Copper oxide (Cu0O) is a metal-oxide semiconductor with a
narrow band gap of 1.2 eV and is one of the few metal-oxide
semiconductors that exhibit p-type conductivity. Also, it is an
important building block of most high-temperature supercon-
ductors. Recently, nanostructures of semiconductors have caught
attention due to the unique property of having a huge surface-to-
volume ratio which is expected to enhance the performance of the
devices based on semiconductor nanostructures.

CuO nanostructures can be synthesized by various growth
techniques such as thermal evaporation, thermal decomposition,
sol-gel, and oxidation reaction [1-8]. An oxidation reaction
technique is one of the more practical and simple ways of
synthesis [8]. CuO can be used for a wide range of applications
such as photoconductive, photothermal, catalysis and gas sensor
[9-13]. For gas sensor application, it is interesting to investigate
the effect of CuO nanostructure, which has a huge surface-to-
volume ratio, on gas sensing properties. Thus, in this work, the

* Corresponding author. Tel.: +66 53 943 375; fax: +66 53 357 511.
E-mail address: supab@science.cmu.ac.th (S. Choopun).

ethanol sensing properties of CuQ nanowires prepared by
oxidation reaction are examined. The ethanol sensing properties
were studied for various ethanol concentrations and working
temperatures.

2. Experimental method

The commercial grade copper plate with thickness of
0.1 mm was cut and cleaned by alcohol in an ultrasonic bath for
2 min and dried at room temperature. The copper plate was
loaded into a center of a tube furnace at 600 “C at normal
atmosphere for oxidation reaction. The oxidation reaction [8]
follows in Eqs. (1) and (2).

4Cu + O — 2Cu,0 (1)

2Cu,0 + Oy — 4Cu0 (2)

After oxidation reaction for 6 h, the copper plate was taken out
of the furnace and immediately cooled down in air. The colour of
the copper plate changed to black after oxidation reaction. It has
been reported that the colour of CuO, Cu,0 and Cu are black, red
and copper, respectively [8]. Therefore, the black product that

0272-8842/534.00 (© 2008 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

doi: 10.1016/j.ceramint.2008.01.028



112

650 P. Raksa et al./Ceramics International 35 (2009) 649-652

CuO nanowires

Silver electrode

Copper wire

5mm—*

Fig. 1. Schematic diagram of a sensor fabricated from CuO nanowires and a
layer of CuO.

was separated out from the copper plate after being taken from
the furnace was CuQO from appeared colour. The CuO was
investigated by field emission scanning electron microscopy
(FE-SEM, JEOL JSM-6335F) for morphology, energy dispersive
spectroscopy (EDS) for chemical composition, and transmission
electron microscopy (TEM, JEOL JEM-2010 operating at
200 kV) for the crystal structure. The black product, CuO, was
separated from the copper plate for fabrication of ethanol sensor

as shown in the schematic diagram, Fig. 1. It should be noted that
the black plate (black product) substance was composed of CuQ
layered with CuO nanowires. The black plate was cut into a
square shape with dimensions of 5 mm x 5 mm before silver
paint was applied at the diagonal corners of the black square to be
silver electrodes, sized 1 mm x 1 mm. A heater for the ethanol
sensor was made from a nickel-chromium coil and wound around
an alumina plate, resistance 80 ), and placed beneath the CuO
plate. Finally, copper wires were attached to the silver electrodes
for resistance measurement to complete the ethanol sensor.
The sensing properties were studied by observing the change
of resistance in air and in ethanol ambiences of ethanol
concentration of 100, 200, 500 and 1000 ppm, respectively, and
at working temperatures of 200-280 "C. The response and the
recovery characteristics were monitored and recorded via an
interfaced personal computer.

3. Result and discussion
3.1, FE-SEM and TEM analysis

Fig. 2(a) and (b) shows FE-SEM top and cross-section view
images, respectively of CuO plate (black product) separated

(c) Cu
Element Atomic%

(0] 55.76
-~ Cu 44.24
&
z
H o]
E

Cu
Cu
I RAAAARARAS LA RALE] RARAE AL BARLERERLE LARALRLELE LALEE LE L) q’rﬁ'rrrrrrrmrrrrrr
0 1 2 3 4 5 6 7 8 9 10

Energy (keV)

Fig. 2. (a) and (b) show FE-SEM images of top view and cross-section view, respectively, of the CuO plate (black product) separated out from the copper plate after
oxidation reaction (¢) EDS spectrum of the CuO plate.



113

F. Raksa et al./Ceramics International 35 (2009) 649-652 651

Fig. 3. A bright-field TEM image superimposed with the corresponding SADP
of the CuO nanowires.

from the copper plate after oxidation reaction. The nanowires
having a diameter of 100400 nm and the length of around
several micrometers were observed. The result of EDS shown
in Fig. 2(c) confirms that the black product is CuO layered with
CuO nanowire.

A bright-field TEM image of the CuO nanowires is shown in
Fig. 3 superimposed with the corresponding SADP. Three wire-
like structures with diameter about 100 nm can be observed.
The SADP shows a spot pattern indicating the single-crystalline
property of the CuO nanowire with monoclinic structure. Also,
the spots show line-streaking along [3 0 0] corresponding to the
shape factor of the nanowires on the reciprocal lattice node.
Trace analysis results suggest that CuO has the growth direction
along (1 10) direction.

gk OO 0000
ni__r-—(“”’ - B 1‘\L‘\
7k o Ethanol *\L
4 \
6k ‘ zon"(‘x“;

Resistance (ohm)

5k 220°C

ak

3k --..-.-..'-.-.-“"“""“-‘"'----............_,.___.._.__.__ 260°¢

ap 280°C
0 200 400 600 800

Time (s)

Fig. 4. The response and recovery curves of the CuO nanowires sensor at an
ethanol concentration of 1000 ppm, working temperature of 200-280 “C

Table |
The ethanol sensing properties of CuO nanowires at an ethanol concentration of
1000 ppm, and a working temperature of 200-280 "C

Working Steady Ethanol ambient Sensitivity
temperature (“C) resistance (R, (1) resistance (R,. (1)

200 5314 7749 1.4

220 4290 6302 1.5

240 3232 4690 1.5

260 2610 2925 1.1

280 2229 2428 1.1

3.2. Gas sensing properties

Fig. 4 shows the response and the recovery curves of ethanol
sensors based on CuQ nanowires being exposed to an ethanol
concentration of 1000 ppm and working temperatures of 200—
280°C. At the beginning, the measured resistance was steady in
an ambient atmosphere. But when ethanol vapor was injected
into the chamber, an increase of resistance was observed; and
when ethanol vapor was removed, a decrease of resistance was
observed. The increase of resistance under in ethanol vapor
atmosphere is due to the p-type conductivity of CuQ. It can be
clearly seen from Fig. 4 that the characteristic of the sensor
depends on the working temperature. It should be noted that the
lower resistance of CuO nanowires at higher working tem-
peratures is due to the common, semiconductor property of CuO.

The sensitivity, S,, of the sensor is defined as Rg/Ru where, R,
is the electrical resistance of a sensor in ethanol-air mixed gases;
and R, is the electrical resistance of sensor in air. The sensitivity
obtained for the CuO nanowire sensor at different working
temperatures at the ethanol concentration of 1000 ppmiis listed in
Table 1. The highest sensitivity was obtained at the working
temperature of 240 “C, suggesting this was the optimum working
temperature. [n addition, the response time and the recovery time
also depended on the working temperature, in the range of 30—
235 s and 60-245 s, respectively.

Fig. 5 shows the response and the recovery curves of ethanol
sensors based on CuO nanowires when exposed to an ethanol

14k

13k

Resistance (ohm)

\Itlt) ppm
‘—h-_

500 ppm
1000 ppm
T

12k

11k T T T
0 200 400 600 800 1000
Time (s)

Fig. 5. The response and the recovery curves of the CuO nanowires sensor at
ethanol concentration of 100-1000 ppm and working temperature of 240 "C.
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concentration of 100-1000 ppm at the working temperature of
240 “C. It was found that the sensitivity only slightly depended
on the ethanol concentration.

4. Conclusion

The ethanol sensors based on CuO nanowires were
successfully fabricated. The CuO nanowires were prepared
by an oxidation reaction of copper plate. From FE-SEM, EDS
and TEM characterization, CuO nanowires exhibited diameters
of 100-400 nm having a monoclinic structure with a growth
along (110} direction. Moreover, the CuO nanowire sensor
responded to ethanol vapor, exhibiting the optimum sensitivity
of 1.5 to an ethanol vapor concentration of 1000 ppm with a
working temperature of 240 “C, the response time of 110 s, and
recovery time of 120 s. The CuO nanowires could be explored
for gas sensor application.
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CuO Nanostructure by Oxidization of Copper Thin Films
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Abstract. CuO nanostructures were synthesized by oxidizing copper thin films. The copper thin
film was grown on alumina substrates by evaporation copper powder at pressure of 0.04 mtorr. The
copper thin films were then oxidized 800, and 900°C for 12, 24 and 48 hr, respectively. The
o i E { F H

reaction time and temperarure Ihese CuO nanostructures have a porennal appmdnon for
nanodevices such as nano gas sensor or dye-sensitized solar cells.

Introduction

Copper oxide (CuO) show p-type conductivity. CuO is grey-black in color with a monoclinic
crystal structure and a band gap of 1.2-1.5 ¢V. Also, it is an important building block of most high-
temperature superconductors. Recently, nanostructures of semiconductors have caught attention due
to the huge surface-to-volume ratio which is expected to enhance the performance of the devices

technlque is one ot Ihe most practlcal and 51rnple ways ot syntht.51s [8] (,u() can bL used Ior a w1dt,
range of applications such as photoconductive, photothermal, catalysis and gas sensor [9-13]. In the
past few years, the ditferent morphologies of CuO have attracted more interest for practical
application. Compared with nanoparticles, CuO whiskers are expected to exhibit remarkable
optical, electrical, magnetic, and mechanical properties. In electrochemical field, few reports have
indicated the application of cupric (cuprous) oxides as electrode materials in batteries [14-17].

In this work, we have fabricated CuO nanostructures by oxidizing copper thin films and the
obtained CuO nanostructures were characterized by different technique.

was placcd in hcatmg coil of 0.4 mTorr. The f"lms were cvaporatcd onto an alumma plate in a
vacuum tube, the distance between the electric boat and the substrate was 7 cm. The temperature of
substrates was kept at room temperature. The alumina substrates (20mm x 30 mm) were [irst
cleaned by alcohol in an ultrasonic bath for 2 min and dried at room temperature. After thermal
evaporation, the copper thin films were loaded into the central position of a tube furnace and heat to
800 and 900°C at normal atmosphere for oxidation reaction.

After oxidation reaction of 12, 24 and 48 hr, the colour of the copper thin films changed to
black. The obtained black products were 1nvest12atcd by FE SEM (JEOL JSM 6335F) for

% e S0V
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Resuits and Discussion

Figure 1. FE-SEM top view images of the CuO thin films (black product) after oxidation reaction of
copper thin films

Fig. | (a)-(d) showed FE-SEM top view images of CuO nanostructure after oxidation reaction of
the copper thin films at 800°C for 12 hr, 24 hr, 48 hr and at 900°C for 12 hr, respectively. The
nanostructures with a diameter of 100-600 nm were observed. The size of nanostructure depends on
oxidation reaction time and oxidation reaction temperature. The size of nanostructure increased as
increasing oxidation reaction time and oxidation reaction temperature. The thickness of CuO thin
films was observed to be around 1 pm, as shown in the cross section FE-SEM image in Fig. 2.

Figure 2. Cross-section view of the CuO thin films after oxidation reaction

The EDS spectrum of the CuO thin films after oxidation reaction at 800°C 48 hr was shown in
Fig. 3. The peaks in the EDS spectrum correspond to Al, Cu and O elements. The Al signal comes
from the alumina substrate.
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Figure 3. EDS spectrum of the CuO thin films after oxidation reaction at 800°C 48 hr

Cul
(111} ALO.

AlO,

Intensity (a.u.)

Cul
24 @11
cuo {g;‘s
cuo (113)
Cu0 1
(110) [

| "

1
L \'wlv-*-mlu‘ VORI U By .\
25 30 35 40 45 50 55 60 65 70
20 (degree)

Figure 4. XRD pattern of the CuQ thin films after oxidation reaction at 800°C 48 hr.

(111), (113), (311) and (220) planes of crystalline CuQ, respectively. These peaks matched with
reported data for CuO (JCPDS 45-0937). The peaks at 26 = 29.36 can be assigned to the (110)
planes of crystalline Cu,O. These peaks matched with reported data for Cu,(O (JCPDS 03-0839).
The peaks at 20 = 52.68° and 57.64° can be assigned to the (024) and (116) planes of crystalline
Al O;. These peaks matched with reported data for AlLOs; (JCPDS 47-1771). The peaks at 20 =
43.48" can be assigned to the (110) planes of crystalline Cu. These peaks matched with reported
). The XRD results showed that the films were not in single phase,

4Cu+0, — 2Cu20 (D
2Cu,0+02 — 4Cu0 (2)

The Cu phase was observed due to the incomplete oxidation reaction.

Summary

The CuO nanostructures were sucessfully synthesized by oxidizing copper thin films which were
prepared by an evaporation method. The characterization of CuO nanostructure by FE-SEM
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process. The CuO nanostructures that can be grown on substrate may found application for
nanodevices such as nano gas sensor or dye-sensitized solar cells.
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ARTICLE INFO ABSTRACT

The Zn0 dye-sensitized solar cells (DSSCs) with different photoelectrodes were studied on the effect of CuD
layer as a barrier layer toward power conversion characteristics. The structures of DSSCs based on Zn0 as a

Available online 14 March 2009

Keywords: photoelectrode, Eosin-Y as a dye sensitizer, iodine/iodide solution as an electrolyte and Pt/FTO as a
Zn0 counterelectrode. CuO powder, nanowire prepared by oxidation reaction of copper powder and Cu0 thin film
Ell;‘:owim prepared by evaporation copper thin film, were used as a layer on the top of ZnO layer to form blocking layer.
DyesSarsitizid The photocurrent, photovoltage and power conversion efficiency characteristics for DSSCs were measured
Salar cell under illumination of simulated sunlight obtained from a solar simulator with the radiant power of 100 mW/
cm®. It was found that Zn0 DSSCs with Cu0 thin film exhibited highest current density of 5.10 mA/cm? and
highest power conversion efficiency of 0.92% than those of CuO powder and nanowire. The enhancement of
the power conversion efficiency can be explained in terms of the retardation of the interfacial recombination

dynamics of CuO blocking layer.
© 2009 Elsevier B.V. All rights reserved.
1. Introduction found that the efficiency of the TiO, DSSC can be improved and they

have observed an open circuit voltage of about 730 mV, a short circuit

Dye-sensitized solar cells (DSSCs) are a new type of metal-oxide
wide-band-gap solar cells composed of dye-modified wide band gap
semiconductor photoelectrode [ 1], the dye molecules adsorbed on the
surface of the wide band gap semiconductor photoelectrode, a
counterelectrode and an electrolyte containing a redox couple
between photoelectrode and counterelectrode. The major progress
of DS5Cs was made by the work of Gritzel et al. [1.2]. They have
realized the promising results with power conversion efficiency up to
10.8% as reported several years ago [3]. Nowadays, the DSSC based on
titanium dioxide (TiO;) is widely investigated. Recently, the investi-
gation on Zinc oxide (Zn0) as an alternative photoelectrode has been
intensively carried out due to its band gap, electron affinity, and
electron injection efficiency which are nearly the same as TiO;. In
addition, in Zn0 electron lifetime is significantly higher and the
recombination rate is lower than that of Ti0O,. However, the power
conversion efficiencies of DSSCs based on ZnO are lower than that of
TiO; [4.5]. Bandaranayake et al. have studied DSSCs made from high
band-gap oxide semiconductors TiDz, Sn0; and Zn0 and found that
DSSCs based on Ti0; showed higher efficiency than those of Zn0 and
Sn0; |6). Several methods have been applied to improve the power
conversion efficiencies of Zn0 DSSCs [7,8]. For example, Kakiuchi et al,
improved dye-loading in ZnO photoelectrodes by the formation of
mesoporous microstructure and obtained power conversion efficiency
as high as 4.1% [7]. Bandara et al. have fabricated the p-n junction
electrode for minimizing the charge recombination in DSSCs. They

* Corresponding author.
E-mail address: supab@science.crmu.ac.th (8. Choopun).

0040-6090/8 - see front matter © 2009 Elsevier BV. All rights reserved
doi: 101016/ 1.1s.2009.03.027

current of about 16.7 mA, a fill factor of 0.66, and a power conversion
efficiency of 7.74% [9]. Also, Palomares et al. have reported a coating of
nanocrystalline TiO, films with a thin overlayer of a second metal-
oxide to control charge recombination dynamics in DSSCs and
observed an increase in Vpc of up to 50 mV and a 35% improvement
in overall device efficiency of DSSCs with Al;05 overlayer [10].
Copper oxides (Cu0Q) is a few p-type metal-oxide semiconductors
with a narrow band gap of 1.2 eV and a monoclinic crystal structure, It
has received much attention due to awide range of potential applications

Solar
FTO
Zno

FTO

Fig. 1. Schematic diagram of DSSC structures with different photoelectrodes for Zn0/
CuD layer.
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Table 1

Summary of starting material and preparation conditions of different photeelectrodes for Zn0y Cu0) layer.

Type of Starting material Prep Preparati Heating time to Heating time for
photoelectrodes of Cu0 layer technique conditions remove PEG (h) Cu0 oxidation reaction (h)
Zn0/Cu0 thin film Copper powder Evaporation Base pressure 5= 10 ® Torr 1 6

Zn0/Cu nanowires Copper powder Screcning ‘With binder of PEG 1:1 by weight 1 (i1

Zn0/Cul powder CuQ powder Screening ‘With binder of PEG 1:1 by weight 1 -

Zn0 = = -

1

dynamics and improve the performance of Zn0O DSSCs. The CuQ
nanostructures such as nanowires, nanorods, and nanoparticle etc. can
be synthesized by various growth techniques, such as thermal evapora-
tion [12], thermal decompaosition [13] and oxidation [ 14-16].

In this work, we have fabricated CuO layer as a barrier layer in
order to control charge recombination dynamics in ZnO DSSCs. The
CuO layer has the structure of CuO powder, nanowire and thin film.
Then, the effect of CuO layer on photoelectrochemical characteristics
has been investigated.

2. Experimental details

material and preparation conditions. For Zn0Q powder/CuQ powder,
Zn0 powder paste was prepared by dissolving Zn0O powder 99.9% size
<1 pm (Aldrich) in polyethyleneglycol (PEG) solution, ZnO:PEG with
1:1 by weight stirring for 30 min and CuO powder paste was prepared
by dissolving Cu0 powder 99% size <1 pm (Fluka) in PEG solution,
CuQ:PEG with 1:1 by weight stirring for 30 min. Copper powder paste
was prepared by dissolving copper powder 99% size =75 pm (Aldrich)
in PEG solution, copper:PEG with 1:1 by weight stirring for 30 min.
Zn0 powder paste was screened on FTO glass, followed by screening
Cu0 powder paste and heated at 400 °C for 1 h under normal

for 6 h for oxidation reaction, Finally, the third photoelectrode, Cu0O
thin film was prepared by oxidation reaction of copper thin film
preparing by thermal evaporation of copper powder without
substrate heating. The thermal oxidation of copper thin film was
performed at 400 °C for 6 h under normal atmosphere. The
maorphology of photoelectrode was investigated by field emission
scanning electron microscopy (FE-SEM ).

Then, the photoelectrodes were soaked in Eosin-Y organic dye
solution (0.04 g of Eosin Y, C3pHgBryNa0s, in acetone 100 cm”) for
24 h. The dye-loaded ZnO as photoelectrode and the Pt counter-
electrode (0.5 mM hydrogen hexachloroplatinate (IV) hydrate,
ClgH2Pt.aq, in acetone solution) were assembled into a sealed device

The photocurrent, photovoltage and power conversion efficiency
characteristics for DSSCs were measured under illumination of
simulated sunlight coming from a solar simulator with the radiant
power of 100 mW/cm? (xenon lamp with AM-1.5 filter). The incident
light intensity was calibrated with standard Si solar cell. The
photocurrent densities versus photovoltage (J-V) characteristics
were measured with dc voltage and current source which interfaced
and controlled by computer. The short current density (Jsc), open
circuit voltage (Voc), fill factor (FF) and overall power conversion
efficiency (1)) were determined from the J-V curve.

Fig. 2. FE-SEM images of photoelectrodes: (a) Zn0 powder,/Cu0 thin film, (b) ZnO powder/Cud powder, (¢ Zn0 powder/Cud nanowires and (d) Zn0 powder, (), (f), (g) and (h)
showed cross-section Fe-SEM images of ZnD powder /Cu0) thin film, Zn0 powder/Cu0 powder, Zn0 powder,/Cul) nanowires and Znd) powder, respectively.
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3. Result and discussion J —=— ZnO/CuO thin film/dye
— & — Zn0/Cu0 nanowire/dye|
3.1. Characteristics of photoelectrode e +  ZnO/Cu0 powder/dye

Fig. 2 showed FE-SEM images of photoelectrodes: (a) ZnO powder/
Cu0 thin film, (b) Zn0 powder/CuQ powder, (¢) Zn0 powder/Cu0
nanowires and {d) ZnO powder. The ZnO/Cu0Q thin film exhibited
similar morphology as Zn0 powder which had microparticle structure

diamcter of about 50-200 o and fength of about 10 pin, It should be
noted that the color of the copper powder and thin film turned into
black color after the heating process indicating the phase change to
CuO. Fig. 2(e), (f), (g) and (h) showed cross-section FE-SEM images of
Zn0 powder/Cu0 thin film, ZnO powder/Cu0 powder, ZnO powder/
Cu0 nanowires and ZnO powder, respectively. The thickness of Zn0O
layer, CuQ thin film, CuO nanowire and CuO powder obtained from
cross-section FE-SEM images was about 20 pm, 1-3 pm, 10-20 pm,
and 5-10 pm, respectively.

Fig. 3 showed XRD pattern of (a) Zn0O, (b} ZnO/Cu0 powder, (c)
Zn0/Cu0 nanowire, and (d) ZnO/CuQ thin film on FTO glass
substrates. For all cases, Zn0 peaks and Sn0O; peaks from FTO were
observed. It can be seen that CuO peaks were observed without copper

i

—v— ZnO/dye
—0— ZnO/CuO thin film
o ZnO/Cu0 nanowire
ZnOyCuQ powder
@ Zn0

Fig. 4. This figure showed |-V characteristic of Zn0 DSSCs with Zn0/Cu0 layer as a
photoelectrode.

filled in the lowest unoccupied molecular orbital (LUMO) of Eosin-Y
and the electron injects to the conduction band of Zn0 as in equation

D*=D" + e (1

Fig. 4 showed J-V characteristic of ZnO DSSCs with Zn0/Cu0 layer
as a photoelectrode, For comparison, -V characteristic of Zn0 DSSCs
without CuQ is also shown in Fig. 4 The photoelectrochemical
parameters such as short current density, open circuit voltage, fill
factor and the overall power conversion efficiency which determined
from the measured ]-V curves were summarized in Table 2.

Clearly, Zn0 DSSC with CuO thin film as a barrier layer showed
highest short current density of 5.10 mA/cm?, and highest power
conversion efficiency (1= 0.92%). This could be explained in terms of
low back or reverse current due to the retardation of the interfacial
recombination dynamics of CuQ blocking layer [10]

- & Zn0
= o Cu0
5 g » §n0,
g o

LTy 2. S f 4 N

g - ..nL_J'._A’_;l - FL.:\:\JI'IU'\.

1

z e

B | 1 b fl e ® Y

Q ]

E 1

20 30 40 5 60 70
20 (degree)

Fig. 3. This figure showed XKD pattern of (a) Zn0), (b) Zn0/Cu® powder, (c} Zn0;/Cul
nanowire, and (d) Zn0/Cu0 thin film on FTO glass substrates.

is generated

reduced back to the R through accepting electron. R
from the chemical equation

D" +R—=D+R" 2)

where D, R and R" is an original dye, redox species, and oxidized
redox species, respectively. This equation is usually called dye
regeneration process. The oxidized dye is quickly reduced back to its
original state by reduce redox species (R) in the electrolyte for a
complete cycle of electron transfer.

Moreover, the observed photocurrent density is given by

Jon =

(3)

causes energy-wasting recombination has several possible pathways.
Two important pathways are the recombination of ez, with the
oxidized dye before the dye can be generated and the recombination
of ez,n with the oxidized redox species [17].

In our case, Cu0 layer was coated on top of ZnO photoelectrode to
form a barrier layer. As shown in the energy level diagram in Fig. 5(b),
conduction band (CB) of Zn0 (—0.25 eV, NHE) [18] is situated bhelow
the CB of CuQ (—0.8 eV vs. NHE.) |19]. Therefore, electron transfer
from CuO to ZnO was thermodynamically permitted. Also, the
potential difference derived from the difference of CB between CB of

Type of photoelectrode Vor(V) Jsc{mA/em?) FF Eff{%)
Zn0/Cu0 thin film 0.45 510 0.40 092
Zn0/Cul nanowire 0.52 149 0.59 0.46
Zn0/Cul powder as0 m 0.61 033
Zn0 0.43 140 0.62 043
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Vvs NHE Vvs NHE thin film. The enhancement of the power conversion efficiency can be
-1.57 cs hugo 15, ©B CB'_I_.%MO explained in terms of the retardation of the interfacial recombination
-1.04 /] -1.0 A0 dynamics of CuO blocking layer. However, DSSCs with CuD powder
-0.51 G\\ H*H, -05 O R and nanowire exhibited lower efficiency than that of CuO thin film and
s IR AN I A B comparable to DSSCs without CuO layer. This is due to the thicker layer
057 Wi [ g 051 ve M. of CuD powder and nanowire resulting in a retardation of the
:g HOMO :‘2 HOMO interfacial recombination dynamics of CuQ blocking layer which is
2:0_ 2:0 comparable to dye excited-state decay and CuO blocking layer has
5] 25 almost no effect on DSSC performance.
3.0 30
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Zn0 and CB of CuD can prevent electrons to back or reverse transfer to
dye and electrolyte resulting in low back or reverse current. Thus,
energy-wasting recombination is less, electron injection process to
Zn0 is more efficient and finally, short current density is higher.

However, D55Cs with CuO powder and nanowire exhibited lower
efficiency than that of CuO thin film and comparabie to D55Cs without
Cu0 layer. This is due to the thickness of CuD powder and nanowire
which had a thicker layer of CuO resulting in a retardation of the
interfacial recombination dynamics of CuO blocking layer is compar-
able to dye excited-state decay and CuO blocking layer has almost no
effect on DSSC performance.

Normally, the maximum open circuit voltage of ZnO DSSC depends
on the difference of the energy level between redox potential of
electrolyte and Fermi-level of Zn0. Thus, the open circuit voltage of
Zn0 DSSCs is independent with morphology and dye adsorption
surface area of Zn0. This is in agreement with our results that open
circuit voltage of Zn0 DSSC shows close value for all samples.

4. Conclusions

The Zn0 DSSCs with different photoelectrodes were studied on the
effect of CuO layer as a barrier layer toward power conversion
characteristics. CuO powder, nanowire and thin film were used as a
layer on the top of ZnO layer to form a blocking layer. It was found that
Zn0 DSSCs with CuO thin film exhibited the highest current density
and the highest power conversion efficiency than those without Cu0Q

Science and Technology, Thailand, through its program of Center of
Excellence Network. Phathaitep Raksa would like to acknowledge the
Graduate School, Chiang Mai University for financial support.
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