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Electrophoretic deposition (EPD) method is employed to obtain a thick ZnO layer on a 
ZnO nanorod array prepared in a hydrothermal-electrochemical process. ZnO nanorods 
have the role to improve the mechanical stability and adherence of ZnO layer deposited by 
electrophoretic technique. D149 dye is used as sensitizer for ZnO semiconductor. The thus 
prepared ZnO layer is used for the photoanode of dye-sensitized solar cell (DSC). 
Performance parameters were extracted from standard current-voltage characteristic (I-V) 
and charge transfer phenomena occurring at ZnO/dye/electrolyte was evaluated by 
electrochemical impedance spectroscopy (EIS). 
 
(Received March 22, 2013; Accepted May 4, 2013) 
 
Keywords: ZnO layer; electrophoretic deposition; dye-sensitized solar cell; EIS 

 
 
 

1. Introduction 
 
Dye-sensitized solar cells continue to attract much interest due to their properties [1] such 

as relatively high energy conversion efficiency, transparency and/or multicolor options, easy 
integration into building architecture, etc. Recently, DSCs based on nanoporous TiO2 electrode on 
rigid glass substrate have shown a conversion efficiency of 12.3% under air mass 1.5 global 
sunlight [2]. On the other hand, the DSC type of solar cells, unlike the p-n junction type is a 
majority carrier transport device, and therefore the stringent requirement of high purity materials 
can be relaxed, with anticipated lower cost of unit power produced.   The improvement of DSC 
efficiency is connected with the optimizing of each component of the solar cell including structure 
of the photoanode. An alternative to TiO2 as electron conductor in DSC is ZnO, a wide band gap 
semiconductor which presents an electron mobility [3] larger than that of anatase TiO2.  

ZnO thin films are prepared by different techniques such as pulsed laser deposition (PLD), 
spray pyrolysis, magnetron sputtering, MOCVD, etc. Lincot et al. [4-6] and Izaki et al. [7, 8] have 
initially been introduced the electrochemical deposition of ZnO films by using tin oxide/glass and 
GaN substrates, respectively. In addition to thin films, ZnO exhibits a large family of 
nanostructures [9-18].  

DSC photoanode consists of nanocrystalline, mesoporous, thick layer of a wide bandgap 
semiconductor, covered with a monolayer of dye molecules.  The semiconductor is deposited on a 
transparent electrode (FTO, ITO, etc) which the cell is illuminated. The dye sensitized solar cell 
also contains a redox electrolyte (usually iodide/tri-iodide) and a counter-electrode. The operating 
principle of DSC for conversion of sunlight into electricity assumes the following stages: dye 
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molecule absorbs the photon which will excite an electron from the molecular orbital HOMO 
(highest occupied molecular orbital) into the molecular orbital LUMO (lowest unoccupied 
molecular orbital). Then, the electron is injected in the conduction band of the semiconductor and 
it moves through the nanocrystalline semiconductor network to the external circuit. The hole 
created after the excitation of dye molecule is recovered by an electron from iodide ion in the 
redox electrolyte. This oxidized iodide ion turns into tri-iodide ion which reduces to counter-
electrode in another step. This system will work as solar cell if the energy of molecular orbital 
LUMO is higher than that of the conduction band of the semiconductor and the energy of the 
orbital HOMO is lower than the energy that corresponds to the redox potential of the electrolyte. 

Electrophoretic deposition is a useful method for the preparation of thick binder-free 
layers on conductive substrates in a very short time, compared to the other techniques. However 
the layer adherence to the substrate is poor and it cannot be handled without exfoliation. 

In this contribution, we report the fabrication of a DSC photoanode based on three ZnO 
superposed layers: a thin layer deposited on FTO substrate, used as blocking layer, an array of 
ZnO nanorods and an electrophoretically deposited ZnO layer. ZnO nanorods have the role to 
improve the mechanical stability and adherence of ZnO layer deposited by electrophoretic 
technique. The complete cell with the ZnO photoanode was constructed and tested. 

 
 
2. Experimental 
 
ZnO films and nanorods were deposited by electrodeposition from aqueous solutions 1 

and 2, respectively from the Table 1. The working electrode was a commercial FTO/glass 
substrate with a sheet resistance of ~15ohm/square and its transmission was > 80% from 400 to 
700nm. The substrate was thoroughly cleaned in an ultrasonic bath with isopropanol for 15 min 
prior to use. The electrochemical cell also contained a platinum foil as auxiliary electrode and a 
Ag/AgCl electrode in saturated KCl as reference electrode. The electrochemical processes were 
performed using an Autolab PGSTAT 30 potentiostat digitally controlled by a PC computer. For 
EPD tests an electrophoresis power supply Consort EV233 was used. The microstructures of 
deposits were imaged by field emission scanning electron microscopy (FESEM), using FEY 
Quanta Inspect scanning electron microscopes. X-ray diffraction (XRD) analyses were performed 
on a Bruker D8 Advance type X-ray diffractometer, in focusing geometry, equipped with copper 
target X-ray tube and LynxEye one-dimensional detector.  

The parameters of the solar cell were determined from I-V measurements carried out 
under standard illumination conditions using an AM1.5 solar simulator (L.O.T.-Oriel GmbH & 
Co.KG, Model LS0306 with a 300W Xe-Arc lamp and an AM1.5-Global filter (LSZ189) with the 
specification: 1sun at 18cm working distance). Photocurrent-voltage (I-V) measurements were 
performed using an Autolab PGSTAT 30 Potentiostat/Galvanostat (Eco Chemie). The Autolab 
PGSTAT 30 potentiostat with Frequency response analysis software, version 4.9 was used to 
conduct the electrochemical impedance spectroscopy (EIS) study. The electrochemical impedance 
spectra were obtained at a bias of open-circuit voltage in 0.05Hz ≤ f ≤ 105 Hz frequency range with 
ac voltage amplitude of ±5 mV, under 100mWcm-2 illumination.   

 
   

Table 1. Chemical composition of the used solutions. 
 
Solution Composition (working temperature) 
1 80mM Zn(NO3)2 (700C) 
2 5mM Zn(NO3)2+5mM hexamethylenetetramine (C6H12N4) (950C) 

 
 
 
 
 



 

 
 

current
1 from
nanoro
constan

precipi

3. Resul

Fig.1. FE
array 

Fig.2. XR
4500C for

For photo
t deposition 

m Table 1 wa
od array (Fig
nt current of

ZnO nano
itation [20]. 

lts and dis

ESEM images 
 prepared in a

electro

RD patterns of
r 30min and (b

FTO

anode fabric
technique (o

as used for e
g.1,a) from 
f  -0.25mA/cm
oparticles us
An aqueous

scussion 

of ZnO nanos
a hydrotherma

ophoretic depo

of ZnO (a) nan
(b) nanorod ar
O coated glass

cation, a Zn
on time 5s at
electrodeposi
the solution
m2 for 2000s
sed in the 
s solution of

 
 

structures dep
al-electrochem
osition treated

 

nopowder for 
rray grown on
s substrate is 

nO thin film
t current den
ition process

n 2 in a hyd
s. The thickn
electrophor
zinc acetate

posited on FTO
mical process
d at 4500C for

electrophoret
n the FTO elec
indicated by 

m (~300nm) 
sity -1.4mA/
s. On this fil
drothermal-e
ness of the Zn
retic process
e (Sigma Ald

O electrode: a)
; b) nanopowd

r 30min. 

ic deposition t
ctrode. The pe
“*”. 

was prepare
/cm2, 5s off-t
lm was elect

electrochemic
nO layer was
s were synt
drich) 0.34M

a) nanorod 
wder for 

treated at 
eaks of the 

ed using a p
time) [19]; s
trodeposited 
cal process 
s around 1.8
thesized by

M was prepar

759 

 

 

pulsed-
solution 

a ZnO 
[16] at 
m. 
 direct 
ed, and 



760 
 
the pre
was w
remain
electro
300nm

a FTO
to the w
main 
crystal
orienta

DC el
electro
severa
of che
quality
and tim
contro
at room
array 
nanopa
organi
aceton
adsorp

The su
with 5
follow
and 17
the cha
 

ecipitation w
washed and fi
ning starting 
ophoretic dep
m) were obtai

The X-ray 
O electrode ar

wurtzite ZnO
diffraction 
lline planes f
ation (Fig.2,b

EPD is an 
ectric field 

ode and are d
l advantages

emical reacti
y coatings. A
me deposition
lled by pote
m temperatu
from ZnO 
articles, the 
c solvent and

ne and deioni
ption of proto

 

uspension fo
50ml isoprop
wing additive
7.5ml ethano
arging soluti

Fig.3. FESE
(a) 1-ZnO 
technique.  
                   

was carried ou
filtered. A th

reagents and
position is s
ined after the
diffraction (

re shown in 
O structure in
peak from 
family of M
b) along a dir
important te
charged col
deposited. O
s among whi
ons and Jou

At the initial 
n can be obs
ntial differen

ure a thick Z
nanoparticle
metal oxide
d the suspen
ized water in
ons, which ar

or electropho
panol and 0.1
es: iodine (14
l absolute wa
on and the m

EM images of
film; 2-ZnO

 (b)   Imperfec
         electrop

ut at pH > 8 
hermal treatm
d to obtain Zn
hown in Fig

ermal treatme
(XRD) patter
the Fig.2. Th
ndicates good
XRD patter
iller indices 
rection perpe
echnology fo
lloids or par

Originally, EP
ch: low elec

ule heating o
part of depo

served. On th
nce between

ZnO layer (th
es suspensio
 was treated
sion obtaine

n a polar solv
re formed by

CH3CO

CH3C(

oretic deposi
12ml acetyla
4.7ml), aceto
as prepared. 

mixture was s

f ZnO layer str
O nanorod a
ct   mechanica
phoretically d

by the addit
ment at 2000C
nO nanopow
g.1,b. Differ
ent at 4500C
rns of ZnO n
he fact that w
d crystal qua
rn of ZnO 
(101). The 

endicular to 
or coating co
rticles suspe
PD was perf
ctrical conduc
of the electr
osition, a lin
he other hand
n electrodes [
hickness 5-8
on. In order
d with a non
ed was added
vent. The par
y keto-enol re

OCH3CH3C

(OH)CH2 + I

ition [23] wa
acetone. In a
one (2.1ml) 
After one ho

sonicated 15m

ructure used f
array; 3-ZnO
al   contact   b

deposited ZnO

tion of NaOH
C for 3 min 

wder. The FE
ent particle
 for 30min.

nanopowder 
we are able t
ality of ZnO

nanopwder
nanorods arr
the diffractio
olloidal proc
ended or dis
formed using
ctivity and g
odes. This l

near relations
d, the morpho
[21]. This te
µm) on prev

r to prepare
n-ionic surfac
d to a chargin
rticle chargin
eaction [22]:

C(OH)CH2  

I2 CH3CO

as prepared 
addition, a ch

and water (
our of stirrin
min.  

for the fabrica
O layer depo
between   ZnO

O nanoparticles

H 1 M. The r
was enough

ESEM image 
morphologie

and nanorod
to index all t
nanopowder
(Fig.2,a) c

ray shows a 
on plane (002
cesses. Under
persed in a 

g organic sus
good chemica
eads to the 
ship between
ology of the 
chnique was

viously depo
 a stable su
ctant (acetyl
ng solution c
ng in this sis
 

                   

CH2I + H+ +

by mixing 0
harging solu
(1.05ml) in 1
g ZnO suspe

ation of DSC p
osited by ele
O   nanorod   a

s. 

resulting pre
h to decomp
 of ZnO pow
es and sizes 

d array depos
the peaks acc
r and nanoro
corresponds 
specific cry

2). 
r the influen
fluid move

spensions th
al stability, a
formation o

n the film th
film surface

s applied to 
osited ZnO n
suspension o
lacetone) in 
consisting of 
stem is achie

                   

+ I-                

0.35g ZnO p
ution contain
17.5ml isopr
ension was a

photoanode: 
ectrophoretic 
array  and  

cipitate 
ose the 

wder for 
(under 

sited on 
cording 
ds. The 
to the 

ystalline 

nce of a 
 to the 
at have 
absence 
of high-
ickness 

e can be 
deposit 

nanorod 
of ZnO 
a polar 

f iodine, 
ved via 

       (1) 
 

       (2)    
       

powder 
ning the 
ropanol 
dded to 

 

                     



761 

The electrophoretic cell contained two electrodes, one electrode of FTO covered with ZnO 
thin layer and ZnO nanorod array, used as cathode and another electrode of platinum as counter-
electrode. The electrodes were placed vertically at a distance of 1cm in the prepared suspension 
and the DC power supply was set at 90V. The deposition time was 6min. Zinc oxide layer was 
thermally treated at 4500C and it was sensitized by immersing into a D149 dye solution (0.5mM in 
acetonitrile/tert-butylalcohol (V/V=1/1)). Fig.3,a indicates the structure of ZnO layer after thermal 
treatment while Fig.3,b shows some bad mechanical connections between nanorod array and 
nanoparticles into ZnO layer. The basic components of dye sensitized solar cell are the 
photoanode, the counter-electrode and the electrolyte. The counter-electrode was fabricated by 
sputtering deposition of a Pt film onto the FTO substrate and the used electrolyte had the following 
composition: 0.5 M tetrabutylammonium iodide, 0.001 M LiClO4, 0.5 M 4-tert-butylpyridine and 
0.1 M I2 in acetonitrile [24]. 

I-V characteristics for solar cell based on the fabricated photoanode, with an active area of 
1.5cm2 are exhibited in Fig. 4, a. The values for short-circuit current, open circuit voltage and fill 
factor were 10.53 mA, 0.57 V and 33.4%, respectively, resulting in a solar cell efficiency of 
1.34%. A further evaluation was performed by measuring impedance spectra of the solar cell. 
These measurements are useful when the experimental data are fitted to representative equivalent 
circuit. The impedance response of DSC is related to the response of the different components of 
the device. A transmission line model was proposed by Bisquert to describe this system [25]. The 
transmission line model is composed of a network of resistive and capacitive elements, which 
describe the transport and interfacial transfer of electrons that take place in the metal oxide. Fig.5 
shows the equivalent circuit model used to fit impedance spectra for dye-sensitized solar cell. The 
distributed components describing the transmission line are the electron transport resistivity in the 
photoelectrode consisting of interconnected ZnO nanoparticles rt (Ωcm), the charge transfer 
resistance at ZnO/dye/electrolyte interface per unit volume of the electrode rrec (Ωcm3) and 
electrode capacitance per unit volume c (Fcm-3). These distributed parameters are related to total 
resistances and capacitances by Rt= rtd, Rrec= rrecd

-1and C= cd with their units Ωcm2 and Fcm-2, 
respectively, d being the thickness of the layer.  In addition, equivalent circuit model of DSC 
contains the series resistance Rs, the resistance and capacitance of the substrate/electrolyte 
interface (Rsu and Csu), the substrate/nanoparticle contact (Rco,2 and Cco,2), the counter-
electrode/electrolyte interface (RCE and CCE) and Warburg impedance (Zd) representing the 
diffusion of redox species in the bulk electrolyte layer. 

Fig.4,b shows the Bode and the Nyquist (inset) diagrams of DSC system under study.  The 
Bode plot shows two peaks and the Nyquist plot consists of two semicircles: the smaller semicircle 
corresponds to the charge-transfer resistance at the platinum electrode/electrolyte interface while 
the second semicircle represents the kinetics of the transport/recombination processes occurring in 
the photoelectrode.  
   

 

 
Fig.4. Evaluation of solar cell based on nanostructured ZnO photoanode sensitized with 
D149 dye under illumination AM 1.5: a) current-voltage characteristics and power profile 
b) Bode phase representation. The inset shows the equivalent circuit which was fitted the  
          measured spectrum and Nyquist representation of the impedance spectrum. 
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Fig.5. Equivalent circuit model of dye-sensitized solar cell 

 
One component of our photoanode is a ZnO thin layer used as blocking layer. Therefore, 

we assumed that the contact impedance of the interface blocking layer/nanorods or nanoparticles 
to be negligible because the materials are similar, thus Rco,2 was set to zero, also making Cco,2 
redundant. Also, the presence of Rsu and Csu cannot be justified. 

At open-circuit conditions the electron Fermi level of ZnO semiconductor approaches the 
conduction band edge, making it sufficiently conductive so that the electron transport resistance 
becomes negligible. As a result, the transmission line model reduces to a parallel connection of the 
charge transfer resistance Rrec and C the capacitance of ZnO layer.  Also, at open-circuit 
conditions, Rco,1 was assumed negligible. 

The electrochemical impedance spectra were fitted using the Zview software by means of 
the equivalent circuits shown in Fig.4,b. The equivalent circuit of the solar cell (Fig.4,b) includes 
the series resistance R1 which accounts for the sheet resistance of the conducting glass plus any 
other element that might be considered to be in series with the rest of the circuit, charge transfer 
resistance R3 and C1-double layer capacitance at the platinized FTO, charge transfer resistance R2 
and capacitance C2 at the photoanode/electrolyte interface and Warburg impedance W1. The values 
of the parameters determined by fitting the experimental data to the equivalent circuit shown in 
Fig.4, b are: R1 = 13Ω, R2 = 8.06 Ω, R3 = 2.35 Ω, C1 = 12.8  F and C2 = 0.65 mF. This ZnO layer 
based photoanode shows a low charge transfer resistance associated to recombination of electrons 
at ZnO/dye/electrolyte interface.  

The lifetime of the electron (e) in ZnO layer was evaluated from Bode phase plot, using 
equation e = 1/2  fmax, where fmax is the frequency at the maximum of the phase, to be 5.2ms. 

 
 
Conclusions 
 
In this paper, we presented a new photoanode for DSC based on nanoporous ZnO layer 

prepared by electrophoretical deposition on the surface of ZnO nanorod array, having the role to 
improve the mechanical stability and adherence of ZnO layer deposited by electrophoretic 
technique. A thin layer of ZnO grown by electrodeposition was used as blocking layer for 
photoanode.  

Although there were observed some bad mechanical connections between nanorod array 
and nanoparticles from ZnO layer, the electron transport resistivity in the photoelectrode was 
small. Small solar cell efficiency (1.34%) was attributed to low charge transfer resistance 
associated to recombination of electrons at ZnO/dye/electrolyte interface.  
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