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DSCs based on sponge-like ZnO photoanodes showing conversion efficiency of 6.67% and superior 

transport properties compared with standard TiO2 nanoparticles. 
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Sponge-like nanostructured ZnO layers were successfully employed as photoanodes for the fabrication of 

highly efficient DSCs. The sponge-like ZnO layers were obtained by room temperature radio-frequency 

magnetron sputtering deposition of metallic zinc, followed by thermal oxidation treatment in ambient 

atmosphere. The porous films show a 3D branched nanomorphology, with a feature similar to natural 10 

coral. The morphological and optical properties of these layers were studied through field emission 

scanning electron microscopy, specific surface area measurements, ultraviolet-visible transmittance and 

absorption spectroscopy. The sponge-like ZnO film presents a high density of branches, with a relatively 

high specific area value, and fine optical transmittance. The morphology of the porous structure provides 

a high number of adsorption sites for the anchoring of sensitizer molecules, making it suitable for the 15 

fabrication of ZnO-based photoanode for Dye-sensitized Solar Cells. The light harvesting performance of 

the sensitized semiconductor was evaluated by current density vs. voltage measurements, incident 

photon-to-electron conversion efficiency, open circuit voltage decay and impedance spectroscopy. The 

modelling of the electrical characteristics evidences a higher electron lifetime and a longer charge 

diffusion length, if compared to standard TiO2 nanoparticle based photoanodes. For ZnO films with a 20 

thickness up to 18 µm, a photoconversion efficiency as high as 6.67% and a maximum value of the 

incident photon-to-electron collection efficiency equal to 87% at 530 nm were demonstrated.   

1. Introduction 

 Nowadays the continuously boosting energy demand and the 

overall increase in energy consumption have driven huge interest 25 

towards new types of energy supply. Currently fossil fuels lead 

the energy market, but their increasing cost, the finite supply of 

their sources and the long-term effects of CO2 emission are 

making the research for renewable energy sources, like 

photovoltaics (PV), more and more urgent and necessary. PV 30 

market is currently dominated by silicon technology, which 

provides high photoconversion efficiency for terrestrial 

applications, but is not always cost effective, due to the use of 

expensive raw materials and highly energy consuming process 

technologies. Conversely, Dye-sensitized Solar Cells (DSCs) 35 

represent one of the most interesting non-silicon solar harvesters, 

with outstanding potential as low-cost devices, suitable for large 

area production, and characterized by the ease of their fabrication 

process. First proposed more than twenty years ago1, these 

photoelectrochemical cells are constituted by a dye-sensitized 40 

photoanode, a hole-conducting material and a counter electrode. 

The photoanode consists of a glass slide covered with a 

Transparent Conducting Oxide (TCO) film, on which a layer of a 

porous wide bandgap semiconductor is deposited. The 

semiconductor surface is sensitized with dye molecules, which 45 

absorb the light and generate electrons that, passing through the 

oxide layer, are collected by the front electrode. A redox couple 

acts as hole conductor, electrically regenerating the dye 

molecules. The counter electrode is a TCO-covered glass slide 

with a thin Pt layer that catalyzes the redox reaction. At present, 50 

the highest photovoltaic conversion efficiency, exceeding 12%, 

has been obtained using titanium dioxide nanoparticles as 

photoanode material, porphyrin molecules as sensitizer and cobalt 

(II/III) as redox shuttle2. 

 Zinc oxide is a promising material alternative to TiO2 for the 55 

fabrication of DSC photoanodes. It presents some resemblances 

with TiO2, such as a similar band gap and a conduction band edge 

located almost at the same level, and some advantages, like 

higher electron mobility and lifetime3. A great number of one-

dimensional ZnO nanostructures, like nanowires or nanorods4,5, 60 

can be easily grown, as well as more complex three-dimensional 

structures such as branched and dendritic nanowires6-9. The 1D 

structures are characterized by superior charge transport 

properties along the c-axis direction but, if compared to 

nanoparticles, they exhibit a reduced value of exposed area. A 65 

high specific surface is a crucial feature in a DSC photoanode, 

since it determines the maximum number of anchored dye 

molecules. The resulting photovoltaic performances of low-

dimensional nanostructured ZnO electrodes are therefore rather 

poor10. On the other hand, 3D branched/dendritic structures can 70 

Page 2 of 7Physical Chemistry Chemical Physics

P
h

ys
ic

al
 C

h
em

is
tr

y 
C

h
em

ic
al

 P
h

ys
ic

s 
A

cc
ep

te
d

 M
an

u
sc

ri
p

t

D
ow

nl
oa

de
d 

by
 B

os
to

n 
U

ni
ve

rs
ity

 o
n 

03
 S

ep
te

m
be

r 
20

12
Pu

bl
is

he
d 

on
 2

9 
A

ug
us

t 2
01

2 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

2C
P4

27
05

B

View Online

http://dx.doi.org/10.1039/c2cp42705b


 

2  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

show good transport properties, at the same time maintaining a 

discrete number of sites for dye sensitization. However, the 

higher degree of complexity limits the reproducibility of the 

fabrication process and the scalability towards larger area 

devices10. At present, the photoconversion efficiencies of ZnO-5 

based DSCs using Ru-based sensitizer and I-/I3
- redox couple are 

below 8%10-12, so the development of new structures and/or 

architectures able to improve the cell performances is an exciting 

challenge. 

 We recently proposed a method for the production of ZnO 10 

photoanodes13,14, which is very easy, low cost and scalable for 

large area device fabrication. The method consists in the 

deposition of a sponge-like Zn layer onto TCO-covered glass 

substrates by radio-frequency (RF) magnetron sputtering 

technique at room temperature, followed by a thermal oxidation 15 

of the Zn film in ambient atmosphere. The obtained nanoporous 

ZnO films show a pure wurtzite crystalline structure and a 

branched morphology. ZnO-based DSCs with remarkable 

efficiency were successfully fabricated with a microfluidic 

architecture15.  20 

 In the present work, we focus on the optical and transport 

properties of this sponge-like material. We examine ZnO films 

with thicknesses up to 18 µm. They exhibit a high-density of 

branches, with a relatively high specific area, a good dye loading, 

and a high transparency to the visible light, that make them 25 

suitable for applications in solar windows. Furthermore, by 

means of a deeper analysis on the charge carrier lifetime and the 

evaluation of the electron diffusion length, we evidence the faster 

transport in sponge-like ZnO with respect to mesoporous TiO2. 

Finally we demonstrate that using ZnO films with a thickness of 30 

18 µm in an irreversibly sealed architecture a photoconversion 

efficiency value as high as 6.67% can be reached. 

2. Experimental 

2.1 Materials and device fabrication 

 A detailed description of the fabrication of ZnO-based 35 

photoanode was reported elsewhere13,14. Briefly, the photoanodes 

were prepared by depositing onto Fluorine-doped Tin Oxide 

(FTO) coated glass sponge-like zinc films by RF magnetron 

sputtering at room temperature, using argon as sputtering gas. In 

this work, the thickness of nanostructured Zn layers was 40 

increased up to 18 µm. A thermal treatment carried out in 

ambient air on a hot plate at 380 °C was employed for oxidizing 

the zinc films in order to obtain sponge-like ZnO layers. After the 

fabrication, the photoanodes were heated at 70 °C, soaked at 

room temperature into a 0.25 mM N719 ethanol-based dye 45 

solution (Ruthenizer535bis-TBA, Solaronix) and then rinsed in 

pure ethanol to remove the un-adsorbed molecules. According to 

our previous study14, 2 h was chosen as incubation time. In order 

to compare the properties of the sponge-like ZnO with the most 

commonly used material in DSCs, TiO2 nanoparticle-based 50 

photoanodes were also prepared, using our standard previously 

reported procedure16, with an 8 µm-thick TiO2 film obtained by a  

commercial paste (Ti-Nanoxide D37, Solaronix. 

 The counter electrodes were firstly drilled in order to create the 

inlet port for electrolyte filling, then cleaned and coated with a 5 55 

nm thick Pt thin film using the procedure described elsewhere15. 

The two electrodes were subsequently sealed together employing 

a 25 µm thick thermoplastic spacer (Meltonix 1170-25/PF, 

Solaronix) heated in a hot press at 90 °C applying a slight 

pressure. The cells were then filled with the electrolyte (Iodolyte 60 

AN50, Solaronix) using a vacuum procedure and the inlet hole 

was sealed by using a glass slice and the thermoplastic film as 

bonding material. 

2.2 Characterization 

 The morphology of the ZnO nanostructures was investigated 65 

by means of a Zeiss Supra 40 Field Emission Scanning Electron 

Microscope (FESEM), both in top view and in cross view (with 

electron energy of 5 keV). Brunauer–Emmett–Teller (BET) 

specific surface area was measured from N2 sorption isotherms 

(Quantachrome Autosorb1) by multipoint method within the 70 

relative pressure range of 0.1–0.3 P/P0.  

 UV-visible spectroscopy measurements (in transmittance and 

absorbance) were carried out using a Varian Cary 5000 

spectrophotometer. The amount of dye loading on the photoanode 

was determined by desorbing the dye molecules from the oxide 75 

using a known volume of 0.1 M NaOH aqueous solution, 

measuring the optical absorbance. The concentration of this 

ensuing solution and hence the total number of adsorbed dye 

molecules were calculated employing the Lambert-Beer law and 

the pre-determined extinction coefficient value (12717 M-1 cm-1 80 

at 500 nm) of dye in the corresponding basic solution17. 

 I-V electrical characterizations under AM1.5G illumination 

(100 mW/cm2) were performed using a class A solar simulator 

(Newport 91195A) and a source measure unit (Keithley 2440). 

Incident Photon-to-electron Collection Efficiency (IPCE) 85 

measurements were carried out using a 100 W QTH lamp 

(Newport) as light source, a 150 mm Czerny Turner 

monochromator (Lot-Oriel Omni-λ 150) and a source measure 

unit (Keithley 2440) for collecting the DC current. Open Circuit 

Voltage Decay (OCVD) curves were acquired using an 90 

electrochemical workstation (CH Instruments 760D) with a time 

resolution of 100 ms. Electrochemical impedance spectra (EIS) 

were collected in dark condition through an electrochemical 

workstation (CH Instruments 760D) in the frequency range 

between 100 mHz and 20 kHz, at different applied bias voltage, 95 

with an amplitude of the sinusoidal signal of 10 mV. 

3. Results and discussion 

 The growth mechanisms, the composition and the 

crystallographic phase of the sponge-like ZnO films were 

previously investigated13,14, revealing the formation of 100 

stoichiometric ZnO layers with a hexagonal wurzitic structure. In 

Fig. 1a the cross-sectional FESEM micrograph of the investigated 

ZnO film is reported. The film exhibits a compact morphology 

within few tens of nm from the interface with FTO, which is 

formed during the first stages of the deposition. This thin denser 105 

layer spontaneously evolves into a more branched structure, due 

to the increase of substrate temperature caused by the interaction 

between plasma and substrate surface.13 The resulting sponge-like 

film had a maximum thickness of about 18 µm. The inset of Fig. 

1a shows a higher magnification 45°-tilted view in which it is 110 

possible to appreciate the sponge-like nature of the 

nanostructured ZnO layer, with a feature similar to natural coral. 
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The cartoon in Fig. 1b schematically represents the front-side 

illuminating configuration in which the sponge-like ZnO Dye-

sensitized Solar Cells were assembled and characterized. 

 The shape and position of the hysteresis loops of the nitrogen 

sorption isotherm reported in Fig. 2 are compatible with the 5 

branched porous ZnO structure. The calculated specific area of 

the material is 14.1 m2/g. This value is lower than in 

nanoparticulated TiO2 electrodes usually employed in DSCs, but 

comparable to that of other ZnO layers reported in literature9,18. 

 10 

Fig. 1 (a) FESEM micrographs showing the ZnO cross-sectional view and 

a higher magnified view of the tilted top of the sponge-like layer (reported 

in the inset). (b) Architecture of a DSC employing the ZnO porous layer 

as photoanode. 

 15 

Fig. 2 N2 sorption isotherms for the surface area evaluation. 

 The UV-visible direct transmittance of sponge-like ZnO and 

nanoparticulated TiO2 films with the same thickness (8 µm) 

deposited on the same kind of transparent conductive substrates 

were measured and compared, and the obtained optical spectra 20 

are reported in Fig. 3. The effect of the thermal oxidation on the  

 
Fig. 3 UV-visible transmittance curves obtained for the Zn, ZnO and TiO2 

layers on transparent conductive substrates with the same thickness (8 

µm). The two metal-oxide photoanodes are visualized in the inset. 25 

Zn film is evident: the transmittance was approximately zero for 

the metallic film, while a semi-transparent layer was obtained 

after the oxidation. It is well known that thin TiO2 films made 

with small (8-10 nm) anatase particles can give high 

transmittance, but it has to be observed that such films do not 30 

contain the larger (>100 nm) optically dispersing titania particles 

which permit to obtain high light conversion efficiencies. For this 

reason the ZnO transmittance spectrum has been compared to the 

one obtained on a TiO2 film made with an opaque and dispersing 

TiO2 paste and in this case the ZnO transmittance is definitely 35 

higher, as can be observed in Fig. 3. This result is promising for 

the possibility of employing sponge-like ZnO in transparent 

DSCs for solar windows applications.  

 Moreover, by means of a washing procedure, the dye loading 

value was found to be 6.2 x 10-8 moles/cm2. This value shows 40 

that, despite the lower specific surface area, the dye loading on 

sponge-like ZnO photoanode is comparable to what reported in 

literature for TiO2 nanoparticulated films (ranging from 5 x 10-8 

to 14 x 10-8 moles/cm2 with thicknesses lying in the range of 12 – 

15 µm)19-20. 45 

 In Fig. 4, the results of the photovoltaic characterization under 

AM1.5G illumination are reported. The cells fabricated with 18 

µm thick ZnO photoanodes immersed for 2 h in N719 solution 

exhibit a short circuit current density (JSC) of 16.63 mA/cm2, an 

open circuit voltage (VOC) of 628 mV and a Fill Factor (FF) of 50 

0.64, leading to the noticeable PhotoConversion Efficiency 

(PCE) value of 6.67%. The 2 h impregnation time is optimal to 

avoid the formation of aggregates between N719 dye molecules 

and dissolved Zn2+ ions coming from the ZnO surface. This effect 

is well known for ZnO in presence of metal-organic dyes and 55 

could bring to a decrease of the efficiency for long incubation 

time14,21. The inset of Fig. 4 shows the Incident Photon-to-

electron Collection Efficiency spectrum: the IPCE curve is above 

0.5 in the wavelength range from 400 to 600 nm, with a 

maximum value of 0.87 measured at 530 nm. 60 

 Such promising results can be explained by the reduced charge 
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recombination kinetic in the ZnO-based cells. For this reason we 

performed open circuit voltage decay measurements and the 

results were compared to standard TiO2 nanoparticle-based  

 
Fig. 4 Current density-voltage curve of 18 µm thick ZnO-based DSC. In 5 

the inset, the relative IPCE spectrum is shown. 

 
Fig. 5 Open circuit voltage decay curves of 18 µm thick ZnO-based and 8 

µm thick TiO2-based DSCs.  

DSCs. The VOC was recorded during relaxation from an 10 

illuminated quasi-equilibrium state to the dark equilibrium. When 

the illumination of the DSC at open circuit condition is 

interrupted, the excess electrons recombine, so the photovoltage 

decay rate is related to electron lifetime22. The results of the 

OCVD measurements performed on the cells are reported in Fig. 15 

5. A slower decay of the open circuit voltage (evidencing a 

superior charge lifetime) was observed for the ZnO-based cells: 

the morphological properties of the sponge-like structure may 

contribute reducing the number of defects and trap sites, thus 

lowering the recombination rate with respect to the nanoparticle-20 

based photoanode23. 

 Electrochemical impedance spectroscopy analysis allowed to 

confirm the above results and to study the transport properties of 

the ZnO nanostructures. The experimental EIS data were fitted 

using the equivalent circuit shown in Fig. 6, which includes 25 

contact resistance (RS), equivalent impedance of the photoanode 

(Zox), and a charge transfer impedance (RCE and CCE) at the 

electrolyte-cathode interface24. The mass transport impedance due 

to the diffusion of electrolyte species has been neglected since no 

significant contribution was evidenced in the measured frequency 30 

range. According to a purely diffusive transport model of 

electrons across the photoanode, the small-signal impedance of 

the oxide is modelled by the input impedance of the distributed 

RC circuit, open load terminated, shown in Fig. 6 (bottom)25. 

RS
RCE

CCE

Zox

Qµ

RT

RCTZox

 35 

Fig. 6 Equivalent circuit exploited for the fitting of the EIS spectra. Top: 

equivalent circuit of the overall cell. Bottom: transmission line model of 

the oxide film. 

 The constant phase element Qµ with equivalent impedance 

  (1) 40 

is a generalization of the conventional electrochemical 

capacitance, included to account for the possible frequency 

dispersion observed in the EIS spectra. The electrochemical 

capacitance Cµ, corresponding to the constant phase element 

results as 45 

  (2) 

 A few examples of Nyquist plots comparing the measured EIS 

spectra with the calculated ones are shown in Fig. 7. Measured 

and fitted EIS spectra at open circuit voltage of the ZnO based 

and TiO2-based DSCs are compared in Fig. 7a. The high 50 

frequency semicircles are ascribed to the impedance of the RCE, 

CCE parallel, while the larger semicircles in the low frequency 

range are associated to the recombination mechanisms in the 

oxide film (RCT, Qµ). Here RT is nearly invisible, since it overlaps 

with the counter electrode impedance arc.  The contribution of RT 55 

and its bias dependence are shown in Fig. 7b for the ZnO-based 

cell. From the fitting parameters RT, RCT, Qµ and β, the effective 

electron lifetime τn, the diffusion length Ln and the diffusion 

coefficient Dn were evaluated according to the following 

equations:  60 

  (3) 

  (4) 
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  (5) 

where d is the thickness of the oxide layer.  

 With the aim to compare the transport properties of the two 

different oxides, it is convenient to use as reference quantity the 

electrochemical capacitance instead of the applied voltage. In 5 

fact, within the framework of a multiple-trapping model, and 

assuming an exponential trap density of states, Cµ turns to be 

approximately proportional to the electron density within the  

 
Fig. 7 (a) Measured (symbols) and fitted (solid line) EIS spectra at open 10 

circuit voltage of 18 µm thick ZnO-based and 8 µm thick TiO2-based 

DSCs. The high frequency zoom is reported in the inset. (b) High 

frequency behaviour of the ZnO based cell impedance: measurements 

(symbols) and fitting (solid lines) at applied voltage ranging from -0.53 V 

to -0.73 V with 0.05 V step. 15 

oxide26,27. Fig. 8 reports the dependence of the effective lifetime 

and the diffusion coefficient as a function of the electrochemical 

capacitance Cµ as obtained from the EIS analysis. As expected 

from OCVD results, the electron lifetime values for the sponge-

like ZnO are higher than those reported for TiO2 nanoparticle, 20 

thus evidencing the lower recombination rate (probably due to a 

reduced number of surface defects of the three-dimensional 

structure). Moreover, the sponge-like layer can improve the 

electron transport through the dye-sensitized photoanode by 

exploiting a pathway for photogenerated electron collection that 25 

is less tortuous than that of randomly interconnected 

nanoparticles10. As a consequence, the ZnO-based DSCs are 

characterized by increased diffusion coefficient values. Using 

equation (4), the diffusion length values of the two cells, at open 

circuit voltage, were found to be about 100 µm and 30 µm for the 30 

sponge-like based cell and the TiO2 nanoparticle-based cell, 

respectively. The measured diffusion length for the coral-shaped 

ZnO is approximately one order of magnitude lower than that 

measured for 1D ZnO nanowires28,29 and two orders of magnitude 

higher with respect to isotropic ZnO nanoparticles30. These 35 

results confirm the enhanced transport properties of the proposed 

ZnO layer. 

 

 

 40 

 

 

 

 

 45 

 

 

 

 

 50 

 

 

 

 

Fig. 8 Effective electron lifetime and diffusion coefficient dependence on 55 

the chemical capacitance for 18 µm thick ZnO-based and 8 µm thick 

TiO2-based DSCs. 

4. Conclusions 

 Through a simple and low cost two-step method, based on RF 

magnetron sputtering deposition and thermal oxidation, a sponge-60 

like ZnO nanostructured films with thicknesses up to 18 µm were 

obtained. They present a high density of branches, a relatively 

high specific area value, fine optical transmittance and a suitable 

dye loading amount. 

 DSC photoanodes were fabricated using the sponge-like ZnO 65 

nanostructures. These photoanodes exhibit enhanced transport 

properties if compared to the TiO2 nanoparticle-based ones. Open 

circuit voltage decay measurements and electrochemical 

impedance spectroscopy modelling evidence high charge lifetime 

and diffusion coefficient values for the ZnO based cells. A 70 

reduced recombination rate and an increased diffusion length 

with respect to a standard TiO2 nanoparticle-based DSC were 

achieved thanks to a more direct pathway for the electron 

collection. 

 The fabricated DSCs were characterized in terms of 75 

photovoltaic performance: the noticeable photoconversion 

efficiency value of 6.67% was obtained using an 18 µm thick 

ZnO layer.  

 In addition, thanks to the relatively low oxidation temperature 

it will be possible, in the future, to fabricate flexible photoanode 80 

exploiting the same ZnO nanostructures and high-temperature 

resistant polymeric substrate (for example polyimide). 
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