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a b s t r a c t

The performance of ZnO-based dye-sensitized solar cells (DSSCs) has always been lower than that of
TiO2-based devices, however, the factors for this difference are still not entirely understood. Here we use
current - voltage curves in combination with intensity-modulated photovoltage spectroscopy, charge
extraction measurements, and surface photovoltage spectroscopy to gain insight in the photochemical
charge separation in ZnO-based DSSCs. Devices were fabricated with electrodeposited nanostructured,
mesoporous ZnO films, an organic fluorenyl-thiophene dye (OD-8) as sensitizer, and an electrolyte so-
lution with either the I!/I3! or [Co(2,20-bipyridyl)3]2þ/3þ redox couple. Surface photovoltage measure-
ments and scanning electron microscopy images show that Zn2þ-dye aggregates are most likely the
cause of a decrease in cell performance with sensitization times longer than 4 h, due to the relatively
acidic acrylonitrile bonding moiety of the OD-8 dye. Charge extraction measurements combined with
intensity-modulated photovoltage spectroscopy illustrate that a lower electron lifetime for the DSSCs
with the [Co(2,20-bipyridyl)3]2þ/3þ redox couple prevents achieving the thermodynamically attainable
photovoltage, thus limiting solar cell efficiency. It can be concluded that further improvements in ZnO-
based DSSCs are possible by: (i) avoiding the formation of Zn2þ-dye aggregates in the mesoporous
structure; (ii) preventing back electron transfer from ZnO to the electron acceptor in the electrolyte
solution.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

The dye-sensitized solar cell (DSSC) is a fascinating system,
where solar cell performance is determined by an optimization of
the electrical properties of nanomaterials, optical properties of
molecular sensitizers, and redox properties of a non-aqueous
electrolyte solution. If both light absorption by the sensitizer and
electron injection into the nanostructured metal oxide film are
efficient, then the key to good performance is a high electron
collection efficiency. This is determined by the relative rates of
electron transport in the nanostructured film and the electron
transfer rates to the oxidized dye or the electron acceptor in the
solution, which are the two main recombination processes. After
the groundbreaking work reported in 1991, when the first device

with a power conversion efficiency above 7% was reported [1],
subsequent work has focused on improving the solar absorptance
by engineering the dye chemistry [2] and optimizing the I!/I3!

electrolyte solution, leading to an 11.1% confirmed solar cell effi-
ciency in 2006 [3]. Further improvements in the efficiency were
achieved by changing the redox couple, based on the observation
that a more positive redox potential could lead to a higher cell
voltage [4]; the combined use of new organic dyes with cobalt-
based redox couples resulted in cells with an efficiency of more
than 13% in 2014 [5e7]. Recently, an efficiency of more than 14% has
been reported [8], although the cell design of these high-efficiency
cells are not yet suitable for scale-up. Alongside the development of
higher efficiency solar cells, a better understanding of the electronic
transport and recombination processes in the solar cell has been
obtained [5,6,9e12].

Traditionally, nanostructured, mesoporous TiO2 is used for
efficient DSSCs, however, ZnO is an interesting alternative as an n-* Corresponding author.
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type material with direct electronic transitions with similar band
gap (3.3 eV, versus 3.2 eV for anatase TiO2), and a higher bulk
electron mobility (200 cm2 V!1 s!1 versus 0.1e4 cm2 V!1 s!1 for
TiO2) [13]. In addition, ZnO can be obtained by various techniques
such as sol-gel [14,15], precipitation [16e18], hydrothermal syn-
thesis [19,20] and electrochemical methods; in particular, electro-
deposition is an attractive technique due to its high deposition
speed, good control over thickness and morphology of the film, as
well as low temperature deposition conditions [21e29]. The better
electrical properties of ZnO are attractive in order to better compete
with recombination; however, the record efficiency for ZnO is 8.0%,
compared to 14% for TiO2 [30]: in specific systems, it has been
shown that this may be related to a slower electron injection rate
[31], faster electron transfer to the electrolyte solution, and less
than optimal interaction of the dye with the ZnO surface, resulting
in partial dissolution of ZnO but also lower dye coverage [32]. ZnO is
not as stable as TiO2 in acidic solutions, which is specifically
problematic when using classical dyes designed for TiO2 that use a
carboxylic acid moiety as anchoring group: during the sensitization
step, the ZnO surface is attacked leading to the formation of Zn2þ-
dye aggregates, resulting in pore blocking and lower electron in-
jection [13]. We believe that the use of appropriate dyes and redox
couples can improve the efficiency of ZnO-based dye-sensitized
solar cells.

In this work, we aim to explore some of the factors that limit the
efficiency of ZnO-based DSSCs. Nanostructured, mesoporous ZnO
films were electrodeposited from an optimized aqueous ZnCl2 so-
lution. DSSCs were assembled using an organic fluorenyl-thiophene
dye (OD-8), and electrolyte solutions with either the I!/I3! or the
cobalt complex based [Co(2,20-bipyridyl)3]2þ/3þ redox couple. By
combining the results from standard current - voltage measure-
ments, small-signal perturbation techniques, and surface photo-
voltage spectroscopy, it is concluded that the efficiency of ZnO-
based DSSCs is limited by recombination via electron transfer to
the electron acceptor in solution and the formation of Znþ2-dye
aggregates.

2. Experimental

2.1. Chemicals

ZnCl2 (Sigma-Aldrich; # 98%), KCl (Sigma-Aldrich, # 99%),
cetyltrimethylammonium bromide, (CTAB; Sigma-Aldrich, 98%),
Co(II) tris(bipyridyl) tetracyanoborate (Co-200; Eversolar, 98%),
Co(III) tris(bipyridyl) tetracyanoborate (Co-300; Eversolar, 98%),
1,2-dimethyl-3-propylimidazolium iodide (DMPII, IonLic DMPII;
Solaronix), Chenodeoxycholic acid (CDCA; Sigma-Aldrich, #97%),
Polyvinylpyrrolidone (PVP40; Sigma-Aldrich), t-Butyl alcohol
(Sigma-Aldrich, ACS #99%), ethanol anhydrous (J.T Baker, 99%),
Methanol (Sigma-Aldrich, 99.8%), Acetonitrile (Sigma-Aldrich,
99.93%), 4-tert-Butylpyridine (Sigma-Aldrich, 96%), H2SO4 (Sigma-
Aldrich, 98%), HCl (Sigma-Aldrich, 37%), Oxygen (Praxair, 99.5%),
Platisol T (Solaronix), Metlonix 1170-60 (Surlyn 60 mm thick,
Solaronix), and Water (18 MU cm resistivity). All solvents and
chemicals were used in ambient conditions (room temperature and
atmospheric pressure), and without further purification.

2.2. Preparation of electrodeposited ZnO films

Porous films of ZnO were obtained through the use of a galva-
nostatic electrodeposition method using a Gamry Instruments
Reference 3000 potentiostat/Galvanostate/ZRA with Ag/AgCl (3 M
KCl) as a reference electrode, Pt as a counter electrode and SnO2:F-
coated glass substrate (FTO, TEC 8 U sq!1, Pilkington) as a working
electrode. A 0.5 cm2 area was masked with polyester tape (Cole-

Parmer), and activated with 2 M H2SO4 followed by rinsing with
deionized water. The electrolyte was prepared with 0.01 M ZnCl2,
0.1 M KCl and 0.10mMPVP40. The solutionwas bubbledwith O2 for
20 min before use. For the electrodeposition a current density
of !0.5 mA cm!2 was applied for 8427.12 s. All the films were
sintered at 450 $C for 1 h after electrodeposition.

2.3. Preparation of dye solutions and sensitizing of ZnO films

The dye used in this work was the (Z)-2-Cyano-3-(5-(9,9-
dihexyl-7-(dihexylamino)-9H-fluoren-2-yl)thiophen-2-yl)acrylic
acid (OD-8; from Eversolar); 0.5 mM OD-8 and 0.5 mM CDCA so-
lutions were prepared to dissolve the desired amounts of these
reagents in a mixture of acetonitrile/t-butyl alcohol (1:1 v/v). ZnO
films were heated at 90 $C for 20 min and immediately soaked in
the dye solution (described above) for different times (1, 4, 8 and
24 h) in order to achieve sensitization. After sensitization, the films
were removed from the dye solution and carefully washed with the
same mixture of acetonitrile/t-butyl alcohol.

2.4. Preparation of electrolyte solutions

All the electrolyte solutions used were prepared in a 5 mL
volumetric flask using acetonitrile as solvent. The cobalt redox
couple consists of 0.22 M [Co(2,20-bpy)3]2þ (0.8329 g), 0.05 M
[Co(2,20-bpy)3]3þ (0.218 g) and 0.2 M 4-tert-butylpyridine
(0.1352 g). The I!/I3! redox couple was prepared in the same molar
ratio as for the Co-based redox couple, using 0.05 M iodine
(0.0634 g), 0.2 M TBP, and 0.27 M 1,2-dimethyl-3-
propylimidazolium iodide (0.3592 g). The chemical structures of
all the redox couples, dyes, CDCA and PVP40 are shown in the
Supporting Information (Fig. S1).

2.5. Electrochemical characterization of solutions

The electrochemical spectrum of the working solutions was
obtained by performing cyclic voltammetry with a potentiostat/
galvanostat/ZRA (Gamry Instruments Reference 3000) employing a
classic three-electrode system with as a reference electrode a Ag/
AgCl (3 M KCl) for aqueous solution and a Ag/Agþ (0.01 M AgNO3)
for organic solutions, a Pt counter electrode and an FTO (TEC 8), Pt
or Au working electrode depending on the system studied. Rotating
disc electrode (RDE) procedures with the same three-electrode
configuration were carried out to determine the diffusion coeffi-
cient of the electroactive species in the electrolyte solutions. The
rotation rates of the Au or Pt disk were controlled with a Radiom-
eter Analytical CTV101 speed control system.

2.6. Preparation and photovoltaic characterization of DSSC

Dye-sensitized solar cells (DSSCs) were prepared with the
sensitized ZnO films described previously and an FTO counter
electrode with a thin coating of Pt, prepared by spreading a drop of
Platisol (Solaronix) on the conductive side of the electrode and
subsequent heating at 450 $C for 5 min. The photoanode and
counter electrode were sealed in a sandwich configuration using a
Surlyn (60 mm) separator by heating at 210 $C for 2.5 min. Finally,
the electrolyte solution was introduced inside the cell through a
pair of holes previously perforated in the counter electrode, which
were subsequently sealed with Surlyn and amicroscope cover glass
pressed under heating. Photovoltaic characterization was per-
formed using a set-up consisting of a 450 W ozone-free Xe-lamp
(Newport Corporation) with a water filter, calibrated to an irradi-
ance of 100 mW cm!2 on the surface of the solar cell using an Air
Mass 1.5 Global (AM 1.5G) optical filter (Newport Corporation). The
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intensity was calibrated using a certified 4 cm2 monocrystalline
silicon reference cell with incorporated KG-5 filter. Currentevolt-
age curves (IeV), intensity modulated photovoltage spectroscopy
(IMVS) and charge extraction measurements were recorded with
an Autolab PGSTAT302 N/FRA2 set-up (Metrohm Autolab). In
charge extraction measurements, the dye-sensitized solar cells
were illuminated under open circuit conditions until a steady
photovoltage was obtained. The illuminationwas then switched off
and the cell was switched to short circuit conditions where the
resulting current collected for 90 s was integrated; this integrated
current corresponds to the electronic charge accumulated in the
film. In the IMVS technique, a sinusoidal, small amplitude light
perturbation at different frequencies superimposed on a bias light
intensity is applied to the DSSC under open circuit conditions. The
transfer function between the modulated light intensity and the
measured AC potential of the cell provides information on the
electronic lifetime under open circuit conditions. IMVS measure-
ments were performed at modulation frequencies between 1 mHz
and 10 kHz. A red LED (625 nm) was used to illuminate the sample
from the substrate side and it served both as the bias illumination
and the small sinusoidally modulated probe beam.

The crystal phase and texture of ZnO materials were analysed
with a Siemens D-5000 difractometer with Cu-Ka radiation at
34 kV and 25 mA; the diffraction patterns were collected from 10$

to 70$ (2q) with a 0.02$ step size and 2 s integration time, with the
films at a 3$ inclination. SEMmeasurements were carried out using
a scanning electron microscope (JEOL JSM 7600 F) operated at an
accelerating voltage of 15 kV, and using the SEI detector. The
thickness of the films was determined using a KLA Tencor D-120
profilometer. Diffuse reflectance spectra were recorded on films
using a Thermo Scientific Evolution 220 UVeVis spectrometer.

Surface photovoltage (SPV) measurements were conducted
under vacuum (1.6 % 10!4 mBar) on ZnO films on FTO. A gold Kelvin
probe (Delta PHI Besocke) served as the reference electrode. Sam-
ples were illuminated with monochromatic light from a 150 W Xe
lamp filtered through an Oriel Cornerstone 130 monochromator
with light intensity range of 0.1e0.3 mW cm!2. The CPD spectra
were corrected for drift effects by subtracting a dark scan. No
correction for the variable light intensity from the Xe lamp was
performed. Samples for SPS measurements were prepared by
heating FTO/ZnO substrates at 310 $C for 20 min followed by
cooling to 80 $C and followed by placement into the dye solutions
for 1 h to 24 h. After sensitization, all films were rinsed with a
mixture of acetonitrile/t-butyl alcohol (1:1 v/v), and stored in
aluminum foil covered containers in the glovebox.

3. Results and discussion

3.1. Electrochemical deposition of ZnO

Methods to electrodeposit ZnO from aqueous solutions can be
divided into two groups: (i) reduction of a zinc salt solution to
metallic zinc and simultaneous and subsequent oxidation of the
metallic zinc using dissolved oxygen to form ZnO, and (ii) reduction
of a different component of the zinc salt solution, such as nitrate, to
form a large concentration of surface hydroxide resulting in
deposition of Zn(OH)2 and subsequent condensation to ZnO.
Experimental parameters, including concentration of the solution
components, pH of the solution, temperature, deposition current or
potential, either pulsed or steady-state, etc. can be used to control
the composition and morphology of the final product [23,33].

Fig. 1 shows two current - potential curves for an FTO (fluorine-
doped tin oxide) working electrode and a solution containing
ZnCl2 þ KCl at neutral pH, which was saturated with either N2 or O2
in order to determine the reaction mechanism leading to

electrodeposition of ZnO. Both N2 and O2 bubbled solutions showed
a cathodic current maximum at around !1.16 and !1.21 V,
respectively, related to the reduction of Zn2þ and nucleation and
growth of mainly metallic Zn. The electrochemical reduction of O2
is expected to also take place in this potential range; however, the
associated current is relatively low. At more negative potentials
(!1.5 V vs Ag/AgCl) water reduction becomes the main electro-
chemical reaction. When reversing the direction of the potential
sweep, an anodic current maximum is observed in both systems
at !0.94 and !0.98 V, respectively, which corresponds to the
electrochemical oxidation of themetallic zinc previously deposited.
The anodic peak is significantly smaller for the solution saturated
with oxygen, and this observation can be understood in the
framework of mechanism (i). Even during the cathodic sweep,
electrodeposited metallic Zn reacts with the oxygen dissolved in
the solution forming ZnO. Hence, upon reversing the sweep to-
wards positive potentials, only traces of metallic zinc are present,
resulting in a small electrochemical oxidation peak. In the solution
saturated with nitrogen, most metallic zinc remains and is elec-
trochemically oxidized upon sweeping the potential towards pos-
itive potentials resulting in a large oxidation peak.

In order to better control the morphology and porosity of the
ZnO films, thewater-soluble polymer PVP40 (polyvinylpyrrolidone;
MW ¼ 40,000 g mol!1) was added to the solution. Current - po-
tential curves (see Supporting Information, Fig. S2) illustrate that
PVP40 is not electrochemically active and does not markedly
change the electrochemical behavior of the deposition bath.

Fig. 2 shows X-ray diffraction patterns of the films electro-
deposited from O2-saturated 0.01 M ZnCl2 þ 0.10 M KCl with
0.1 mM PVP40 onto FTO before and after sintering at 450 $C. The
patterns show that electrodeposition at room temperature results
in a crystalline film. Before sintering (Fig. 2a), peaks associated with
both metallic zinc and ZnO are observed, as well as reflections
related to the FTO substrate; notably, peaks related to Zn(OH)2 are
absent, supporting the prevalence of mechanism (i). It should be
noted that during the cathodic sweep, water and O2 may also be
reduced, which could lead to an increase in the surface pH, which
may affect the composition of the deposited material [23,29]. After
sintering in air (Fig. 2b), metallic Zn has been oxidized to ZnO with
the hexagonal crystal structure.

Fig. 1. Current-potential curves obtained in a solution of 0.01 M ZnCl2 þ 0.10 M KCl
using an FTO-TEC8 working electrode after either O2 or N2 bubbling for 20 min. The
experiments were performed at room temperature (25 $C) and at a scan rate of
2 mV s!1.

E.J. Canto-Aguilar et al. / Electrochimica Acta 258 (2017) 396e404398



Themorphology of the sintered ZnO films is shown in Fig. 3. The
SEM images illustrate that the film is mainly composed of clusters
of rounded particles with sizes between 10 and 50 nm; however,
other structures such as thin needles with lengths of up to 1 mm, as
well as non-porous agglomerates of about 1 mm, are also observed.
The presence of “rounded” particles is associated with the presence
of PVP40 in the deposition bath: PVP40 adsorbs at a similar rate on
the different faces of the growing ZnO particles, thus modulating
grain size and morphology [21]. The presence of needles is

characteristic of the preferential nucleation and growth of ZnO by
the electrodeposition route [29]. For the fabrication of DSSCs,
mesoporous and nanostructured ZnO films with an average thick-
ness of 9.23 ± 0.74 mm were obtained through galvanostatic
electrodeposition.

3.2. Electrochemical characterization of redox couples and dye

The redox potential for the electrolyte solutions used in DSSCs
was determined through near steady-state voltammetry. Fig. 4a
shows the current - potential curves obtained at a very low scan
rate of 0.5 mV s!1 for the electrolyte solutions used in the solar
cells. At conditions close to steady state, the average potential
where the current is zero corresponds to the redox potential (E*) of
the couple. For the I!/I3! redox couple, the redox potential is located
at !0.170 V vs. Ag/Agþ while for the [Co(bpy)3]2þ/3þ couple the
redox potential is 0.014 V vs. Ag/Agþ. Hence, the [Co(bpy)3]2þ/3þ

redox potential is 0.184 V more positive than that of the I!/I3! redox
couple, which implies that based on thermodynamic grounds a
higher open circuit potential could be achieved in the DSSCs
[34e36]; however, the open circuit potential may also be limited by
the kinetics of the recombination process. Table 1 summarizes the
electrochemical properties of the redox couples.

The two redox couples used in the acetonitrile-based electrolyte
solution for the dye-sensitized solar cells were characterized using
current - potential curves at a rotating disk electrode (RDE) as a
function of the rotation rate. Fig. S3 illustrates that the current -
potential curves are characterized by current plateaus at suffi-
ciently large overpotential in all cases, and the limiting current
density versus the square-root of the angular rotation speed shows
a linear behavior through the origin (Fig. S4). The results indicate
that the plateau current density is limited by diffusion according to
the Levich equation (eq. (1)):

IL ¼ 0:62 n F D2=3 n!1=6 c∞ u1=2 (1)

where IL is the limiting current density (A cm!2), n is the number of
electrons involved in the reaction, F is the Faraday constant (C
mol!1), D is the diffusion coefficient of the electroactive species
(cm2 s!1), n is the kinematic viscosity of the solvent
(4.484 % 10!3 cm2 s!1 for acetonitrile), c∞ is the bulk concentration
(mol cm!3), and u is the angular rotation speed (rad s!1).

The Levich analysis allows us to determine the diffusion co-
efficients for both the reduced and oxidized species of the
[Co(bpy)3]2þ/3þ and I!/I3! redox couples. In Table 1, the results are
summarized, and it can be observed that the diffusion coefficients
for the I!/I3! redox couple are about twice as large as those of the
[Co(bpy)3]2þ/3þ couple, which is likely related to the larger size of
the latter molecules [34,35].

Fig. 2. X-ray diffraction patterns of electrodeposited ZnO films from the O2-saturated
0.01 M ZnCl2 þ 0.10 M KCl with 0.1 mM PVP40 on FTO, (a) before, and (b) after sin-
tering. Before sintering, the (002), (100), (101) and (102) peaks associated with metallic
zinc are indicated (JCPDS# 04-0831); after sintering the (100), (002), (101), (102), (110),
(103), (200) and (112) reflections corresponding to ZnO (JCPDS# 36-1451) are identi-
fied. In both figures, the peaks corresponding to the FTO substrate are also indicated
(JCPDS# 41-1445).

Fig. 3. SEM images of ZnO films sintered at 450 $C and electrodeposited from O2-saturated 0.01 M ZnCl2 þ 0.10 M KCl with 0.1 mM PVP40 onto FTO.
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In order to determine the HOMO level of the dye, cyclic vol-
tammetry was carried out for the OD-8 dye in solution and
adsorbed onto an electrodeposited ZnO film. For the dye in solution
(Fig. S5), the electrochemical characterizationwas performed using
platinum as working and counter electrodes and a 0.5 mM OD-8 þ
0.1 M [Bu4N][PF6] electrolyte solution in acetonitrile. Oxidation and
reduction peaks attributed to the (OD-8)0/(OD-8)þ redox couple are
observed at 0.403 V and 0.312 V vs. Ag/Agþ, respectively. The
observation that the cathodic and anodic current maxima are
essentially the same in magnitude and that the peak separation is
about z 91 mV indicate that the redox reaction is close to

reversible. Cyclic voltammetry of dyed ZnO films, prepared using a
soaking time of 1.5 h in a 0.5 mM OD-8 þ 0.5 mM CDCA solution in
acetonitrile/tert-butyl alcohol (1:1 v/v), shown in Fig. 4b, reveals
oxidation and reduction peaks at 0.453 and 0.370 V vs. Ag/Agþ,
respectively, with a peak separation of z 83 mV and symmetric
oxidation and reduction waves at a scan rate of 50 mV s!1. A slight
shift is observed with respect to the values of the oxidation and
reduction peaks of the dye in solution; for the dye adsorbed on the
ZnO surface, the equilibrium redox potential is 62mVmore positive
due to the interaction between ZnO and dye. Table 2 summarizes
the electrochemical properties measured for the OD-8 dye.

3.3. Dye sensitized solar cells (DSSCs)

Dye-sensitized solar cells were prepared using electrodeposited
nanostructured, mesoporous ZnO films with a thickness of
9.23 ± 0.74 mm, the OD-8 dye, and both redox couples. Fig. 5a
presents a set of current - voltage curves for DSSCs using the
[Co(bpy)3]2þ/3þ redox couple as a function of the immersion time of
the ZnO films in the sensitizing OD-8 solution. The results are
summarized in Table 3.

The progressive increase of the short circuit current density (JSC)
up to 4 h immersion time is related with the gradual increase of the
number of dye molecules adsorbed to the ZnO surface (Fig. 6a and
c). However, at longer immersion times JSC decreases significantly,
which can be interpreted in terms of the reported limited stability
of ZnO in acidic media. Since the OD-8 dye has a carboxylic acid
moiety as anchoring group, the dye solution is somewhat acidic,
and ZnO has been known to partially dissolve and form Zn2þ-dye
aggregates, which may block the pores in the nanostructure
[37e40]. Although the aggregates are difficult to observe with SEM,
the ZnO surface tends to become smoother with longer immersion
times, whichmay be related to selective dissolution of ZnOmaterial
that can be incorporated in aggregates (see Fig. S6 in the Supporting
Information). The Zn2þ-dye aggregates may provide optical ab-
sorption, explaining the “colorful” appearance of the film, however,
generally electron injection into the ZnO conduction band does not
occur from these aggregates. This interpretation is confirmed by
surface photovoltage spectroscopy in combination with optical
reflectance measurements on dye-sensitized ZnO films at different
sensitization times of 1 h and 24 h. In Fig. S7 in the Supporting
Information, it can be seen that there is more dye present in the
mesoporous ZnO film after 24 h, illustrated by the more intense
band at 2.7 eV (459 nm) in the optical spectrum, however, the
contact potential difference (CPD) at that energy is in fact

Fig. 4. a) Cyclic voltammetry at a scan rate of 0.5 mV s!1 for the DSSC solutions: 0.22 M
I!, 0.05 M I3!, 0.2 M TBP in acetonitrile at a Pt electrode (dashed line); 0.22 M
[Co(bpy)3]2þ, 0.05 M [Co(bpy)3]3þ, 0.2 M TBP in acetonitrile at a Au electrode
(continuous line); b) Cyclic voltammetry at 50 mV s!1 for OD-8 adsorbed onto a
nanostructured, mesoporous ZnO film in a 0.1 M [Bu4N][PF6] solution. Experiments
were performed at 25 $C.

Table 1
Diffusion coefficients and redox potentials determined by electrochemical techniques.

Electroactive species D / cm2 s!1 Redox reaction E* vs Ag/Agþ/ V E* vs NHE/ V

I3! 1.8 % 10!5 I3! þ 2e! –> 3I! !0.170 0.370
I! 1.9 % 10!5

[Co(bpy)3]3þ 8.7 % 10!6 [Co(bpy)3]3þ þ e! –> [Co(bpy)3]2þ 0.014 0.554
[Co(bpy)3]2þ 9.2 % 10!6

Table 2
Data obtained from cyclic voltammetry for the dye in solution and adsorbed on ZnO
films.

OD-8 in solution OD-8 adsorbed onto ZnO

Eox vs Ag/Agþ/ V 0.405 0.469
Ered vs Ag/Agþ/ V 0.312 0.373
E$ vs Ag/Agþ/ V 0.359 0.421
E$ vs NHE/ V 0.899 0.961
EHOMO / eV (estimated) !5.399 !5.461
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somewhat smaller than for the 1 h sample. Hence, in agreement
with the desorption measurements, there is more dye present after
24 h, but the injection efficiency appears lower, resulting in a
smaller CPD signal; in addition, the spectrum presents more noise
for the 24 h sample, which is an indication of the presence of ag-
gregates. Note that the lower injection efficiency is in agreement
with the observation that the short circuit photocurrent is smaller
for DSSC after 24 h of sensitization.

Fig. 5b shows the current - voltage curves for DSSCs prepared
with the optimal 4 h immersion time for both redox couples. A

pronounced difference in the fill factor (FF) is observed: the I!/I3!

solar cell prepared using the co-adsorbent CDCA in the sensitiza-
tion process has a much lower FF than the corresponding solar cell
with the [Co(bpy)3]2þ/3þ redox couple. The electrochemical char-
acterization of the redox couples indicate that the diffusion co-
efficients for the I!/I3! redox couple are a factor 2 larger than for the
[Co(bpy)3]2þ/3þ redox couple, hence, one would not expect diffu-
sion of the redox couple in the bulk solution to be a reason for the
smaller fill factor for the I!/I3! redox solution. However, transport of
the redox couple in the mesoporous film is expected to depend on
the interaction between the redox couple and the ZnO surface, the
dye and the co-adsorbent; it appears that this combination of in-
teractions causes the lower fill factor for the I!/I3! solar cells. In fact,
Fig. 5b shows that if the co-adsorbent CDCA is not used, the classical
diode-shaped IeV curve is recovered for the I!/I3! solar cells.
However, if CDCA is not used during sensitization, the DSSCs with
the [Co(bpy)3]2þ/3þ redox couple have a very low efficiency. Hence,
for sake of comparison, we used the same sensitization solution
chemistry for both redox couples. Note that the results obtained for
the separate components using classical electrochemistry do not
tell the entire story in this complex system.

The open circuit potential (VOC) on the other hand increaseswith
the immersion time, without showing a reversal in trend (Fig. 6b).
This is generally observed for dye-sensitized solar cells (and many
other types of solar cells) if the recombination kinetics do not in-
crease markedly with dye coverage: upon increasing the dye
coverage, the injection current increases, hence, in order to achieve
zero current by balancing the injection with recombination rate, a
higher voltage is required. Thedependenceof recombination rate on
voltage thus defines VOC. On the other hand, the recombination rate
may actually decrease due to a better surface passivation with
increased dye and / or co-adsorbent (CDCA) coverage; this would
also lead to an increase in VOC with immersion time. However, since
the decrease in JSC is much more pronounced than the increase in
VOC, an optimumsensitization time exists for the ZnO -OD-8 system.

Fig. 7 shows a band diagram illustrating the effects of the change
in redox potential on the energetics and kinetics of the DSSC: for
the same quasi-Fermi level under open circuit conditions corre-
sponding to the FTO/ZnO electrode, assuming the change in redox
couple does not lead to a shift of the band edges, the open circuit
potential of the DSSC is expected to be 184 mV larger for the
[Co(bpy)3]2þ/3þ redox couple, but only if: (i) dye regeneration is
sufficiently fast, and (ii) recombination of ZnO electrons with the
oxidizing agent is sufficiently slow. If dye regeneration is slow due
to the smaller driving force for the regeneration process with the
[Co(bpy)3]2þ/3þ redox couple, then recombination of ZnO electrons
with the oxidized dye is expected to limit the open circuit voltage;
if recombination of ZnO electrons with the oxidizing agent is fast,
then the thermodynamically attainable open circuit potential
cannot be maintained, and will be smaller than expected.

However, as can be observed from Fig. 5 and Table 3, the open
circuit potential for the cells with the [Co(bpy)3]2þ/3þ redox couple
was around 140 mV smaller than obtained for I!/I3! solar cells. This
can be related with the recombination processes that govern the
efficiency of the DSSC.

Fig. 5. a) Current density - voltage curves for electrodeposited ZnO-based DSSCs with
the organic dye OD-8 and [Co(bpy)3]2þ/3þ redox couple as a function of sensitization
time; b) Current density - voltage curves for electrodeposited ZnO-based DSSCs with
the organic dye OD-8 sensitized for 4 h, for the two different redox couples used; in
addition, a current-voltage curve for a DSSC with the I!/I3! redox couple and a ZnO film
sensitized for 2 h in a OD-8 dye solution without CDCA is presented.

Table 3
Short circuit current density (JSC), open circuit potential (VOC), fill factor (FF) and efficiency (h) for DSSCs for different sensitization times and redox couples.

Redox couple Time/ h JSC / mA cm!2 VOC / V FF h / %

[Co(bpy)3]2þ/3þ 1 3.91 ± 0.18 0.34 ± 0.02 0.46 ± 0.01 0.62 ± 0.06
4 5.87 ± 0.18 0.44 ± 0.01 0.38 ± 0.03 0.97 ± 0.07
8 5.39 ± 0.4 0.42 ± 0.01 0.4 ± 0.02 0.91 ± 0.11
24 4.2 ± 0.16 0.41 ± 0.02 0.46 ± 0.05 0.79 ± 0.14

I!/I3! 4 4.47 ± 0.27 0.58 ± 0.03 0.26 ± 0.02 0.66 ± 0.03
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In order to obtain a better insight into these processes, 3 cells of
each redox couple were characterized via charge extraction and
IMVSmeasurements. In charge extractionmeasurements, the cell is
held at open circuit under illumination until the system is stable,
and then the illumination is switched off and the cell is switched to
short circuit simultaneously, and the current transient corre-
sponding to equilibration under dark conditions is integrated to
obtain the charge. In IMVS, the cell is held at open circuit under
illumination, and a small, sinusoidally modulated light intensity is
applied to the cell and the corresponding modulated photovoltage
is measured as a function of modulation frequency. In general, a
single time constant is measured, corresponding to the electron
lifetime. Both experiments are performed as a function of steady-
state light intensity. Charge versus voltage curves for the two sets
of cells show that the electrodeposited ZnO photoanodes are

characterized by an exponential distribution of traps below the
conduction band, as has previously been reported for TiO2 and ZnO-
based DSSCs [41], and as schematically illustrated in Fig. 7. The trap
distribution parameter obtained from the slope is very similar for
both redox couples, indicating that the general dependence of the
trap state density with the accumulated charge concentration in
the semiconductor is not affected by the redox potential in the
electrolyte solution [42]. The electron lifetime is plotted against the
total charge extracted in Fig. 8a.

From Fig. 8 it can be observed that the dependence of electron
lifetime with charge extracted follows an exponential behavior for
all the cells. As can be seen in Fig. 8, at the same charge, corre-
sponding to the same quasi-Fermi level with respect to the ZnO
conduction band edge, the electron lifetime is about 70% larger for
the cells with the I!/I3! redox couple. In addition, it can be seen that
larger values for the charge can be extracted for the cells with the
I!/I3! redox couple, indicating that the quasi-Fermi level reached at
a certain light intensity is higher than for the [Co(bpy)3]2þ/3þ cells;
this observation corresponds to the capability to maintain a larger
open circuit potential. These results are also observed in Fig. 8b,
where the lifetime is plotted against the cell voltage: at the same
cell voltage, the electron lifetime is significantly larger for the I!/I3!

cells. Note that the potential scale is different for the two redox
couples, as the counter electrode potential is equal to the respective
redox potential; correction for this difference results in a recom-
bination rate that is several orders of magnitude larger for the
[Co(bpy)3]2þ/3þ redox couple, which is in line with expectations for
this one-electron redox couple, as opposed to the much more
complex reactions taking place for the I!/I3! redox couple. These
results imply that the combination of the OD-8 dye and CDCA does
not achieve complete passivation of the ZnO surface, allowing
recombination corresponding to electron transfer from the ZnO to
the [Co(bpy)3]2þ/3þ redox couple. Note that without the CDCA
treatment, recombination is even faster for the [Co(bpy)3]2þ/3þ

redox couple, illustrating the importance of effective surface
passivation for ZnO-based DSSCs.

Fig. 6. Evolution of: a) short circuit current density, b) open circuit potential, c) dye loading, and d) efficiency of ZnO-OD-8-[Co(bpy)3]2þ/3þ based DSSCs as a function of sensitization
time.

Fig. 7. Schematic band diagram illustrating the effect of the redox potential on the
attainable open circuit potential of the DSSC. If the recombination processes are suf-
ficiently slow, then the open circuit potential is expected to be larger for the cells with
the [Co(bpy)3]2þ/3þ redox couple.
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4. Conclusions

We have evaluated the performance of dye-sensitized solar cells
based on electrodeposited nanostructured, mesoporous ZnO films
sensitized with the organic OD-8 dye, in combination with two
types of redox couple: the one-electron couple [Co(bpy)3]2þ/3þ and
the two-electron couple I!/I3!. Electrochemical characterization of
the two redox couples illustrate that the redox potential of the
[Co(bpy)3]2þ/3þ couple is about 0.18 Vmore positive than that of the
I!/I3! couple, however, a corresponding increase in the solar cell
open circuit potential is not achieved. Steady-state current-voltage
measurements as a function of the immersion time in the dye so-
lutions shows a decrease in performance after a sensitization time
of approximately 4 h, and results from scanning electron micro-
scopy and surface photovoltage spectroscopy show that this is
likely related to the formation of Zn2þ-dye aggregates in the pores
of the ZnO film, lowering the injection efficiency and thus the short
circuit current density. Combining the results from electron life-
time measurements and open circuit charge extraction measure-
ments leads to the conclusion that the dominant recombination
process is electron transfer from ZnO to the oxidized redox agent.
Since the electron transfer kinetics to the one-electron
[Co(bpy)3]2þ/3þ redox couple are much faster, the thermodynami-
cally achievable open circuit potential cannot be sustained thus
limiting the performance of the ZnO-OD-8-[Co(bpy)3]2þ/3þ solar
cell. Based on these results, it is concluded that higher efficiencies
should be attainable if an effective ZnO surface passivation method
achieving slower electron transfer at the semiconductor/electrolyte
interface can be implemented.
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