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ZnO-based dye-sensitized solar cells†
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Flores,c U. Palb and G. Oskam*a

ZnO nanomaterials with different morphologies, obtained by a sonochemical synthesis method at pH

values of 5.5, 8, 10 and 12, have been used as starting materials for the fabrication of dye-sensitized solar

cells. The morphology of the nanomaterials and the texture of the films deposited using screen printing

depend on the synthesis pH, and the various exposed surface facets interact in a different manner with

the dye and electrolyte solutions. The best cell performance was obtained with the morphology that

resulted from the synthesis at pH 10, where the {100} and {110} crystal forms are predominant,

and where dye coverage was largest. Interestingly, the BET total surface area was lowest for this

nanomaterial illustrating the importance of morphology. The influence of the synthesis pH was also

evident in the energetics and recombination kinetics of the solar cells. For the ZnO material synthesized

at pH 5.5, the band edges appear to be shifted to more negative potentials, which could have resulted in

a larger open circuit potential based on thermodynamic considerations. However, the electron life time

for the pH 5.5 ZnO material is significantly smaller than for the other three synthesis pH values,

indicating that the recombination kinetics are significantly faster for these cells as well, resulting in

a smaller open circuit potential based on kinetics arguments. The balance between these two effects

determines the experimentally observed open circuit potential. Overall, the results indicate that the

dependence of the dye adsorption characteristics on ZnO nanomaterial morphology and film texture are

the dominating factors that determine the solar cell performance.
1. Introduction

The dye-sensitized solar cell (DSSC) is a promising candidate for
a variety of applications related to the use of abundant mate-
rials, a low manufacturing cost, and specic niche features,
such as a superior performance in conditions of low intensity,
low angle of incidence and high temperature as compared to
silicon solar cells.1 The DSSC has also been marketed for its
high efficiency under indoor lighting. DSSCs are typically based
on titanium dioxide (TiO2); however, zinc oxide (ZnO) is an
interesting alternative to TiO2 because it is a versatile material,
with potentially better electrical properties.2,3 While the ener-
getics of ZnO and TiO2 in terms of band gap and band positions
are very similar, the electronmobility in bulk ZnO is higher than
for TiO2, which could lead to a higher electron collection
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efficiency. However, ZnO-based cells have not reached the effi-
ciency of the best TiO2 devices, which is due to generally faster
recombination3 and less-favourable interfacial energy level
alignment or lower injection efficiency.4–8 ZnO is a material that
is easy to synthesize in a large variety of morphologies and by
a multitude of methods. In addition, it is possible to deposit
crystalline ZnO at low temperatures, making it very suitable for
deposition onto plastic exible substrates.9–23

The properties of the ZnO/dye/electrolyte interface are ex-
pected to depend on the surface chemistry of the facets exposed,
including the surface acidity and electron density, which may
signicantly affect dye adsorption, energy level alignment,
injection kinetics as well as recombination kinetics. For
example, the (100) and (110) planes are both terminated in Zn
and O, while the (101) plane is oxygen-terminated,24 which
could affect all of the above properties. The interaction of dyes
with semiconductor surfaces is a chemical process that is
strongly correlated to local acidity of the facet, therefore, pref-
erential growth and texture of nano/micro particles are
parameters that can be exploited to improve the performance of
DSSC devices.25,26 In the present work, we relate the morphology
and texture of ZnO nanomaterials prepared by sonochemical
This journal is © The Royal Society of Chemistry 2016
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synthesis as a function of the pH to the performance of ZnO-
based DSSCs.

2. Experimental
2.1 ZnO powders with different morphologies

ZnO with different morphologies were synthesized using
a sonochemical method reported previously.23 For this purpose,
a 68 mM zinc acetate solution was prepared by dissolving 3 g of
zinc acetate dihydrate [Zn(C2H3O2)2$2H2O, Baker, 99.9%] in 200
ml of deionized water (DI) at room temperature with vigorous
stirring. Then an appropriate amount of ammonium hydroxide
(NH4OH) was slowly added to the solution until the pH of the
mixture reached a desired value. The resulting solution was
kept with ultrasonic agitation using a Ti ultrasonic processor
(UP400S, Hielscher, 400 Watt, 24 kHz) at 40 W dissipated power
under argon gas ow for 3 h. Finally, the obtained product was
centrifuged and washed several times with ethanol and dried at
70 �C for 6 hours. Distinct morphologies were obtained by
adjusting the pH of the synthesis to the following values: 5.5, 8,
10 and 12.

2.2 Preparation of a ZnO screen printing paste

A viscous screen printing paste was prepared by dispersing ZnO
powder in ethanol (J.T. Baker 99.9%), maintaining a ratio of 0.5
g of ZnO in 10 ml of ethanol. Ethylcellulose was dissolved
(Aldrich, viscosity 100 cP, 48% ethoxyl) in ethanol to obtain
a nal proportion of 30% with respect to the ZnO content. In
order to balance the viscoelastic properties of the nal paste,
4.06 g terpineol (mixture of isomers, anhydrous, Aldrich 99.5%)
was added to the ZnO dispersion. Aer mixing with terpineol,
the suspension was concentrated to a paste by evaporation of
ethanol using a rotary evaporator (Büchi, R-210). This process
was repeated for each ZnO powder. This screen printing paste
composition gave an average porosity of 53% for the deposited
lms.

2.3 Porous ZnO layers by screen printing

The screen printing method is capable of producing level layers
reproducibly even for large areas, and this method is typically
used to fabricate DSSC panels.27,28 Aer obtaining the paste,
ZnO layers were deposited on previously cleaned uorine-doped
tin oxide (FTO, TEC 15 Pilkington) coated glass with an appli-
cation area of 0.5 cm2. Screen printing was performed by sliding
the squeegee at an 80� angle over the screen. Between applica-
tions, the substrate was placed for 6 minutes on a hot plate at
125 �C. The approximate lm thickness was 1.1 � 0.2 mm per
application. Aer application of all layers, the lms were sin-
tered at 450 �C for 1 hour, and aer cooling down they were
treated with aqueous H2SO4 at pH 2.2. Aer the acid treatment,
the lms were sintered again at 450 �C for 1 hour. Aer this
second step, the layers were allowed to cool slowly to 90 �C and
were sensitized with the N-719 dye (Ruthenium 535-bis TBA;
Solaronix) by immersion in a 0.5 mM dye solution in ethanol for
2.5 hours. The amount of dye adsorbed was determined using
UV-Vis spectrophotometry by desorbing sensitized lms in 3 ml
This journal is © The Royal Society of Chemistry 2016
of a 10 mM NaOH solution, and calculating the number of
moles of dye molecules from a calibration curve. The density of
adsorbed dye was determined by dividing by the total surface
area, which was determined bymultiplying the BET surface area
with the weight of the lms obtained by scraping off the lms
aer dye desorption and drying.

2.4 ZnO lm characterization

Aer deposition, the ZnO lm thickness was measured by
prolometry (D-120; KLA-Tencor). The specic surface area of
the ZnO lm material was determined using nitrogen adsorp-
tion–desorption isotherms at 77 K (Belsorp-Mini II; BEL Japan).
Before recording the isotherms, the samples were degassed at
250 �C for 5 hours in vacuum. The morphology and texture ZnO
lms were studied by scanning electron microscopy (SEM; JEOL
JSM-7600F) and X-ray diffraction (XRD-5000; Siemens) with
monochromatic CuKa radiation, l ¼ 1.54 Å, operating at 40 kV
and 40 mA. Miller's notation was used to describe morpholog-
ical and crystal structure relationships. The wetting character-
istics were tested by applying a water drop to freshly prepared
ZnO lms aer the sintering steps: the contact angle was found
to be independent of ZnO material at 18–20�, hence, the lms
are hydrophilic.

2.5 DSSC assembly and characterization

Solar cells were assembled in a sandwich structure of the FTO/
ZnO/dye working electrode and platinum-catalyzed FTO
counter electrode, separated by a 60 mm Surlyn polymer sealant
(DuPont). Aer sealing, the cell was lled with the electrolyte
solution through small holes previously perforated in the
counter electrode. The electrolyte solution consisted of 0.6 M
DMPII (1,2-dimethyl-3-propylimidazolium iodide), 0.1 M LiI
(lithium iodide), 0.1 M GuSCN (guanidine thiocyanate), 50 mM
I2, and 0.5 M 4-tert-butylpyridine in acetonitrile–valeronitrile
(85 : 15 v/v%). The cell efficiency was determined using a cali-
brated Xenon lamp (Oriel) at 1 sun (100 mW cm�2). The system
was calibrated by adjusting the light intensity using the AM 1.5
G lter in combination with a Schott KG5 lter.

2.6 Electrochemical spectroscopy (EIS) and current–voltage
characterization

The impedance spectra and the current–voltage curves were
measured with an Autolab PGSTAT302N/FRA2 set up. The AC
signal amplitude was 10 mV and the frequency range was 100
kHz to 0.01 Hz. The impedance spectra were analyzed using the
Zview modeling soware from Scribner Associates with the aid
of a transmission line equivalent circuit shown in Fig. 1.29,30 For
EIS measurements under illumination a high intensity Luxeon
red LED (625 nm) illumination source was used. In Fig. 1, RS

represents the series resistance; RFTO and CFTO stand for the
elements of resistance and capacitance for the recombination
via the FTO substrate not covered by the ZnO nanoparticles; Rtr

represents the resistance for electron transport along the metal
oxide nanoparticles; Rct is the charge transfer resistance related
to the process of recombination between electrons in the metal
oxide and the redox species in the electrolyte solution; Cm is the
RSC Adv., 2016, 6, 37424–37433 | 37425
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Fig. 1 General equivalent circuit model used to fit impedance spec-
troscopy spectra for DSSCs.
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chemical capacitance for charge accumulation in the metal
oxide particles; Zd is the Warburg impedance of the diffusion of
the redox species in the electrolytic solution; RPt stands for the
charge transfer resistance at the counter electrode/electrolyte
interface and CPt represents the interfacial capacitance at the
counter electrode/electrolyte interface.
3. Results
3.1 Characterization ZnO powder

In Fig. 2 the X-ray diffraction patterns of ZnO powders obtained
by sonochemical synthesis at different pH values are shown. In
all samples, the reections are consistent with the database
pattern JCPDS No. 36-1451, which corresponds to ZnO in the
wurtzite phase crystallized in the hexagonal structure with
spatial group P63mc (No. 186).31
Fig. 2 XRD patterns of ZnO powders normalized with respect to the
(101) plane. On the right hand side, selected SEM images of ZnO
synthesized at different pH values are shown. The axis break covers
a range where no reflections were observed. The top graph shows the
corresponding reference pattern.

37426 | RSC Adv., 2016, 6, 37424–37433
The inuence of nanoparticle size on solar cell efficiency can
be generalized to be dominated by two effects: (i) total surface
area of the lm; and (ii) inter-particle electrical connectivity.
The rst effect relates the surface area with the number of active
sites available for surface interaction, for example, (a) dye
adsorption; or (b) charge transfer to the solution, which in this
case corresponds to recombination in the solar cell. The second
effect (ii) mainly relates to the electron transport process in the
nanostructured lm. The full-width at half-maximum (FWHM)
values of the peaks are small, indicating well-crystallized
products and relatively large crystallite size. Formation of
Zn(OH)2 is not detected by X-ray diffraction. The lack of an
inversion center in the ZnO crystal structure results in the
existence of polar and non-polar surfaces, where the polar
surfaces are related with the {001} family of planes while the
non-polar surfaces correspond to the crystallographically
equivalent families {100} and {110}. The polar surfaces
(perpendicular to the c axis) are terminated in zinc cations or
oxygen anions, hence zinc-terminated surfaces tend to be
positively charged and interact with negative species in solution
while the opposite occurs for oxygen-terminated surfaces. On
the other hand, the non-polar surfaces are three-fold coordi-
nated zinc and oxygen terminated surfaces that can act simul-
taneously as Lewis acid and base sites. The SEM images in Fig. 2
show that the material has a tendency to form elongated
microstructures. Two important features arise when the
morphology is explored in detail: the rst is a clear increase in
the number of multiple twinned particles at high pH value (star-
like morphology with sharp-pointed ends), and the second is
the predominance of rods with sharpened ends with an angle
between the terminating surfaces that diminishes from pH ¼ 8
toward pH ¼ 10 and increases at pH ¼ 12.

If the intensities of the experimental X-ray diffraction
patterns are compared with those expected (without preferred
orientation), a preferential growth along the h002i axis direction
can be observed (see Section 3.3), which is consistent with the
observed elongated morphology in the SEM micrographs. The
observed growth habit modications as function of the pH are
related to differences in relative growth rates at crystal faces,
which depend on the relative chemical interactions of ions (or
molecules) with the ZnO surfaces during the synthesis
processes. In general, the inuence of the experimental condi-
tions on the morphology of ZnO in solution-phase synthesis has
been studied previously, and our observations are consistent
with previous studies.33–36 Elongation along the h002i direction
is a well-documented behavior of ZnO in solution synthesis,37–40

which results from the adsorption of chemical species on {010}
and {011} surfaces. In acidic conditions, the morphology of ZnO
can give rise to at-top rods,41 on the other hand, at higher pH it
is also well established that OH� anions block the {002} polar
surfaces allowing the enhanced presence of higher index
surfaces such as {011} that give the sharp-pointed ends shape to
the crystals.42 Fig. 3 shows a schematic representation of the
main morphological features as function of the synthesis pH.
The image on the top shows the principal planes and their
relation with the main surface facets involved; note here that
the planes belonging to the {010} and {011} families dene the
This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Schematic representation of the ZnO morphology for each
synthesis pH. The scheme in the top image illustrates the relationship
between main planes and surfaces. The particle habit was simulated
using Crystal Shaper software version 1.3.1 following the Donnay–
Harker methodology.32

Fig. 4 XRD patterns of ZnO films on FTO normalized with respect to
the (101) plane. The SEM micrographs of ZnO obtained at different pH
values are shown on the right. The asterisk corresponds to reflections
of fluor-doped tin oxide (FTO) from the transparent conducting
substrate. The axis break covers a range where no reflections were
observed.
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sharp-pointed form of the microrod ends. According to SEM
observations, multi-twinning in star-like particles occurs at an
angle of 60� or 90� depending on the number of branches (6 or 4
around a central rod), revealing that the basic symmetry
elements belong to the spatial group of the wurtzite crystal.

3.2 Characterization ZnO lms

Mesoporous, nanostructured ZnO lms were prepared by screen
printing, and the thickness, surface area, texture and morphology
of the lms were determined. Fig. 4 shows the XRD patterns for
the ZnO lms deposited onto FTO using the powders obtained at
different pH. The high degree of texturing of the material can be
clearly observed in all lms, where the sharp decline in the
intensity of the (002) plane reection indicates that the h002i axis
runs nearly parallel to substrate surface. The texturing of rod-
shaped particles is related to the use of the screen printing
method to deposit the lms. The screen printing method is based
on the rheological properties of the ZnO paste. As the paste is
squeezed through the screen, the viscosity of the paste reaches
aminimum value due to the thixotropic properties of the cellulose
used in the formulation of this paste. Hence, during this process
the mobility (axial and radial rotation) of ZnO rods increases,
allowing for the arrangement of particles with their main axes
parallel to each other. Immediately aer the paste is deposited
onto the substrate, it recovers its high viscosity thus impeding the
motion of particles and further rearrangement. Finally, during the
heat treatment, the particles consolidate with a texture where the
texture coefficient reduction suggests that most of particles are
This journal is © The Royal Society of Chemistry 2016
nearly parallel to the substrate surface. The micrographs on
the right hand side of Fig. 4 show selected SEM images for
the ZnO lms: it can be seen that the morphology remains
essentially unchanged, which suggests that the deposition
process does not signicantly affect the particle size and surface
facet distribution.

3.3 Morphology and texture

With the aim of describing the trend of the preferred orienta-
tion of the different powders and comparing with texturing aer
lm deposition, the Harris' texture coefficient TC(hkl) was
calculated as follows:

TCðhklÞ ¼ IðhklÞ=I0ðhklÞ
1

n

Xn

j¼1

IðhklÞ=I0ðhklÞ
(1)

where I is the measured intensity, I0 the JCPDS standard
intensity (used for the case of powders) or the absolute intensity
of the reections for the corresponding powder (for the case of
the lms) and n the number of diffraction peaks. The TC value
ranges from 1 (no texture) to N (for oriented crystals compared
with a reference). In the intensity proles from XRD there is
implicitly an overlap of the information on morphology, which
we dene as preferential orientation within a microcrystal, and
texture, which refers to the relative organization of microcrys-
tals with respect to each other and their relative angle with
respect to substrate surface. Fig. 5 shows the obtained TC(hkl)
RSC Adv., 2016, 6, 37424–37433 | 37427
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Fig. 5 Variation of the texture coefficient TC(hkl) of ZnO obtained at
different pH values. The graph at the top corresponds to the starting
powders; the graph at the bottom corresponds to films.
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values versus the synthesis pH, illustrating that for powders
(top) the values oscillate around unity only for the (101) reec-
tion in all samples. The increasing value of TC(110) is revealing
the attened nature of the morphology in samples obtained at
pH 8 and pH 10, while the preferential orientation h002i for
samples obtained at pH 10 reaches a minimum. The trend in
texture coefficients shows that the morphology features at the
extreme pH values (pH 5.5 and 12) are consistent with previous
studies.41,42 Recent studies demonstrate that morphologies with
exposed higher-index surfaces allow for better power conversion
efficiency with several dyes (including N719) due to higher
adsorption energies of these facets.43 On the other hand, the
TC(hkl) graphs of the screen printed and sintered ZnO lms
(Fig. 5, bottom graph) reveal a different trend; since the TC(hkl)
values were calculated with respect to the intensity of the
peaks of the X-ray diffraction pattern of the powder, which
37428 | RSC Adv., 2016, 6, 37424–37433
minimizes contributions from intrinsic morphology of the
particles, the observed features are related to lm texturing
during the deposition process. In this case, the TC(hkl) values
corresponding to themulti-twinnedmorphology obtained at pH
12 are essentially independent of {hkl}, which is probably
related to its star-like morphology that favors a randomly
distributed orientation of planes. The other samples are
considerably textured along the h002i axis, especially the lm
prepared with powder obtained at pH 10. The actual conse-
quences of these texturing behaviors in the performance of the
cells are difficult to predict as the accommodation of particles
could affect the accessibility of the dye to certain surfaces, the
contact between grains, charge transport in the lm, and charge
transfer at the ZnO–FTO interface. Previous studies have evi-
denced the anisotropy of fundamental properties such as pho-
toluminescence and Schottky barrier heights for ZnO elongated
morphologies,44–51 both properties connected with charge
generation, recombination and transport. On the basis of these
reports one can reasonably predict that in elongated poly-
crystals the charge transport could be favored by the texturing
along h002i parallel to surface of the substrate, hence, those
cells prepared with powders obtained at pH 8 and 10 could
show enhanced performance.

It is important to remember that while the preferential
orientation of the powder could inuence the surface chemistry
affecting the amount of absorbed dye, the texturing of the
material over the substrate in the lms could affect the charge
transport in the lm. Table 1 shows a summary of the results.
The lm thickness is about 10 mm for all materials, however, the
specic surface area and porosity are a function of the synthesis
pH. The BET specic surface area for the different morphol-
ogies synthesized was largest for the sample obtained at pH 5.5,
while the other materials have very similar specic surface
areas. In order to determine the total surface area, the ZnO lms
were removed from the FTO substrate aer sintering, and the
resulting ZnO material was weighed. Interestingly, the smaller
amount of ZnO deposited corresponds to the lm obtained
from the pH 5.5 sample, indicating a signicantly higher
porosity. The adsorption characteristics of the N719 dye can be
evaluated using the results of the total surface area. In last
column of Table 1, the quantity of adsorbed dye is shown, which
was determined using UV-Vis spectrophotometry: sensitized
lms were immersed in a known volume of an aqueous NaOH
solution at pH 12 in order to desorb the dye, and the absorbance
of the corresponding solutions was related to the dye concen-
tration considering a molar extinction coefficient52,21 at 515 nm
of 1.41 � 104 L mol�1 cm�1.

It can be seen from Table 1 that there is no clear correlation
between total surface area and the amount of dye absorbed,
which indicates the relevance of differences in morphology
characteristics between the different ZnO materials. The
maximum dye coverage is observed for the ZnO obtained at pH
10, which is characterized by the lowest specic and total
surface area. It is well-known that dyes interact strongly with
polar surfaces [see for example ref. 45], however, in our case the
contribution to the total surface area from {001} polar surfaces
is expected to be relatively low since in all samples the
This journal is © The Royal Society of Chemistry 2016
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Table 1 Characteristics of the ZnO powders and sintered, screen-printed ZnO films. The results represent an average of three sets of films

Synthesis pH
value

Film thickness
(mm)

Specic surface
area (m2 g�1)

ZnO lm weight
(mg)

Film surface area
(10�3 m2)

Adsorbed dye
(10�10 mol cm�2)

5.5 9.8 22 0.86 19 2.3
8 10.0 5.0 1.5 7.5 7.7
10 10.2 4.0 1.6 6.4 17
12 10.5 5.0 1.3 6.5 5.6

Table 2 Characteristic parameters obtained from DSSCs prepared
with ZnO powders obtained at different synthesis pH; the results
represent an average of three sets of solar cells

pH JSC (mA cm�2) VOC (V) FF Efficiency (%)

5.5 0.48 0.66 0.44 0.14
8 0.71 0.70 0.56 0.27
10 1.16 0.70 0.53 0.42
12 0.90 0.70 0.52 0.33
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morphology is elongated with aspect ratio higher than 5;
therefore, the main contribution to surface area is provided by
lateral surfaces. The unique differences between lateral surfaces
is their relative Zn–O density (0.065 Å�2 for the {100} and {110}
surfaces and 0.056 Å�2 for the {101} and {102} surfaces), [see ref.
53]. Therefore, a higher density of {100} and {110} surfaces
should imply a higher dye adsorption capability. From Fig. 5
(top), it appears that the ZnO materials obtained at pH 8 and 10
have ideal surface contributions for dye absorption, however,
the accommodation of particles in the lms (texturing) also
appear to play some role in the accessibility of the dye to certain
surfaces. As a consequence, in most series of experiments, the
results obtained for the materials prepared at pH 8 and pH 10
were quite similar, with pH 10 slightly preferred.

3.4 Characterization of dye-sensitized solar cells

Fig. 6 shows the current–voltage curves for dye-sensitized solar
cells based on the ZnO lms with different morphologies and
the cell parameters are collected in Table 2. There is a clear
inuence of the ZnO morphology or texturing of the particles in
the lm on the solar cell performance. For example, the short-
circuit photocurrent is lowest for the cell prepared with the
ZnO obtained at pH 5.5, which paradoxically has the highest
surface area as previously shown in Table 1, and highest for the
ZnO synthesized at pH 10, which has the lowest specic and
total surface area.
Fig. 6 Current–voltage curves for dye-sensitized solar cells prepared
with ZnO on FTO as a function of the ZnO morphology.

This journal is © The Royal Society of Chemistry 2016
It can be concluded that the short circuit current density
correlates with the dye coverage, rather than with total surface
area. If we assume that the injection efficiency does not depend
Fig. 7 (A) Efficiency, (B) short circuit current density, (C) total surface
area, and (D) dye concentration as a function of the synthesis pH
corresponding to different ZnO morphologies and textures.

RSC Adv., 2016, 6, 37424–37433 | 37429
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Fig. 8 Results of EIS measurements under open circuit conditions for
different light intensities, resulting in different open circuit voltages, for
DSSCs based on ZnO obtained at different pH values: (A) the chemical
capacitance, and (B) charge transfer resistance versus voltage; (C)
electron lifetime versus the chemical capacitance.
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on dye adsorption density, then the short-circuit current density
is expected to be proportional to dye coverage. Fig. 7 illustrates
the correlation between the short circuit current density and
cell performance, and the surface area, dye coverage, and
morphology and texture. It is clear from Fig. 7 that the solar cell
efficiency is dominated by the dependence of the short circuit
current density on the amount of dye adsorbed to the surface,
and not to the total surface area. These tendencies were found
in several repeat experiments, although in some sets of cells, the
efficiency peaked at pH 8, with a slightly lower efficiency at pH
10. As shown in Fig. 5 (top), the texture coefficients corre-
sponding to the {100} and {110} crystal forms for the ZnO
powders are larger than 1 for the materials synthesized at pH 8
and pH 10. In particular, TC(110) is larger than 1 for pH 8 and
pH 10, but smaller than 1 for pH 5.5 and pH 12, suggesting that
dye adsorption is optimal at these surfaces, resulting in a rela-
tively high coverage compared to other surfaces. On the other
hand, the TC(002) values are largest at pH 5.5 and pH 12,
indicating that these surfaces have a negative impact on dye
adsorption and, hence, overall cell performance.

Fig. 8 shows the results from electrochemical impedance
spectroscopy measurements. In Fig. 8A and B, the charge
transfer resistance and chemical capacitance are shown versus
the cell voltage on a semi-logarithmic scale. The chemical
capacitance increases exponentially with cell voltage, indicating
the presence of traps, while the charge transfer resistance cor-
responding to the recombination resistance decreases expo-
nentially with cell voltage. These results are similar as
commonly found for TiO2-based DSSCs, and this behavior is
typically associated to traps distributed exponentially in energy
below the conduction band edge that dominate the electron
transport and recombination kinetics. The following relation-
ships can be dened:

Cm ¼ Cm;0 exp

�
aqV

kT

�
(2)

Rct ¼ Rct; 0 exp

�
� bqV

kT

�
(3)

If electron transport in the nanostructured ZnO lm is trap-
limited, the electron life time, s, can be obtained according to
the following relationship:

s ¼ RctCm (4)

where Cm,0 and Rct,0 are constants, k is the Boltzmann constant,
T is the temperature and q is the elementary charge. The trap
distribution parameter a can be related to the average depth of
the traps below the conduction band, while b is an empirical
parameter reecting the non-linearity of the recombination
kinetics.54–56

With the aid of eqn (2) and Fig. 8A, it can be observed that
the values for a are the same for the different ZnO morphol-
ogies, indicating that the trap distribution is very similar with
a¼ 0.11� 0.01. Similarly, with the aid of eqn (3) and Fig. 8B, the
values for b are essentially the same for the different ZnO
37430 | RSC Adv., 2016, 6, 37424–37433
morphologies indicating that the recombination mechanism is
the same for the different ZnO materials, characterized by b ¼
0.51 � 0.06. These values for the trap distribution and non-
linear recombination parameters are in agreement with
This journal is © The Royal Society of Chemistry 2016
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previous reports on ZnO-based DSSCs.57–59 Assuming that the
total trap density is the same for the different morphologies, the
shi of the chemical capacitance versus voltage curves can be
interpreted to be due to a shi of the conduction and valence
band edges. The shi of the band edges can be determined
by overlaying the chemical capacitance curves for each
morphology as shown in the ESI.† Note that the shi of the
recombination resistance versus voltage curves would also be
partially related to a shi of the conduction and valence band
edges. In order to determine the effect of the ZnO morphology
on the recombination and transport characteristics it is useful
to compare the materials at the same electron density in the
ZnO nanostructured lm.60 Taking that the total trap density is
the same for the different morphologies and with the experi-
mental result that the trap distribution parameter is indepen-
dent of ZnO morphology, this can be achieved by plotting the
electron life time as a function of the chemical capacitance,
which is shown in Fig. 8C. From Fig. 8C it can be concluded that
the electron life-time decreases with increasing chemical
capacitance, corresponding with increasing quasi-Fermi level,
as is generally observed. An interesting observation is that the
results overlay for the ZnO materials synthesized at pH 8, 10,
and 12, while only for the material prepared at pH 5.5, the life
time is markedly smaller at the same chemical capacitance due
to a signicantly smaller recombination resistance (see ESI†).
Fig. 9 shows the shi of the band edges and the electron life-
time at the same chemical capacitance as a function of
synthesis pH, taking as a reference the sample prepared at pH
5.5. It can be observed that both parameters are very similar for
Fig. 9 (A) Shift of the conduction band edge, DECB; and (B) electron
life time at the same chemical capacitance versus the synthesis pH of
the ZnO nanomaterial.

This journal is © The Royal Society of Chemistry 2016
the three higher pH values, while the result for pH 5.5 is
markedly different. Note that the values of the life-time were
obtained by extrapolation, and the error in these values is
relatively large. The values for the electron life-time obtained in
this study are on the same order of magnitude as reported in
a previous study where nanocolumnar and nanoparticulate
morphologies were compared.55 From Fig. 9 it can be seen that
the band edges for the three higher pH values are shied to
lower energy, which from a thermodynamic point of view would
imply that the maximum open circuit potential attainable
would decrease for these materials.

In general, the band edges of ZnO shi to higher energy
when in contact with a solution at higher pH. Hence, it can be
concluded that the band edge shi is not directly related to the
synthesis solution pH, but rather to the basicity of the exposed
surfaces. This can be expected since the preparation of the
screen printing ZnO paste involves extensive treatment with
a variety of organic solvents and rinsing with an aqueous acidic
solution, thus erasing the synthesis solution pH memory at the
interface. On the other hand, these results imply that the open
circuit potential of the solar cells of the ZnO material prepared
at pH 5.5 could be larger than for the other three pH values,
which is not generally observed. This can be explained by the
observation that the electron life-time for the ZnO material
prepared at pH 5.5 is much smaller at the same electron density
than for the other three materials; hence, the open circuit
potential for the ZnO material prepared at pH 5.5 is smaller
than thermodynamically possible due to faster recombination
kinetics.61

4. Conclusions

Dye-sensitized solar cells have been prepared using ZnO nano-
particles with different morphologies synthesized by a sono-
chemical method with the aim to determine the effects of
morphology and texture on the performance of DSSCs. The
highest efficiency was found for solar cells prepared with ZnO
synthesized at pH 10 related to a higher dye coverage, which was
correlated with a stronger presence of the {001} and {110} crystal
forms and weaker presence of the {002} crystal form. All ZnO
materials were characterized by the same trap distribution
parameter, and the electron life-time is essentially the same for
the materials prepared at the three higher synthesis pH values
(pH 8, 10, 12), while the life-time was signicantly lower for the
pH 5.5 material. As a consequence, the solar cell performance of
the material prepared at pH 5.5 was inferior to the other three
materials. However, the main factor determining cell perfor-
mance was found to be the dye coverage, related to the differ-
ences in morphology and texture of the different ZnO materials
studied in this work. These ndings may provide useful infor-
mation for the fabrication of high efficiency dye-sensitized solar
cells.
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54 J. Bisquert and I. Mora-Seró, J. Phys. Chem. Lett., 2010, 1,
450–456.
This journal is © The Royal Society of Chemistry 2016
55 A. G. Vega-Poot, M. Macias-Montero, A. Barranco, A. Borras,
A. R. Gonzalez-Elipe, G. Oskam and J. A. Anta, Energy and
Environment Focus, 2013, 2, 270–276.

56 J. Villanueva-Cab, H. Wang, G. Oskam and L. M. Peter,
J. Phys. Chem. Lett., 2010, 1, 748–751.

57 R. Agosta, R. Giannuzzi, L. De Marco, M. Manca,
M. R. Belviso, P. D. Cozzoli and G. Gigli, J. Phys. Chem. C,
2013, 117, 2574–2583.

58 R. Tena-Zaera, J. Elias, C. Lévy-Clément, C. Bekeny, T. Voss,
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