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A pulsed electrodeposition procedure has been developed to prepare macroporous films of the semiconducting mineral
simonkolleite, Zn5(OH)8Cl2·H2O, on glass/FTO substrates. The morphology is characterized by the presence of smooth,
micron-sized hexagonal platelets, and relatively thick films of 6 μm can be prepared in about 15 min. Simonkolleite can be
transformed into crystalline, mesoporous ZnO using a relatively low temperature thermal treatment (250 °C). While the
macrostructure of hexagonal platelets is maintained, they become mesoporous due to the removal of water and Cl−-containing
reaction products. Dye-sensitized solar cells were fabricated with both simonkolleite and ZnO films, using the recently reported
fully organic benzothiadiazole-based photosensitizer MG-207, and an electrolyte solution based on either the I−/I3

− or the
Co(bpy)3

2+/3+ redox couple. An efficiency of 1.74% has been obtained for ZnO/MG-207/Co(bpy)3
2+/3+ solar cells, illustrating the

promise of crystalline, mesoporous ZnO obtained via a low-temperature simonkolleite route for portable and lightweight devices
based on flexible substrates.
© 2022 The Author(s). Published on behalf of The Electrochemical Society by IOP Publishing Limited. This is an open access
article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/
by/4.0/), which permits unrestricted reuse of the work in any medium, provided the original work is properly cited. [DOI: 10.1149/
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Manuscript submitted February 4, 2022; revised manuscript received March 25, 2022. Published April 8, 2022.

Supplementary material for this article is available online

Electrodeposition is a widely used technique in industry, for
example, in purification processes, selective extraction, protective
coating application, metal finishing, ULSI metallization, and deposi-
tion of semiconducting materials.1 The attraction of electrodeposi-
tion is largely related to the low-cost, simple processing and
scalability of the method, as well as the precise control over the
characteristics of the deposit through the electrochemical processing
parameters such as plating bath composition, applied potential or
current, temperature, etc. Electrodeposition can be categorized
depending on the power supply source (potentiostatic or galvano-
static), mechanism (anodic or cathodic), cell configuration (2 or 3-
electrode electrochemical cell) or by the kind of perturbation applied
(constant or pulsed voltage/current). Each plating method offers
specific advantages and its selection will depend on the desired
characteristics in terms of composition, quality and deposition
speed.2,3

The use of electrodeposition to synthesize semiconducting
materials started decades ago with the deposition of II–VI materials
such as CdS and CdTe, however, the continuous advance in the
development of electronic devices has since then motivated intense
research on other binary, ternary, and quaternary semiconductors
including ZnTe, ZnO, CuInSe2, Cu2ZnSnS4, CuInGaSe2, etc.

4,5 The
electrochemical synthesis of metal oxides is of great interest since
many are semiconductors with band gap energies ranging from low
values to several eV. This characteristic makes them suitable for a
large variety of applications such as transparent conductive oxides,
sensors, lasers, transistors, electrodes in electrochromic devices and
dynamic windows6,7 or electron transporting layers in photovoltaics,
as is the case for ZnO.5,8–10 Zinc oxide is an n-type semiconductor
with direct band-to-band transitions and a relatively wide band gap
of 3.3 eV, high exciton binding energy of 60 meV, excellent stability
under high-energy radiation, and with superior electron transport

properties compared to TiO2.
11,12 An especially important charac-

teristic of electrochemically synthesized ZnO is the possibility to
obtain a variety of morphologies, ranging from quantum dots and
nanostructures of any shape and form to films with either dense or
open structures, depending on the bath composition, pH and
temperature.11,13–16 The attractive properties of ZnO make it an
interesting material for application in photovoltaic systems, in-
cluding in dye-sensitized solar cells.

In order to meet the increasing global energy demand, conversion
of solar energy to either usable thermal, chemical or electrical
energy is key to the sustainable development of present society.17

The dye-sensitized solar cell (DSSC) is a third-generation system
suitable for a variety of applications ranging from IoT (Internet-of-
Things) devices to building-integrated photovoltaics (BIPV), com-
bining the advantages of the use of abundant materials, mild
processing conditions, and low-energy fabrication methods.9,18–20

TiO2 is generally the material of choice, however, both the synthesis
of the TiO2 nanomaterial and the fabrication of nanostructured,
mesoporous film requires high temperatures up to 500 °C, which
affects the cost analysis as well as its applicability in flexible and
light-weight photovoltaics.21–24 Electrodeposition represents a green
chemistry solution with the ability to fabricate crystalline ZnO films
at much lower processing temperatures.25

In this work, we present the electrodeposition of thick films of a
zinc hydroxychloride material - the mineral simonkolleite—onto
FTO, using a fast pulse plating method. Simonkolleite is a
semiconductor that can be directly used in DSSCs, but can also be
transformed in a highly porous and crystalline ZnO matrix with well-
defined macrostructure after a relatively low-temperature thermal
treatment at 250 °C. We illustrate the applicability of the electro-
deposited ZnO film in a dye-sensitized solar cell using a fully
organic dye not previously used for ZnO systems, and show that a
Co(bpy)3-based redox couple provides better performance than the
traditional I−/I3

− couple. These characteristics open the possibility
to the use of flexible substrates, such as flexible glass,26 metallic
foils22 or high-temperature stability conductive polymers,27 for the
fabrication of portable and lightweight photovoltaic devices.
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Experimental

The electrodeposition solutions used in this work have been
electrochemically characterized by cyclic voltammetry (CV) with a
Gamry potentiostat/galvanostat/ZRA 3000 employing a classic
three-electrode system with Ag/AgCl (3 M KCl) as reference, a Pt
counter electrode and a SnO2:F-coated glass substrate (FTO, TEC 7
Ω sq−1, Xop Glass) as working electrode. The working electrode
was cleaned in an ultrasonic bath for 30 min in ethanol (J.T Baker,
99%), and sintered at 450° for 1 h as pretreatment. Porous films of
Zn-containing materials onto FTO were obtained from a 0.1 M
Zn(NO3)2·6H2O (Sigma-Aldrich, ⩾99.0%) + 0.1 M KCl (Sigma-
Aldrich, ⩾99.0%) aqueous solution at 70 °C and pH 6.0, using a
galvanostatic pulsed method. For the deposits, a 0.5 cm2 area was
delimited with polyester tape (Cole-Parmer) and activated with 2 M
H2SO4 (Sigma-Aldrich, 95.0%–98.0%), followed by rinsing with
deionized water (18 MΩ cm). The same three-electrode cell
configuration was used as previously described for the CV experi-
ments. The Electrodeposition procedure was designed to increase the
speed of NO3

− reduction and achieve the formation of thin films in a
fast and uniform manner. In particular, we used an elevated plating
bath temperature of 70 °C and pulse plating; further details are
provided in the corresponding sections in the results and discussion.

The crystal phase and composition of the materials deposited was
analyzed with a Siemens D-5000 diffractometer (Cu-Ka radiation)
operated at 34 kV and 25 mA; the diffraction patterns were collected
from 5° to 70° (2θ) with a 0.02° step size, 2 s integration time, with
the films at a 3° inclination. SEM images were taken using a
scanning electron microscope (JEOL JSM 7600 F) operated at an
accelerating voltage of 15 kV and using the in-lens (SEI) secondary
electron detector. The UV/Vis diffuse reflectance characterization of
the films deposited was carried out using a Thermo Scientific
Evolution 220 UV–vis spectrometer equipped with an integrating
sphere.

Dye-sensitized solar cells (DSSCs) were prepared with the
electrodeposited films, both before and after a heat treatment as
specified in the respective sections in the results and discussion. The
dye used in this work was the organic benzothiadiazole-based MG-
207 dye, which was recently reported and characterized in
TiO2-based DSSCs.28 After a heat pretreatment, the working
electrodes were immersed in a 0.2 mM MG-207 sensitizing solution
with 2 mM chenodeoxycholic acid (CDCA; Sigma-Aldrich, ⩾97%)
as coadsorbent in a mixture of chloroform (Sigma-Aldrich, ⩾99.5%)
and ethanol (Sigma-Aldrich, ⩾99.5%) (1:1 v/v). The films were
removed from the dye solution after 3 h and carefully washed with
the same mixture of chloroform/ethanol. The sensitized working
electrode and a FTO counter electrode with a thin Pt coating,
obtained by spreading a drop of Platisol T (Solaronix) on the
conductive side of the electrode and subsequent heating at 450 °C
for 5 min, were sealed in a sandwich configuration using a Surlyn
(50 μm, Dyesol) separator by heating at 210 °C for 2.5 min. An
electrolyte solution consisting of 0.05 M I2 (Sigma-Aldrich,
⩾99.8%), 0.2 M 4-tert-butylpyridine (TBP, Sigma-Aldrich, 98%),
and 0.27 M 1,2-dimethyl-3- propylimidazolium iodide (DMPII,
Solaronix, ⩾98%) in CH3CN (Sigma-Aldrich, 99.8%) or 0.22 M
[Co(2,2′-bpy)3][B(CN)4]2 (Eversolar, 98%), 0.05 M
[Co(2,2′-bpy)3][B(CN)4]3 (Dyenamo), 0.1 M LiClO4 (Sigma-
Aldrich, ⩾95%) and 0.2 M TBP in CH3CN was introduced inside
the cell through a pair of holes previously perforated in the counter
electrode, and the solar cell was subsequently sealed with Surlyn and
a microscope cover glass, pressed under heating.

Photovoltaic characterization was performed using a set-up
consisting of a 450 W ozone-free Xe-lamp (Newport Corporation)
with a 10 cm water filter and an Air Mass 1.5 Global (AM 1.5 G)
optical filter (Newport Corp.), calibrated to an irradiance of
100 mW cm−2 on the surface of the solar cell using a certified 4
cm2 monocrystalline silicon reference cell with incorporated the
KG-5 filter. Current density - voltage curves (J–V) were recorded
with an Autolab PGSTAT302N/FRA2 (Metrohm Autolab).

Results and Discussion

Electrodeposition of simonkolleite and conversion to ZnO.—
The indirect electrodeposition of metal oxides using NO3

− as an
oxidizing agent is a well-known method to deposit thin films with
controlled morphology and thickness. For the electrodeposition of
ZnO from nitrate solutions, a series of well-defined reactions have
been proposed, which lead to the condensation of amorphous
Zn(OH)2 and the subsequent formation of crystalline ZnO films on
the working electrode:25,29–34

( ) + ( ) + → ( ) + ( ) [ ]− − − −NO aq H O l 2e NO aq 2 OH aq 13 2 2

( ) + → ( ) + ( ) [ ]− −2 H O l 2e H g 2 OH aq 22 2

( ) + ( ) → ( ) ( ) [ ]+ −Zn aq 2 OH aq Zn OH s 32
2

( ) ( ) → ( ) + ( ) [ ]Zn OH s ZnO s H O l 42 2

The reduction of NO3
− (Eq. 1) results in the generation of surface

OH−, which leads to a local pH increase and subsequent

Figure 1. Cyclic voltammetry for electrolyte solutions purged with N2 at pH
6 and at 70 °C, in the potential window from 0 to −1.4 V vs Ag/AgCl (3 M)
and at a scan rate of 5 mV s−1: (a) 0.1 M Zn(NO3)2·6H2O + 0.1 M KCl
aqueous solution at FTO; (b) 0.2 M NaNO3 + 0.1 M KCl aqueous solution at
different electrodes.
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precipitation of Zn-containing compounds, such as Zn(OH)2 (Eq. 3),
which dehydrates to finally form the desired oxide (Eq. 4).

Figure 1 shows cyclic voltammograms for a Zn(NO3)2·6H2O +
KCl solution with prior N2 bubbling. Starting the first scan at 0 V vs
Ag/AgCl, an increase in the cathodic current is observed at
potentials more negative than −1.1 V vs Ag/AgCl, which is mainly
related with water reduction at the FTO surface, leading to H2

formation (Eq. 2). Upon reversing the scan direction, a small
cathodic current peak is observed at −1.02 V vs Ag/AgCl, which
may be attributed to reduction of NO3

− (Eq. 1). The observation of
the anomalous cathodic peak in the reverse scan is related to the
large water reduction current at more negative potentials, which
results in a modification of the working electrode surface and
accumulation of hydrogen evolution reaction products that may
block nitrate reduction reaction at very negative potentials.
Unfavorable reaction kinetics at FTO appears to be the reason of
the non-appreciable cathodic current related to nitrate reduction in
the first forward scan.

The activation of the FTO surface for nitrate reduction after the
precipitation of a zinc-containing overlayer is indicated by the
current onset shift from −1.0 to −0.67 V vs Ag/AgCl, comparing
the 1st and the 2nd scan. This was confirmed by X-ray diffraction
(see Supplementary Materials (available online at stacks.iop.org/
JES/169/042504/mmedia)) on samples prepared by scanning the
potential from 0 to −1.09 V vs Ag/AgCl (Fig. S1a ), where a
crystalline zinc-containing material corresponding to the mineral
phase simonkolleite is observed. The presence of Cl− in the
electrodeposition solution favors the formation of simonkolleite
(Eq. 5) instead of ZnO, which generally forms by dehydration of
Zn(OH)2.

35

( ) + ( ) + ( )
+ ( ) → ( ) · ( ) [ ]

+ − −5 Zn aq 8 OH aq 2Cl aq
H O l Zn OH Cl H O s 5

2

2 5 8 2 2

At −1.4 V vs Ag/AgCl (Fig. S1b), in addition to simonkolleite, we
start to observe the presence of ZnO, and even some SnO due to the
reduction of the transparent conductive oxide (TCO) substrate under
these conditions of elevated temperature and neutral pH. The
presence of ZnO at this potential is related to the high current
density, which results in fast formation of OH− while the incorpora-
tion of Cl− may become partially limited by diffusion. The anodic
peak observed at −0.64 V vs Ag/AgCl does not relate to the
oxidation of the metallic Zn previously deposited on the electrode,
as is generally observed for deposition from ZnCl2 solutions.

36,37 In
this case, the peak is related to two processes: the re-oxidation of
SnO to SnO2, which is accompanied by a change in color of the
substrate, and a pseudo-capacitive discharging process of trapped
charge in the Zn-containing layer.

To investigate the origin of the enhanced NO3
− reduction rate on

the surface-modified FTO electrode observed in the backward
direction of the 1st scan, cyclic voltammetry for NaNO3 and KCl
solutions were carried out using FTO, ZnO and simonkolleite as
working electrodes (Fig. 1b). At the FTO electrode, the current
associated to NO3

− reduction (at potentials more negative than
−1.1 V vs Ag/AgCl) is low, while the cathodic current somewhat
larger for the simonkolleite and ZnO electrodes. This may be
partially attributed to differences in the electrode surface roughness,
however, the reaction onset potential graphically calculated in the
figure for ZnO and simonkolleite electrodes is clearly more positive,
pointing to an increased electrocatalytic activity for nitrate reduction
reaction on the zinc-containing layers. Note that the lower current
densities observed in Fig. 1b compared to in Fig. 1a are due to the
absence of Zn2+ ions in the electrolyte solution, which also play an
electrocatalytic role in nitrate reduction.31

In order to circumvent the slow reduction reaction rate of nitrate
at the FTO surface, we explored pulsed electroplating in order to
deposit thicker and homogeneous films, which has positive effects
on mass transport limitations, electrode kinetics and the nucleation
of a larger density of growth centers, characteristics that improve the
morphology and properties of deposits in addition to the film growth
rate.38 To obtain high quality and pure simonkolleite films, we
evaluated deposition using 500, 600, 700 and 1000 pulses, where
each pulse consists of a 0.388 s application of −3.0 mA cm−2

followed by 1 s at 0 mA cm−2. At the deposition current density

Figure 2. Potential transients obtained during pulsed electroplating. For
simplicity, only the transients for the shortest and the longest procedure are
presented; in addition, the regions where different features between the pulse
time (Ton) and the relaxation time (Toff) were observed are identified as
regions 1, 2, and 3 as detailed in the text.

Figure 3. X-ray diffraction patterns for films obtained by pulsed electro-
deposition onto FTO: (a) without any thermal treatment; (b) after a 1.5 h
thermal treatment at 250 °C and 3 h immersion step in water; (c) after the
250 °C thermal treatment but without water soaking.
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chosen, we expect that only simonkolleite is deposited with
negligible presence of ZnO.

Figure 2 shows potential transients for the pulsed deposition
procedure. The potential in both the deposition (Ton) and the
relaxation (Toff) step changes with time upon film growth. At the
start of the procedure, in region 1 (0 − 72 s), an almost constant
deposition potential of about −1.06 V vs Ag/AgCl suggests the
reduction of mainly NO3

− and some H2O (especially in the
beginning) at the electrode surface, which leads to the formation
of simonkolleite crystals onto the FTO surface, as corroborated by
X-ray diffraction (XRD) in Fig. 3a. When the current flow is
interrupted, the potential quickly settles at −0.3 V vs Ag/AgCl as the
working electrode discharges. Region 2 (72 − 160 s) is characterized

by a gradual increase of the deposition potential during the plating
step from −1.06 to −1.13 V vs Ag/AgCl, which is accompanied by a
shift in the relaxation potential. The changes observed in region 2
suggest a modification of the working electrode surface, leading to a
capacitive behavior at the substrate/solution interface as the FTO
substrate is covered by the simonkolleite film. Finally, region 3
displays a shift of the relaxation potential back to less negative
values. As time progresses, the film thickness increases due to the
reduction reactions at the simonkolleite crystals previously grown,
although the fraction of current that is capacitive increases and the
Faradaic efficiency is expected to decrease, which is reflected in
Table I. Note that the small differences observed between the
voltage transients displayed in this figure are due to slight variations
on the working area delimited and bath temperature fluctuations;
however, in general, all the pulsed deposits followed the same trend.

Table I shows the average thickness of the simonkolleite deposits
as a function of the number of pulses. As expected, the film
thickness increases with the number of pulses, up to around
5.9 μm at 700 pulses. At longer deposition times or larger number
of pulses, a lack of reproducibility was observed related to the
difficulty to properly delimit the working area on the FTO substrate
when immersed in an electrolyte solution at 70 °C. For this reason,
for more detailed characterization and application of the films in
dye-sensitized solar cells, we focus on simonkolleite films deposited
using a pulse train of 700 pulses.

Previous studies on the thermal stability of simonkolleite
particles have shown that several Zn compounds, including ZnO,
can be obtained as function of the heat treatment temperature:39,40

∼ ° ( ) · → ( ) + [ ]110 165 C: Zn OH Cl H O Zn OH Cl H O 65 8 2 2 5 8 2 2

∼ ° ( ) → ( ) + +
[ ]

165 210 C: Zn OH Cl 2 Zn OH Cl 3 ZnO 3 H O
7

5 8 2 2

∼ ° ( ) → + + [ ]210 300 C: 2 Zn OH Cl ZnCl ZnO H O 82 2

+ → + [ ]ZnCl H O ZnO 2HCl 92 2

Based on the mechanism above, ZnO and ZnCl2 (Eq. 8) are obtained
upon exposure of simonkolleite films at 250 °C. Subsequent
immersion in distilled water results in the dissolution of ZnCl2,
leaving a pure ZnO film. This is confirmed in the XRD pattern on the
film after the heat treatment and water immersion step as shown in
Fig. 3b. Interestingly, XRD also revealed the absence of ZnCl2 even
without the water immersion step (see Fig. 3c). It has been suggested
that ZnCl2 can react with the water vapor formed, resulting in solid
ZnO and HCl in gas form, as shown in Eq. 9, which would explain
our finding.40,41 However, this hydrolysis reaction is strongly
dependent on the reaction atmosphere, hence, to ensure the
preparation of pure ZnO films, we maintained the water-soaking
step in our preparation procedure. The diffraction peaks for the ZnO
films are relatively broad (as clearly observed at 36.16° and 47.45°)
indicating that the film is nanostructured.42 The diffuse reflectance
characterization and the corresponding Tauc plot for ZnO films
obtained under these conditions are presented in the Supporting
Information in Figs. S2a and S2b. A band gap energy (Eg) of 3.35 eV
was graphically obtained from Fig. S2b using the Tauc relations and
assuming a direct electronic transition with a scattering coefficient
equal to 1 for ZnO, which is in good agreement with the values
reported in literature.12,20,42,43 These results highlight that crystalline
ZnO with the adequate optical properties are obtained by the pulse
plating of simonkolleite and subsequent thermal transformation.

The morphology of the materials before and after the treatment
procedure was studied using scanning electron microscopy (SEM).
As shown in Fig. 4a, the simonkolleite phase electrocrystallizes as
well-defined, micron-sized hexagonal plates with low surface rough-
ness and nonspecific orientation with respect to the substrate; in
addition, no dependence was found between morphology and

Table I. Average thickness of electrodeposited simonkolleite films as
function of the number of pulses: at least 5 films were prepared at
each of the number of pulses shown, and the average thickness and
standard deviation are provided. The variation in values for the
samples prepared at 1000 pulses was larger, and these films were
therefore not further used in this work.

# of pulses Film thickness (μm)

500 4.5 ± 1
600 5.8 ± 1.4
700 5.9 ± 1.2

Figure 4. SEM images for films obtained by pulsed plating (700 pulses),
from a 0.1 M Zn(NO3)2 • 6H2O, 0.1 M KCl aqueous solution at pH = 6.0
and 70 °C: (a) before and (b) after a 1.5 h thermal treatment at 250 °C and
3 h water immersion step.

Journal of The Electrochemical Society, 2022 169 042504



number of pulses, as shown in the supporting information in Fig. S3.
After the treatment procedure, the ZnO film obtained (Fig. 4b)
showed the same hexagonal plates and open structure as observed in
the simonkolleite film, however, mesopores are present in the
hexagonal plates due to the transformation of simonkolleite into
ZnO and loss of ZnCl2 and water (Eqs. 7–9). The generated
mesoporous, nanostructured morphology of the hexagonal platelets
leads to an increase of the surface area of the film, which is an
important characteristic for application in the dye-sensitized solar
cell (DSSC). The potentiostatic deposition of
ZnO/Zn5(OH)8Cl2·H2O onto ITO substrates has been reported
previously: films with a thickness of 3–4 μm were obtained for a
1 h deposition time, and a high temperature thermal treatment (400 °
C) was used to obtain crystalline ZnO structures.44 Hence, the
procedure reported here is significantly faster and provides a low
temperature route to obtain a high-quality material onto TCO
substrates for photovoltaic applications.

Photovoltaic characterization of DSSCs.—Dye-sensitized solar
cells were fabricated from simonkolleite films electrodeposited using
a procedure of 700 pulses. The photovoltaic characteristics were
evaluated both before and after the heat treatment, which consisted
of thermal decomposition at 250 °C (1.5 h) and immersion in water
(3 h). The recently reported benzothiadiazole dye MG-207 was used
as a fully organic sensitizer,24 and two electrolyte solutions with
different redox couples have been used, comparing the traditional
I−/I3

− redox couple with the Co(bpy)3
2+/3+ couple.

Figure 5 shows the current density-potential curves for these
solar cell devices and Table II provides the photovoltaic parameters:
it can be seen that the ZnO-based cells showed much higher
efficiencies than the simonkolleite-based cells, which is mainly
due to much higher short circuit current densities (JSC).

Simonkolleite has been reported to be a semiconducting material
with similar band gap as ZnO (about 3.3 eV), and has been applied
in QD-sensitized solar cells recently, providing an improvement in
the performance.45 In the MG-207 sensitized solar cell based on pure
simonkolleite, a well-defined current—voltage curve is obtained (see
Fig. S4 in the Supplementary Materials), however, the efficiency is
low. The main cause is the low amount of dye adsorbed at the film
surface, which is evidenced by the very weak coloring of the
simonkolleite films after sensitization. This can be explained by the
small active surface area of the smooth, micron-sized simonkolleite
platelets as observed in the SEM images (Fig. 4a). In addition, there
may be a weak chemical interaction between the anchoring group in
the dye molecule and the faces of the simonkolleite crystals,
something needed to the dye physisorption.46 Other reasons could
include low electron injection efficiency from the excited state of
adsorbed dye molecules into the simonkolleite conduction band due
to a misalignment between energy levels, or poor collection
efficiency related to fast recombination reactions at simonkolleite/
electrolyte interface. Due to the low efficiency of the system, we did
not further explore this, although by changing the sensitizer and
electrolyte solution properties, a better efficiency may be possible.

The MG-207 sensitized ZnO-based solar cells show J–V curves
characteristic of DSSCs, where the cells with the Co(bpy)2+/3+

redox couple exhibit a larger short-circuit photocurrent than the cells
with the I−/I3

− couple. It has been shown for a variety of organic
dyes that regeneration of oxidized dye molecules by cobalt-based
redox couples is faster than for I−/I3

−, even at smaller driving force
given by ∣EHOMO - E°redox∣.47 Thus, the larger JSC can be attributed to
an increase of the charge injection and collection efficiency. On the
other hand, the VOC is very similar for the two redox couples, despite
a 0.18 V difference in standard redox potential, with the
Co(bpy)2+/3+ redox couple having a more positive E°redox.

48

These results indicate that recombination is dominated by electron
transfer from the ZnO to the redox couple, and that recombination is
faster for the Co(bpy)2+/3+ couple. In recent work, we showed for a
different ZnO-dye system that this is related to electrostatic
interactions between the redox couple and the ZnO surface, which
influences diffusion of the redox couple inside the macroporous—
mesoporous film.36 Hence, diffusion of the positively charged
Co(bpy)2+/3+ redox couple through the ZnO structures is favored
over the negatively charged I−/I3

− couple. This has not only
negative but also positive consequences, as it explains the larger
fill factor observed for the Co(bpy)2+/3+ redox couple.

In summary, the best photovoltaic performance was observed for
the ZnO-Co(bpy)2+/3+ solar cells, indicating the advantages of
combining an organic dye such as MG-207 and an organometallic
Co-based redox shuttle in order to obtain high-performance ZnO-
based DSSCs. To our knowledge, the highest values reported for
ZnO-based DSSCs are: (i) 8.0% for a plasma-treated
ZnO/N-719/I−/I3

− system;49 (ii) 5.9% for 1D ZnO nanowires and
4.0% for nanoparticle ZnO films for a ZnO/Ru-dye/Co(bpy)3

2+/3+

system,50 (iii) and up to 5.7% for 1D ZnO nanowires and 3.6% for
nanoparticle ZnO films for a ZnO/Organic dye/Co(bpy)3

2+/3+

system.51 Although the efficiencies observed in our solar devices
are somewhat lower, the system may be further improved through a
detailed optimization of each component, including the ZnO film
thickness, the sensitization step, ZnO surface passivation/modifica-
tion, photon management, and the electrolyte composition by

Figure 5. Current density vs voltage curves (forward and backward scan)
for the best DSSCs elaborated with simonkolleite and ZnO films sensitized
for 3 h in a MG-207 dye + CDCA solution at a scan rate of 50 mV s−1. Two
electrolyte solutions are compared, based on the Co(bpy)3

2+/3+ and the
I−/I3

− redox couple, respectively.

Table II. Short circuit current density (JSC), open circuit potential (VOC), efficiency (η) and fill factor (FF) for the DSSCs in Fig. 5, as well as the
average values and standard deviations for each photovoltaic parameter calculated for 2 cells (ZnO-I−/I3

−, ZnO-Co(bpy)2+/3+) and 3 solar cells
(Simonkolleite-I−/I3

−).

JSC (mA cm−2) VOC (V) FF η (%)

ZnO-I−/I3
− 4.60 (4.58 ± 0.04) 0.56 (0.55 ± 0.01) 0.41 (0.42 ± 0.03) 1.05 (1.06 ± 0.03)

ZnO-Co(bpy)2+/3+ 5.33 (5.22 ± 0.16) 0.58 (0.52 ± 0.08) 0.56 (0.58 ± 0.03) 1.74 (1.58 ± 0.23)
Simonkolleite- I−/I3

− 0.21 (0.13 ± 0.07) 0.56 (0.55 ± 0.02) 0.46 (0.48 ± 0.04) 0.053 (0.034 ± 0.17)
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including specific additives. Furthermore, avoiding Ru-based dyes
and the rather corrosive I−/I3

− electrolyte solution may provide
viable opportunities for this system in lightweight, flexible photo-
voltaics.

Conclusions

ZnO films with a combined macroporous and mesoporous
morphology were obtained by low-temperature thermal decomposi-
tion of open structures of a complex zinc hydroxychloride com-
pound, simonkolleite, which was electrodeposited onto FTO sub-
strates from a Zn(NO3)2/KCl solution using a pulsed plating method.
For this deposition bath, the electrochemical characterization shows
the expected NO3

− reduction on the electrode surface, however, the
presence of a high Cl− concentration completely changes the
material formed, leading to the electrocrystallization of hexagonal
simonkolleite platelets instead of ZnO. The galvanostatic pulsed
plating procedure has been designed to avoid limitations related to
the slow reduction kinetics and mass transport associated with
NO3

−, resulting in the deposition of an approximately 6 μm thick
film in less than 1000 s. The transformation of simonkolleite to ZnO
can be achieved with a relatively low temperature thermal treatment
at 250 °C, providing a nanostructured, mesoporous, crystalline ZnO
film composed of micron-sized hexagonal platelets. Dye-sensitized
solar cells (DSSCs) elaborated with the ZnO films described above
showed an encouraging power conversion efficiency of 1.7% for the
combination of the organic benzothiadiazole dye MG-207 and an
electrolyte solution based on the Co(bpy)3

2+/3+ redox couple, which
is expected to improve with further optimization. The fast deposition
of thick simonkolleite films and its low temperature transformation
into ZnO holds promise for the fabrication of portable and light-
weight photovoltaic devices.
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