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Dye-sensitized solar cells assembled with aqueous electrolytes are emerging as a sustainable
photovoltaic technology suitable for safe indoor and portable electronics use. While the scientific
community is exploring unconventional materials for preparing electrodes and electrolytes, this work
presents the first study on zinc oxide as a semiconductor material to fabricate photoanodes for aqueous
solar cells. Different morphologies (i.e., nanoparticles, multipods, and desert roses) are synthesized,
characterized, and tested in laboratory-scale prototypes. This exploratory work, also integrated by a
computational study and a multivariate investigation on the factors that influence electrode sensitization,
confirms the possibility of using zinc oxide in the field of aqueous photovoltaics and opens the way to
new morphologies and processes of functionalization or surface activation to boost the overall cell

rsc.li/energy-advances efficiency.

Introduction

The energy transition, the primary objective of safeguarding the
planet, dominates the international scenario where the scien-
tific community operates. The pillars of the current work
plan are the ability to produce and store energy through
renewable sources, sustainable technologies, and the minimi-
zation of environmental emissions.®° In this context, photo-
voltaics continues to excel for its well-known advantages, first
and foremost the abundance and geographically non-polarized
distribution of its source."*™*®

“ Department of Applied Science and Technology, Politecnico di Torino, Corso Duca
degli Abruzzi 24, 10129 - Torino, Italy. E-mail: federico. bella@polito.it

b Department of Chemistry, NIS Interdepartmental Centre and INSTM Reference
Centre, Universita degli Studi di Torino, Via Pietro Giuria 7, 10125 - Torino, Italy

¢ Department of Chemical Sciences, Universita di Napoli Federico II, Comp. Univ.
Monte Sant’Angelo, Via Cintia 21, 80126 - Napoli, Italy

4 Escuela de Fisica, Instituto Tecnoldgico de Costa Rica, TEC, 159-7050 - Cartago,
Costa Rica

¢ Department of Physics “‘Ettore Pancini”, Universita di Napoli Federico II, Comp.
Univ. Monte Sant’Angelo, Via Cintia 21, 80126 — Napoli, Italy

TICXT Interdepartmental Centre, Universita degli Studi di Torino, Via Lungo Dora
Siena 100, 10153 - Torino, Italy

8 Istituto di Scienza, Tecnologia e Sostenibilita per lo Sviluppo dei Materiali
Ceramici (ISSMC-CNR), Via Granarolo 64, 48018 - Faenza, Italy

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d4ya00010b

1062 | Energy Adv, 2024, 3,1062-1072

Although silicon-based photovoltaic technology has seen, in
the last twenty years, a continuous lowering of production
costs,'® the scientific community’s attention has also been
focused on new technologies capable of providing better
aspects.”” ! Among these characteristics, the use of materials
that require production and manufacturing processes carried
out in mild conditions, the ability of solar cells to work even
indoors or in a vertical position, and the possibility of manu-
facturing flexible devices have emerged and have led to new
classes of photovoltaic cells, such as perovskite solar cells**™°
and dye-sensitized solar cells (DSSCs).>”*' While the formers
have achieved and exceeded the performance of silicon-based
photovoltaics, with which they can also be combined in tandem
devices,*** the DSSCs have unique properties in terms of
transparency, variety of available colors, absence of heavy
metals in their active components.®>~3°

One of the topics currently active in the field of DSSCs
concerns the replacement of the organic solvents used for the
formulation of the liquid electrolyte with water.**** This would
represent an evident product sustainability and safety advan-
tage given the integration of DSSCs with portable devices; also,
water would lead to better solvent properties towards more
redox couples and additives, as well as greater durability due
to reduced electrolyte evaporation.*>*? This prompted research-
ers to develop materials for the so-called aqueous DSSCs,
proposing new formulations of liquid and gel-polymer
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electrolytes, aqueous stable dyes, photoanode treat-
ment protocols,”’ > platinum-free counter electrodes®*”> to
further reduce the cost and impact of this technology. In these
first years of research activity, maximum photovoltaic perfor-
mances of the order of 6-7% have been achieved®®”” and
further experimental and computational investigations are
currently underway to try to reduce the efficiency gap with
respect to the corresponding DSSCs manufactured with nitriles-
based organic solvents.

ZnO represents one of the closest alternatives to TiO, as a
photoanode active material in DSSCs. Indeed, these two semi-
conductors show almost the same electron affinities and band-
gap energies (i.e., ~#3.2 and ~ 3.3 eV), are available at low cost,
and remain stable to photo-corrosion. Moreover, ZnO offers
essential features for photovoltaic applications, that can be
resumed as follows: (i) a much higher electron diffusivity than
TiO,; (ii) a high electron mobility (i.e., 115-155 cm® V' s7');
(iii) a significant excitation binding energy (60 eV); (iv)
a crystalline structure conducting to anisotropic growth,
making readily available a comprehensive list of diverse
morphologies.’®®® ZnO-based DSSCs have thus been well
explored in the previous years by the scientific community,
with excellent outcomes also attributed to the efficient electron
transport of this semiconductor and the resulting reduced
recombination reactions in the photoelectrochemical cell.®**>

Despite the exciting aspects described above for ZnO-based
photoanodes, no articles have yet been published with this
electrode combined with an aqueous electrolyte in DSSCs.
Therefore, this work focuses on aqueous DSSCs fabricated with
three different ZnO electrodes synthesized in our group and
characterized by various morphological, dimensional, and
surface aspects. Besides dealing with materials synthesis
and photovoltaic cell fabrication and characterization, our activity
was also aided by a computational study and a multivariate
chemometric analysis to better investigate both the interaction
of ZnO with the molecular dye chosen for this work and the best
experimental conditions to carry out electrode sensitization.

Materials and methods
ZnO micro- and nanostructures: synthesis and characterization

ZnO microparticles were synthesized through a shape-
controlled hydrothermal process, combining zinc nitrate hex-
ahydrate (Zn(NO;),-6H,0, 99%, Sigma-Aldrich) and potassium
hydroxide (KOH, 85%, Sigma-Aldrich). The desert rose (DR) and
the multipod (MP) morphologies were obtained by varying the
KOH : Zn(NOj3), molar ratio from 2 to 8, respectively. More in
detail, two separated solutions were prepared by dissolving
14.8 g of Zn(NO3),-6H,0 in 100 mL of bidistilled water (Milli-
Q" water, 18 MQ cm at 25 °C, obtained with a Direct-Q® 3 UV
purification system by Merck Millipore), and the corresponding
amount of KOH in the same water volume. Then, a Zn(NO3),-
6H,0 solution was drop-wise added to the KOH one by vigor-
ously stirring. The gel was kept in a closed Teflon bottle at 70 °C
for 4 h; the desired ZnO microstructures were formed later.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Finally, the microparticles were separated from the reaction
medium by repeated rinsing and filtration with deionized water
until the pH was neutralized. The powders were finally dried in
air at 60 °C overnight.

ZnO nanoparticles (NPs) were prepared by following a
microwave-assisted solvothermal route by combining, directly
in the Teflon reactor vessel, 60 mL of a methanol (Reag. Ph.
Eur. Grade, VWR Chemicals) 0.09 M solution of zinc acetate
dihydrate (Zn(CH3;COO),-2H,0, ACS reagent, >98%, Sigma-
Aldrich) with 480 pL of double-distilled water, and a potassium
hydroxide solution (0.2 M in methanol, 35 mL, KOH >85%
pellets, Sigma-Aldrich). The reactor was equipped with pressure
and temperature probes and connected to the microwave
furnace (Milestone START-Synth, Milestone Inc.). The chemical
precursor solution was heated at 60 °C for 30 min and then
cooled to room temperature. The resulting NPs dispersion was
then collected and centrifuged for 10 min at 3500 g (Mega Star
600R, VWR); then, the supernatant was removed, the residue
was dispersed and washed twice in 15 mL of ethanol (Sigma-
Aldrich, 99%) to release any unreacted compound. Finally, the
powders were dried in air at room temperature.

The crystallinity grade of the different ZnO structures was
analysed by X-rays diffraction (XRD) on a Panalytical’s X'Pert’
MRD PRO diffractometer with Cu-Ko X-rays radiation source
(. ~ 1.54 A) in 0-20 Bragg-Brentano configuration (20 angle
range between 20° and 60°). The morphology investigation and
the dimensional measurements were carried out by a field
emission scanning electron microscope (FESEM, Dual Beam
Auriga from Carl Zeiss, operating at 5 keV). The Branauer-
Emmett-Teller (BET) specific surface area was estimated from
N, desorption isotherms at 77 K by a Micromeritics ASAP 2020
Plus Physisorption facility. An estimation of the dye loading
capacity for the different ZnO microstructures was performed
by comparing the residual concentrations of the dye in the
sensitizing solutions using a Cary 5000 UV-Vis-NIR spectro-
photometer by Agilent Technologies, Inc.

DSSCs: fabrication and characterization of lab-scale prototypes

ZnO particles were dispersed in a solution consisting of 66 vol%
ethanol (>99.9%, Carlo Erba Reagents), 33 vol% bidistilled
water, and 1 vol% acetic acid (>99.9%, Sigma-Aldrich), in a
weight ratio of 1:2 between the powder and the solution. The
dispersion was then homogenized in an ultrasonic bath (Elma-
sonic P, Elma Schmidbauer GmbH) at 80 kHz for 4 h. A square-
shaped spot of ZnO paste was deposited with an area of
0.25 cm® onto a fluorine-doped SnO, (FTO)-coated glass by
using the doctor blading technique. The FTO substrate (thickness
2.2 mm, resistivity 7 Q sq”*, Solaronix SA) was previously cleaned,
in three subsequent steps, by using bidistilled soapy water,
acetone (>99%, Honeywell), and ethanol (>99.8%, Honeywell),
to remove any contamination. ZnO paste-coated glass underwent
a thermal treatment of drying at 90 °C for 30 min and sintering at
450 °C for 10 min in air. When the electrodes were cooled down at
about 70 °C, they were soaked in a sensitizing solution of the dye,
ie., 2-{{4-4-(2,2-diphenylethenyl)phenyl}-1,2,3,3a,4,8b-hexahydro-
cyclopento[bindole-7-yl}methylidene] cyanoacetic acid (D131),
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purchased from Inabata Europe SA; the electrodes were finally
rinsed in acetone to remove the dye molecules which were not
adsorbed. The composition of the sensitization solution was
properly investigated in our experimental work; in particular,
the optimal molar ratio between the co-adsorbent, ie., cheno-
deoxycholic acid (CDCA, >97%, Sigma-Aldrich), and the dye was
evaluated through a chemometric approach (see next section).
D131 dye was chosen for this work since it is the sensitizer that
our group has widely explored in previous research activities (e.g:
ref. 53) and that has passed our reproducibility and stability tests.

A fully aqueous quasi-solid electrolyte was prepared using
the I /I; redox couple. In detail, the electrolyte solution was
obtained by dissolving Nal 3.0 M (>99.0%, Sigma-Aldrich) and
I, 20 mM (>99.8%, Sigma-Aldrich) in deionized water satu-
rated with CDCA. Sodium carboxymethyl cellulose (Na-CMC,
M,, = 250000 g mol ', Sigma-Aldrich) was chosen as a bio-
sourced jellifying agent and added (3 wt%) to the liquid
solution; the quasi-solid consistency was achieved after stirring
for about 2 h at 40 °C.

The counter-electrodes were prepared by a two-step deposi-
tion process, carrying out the thermal decomposition of a
platinum catalyst precursor, ie., a H,PtCly 5 mM ethanol
solution (Sigma-Aldrich), at 450 °C for 30 min.

As regards lab-scale prototype fabrication, 1.6-1.7 mg of
quasi-solid electrolyte were deposited on the photoanode; then,
it was faced to the counter-electrode using a Meltonix 1170-60
thermoplastic film (Solaronix SA) as both spacer and sealant;
the cell was subsequently hot pressed at 90 °C for 15 s.

The photovoltaic characterization (J-V measurements) was
carried out by a source measure unit (model 2440, Keithley) and
a sun simulator under AM1.5G irradiation with a power output
of 100 mW cm ™2, calibrated by a silicon reference solar cell.
DSSCs performances were assessed through short-circuit cur-
rent density (/s.), open-circuit voltage (V,.), fill factor (FF), and
power conversion efficiency (PCE) figures of merit. Electroche-
mical impedance spectroscopy (EIS) was performed under dark
conditions using a potentiostat (Biologic, VMP-3) in the fre-
quency range between 100 kHz and 0.1 Hz. A potential equal to
the V,. (previously measured under standard illumination
conditions) was overlapped with the AC signal of 10 mV of
amplitude. The EC-Lab V11-18 software was used to fit the
EIS data.

Design of experiments

The investigation of the newly proposed ZnO electrodes for
aqueous DSSCs was guided by a design of experiment (DoE)
approach, with the aid of the software MODDE (version
11.0.2.2309, Umetrics). Of note, DoOE is an experimental strategy
that maximizes the quantity and quality of information result-
ing from a minimum number of trials. In this work, DoE was
adopted to find the optimal sensitizing conditions for ZnO
photoanodes to (i) obtain the best photovoltaic performances,
and (ii) avoid the typical damaging corrosion phenomena of
these electrodes. Indeed, ZnO-based photoanodes are suscep-
tible to release Zn>" ions when they stay in prolonged contact
with acidic groups in the electrolyte/dye solution.®*®* The dye
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loading time (abbreviated as x;) and the molar ratio between
CDCA and D131 in the ZnO-sensitizing solution (x,) were
chosen as factors, i.e., the experimental variables of the DoE.
This study was carried out for the DR morphology, and the
results obtained were extended to the other typologies of ZnO
samples investigated in this work.

The experimental domain was investigated with a composite
face-centered (CCF) factorial design, a suitable model to iden-
tify the effects of interactions among factors on the measured
responses, the latter being the photovoltaic performance fig-
ures of merit of the lab-scale prototypes (i.e., Js¢, Voc, FF, and
PCE). In the CCF design, the experiments correspond to the
vertices, the axial points, and the central point of a hypothetical
square area that defines the explored experimental domain. In
our study, each factor varied over three levels, i.e., named as the
minimum (—1), the central (0), and the maximum (+1). In
particular, x; varied between 1 and 7 h, while x, changed
between 18 and 50. The overall number of experiments was
22, including two replicas of each experimental condition and
six replicas for the central point of the CCF design; these latter
were used to check the model reproducibility.

Computational study

To gain insight into the behavior of different ZnO structures on
the photoconversion efficiency, ab initio calculations were
performed on the D131 dye molecule and the different surfaces
exposed by ZnO. Since the calculations on the actual interface
are too computationally demanding, the properties of interest
of the dye and the particle surfaces (that is, the HOMO-LUMO
gap and the absolute position of the band edges) were sepa-
rately evaluated. From these properties, parameters connected
to the electrochemical properties of the electrodes can be
extracted to infer the origin of the experimental behavior of
the different ZnO structures.

The dye structural and electronic properties were computed
with density functional theory (DFT) and time-dependent-DFT
(TD-DFT) calculations with the Gaussian16 program,®® with a 6-
311++G(d,p) Gaussian basis set at the B3LYP®*™®® and CAM-
B3LYP® density functionals.

As regards investigation on ZnO structures, first-principles
calculations were performed with the Vienna ab initio simula-
tion package (VASP)’®”' using Perdew, Burke, and Ernzherof
(PBE)”? density functional with a plane wave basis set with a
kinetic energy cutoff of 600 eV; projected augmented wave
pseudopotentials”® were used to treat the core of the atoms.
The reciprocal space was sampled with a I'-centered 8 x 4 x 1
k-point mesh.

Results and discussion
Characterization of ZnO micro- and nanostructures

The crystallinity and purity grade of the synthetized particles
was assessed by XRD (Fig. 1A). The sharp peaks of the XRD
pattern can be ascribed to the single-crystalline phase of the
wurtzite structure of ZnO. FESEM images demonstrate the

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ya00010b

Open Access Article. Published on 29 Aprili 2024. Downloaded on 04/12/2025 15:58:17.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
1) {——nNPs ;
“PIDRs glae s @
14000 - MPs| < ec At =
—~ 12000 '
] ]
£ 10000 |
2 ]
@ 8000 _
] 1 5 z
£ 6000
4000 - .
2000 - i
Y8 I e it e e
20 25 30 35 40 45 50 55 60
B) 20 (deg)
=~ 1 = Nps [
0100+ DRs ]
£ +— MPs f
S :
< 80 ’
'U_J .?
S 60 4F
E .
=
S 40- R
g [
= o
5 20 v
% \’—‘5"——"":"
< 0 m“‘ul‘m ,;,M*M PR A.-ALM"A“}
1 N T ’ T '
0.0 0.2 04 0.6 0.8 1.0
p/p,

Fig. 1 (A) XRD pattern of the different ZnO microstructures: DRs (red line),
MPs (blue line), and NPs (green line). (B) Nitrogen adsorption—desorption
isotherms of different ZnO morphologies in powder form.

excellent control of the morphology obtainable with the synth-
esis route adopted in this work (Fig. 2). In particular, it is
evident that the peculiar nanostructuration of the particles
depends on preparation conditions. First, DRs are flower-like
aggregates with a diameter of about 2 pm, composed of 2D
nanosheets with a uniform thickness of around 50 nm (Fig. 2A).
Second, MPs consist of wires (diameter around 100 nm) with a
hexagonal cross-section growth from a central point (Fig. 2B).
Third, NPs of ~20 nm diameters have a regular spherical shape
and form aggregates with a diameter lower than 1 pm (Fig. 2C).
The thickness of the ZnO layer on the FTO-covered glass was
measured by cross-section FESEM images, and it was estimated
to be about 9.5 pm (Fig. 2D).

Results of nitrogen adsorption-desorption measurements
carried out on ZnO samples are shown in Fig. 1B. DRs and NPs
are characterized by type IV isotherms, with a hysteresis loop in
the pressure range of 0.8-0.95 p/p,, indicative of mesopores,
possibly due to interparticle porosities, with a diameter larger

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 FESEM images for different ZnO morphologies, namely (A) DRs, (B)
MPs, and (C) NPs. (D) Cross-section image of a NPs-based photoanode.

than 4 nm. On the contrary, a type III isotherm, typical of a non-
porous material, was observed for MPs. The presence of por-
osity in DRs and NPs leads to a higher BET specific surface area
(Sger), equal to 19.59 and 29.64 m> g, respectively, much
higher when compared to 5.22 m” g~ ' of MPs sample.

Fig. S1 in the ESIf shows the UV-vis curves and band-gap
values for the three ZnO morphologies.

Experimental and theoretical assessment of structure/
performance correlation

The three ZnO morphologies were tested as photoanodes in
aqueous DSSCs. Photovoltaic characterizations (Table 1) shows
that the best performances were achieved in the presence of
DRs. An interpretation of these solar cells results must be based
on three fundamental criteria, namely the surface area of the
electrode active material, the quantity of chemisorbed dye, and
the interface among the particles constituting each electrode
morphology.

MPs-based cells displayed a low photocurrent density due to
a limited Sggr, responsible for insufficient dye loading. As far as
DRs and NPs morphologies are concerned, the former was
superior, in particular in terms of the photocurrent density of
the corresponding solar cells. To investigate further, UV-VIS

Table 1 BET specific surface area for different ZnO morphologies, along
with the photovoltaic parameters (measured under 1 sun irradiation,
AML.5G) of the corresponding aqueous DSSCs. J-V curves of representa-
tive cells for each morphology are shown in Fig. S2 in the ESI

Sample Sger [M* g7'] Joe [MA em™?] V,. [mV] FF [%)] PCE [%]

DRs 19.59 1.75 £ 0.25 390 + 58 51.1 £ 5.0 0.35 £ 0.04
NPs 29.64 1.09 £ 0.11 370 & 10 51.8 £ 2.3 0.21 £ 0.02
MPs 5.22 0.54 £ 0.31 335 £ 20 47.6 £ 5.3 0.09 £ 0.06

Energy Adv., 2024, 3,1062-1072 | 1065
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spectroscopy was exploited to perform a comparative analysis
of the amount of dye adsorbed by DRs- and NPs-based electro-
des. A measurement of the dye concentration in the sensitizing
solution before and after 1 h of dye loading was performed for
each ZnO morphology. The dye concentration was calculated
with the Lambert-Beer’s law and a difference between the final
and initial concentrations of —0.12 mM (—25%) and —0.21 mM
(—44%) was found for DRs and NPs samples, respectively. This
measure revealed that NPs could adsorb a greater amount of
dye than DRs; this evidence was consistent with the higher
value of BET specific surface area. However, the photovoltaic
performance of DRs-based samples was better than that of the
corresponding NPs-based devices. Here comes the importance
of interfaces: even if NPs possessed higher Sgpr and loaded
dye molecules, they also counted a higher number of
interfaces among adjacent particles, resulting in an ineffective
(worse than that of DRs-based electrodes) electronic transfer
through the whole electrode. In fact, 2D and interconnected
nanosheets that form the DR microstructure facilitate the path
for photoelectrons, thus providing faster electron transport and
increasing the J,..”* As regards nanostructures, the future
activity of our team will be focused on morphologies able to
offer a direct pathway for electron transport, e.g. nanotubes,
that are known to improve the collection efficiency of the
photoelectrode.”

Overall, DRs showed the best compromise between samples,
ensuring at the same time a high specific surface area for dye
adsorption and a suitable particle interconnection for electron
transport.

[\

19

397

e £ O

B
:

k

Fig. 3

~O4

r~04

7

View Article Online

Paper

AD initio calculations on the D131 dye molecule and on the
different surfaces exposed by ZnO were carried out to further
investigate the behavior of DRs and NPs active materials when
used in aqueous DSSCs. The dye minimum energy structure
was optimized in acetonitrile and in methanol solvents, the
former being the most common solvent in DSSCs, and the
second the one in which the experimental adsorption spectrum
was measured in this study. On these minima, a single point
TD-DFT calculation was carried out to compute the vertical
electronic transition energy, i.e., the HOMO-LUMO gap. The
calculated transition in methanol occurs at 414 nm, in good
agreement with experimental data. Fig. 3A and B depicts the
HOMO and LUMO molecular orbitals that are involved in this
transition. While the HOMO is fully delocalized on the whole
molecule, the LUMO involves the electron-acceptor moiety at
the anchoring group. This favors the charge transfer process to
the surface after photo-excitation of the dye.

As one can see from the XRD data (Fig. 1A), different
morphologies expose different surfaces. DRs grow in the direc-
tion of the (0001) plane, exposing the (1010) and (1011) on the
“surface of the petals”, with the first being the dominant one.
NPs, instead, show three different surfaces, namely (1010),
(0002), and (1011), that have similar XRD intensities. Of the
three surfaces above mentioned, only the first one is non-polar,
with the other two exhibiting a strong dipole. Fig. 3C and D
depicts the three surfaces as cut from bulk ZnO and a model
surface slab that was used to calculate the electronic properties
of one of these surfaces. From ab initio calculations we were
able to obtain only the absolute position of the valence band

(1010)
LUMO
2F
— cB
>
o
&,
)
=
w
A=414.39nm
6F
F HOMO
*o e

(A) HOMO and (B) LUMO molecular orbitals of D131 dye in methanol solvent. Color code: carbon (green), hydrogen (light pink), oxygen (red),

nitrogen (blue). Isosurface level = 1.16 x 1072; yellow and cyan refer to positive and negative values, respectively. (C) Lattice planes relevant to the
morphologies under study. (D) 5-layer vacuum slab for the (1010) surface. Colour code: zinc (grey), oxygen (red). (E) Energy diagram of ZnO bands
relative to the position of the HOMO and LUMO levels of D131. The band edge positions of the (1010) surface (yellow) are computed as described in the
text. The positions of the (0001) surface bands edges (green) are calculated substracting the experimental work function variation to the values of the

calculated band edges of the (1010) surface.
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edge of the non-polar (1010) surface, and will reference to
literature for the others.

First, ZnO bulk was optimized, then a 5-layer slab of the
(1010) surface with 15 A of vacuum was built to avoid the
interaction between the periodic images. After surface relaxa-
tion, the surface energy was computed, obtaining a value of
0.88 ] m 2, in agreement with literature results.”® The absolute
position of the valence band edge (the negative of the work-
function) was assessed according to a computational protocol
developed by Toroker et al.”’ as:

. 1
Band edge = BGCS™® — E,,. + EEgap

where the bandgap center BGC®" is the energy average of the

highest occupied and lowest unoccupied states of the slab
model as obtained from DFT calculations, E,. is the converged
energy at the vacuum region as obtained for the computed
averaged electrostatic potential, and E,,, refers to the bandgap
of bulk ZnO. In this case, we adopted the experimental Eg,,
value,”® since standard DFT generalized gradient approxi-
mation functionals as PBE are known to underestimate band
gaps of semiconductors. On the polar surfaces, the band edge
positions are defined within this model, since the strong dipole
corrections affect the vacuum energy. Thus, to evaluate the
position of the (0001) surface, we referred to the experimental
measurement of the work function shift reported by Moorman
et al.”® and used this value to shift the calculated band edge of
the other surface.

Fig. 3E depicts the energy level diagram for the (1010) and
(0001) surfaces together with the position of the D131 frontier
orbitals. From these data, a higher driving force for electron

Table 2 Experimental matrix for the CCF DoE, where x; is the dye loading
time and x, is the molar ratio between CDCA and D131 in the ZnO-
sensitizing solution. The corresponding experimental responses, i.e. the
photovoltaic performance of the lab-scale aqueous DSSCs under 1 sun
irradiation (AM1.5G), are also given

Experiment x; [h] x, Jse [MA em™] V. [mV] FF [%] PCE [%]

F1 1(-1) 18(-1) 1.42 319 44.5  0.20
F2 1(-1) 18(-1) 1.80 318 47.3  0.27
F3 1(-1) 34(0) 1.58 348 444 0.24
F4 1(-1) 34(0) 1.70 351 451  0.27
F5 1(-1) 50 (+1) 1.83 329 459  0.28
F6 1(-1) 50 (+1) 2.01 340 49.1 035
F7 4(0) 18(-1) 1.22 357 452 0.19
F8 4(0) 18(-1) 0.85 304 30.0 0.08
F9 4(0) 34(0) 1.72 339 40.5 0.24
F10 4(0) 34(0) 1.67 360 429  0.26
F11 4(0) 34(0) 2.10 343 454  0.33
F12 4(0) 34(0) 1.60 345 47.0  0.26
F13 4(0) 34(0) 1.76 337 483  0.29
F14 4(0) 34(0) 1.57 360 462  0.26
F15 4(0) 50(+1) 2.03 331 48.3  0.32
F16 4(0) 50(+1) 1.86 344 38.5 0.25
F17 7 (+1) 18(-1) 1.24 328 421 017
F18 7 (+1) 18(-1) 1.34 234 27.6  0.09
F19 7(+1) 34(0) 1.79 344 449 0.28
F20 7(+1) 34(0) 1.97 325 481  0.31
F21 7 (+1) 50 (+1) 1.42 356 46.1  0.23
F22 7 (+1) 50 (+1) 1.44 357 47.9  0.25

© 2024 The Author(s). Published by the Royal Society of Chemistry
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injection from the D131 LUMO to the conduction band can be
predicted for the (0001) surface with respect to the (1010) one.
On the other hand, the absolute position of the conduction
band edge gives us information about the V,. of the cell, that is
defined as the difference between this value and the redox
potential of the electrolyte couple. The lower the band edge, the
lower the V.. If we take the (1010) surface as being representa-
tive of the DRs morphology, since it is by far the most abundant
exposed surface, we can consider the (0001) surface as indica-
tive of the behavior of the NPs, in which this surface is present
together with the former. The lower position of the (0001)
conduction band well agrees with the lower V,. measured for
the NPs with respect to the DRs.

Chemometric investigation of photovoltaic performances

The optimization of the sensitization procedure was carried out
for the most efficient ZnO morphology, i.e. the DRs, using a
CCF DoE. The role of each of the experimental parameters and
their mutual interactions influencing the photovoltaic perfor-
mances (i.e., Jsc, Voo, FF, PCE) of lab-scale DSSCs were evaluated
with MODDE software. Table 2 shows the experimental matrix
with all the aqueous DSSCs assembled and tested to investigate
the whole experimental domain. In detail, each trial was
repeated twice, including the three replicas of the central point.
The latter, which numerically corresponds to the intermediate
value for each variable, is crucial to assess the experimental
reproducibility. The collected data showed a good reproduci-
bility of the measured quantities for DSSCs prepared in the
same conditions.

Data from the DoE analysis show average efficiency values
ranging between 0.13 and 0.35%. The worst efficiency was
obtained for the sensitization condition corresponding to 7 h
of dipping time and a D131/CDCA molar ratio equal to 18. On
the contrary, the maximum efficiency was reached for the
shortest immersion time (1 h) and for a molar ratio between
D131 and CDCA equal to 1:50. The efficiencies obtained with
ZnO-based anode and water-based electrolyte are close to our
previous results on untreated TiO, nanoparticles.®’

According to the CCF model, a certain experimental
response can be expressed accordingly to eqn (1):

Y =Dbo + bix1 + box, + by1xs® + booxy® + basXix, (1)

where x; and x, represent the experimental variables, while b,
by, ... are the coefficients that describe the reciprocal inter-
action between factors and responses. The values of such
coefficients, which quantify the importance of each factor in
the equation, can be extrapolated by the model using the
software MODDE. The following equations were obtained for
each figure of merit obtained from J/-V measurements:

Jse =1.716 — 0.077x; + 0.176X, + 0.026x,% — 0.113x,% — 0.022x,X,

(2)

Voo = 348.6 — 4.4x; + 12.1x, — 4.7x,> — 9.6x,> + 8.6X,%,

®)

FF = 45.9 — 1.0x; + 2.4%, — 0.3%;% — 1.8x,> + 0.8x,x,  (4)
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PCE = 0.272 — 0.018x; + 0.042x, + 0.001x,”
— 0.029x,> + 0.003x,X, (5)

Isoresponse surfaces were drawn to visually evaluate how the
aqueous DSSCs performance depended on the investigated
parameters; these surfaces are also helpful in predicting the
value of each photovoltaic parameter as a function of the
investigated factors (Fig. 4). In particular, it was observed that
the photovoltaic performance of a ZnO-based aqueous DSSC
improved when the immersion time was minimized and the
concentration of CDCA in the sensitizing solution increased. In
detail, the increase in the amount of CDCA proved to be
beneficial for all the photovoltaic parameters, especially for
high immersion times, as usually observed with TiO,-based
photoanodes.®! One of CDCA main roles is to promote the
formation of a dye monolayer onto the electrode surface. The
co-adsorbants are believed to compete with the dye molecules
in the first chemisorption step, thus suppressing the formation
of adsorption sites originating from two adjacent dye mole-
cules. In this way, the realization of an overlying layer is
avoided. Moreover, the CDCA prevents the formation of dye
aggregates, which behave like deep traps that catalyse the

s
RN
R

N
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ATy

RIS

Fig. 4
of aqueous DSSCs: (A) Jsc, (B) Vo, (C) FF, (D) PCE.

1068 | Energy Adv, 2024, 3,1062-1072

View Article Online

Paper

photoelectron recombination with I3~ ions present in the
electrolyte.®” In contrast, the increase in the sensitization time
is detrimental. First, after the complete saturation of the
available sites, the excess of dye molecules cannot be adsorbed
directly onto the photoelectrode surface and, thus, are not
useful for the injection process.”” In addition, when CDCA is
present at too low concentration values to counteract the
aggregation of the dye and the multilayer formation, these
detrimental phenomena occur, causing a reduction in the
electron injection efficiency and, hence, on the overall cell
performance.

EIS measurements were performed on aqueous DSSCs with
particular attention on those devices based on photoanodes
prepared under different experimental conditions. In detail,
here we report cells corresponding to the vertices of the CCF
DoE matrix. A representative Nyquist’s plot is reported in
Fig. 5A, referring to an aqueous DSSC prepared under optimal
conditions. The impedance data were analysed using a suitable
equivalent electrical circuit (inset in Fig. 5A). In particular, the
charge-transfer resistance (R.) at the ZnO/dye/electrolyte inter-
face is a measure of the recombination phenomena occurring
between the electrons injected in the conduction band of the

R
R R
AR

Isoresponse surfaces show the effect of dye loading time (label: TIME) and CDCA:dye molar ratio (label: CDCA) on the photovoltaic parameters

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (A) Nyquist plot of a ZnO-based aqueous DSSC. Inset: Equivalent
electric circuit used for data fitting, based on series resistance (Rs),
constant phase element (Q.), and charge transfer resistance (R at the
ZnO/dye/electrolyte interface, diffusion resistance (w) of the redox couple,
constant phase element (Qpy), and charge transfer resistance (Rpy) at the Pt/
electrolyte interface. (B) J-V curve measured under 1 sun irradiation
(AM1.5G) for a ZnO-based aqueous DSSC prepared following the opti-
mized sensitizing conditions for photoanode fabrication, i.e., 1 h of dye
loading time and molar ratio = 1:50 between dye and CDCA.

semiconductor and the I3~ ions of the electrolyte; this para-
meter is among the most important when photoanodes are
investigated. The EIS analysis revealed the increase of R values
as long as the dipping time was reduced and the concentration
of CDCA was increased at low dipping times. These data agree
with the evidence come out from the photovoltaic measure-
ments previously discussed. The combined results of the EIS
and J-V measurements are summarized in Table 3.

In detail, keeping the dipping time constant at 1 h, the value
of R raised as the CDCA concentration increased. This effect
seems to confirm the limitation of the recombination reactions
in the presence of this additive, also resulting in increased V.
values. On the contrary, increasing the dipping time favors the
formation of aggregates or multilayers on the photoanode
surface. This event is detrimental to the electron injection
processes — as previously mentioned - because aggregated dye
molecules tend to reciprocally quench any excited state formed
under sunlight. Moreover, only dye molecules chemically bond
to the semiconductor surface can inject electrons in the con-
duction band of the ZnO electrode. In fact, the non-
chemisorbed ones not only cannot participate in the injection

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Results of EIS and J-V measurements on DSSCs prepared in the

experimental conditions corresponding to the vertices of the CCF-DoE
domain

xy[h] % Ry [Ohm] Jo[mAem ] Vo [mV] FF[%] PCE [%]
1 18 92 1.80 318 47.3 0.27
1 50 116 2.01 340 49.1 0.35
7 18 84 1.24 328 42.1 0.17
7 50 70 1.42 356 46.1 0.23

process, but they also act as a filter of the solar light for
the underlying layers. Given these premises, it is intuitive to
think that a more prolonged electrode immersion in the dye
solution leads to a more pronounced dissolution/etching
of ZnO.

The results obtained from the DoE and the EIS measure-
ments suggested moving toward further reductions of the
dipping time. In order to check this possibility, the halving of
the dipping time (up to 30 min) was tried. However, a reduction
of the average efficiency from 0.34 to 0.30% was experienced for
two cell batches, probably due to the insufficient dipping time,
which causes low light harvesting efficiency.?” Therefore, it can
be stated that the best sensitization conditions for the exam-
ined system are represented by 1 h of immersion time and a dye
solution characterized by a molar ratio of 1: 50 between dye and
CDCA. The J-V curve obtained in the optimized sensitizing
conditions is illustrated in Fig. 5B.

Long-term stability of lab-scale ZnO-based aqueous DSSCs

The stability of DSSCs prepared under optimized conditions
was assessed by means of J-V measurements over time. Mon-
itoring was performed for the two most efficient photoanode
families, i.e., DRs and NPs, and the corresponding solar cells
were stored under dark and at room temperature. The photo-
voltaic parameters, normalized to the values measured imme-
diately after cells assembly, are reported as a function of time in
Fig. 6. The general trend for both microstructures was a
preservation of the initial value of each figure of merit over
the measurement period (i.e., more than 4 months). In addi-
tion, the increase in current density (and consequently in the
overall cell efficiency) is worth noting during the first two
months for both ZnO-based devices. We already detected this
situation®® when working with aqueous electrolytes containing
a low amount of Na-CMC (up to 4.5 wt%). In the present work,
NPs-based photoanodes showed a more significant improve-
ment of photovoltaic parameters over time than DRs-based
cells. The mesoporous layer made of NPs is likely more compact
since it comprises smaller particles. Therefore, its filling by the
electrolyte and the subsequent achievement of the maximum
efficiency require a longer period of time.

Overall, both the devices were able to keep - after more than
4 months - an efficiency higher than that measured just after
cell assembly, and this is truly outstanding, also justifying the
current research efforts by the scientific community in the
aqueous DSSCs field.®**°
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Fig. 6 Normalized photovoltaic parameters versus time for aqueous
DSSCs prepared with DRs- and NPs-based photoanodes, stored under
dark conditions and ambient temperature.

Conclusions

Three ZnO morphologies (i.e., NPs, DRs, MPs) were investigated
to prepare photoelectrodes for aqueous DSSCs. After assessing
each of their morphology, structure, and surface area, ZnO
samples were sensitized with D131 molecular dye, and the
photovoltaic performances of the resulting aqueous DSSCs
were measured. DRs led to the most efficient solar cells due
to their compromise in terms of high specific surface area for
dye adsorption and suitable particle interconnection for elec-
tron transport. From theoretical calculations, the better perfor-
mance of DRs-based cells was also attributed to the more
suitable alignment between the energy level of the exposed
ZnO surfaces and the position of the D131 frontier orbitals. A
DoE approach was set up to optimize the sensitization condi-
tions of the DRs electrodes regarding dye concentration,
presence of the co-adsorbent agent, and immersion time. This
led to efficiency values reaching 0.35%, which increased upon
time when cells were subjected to a stability test carried out for
more than four months. Even if the achieved efficiency is still
low if compared with other state-of-art aqueous DSSCs
studies present in the literature, the present findings have
demonstrated for the first time that ZnO can be used for these
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water-based photovoltaic cells and future studies, mainly aimed
at exploring new morphologies or surface treatments, could
lead to a tangible boosting of the solar-to-electricity conversion
performances.
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