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ARTICLE INFO ABSTRACT

Keywords: In the present work, we implement environmentally friendly water-based Quasi-Solid Electrolytes (QSE) for Dye
Open circuit voltage Sensitized Solar Cells (DSSCs), displaying an unprecedent open circuit voltage (Voc) as high as 750 mV. The
Galactomannan production of the hydrogel for QSE-DSSCs is achieved by exploiting the concept of fully green design and
Zinc-based nanoparticles fabrication, through the selection of components such as the natural polysaccharide galactomannan (GM),
Transparency . . . . . . .

DSSC biocompatible zinc salts, and the employment of eco-friendly synthetic procedures to produce the hybrid gelating

agents. In the process, moderate temperature (<40 °C), only aqueous solutions are employed, and, at most,
ethanol is used in some phases of the procedure. Depending on the type of the initial salt, either zinc hydrox-
ysulfate lamellae or zinc oxide nanoparticles are created within the gel matrix, with a more extended nanoporous
structure in the latter case. The nanostructures and the gels are investigated by multiple techniques, including X-
ray diffraction (XRD), infrared spectroscopy (IR), scanning electron microscopy (SEM) and thermogravimetric
analysis (TGA). Upon ensuing addition of I-/I3 redox mediator and assembling of the device, state-of-the-art
aqueous QSE-DSSCs are achieved. The latter couples a 2 % efficiency (limited by charge diffusion as proved
by Electrochemical Impedance Spectroscopy) with a good Average Visible Transmittance (AVT), and Light
Utilization Efficiency (LUE), a couple of coveted features in wave-selective or semi-transparent devices. Finally,
Linear Response-Time Dependent DFT (LR-TDDFT) simulations are carried out on a model iodine/iodide layered
zinc hydroxy sulphate structure towards a better understanding of the mechanism responsible for the high AVT.

1. Introduction (PIPV) [10,11], Agrivoltaics [8], let alone aerospace [12]. Most impor-

tant, DSSCs rely on the exploitation of sustainable devices components,

High performance DSSCs are among the most coveted solutions for
direct solar energy conversion to electricity, since they can couple reli-
ability, versatility, low-cost, easiness of fabrication and effectiveness
under different light conditions [1-5]. In addition, properties such as
shapebility, flexibility, lightweight, transparency, bifaciality and wave
selectivity of DSSCs make their aesthetic features attractive in terms of
device architecture [6-8], paving the way towards their actual imple-
mentation in several present and future applications. Among the most
relevant and appealing utilization of DSSCs, one can include Building
Integrated Photovoltaics (BIPV) [5,9], Product Integrated Photovoltaics
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free from critical raw materials (CRM-free), as dye/absorber, electrolyte
and counter-electrode [13-16], at variance with other emerging
photovoltaic technologies, including Perovskite Solar Cells. The
pathway of sustainability implementation goes through the employment
of an environmentally friendly electrolyte, i.e. a key component for both
photovoltaic performance and long-term stability of DSSCs. Tradition-
ally, highly efficient electrolytes are based on organic solvents, e.g.
acetonitrile, valeronitrile, and 3-methoxypropionitrile, that are oil-
derived, possess high flammability and volatility, thus inevitability
leading to safety issue and electrolyte leakage over time. Water has been
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proposed as the ideal low-cost, non-toxic, safe and environmentally
friendly alternative to replace conventional organic-based electrolytes
in dye-sensitized solar cells [17-19]. One of the main drawbacks
generally observed in aqueous DSSCs (a-DSSC) is a rather low Vg, i.e.
around 0.4-0.6 V, to be compared to organic electrolytes (>0.7 V), in
case I-based electrolyte is employed. Many reasons have been proposed
to explain the decrease in V., such as the negative shifting of the con-
duction band potential of the semiconductor layer, the lowering of redox
mediator potential, and the increasing of charge recombination between
injected electrons in semiconductor layer and the dye/mediator
[20-23]. Although there are numerous studies focused on increasing the
voltage in DSSCs with organic electrolytes [24-27], research on I-based
aqueous DSSCs is much more limited, and there are only few articles in
the literature. For example, some adopted strategies are the treatments
of the TiO5 mesoporous layer, the use of purposely designed dyes [28],
the introduction of additives and surfactants into the electrolyte
[17,22,28,29], the use of different iodide/iodine concentrations and
sources [18,20,22,28,30]. Despite these efforts, up to now, only two
studies on liquid iodine-based aqueous electrolyte show a Voc up to
0.74 V, i.e. comparable with high-performing organic DSSCs [17,31].
Such low voltages still limit the possibility to integrate a-DSSCs with
energy storage systems, i.e. batteries and supercapacitors, and other
smart Internet of Things (IoT) devices. Hence, an improvement of Vo is
warmly demanded for the industrialization of a-DSSCs and the devel-
opment of light-powered integrated smart devices.

Another shortcoming of the employment of water as liquid electro-
lyte is leakage that cannot be completely ruled out despite its low vapour
tension. One of the most elegant strategies to solve this problem and to
improve the long-term stability of DSSCs is using water-based quasi-
solid electrolytes (QSEs), or hydrogels, made by incorporating or trap-
ping the aqueous electrolyte into a hydrophilic matrix or framework.
This way, it is possible to exploit suitable gelling agents that possess the
diffusive property of liquids and the cohesive property of solids [32].
The choice of the gelating agents is pivotal, both to the DSSC perfor-
mance and to their overall sustainability, also taking into consideration
the abundance of the materials used for their production. Among
organic polymers, biopolymers, e.g. polysaccharides [33], derived from
natural and renewable resources are drawing much attention, since they
are the best choice in developing more sustainable DSSCs due to their
abundance, reduced carbon footprint, low-cost and facile production
[34]. More recently, hybrid QSEs based on both organic and inorganic
gelling agents have been successfully proposed in DSSCs with mixed
aqueous/organic solvent, demonstrating higher conductivity and
chemical capacitance, lower charge transfer resistance and charge
recombination, and longer electron lifetime [35,36]; however, reports
on fully aqueous hybrid QSEs are still missing in literature so far. On
these grounds, efficient hybrid aqueous QSEs based on biopolymers and
low-cost additives appear necessary for the development of truly sus-
tainable, stable, and performing DSSCs. Therefore, in the present work,
we sought a suitable hybrid gelating system, aiming at: i) a better trade-
off between photovoltaic efficiency and device transparency, ii) envi-
ronmental friendliness, iii) sustainability of the whole synthetic process.
More in detail, we synthesized, characterized, and employed in DSSCs,
aqueous quasi-solid electrolyte based on galactomannan (GM)
biopolymer and zinc oxides/hydroxysulphates nanoparticles and
lamellae. The ensuing I'/I3 charged aqueous gels were implemented as
fully green electrolytes into lab-scale solar cells leading to devices, that
show state-of-art photoconversion efficiency, driven by a remarkably
high photovoltage hitting 750 mV, a never-reached value in QSE
aqueous DSSCs based on iodinated electrolyte. Seeking wave-selectivity
or semi-transparency of photovoltaic devices [7], the quest for high ef-
ficiency should be coupled with a moderate absorption throughout the
visible spectrum (i.e. between 400 and 700 nm). In this regard, a new
figure of merit, namely Light Utilization Efficiency (LUE) [37] has been
recently proposed, that is measured as the product between the Photo-
conversion Efficiency (PCE) and the Average Visible Transmittance
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(AVT) of the cell. The Zn/GM electrolytes we propose, exhibit a prom-
ising AVT up to 22 %, with improved transparency between 500 nm and
750 nm, and an ensuing LUE, that is more than doubled in comparison to
xanthan gum-based reference.

As for the sustainability of the DSSC devices and their production
process, a few considerations are in order. Galactomannans are natural
and abundant polysaccharides available in legume seed endosperm with
multidimensional aspects which are cost-effective and eco-friendly. The
chemical structure is formed by a linear chain of p-(1-4)-D-mannan
backbone with single D-galactose branches attached at a-(1-6) position.
The ratios of galactose and mannose varies from 1:1 to 4:1 depending on
the sources of polysaccharides (Fig. 1) [38]. The galactomannans are
versatile materials for various applications such as binding, emulsifying,
gelling, suspending, thickening and coatings [39].

ZnO is a fully sustainable, green material, that is routinely used in
products for children skin care, sunscreen products, dentistry, among all
applications. It can be synthesized in eco-friendly conditions [40] and
can be swiftly disposed and recycled [41]. Zn-based nanomaterials, in
general, are often considered as having low environmental impact,
especially in those cases when the potential threat is related to the
leakage of harmless Zn>".

In pursuing the goal of achieving highly efficient but sustainable
water-based QSE-DSSCs, a fully green route has been adopted in the
synthesis of the gelling agent. Indeed, the whole synthetic procedure is
carried out employing aqueous solutions, or ethanol, at most, at rela-
tively low temperatures (a maximum of 40 °C was adopted) [40], thus
enhancing the sustainability impact. Furthermore, several synthetic
parameters were explored, such as Zn salts and Zn-based NPs/GM ratios
to ensure the best performing combination.

In conclusion, the hydrogel electrolytes proposed here represent a
step forward towards the development of aesthetic and sustainable dye-
sensitized solar cells.

2. Results and discussion

The first step of the fabrication of a QSE-DSSC is the achievement of
the ZnNPs-based gelling agents. To this aim, a thoughtfully designed
procedure was implemented (see experimental section 3.2 for further
details), ensuring environmental friendliness, low-cost and smooth
execution. These requirements resulted in a one-pot procedure, carried
out in aqueous solution, either at room temperature or at 40 °C at most,
where the gel forms during the final centrifugation step. A few param-
eters were varied, i.e. Zn salt (nitrate or sulphate), Zn concentration (0.1
M or 0.02 M) and Zn/GM ratio (1:0.5, 1:1, 1:2), aiming at finding the
best conditions for tuning their physical-chemical properties. Overall,
more samples were synthesized with different Zn/GM rations and Zn
concentrations. Here we report only those with comparable consis-
tencies and highest water content. For investigation purposes, dries
samples were achieved as well. A table with the synthetic conditions and
subsequent samples’ naming is reported in the Supplementary Infor-
mation (Table SI1). As a general rule, the letter G in the sample code
identifies a gellified compound, whereas the dried counterparts are
labelled with acronyms starting with the letter D. In addition, the letter
A indicates sulphate derived samples, the letter B, the nitrates derived

Fig. 1. Molecular structure of galactomannan.
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ones. Once the experimental parameters had been set up and the syn-
thesis of Zn-based NPs performed, a thorough structural and morpho-
logical characterization was carried out both on gels and on the dried
samples, to determine crystalline phases, stability, texture, and possible
NPs formation. The drying of the samples was necessary for in-
vestigations by XRD, since the presence of aqueous gelly galactomannan
overwhelms the features of embedded nanocrystallites, with an ensuing
broad amorphous pattern (Fig. S1). The XRD patterns of the dried
samples are reported in Fig. 2. Panel A refers to the sulphate-derived
samples, i.e. D-Al, D-A2, D-A3 synthesized with GM at different ra-
tios, namely 0.5 %, 1 % and 2 % w/V, respectively (see section 3.2.1, for
more experimental details). In panel B, the XRD pattern of the nitrate-
derived samples are reported, i.e. DB-1 and DB-2, obtained at lower
Zn concentration and GM at 0.5 % and 1 % respectively, small and DB-4
achieved at higher Zn concentration and GM at 0.5 % and 1 %,
respectively (see section 3.2.2, for more experimental details). In
analyzing the patterns, however, it must be considered that the drying
process may also induce Zn(OH); to ZnO transition following on from
dehydration pathways, leading to an underestimation of the former
phase, whether present in the gel.

The spectra are characterized by several broad peaks, due to the
presence of galactomannan and to the possible superposition of different
inorganic phases (see below). For this reason, the spectrum of GM,
measured separately (reported as Supplementary Information, Fig. S2),
was subtracted from the profiles as baseline. Features around 28°, 33°,
37°, 42°, 56°, 59° and 63° 20 degrees (Cu radiation), appear in all the
spectra, though they are more evident in D-A3 and more blurred in the
others. In addition to this, all the spectra display a distinct peak at low
angle, i.e. in the 8.5-9.5 degrees range, that is related to distances in the
range 1-10 nm, as it occurs, for instance, in layered structures. There-
fore, the ensuing identification of the phases was performed, according
to the Rietveld procedure as implemented in the software GSAS-II [42],
based on the three known stable phases of layered zinc hydroxy sulphate
(basic sulphate) minerals for the fitting: lahnsteinite Zn4(SO4)
(OH)g-3H20 (triclinic) [43], namuwite Zn4(SO4)(OH)e-4H20 (trigonal)
[44] and osakaite Zn4(SO4)(OH)g-5H20 (triclinic, mineral [45] and
synthetic analogue [46]). These three minerals differ by the number of
water molecules of crystallization and belong to the same Nickel-Strunz
classification [47], namely the 07 class (sulphates), containing addi-
tional anions and water molecules. They share the same basic brucite-
like crystal structure of layered hydroxy salts (LHS) [48-51], which
features sheets of edge-sharing ZnOg octahedra with a fraction of Zn?*
cations (one seventh) not occupying the octahedral sites (i.e. one every

Solar Energy 272 (2024) 112460

sixth site is vacant) but placed, instead, in tetrahedral sites below and
above each empty octahedron, grafted with sulphate anions. This bidi-
mensional structure is described as “decorated interrupted-layers” [52],
and a variable number of water molecules can intercalate between the
layers [53], with possible interconversion between the various forms
upon hydration/dehydration [54]. Among lahnsteinite, namuwite and
osakaite, the last two systems gave a similar agreement with experi-
mental data in the Rietveld fit, with a slightly better score in namuvite
case, which is reported as “fit” plot in Fig. 2. The reflections of the three
mineral phases are reported as vertical ticks: namuwite (light green),
osakaite (purple), lahnsteinite (blue-violet). Despite the satisfactory
agreement found with hydroxysulfates, the contribution to the scat-
tering coming from zinc hydroxide or oxide phases, that could be present
in small quantities in the three patterns, cannot be completely excluded,
considering the large number of faint peaks in the XRD profile.

The patterns of all nitrate derived samples reveal the presence of
ZnO, as it can be ascertained by the high complementarity between the
observed peaks in the dried gels and hexagonal ZnO reflections, whose
high intensity “triad” at 32.0°, 34.5° and 36.3° degrees (corresponding
to the reflections from 100, 002 and 101 planes, respectively) can be
easily spotted in all the four samples, together with the smaller signals
falling at higher angles. Additionally, a Zn(OH), phase seems to be
present as well, considering the baseline rise in D-B1 and D-B2 and the
presence of definite peaklets/shoulders at 34° and 57° in D-B3 and D-B4.
The Rietveld fit of the structure, using hexagonal zincite and ortho-
rhombic P2;2;2; Wiilfingite as crystal phases, and the ratio between the
two (i.e. oxide:hydroxide) as one of the fit parameters suggests that the
hydroxide accounts to about 1-2 % of the phase fraction.

Gels and dried samples were comparatively analyzed by IR spec-
troscopy. The outcomes are reported in Fig. 3, along with reference
spectra of GM and of purposely synthesized Zn(OH); and ZnO. The full
assignment of the GM features [55] is reported in Table SI2 of the
Supplementary Information. The subsequent analysis of the spectra has
been carried out to determine whether i) the GM is present or has un-
dergone undesired processes, ii) Zn(OH) and/or ZnO formed in nitrate-
derived samples (gels and dried) iii) hydroxide sulphate structures are
present in sulphate-derived samples.

As far as the gel samples are concerned, (G-Al through G-A3 and G-
B1 through G-B4, Fig. 3), it can be ascertained that all of them contain a
consistent amount of water, both adsorbed and intercalated, as evi-
denced by the relatively higher intensity of the OH stretching and
bending vibrations, at 3250 em ™!, 1640 cm ™! and below 800 cm ™Y, as
compared to reference GM. In addition, the —OH stretching band is
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Fig. 2. XRD pattern of the dried samples. Panel A: sulphate-derived samples. The vertical lines at the bottom correspond to namuwite (light green), lahnsteinite
(purple), and osakaite (blue-violet) crystal reflexes. Panel B nitrate-derived samples: the vertical lines correspond to ZnO (violet) and Zn(OH), (magenta). Dots:
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Fig. 3. IR spectra of synthesized gels and dried samples. Panel A: sulphate-derived samples; panel B: nitrate-derived samples.

slightly shifted towards lower wavenumbers, indicating changes in the
hydrogen-bonding network of the gellified materials. Furthermore, in all
gels, the typical bands of GM can be observed, i.e. the —-CHj, stretching
vibrations below 3000 cm’l, absorbances between 1100 and 1000 cm ™!
and several shoulders below 800 cm™?, thus indicating the preservation
of the polysaccharide in the synthetic procedure.

More in detail, as far as the nitrate derived gels are concerned, the
presence of Zn(OH), cannot be clearly ascertained, because of the
overlap with the features of GM. Indeed, the characteristic peaks of Zn
(OH),, visible in the reference spectrum of Fig. 3. i.e. the prominent
vibration peaks at 3220 cm ! (-OH stretching), 1086, 1029 and 933
em™! (Zn-OH bending), 847, 774 and 715 em™! (~OH librations) and
478 ecm~! (Zn-O stretching) fall in regions where also the GM features
appear, thus hiding them. The presence of ZnO is rather evident in high
Zn-content samples (G-B3 and G-B4 in Fig. 3), where the Zn-O stretching
vibration appears around 410 cm™ !, This characteristic feature, how-
ever, is partially masked by GM bands in low Zn-content samples [40].
As a general consideration, although Zn(OH), is not unequivocally
detected, it is quite likely to form on the surface of ZnO particles, due to
the large amount of water in the gels.

Gels derived from sulphates display quite intense vibrations at 1078
cm ! and 1120 cm ™, and a shoulder at 1148 cm ™Y, in association with
less intense and broad peaks at 960 cm ™}, 600 cm ™! and 450 em .
These features are typical for low symmetry sulphate ions (SO3) and
originate from the v3 band with Tq symmetry, generally located around
1000 cm ™%, that splits for a symmetry lowered towards Cs, as in the case
of monodentate bonding of the sulphate ion [56]. In addition, the vy
sulphate band, around 950 em ™!, becomes IR active, for lower sym-
metries. The observed spectral features account for the presence of the
aforementioned basic zinc sulphate(s) [45,46].

As for the dried samples, the ones derived from nitrates do present a
broad peak below 600 cm ™! (a declining slope towards the edge of the
spectra), related to formation of ZnO, that has a higher intensity in the
samples at a higher Zn content (D-B1 and D-B2, Fig. 3). GM related
features are all present, as well.

In the sulphate-derived samples, the water content visibly di-
minishes, upon drying, whereas the GM features remain. Interestingly,
the peaks assigned to zinc hydroxide sulphate and especially the v3 and
v4 vibrations are still visible after drying, though at a lesser extent,
indicating the persistence of the LHSs structures. Distinct formation of
zinc hydroxide or zinc oxide cannot be ascertained due either to lack of
corresponding characteristic signals, or to their coverage by GM fea-
tures, that are present as well.

SEM imaging of hydrogels is typically limited by the loss of moisture
under the vacuum conditions necessary for the measurements. Therefore,
several samples preparation techniques have been adopted to retrieve
morphological information. Here, we took images from gels subjected to
freeze-drying, and, in addition, we implemented the method proposed by
Fasiku et al. [57] that consists in depositing the hydrogel on a silicon

sample holder, let it dry shortly and remove the sample in excess, with
filter paper prior to the imaging. Furthermore, we took images of the
previously dried, powder samples, deposited on carbon-tape. In Fig. 4,
the images of the samples G-Al, G-B1, D-Al and D-B1 are reported, i.e.
sulphate derived at low GM content (0.5 % GM), both gel (G-Al) and
dried (D-A1), and nitrate derived at low Zn concentration (i.e. the same
used for the synthesis with sulphates), and low GM concentration (GM
0.5 %), both gel (G-B1) and dried (D-B1). However, similar images were
obtained from the other sulphate and nitrate derived samples. More in
detail, left panels (4a and 4d) are G-Al and G-B1 subjected to freeze-
drying, central panels are G-Al and G-B1 deposited by quick-drying (4b
and 4e) and the right panels are images of D-A1 and D-B1 (4c and 4f). By
freeze-drying, it can be appreciated how both sulphate and nitrate-
derived gels display a rough surface, though the former appear more
compact whereas the latter present a clear nanoporosity.

The quick-drying method allows images with more details of the
inherent structures, and remarkably shows lamellar formations from G-
Al, fully compatible with the LHS structure of namuwite/lahnsteinite/
osakeite, hypothesized basing on the IR and XRD spectra. As for G-B1,
upon gel quick-drying, distinct NPs could be imaged with average di-
ameters in the 30-60 nm range. Finally, imaging of D-Al and D-B1 in-
dicates that lamellar and spherical structures are, respectively, retained
upon drying the hydrogels overnight at 50 °C. The latter have a larger
average diameter with respect to the hydrogel, clearly, due to the
coating by GM, upon drying.

The thermal profile of the hydrogels was investigated by thermog-
ravimetric analysis (TGA) and graphically reported in Fig. S3. All
nanocomposite hydrogels exhibit a single stage thermal decomposition,
ending at temperatures in the range 73-85 °C (sulphate-derived gels),
and 85-95 °C (nitrate-derived gels). The residues are 10 % and 5 %
weight, respectively. The large weight losses at relatively low temper-
atures suggest that the gels incorporated large amounts of water, that are
released in a one-step detachment together with the galactomannan, and
that the polymer has a low cross-linking, probably due to the mild
synthesis conditions. The decomposition of the nitrate-derived gels at
slightly higher temperatures (especially G-B4) hints at stronger inter-
molecular connections, that can be related to a better coordination
around the ZnO-NPs. Finally, the higher residue, in the case of the
sulphate-derived samples, as compared to the nitrate ones, correlates to
the entrapment of residual ions between the layered structure.

Once the investigations of the gels have been completed, the latter
were loaded with the redox mediator (i.e. 0.5 M in Nal and 0.03 M in I,)
and implemented as QS electrolyte in a-DSSCs, using D131 as dye,
whose molecular structure is reported in Fig. S4 of the Supporting In-
formation. The corresponding devices are labelled with the gel acronym
followed by “-I". In Fig. 5, the figures of merit of the different devices are
compared to each other and the photovoltaic figures of merit of the most
performing ones are summarized in Table 1.

Such impressive Voc values are counterbalanced by relatively low
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Fig. 4. SEM images of sulphate-derived samples (top panel) and nitrate-derived samples (bottom panel): a) G-A1l subjected to freeze-drying, b) G-A1l subjected to
quick drying, ¢) D-A1, d) G-B1 subjected to freeze-drying, e) G-B1 subjected to quick drying, f) D-B1. For the gels, the same magnifications were used, whereas the

magnification is different for the dried sample, for better appreciating the peculiar structures.
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Fig. 5. Photoelectrochemical figures of merit, i.e. Vi (top left), Js. (top right), FF (bottom left) and PCE (bottom right), for a-DSSCs fabricated with all the gels

described throughout the paper.

photocurrent density (Js¢) values that do not exceed 4 mA cm 2 (for the
best cell, G-B2-I) whereas the Jgc of the reference cell is stable around 5
mA cm 2. As a result, all the proposed gels, but G-A3-I, allow to emulate
the photoelectrochemical behaviour of the XG-based reference system
(ref-XG). It must be noted that in the present electrolyte, we opted to not
implement the chenodeoxycholic acid (CDCA) as anti-aggreging agent
into the electrolytes, that it is, instead, present in ref-XG, although it is
known to improve the performances of the photovoltaic devices mini-
mizing the recombination reaction involving the redox mediator at the
photoanode/electrolyte interface [18]. Our choice is based on overall
greenness of the proposed device, as CDCA does not represent an envi-
ronmentally harmless component. Thus, we are fairly convinced that

further optimization of our electrolyte could lead to even better results,
paving the way towards new NPs-aqueous gel electrolytes for truly green
and sustainable a-DSSCs. Indeed, our devices showed comparable results
with state-of-the-art references, whose figures of merit are summarized
in Table 2.

Compared to other G-AX-I gels, G-A3-I differs for a higher amount of
GM (2 %w, in the preparation phase) and for a higher viscosity.' Thus,

! We could not measure the exact values of viscosity, because repeated tests
resulted in a phase separation of liquid and solid components, in our experi-
mental set-up.
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Table 1

Photovoltaic figures of merit of the most performing QS aqueous DSSCs.
Device Voc / mV Jsc / mA em ™2 FF /% PCE / %
G-Al-1 731 3.425 68.0 1.702
G-A2-1 718 3.533 69.0 1.752
G-A3-1 693 3.272 66.7 1.515
Ref-XG 551 5.240 61.8 1.780
G-B1-1 702 3.185 69.4 1.550
G-B2-1 696 3.719 66.2 1.710
G-B3-1 721 3.496 65.1 1.640
G-B4-1 746 3.350 67.6 1.690

For sake of completeness, all the J-V curves are reported in Fig. S5. Even at a first
glance, one can see how the open circuit voltage (Vo) obtained with Zn-based
gel electrolyte is much higher than the one obtained with reference electrolyte
(i.e. Xanthan-gum based gel), increasing from 540 mV up to 746 mV (for G-B4-1,
average values), that is, as far as we are aware, the highest value ever reported
for I-based aqueous DSSCs (see Table 2).

we carried out some Electrochemical Impedance Spectroscopy (EIS)
analyses of symmetric (i.e. FTO-Pt/electrolyte/Pt-FTO) devices made of
G-AX-I gels to analyze the charge transfer at the electrode/electrolyte
interface and the diffusion kinetics throughout the gel electrolyte. EIS
spectra in the form of Nyquist’s plots are reported in Fig. S6. The latter
have been interpolated using a conventional equivalent circuit (inset of
Fig. S6) made up of a series resistance (modelling the circuital elements
external to the cell), a resistor with a capacitor connected in parallel to
model the charge transfer kinetics at the electrode/electrolyte interface
and a Warburg (open) element associated to the diffusion of the medi-
ator throughout the electrolyte. Once EIS spectra are interpolated using
this equivalent circuit, it could be evidenced how the higher the amount
of GM in the gels, the larger the second semicircle in the impedance plot,
which accounts for the diffusion resistance (or Warburg resistance, Ry)
experienced by the ions in diffusing throughout the electrolyte. More in
detail, the Ry is 10 ©, 12 Q and 16 Q for G-Al-I, G-A2-I and G-A3-],
respectively and it always larger than the one of the reference symmetric
cell using XG as electrolyte (i.e. 5 Q). These data evidence that ions
experience higher resistance in diffusing throughout the electrolyte
because of the higher viscosity of G-A3-I, as commonly observed with
other type of hydrogels [64].

On the other hand, any meaningful difference could be seen when
the first semicircle of the impedance (ascribable to the electrode/elec-
trolyte interfacial charge transfer, Rcr) is analyzed; indeed, Rcr values
range from 0.5 Q for XG and G-A1l-1 to 1.5 Q for G-A2-I and G-A3-L.
Going into details with the behaviour of chemical capacitance (C,,
extracted from the interpolation of the constant phase element, CPE),
one could note that the differences between the devices are within the
errors (see table SI3). Following on from this, we can speculate that the
quality of electrode/electrolyte interface and the number of interfacial
charges (i.e. quantity and chemical nature of the ion at the first inter-
face) is not impacted by the nature of the gelling agent. As a final
remark, EIS analyses allow to prove that the lower current density of G-
AX-I (and especially G-A3-I) could be mainly related to charge diffusion
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limitation. The analyses reported above proved a detrimental effect of
the increase of GM concentration on the photovoltaic efficiency of the
resulting devices. Thus, moving to gel electrolytes based on pure ZnO
NPs (e.g G-BX-I), we resolve to exploit only the 0.5 and 1.0 % w/w
composition. As one can see in Fig. 5, G-BX-I electrolytes leads to slightly
lower photoconversion efficiency compared to G-AX-I counterparts,
mainly related to a decreased FF (samples G-B3-I and G-B4-I) or Voc
(samples G-B1-I and G-B2-I).

Aiming at highly transparent and colour-neutral devices, the
spurious absorbance of the electrolyte [65] is very detrimental to the
LUE because it negatively affects the AVT without influencing the PCE.
To estimate the AVT (and thus the LUE), we proceeded to measure the
transmittance in the visible range of complete devices filled with the
different hydrogels (Fig. 6). The UV-Vis spectra of complete cells are
reported in Fig. S7. One should note how G-A3-I showed the highest AVT
(=~ 22 %), decreasing with the amount of GM in the gels (AVT =~ 20 %
and 13 %, for G-A2-I and G-A1l-l, respectively). On the other hand, the
presence of pure ZnO NPs in the gels leads to even lower AVT values
(between 6 % and 11 %). When PCE and AVT data are compared, it
appears that the G-A2-I device shows the highest LUE, i.e. 0.35 %,
outperforming the XG-based reference devices (LUE = 0.14 %).

Screening the literature, a similar effect has been dcscribed for
hybrid electrolytes based on a mixture of I'/I3 and thiolate/disulphide or
more complex S-based systems (i.e. sulphates) [66,67]. Thus, aiming at
disclosing the reason behind the higher transparency of the hydroxy-
sulphate gels (A-series) we performed some computational analyses.
To this purpose, we employed a model where iodine and iodide frag-
ments interact with the sulphate anions attached to the brucite-like
layers and dangling towards the interlayer space, as well as with
water molecules present in the same space (Fig. S8). The interaction was
modelled considering a sulphate anion and an iodine (iodide) molecule
(anion) as the minimal aggregate, while the presence of water was
simulated using the PCM continuum model. The same type of calcula-
tion protocol was applied to bare molecular iodine and iodide anion in
PCM water, in order to evaluate the sulphate coordination effect. The
geometry of the configurations was optimized, and the UV-Vis absorp-
tion spectrum was calculated according to the LR-TDDFT method. Two
different Density Functionals were employed that are often used to
calculate the optical properties of dyes and other materials of techno-
logical interest (M06 [68] and CAM-B3LYP [69]), using DGDZVP as
basis set [70]). The latter, in particular, has proved to be suited for
studying intermolecular interactions in halogen atoms (halogen
bonding). The main parameters of the optimized structures are reported
in the table below (Table 3) with calculated distances in A and wave-
lengths of the lowest energy vertical transition in nm. Further details are
given in the Supplementary Information.

From the inspection of the results, it appears clear that the interac-
tion between iodine and sulphate leads to a strong electro-
phile-nucleophile (anion) interaction, with the establishment of a short
contact between one iodine atom and one sulphate oxygen atom in all
the models (Fig. S9). Such interaction leads to a modification of iodine

Table 2

Dye, gelators, additives, iodide source, and photovoltaic figures of merit of I-based QS aqueous DSSCs reported in literature.
Dye Gelator Additive I'-source Voc / mV Jsc / mA cm 2 FF/ % W% Ref.
- agarose - KI 670 3.27 24 0.54 [58]
D907 PEG TBP BMIM-I 600 2.1 44 0.6 [59]
D907 P123 TBP BMIM-I 490 4.6 57 1.3 [59]
D907 F77 TBP BMIM-I 595 6.2 53 2.1 [59]
SK3 F77 TBP Lil 690 4.76 61 2.0 [60]
D131 NaCMC - Nal 437 2.33 60 0.61 [61]
D131 NaCMC - KI 453 2.61 61 0.72 [61]
D131 Lignin-PEGDGE CDCA Nal 634 3.62 67 1.54 [62]
D131 Xanthan CDCA Nal 638 4.95 68 1.93 [63]
D131 Xanthan CDCA Nal 551 5.24 62 1.78 This work
D131 Zn-based NPs - Nal 746 3.35 68 1.69 This work
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Fig. 6. Transmittance spectra (in the visible range) for aqueous DSSCs made by
the different gels exploited throughout the paper.

Table 3
Relevant geometrical parameters and absorption data of the SO, — I/I3 models.
Distances in A, wavelengths in nm.

Method -\ I, I3 S04 -1 S04 - 13

System

MO06/DGDZVP  dI-I 2.6914 2.95404 2.9183 2.8959
d (S)0--1 2.2473 2.2740
dIy-I 4.5310
Highest 517.25 461.84 374.4 411.32
A

CAM-B3LYP/ dI-I 2.7183 2.9874 3.4424 2.9569

DGDZVP

d (S)0--1 2.08853 2.2527
dIp-I 15.6413
Highest 541.53 483.63 396.07 390.5
A

and iodide UV-Vis absorption spectra, that undergo a general blueshift.
The lowest energy transitions (highest 1), that are predicted as mainly
HOMO-LUMO in character by the TD-DFT algorithm, are reported in
Table 3, whereas the full spectra of 30 transitions is reported in the
Supplementary Information (Figs. S10 and S11).

Finally, we monitored the evolution of the a-DSSCs’ photo-
electrochemical figures of merit over time, in order to assess the stability
of the devices also compared to ref-XG. This analysis was limited to
hydroxysulphate-based cells, since they are the most efficient. As one
can see from Fig. 7, stable PCE values are reached with G-A1-I and G-A2-
I, even as soon as the device is assembled. On the other hand, G-A3-I
reaches its maximum after 1 day of ageing, this being likely related to
the higher viscosity of this electrolyte leading to a longer time needed to
diffuse throughout the mesoporous structure of the photoanode and to
properly wet it [71,72]. Such a behaviour is even more evident looking
at the ageing of ref-XG, which requires 48 h to reach the highest effi-
ciency. The longer “activation” time could be ascribed to both a higher
viscosity of ref-XG as well as to its more hindered structure that would
lead to a slower stabilization of the photoanode/electrolyte interface. G-
AX-I systems show a lower stability compared to the reference device,
with G-Al-I (the more stable among new gels and the one with the
lowest GM content) showing a halving (-50 %) of its initial efficiency
after more than 500 h. On the other hand, ref-XG only loses less than 20
% of its maximum efficiency in the same timeframe. These issues open
the way for further developments of the sugar-based components to-
wards the optimization of the activation/lifetime of the system.

Solar Energy 272 (2024) 112460
3. Experimental section
3.1. Materials

Zinc nitrate (Zn(NO3)y-6H30-CAS No0.10196-18-6), zinc sulphate
(ZnS04-7H0-CAS No 7446-20-0) sodium hydroxide (NaOH CAS No
1310-73-2), sodium iodide (Nal, CAS No. 7681-82-5), iodine (I, CAS
No. 7553-56-2), chenodeoxycholic acid (CDCA, CAS No. 474-25-9),
absolute ethanol (EtOH, CAS No. 64-17-5), acetone (CAS No. 67-64-
1), tert-butanol (t-BuOH, CAS No. 75-65-0), isopropanol (2-prop, CAS
No. 67-63-0), 2-Cyano-3-[4-[4-(2,2-diphenylethenyl)phenyl]-
1,2,3,3a,4,8b-hexahydrocyclopent[b]indol-7-yl]-2-propenoic acid
(D131 dye), fluorine doped tin oxide coated glass slide (FTO glass,
surface resistivity ~ 7 Q sq'l), titanium tetrachloride (TiCl4, CAS No.
7550-45-0), chloroplatinic acid (HyPtClg, CAS No. 16941-12-1), Gal-
actomannan (CAS No. G0753) and acetonitrile (ACN, CAS No. 75-05-8)
were purchased from Sigma-Aldrich. Deionized water (DI-Hy0, 18 MQ
cm at 25 °C) was obtained with a Direct-Q 3 UV Water Purification
System (Millipore). TiO4 paste purchased from (DSL 18 NR-T, Dyesol).

3.2. Synthesis

The biopolymer mediated synthesis of the Zn-based nanocomposites
was carried out by in situ chemical precipitation procedure according to
Bouttier-Figueroa [73] and to Donia [40,74-76] with some
modifications.

3.2.1. Gels from Zn sulphate

Aqueous solutions at different GM concentrations (0.5, 1, 2 % W/V)
were prepared in 50 mL of deionized water and stirred at room tem-
perature for 24 h. Upon complete GM dissolution, zinc sulphate
(ZnSO4-7H,0) was added to achieve a concentration of 0.02 M and the
solution was left under stirring for 2 h. Afterwards, 50 mL of NaOH 0.02
M were added dropwise (1:1 v/v ratio). In a few minutes the reaction
mixture appeared opalescent. The solution was left under continuous
stirring overnight at room temperature. Finally, absolute ethanol was
added (1:2 v/v ratio) and the solution left static at room temperature for
2 h. The GM-nanocomposite gel formed during the ensuing centrifuga-
tion, that was carried out for 10 min, at 3500 rpm and 25 °C. For
characterization purposes, a portion of the GM-nanocomposite was
collected, washed once with DW and dried in oven at 50 °C for 24 h
(dried samples). This procedure led to the samples labelled G-A1, G-A2,
G-A3, (gels) and D-A1, D-A2, D-A3 (dried powders).

3.2.2. Gels from Zn nitrate

Aqueous solutions at different GM concentrations (0.5, 1 % w/v)
were prepared in 50 mL of DW for each one and stirred at room tem-
perature for 24 h. Upon complete GM dissolution, zinc nitrate (Zn
(NO3),-6H,0) was added to achieve the target concentrations, i.e. 0.1 M
or 0.02 M and the solution was left under stirring for 2 h. The solution
was thermalized in an oil bath at 40 °C and vigorously stirred for 2 h.
Afterwards, 50 mL of NaOH 0.1 M or 0.02 M, depending on the Zn ni-
trate concentration, (1:1 v/v ratio) were added dropwise and the solu-
tion was left under vigorous stirring overnight at 40 °C. The GM-
nanocomposite gel formed during the ensuing centrifugation, that was
carried out for 10 min, at 3500 rpm and 25 °C. For characterization
purposes, a portion of the GM-nanocomposites was collected, washed
once with DW and dried in oven at 50 °C for 24 h (dried samples). This
procedure led to the samples labelled G-B1, G-B2, G-B3, G-B4, (gels) and
D-B1, D-B2-1, D-B3, D-B4, (dried powders).

3.2.3. Reference Zn(OH), and ZnO samples

50 mL of an aqueous solution of NaOH 0.1 M were added dropwise
under vigorous stirring to 50 mL of an aqueous solution of Zn(NOs)3 0.1
M pre-heated at 30 °C, in an oil bath. The reaction was carried out for 24
h, keeping the temperature constant at 30 °C. The final suspension was
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Fig. 7. Ageing time (Vo, Jsc, FF and PCE) for the DSSC prepared with sulphur gels and reference XG gel, under 1 sun illumination.

centrifuged at 3000 rpm for 10 min and the precipitate washed once
with deionized water. The drying of the precipitate overnight carried out
in an oven at 30 °C yielded Zn(OH),, whereas if it was carried out at
50 °C, it yielded ZnO.

3.3. Structural and morphological characterization

The samples were characterized by XRD diffraction, using an X’ pert
pro X-ray diffractometer by Philips, operated with Cu K, radiation.
Diffraction profiles were analyzed with GSAS-II software according to
Rietveld fitting procedures, that refines peak intensities and crystal cell
edges (A) of the phase. The Single-crystal phase data used for the Riet-
veld fitting (see above) were collected from the American Mineralogist
Crystal Structure Database [77] or directly from the references reported
above [43-46,54] as CIF files. Model powder patterns for Cu K, wave-
length (1.54 i\) were calculated as a convolution of modified asymmetric
pseudo-Voigt functions centred on the experimental reflections [78] for
each sample. The amorphous background due to galactomannan was
measured at the same counting time and was subtracted from the total
pattern. Infrared spectra were recorded with a Shimadzu Prestige-21 FT-
IR instrument, equipped with an attenuated total reflectance (ATR)
diamond crystal (Specac Golden Gate), in the 400-4000 cm ! range,
with a resolution of 4 cm ™.

The surface morphology of the synthesized particles was determined
with a FE-SEM, Field Emission Scanning Electron Microscope SUPRA
TM 35, Carl Zeiss SMT, Oberkochen (Germany) operating at voltages
between 1.5 and 7 kV. The freeze drying of the gel samples was carried
out for 5 h at —61.5 °C and 330 Torr. The resulting powder was
deposited on a silicon sample-holder and metallized by Au deposition.

Thermogravimetric analysis (TGA) data were recorded with a TA
instruments Q600 thermobalance under dry N» flow (100 mL/min) with
a ramp of 10 °C/min from RT to 150 °C.

3.4. Methods

FTO glass was cut in pieces (2 cm x 1.5 cm) and used as substrate for

the fabrication of photoanodes and counter electrodes. They were
washed in an ultrasonic bath (~15 min) with acetone and then EtOH
and finally dried with technical paper. The photoanodes were prepared
using a transparent TiO, paste, (18NR-T from Dyesol©) by screen-
printing technique on the conductive side, leading to ~ 6 pm-thick
electrode (0.5 cm x 0.5 cm active area). The electrodes underwent a
sintering process at 450 °C for 30 min and they are let cooling down to
room temperature slowly. Then they were dipped into a solution of TiCls
(40 mM in DI-H-O) for 30 min at 70 °C and then rinsed with DI-H;0 and
EtOH. The obtained electrodes underwent an additional sintering step
up to 450 °C for 30 min, then cooled down to 70 °C and soaked into the
dye solution. Dye solution was made of D131 dye (0.5 mM) and CDCA,
as co-adsorbents (ratio 1:18 dye to CDCA) in a mixture of ACN/t-BuOH
1:1. Sensitization step was carried out at 25 °C for 4 h under dark con-
ditions and shaking at 180 rpm in a Biichi Syncore type Q-101 (CH-9230
Flawil, Switzerland). After this, sensitized photoanodes were rinsed in
EtOH. In the case of counter electrodes preparation, 40 pl of HoPtClg
(5.0 mM solution in isopropanol) was drop casted onto the conductive
side of an FTO substrate and heated up to 450 °C for 30 min. The
reference aqueous gel electrolyte based on xanthan gum was prepared as
previously reported [63]. Briefly, a saturated solution of CDCA in DI-
Hy0 was stirred overnight at 40 °C, then cooled to room temperature
and filtered with paper, to remove the excess of CDCA. Then Nal (0.5 M)
and Iy (30 mM) were dissolved into the solution by stirring for 2 h;
finally, xanthan gum powder (3 wt%) was added into the solution under
stirring for 2 h at 40 °C, until a gel was obtained.

On the other hand, Zn-GM-based gels were prepared in advance and
collected into different vials, at approximately the same volume. Every
vial was weighed before and after the filling with the gel. The volume
occupied by the gel in the vial, given the foamy nature of the system,
could be only estimated by visual comparison with vials filled with pure
water that were successively weighed. The addition of the redox couple
I3/15 was accomplished according to the molar ratios employed for the
Ref XG, that amount to 73.6 mg of Nal (as iodide anion source) and to
7.6 mg of iodine for every ml of the gel, corresponding to concentrations
0.5 M and 0.03 M for iodide and iodine, respectively. The weighed
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quantities of the two components of the redox mediator were scaled to
respect the ratio if the volume of the gel sample were different. After the
addition, the gels were vortexed at high speed for at least 10 min, in
order to homogenize the mixtures that turned dark orange at the end of
the mixing. In any case, the samples maintained a good gelly consis-
tency, only a little bit wetter. All the gel aqueous electrolytes were stored
in dark condition at room temperature.

3.5. Cells assembly

Gel aqueous electrolyte (~2.5 mg) was cast on the pre-dyed TiO,
layer (active area 0.25 em?) with a spatula; the photoanode and counter
electrode were then glued together with a Surlyn© thermoplastic film
(internal square area = 0.6 x 0.6 cm?) by hot pressing (20 s) at 105 °C
(~50 um as definitive interelectrode distance). In symmetric devices,
two counter-electrodes (or two pristine FTO glasses) are glued together
following the above reported procedure, in which the photoanode is
replaced by a Pt/FTO electrode.

3.6. Electrochemical characterization

Current-voltage (J-V curves) parameters and stability data for com-
plete devices were measured with a solar simulator (ABET Technologies
Inc, model 10500, Milford USA) under 1 sun light intensity (0.1 W/cm2,
AM 1.5G) equipped with a 150 W xenon arc lamp and connected to a
digital source meter unit (SMU 2420 Keithley, Tektronix, USA), after
calibration with a silicon reference solar cell (irradiation sensor, Spek-
tron 210, 74.63 mV).

Electrochemical impedance spectroscopy (EIS) data were recorded
using a potentiostat (SP-150 BioLogic) in the frequency range between
100 kHz and 10 mHz. The amplitude of the AC signal was 10 mV.
Spectra were recorded under dark conditions for symmetric devices at 0
mV.

The transmittance data were recorded with UV-Visible spectropho-
tometer (Varian Cary 300 Bio, Series II, Agilent technologies, Australia)
in the wavelength range of 300-800 nm, for the complete cells and for
FTO/gel/FTO.

4. Conclusions

In this contribution, we implemented Zn-based nanostructures as
gelling agent for aqueous Quasi-Solid Electrolytes (QSE) for Dye Sensi-
tized Solar Cells (DSSCs) according to an entirely biocompatible proto-
col. The synthetic procedures comprise only environmentally friendly
substances, namely water solutions of the natural polysaccharide gal-
actomannan and zinc-based non-toxic inorganic salts as gelling agents.
All the reactions were carried out in user-friendly and sustainable con-
ditions at room temperature or 40 °C at maximum, and small ethanol
quantities in the final workup of the products. Neither use of Volatile
Organic Compounds (VOCs) nor production of harmful waste took place
in the whole procedure. Depending on the specific inorganic salt
employed, the resulting hydrogel contains either hydrosulphate
lamellae or oxide nanoparticles, as it was ascertained by means of XRD,
IR spectroscopy and SEM microscopy analyses. Using either I-loaded gel
as quasi-solid electrolyte, well performing DSSC devices could be setup,
that showed a remarkably high photovoltage, around 750 mV, i.e.
significantly higher than reference hydrogels, and state-of the-art PCE
(~2%), the main limiting factor being the charge diffusion as indicated
by the EIS analyses. In the case of hydroxysulfate gelator, the cells have
the added value of a noteworthy transparency, exhibiting, in the best
case, a very promising AVT up to 22 %. The LUE reaches 0.35 %, i.e.
more than double than the xanthan gum device, used as reference.
Finally, LR-TDDFT simulations on a model iodine/iodide layered zinc
hydroxy sulphate structure account for the general blueshift of the
UV-Vis absorption spectra, in accordance with the AVT observations. In
general, the intrinsic lightness and flexibility of these materials could be
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conveniently exploited in future applications in the field of building and
vehicle integration, agrivoltaics and aerospace. Overall, this work tes-
tifies how the perfect match between bio-based and inorganic world can
lead to highest-level outcomes of technological interest.
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