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Abstract: The presence of a liquid electrolyte in dye-sensitized solar cells (DSSCs) is known to limit
the time stability of these devices due to leakage and evaporation phenomena. To overcome this
issue, gel-state electrolytes may represent a good solution in order to maintain stability and good
performances, albeit at lower costs. In the present work, two different kinds of gel-electrolytes, based
on poly (methyl methacrylate) (PMMA) and nanoclay agents, were investigated in DSSC-devices
sensitized using B-substituted Zn-porphyrins (namely ZnPC4 and ZnPC12) with enveloping alkoxy
chains of different lengths, able to produce a coverage of the photoanode surface. The highest power
conversion efficiency (PCE) values equal to 1.06 &£ 0.04% and 1.55 £ 0.26% were obtained for ZnPC12
(with longer alkoxy chains) with PMMA- and nanoclay-based electrolytes respectively. The properties
of the photoanode/electrolyte interface as well as the influence of the gelling agents on the final
properties of the obtained devices were thoroughly characterized.

Keywords: Dye-Sensitized Solar Cells; gel-state electrolytes; poly (methyl methacrylate); nanoclay;
[-substituted Zn-porphyrins

1. Introduction

The current depletion of fossil fuels to satisfy a continuous growth of energy demand
has given rise to dramatic environmental and climate changes due to an increment in
greenhouse gas emissions. To limit these issues, the search and the development of new
and more efficient devices for the exploitation of alternative renewable sources have
been pursued. In the photovoltaic field, Dye-Sensitized Solar Cells (DSSCs) have been
extensively investigated in recent years due to (i) the low cost of their raw materials [1] and
fabrication processes; (ii) their transparency and colouring, making them ideal candidates
to be integrated in the buildings envelop [2]; (iii) the better and even astonishing power
conversion efficiencies (PCEs) of light into electricity in ambient diffuse-light condition [3].
The latter feature can be exploited in the indoor energy production industry, as well
as in wearable and portable devices [4]. However, some challenges related to device
performance and stability must be overcome, mainly improving the properties of the single
device components [4-7]. Among them, considering a highly efficient DSSC architecture,
the electrolyte is the only component in a liquid state, and it is deeply affected by leakage
and evaporation phenomena. In order to exceed these issues, the liquid electrolyte should
be replaced with a gel-state or solid-state one [8,9]. For these purposes, different kinds
of materials can be used, including polymers, organic and inorganic nanoparticles, and
Hole Transport Materials (HTM) for complete solid-state DSSCs [10-12]. Among the latter,
the main limitation arises from the high costs and very low stability. The advantages
of the gel-state electrolyte are related to their scalable and low-cost production process
and the possibility to maintain the redox couple used in the liquid electrolyte [8]. For
this purpose, bio-based polymer membranes, containing k-carrageenan (xC) (a linear
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sulfated polysaccharide extracted from seaweeds) prepared using chemical extraction and
dissolved in 1 vol.% of acetic acid solutions, are used [13]. The transparent membranes
are obtained after drying this solution at room temperature for 72 h. Synthetic polymers,
such as poly(acrylonitrile) (PAN) mixed with ethylene carbonate (EC) and propylene
carbonate (PC) in different weight ratio are also considered [14]. In this case, the gel-state
electrolyte is achieved using gelatinization promoted by heating the solution at 100 °C.
Another example is poly (ethylene oxide) (PEO) with PC and acetonitrile, in a v/v ratio of
1:20, and different amounts of urea to study its influence on ions mobility [15]. Gel-state
electrolytes are then prepared using acetonitrile evaporation at 80 °C. Moreover, poly
(methyl methacrylate) (PMMA) blended with PANI/NT, changing the weight percentages
of PANI-NT in the PMMA polymer matrix, which is an alternative way to prepare gelled
electrolytes [16]. The mixture of these components is maintained at 35 °C for 6 h to create
the final polymer network. Finally, with the aim of producing quasi-solid-state electrolytes
(QSSLs), copolymers such as poly (vinylidene fluoride-co-hexafluoropropylene) (PVDF-
HEFP) as a gelling agent in combination with 3-metoxypropionitrile are employed [17].
In this case, the polymeric compound is added to the liquid electrolyte and heated until
complete solidification. Recently, PMMA was used to prepare a stable polymeric membrane
consisting in polyindole and poly(3-decyl-1-vinyl imidazolium iodide) to produce stable
gel-state DSSCs with a PCE of 5.96% [18]. These membranes were obtained by drying
the electrolyte solution of precursors at 80 °C in a petri dich. Moreover, a nanocomposite
polymer blend, based on (PVDF-HFP)/PMMA and TiO, nanofibers as a filler, was prepared
and used as gel-state electrolyte that provided, in the best conditions (6 wt.% of TiO;),
devices with a PCE of 8.08% [19]. This blend was achieved using an electrospinning
method, and the obtained fibers were calcined at 600 °C for 3 h to create crystalline
anatase nanofibers. Moreover, DSSCs for indoor applications were fabricated using a
cobalt complexed redox couple and gel-state electrolytes with an optimized amount of
PVDF-HFP and PMMA polymers, providing PCE exceeding 25% under artificial light [20].
The quasi-solid electrolytes are achieved by gelling the liquid ones with different ratios of
polymeric components.

Considering inorganic or organic nanoparticles as gelling materials (e.g., TiO,, SiO,,
AlyO3, carbon-based materials), the highest performances were obtained for nanoclay-
based systems due to their higher chemical stability, ion exchange capacity, and adequate
rheological properties [8]. Mg-Al nanoclay materials are prepared using chemical synthesis
(co-precipitation method) from magnesium and aluminium nitrate precursors [21,22]. A
basic solution is then used to prepare the hydrolysed precipitate, which is maintained at
pH 12 and 80 °C for 48 h. Finally, the nanoclay powder is washed with water and freeze
dried for 8 h. The formulation protocol to obtain this type of electrolytes was simply based
on gelling the liquid electrolyte by adding different amounts of nanoclay powders and
mixing them using sonication. Finally, montmorillonite nanoclay was employed to create a
composite gel-state electrolyte in combination with PVDF-HFP and an iodide/iodine redox
couple that produced a DSSC with a PCE of 6.77% in the optimized conditions (5 wt.%
of nanoclay) [23]. A critical aspect that must be considered with a gel-state electrolyte is
related to its interaction with the photoanode side (TiO; active layer and sensitizer) and the
corresponding properties of the TiO; /dye/electrolyte interface. In this context, the chemical
structure and electronic properties of the sensitizer are crucial. The results obtained for
a gel-state electrolyte in combination with traditional ruthenium-based dyes and organic
ones are reported in the literature. On the contrary, the combination of gel-state DSSCs
with porphyrins as sensitizers is still practically unexplored, even if highly engineered
push—pull meso-substituted Zn-porphyrins have shown PCEs over 13%, outperforming the
ruthenium dyes [24-26]. There are just a few papers reporting the properties of DSSCs with
porphyrins and solid-state electrolyte or ionic liquids [27-29].

In this work, we investigated the properties of DSSCs’ coupling gel-state electrolytes
based on PMMA or nanoclay, with (3-substituted Zn-tetraarylporphyrins, which present a
more straightforward synthesis than the meso-substituted [30] and, at the same time, have
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shown good PCE performances of up to over 8% [31]. In particular, since the presence of a
protective shield effect on the photoanode is also demanded in the case of gel electrolytes,
we focused our attention on the ZnPC12 molecule (see Figure 1) as a dye-sensitizer, bearing
a dodecyloxy chain in the ortho-position of its phenyl moieties. The mono ortho-substitution
was found to be more effective than the ortho—ortho (as in the case of meso push-pull
porphyrins) and the ortho—meta substitution, both in terms of better PCEs and an easier
synthesis [32]. Therefore, as a benchmark, it was compared with the ZnPC4 with a shorter
butoxyl chain (see Figure 1).

ZnPC12:R=0

Figure 1. Dye-sensitizers investigated.

In principle, these two porphyrins have the same electronic features, and any difference
in the device performances should be directly addressed to the different alkoxy chains
length. When they were investigated in a DSSC with a liquid electrolyte, it was found
that the longer chains produced a better PCE value due in particular to a high value of
Voc, which confirms the effectiveness against the recombination processes at the TiO, /dye
interface and thus the protective effect on the photoanode. Moreover, the presence of longer
chains enables the limitation of dye-to-dye aggregation (porphyrins have a strong tendency
to form 7— stacking aggregate) and the interaction between the zinc cation coordinated
inside of the porphyrinic core with the I3~ component of the electrolyte, promoting a faster
recombination reaction with the injected electron [33].

Herein, the influence of the different gelling agents in combination with these por-
phyrins on both photovoltaic and electrochemical DSSC properties was determined and
the influence on the devices’ efficiencies was clarified.

2. Materials and Methods
2.1. Electrolyte Preparation

A previously optimized procedure to prepare the gel-state electrolyte based on poly
methyl methacrylate (PMMA) was used [34]. In brief, aiming to facilitate the PMMA
(average MW 120,000 g mol—1, Sigma Aldrich, St. Louis, MO, USA) gelation, acetone
(99.5%, Sigma—Aldrich, USA) was chosen as the aprotic polar solvent mainly for its high
dissolving power and mild toxicity. The selected solvent (10 mL) was initially mixed with
0.35 g of polyethylene glycol (PEG 200, Merck, Darmstadt, Germany) to increase the gel
plasticity; then, a proper amount of PMMA, equal to 0.25 g, was added, and the so-obtained
solution was finally stirred at room temperature until a homogeneously clear product was
produced. To conclude the electrolyte formulation and to boost the ionic conductivity, 0.4 g
of ethylene carbonate (EC, 98% Sigma Aldrich, USA) was added to the system. The gel
composition, after drying, was: PMMA 25 wt.%, PEG 35 wt.% and EC 40 wt.%. The final
gelled electrolyte was obtained by directly mixing a commercial electrolyte solution based
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on 31" /I3~ (EL-HSE, Dyesol, West Perth, WA, Australia) with the gel mixture reaching an
80:20 wt.% ratio, respectively. Due to its reduced viscosity, the as-obtained solution was
injected into the devices, employing a vacuum fill syringe; then, these prototypes were left
to rest at room temperature for 20 min, allowing the complete acetone evaporation and
thus obtaining the quasi-solid electrolyte. The gel-state electrolyte based on nanoclay was
prepared by dispersing 5 wt.% of montmorillonite (size < 20 um, Sigma—Aldrich, USA)
into the previous commercial liquid electrolyte followed by a short sonication at room
temperature. The as-prepared nanocaly gel electrolyte was then applied into the devices
using a vacuum fill syringe. All the chemicals and materials used were stored in the dark
and, where necessary, at —5 °C. The commercial products were stable at room temperature
and pressure, and the only molecules synthesized were porphyrin dye, which are very
stable molecules at the solid state and can be safely stored at room temperature too.

2.2. DSSCs Assembly

Firstly, to obtain the DSSC photoanode, a TiCls solution (50 x 10~3 M in absolute
ethanol) was spin-coated onto an FTO glass substrate that was subsequently thermally
treated at 450 °C for 30 min [35] in order to produce a dense titanium dioxide-based blocking
layer (BL). A commercial TiO, ink (Dyesol 18 NR-T, Dyesol, Australia) was then applied
onto the BL by screen-printing (AUR’EL 900, AUR’EL Automation s.p.a., Modigliana,
Italy) and sintered at the same BL conditions. The final TiO; film thickness was set at
8 um as confirmed by using a profilometer (Optical 3D Microscope, Bruker, Billerica, MA,
USA). After sintering, and aiming to increase the film-specific surface area, the samples
were dipped into a hot 5 x 10~3 M TiCly aqueous solution and then fired at 450 °C for
30 min. The as-obtained photoanodes were sensitized for 4 h with the ZnPC12 and ZnPC4
solutions (2 x 10~* M) in tetrahydrofuran (>99.9%, Sigma Aldrich): absolute ethanol
1:9 vol.%. The sensitization step was carried out in the presence of chenodeoxycholic
acid (2 x 1073 M, Solaronix, Aubonne, Switzerland), which was used as a disaggregating
agent. Pre-drilled FTO glasses were coated using the sputtering method with Pt, producing
suitable counter electrodes. Finally, sandwich-type cells were assembled by joining and
sealing the electrodes with a hot melt gasket (Meltonix, thickness 25 pm, Solaronix) and
then by introducing the gel-state electrolytes through the holes at the counter electrodes.
The same polymer gasket was combined with small cover glasses to seal the holes. The
solar cells’ active area was fixed at 0.25 cm?. All the reported devices were prepared at
room temperature and in air conditions.

2.3. Characterizations and Measurements

Electronic absorption spectra of porphyrin dyes were acquired at room temperature in
THEF solution with a Shimadzu UV3600 spectrophotometer. Steady state emission spectra
were measured in degassed THF solution with a FLS 980 spectrofluorimeter (Edinburgh
Instrument Ltd., Livingston, UK) equipped with a 450 W Xenon arc lamp.

In order to determine the ionic conductivity of the gel-state electrolytes based on
PMMA and nanoclay, Electrochemical Impedance Spectroscopy (EIS) analyses on sym-
metrical dummy cells (counter-electrode/electrolyte/counter-electrode) were performed.
Two identical FTO glass substrates (sheet resistance 7 (1/sq, Sigma Aldrich), which were
covered with 3 nm Platinum thin films prepared using sputtering method and annealed at
500 °C for 30 min, were used. The dummy cells” active area was set at 0.25 cm?. These two
electrodes were sealed by using a 25 um thick Meltonix sheet, and the space between them
was filled with gel-state electrolyte using the holes previously created on the glass/FTO
substrate. EIS was performed in the frequency range between 10° and 10~2 Hz with
potential applied equal to 0 V and signal amplitude of 10 mV in dark conditions and
room temperature. Concerning the DSSC characterizations, an Abet Technologies solar
simulator (SUN 2000, Milford, CT, USA) equipped with a Keithley 2400 source meter was
employed to record J-V curves under AM 1.5 and 1000 W m~2. Moreover, the Incident
Photon-to-Current Conversion Efficiency (IPCE) was determined to be in the wavelength
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range between 300 and 800 nm, with an IPCE PVE300 system (Bentham, UK) operating
with a dual Xenon/Quartz halogen light source. EIS analyses were carried out over a
frequency range of 10° Hz to 10~2 Hz with an amplitude of 10 mV at the Voc under the
previously reported illumination conditions. The whole electrochemical characterizations
were performed by using AUTOLAB PGSTAT302N-FRA32M (Eco Chemie, Utrecht, The
Netherlands) combined with the Nova 2.1 software. EIS data fitting was realized employ-
ing the Z-View software (Scribner Associates, Southern Pines, NC, USA). Finally, DSSC
prototypes were stressed by undergoing long-term stability tests (1000 h); moreover, the
devices were stored in the dark prior to being tested for the first time at room conditions
(25 °C and 1 atmosphere). For each DSSC, after every 200, 560, and 1000 h, the J-V curves
under illumination (under AM 1.5 and 1000 W m~2) were acquired.

3. Results and Discussion
3.1. Spectroscopic Features and Energy Levels of Dyes
ZnPC4 and ZnPC12 was synthesized as previously reported in the literature [33]. In

Figure 2, for reader support, we report the absorption and emission spectra recorded in the
THF solution.
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Figure 2. ¢-normalized absorption spectra and normalized emission spectra (1 pM conc.,
Aexc. = 445 nm) of ZnPC4 and ZnPC12 in THF solution.

Both the absorption spectra show the typical pattern of a metalloporphyrin consisting
in an intense absorption band at higher energy (436438 nm) with a shoulder at around
460 nm, which can be justified by the presence of the strong electron-acceptor cyanoacrylic
group [36]. At lower energy, two less intense bands (namely the Q-bands) are present with
the relative peaks in the range between 567 and 606 nm ca. In the same figure, we also
report the emission spectra, which reflect the Q-band’s absorption pattern. In addition, it is
possible to observe a small Stokes’ shift between the absorption peak at lower energy and
the emission peak at higher energy: this proves the rigidity of the systems and that any
distortions of the molecular structures do not occur during the absorption and emission
processes. The observed E/~7 values allow us to assess the spectroscopic highest occupied
molecular orbital-lowest unoccupied molecular orbital (HOMO-LUMO) gap, which was
found to be 1.98 and 1.99 eV for ZPC4 and ZPC12, respectively. These values are lower
than those already reported as 2.09 and 2.11 eV, respectively, and were obtained only from
the electrochemical data [33].

The HOMO values were obtained from the E°’ of the first anodic peak in cyclovoltam-
metry (—5.07 eV and —5.09 eV, at lower potentials with respect to I” /I3~ redox shuttle,
—4.85 eV) [33] and allow us to calculate the spectroscopic LUMO energy levels: —3.09 eV
and —3.10 eV for ZPC4 and ZPC12, respectively. These latter values are lower compared
to the electrochemical LUMO data (—2.98 and —2.97 eV) previously reported [33]. Never-
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theless, they have a sufficient higher energy value compared to the TiO, conduction band
value (—3.94 eV), ensuring the charge injection from their excited states.

3.2. Characterization of Gel-Electrolytes

The EIS spectra of the different gel-state electrolytes, tested in a symmetrical cell set-up,
and the equivalent circuit built to fit the experimental points are reported in Figure 3. The
Nyquist plots consist of two semicircles at high (on the left) and low frequency (on the
right) corresponding to the electrode—electrolyte interface and ions” diffusion. Concerning
the elements of the equivalent circuit, R1 describes the electrical resistance due to the
substrate and the film adhesion, R2 and CPEL1 represent the charge-transfer resistance and
capacitance of the electrode/electrolyte interface, and Ws1 describe the Nernst diffusion
impedance for the iodine-based gel state electrolyte [37].

60

50 R1 R2 Ws1
| CPE1 |

40
g— 30 = nc —— nc-fit
N A PMMA —— PMMA-it

20

10

o T T T T T T
0 10 20 30 40 50 60
Z(Q)

Figure 3. Nyquist plots of symmetrical cells with gel-state electrolytes based on PMMA or nanoclay
with equivalent circuit used.

According to the electrolyte resistance (Rb), determined by fitting the spectra with
the equivalent circuit in Figure 3, and equal to 11.6 () and 52.4 () for PMMA and nanoclay,
respectively, the electrolytes” ionic conductivity (o) was calculated using the following
equation [38]:

t 1

U:EXZ

where ¢ is the thickness of the electrolyte film (2.5 x 1073 cm) and A is the area of the elec-
trode (2.5 x 107! cm~2). The as-obtained ionic conductivity is equal to 1.9 x 107 S cm ™!
and 8.5 x 107* S cm™! for nanoclay and PMMA, respectively. Moreover, the diffusion
coefficient D, was calculated using the W;-T element (values from EIS fitting equal to
1.06 57! and 2.59 s~! were obtained for PMMA and nanoclay, respectively) related to the
Warburg finite impedance and the equation below [34]:

t2

Dn= W=7

The obtained values are equal to 5.8 x 107® cm? s~! and 2.4 x 107% cm? s~! for PMMA
and nanoclay, respectively. The “diffusion interpretation” element (Ws-T), related to the
Warburg finite impedance, was obtained from the equivalent circuit used to fit the exper-
imental points of the Nyquist plot. Ws-T describes the overall Warburg impedance with
other two components: the diffusion impedance (W;s-R) and an exponential factor (W;-P) that
indicates Warburg diffusion when equal to 0.5. The highest ionic conductivity and diffu-
sion coefficient founded for the PMMA gel electrolyte was due to the three-dimensional
polymeric framework that is able to maintain the high charge mobility of the liquid part of
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the electrolyte trapped inside. Moreover, the polymeric electrolyte incorporates both the
diffusive properties of fluids and the cohesive property of the solid [39]. A different ionic
conduction mechanism was obtained when nanoclay was used as the gelling agent. Due to
the electrostatic forces between the faces and edges of the clay platelets, a unique network
forms in the fluid and turns the liquid to gel. When a network of a nanoclay is formed, the
solvent can be related in the gel through physical and chemical interactions between the
solvent and nanoclay [40]. This behaviour is explained by two parallel charge transport
process: normal physical diffusion and Grotthus-type bond exchange. This is due to the
interaction of a 31~ /I3~ redox couple with the nanoclay, in which a significant portion of
the iodine ions are adsorbed on the surface of the clay. Moreover, lower charge-transfer
resistance at the Platinum electrode was obtained for the PMMA electrolyte than the one
based on nanoclay, the recorded values for which were 7 and 48 () for PMMA and nanoclay
electrolytes, respectively. This result confirms the best catalytic and conduction properties
of the PMMA-based electrolyte.

3.3. Photoelectrochemical Investigation

The best current density—voltage curves (J-V), both in the dark and under illumination,
of the DSSCs sensitized with Zn-porphyrins ZnPC4 and ZnPC12 and filled with PMMA
and nanoclay gel state electrolytes (1000 W m~2 AM 1.5) are reported in Figure 4A,B,
respectively. The extrapolated photovoltaic parameters (considering 5 DSSC prototypes)
are reported in Table 1.

N ——ZnPC4-ill | ——ZnPC4-ill
34 ‘A ——ZnPC12-ill 4 B ——ZnPC12-ill
« - - ZnPC4-dark & = —ZnPC4-dark
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Figure 4. ]-V curves under illumination and in the dark for DSSCs with PMMA electrolyte (A) and
nanoclay (B). IPCE spectra of the related devices (C). Nyquist plots of the DSSCs under illumination
with equivalent circuit used (D).

Table 1. Photovoltaic parameters for DSSCs based on PMMA and nanoclay electrolytes.

JSC (mA cm—z) VOC (mV) FF (o/o) PCE (o/o)
PMMA ZnPC4 2.26 +0.03 616 =7 623 0.87 = 0.05
ZnPC12 2.68 £0.14 620+ 9 63+1 1.06 £ 0.04
ZnPC4 1.19 £0.25 639 £15 52 £2 0.39 & 0.06
nanoclay

ZnPC12 3.59 £045 651 =11 67 =2 1.55 +0.26
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The results summarized in Table 1 show slight differences between the PCEs of the
devices with the PMMA electrolyte while the highest PCE differences were found for
the different Zn-porphyrins with the nanoclay electrolyte. These results are due to the
different interactions between dyes and gel-state electrolytes. The ZnPC12 molecule was
able to reach the highest PCE (1.55 + 0.26% and 1.06 £ 0.04% for nanocaly and PMMA,
respectively) and Jsc (3.59 &+ 0.45 mA cm 2 and 2.68 4 0.14 mA cm 2 for nanocaly and
PMMA, respectively) values for both electrolytes. The same trend observed from Jsc was
obtained also in the IPCE analyses (Figure 4C), wherein the DSSCs based on the ZnPC12
dye reached the highest IPCE values. These results are directly comparable and confirmed
by the adsorption spectra acquired on the photoanodes sensitized with the different dyes
(Figure 5).

1.0+
—— ZnPC12
0.8 —— ZnPC4
[
o
c
£ 06-
[*]
1’4
£
<
0.4+
0.2 4
0.0

X T T T T T T T T
350 400 450 500 550 600 650 700 750 800
Wavelenght (nm)

Figure 5. Adsorption spectra of sensitized photoanodes with ZnPC12 and ZnPC4.

Considering the same amount of dyes adsorbed on the TiO, particle surfaces, the
ZnPC12 dye shows better light harvesting capability than the ZnPC4 due to its reduced
self-aggregation, as ensured by the length of the dodecyloxy chain [33]. The aggregates
formation is detrimental for the absorption properties of these dyes when they are attached
to the TiO, surface, thus limiting the efficiency of charge injection from the excited state of
the dye to the semiconductor. Consequently, in the case of ZnPC4, we observed lower Jsc
values. This parameter was dramatically lower in the case of the nanoclay’s gel electrolyte.
This evidence suggests that the PMMA has the same organic nature as the dye alkoxy chains
and that it can therefore effectively interact at the interface, with the porphyrin film helping
in the disaggregation of the molecules. On the other hand, the nanoclays, being inorganic
materials, are not able to perform the same interactions, leading to aggregation phenomena
that strongly affect the ZnPC4 dye efficiency in light-harvesting and the relative charge
injection processes.

The influence of the gel-state electrolyte was observed on the Voc parameter, where
the nanoclay produced the highest values (639 & 15 mV and 651 + 11 mV for ZnPC4 and
ZnPC12, respectively). The literature reports that the the addition of nitrate-hydrotalcite clay
in the electrolyte has the effect of buffering the protonation process at the TiO, /electrolyte
interface, resulting in an upward shift in the conduction band and a boost in open circuit
voltage [21,22,40]. Moreover, the highest Voc values recorded for the nanoclay-based elec-
trolyte is probably due to the low recombination rate between the TiO; /dye and electrolyte.
In fact, the dark current’s onset (Figure 4A,B) takes place at low bias for PMMA-based
electrolytes while the nanoclay-based DSSCs repress the dark currents, thus shifting their
onset at higher potentials [41]. In order to deeply explain these results, EIS analyses
were repeated under illumination, and the relative Nyquist plots and equivalent circuit
used to fit the experimental points are depicted in Figure 4D. The presence of two main
semicircles at high and medium frequencies, attributable to charge transfer processes oc-
curring at the counter-electrode and TiO; photoanode side, respectively [42], are clearly
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visible in the Nyquist plots. We assuming that, in the reported equivalent circuit, R1 is
the sum of the series’ resistances caused by the electrode materials and the electrical con-
nections, R2/CPEL1 (constant phase element) represents the counter-electrode/electrolyte
interface electronic properties, and, finally, that R3/CPE2 describes the electronic properties
of dye/TiO,/electrolyte interfaces [43]. R3 values for ZnPC4-PMMA, ZnPC12-PMMA,
ZnPC4-nanoclay, and ZnPC12-nanoclay were found equal to 42, 75, 154, 248 (), respectively.
These results agree with the trend of Voc values reported in Table 1. An increase in the R3
values means a reduced recombination of the photogenerated carriers that finally increase
the Voc.

Finally, long-term stability tests were conducted, and the obtained results are reported
in Figure 6.
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Figure 6. Photovoltaic parameters extrapolated during long-term stability tests.

Figure 6 shows a comparable stability between the two different gel-state electrolytes.
For the nanoclay electrolyte, as expected, the Vo initially increases due to the equilibrium
process that occurs between inorganic nanoparticles and the liquid electrolyte [39].

4. Conclusions

In this paper, we have reported the coupling of two f-substituted Zn-porphyrins
bearing peripheral alkoxy chains of different lengths (namely ZnPC4 and ZnPC12), with
the gel electrolyte being based on PMMA and nanoclay in DSSC devices.

ZnPC4 and ZnPC12 have roughly the same electronic and spectroscopic properties,
but the longer dodecyloxy chains prevent the formation of aggregates at the TiO, meso-
porous film surface, resulting in higher light absorption on the photoanode and, con-
sequently, in higher PCE values for ZnPC12, both with a PMMA- and nanoclay-based
electrolyte. In particular, ZnPC12 combined with the nanoclay electrolyte shows an incre-
ment in the PCE values of about 46% compared to the device with the PMMA electrolyte.
On the contrary, ZnPC4 presents a higher PCE value when it is coupled with the PMMA
electrolyte: this fact may be attribute to a beneficial effect of PMMA on the aggregated
dyes. This latter aspect is confirmed by the IPCE spectra, where the photon-to-current
conversion is higher for ZnPC4 with the PMMA electrolyte, while only a slightly better
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efficiency is observed in the case of ZnPC12 with the nanocaly electrolyte. EIS spectroscopy
measurements fully corroborate the above considerations.

Moreover, stability experiments indicate that, after an initial decrement (until 200 h
ca.), the efficiency values decrease very slowly, reflecting the same trend of the Jsc values.

Both PMMA and nanoclay electrolytes are suitable to build gel-state DSSCs with a
Zn-porphyrin dye; however, the stability of these devices should be increased to optimize
the electrolyte formulation (changing the amount of nanoclay or polymer, additives, and
plasticizers) and to improve the properties of the cell sealant.

Finally, both PMMA and nanoclay electrolytes are suitable to build a gel-state DSSC
with Zn-porphyrins. The development of this kind of gel-state electrolyte can improve
the flexibility and efficiency of this DSSC component. In fact, employing gelling agents
as PMMA or nanoclay instead of p-type materials as hole transport materials allows
one to introduce the liquid electrolyte booster molecules to enhance the PCE and ionic
conductivities, as well as some stabilizers. With this innovative approach, stable and more
efficient gel-state electrolytes should be developed.
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