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Abstract: Alongside efficiency, long-term stability of dye-sensitized solar cells (DSSCs) is a key factor
regarding their commercialization. One suitable and cost-effective method to increase the long-term
stability is to prevent leakage and evaporation of the electrolyte by gelling it with polymers such as
poly(ethylene oxide) (PEO) and gaining a gel polymer electrolyte (GPE). In this study, a GPE based on
PEO and glycerol is investigated for the first time as electrolyte for environmentally friendly DSSCs
with natural dyes. To evaluate the novel glycerol/PEO GPE, the ionic conductivity and resulting
efficiency progressions of DSSCs were measured for 75 days. Different molecular weights (MWs)
of PEO and blending with poly(vinylidene fluoride) (PVDF) had negligible impact on efficiencies.
17 wt% PEO was found to be more suitable than lower concentrations and resulted in a relatively high
efficiency over 75 days. A glycerol electrolyte without PEO had higher ionic conductivity and achieved
higher efficiencies as well but leaked from the unsealed DSSCs. In addition, the reproducibility was
examined especially, which appeared to be reduced by considerable differences between identical
DSSCs and between measurements of the same DSSC at different times. This emphasizes the relevance
of studying multiple DSSC per sample to ensure reliable results.

Keywords: dye-sensitized solar cells (DSSCs); gel polymer electrolyte; poly(ethylene oxide) (PEO);
glycerol; long-term stability; natural dyes; non-toxic; reproducibility; ionic conductivity; efficiency

1. Introduction

In the context of a globally shifting electricity generation toward low-carbon, more diversified
and distributed energy systems, photovoltaic is a key technology [1]. Research in this area has
explored many different directions [2]. More environmentally friendly and cost-effective alternatives
to conventional silicon or thin-film technology are dye-sensitized solar cells (DSSCs) [2–7]. In the
decades following their discovery in 1991, numerous scientists engaged in the optimization of this
technology [2,6–8]. As part of this improvement, particular attention was dedicated to the power
conversion efficiency [6]. Beyond this important parameter, the costs and long-term stability of DSSCs
are also crucial in view of lowering the levelized cost of energy [6].

High efficiencies can be achieved with ruthenium-based dyes, such as N3 or N719, but these
are hazardous to the environment due to their toxicity and are also disadvantageous in terms of
their high costs [6,9]. Alternatively, non-toxic and cost-effective natural dyes can be used with the
disadvantage of significantly lower efficiencies, often below 0.1% [6,9–13]. The long-term stability is
particularly hindered by leakage and evaporation of the liquid electrolyte and thus can be improved by
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gelling the electrolyte or by replacing it with a solid hole-transporting material [6,14]. With the latter
alternative the cost-effectiveness is expected to be limited because of the high costs of conventional
hole-transporting materials [14]. A more cost-efficient alternative to ensure long-term stability is the
use of polymer-based electrolytes [15]. In comparison to the liquid electrolyte, which results typically in
efficiencies around 10%, all alternative electrolyte systems are associated with lower efficiencies [14,16].

As depicted in Figure 1, DSSCs are designed with four functional layers (labeled as 1) to 4) in
Figure 1) between two electrodes (labeled as 0)), which are commonly composed of transparent glass
substrates coated with a conductive layer, e.g. fluorine-doped tin oxide [6,14]. On the front electrode a
mesoporous oxide layer, commonly TiO2, is additionally coated as first functional layer 1) [6]. Secondly,
a dye sensitizer monolayer 2) is covalently bond to the surface of this semiconductor layer [6]. The third
layer is composed of the electrolyte 3), which predominantly uses iodine/triiodide as redox couple [6,14].
A catalyzer layer which typically consists of Pt is coated on the counter electrode as the fourth layer
4) [6,14]. Alternatively, graphite can also be used as a cheaper material for the catalyst [17]. The energy
is converted by absorbing photons from the incident light in the dye layer 2), where electrons are
excited and injected into the conduction band of the semiconductor 1) [6,14]. After leaving the DSSC
via the front electrode 0) work is done at the external load by the electrons, which enter the DSSC
again via the counter electrode 0) [6,14]. The electrons are transported by the electrolyte 3) via redox
reactions from the catalyst layer 4) to the oxidized dye 2) to regenerate it [6,14,17].
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Figure 1. Schematic structure and working principle of a DSSC. The layers labeled 0) represent the
conductive glass electrodes. 1) is the TiO2 layer as first functional layer, 2) depicts the second functional
layer, the dye, with the respective reaction, 3) is the electrolyte with the associated reactions of electron
transport and 4) is the catalyzer as fourth functional layer.

The properties of the four functional layers, which depend often on manual coating steps,
greatly influence the performance of DSSCs [9,18]. For example, the layer thickness of the catalyzer
differs considerably for the same coating method and accordingly leads to large deviations in the
efficiencies [17]. In addition to the complex construction of DSSCs, the pressure applied to compress the
glass electrodes of a DSSC, which determines the amount of electrolyte between them, is a major cause
of low reproducibility [9,18]. Unfortunately, poor reproducibility, which hinders practical application
and commercialization, is only rarely addressed in the literature [18,19]. Science generally faces a
problem called the reproducibility crisis [19–21]. In short, the pressure to publish and the bias to
publish only positive outcomes lead to a lot of unreproducible experiments [19,20].

Polymer-based electrolytes exhibit an encapsulating framework, which prevents leakage and
limits evaporation [14,22–24]. Besides other possible polymers, poly(ethylene oxide) (PEO), which is
a low cost, non-toxic and semi-crystalline thermoplastic, is commonly used [14,16,25–28]. PEO can
solvate electrolytic salts with a resulting coexistence of crystalline and amorphous phase, in which
most ionic conduction occurs [16,27]. With these properties of PEO a solid polymer electrolyte can be
applied without a solvent and with resulting efficiencies around 2%, as reported by Kalaignan et al. [29].
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In this context, a limiting parameter is the relatively high crystallinity of PEO, which results in a low
ionic conductivity of the electrolyte [15,29].

To reduce the crystallinity of PEO and thus enhance the ionic conductivity as well as the efficiency,
several possibilities exist [23,30]. Accordingly, ionic liquids, inorganic nanofillers or plasticizers can be
added to the polymer electrolyte [23]. A cost-effective and simple alternative, which also enhances
the ionic conductivity and the DSSC’s efficiency, is the presence of solvent in the polymer-based
electrolyte [14,15,31–33]. This configuration of a polymer-based electrolyte with a high content of
solvent is defined in this paper as a gel polymer electrolyte (GPE). Although there is an absence of
uniform definitions, this definition is often used in the literature [22,23,32]. Additionally, blending of
PEO with other polymers such as poly(vinylidene fluoride) (PVDF) is a common approach to further
reduce crystallinity and improve ionic conductivity [27,28,30,34,35].

Recently, Gossen et al. [4] applied glycerol as novel solvent for a liquid electrolyte for DSSCs and
reached a long-term stability over 140 days. Glycerol, which is a non-toxic byproduct of biodiesel
production [36], was also used by Mustafa et al. [37] as plasticizer in a PEO-based solid polymer
electrolyte with a resulting enhancement of the ionic conductivity. Additionally, Kobayashi et al. [38]
added glycerol as plasticizer to a solid polymer electrolyte based on poly(ethylene carbonate) and
demonstrated by broadband electric spectroscopy an increase in its conductivity. Consequently,
glycerol is considered a suitable solvent for a PEO-based GPE.

Here, to the best of our knowledge, a novel glycerol/PEO GPE without further additives is reported
for the first time as an electrolyte system for non-toxic and environmentally friendly DSSCs with
natural dyes. Different concentrations and molecular weights (MWs) of PEO as well as blending
with PVDF were investigated regarding the ionic conductivities of the electrolytes and efficiencies of
resulting DSSCs. Furthermore, a commercial liquid electrolyte and the glycerol electrolyte developed
by Gossen et al. [4] were used as references. The evaluation of the novel glycerol/PEO GPE focuses on
long-term stability and general reproducibility of DSSCs.

2. Materials and Methods

All electrodes of the investigated DSSCs were based on commercial fluorine-doped tin oxide coated
glass slides manufactured by Man Solar (Petten, The Netherlands). Front electrodes were purchased
with an additional TiO2 coating as semiconductor layer. The commercial liquid iodine-triiodide
electrolyte used for samples 9 to 11 was also acquired from Man Solar.

As natural and non-toxic dye forest fruit tea (Mayfair, Wilken Tee GmbH, Fulda, Germany),
which contains anthocyanins [39], was used for the DSSCs of samples 1 to 10. This dye proved to be
promising in a previous publication [39] and was therefore used here for dyeing under a generally
similar procedure. However, ethanol (Richter GmbH, Nerdlen, Germany) and distilled water in a
ratio of 1:3 was applied as solvent for extraction, because this blend resulted in the highest efficiency
according to Bohnenkamp et al. [40]. Specifically, 4.2 g tea was added to 50 g of the ethanol-water
solution to extract the dye for 15 min under stirring at room temperature. After filtration, the permeate
was used to dye the TiO2 layer of five front electrodes for 15 min at room temperature. Subsequently,
excess dye was rinsed off with ethanol and the front electrodes were dried at ambient conditions before
assembly. Regarding samples 10 and 11 the dyes were extracted from the forest fruit tea with distilled
water for 30 min and front electrodes were subsequently dyed for 30 min. With respect to sample 11,
maqui berry powder (Vitality Nutritionals, The Netherlands) was used as natural dye instead of forest
fruit tea as a reference.

A graphite layer was deposited on the fluorine-doped tin oxide coated counter electrodes to obtain
a catalyzer layer. Therefore, the electrodes were sprayed with graphite spray (CP-Graphitprodukte
GmbH, Wachtberg, Germany) from a distance of 50 cm for 1 s. Afterwards the coated counter electrodes
were treated in a heating cabinet (muffle oven B150, Nabertherm, Lilienthal, Germany) at 200 ◦C for
30 min. With this procedure, a graphite layer thickness of 2-4 µm is assumed according to Juhás
Junger et al. [17].
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Glycerol (Carl Roth, Karlsruhe, Germany) was used as solvent in the novel GPE for the polymer
and the iodine-triiodide redox couple, which consisted of 15 wt% molecular iodine (I2) (Carl Roth,
Karlsruhe, Germany) and 30 wt% potassium iodide (KI) (VWR, Darmstadt, Germany). PEO with the
following MWs were investigated: 40 kg/mol from SERVA Electrophoresis (Heidelberg, Germany)
and 100 kg/mol, 300 kg/mol, 600 kg/mol as well as 1000 kg/mol from S3 Chemicals (Bad Oeynhausen,
Germany). GPEs were prepared by adding the components to glycerol and stirring for 2 h at 60 ◦C.
The prepared GPEs were coated on the dyed front electrodes by a box-type doctor blade with a wet
layer thickness of 30 µm directly before assembly. GPEs were coated at an elevated temperature on
the front electrodes to achieve better penetration into the nanostructured TiO2 layer, as proposed by
literature [31,35].

The properly prepared electrodes of a DSSC were placed together with the electrolyte layer in
between and fixed with transparent adhesive tape. Five DSSCs were investigated per sample, except
for samples 10 and 11 where only three DSSCs were built each. The individual DSSCs per sample are
marked with the letters “a” to “e”. Every DSSC had an active energy conversion area of 6 cm2. Table 1
gives an overview of the investigated samples.

Table 1. Overview of the investigated samples 1 to 11 with relevant information regarding their compositions.

Sample Number PEO MW (kg/mol) PEO (wt%) Glycerol (wt%) Miscellaneous

1 600 17 38 –
2 600 8 47 –
3 600 6.4 47 1.6 wt% PVDF
4 40 8 47 –
5 100 8 47 –
6 300 8 47 –
7 1000 8 47 –
8 – – 55 capillary force
9 – – – Man Solar electrolyte

10 – – – Man Solar electrolyte, capillary force

11 – – – Maqui Berry dye, Man Solar
electrolyte, capillary force

Preliminary experiments indicated 17 wt% PEO as a suitable concentration. Consequently, this
concentration was applied for the novel GPE in sample 1. Sample 2 was prepared with 8 wt% PEO,
which corresponds to suitable PEO concentrations found in the literature [24,35]. Regarding sample 3
a polymer blend of PEO and PVDF (amboflon®from Ambofluor GmbH Co. KG, Hamburg, Germany)
was investigated. The concentrations were chosen to gain a PEO/PVDF weight ratio of 8/2, which
proved to be suitable [35]. The respective total polymer concentration was selected to be 8 wt% and
thus slightly below the 9 wt% used in [35]. With samples 4 to 7 different MWs of PEO were investigated
in the novel GPE with a constant weight ratio.

Sample 8 was constructed without polymer and in the same way as the promising DSSC developed
by Gossen et al. [4] which contained a glycerol electrolyte with 15 wt% I2 and 30 wt% KI (labeled as
“15%”). The electrolyte was also filled in via capillary force after the electrodes were attached together.
This method of adding the electrolyte was not possible with the more viscous PEO-based GPEs. Sample
9 was constructed as a reference with a commercial liquid electrolyte (Man Solar). In this regard the
liquid electrolyte was coated with a box-type doctor blade on the front electrode as it was done with
the GPE.

With samples 10 and 11 the influence of the natural dye on the efficiency was investigated.
In sample 10 the forest fruit tea was used as dye and the commercial liquid electrolyte (Man Solar) was
filled in via capillary force, in contrast to sample 9. Dyeing of sample 11 was performed with maqui
berry dye, otherwise the DSSCs were constructed analogously to sample 10. Regarding samples 10
and 11 the dye extraction procedure differed from the other samples to enable comparability with the
DSSCs of Bohnenkamp et al. [40].

Measurements of the ionic conductivity were performed with a conductivity test pen (LWT-01
Voltcraft, Conrad Electronic AG, Wollerau, Switzerland) at 40 ◦C. Fourier-transform infrared (FTIR)
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spectra were recorded with an Excalibur 3100 spectroscope (Varian Inc., Palo Alto, CA, USA).
A spectrum is calculated as the average of 32 scans, each acquired in attenuated total reflection
mode in a wavelength range of 4000–800 cm−1, with correction for atmospheric noise. Efficiencies
of the investigated DSSCs were calculated from current-voltage (I-V) curves, which were measured
by a Keithley 2450 sourcemeter (Tektronix Inc., Beaverton, USA) under a standard illumination of
100 mW/cm2 from a solar simulator (LS0500, LOT-Quantum Design GmbH, Darmstadt, Germany)
with an AM 1.5 G spectrum. Measurements were taken against a black background to avoid reflection
and re-entering of reflected light into the DSSCs.

3. Results and Discussion

The concentration of the electrolytic salts is kept constant because their influence has already been
investigated in detail by Gossen et al. [4] in connection with glycerol as solvent. Therefore, this paper
focuses on the impact of the PEO in the electrolyte system. The measured ionic conductivities of the
investigated electrolytes are depicted in Table 2.

Table 2. Ionic conductivities of the glycerol/PEO GPE solutions (samples 1 to 8) and of the commercial
liquid Man Solar electrolyte (sample 9). Samples were measured at 40 ◦C.

Sample Number Ionic Conductivity (mS/cm)

1 0.74 ± 0.01
2 1.05 ± 0.01
3 1.22 ± 0.01
4 1.05 ± 0.01
5 1.06 ± 0.01
6 1.11 ± 0.01
7 1.09 ± 0.01
8 1.39 ± 0.01
9 0.47 ± 0.01

When comparing samples 1 and 2, it was subjectively determined that a concentration of 8 wt%
PEO resulted in a more suitable viscosity regarding coating with the box-type doctor blade than
17 wt%. As it is shown in Table 2, the GPE of sample 1 had a lower ionic conductivity than the GPE
of sample 2. Shi et al. [24] observed similarly with a comparable electrolyte system that a higher
PEO concentration (15 wt%) results in a significantly lower conductivity compared to an optimal
concentration of 8 wt% PEO. It is important to note that the here investigated ionic conductivities
were approximately seven times lower than those reported by Shi et al. [24]. This is probably due to
the different solvent, the different MW of PEO (namely 2000 kg/mol) and the ionic liquids added by
Shi et al. [24].

By comparing the conductivities of sample 2 and 3, depicted in Table 2, it becomes apparent that
the conductivity was improved by the addition of PVDF. This could be because PVDF brings disorder
to the polymer matrix and thereby reduces the crystallinity of PEO, which is known to improve the
conductivity of the electrolyte system [3,23,28,29,34]. In addition, it is considered that PVDF improves
ionic transport and thus has a positive effect on the recombination rate caused by the presence of
fluorine, which has the largest electronegativity and the smallest ionic radius [34,41]. Compared to the
here presented results, Liu et al. [35] reached also a slight conductivity improvement by blending PEO
with PVDF in the same ratio. Their GPE had a slightly higher ionic conductivity of 1.37 mS/cm, which
is within a comparable range to sample 3, although different materials were used for the solvent and
electrolytic salts [35].

The ionic conductivities of the GPEs of sample 2 and 4 to 7, which all contained PEO with different
MWs, are also depicted in Table 2. No trend can be observed in these conductivity values regarding
the influence of MW on ionic conductivity. The measured conductivities of samples 2 (600 kg/mol),
4 (40 kg/mol) and 5 (100 kg/mol) were almost identical. Sample 7 (1000 kg/mol) had a slightly higher
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value and the GPE of sample 6 (300 kg/mol) resulted in the relatively highest ionic conductivity of
the investigated MWs. The MWs used here, 40–1000 kg/mol, were all in a range where the MW does
not influence the conductivity of PEO with added salts [42]. A pronounced influence of the MW of
PEO on the conductivity can only be observed below 10 kg/mol [42,43]. Thus, the differences observed
here regarding the conductivities of samples 2 and 4 to 7 were most probably due to deviations in the
measurement or solution preparation.

As can be seen in Table 2, the ionic conductivity of sample 8 was significantly higher than the
ionic conductivities of the other samples. This difference is probably due to the added PEO in the
electrolytes of samples 1 to 7. Apparently, the ionic conductivity is further reduced with a higher
PEO concentration (compare samples 1 and 2 in Table 2). Those observations correspond to literature,
because it is stated that with a higher PEO concentration the polymer matrix is more pronounced and
the free volume, in which most ionic conduction occurs, as well as the diffusion coefficient of the redox
couple is reduced [16,22,24,29].

Interestingly, the ionic conductivity of the commercial liquid Man Solar electrolyte (sample
9 in Table 2) was measured significantly lower than the ionic conductivities of the other samples.
Since the exact composition of this commercial electrolyte is not known, another, presumably lower,
concentration of electrolytic salts, which strongly influence the electrolyte system [29], is assumed to
be the cause of the significantly lower ionic conductivity.

Kalaignan et al. [29] used PEO with 1000 kg/mol as basis for a solid polymer electrolyte applied in
DSSCs and measured conductivities at 44 ◦C in a range of 0.02–0.08 mS/cm depending on the KI/I2 ratio.
Compared to this, a significantly higher conductivity was reached here, e.g., with sample 7 applying
the same MW (cf. Table 2). This is probably due to the absence of a solvent in the solid polymer
electrolyte of Kalaignan et al. [29], since it is known that solvent remaining in the GPE increases its
conductivity [15,29,31,33].

The novel glycerol/PEO GPE, like most GPE systems, aims to ensure high long-term stability
of DSSCs by preventing leakage and evaporation of the electrolyte [14,15,32,44]. Therefore, in the
following the different samples are compared with regard to the temporal efficiency developments of
the respective DSSCs.

It was observed that some DSSCs of a sample always had very low efficiencies compared to the
other specimen of the same sample, hence a presentation of the results as mean value with standard
deviation is considered unsuitable. To ensure a clear overview while presenting all results, the two
best DSSCs per sample are shown in one part of a figure (e.g., Figure 2a) and the remaining ones in
the second part (e.g., Figure 2b). A DSSC is defined here as “better” than the others per sample if the
efficiency is long-term stable and higher than the others at the end of the measurement period. Firstly,
the efficiency progressions of samples 1 to 3 are shown in Figure 2.

By comparing the relatively best DSSCs of samples 1 and 2, which are depicted in Figure 2a,
it becomes apparent that the different PEO concentrations influenced the efficiency progressions only
slightly. The higher PEO concentration of sample 1 seems to result in a slightly higher efficiency and
exhibits a different course with respect to 1e with a peak around day 7. This peak could be attributed to
the time needed for a viscous GPE for the critical complete penetration into the nanoporous TiO2 layer,
which often causes an efficiency peak in the early days of a DSSC [13,15,17,29–31,44]. Such efficiency
peaks are also visible regarding sample 1c on day 17 and 1b as well as 2e on day 10 (cf. Figure 2b).

The best DSSCs of sample 3 had lower efficiency values and exhibited sharper efficiency decreases
with efficiencies close to zero after 45 days. Resultingly, the long-term stability of sample 3 is considered
poorer in comparison to samples 1 and 2. Originally, it was hypothesized that the relatively high
ionic conductivity of the GPE of sample 3 (cf. Table 2) results in an also high efficiency of the DSSCs.
However, considering the results in Figure 2, this hypothesis could not be confirmed. With the poor
efficiency of sample 3 it is assumed that other factors besides the ionic conductivity, like the dye or
deviations in the preparation, are limiting and responsible for the poor efficiencies.
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Figure 2. Comparison of the efficiency progressions of samples 1, 2 and 3. The two more efficient DSSCs
per sample are depicted in (a) and the remaining DSSCs in (b). In the electrolyte of sample 1, 17 wt%
PEO was applied and 8 wt% PEO in sample 2. Sample 3 contained 6.4 wt% PEO and 1.6 wt% PVDF.

Compared to Liu et al. [35], who applied a similar PEO/PVDF blend as electrolyte with a generally
similar ionic conductivity, the highest efficiency of sample 3 (on the first day) was lower by a factor
of about 2000. This is primarily due to the here used environmentally friendly natural dye instead
of the toxic ruthenium dye applied by Liu et al. [35], because natural dyes generally result in low
efficiencies [9–13]. Additionally, the relatively large active areas of the investigated DSSCs result in
lower efficiencies than smaller DSSCs [7,18].

Regarding the poorer DSSCs of samples 1 to 3 depicted in Figure 2b, the DSSCs of sample 3 seem
to exhibit slightly lower efficiencies compared to samples 1 and 2. The resulting efficiencies of the
PEO/PVDF blend of sample 3 were almost zero after approximately 55 days. To identify potential
reasons for this lower long-term stability, further tests will be carried out in the future. Generally, a
decreasing trend of the DSSCs depicted in Figure 2b is visible within the first 40 days followed by low
but relatively constant efficiencies.

Considering the large differences in efficiency between five DSSCs per sample at a measuring
point (cf. sample 1 in Figure 2), a low reproducibility can be assumed. In this context, it has an
extremely large influence on the evaluation of the performance of a certain electrolyte system, whether
just the best measured efficiency per sample is presented or all of the data. If only one efficiency
was shown (e.g., sample 1c), the reliability and performance of that sample would be overestimated.
Consequently, to avoid such premature conclusions, all five DSSCs per sample are considered here.
Following this approach, the actual performance, which can be reproducibly achieved and which is
crucial for practical application, becomes questionable and less evident. Thus, regarding samples 1 to
3, it is not distinct whether the differences in the efficiency curves in Figure 2a resulted from different
GPEs or were random.

Next, in Figure 3 the long-term efficiency progressions of samples 4 to 7 are presented. Those
samples applied PEO with different MWs in the novel glycerol/PEO GPE. As depicted in Figure 3a,
the DSSC efficiencies of samples 4 to 7 progressed all very similarly. Until day 25 the efficiencies
decreased relatively constantly by a factor four and remained at low values thereafter. In contrast to
Figure 3a, most DSSCs depicted in 3b were with an efficiency of almost zero after 30 days no longer
functional. The efficiency of sample 2 with PEO with 600 kg/mol (depicted in Figure 2) had a nearly
identical progression. No influence of the MWs of PEO on the temporal development of the efficiencies
is detectable based on this data.

According to literature, the MW of PEO is an important parameter in relation to the contact of the
GPE with the nanoporous TiO2 layer [30]. This is due to the coil size of PEO, which is determined by
the polymer’s radius of gyration that varies with the MW and chain length [30,45–49]. With a high
MW and a coil size larger than the pores of the TiO2 layer, adequate penetration into a TiO2 pore is
hindered and a poor contact to the TiO2 layer as well as a low efficiency are the results [30,45–49].
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As the coil sizes were not investigated, too large coil sizes of the applied MWs of PEO, with resulting
poor contact to the TiO2 layer, cannot be excluded as a cause for the low efficiencies.Crystals 2020, 10, x FOR PEER REVIEW 8 of 15 
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The samples 8 and 9 functioned as references applying liquid electrolyte systems without any
polymer. Sample 8 had a glycerol electrolyte developed by Gossen et al. [4] and for sample 9 a
commercial liquid electrolyte was applied. The efficiency progressions of the respective DSSCs are
depicted in Figure 4.
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Figure 4. The efficiency progressions of the best DSSCs of samples 8 and 9 are depicted in (a) and the
other DSSCs of those samples in (b). The DSSCs of sample 8 were constructed in the same way as the
sample marked as “15%” by Gossen et al. [4], except for slight differences in the recipe for preparing
the dye. In sample 9 the commercial liquid Man Solar electrolyte was coated on the front electrode in
the same way as it was done with the GPE.

In Figure 4 it is recognizable that the efficiencies of all DSSCs of sample 9 were relatively low and
no longer functional after approximately 10 days. In contrast to this, the efficiency progressions of 8a
and 8b had significantly higher values than all other here investigated DSSCs. However, the measured
efficiencies of samples 8a and 8b exhibited very pronounced fluctuations over time.

These fluctuations result presumably from measurement deviations due to a lack of electric contact
between connection clamps and fluorine-doped tin oxide layers. The disturbance of the electrical
contact may be caused by the attachment of the clamps on the glass electrodes, which always results
in slight damage to the conductive fluorine-doped tin oxide coatings. If the clamps are then again
placed in already scratched areas during the next measurement, the resistance is probably higher and
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the efficiency is measured lower. Consequently, the measuring process causes additional deviations
and the reproducibility is restricted. Thus, the low efficiency values under 0.005% of sample 8b are
presumably due to these deviations. Probably, fluctuations in the efficiency curves of other samples
are also based on this (cf. sample 1d on day 3 and 7, samples 2a, 2b and 2d, sample 6a on day 8 and
sample 7d on day 3).

The fact that samples 8a and 8b had relatively high efficiencies while the other DSSCs of sample 8
had an efficiency close to zero after 30 days shows the large discrepancies within identical DSSCs and
indicates a major problem with reproducibility. This reproducibility problem becomes even clearer
by comparing the efficiency progressions of sample 8 with the respective progression of the DSSC
labeled as “15%” measured by Gossen et al. [4]. The efficiency of the latter was over 0.02% for 140 days
and had a peak efficiency at day 60 of about 0.07% [4]. A probable cause for the large discrepancy
between sample 8 and the DSSC of Gossen et al. [4] is a change in the composition of the forest fruit
tea. This would also explain the low efficiencies of the other here investigated DSSCs compared to
earlier publications of our working group [4,17,39,40].

To investigate this, sample 10 was constructed with the currently available forest fruit tea from
Mayfair mostly similarly to the DSSCs investigated by Bohnenkamp et al. [40], which were built with
old forest fruit tea from Mayfair in 2018. Additionally, maqui berry powder was used to dye the
TiO2 layers of sample 11, like it was also done by Bohnenkamp et al. [40]. The resulting efficiency
progressions of sample 10 and 11 are shown in Figure 5.
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Solar electrolyte was filled in via capillary force and in sample 11 maqui berry dye was used.

Bohnenkamp et al. [40] achieved with the old forest fruit tea dye a higher efficiency than with the
maqui berry dye. The efficiencies resulting from the maqui berry dye were in a similar range as the
efficiencies of sample 11 depicted in Figure 5 [40]. In contrast to the results of Bohnenkamp et al. [40],
the new forest fruit tea dye, applied in sample 10, resulted in lower efficiencies than the maqui berry
dye, applied in sample 11. Consequently, it can be assumed that there are certain alterations in the
forest fruit tea, so that the current one results in lower efficiencies overall. This is probably a reason for
the low efficiency levels achieved here compared to old publications with similar DSSCs [4,17,39,40].

Another reason for low efficiencies compared to previous publications could be the use of a rough
black textile as background for the measurement, which was not used before. This prevents radiated
light reflected behind the DSSC from exciting the dye by re-entering through the counter electrode.
Therefore, less of the applied light can effectively be harvested, which reduces the total area efficiency
of a DSSC [7,50]. With a reflective background the efficiency can be increased by about 6% compared
to a black background [7]. Unfortunately, the background on which DSSCs are measured is usually not
specified, which makes it difficult to reproduce and compare the results.
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In addition to the deviations in the purchased materials and the exact conditions during the
measurements, the contact pressure of the two glass electrodes was identified as a cause for low
reproducibility [18]. Furthermore, assembling DSSCs under laboratory conditions requires a lot of
manual work, which greatly reduces the comparability and reproducibility of DSSCs.

By comparing sample 9 with sample 10 (cf. Figures 4 and 5), it becomes apparent that the coating
on the front electrode with the liquid electrolyte may be less suitable than the method of loading via
capillary force, because of the more rapid efficiency decrease of sample 9 after day 1. Despite the
lower ionic conductivity of the commercial liquid electrolyte, the corresponding DSSCs (samples 9
to 11) had relatively high efficiencies at the beginning (e.g., sample 9c). However, the samples with
commercial liquid electrolytes exhibited a poor long-term stability resulting from a sharp efficiency
decrease in the first weeks. This is probably due to leakage and evaporation of the electrolyte as
this is the common reason for degradation of unsealed DSSCs with liquid electrolytes [3,4,9,14]. In
contrast to this, a significantly better long-term stability of the efficiency was reached by the novel
glycerol/PEO GPE (cf. Figures 2 and 3). This is explained by the polymer matrix, which hinders
leakage and evaporation by trapping the solvent and electrolytic salts [14,22–24].

The glycerol electrolyte developed by Gossen et al. [4], without added polymer, can also result
in relatively long-term stable DSSCs (cf. Figure 4a). Based on this it is expected that the low vapor
pressure and low viscosity of glycerol prevents leakage and evaporation [51,52]. The hygroscopic
properties of glycerol may also have a positive effect on long-term stability [53]. Compared to the
electrolytes with added PEO, higher efficiencies were gained with the pure glycerol electrolyte. This
is most probably due to the higher conductivity (cf. Table 2) and the unrestricted contact with the
TiO2 layer. A poor contact between the GPE and the dyed TiO2 layer is, besides a high crystallinity,
commonly considered to be a reason for reduced efficiencies [14,15,23,29,30]. Generally, it is known
that the addition of polymers reduces the efficiency due to increased viscosity and limited ionic
conductivity [16,22,24,29].

However, by gelling with PEO it was observed that the electrolyte is less likely to leak from the
unsealed DSSCs, which was observed regarding samples 8 to 11, thus the robustness is increased by
PEO. However, an improved long-term stability due to the addition of PEO could not be determined
based on the measurements compared to the pure glycerol electrolyte. Therefore, both sample 1,
which resulted in relatively long-term stable efficiencies with a glycerol/PEO GPE, and sample 8,
which achieved the highest efficiencies with the pure glycerol electrolyte, are considered the most
suitable approaches. Thus, glycerol is not only estimated suitable as plasticizer in solid polymer
electrolytes [37,38], but also as a solvent in GPEs. To further characterize the electrolyte systems of
samples 1 and 8, FTIR spectra of them and of pure glycerol are depicted in Figure 6.

The FTIR spectrum of pure glycerol depicted in Figure 6 is very similar to those reported in the
literature [54–56]. The broad peak from 3500–3000 cm−1 can e.g., be attributed to the O-H functional
groups matching the molecular structure of glycerol [55]. With the addition of KI and I2 as electrolytic
salts in sample 8, no other peaks than those of pure glycerol are apparent. This is because the ions of
the electrolyte cannot be detected by FTIR and the I2 content does not affect the spectrum [29].

By comparing the FTIR spectrum of sample 1 containing PEO with that of pure glycerol no
significant difference can be observed in Figure 6. The absorption peaks characteristic of PEO are
superposed by the peaks of pure glycerol and are thus probably indistinguishable from the latter [57–60].
For example, PEO absorbs typically around 2854 cm−1 (-CH2 stretching), around 1359 cm−1 (-CH2

wagging) or around 1094 cm−1 (C-O-C stretching) [57], while glycerol absorbs also at those wave
numbers (cf. Figure 6). The Absorption at similar wave numbers regarding PEO and glycerol is
plausible, since chemical groups such as -CH2 appear in both molecules.

Furthermore, the DSSCs of samples 1 and 8, as promising approaches, are electrically characterized
in more detail. In this regard, the respective I-V curves of day 3, at which typically the highest efficiencies
are measured due to pore filling [13,17], are depicted in Figure 7.
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Figure 7. I-V curves of DSSCs from sample 1 and 8 at day 3. The DSSCs considered better in terms of
long-term stability are shown in (a) and the others in (b).

Apart from samples 8a and 8b, the I-V curves shown in Figure 7 illustrate the strong deviations
between identical DSSCs. These deviations resulted in large standard deviations of the averaged
efficiencies, which were (0.0015 ± 0.0014)% for sample 1 and (0.0023 ± 0.0027)% for sample 8. As these
standard deviations, which were already large at day 3, became larger over time, it is questionable how
reproducible and representative these results are. Thus, resulting from the insufficient reproducibility, a
distinctive evaluation of the novel glycerol/PEO GPE is not possible with these data. The glycerol/PEO
GPE tends to be less suitable than the glycerol electrolyte from Gossen et al. [4].

To make our humble contribution to respond to the reproducibility crisis [19–21] we publish
these rather negative results, which on the one hand have very low efficiencies compared to results of
other scientists and on the other hand show a lack of reproducibility of our own results. Especially
because of the known low reproducibility of DSSCs [9,18] we consider it important to investigate as
many DSSCs as feasible and to specify all efficiencies and their temporal progressions in contrast
to the observed trend in the literature of showing only one efficiency per sample without standard
deviations [3,4,13,14,16,24,29,31,34,35,39,46,47,50,61–64].
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4. Conclusions

A novel glycerol/PEO GPE was presented and evaluated regarding its ionic conductivity and the
resulting efficiency progressions over 75 days of DSSCs assembled with it. Different MWs of PEO
had no significant influences on the conductivities or efficiency progressions. Blending of PEO with
PVDF resulted in a higher ionic conductivity but also in a poor long-term stability with relatively low
efficiencies. A higher concentration of PEO resulted with 17 wt% in sample 1, despite a slightly lower
ionic conductivity, in overall higher long-term efficiencies compared to 8 wt% in the other samples.

The composition of sample 1, with which a stable efficiency around 0.002% after 75 days can be
reached, is considered the most suitable of the novel glycerol/PEO GPE. However, compared to the
glycerol electrolyte without polymer of sample 8, the novel GPE of sample 1 resulted in a significantly
lower ionic conductivity and a poorer long-term stability, with lower efficiencies as well. Although a
reduced electrolyte leakage was detected subjectively regarding the GPE of sample 1, the measured
values were in comparison with sample 8 not affected by this.

The lower efficiencies compared to previous publications with similar DSSCs can be partly
attributed to a change in the purchased dye. Generally compared to literature, quite low efficiencies
were reached, predominantly because of the use of natural dyes and overall non-toxic components.

Altogether, the results presented here show a major problem with insufficient reproducibility
concerning DSSCs. Specifically, the problem was manifested in large deviations between the efficiencies
of identical DSSCs, which make a final evaluation of the novel glycerol/PEO GPE based on the presented
data impossible. In this regard, further research will be conducted in the near future. Generally,
the scientific community should address the overall problem of low reproducibility by obtaining
statistical certainty by considering multiple replicas per sample.
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