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Abstract: Dye-sensitized solar cells (DSSCs) offer new possibilities to harvest solar energy by using
non-toxic inexpensive materials. Since they can generally be produced on flexible substrates,
several research groups investigated possibilities to integrate DSSCs in textile fabrics, either by
coating full fabrics with the DSSC layer structure or by producing fiber-shaped DSSCs which were
afterwards integrated into a textile fabric. Here we show a new approach, electrospinning all solid
layers of the DSSC. We report on electrospinning the counter electrode with a graphite catalyst
followed by a thin nonconductive barrier layer and preparing the front electrode by
electrospinning semiconducting TiO: from a polymer solution dyed with natural dyes. Both
electrodes were coated with a conductive polymer before the system was finally filled with a fluid
electrolyte. While the efficiency is lower than for glass-based cells, possible problems such as
short-circuits—which often occur in fiber-based DSSCs—did not occur in this proof-of-concept.
Since graphite particles did not fully cover the counter electrode in this first study, and the typical
bathochromic shift indicating adsorption of dye molecules on the TiO: layer was not observed,
several ways are open to increase the efficiency in forthcoming studies.

Keywords: dye-sensitized solar cell (DSSC); electrospinning; nanofibers; graphite; natural dyes;
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1. Introduction

Harvesting energy for a growing world population with eco-friendly techniques belongs to the
emerging challenges of our time. The primary energy source is the sunlight, providing enough
energy for the recent state of consumption [1]. Several challenges, however, have to be taken into
account if photovoltaic technologies are used to harvest energy. On the one hand, solutions must be
found for energy storage and transport, especially if large solar cell farms are used. On the other
hand, materials and production conditions of common inorganic solar cells are usually not
environmentally-friendly and cause other problems. For example, CdTe is a typical absorber in thin
film solar cells which necessitates a treatment with CdClz, a highly toxic and scarce material [2].
Chalcogenide photovoltaics are usually based on toxic solvents, such as hydrazine or
diamine-dithiol [3]. Perovskite solar cells mostly contain toxic lead [4]. Even organic photovoltaic
cells often necessitate highly toxic solvents during preparation [5].

To avoid such toxic materials, dye-sensitized solar cells (DSSCs) can be used. DSSCs contain a
front electrode coated with a semiconductor (typically TiO2 or ZnO) on which a monolayer of dye is
adsorbed, a back electrode coated with a catalyst (usually graphite or platinum), and an electrolyte
(typically based on the redox couple iodine/triiodide) between them.

Such DSSCs can generally reach conversion efficiencies far above 20%, a value in the same
order of magnitude as typical for the aforementioned technologies [6]. These high efficiencies,
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however, are again reached at the expense of environmentally unfriendly materials such as toxic
dyes or heavy metals. Using only non-toxic and abundant materials, typical efficiencies of DSSCs are
in the range of 1% or below [7]. According to Narayan [8], the low performance of such DSSCs with
natural dyes can be attributed to the reduced interaction between the natural dye pigments and the
TiO: or other semiconductors, i.e., a lack of electron transfer from dye to semiconductor. In addition,
the light absorption of the natural sensitizer is usually not optimal for normal sunlight. The
relatively low photo-voltage, on the other hand, was attributed to inefficient electron/dye cation
recombination [9], while the low photo-current is based on the charge transfer in the TiO:/dye
molecule/electrolyte interface resistance [7].

This is why several research groups concentrate on optimizing dyes and the other layers of a
DSSC. Most recently, Kabir et al. found efficiencies of 0.22% and 0.47% for DSSCs sensitized with
betalain and curcumin, respectively [10]. Depending on the cell area, the solvents used, the choice
whether platinum or graphite is used as the catalyst, the electrolyte, and a possible nanostructure of
the semiconducting layer, efficiencies between 0.0002% and 2.3% are typical for natural dyes as
sensitizers [11-19]. It should be mentioned that in many cases the given efficiencies are prone to
calculation errors, typically by one order of magnitude, sometimes by larger factors [20,21], and
should thus be treated with care.

Another important advantage of using DSSCs is the possibility to prepare them on flexible,
partly even stretchable substrates. This makes DSSCs the most often investigated type of solar cells
used for textile applications, especially for textile architecture which offers large areas to counteract
the typically small efficiencies [22]. One of the biggest challenges in the production of DSSCs on
textile substrates is the semiconductor. TiO2 needs a sintering step, typically at temperatures around
500 °C which most textile materials cannot bear [23]. This challenge is typically overcome by using
glass fiber fabrics [24] or stainless steel fabrics [25]. Alternatively, wires are used as one electrode on
which the semiconductor can be sintered unambiguously, resulting in fiber-shaped electrodes which
can be integrated into textile fabrics [26-28].

Here we report, to the best of our knowledge, for the first time on DSSCs prepared by
electrospinning of all solid layers, i.e., both electrodes containing graphite as the catalyst and TiO: as
well as natural dyes, respectively, as well as a separation layer to avoid short-circuits. Although both
electrodes are not designed to be transparent and the layers are not yet optimized, efficiencies in the
aforementioned typical range for DSSCs sensitized with natural dyes could be reached in this first
proof-of-principle.

2. Results

Figure 1 depicts confocal laser scanning microscope (CLSM) images of the polyacrylonitrile

(PAN)/graphite nanofiber mat with and without a fine separation layer on top as well as the
PAN/TiO2/dye nanofiber mat.

Figure 1. CLSM images of different nanofiber mats: (a) PAN/graphite; (b) PAN on top of
PAN/graphite; (c) PAN/TiO2/dye.
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As Figure 1a shows, the graphite particles (with diameters of 4-6 um) are much thicker than the
nanofibers, preventing them from being integrated into the nanofibers. Instead, the graphite
particles are arbitrarily spread over the nanofiber layer and are held by the fibers. To avoid a direct
contact of the graphite particles with the TiO2 nanofiber mat, a thin PAN layer was electrospun on
top. This is visible in Figure 1b as long straight fibers without attached graphite particles.

The nanofiber mat depicted in Figure 1c contains PAN as the spinning agent, the semiconductor
TiOz, and two different anthocyanin-based natural dyes. Usually DSSCs are prepared by firstly
applying a TiO: layer, sintering it, and afterwards dyeing the layer. Here, the process was
different—TiO2 nanoparticles and dye were mixed in the solution allowing for adsorption of dye
molecules on the TiO2 nanoparticles, and the TiO2 was fixed by embedding it in the polymer matrix
instead of sintering. The reddish color visible in Figure 1c, and even clearer recognizable by eye,
indicates indeed that the dyes have retained their original color in the solution, which is more pink
than lilac [29]. This is different from an earlier experiment in which pure PAN nanofiber mats were
dip-coated in a TiO: solution and afterwards dyed without a sintering step—in the latter study a
strong bathochromic shift during dyeing was observed [30]. Although this finding indicates a low
bonding of the dye molecules on the semiconductor, these nanofiber mats were investigated as
possible front electrodes in DSSCs.

For this, the PAN/graphite nanofiber mat with the additional PAN layer and the PAN/TiOz/dye
nanofiber mat were dip-coated in poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS) and left for drying on glass plates. Generally, this process leads to fully conductive
nanofiber mats which would produce a short-circuit if put together in the form of a DSSC [31].
However, Reference [29] also indicates that the conductivity of nonconductive PAN nanofiber mats
dip-coated in PEDOT:PSS significantly depends on the number of dip-coating cycles, suggesting
that a thin layer of a not too highly viscous PEDOT:PSS may sink inside the nanofiber mat and in this
way possibly reduce conductivity along the upper surface. This idea is supported by the finding that
the additional PAN nanofibers on top of the PAN/graphite nanofiber mat strongly protrude from
the fabric, as visible in Figure 1b.

Putting the nanofiber mats of the front electrode and the back electrode with dried PEDOT: PSS
together shows indeed no short-circuit. Apparently, this simple method results in clearly separated
conductive electrodes containing graphite as a catalyst for the back electrode and TiO2/dye for the
front electrode, respectively.

After filling this fully electrospun DSSC with a conventional fluid electrolyte (based on
iodine/triiodide) and stabilizing the cells with adhesive tape, measurements of their electrical
characteristics were performed using a solar simulator to apply a light intensity of 100 mW/cm?. The
same measurements were performed for the reference cells with only one electrospun electrode or
two glass electrodes.

Figure 2 shows firstly the current-voltage characteristics of the fully glass-based reference cell
with typical short-circuit currents and open-circuit voltages of DSSCs prepared with natural dyes as
sensitizers. Since the cell is not sealed, evaporation of the electrolyte during the first week of
measurements results in a reduction of the short-circuit current by approximately a factor of 2.
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Figure 2. Current-voltage (I-U) characteristics of a glass-based DSSC, prepared with an
anthocyanin-based dye.

Next, Figure 3 depicts the current-voltage curves measured for the semi-nanofibrous DSSC.
While the short-circuit current is reduced by one order of magnitude compared to the purely
glass-based cell, it must be mentioned that the characteristics show a solar cell, not just a resistance,
as it would be the case for a direct contact between the conductive part of the nanofiber mat and the
conductive fluorine-doped tin oxide (FTO) glass. Generally, this DSSC works as a solar cell.
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Figure 3. Current-voltage (I-U) characteristics of a glass/nanofiber mat DSSC, prepared with an
anthocyanin-based dye. The y-axis differs from Figure 2.

Finally, Figure 4 shows the characteristics of the fully electrospun nanofiber mat.
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Figure 4. Current-voltage (I-U) characteristics of a pure nanofiber mat DSSC, prepared with an
anthocyanin-based dye. The y-axis is identical with Figure 3.

Surprisingly, short-circuit currents and fill factors are slightly higher than in the
semi-nanofibrous cell. This is of special interest since the fully electrospun nanofiber mat does not
have a transparent or at least translucent side through which the whole light of the solar simulator
can penetrate into the cell. Typically, the transmission through an electrospun nanofiber mat,
produced either from pure PAN or from PAN/TiO;, is in the range of 5-15%, depending on the
wavelength [32]. Coating the nanofiber mat even with a thin PEDOT:PSS layer reduces the
transmission further [31]. This indicates that while it is generally possible to prepare fully
electrospun DSSCs, further research is necessary to improve the optical properties, especially the
transmission through one of the electrodes, e.g., by preparing one electrode as a combination of
nanofibrous mat and nanomembrane which is possible by tailoring the electrospinning parameters
correspondingly [33].

It should also be mentioned that the decrease in short-circuit current is less pronounced than for
the glass/nanofiber DSSCs, as depicted in Figure 3. The fully electrospun cell is significantly more
stable within the first week of measurements. This measurement period, however, has to be
extended to longer test series in future experiments.

All characteristic values of the three different samples, measured on day 0 and day 7 after
preparation, are summarized in Table 1.

Table 1. Electric characteristics of the samples presented here, giving the short-circuit current density
(Jsc), the open-circuit voltage (Uoc), the fill factor (FF), and the efficiency.

Sample Jsc/mA  Uoc/V. FF  Efficiency/%
Ref. glass—day 0 0.214 0.455 0.383 0.037
Ref. glass—day 7 0.103 0.445 0.339 0.016

Glass + nanofiber mat-day 0 0.015 0.290 0.246 0.0011
Glass + nanofiber mat-day 7 0.003  0.305 0.265 0.0002
Full nanofiber DSSC-day 0 0.019  0.280  0.259 0.0014
Full nanofiber DSSC—day 7  0.013 0.260  0.283 0.0010

3. Discussion

The aim of this study was a proof-of-principle whether it is generally possible to produce all
solid layers of a DSSC by electrospinning. As Figure 4 and Table 1 outline, this is clearly possible.
Here, however, some approaches shall be discussed to improve the efficiency of such solar cells,
which is necessary to use them for noteworthy energy harvesting. It should be mentioned that the
general low efficiency of DSSCs based on natural dyes, as described in the Introduction, is not



Catalysts 2019, 9, 975 60f9

addressed here since our aim was using such environmentally-friendly non-toxic dyes instead of
highly efficient but toxic dyes. Instead, the ideas discussed below to make fully electrospun DSSCs
more efficient concentrate on morphological and material optimization approaches based on
non-toxic materials. An additional reduction of the efficiency due to the relatively large cell area, as
opposed to most other studies [21], can also not be avoided since larger cell areas make upscaling to
larger scales easier than an approach based on smallest DSSC areas.

Besides the aforementioned approach to make one of the electrodes more translucent, Figure 1
reveals two more problems which must be solved in future experiments. Firstly, the graphite layer is
not closed (Figure 1a), and the contact with the conductive PEDOT:PSS coating is not assured. This
means on the one hand that not the whole PEDOT:PSS surface serves as the counter electrode, since
graphite or a similar catalyst is necessary to support re-entrance of electrons into the DSSC through
the counter electrode. A simple comparison of glass-based cells with and without graphite coating
on the counter electrode shows an increase of more than one order of magnitude due to the graphite
coating. This underlines that a more even graphite distribution is necessary. Possible approaches to
solve this problem include on the one hand testing carbon black, typically showing much smaller
diameters than the graphite flakes used here, as a dopant for the PAN nanofibers. Due to the smaller
diameters, it can be expected that carbon black is integrated in the polymer fibers or acts as a coating
on their surface and thus offers a higher contact area with the PEDOT:PSS serving as the actual
counter electrode. On the other hand, using a pure PAN nanofiber mat as counter electrode and
dip-coating it in PEDOT:PSS blended with carbon black will also need to be investigated.

Second, as mentioned before, the dye is not adsorbed on the TiOz nanoparticles in the fibers, as
clearly indicated by the missing bathochromic shift (Figure 1c). This is of special importance since
the general low efficiency of DSSCs based on natural dyes is attributed to low bonding between dye
molecules and semiconductor, a problem which is here clearly visible and must be solved. A
possible solution was already suggested in Reference [28], showing that TiOz can be adhered inside a
PAN nanofiber mat and dyed there unambiguously, resulting in the desired adsorption of
anthocyanin dye molecules on the semiconductor. This technique, however, must be tested in
combination with the simple way of dip-coating nanofiber mats in PEDOT:PSS to make only a part
of them conductive as suggested here.

Finally, solid or gel-based electrolytes should be tested to prepare a fully textile DSSC without
any fluid inside which would evaporate with time.

It should be mentioned that these suggested optimization steps, while necessitating a certain
development time, will finally result in an as easy experimental approach as described here. The
general simplicity of the electrospinning process will, opposite to more sophisticated methods
necessitating handling fine wires etc., enable a fast and easy process which can simply be upscaled to
an industrial scale. This possibility paves the way to large-scale textile DSSCs produced from
non-toxic, low-cost materials, as opposed to other fiber-based solutions mainly aiming at a high
efficiency at the cost of sustainability, ease of production, and scalability.

With these approaches, an increase of the efficiency and the long-term stability can be expected,
which would make purely textile, fully flexible DSSCs competitive with glass-based DSSCs.

4. Materials and Methods

The DSSCs used in this study were prepared by two electrospinning steps. For the counter
electrode, a solution of 2.89 g X-PAN (Dralon GmbH, Lingen, Germany) and 4.90 g graphite powder
(particles diameter 4-6 pm, purchased from Algin, Neustadt Glewe/Germany) in 18.05 g dimethyl
sulfoxide (DMSO, min 99.9%, purchased from S3 Chemicals, Bad Oeynhausen, Germany) was
prepared. The thin separation layer on top of the counter electrode was electrospun from 16%
X-PAN in DMSO. For the front electrode, a solution of 41.2 g DMSO, 5.0 g forest fruit tea (Mayfair,
Wilken Tee GmbH, Fulda, Germany), 10.0 g TiO: (P25 Titanium IV oxide nanopowder, 21 nm
primary particle size, Sigma Aldrich, Saint Louis, MO, USA), and 6.7 g X-PAN was used. Directly
before electrospinning, 3 g black bean extract (Badmonkey Botanicals, Tacoma, WA 98448, USA) was
added to counteract the possible photo-degradation of the anthocyanins in the tea by the TiO.
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Electrospinning was performed in a needleless electrospinning machine “Nanospider Lab”
(Elmarco Ltd., Liberec, Czech Republic). The spinning parameters used here were: high-voltage
80kV, nozzle diameter 0.8 mm (front electrode) or 1.5 mm (back electrode), carriage speed
100 mm/s, bottom electrode/substrate distance 240 mm, ground electrode/substrate distance 50 mm,
temperature in the chamber 24 °C, and relative humidity in the chamber 32%.

Afterwards, the nanofiber mats were dip-coated in PEDOT:PSS purchased from Sigma-Aldrich
Chemie GmbH, Munich, Germany), placed on glass plates (in case of the counter electrode with the
separation layer on top), and left for drying. Finally, the electrodes were pressed together and fixed
with adhesive tape before the iodine/triiodide electrolyte (from Man Solar, Petten, The Netherlands)
was filled in. The efficient cell area was 6 cm?.

Reference cells of identical cell areas were performed using FTO (fluorine-doped tin oxide)
coated glasses (Man Solar) for both electrodes, in case of the front electrode using FTO glasses coated
with TiOz, or only the counter electrode. The catalyst on the latter was applied by a graphite pencil.

The nanofiber mat morphologies were investigated using a confocal laser scanning microscope
(CLSM) VK-8710 (Keyence, Neu-Isenburg, Germany). Measuring current-voltage curves of the
DSSCs was performed with a Keithley 2450 sourcemeter, while the samples were illuminated with a
solar simulator LS0500 with AM 1.5 G spectrum (LOT-Quantum Design GmbH, Darmstadt,
Germany) applying 100 mW/cm?. All values were averaged over 3 nominally identical samples.

5. Conclusions

This study revealed that in general, all solid layers of a DSSC can be electrospun. Without any
further optimization, short-circuit currents are approximately one order of magnitude lower than for
the glass-based reference cell. Thus, different approaches are suggested to further increase the
efficiency of the fully textile DSSC and to pave a way to its utilization in real textile-based
applications.
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