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Photoanodes for Aqueous Solar Cells: Exploring Additives
and Formulations Starting from a Commercial TiO, Paste

Lucia Fagiolari,* Matteo Bonomo,"
Claudio Gerbaldi,” Claudia Barolo,*"

Whereas the commercialization of dye-sensitized solar cells
(DSSCs) is finally proceeding taking advantage of their low cost
and tunable optical features, such as colour and transparency
for both indoor and building-integrated applications, the
corresponding aqueous counterpart is still at its infancy. As the
TiO, electrode is a fundamental component for hybrid solar
cells, this work investigates the effect of different molecular (a-
terpineol, propylene carbonate) and polymeric (polyethylene
oxide, polyethylene glycol, carboxymethyl cellulose and xan-
than gum) additives that can be introduced into a commercial

Introduction

In the current climate crisis scenario, the production of energy
from renewable sources is one of the main challenges that
scientists are facing." Because of the abundance and worldwide
distribution of solar light radiation, photovoltaics (PV) is surely
one of the suitable solutions to face the current and future
energy demand.? In this regard, dye-sensitized solar cells
(DSSCs) represent a particular type of sunlight converters, being
low cost, highly transparent, with tunable colors and with the
unique property of harvesting also scattered photons.”’ Owing
to these intriguing features, DSSCs started to be marketed in
the recent years both in the field of architectural integration
and in that of portable electronics; the market value was
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TiO, paste for for screen-printing (or doctor blade). Among all,
the addition of polyethylene glycol leads to the best cell
performances, with markedly increased short-circuit current
density (+18%) and power conversion efficiency (+48%) with
respect to the pristine (commercial) counterpart. When further
explored at different concentration levels, electrodes fabricated
from polyethylene glycol-based pastes show different morphol-
ogies, thicknesses and performances, which are investigated
through (photo)electrochemical, structural, physical-chemical
and microscopic techniques.

estimated to be 49.6 M$ in 2014 and is estimated to grow at a
compound annual growth rate of over 12% from 2015 to
20224

Since O’'Regan and Grétzel reported the first DSSC with a
power conversion efficiency (PCE)~7%,"' the highest published
value has already reached 14.3 %, whereas the certified record
is 12.3%.” However, it must be taken into account that the
electrolyte solution of these devices always contains organic
solvents, leading to several constrains and issues (i.e., volatility,
flammability and toxicity). This results in poor long-term
stability, high environmental impact and risks for final users.”

In such a context, the scientific community recently started
to spend many efforts towards the replacement of organic
solvents-based electrolytes with alternative water-based ones.”
In addition, the jellification of aqueous electrolytes has recently
been proposed to boost the long-term stability of the devices,
through (possibly biosourced) polymeric matrices."” They are
able to entangle the liquid (aqueous) electrolyte, limiting its
evaporation and leakage, also facilitating cell assembly and
sealing. On the other hand, the electrode/electrolyte interface
must be properly tailored to assure an effective penetration of
the electrolyte in the mesoscopic semiconductor.

In the whole organic-based DSSCs story, lots of experimen-
tal approaches have been developed to tailor the morphology,
thickness and photoelectrochemical behavior of TiO,
electrodes."” Conversely, the strategies developed for aqueous
cells are very few. Dong et al. carried out an octadecyltrichlor-
osilane post-treatment of the sensitized TiO,; in this way, dye-
free sites were encapsulated by an insulating layer to avoid
unfavorable side reactions promoted by the oxidized redox
mediator."? Xiang etal. proposed TiO, nanoparticles-based
photoanodes bearing mesoporous TiO, beads scattering layers,
simultaneously achieving a better light harvesting and a lower
diffusion resistance of the quasi-solid electrolyte within TiO,
beads."™ W-doped TiO, mesoporous nanobeads were pro-
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posed by Guo etal, reaching high surface area and superior
scattering effect, as well as a positive shift of the TiO,
conduction band leading to an enhanced driving force for
electron injection.” Son etal. optimized an atomic layer
deposition protocol to post-treat photoanodes, making the
otherwise hydrophobic dye-coated surface hydrophilic, thus
enhancing  photoelectrode  pore-filling  with  aqueous
electrolytes.™”

As an alternative route, the modification of commercial TiO,
pastes could be a valuable strategy since they are already
industrially scaled-up in the DSSCs field, even if the optimiza-
tion is carried out only for organic solvents-based devices. The
average particle dimension is 18 nm, the formulation is
conceived to be deposited by screen printing, and a final
thickness of 5-6 pm (when using a 43T mesh screen) with high
transparency is obtained at the end of the thermal treatment.
When working with aqueous quasi-solid electrolytes (hydro-
gels), two further issues must be considered with respect to the
traditional commercial paste: i) to prepare an electrode surface
being highly wettable by water; ii) to allow the permeation of
hydrogel-based electrolytes in the electrode bulk."™

Herein, we propose a study of the effects promoted by
different polymeric (i.e. xanthan gum, polyethylene oxide,
carboxymethyl cellulose and polyethylene glycol) and molecular
(i.e. a-terpineol and propylene carbonate) species added to the
commercial 18NR-T paste by Greatcell Solar (formerly Dyesol),
one of the TiO, pastes most used in the scientific literature; we
adopted the simple doctor-blade deposition method, easily
accessible in all laboratories and very close to the industrial
printing process. When thermally treated, these additives burn
in air, leading to the formation of precise morphologies and
thickness values to the resulting TiO, electrodes. After a
preliminary investigation, we focused our attention on poly-
ethylene glycol (i.e., the additive leading to the most efficient
devices). This system was further investigated in depth through
chemical-physical approach, in both liquid and quasi-solid-state
devices.

Experimental Section

Materials

Nal, 1,, chenodeoxycholic acid (CDCA), carboxymethyl cellulose
(CMCQ), propylene carbonate (PC), polyethylene glycol (PEG, M,,=
200 gmol™), polyethylene oxide (PEO, M, =400000 gmol™'), xan-
than gum (XG), a-terpineol (TP), TiCl, H,PtCl,, acetone, ethanol,
acetonitrile and tert-butanol were purchased from Merck and used
without further purification. TiO, paste 18NR—T was purchased from
Greatcell Solar. Milli-Q water (18 MQ cm at 25 °C) was obtained with
a Direct-Q 3 UV purification system (Merck Millipore). Sensitizing
dye 2-[{4-[4-(2,2-diphenylethenyl)phenyl]-1,2,3,3a,4,8b-hexahydrocy-
clopento[blindole-7-yl}methylidene] cyanoacetic acid (D131) was
purchased from Inabata Europe SA. Meltonix 1170-60 thermo-
plastic films and F-doped SnO, (FTO) conductive glasses, with sheet
resistance of 7 Qsq ', were purchased from Solaronix.
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Preparation of TiO, pastes

For preliminary studies, an amount of 20 wt% of CMC, PC, PEG,
PEO, XG or TP was added to the commercial TiO, paste,
mechanically mixed and magnetically stirred overnight to achieve a
homogeneous composition.

As regards the investigation carried out on PEG-based pastes, PEG
amounts of 5, 10, 20, 30, 40 and 50 wt% were explored, following
the same experimental procedure described above.

Preparation of electrolytes

Milli-Q water was saturated with CDCA (i.e., an excess of CDCA was
suspended in water and stirred at 40°C overnight). Then, after
cooling the solution at room temperature, the excess of CDCA was
filtered by a filter paper. As regards liquid state devices, Nal and I,
were added to the CDCA-saturated solution up to a concentration
equal to 3 M and 20 mm, respectively. For quasi-solid-state cells,
3 wt% XG was added to the I7/I;~ solution, that was then stirred
overnight at room temperature, leading to the formation of a
hydrogel not flowing when the vial was manually turned upside
down.

Fabrication of aqueous DSSCs

FTO glasses were cut into 2cmx1.5cm sheets and used as
substrates for both photoanodes and counter-electrodes fabrica-
tion. They were cleaned by sonication in water/soap suspension,
acetone and ethanol for 10 min each. Commercial and modified
TiO, pastes were deposited by doctor blade using a 55 um-thick
scotch tape, then dried in air for 20 min and thermally treated at
300°C for 15 min and at 450 °C for 30 min, to allow the evaporation
of the organic compounds of the TiO,-based formulation. Doctor
blade was chosen as deposition method to achieve homogeneous
surfaces and avoid the sucker effect often encountered in screen
printing processes. TiCl, treatment was carried out by immersing
the TiO, electrodes into a TiCl, 40 mm water solution at 70°C for
30 min. Then, the electrodes were annealed at 500 °C for 30 min. As
regards the sensitization step, TiCl,-treated anodes were dipped
into a D131 solution (D131 0.5 mm, CDCA 12.5 mm, in acetonitrile/
tert-butanol 1:1) for 4 h, then washed with acetone to remove the
excess of dye and dried by an air flux.

Counter-electrodes were prepared by thermal decomposition of
H,PtCl,. 20 uL of a solution consisting of H,PtCly, 5mm in 2-
propanol were deposited (twice) on FTO glasses, dried in air and
thermally treated at 450 °C for 30 min.

For the liquid state devices, a hole was created in the Meltonix
1170-60 thermoplastic frame (internal area 0.6 cmx0.6 cm, 60 um
thick). Photoanodes and counterelectrodes were faced and fixed by
hot pressing at 97°C for 15 s. Then, the liquid electrolyte solution
was injected by a vacuum backfilling process. The hole was sealed
by using a commercial epoxy glue. Conversely, in the case of
hydrogel-based devices, 1.6-1.7 mg of quasi-solid electrolyte were
deposited on photoanodes.™ Then, they were faced to counter-
electrodes using the Meltonix 1170-60 thermoplastic film as both
spacer and sealant, subsequently hot pressed at 97 °C for 15 s.

For each experimental condition, at least four devices were
fabricated and characterized. Errors are indicated in this manuscript
by means of the standard deviation.

© 2020 Wiley-VCH GmbH
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Characterization techniques

The viscosity behaviour and rheological properties of the pastes
were examined by a rheometer Discovery HR1 (TA Instruments)
equipped with plate/plate geometry (diameter 20 mm, gap
200 pm). Temperature control (20 £0.1°C) was obtained by a Peltier
plate. Measurements were conducted for 180 s in order to obtain a
stable viscosity value."®

UV/Vis transmittance of both sensitized and unsensitized photo-
anodes was measured in the range 300-800 nm by a Cary 300 UV/
Vis spectrophotometer.

Contact angle was measured by a DSA100 drop shape analyzer
(Kriiss GmbH), depositing a 5 pL water drop and without waiting
for relaxation time.

X-ray diffraction (XRD) was performed by a Panalytical's X'Pert®
MRD PRO diffractometer, equipped with a Cuy, X-ray source and a
curved graphite secondary monochromator. Since anatase and
SnO, peaks are very close in the spectra, TiO, pastes were deposited
onto a Cu support, followed by thermal treatment and XRD
measurement.

Cross-sectional field emission scanning electron microscopy (FES-
EM) was carried out by an Auriga Zeiss instrument (Carl Zeiss). It
was coupled with an energy dispersive X-ray (EDX) spectrometer,
model QUANTAX (Bruker), operating with resolution of 123 eV
(Mny,,).

Profilometry was carried out by a Dektak 150 surface profiler (Veeco
Instruments Inc.).

As regards PV characterization, J-V curves were recorded by using a
Keithley SourceMeter kit and a VeraSol-2 LED solar simulator (class
AAA, by Oriel), calibrated with an Oriel PV reference cell system
(model 91150V). Usually, 45 s were required to reach stable results,
in terms of short-circuit current density (J,), open-circuit voltage
(Vo) fill factor (FF) and overall photoconversion efficiency (PCE).

Electrochemical impedance spectroscopy (EIS) curves were re-
corded by using a CH760D potentiostat (CH Instruments, Inc.)
under 1 sun illumination conditions.

Stability tests were performed by storing the cells under dark
condition and at room temperature, measuring the J-V curve every
week.

Results and Discussion
Effect of different additives on the cell performance

In order to understand the effect of different additives
(introduced in the commercial TiO, paste) on the performance
of the resulting photoanodes, an amount of 20 wt% of these
polymeric (PEG, CMC, XG, PEO) and molecular (TP, PC) species
was introduced in the pristine sample. The choice of these
additives was motivated to their widespread use in current
DSSCs manufacturing, where they are introduced to achieve
peculiar features. In particular, PEO, XG, CMC, PC and PEG are
widely used for the preparation of quasi-solid and solid polymer
electrolyte-based devices."”” TP is a solvent typically used in
commercial TiO, pastes optimized for standard DSSCs prepared
by screen-printing processes;® in addition, it finds application
as solvent in pastes used for the deposition of C-based
substrates””” and composite materials.”” PC and PEG show
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similar rheological behavior to TP, but they have been used
mostly for the preparation of low-volatility electrolytes; in
particular, PEG at M,, =200 gmol™' was chosen owing to its
viscosity, this latter being roughly equal to that of TP.?" Overall,
all of these compounds represent cost-effective commodities in
the DSSCs industry, easy to be integrated for the fabrication of
TiO, electrodes and then used in aqueous devices. As regards
the amount (i.e., 20 wt%), it was chosen since it could likely
lead to a detectable effect on cells performance.

All pastes prepared in this work were mechanically mixed
and stirred to achieve a homogeneous formulation. Both the
pristine and modified pastes were used to prepare photo-
anodes by the doctor blade method (this latter being available
in all academic laboratories and compatible with screen-
printable pastes) and, finally, sintered and TiCl,-treated; average
thicknesses ~4.3 um were obtained (by cross-section FESEM
measurements) independently from the additive used. Lab-scale
DSSCs were assembled using D131 dye as sensitizing molecule
and liquid or gel aqueous electrolytes (see Experimental
Section).

Before starting the analysis of the results, it should be
pointed out that the adopted approach consists of a wide and
rapid screening of different additives, useful to identify evident
clear effects on PV performance. This must not be confused
with the traditional multivariate approach that is used by
companies to formulate commercial products,?? that surely
leads to a wider exploration of the experimental domain, but at
a different cost in terms of both chemicals and time. Table 1
highlights the effect of each additive introduced into the
commercial paste on the PV performance of the resulting
DSSCs; the percentage values indicate how each PV parameter
varies with respect to pristine condition (i.e., the batch of cells
assembled with the unmodified commercial paste). The effect
of each additive on the PV performances depended on the
aggregation state (i.e, liquid or quasi-solid) of the electrolyte
sandwiched between cell electrodes. This led us to figure out
that photoanode surface wettability and electrolyte penetration
in the nanostructure were two factors that could play the
leading role and being affected by the TiO, paste composition;
both of them will be analyzed later in the manuscript.

Granular and non-volatile XG led to a positive effect (+
25%) when used for liquid state devices, whereas a strong
reduction in PCE (—27 %) was measured in the presence of the
hydrogel electrolyte. We hypothesize that this polysaccharide
(industrially used as thickening and stabilizer agent and derived
from the fermentation process by Xanthomonas campestris)
created a certain porosity in the TiO, electrode; these pores
were easily filled by the liquid solution, but the penetration of
the hydrogel electrolyte was not successful; this is reflected in
the important decrease of J,. values.

PEO had an overall negative effect, with a drop in PCE
values of 10% and 9% in the presence of liquid and gel
electrolytes, respectively; in both cases, this was caused by a
markedly worsened J,.. CMC showed an almost neutral (slightly
positive) effect in both cases. Overall, it must be stated that
solid state additives (XG, CMC and PEO) formed less homoge-
neous and processable pastes; even after prolonged and

© 2020 Wiley-VCH GmbH
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Table 1. Effect of different additives introduced in the TiO, commercial paste on PV parameters of the resulting lab-scale aqueous DSSCs.”
Electrolyte Additive Change in parameter [%]
Voe e FF PCE

liquid PC +7(£0.2) +21(£0.2) +19(£0.3) +51(£0.1)

PEG +4(+£0.2) +18 (£0.1) 422 (£0.2) +48 (£0.09)

CcMC +6(+0.2) —4(£0.1) +4(+0.2) +8(+0.1)

XG +5(£0.2) —1(£0.09) +19(£0.3) +25 (£0.07)

TP +4(+0.2) -3 (£0.1) +15(£0.2) +18 (£0.1)

PEO +3(£0.2) —28 (+0.07) +9(£0.2) —10 (+0.05)
quasi-solid PC +2(+04) —-3(£0.2) +3(+0.1) +3(+0.2)

PEG +4 (+0.4) +12(£0.2) +5(£0.2) +23(+0.2)

CcMC +5(+0.4) —4(£0.2) +3 (£0.1) +5(£0.2)

XG —2(+£0.6) —27 (+0.2) 1 (£0.05) —27 (+£0.2)

TP +2(+04) —1(£0.2) +2 (£0.05) —1(£0.2)

PEO +2(+£0.4) —15(4+0.2) +3(£0.1) —9(£0.2)
[a] The comparison is made versus the pristine devices, featuring these PV values: 0.61+0.01V, 444+0.4 mAcm 2,0.5840.05, 1.540.1% for the liquid cell;
0.6140.02V, 46+0.7 mAcm2 0.66+0.04, 1.840.3% for the quasi-solid cell.

vigorous stirring, some grains were still present in the final
pastes and the resulting electrodes (obtained through the
doctor blade technique) showed little inhomogeneities at first
visual inspection (see Figure S1 in the Supporting Information).

As regards liquid molecular additives, PC and TP showed a
positive effect only when the liquid electrolyte was used,
whereas an appreciable effect on PV performances was not
detected in the presence of the quasi-solid-state mediator.
Contrary to what observed with solid polymeric additives, PC
and TP made the TiO, paste less dense. However, the dilution of
the commercial paste was too intense and brought to a more
difficult deposition by doctor blade; indeed, it was difficult to
obtain a perfectly homogeneous layer after sintering.

Among all liquid additives, only PEG clearly showed a
remarkable positive effect in both liquid and gel electrolytes,
with an increase in PCE values of +48% and +23%,
respectively, owing to the simultaneous improvement of J,. and
V. values. From a practical point of view among all pastes, PEG-
based ones were those characterized by the best doctor blade
processability and perfect homogeneity of the printed and
sintered films (see Figure S2 in the Supporting Information).

Characterization of photoanodes obtained by PEG-based
pastes

To further understand the main features of photoanodes
obtained from PEG-based pastes and justify their remarkably
higher efficiency with respect to the pristine counterparts, an
in-depth characterization was carried out. The commercial TiO,
paste was mixed with different (six) amounts of PEG: 5, 10, 20,
30, 40 and 50 wt%; the main aim was that of studying the effect
of different additive concentrations on the morphological,
structural and PV features of the resulting electrodes. The PEG-
based TiO, pastes showed perfect rheological features to be
used for the doctor-blade process; the addition of PEG led to
lower viscosity values, as shown in Figure S3 in the Supporting
Information.

First, XRD patterns were recorded (after thermal and TiCl,
treatments) in order to identify any possible (even if not

ChemSusChem 2020, 13, 1-13 www.chemsuschem.org

expected) change in the crystal structure of the electrodes.
Figure 1 reveals that the addition of PEG (at any concentration,
50 wt% is shown as representative for all samples) did not
modify the crystal structure of TiO,. Indeed, TiO, was always
present in the anatase polycrystalline phase: the diffraction
patterns clearly revealed peaks at 25.3°, 37.7°, 48.0° and 55.1°,
corresponding to the (101), (004), (200) and (211) crystal planes
(JCPDS card number #89-4921), respectively. However, PEG-
based TiO, pastes led to a different ratio between (004) and
(101) peaks; in particular, this ratio increased upon PEG
addition. In the metal oxides field, this is usually accompanied
by the elongation of crystals along the c-axis direction,”” and
the images taken by electron microscopy (shown in the
following paragraphs) will confirm this trend. Notice that not
indexed peaks present in the patters are those belonging to Cu
(the substrate used for doctor-blading the TiO, pastes) or CuO/
Cu,0 (originated from the oxidation of Cu during the sintering

-‘I:A] {101}
';' (004)
.!;. -
2
2 (200)

T T T T T T T T T T T
10 20 30 40 50 60 70
20[°]
@
3
5
% e (101)
c
@
L~
£
T T b/ T 2] i i
10 20 30 40 50 60 70

20[°7]

Figure 1. XRD patterns of electrodes obtained from (A) pristine and (B) 50 wt
% PEG additivated TiO, pastes. Samples were deposited onto a Cu foil as a
substrate and then annealed as described in the Experimental Section.
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process in air). Even the ratio among these peaks varies in the
two patterns shown in Figure 1; although there is no reference
in the literature, we assume that what observed is owing to a
PEG-promoted effect on Cu foil oxidation process during the
thermal treatment.

SEM micrographs showed that different PEG amounts in the
TiO, paste caused appreciable differences on the surface
morphology of the electrodes. As shown in Figure 2, the
pristine, 5 and 10 wt% PEG-modified pastes, once thermally
treated, led to porous surfaces, characterized by a regular
morphology (large void spaces were not detected). On the
other hand, when a 20 wt% PEG-based paste was used, voids
with sub-micrometric dimension started appearing (Figure 2D).
The dimension of these latter increased at higher PEG amounts,
up to what observed for the sample coming from the 50 wt%
PEG-based paste: cavities of about 500 nm are clearly visible in
the micrograph (Figure 2G). The creation of even more voids
was attributed to the presence of higher amounts of this low
molecular weight oligomer, that during the thermal process
burnt leaving cavities in the semiconductor film; this was even
more pronounced if, at high PEG content, PEG pools were
formed as local inhomogeneities. In this context, PEG acted as a
pore-forming agent able to lead to a suitable nanostructured
electrode for DSSC (i.e., porous enough to allow the pene-
tration of the electrolyte, but not too porous to affect the area
of the electrode/electrolyte interface), which represents the
core of the photoelectrochemical phenomenon in these cells.

It would surely be interesting to correlate the surface area
of the electrodes with the amount of additive present in the

corresponding pastes. However, this is not of easy (and rational)
realization at a laboratory scale. Indeed, considering the density
of anatase (3.78 gcm™), it is easy to calculate that a standard
DSSC photoanode (area: 0.25 cm? thickness: 6 um) contains no
more than 5.67x107* g of active material. This means that to
achieve 1 g (the amount necessary for BET analysis) of doctor-
bladed TiO, with the same thickness (and overall properties) of
that used for DSSCs, we should have covered (and then
scratched away for the subsequent BET analysis) a substrate
area of 441 cm’ (i.e, 1764 electrodes like those used in this
work). Therefore, we continued our investigation by a qualita-
tive approach through electron microscopy.

Cross-sectional FESEM micrographs (shown in Figure 3)
reveal that the bare TiO, paste led to the formation of spherical
particles with a diameter of 18-20 nm (other micrographs are
given in Figure S4 in Supporting Information). On the other
hand, elongated TiO, nanoparticles were detected in samples
derived from 50 wt% PEG-based paste. Therefore, a first aspect
became clear: PEG addition did not modify the crystallographic
structure of the electrodes, but their morphology changed. A
similar effect is known, in the DSSCs field, for other compounds,
such as terpineol and ethylcellulose, that were proposed as
morphology-controlling additives in TiO, screen-printable
pastes."® From the cross-sectional FESEM micrographs, thick-
ness values of 7-8 um and 8-9 um were measured for samples
derived from pristine and 50 wt% PEG-based pastes, respec-
tively. We also measured the thickness values of the whole
sample series through profilometry, and the resulting trend is
shown in Figure 4A. Here, data follow a reverse bell-shaped

Figure 2. Top-view SEM images of TiO, electrodes prepared from (A) pristine, (B) 5, (C) 10, (D) 20, (E) 30, (F) 40 and (G) 50 wt% PEG-based pastes deposited on

FTO substrates and thermally annealed.
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Figure 3. Cross-sectional FESEM micrographs of TiO, electrodes prepared
from (A) pristine and (B) 50 wt% PEG-based pastes deposited on FTO
substrates and thermally annealed.

curve. As regards the sample derived from the pristine TiO,
paste, the nominal thickness of 6 um was ensured (equal to
that obtainable by screen-printing the same paste, accordingly
to the technical data sheet). With the addition of PEG, the
resulting thickness started decreasing, reaching a minimum
value of 4 pm for the sample derived from 20 and 30 wt% PEG-
based pastes. Such a thickness reduction was attributed to the
shrinkage of the active material; indeed, the organic additive
evaporated during the thermal treatment, leaving back cavities
that, subsequently, were filled by TiO, nanoparticles. However,
when samples coming from 40 and 50 wt% PEG-based pastes
were measured through profilometry, an increase of thickness
values was detected up to 4.9 and 6.6 um, respectively. In this
case, the shrinkage of the material did not happen, but the
hollow structure left after PEG evaporation was preserved
during the thermal sintering. This was also confirmed by the
presence of large cavities observed from electron microscopy
micrographs.

The ratio between Ti, O and C atoms was determined by
EDX to evaluate whether PEG residuals (or organic moieties
coming from its decomposition) were still present in the
thermally treated electrodes. As shown in Figure 4B, the relative
content of Ti decreased while raising the PEG amount in the
paste; on the other hand, C content was found to increase, in
particular for electrodes obtained from 40 and 50 wt% PEG-
based pastes. This suggested that, in these electrodes, some
PEG (or any organic residues coming from its degradation) was
still present after the annealing. We should also remind that a C
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Figure 4. (A) Thickness of TiO, electrodes obtained from pastes containing
different amounts of PEG. (B) Atomic composition (from EDX) of TiO,
electrodes vs. PEG content of the pastes used for the doctor blade process.
(C) Contact angle of unsensitized and dye-sensitized photoanodes (after
TiCl, treatment), prepared with different TiO,-based pastes. Contact angle
was recorded soon after the deposition of the water drop, without waiting
for relaxation.

amount of ~5% (or lower) is common in these studies, owing
to the atmospheric contamination during samples processing.
As regards O content, it was quite constant when different
pastes were used; in fact, in these electrodes O can come from
both TiO, and PEG.

UV/Vis transmittance spectra (Figure S5 in Supporting
Information) were recorded in order to quantify the trans-
parency of the photoelectrodes and to verify any variation
caused by the different composition of pastes (and resulting
electrodes). Figure S5A in Supporting Information shows the
transmittance spectra of unsensitized photoanodes. It is note-
worthy that photoanodes obtained with the commercial, 5 and
10 wt% PEG-based pastes were the most transparent of the
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whole series, with a transmittance of almost 35% in the visible
range. Then, the transmittance started to decrease for electro-
des prepared from 20 and 30 wt% PEG-based pastes and was
dramatically reduced for higher PEG contents. This trend was
attributed to the presence of cavities in these electrodes, able
to lead to light interference phenomena, thus decreasing the
overall transmittance.” This effect was also easily visible to the
naked eye, as shown in Figure S5C in Supporting Information.
Transmittance spectra of dye-sensitized photoanodes (Fig-
ure S5B in Supporting Information) followed the same trend of
the unsensitized ones. In these cases, all samples showed a
transmittance reduction in the range from 350 to 450 nm,
owing to the presence of the chemisorbed D131 molecules.
Photoanodes derived from 40 and 50 wt% PEG-based pastes
evidenced a stronger reduction of transmittance in the visible
region with respect to the other photoanodes of the series. This
phenomenon was reasonably attributed to a major adsorption
of D131 molecules in the form of multilayers or aggregates in
the bigger pores present in those electrodes.

Finally, contact angle measurements (Figure 4C) were
performed in order to evaluate the wettability of the photo-
electrodes, characterized by different composition, thickness
and morphology. Contact angle values were measured soon
after the deposition of the water drop, without waiting for drop
relaxation (that was, in turns, very fast). Contact angles of
unsensitized photoanodes were very low, ranging from 20 to
30°. These low values reflected the strong hydrophilicity of
unsensitized TiO,, and relevant differences between electrodes
obtained from different pastes were not observed, suggesting
that the addition of PEG did not influence the photoanode
wettability. Conversely, contact angles of dye sensitized-photo-
anodes were markedly higher, reflecting the hydrophobicity of
the D131 dye. In this case, and differently with respect to what
observed for unsensitized electrodes, a small increase in the
contact angle values appeared when PEG was introduced (and
its amount progressively increased) in the TiO, pastes. With
reference to the two data series shown in Figure 4C, the only
explanation that can justify the observed trend is that an
increase in dye loading occurred as the quantity of PEG present
in the TiO, paste increased.

Photovoltaic characterization of DSSCs assembled with
photoanodes obtained from PEG-based pastes

Electrodes obtained with modified TiO, pastes and sensitized
with D131 were used as photoanodes for lab-scale aqueous
DSSCs. Pt-coated FTO glasses and I7/I;~ were used as counter-
electrodes and redox shuttle, respectively. J-V curves of
aqueous DSSCs were recorded under 1 sun (AM 1.5G)
illumination by a LED-powered solar simulator.

Table 2 and Figure 5 list the PV parameters obtained (with
relative errors) for the different batches of cells.

In general, substantial differences in terms of current and
efficiency between liquid and quasi-solid-state electrolytes were
not found. PV parameters were almost comparable between
these two types of electrolytes, suggesting that the polymeric
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Table 2. PV parameters of aqueous DSSCs assembled with the photo-

anodes obtained from different PEG-based pastes. Cells were measured

under 1 sun illumination (AM 1.5 G).

Electrolyte  PEG |7 Joe FF PCE
wt%] V] [mAcm™?] [9%]

liquid 0 0.61+0.01 44404 0.58+0.05 1.5+0.1
5 0.64+0.01 4.7+0.2 0.70£0.01 2.1£0.1
10 0.64+0.02 49404 0.69+0.01 2.240.1
20 0.64+0.01 52403 0.69+0.01 2340.1
30 0.64+0.01 4.04+0.6 0.71+0.01 1.8+0.3
40 065+0.02 34+04 0.68+£0.02 1.5£0.2
50 0.62+0.06 3.24+0.6 0.68+0.03 1.4+03

quasi-solid 0 0.61+0.02 4.64+0.7 0.66+0.04 1.8+0.3
5 0.64+0.01 4.6+04 0.68+0.03 2.0+0.2
10 0.63+0.02 4.64+0.9 0.68+0.06 2.1+0.3
20 0.64+0.01 51405 0.71+£0.01 23+0.2
30 0.63+0.01 43405 0.70+0.01 1.9+0.2
40 0.64+0.01 4.0+0.8 0.71+0.01 1.8+0.4
50 0.63+0.01 3.14+0.2 0.69+0.01 1.4+0.1

matrix of the gel ensured a good charge transport and did not
hinder the redox shuttle ions motion.™ As evidenced in
Figure 5, J,. and PCE trends followed a similar trend, where it
emerged that the devices assembled with photoanodes
prepared from the 20 wt% PEG-based paste achieved the best
efficiency, both with liquid and quasi-solid-state electrolytes.
The corresponding average PV parameters under 1 sun
irradiation were: J =52mAcm>, V,.=0.64V, FF=0.69 and
PCE=2.3% for the cell based on the liquid electrolyte; J,.=
5.1 mAcm™> V, . =0.64V, FF=0.71 and PCE=2.3% for the cell
based on the quasi-solid-state electrolyte. In both liquid and
quasi-solid-state devices, V,. was quite constant upon the
explored PEG content values introduced into the commercial
TiO, paste, suggesting that the thermodynamic energy level of
the conduction band of TiO, did not change upon the imposed
photoanode modification. Anyway, V.. values measured for cells
assembled with photoanodes prepared from PEG-based pastes
were always higher with respect to the pristine devices.
Actually, the effect of PEG on the final electrode morphology
and surface properties led to an overall inhibition of recombina-
tion phenomena at the photoanode/electrolyte interface. J,
and, consequently, PCE increased with the introduction of PEG
up to 20 wt%. When higher amounts of PEG were mixed with
the commercial TiO, paste, J,. and PCE decreased and reached
lower values than those measured for pristine TiO, electrodes.
We hypothesize that the large voids present in both 40 and
50 wt% PEG-based electrodes did not properly work in the
DSSC scheme, owing to both the formation of multilayer and/or
aggregates of D131 dye molecules and the presence of
residuals of PEG (or its decomposition residues) after the
thermal treatment.

PV parameters were also measured under different irradi-
ation conditions (see Figure 6) in order to evaluate the linearity
of J. (and eventually PCE) as a function of the simulated
sunlight intensity. On one side, V,. and FF were quite constant
with the irradiation power. Conversely, J,. values linearly
increased while passing from 0.2 to 1 sun irradiation, no matter
the nature of the electrolyte: this means that significant
diffusion limitations of the redox shuttle did not take place in
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Figure 6. PV parameters of aqueous DSSCs assembled with the photoanodes obtained from different PEG-based pastes. Cells were measured under different
light intensities (0.2-1 sun), using both (A-D) liquid and (E-H) quasi-solid-state electrolytes.

our PV systems. The same occurred for cells assembled with
pristine electrodes. Overall, PCE was almost independent from
the irradiation power and this represents a not common
observation in the DSSCs field, where typically PCE increases
when the irradiation intensity is lowered.” Indeed, a simulta-
neous improvement of FF is often detected when going toward

ChemSusChem 2020, 13, 1-13 www.chemsuschem.org

weaker sunlight, owing to the lower impact of cell components
resistance when few charges pass through the device. This is
not the case of our work, where we were able to achieve high
FF values (>0.70) already at 1 sun and, owing to thermody-
namic reasons, it could not be boosted even more when
decreasing the irradiation power. Overall, a FF~0.70 for a lab-
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scale aqueous solar cell measured under 1 sun irradiation
represents a very good achievement and a solid basis for future
advances in this field.

Long-term stability was assessed storing the cells under
dark at room temperature and measuring PV parameters under
1 sun irradiation upon time. In many cases, as shown in
Figure 7, the best efficiency was reached after roughly 10 days.
This was ascribed to the slow kinetics of the photoanode
wetting; it was a common fact for both liquid and quasi-solid-
state electrolytes, and it has been often observed in our
previous studies on aqueous DSSCs."® This phenomenon was
detected also by other research groups®® and must be carefully
considered when writing and reading literature articles on the
topic of aqueous photovoltaics. From the comparison between
Figure 7A and Figure 7B, it emerges that the use of the
hydrogel electrolyte strongly increased the stability of the
resulting lab-scale devices. After 80 days (i.e., an aging time
much longer with respect to those typically found in the
literature, viz. 10-40),"”” the normalized PCE was 0.85 for the
most stable cell (PEG 5 wt%) and 0.63 for the less stable one
(pristine TiO, electrode). The polymeric matrix of the XG
entrapped the solvated redox shuttle, successfully limiting its
evaporation and leakage from the device; this is clearly shown
in Figure S6 in the Supporting Information, where J, is the only
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Figure 7. Long-term stability of aqueous DSSCs assembled with (A) liquid or
(B) quasi-solid-state electrolytes. Normalized efficiency for cells assembled
with photoanodes obtained from different PEG-based pastes is shown.
During aging, cells were stored under dark and at room temperature.
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PV parameter affected upon time. As regards the TiO, paste
used, it is clear that the addition of PEG led to more stable cells
in the presence of both liquid and quasi-solid-state electrolytes.
Indeed, in both cases the cells fabricated using the pristine TiO,
paste resulted to be the least stable. Considering that the
efficiency loss of these lab-scale DSSCs is attributed to electro-
lyte leakage (from the electrolyte layer and, consequently, from
the photoanode nanostructure), we can assume that the
morphology obtained when using PEG-based TiO, pastes
improves the electrolyte retention within the photoanode.
Figure 7A also shows a wide difference among the aging
profile of liquid state cells fabricated from different TiO, pastes.
Indeed, using TiO, pastes containing large amounts of PEG led
to a markedly reduced stability: after 80 days, their normalized
PCE ranged from 0.16 to 0.50. On the other hand, liquid cells
fabricated using lower amounts of PEG for photoanode
preparation were more stable, with a loss of efficiency ranging
from 19% to 24%. This was justified considering that, in our
experimental setup, we inject a fixed amount of liquid/quasi-
solid electrolyte; therefore, if the electrode contains many void
spaces in its bulk (and this is the case of electrodes prepared
with large amounts of PEG), these can trap a high electrolyte
quantity, making it not available in the rest of the cell volume
(i.e., between the electrodes and at the electrolyte/Pt interface).

Electrochemical characterization of DSSCs assembled with
photoanodes obtained from PEG-based pastes

In order to deeply understand the effect of the addition of PEG
into the TiO, paste, we performed electrochemical impedance
measurements under illumination and with a superimposed
polarization (i.e., the V. of each device). The impedance spectra
of both liquid and quasi-solid devices are shown in Figure 8. In
these spectra, the first (partially hidden) semicircle could be
ascribed to the electrolyte regeneration at the counterelec-
trode. The bigger semicircle is owing to the recombination
process at the (sensitized) photoanode/electrolyte interface.
The latter semicircle (at lower applied frequencies) is ascribable
to the diffusion resistance of the electrolyte, that is usually
higher in aqueous DSSCs compared to the classical organic
solvent-based devices.” Experimental data were interpolated
by the equivalent circuit depicted in Figure S7 in the Support-
ing Information, where R1 is the series resistance, R2 and C2 are
the photoanode/electrolyte interface resistance (Rs) and chem-
ical capacitance of the photoanode (C,), respectively. R3 and C3
are the charge transfer resistance and capacitance at the
counterelectrode/electrolyte interface, whereas W3 is Warburg
element, accounting for the diffusion of the redox mediator
throughout the electrolyte. It is worth mentioning that,
compared to an organic solvent-based device, an aqueous
DSSC shows a slower diffusion of the redox shuttle, being the
diffusion coefficient of I;~ smaller than that in organic media,*”
e.g. acetonitrile or 3-methoxypropionitrile.

Looking at the EIS spectra, a clear trend could not be
evidenced for liquid devices. On the other hand, hydrogel-
based counterparts evidenced a counterintuitive behavior,
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Figure 8. EIS spectra of (A) liquid and (B) quasi-solid-state aqueous DSSCs
assembled with photoanodes obtained from different PEG-based pastes.

Spectra were recorded under 1 sun irradiation and the equivalent circuit

used is shown in Figure S7 in the Supporting Information. Representative
Nyquist plots with fitted experimental data are shown in Figure S8 in the
Supporting Information.

being the less efficient device (i.e, PEG 50 wt%) the one
showing the biggest semicircle. Indeed, a bigger semicircle is
usually associated to a higher recombination resistance and,
thus, to a more performing device. It is worth mentioning that
in the present case two factors should be considered through-
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-90](A) — _PEG 5% out the analyses of the EIS spectra. First of all, the photoanodes
80 :Eig;g:ﬁa have different thicknesses and the resistance values obtained
=] e 303/: from the interpolation procedure should be scaled accordingly.
PEG 40% Secondly, the equivalent circuit employed for fitting the
60+ —PEG 50% experimental data (Figure 8C) did not embed the transmission
@-50- line element (the fitting did not converge); consequently, a
iy 401 separation between R, and R, (i.e, the charge transport
30 resistance throughout the photoanode) was not possible. This
20 means that a smaller semicircle could both owe to a less
resistive film (i.e., smaller R, desired behavior) or to a more
<10 = probable recombination phenomenon (i.e., smaller R, un-
00 1'0 2'0 3'0 4'0 5'0 6|0 7'0 8|0 9'0 wanted .feature). In this context, we employed R2 as the
Z 101 convolution between R, and R.. Furthermore, R2 was normal-

ized for the thickness of each electrode.

0 {(B) ——PEG 5% In Table3 we summarize the values of different EIS
-801 :g;g ;g;: parameters obtained from the fitting procedure for liquid and
-70 — PEG 30% polymeric devices, respectively. As already evidenced above, a
-60: PEG 40% clear trend in the R2 value could not be depicted. Indeed, R2
5"50: = o seemed to become smaller with the electrode thinning (see
= ) Figure 4A). This allowed us to hypothesize that, in the present
N ‘40'_ case, R2 was mainly ruled by the transport resistance. Anyway, a
-30 thorough analysis of the general EIS scenario of aqueous DSSCs
204 falls outside the scope of the present work and it will be
10 discussed in a forthcoming paper. As expected, the only
1 parameter being substantially influenced by the change in the

physical status of the electrolyte was the resistance of the
Warburg element, being the latter more resistive for quasi-solid
electrolytes compared to the liquid counterparts. We could
easily ascribe the slower diffusion process (associated to higher
W3 resistance) to the more viscous nature of the XG matrix.
Furthermore, regardless of the nature of the electrolyte, a sharp
increase of the Warburg resistance was experienced when the
PEG content in the paste was higher than 30 wt%. We
tentatively justify this evidence by considering the formation of
bigger voids in the photoanodes that could partially trap larger
volume of electrolyte, thus leading to a decreased amount of
effectively available redox mediator. As mentioned above,
aqueous DSSCs require a longer activation period with respect
to the non-aqueous counterparts; in this regard, we are
investigating a reversible sealing system to allow a re-fill of the

Table 3. Interpolated parameters obtained from the fitting of the EIS spectra of liquid-electrolyte and quasi-solid-state-based aqueous DSSCs, assembled
with photoanodes prepared from different PEG-based pastes.”!
Electrolyte PEG Parameter
[wt %] R1 [W] R2 [W] C2[F] R3 [W] W3 [W] C3 [mF]
liquid 5 20.4 46.8 0.004 2.8 259 0.035
10 204 46.1 0.005 2.8 244 0.066
20 17.7 40.5 0.005 2.7 27.1 0.045
30 21.1 54.5 0.005 26 335 0.052
40 184 42.2 0.006 2.8 371 0.061
50 213 50.9 0.006 2.6 50.9 0.077
quasi-solid 5 18.7 75.6 0.004 3.1 339 0.030
10 18.0 56.8 0.004 2.1 33.0 0.066
20 18.2 45.6 0.006 1.8 322 0.044
30 20.7 50.0 0.005 33 38.2 0.049
40 189 51.5 0.005 29 441 0.055
50 17.5 74.9 0.003 4.3 50.1 0.032
[a] For each value the associated error is lower than 5 %.
ChemSusChem 2020, 13, 1-13 www.chemsuschem.org 10 © 2020 Wiley-VCH GmbH
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aqueous electrolyte (both liquid or quasi-solid) after a couple of
weeks. This would also allow the replacement of the electrolyte
migrated from the inter-electrodic volume to the void spaces
present in the photoanode bulk.

To shed more light on these properties, we plotted the EIS
data also in the Bode’s shape (i.e., angle phase as a function of
applied frequencies, see Figure 9). In this case, the main peak is
ascribable to the sole recombination phenomena. The fre-
quency of the maximum point is inversely proportional to the
lifetime of electrons diffusing throughout the photoanode.
Straightforwardly, higher frequency of the maximum point was
related to faster recombination process and less performing
devices. As regards the electron lifetime (i.e., the averaged time
the electrons injected in the TiO, could move throughout the
photoanode before occurring in recombination reactions) for
liquid state cells, the slower time (21.7 ms) was obtained for
cells assembled with photoanodes coming from 30 wt% PEG-
based paste, and similar values were also associated to PEG 5-
20 wt% samples (21, 17.5 and 19.3 mS, respectively). Very
interestingly, shorter times were calculated for PEG 40 wt%
(13.0 ms) and PEG 50 wt% (11.4 ms) samples. These values
accounted for the worse photoelectrochemical performances of
the corresponding lab-scale devices, despite the higher R2
obtained from the interpolation of EIS data. A similar trend
could be highlighted considering the hydrogel-based devices:
the electron lifetime values were 18.7, 19.0, 21.4, 22.1, 16.1 and
14.1 ms upon increasing PEG amounts.
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Figure 9. Bode's plot of (A) liquid and (B) quasi-solid-state aqueous DSSCs
assembled with photoanodes obtained from different PEG-based pastes.
Spectra were recorded under 1 sun irradiation.
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Conclusions

Amelioration of the morphological and electronic properties of
TiO, photoanodes is a key aspect for improving efficiency of
DSSCs, especially the emerging water-based ones. The effects of
such modification can lead to an improvement of the interface
between TiO, and electrolyte, the suppression of charge
recombination and/or a better electron injection efficiency from
the dye to the semiconductor. In this work, we investigated the
effects of the addition of several polymeric and molecular
compounds to a commercial TiO, paste, deposited by doctor
blading on FTO glasses. It was proved that, among others, PEG
showed an appreciable positive effect on PV parameters when
both liquid and quasi-solid-state aqueous electrolytes were
used. The pristine TiO, paste was then mixed with different PEG
amounts in order to precisely studying the effect of such an
additive on morphology, structure, thickness and (photo)
electrochemical properties of the resulting photoanodes and
cells. The addition of PEG led to a noticeable modification of
the electrode thickness and its morphology: the higher the
amount of PEG in the paste, the bigger the void spaces within
the semiconductor film. The best PV performance was obtained
using the paste containing PEG 20 wt%, achieving a PCE of
2.3% with both liquid and hydrogel electrolytes. Interestingly,
devices fabricated with the XG electrolyte showed longer
stability with respect to their liquid counterparts, and the aging
test was carried out for more than 80 days. EIS was employed
as an effective tool to investigate the effect of PEG amount on
the electrochemical phenomena in cell components and at their
interfaces; the most efficient device showed the longest
electron lifetime coupled to a smaller electron transport
resistance.

Overall, PEG was proved to be an effective additive to
improve the properties of TiO, photoanodes for aqueous DSSCs,
suggesting that the currently commercially available printable
pastes can be used in this field after proper modifications. This
constitutes an important aspect in view of a DSSCs industrial
production chain, where aqueous systems can markedly
increase the product features in terms of safety, environmental
friendliness and costs, without losing the know-how developed
in the last 25 years with organic solvent-based cells.
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