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Abstract

Dye-sensitized solar cells (DSSCs) have attracted great attention in recent years as a potential alternative to
conventional silicon solar cells. However, a lot of current research is still focusing on enhancing their
efficiency through the individual improvement of the DSSCs components, as well as their integration.
Among these components, mesoporous TiO, plays an important role in the cell photoanode. Achieving well-
crystallized small nanoparticles usually requires a room temperature synthesis, giving very small crystallites
(4-10 nm) of TiO, anatase. As as-synthesized materials contain hydration water, a major drawback in
DSSCs, we report how dehydration and crystallinity can be improved by annealing at a moderate
temperature, without any sintering or significant particle coarsening. We report in this study a comprehensive
study of the cell assembling, and its efficiency, characterized under AM 1.5 illumination with 100 mw/cm’
light intensity.
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1. Introduction

Since their initial discovery (O’regan and Gratzel, 1991; Gratzel 2001) liquid-based dye-sensitized solar cells
(DSSCs) are known as alternatives to conventional silicon-based photovoltaic devices. The first generation
of liquid electrolyte-containing DSSCs display significant Power Conversion Efficiencies (PCE) > 14%
(Mathew et al. 2014; Kakiage et al. 2015) at lab scale and 10% in module (Kazim et al. 2014), but the use of
a liquid electrolyte becomes a burden for large-scale developments. Therefore, research on solid-state DSSCs
(ss-DSSCs) has significantly increased over the last years reaching up 8.2% (Freitag et al. 2015) with the
recent breakthrough of perovskites, especially organic-inorganic perovskites, which act as light harvester in
place of organic dyes, and Hole Transporting Material (HTM)(Kazim et al. 2014). Nevertheless, TiO,
anatase remains an important component in both types of DSSCs, as an electron collector. The reduction of
interface transport resistance between all components is also a major requirement, which requires a high
interfacial intimacy between components.

The electronic conduction in the protonated TiO, film, usually made of 20 nm TiO, particles, is the result of
a complex mechanism in liquid DSSCs. First, the presence of both dye cations and iodine species, with the
resulting formation of a positive layer on the surface of titania, create a Helmholtz double layer screening
shell around the particles, which contributes to the reduction of the electron-hole recombination in TiO,
(Cahen et al. 2000). It is also stated that the electrons are diffusing along the surface of the particles, as a
result of a short screening Debye length (1.5 nm) (Cahen et al. 2000). If this limits the electron diffusion to a
surface process for particles larger than 10 nm, we could wonder the effect of using smaller (sub-10 nm)
nanoparticles, and if the whole volume will be used for conduction.

A major contributing factor to the efficiency of the titania-based photoanode is its structure, especially, the
size of TiO, crystals. Although the reduction in crystal size influences positively the amount of dye adsorbed
onto the surface and the dye-to-TiO, charge transfer, it affects negatively the total internal resistance of the
cell as more grain boundaries are created per unit volume, reducing the light internal reflection. For example,
it was demonstrated that mesoporous TiO, single crystals can deliver an enhanced mobility, good
optoelectronic performances, and high material intimacy (Crossland et al. 2013).
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We prepared previously anatase nanocrystals at room temperature, as a result of synthesis parameters being
finely optimized via a mixture design method (Hegazy and Prouzet, 2012). This nanopowder, already
successfully tested for their photocatalytic properties, (Hegazy and Prouzet, 2013) could become the raw
material for future roll-to-roll manufacturing of large-scale DSSCs, if the nanostructure can be dehydrated
with thermal annealing without particle sintering or coarsening. As we demonstrated previously that the
initial particle size can be preserved up to = 400°C, (Hegazy and Prouzet, 2012) we decided to verify the
efficiency of a dehydration treatment in this temperature range, and assess the photovoltaic properties of a
DSSC assembled with this material. Different parameters in cell assembly were tested in order to improve
the final structure and connectivity of the final TiO, photoanode. The influence of these parameters is
reported in the present study, along with the assessment of our materials, in comparison with commercially
available compounds assembled with the same method.

2. Experimental

2.1. Synthesis of TiO; nanoparticles

We reported the detailed study of this synthesis previously (Hegazy and Prouzet, 2012). This study allowed
us to extrapolate the best composition, which would give both small nanocrystallites, and a pure anatase
phase. This specific composition was chosen inside the composition mixture diagram giving the pure TiO,
anatase phase. It corresponds to a composition between the (A) and (J) data points in the mixture phase
diagram of our previous study (Hegazy and Prouzet, 2012).

2.2. Synthesis of the TiO, paste

The paste was prepared by mixing the TiO, nanopowder, with different organic additives used as
plasticizers. Depending on their nature, we proceeded differently for their addition. In method 1, 0.35 g
Pluronic™ P123, was dissolved into 5 mL EtOH, and then mixed with a suspension of 1.0 g of TiO,
dispersed into 10 mL of EtOH. The resulting mixture was left at 100°C for 24 h, in a sealed vial. The vial
was further cooled down before using the paste. In method 2, a mixture of Span™80/Tween™80 was
prepared with the aim to obtain a final Hydrophilic Lipophilic Balance (HLB) of 13.6, (Hessien et al. 2012)
and 0.035g of this mixture (equiv. one to two drops) was directly added into a suspension of 1g TiO2 in 10
mL acetic acid (N). The resulting paste was ground in a mortar to ensure good dispersion of the organics
among the solid phase before being pasted.

2.3. Preparation of the TiO; film

The film was coated onto a FTO glass substrate, with doctor-blade method. The film thickness was
controlled by the thickness of a 17 um 3M adhesive tape, and the paste was spread with a glass rod over the
space between the tape strips. The electrode was left to dry at 80°C for 3 hours. We cured organics used as
plasticizers by either a thermal, or UV treatment. With the thermal treatment, the electrode was heated at
450°C for 30min, cooled down, and immersed into a 0.1M HCI aqueous solution for 2 hours. With UV
treatment, the electrodes were exposed to an intense curing (300 W.inch2) UV radiation for 20 min, before
being immersed in the HCI solution. After analysis, we decided to combine both methods, and all electrodes
used for the cell assembly, were made out of the TiO,nanopowder, first annealed at 350°C for 4 hours, then
cured at 450°C for 30 min, and exposed to UV. All electrodes were further grafted with the Z907 dye
molecule. Adsorption of the dye was undertaken by immersing the TiO, electrode overnight in a 0.4 mM dye
in 50:50 vol. t-butanol:acetronitrile solution. The grafted electrodes were finally washed with acetone to
remove the excess of dye.

2.4. Counter electrode preparation

The presence of Pt nanoparticles at the surface of the counter-electrode is mandatory to achieve the reduction
of the iodide/triiodide couple (Bonnemann et al. 2007). A commercial platinum paste (Platisol-T, Solaronix)
was used as received and fired at 450°C for 30 min in order to remove organic binders. The electrode was
immersed in DI water, before being sonicated for 20 minutes in ethanol, without any noticeable wrenching of
the Pt layer from the substrate.

2.5. Cell assembly



A. Hegazy / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

The Pt electrode and the dye-adsorbed TiO, electrode were assembled as a sandwich-type, leading to a 5 cm?
photoactive surface. The redox electrolyte was introduced to the cell by capillary action.

3. Results and discussions

3.1 Influence of treatment on structure of TiO,

3.1.1 Thermal annealing

We have demonstrated in a previous study, that the crystallinity of as-synthesized TiO, anatase could be
improved by a moderate thermal treatment without any dramatic change in the crystal size if the maximum
temperature remained below 450°C (Hegazy and Prouzet, 2012). A fully dehydrated material is a
compulsory requirement for use in DSSCs.

We analyzed by TEM the influence of annealing on the crystalline and particle structure for nanopowders
annealed for 4 hours at 350 °C (Figure 1.a), 450°C (Figure 1.b), and 500°C (Figure 1.c). TEM diffraction
reveals an improved crystallinity from 350 to 450°C (see figures inset), without drastic change in crystal size.
HR-TEM investigation of the sample annealed at 450°C (Figure 1.d) confirms the formation of 10 nm
average single crystal particles with high crystallinity. The inter-reticular distances of 3.62 A and 2.1 A
correspond to the (101), and (200) planes, respectively. They are in the usual value range reported in
literature for nanocrystalline TiO,. The crystal size increases at 500°C (Figure 1.c), leading to well-defined
diffraction patterns, which result from this size increasing.

Figure 1: TEM micrographs and the corresponding diffraction patterns of nanocrystalline anatase TiO2 nanoparticles
annealed at (a) 350 °C, (b) 450 °C, and (c) 500°C. (d) HR-TEM of TiO2

3.1.2 Organic additives

A TiO, paste was prepared with the addition of various organic additives used as binders: (i) Pluronic P123,
(i1) PEG 12,000, or (iii) Span80/Tween20/acetic acid. These organics were chosen as plasticizers for
facilitating the film formation. They were added to the anatase nanoparticles previously annealed at 350°C
for 4 hours. As these organics must be removed after the film formation, we tested two types of curing, with
a short thermal treatment (450°C, 30 min), or high intensity UV (300 W/in%, 15 min). An observation by
TEM (not shown) did not reveal any drastic change in the structure of titania particles, after either thermal or
UV curing, irrespective of the type of additive.

Both surface area and porosity of the film are two important parameters in performance of DSSC, and
porosity should be typically in the 50%-65% range (van de Lagemaat et al. 2001). Previous analyses showed
that the small size of these nanoparticles create a significant textural porosity in the mesoporous range, with
both specific surface area and porous volume changing with the thermal treatment (Hegazy and Prouzet
2012). We report in Figure 2, the N2 adsorption/desorption isotherms for the powder annealed at 350°C, and
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the same powder prepared with the Span/Tween mixture plasticizing additive and cured either at 450°C, or
under UV. Figure 3.a shows that all isotherms are rather similar (Type IV isotherms), with a steep adsorption
between 0.6 and 0.9 of partial pressure. The specific surface area calculated via the multipoint BET model,
gives values of 130, 160, and 200 mz.g'1 for the annealed, thermally cured, and UV cured samples,
respectively. Their respective porous volume is 58% for the annealed powder, and 63% for both cured
samples. The modeling of the pore size distribution (PSD), using the desorption isotherm, (Figure 2.b)
allowed us to assess the possible influence of curing on the material porous structure. The initial PSD lies
between 8 and 13 nm, and both materials after either thermal or UV curing, show only a slight broadening of
PSD toward larger pores (8 — 18 nm range). We assign this PSD shift toward larger values, as a result of the
organic additive that acts as a pore promoter and contributes to create some larger pores in addition to the
initial PSD (the PSD is only broadened toward larger values, not fully shifted).
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Figure 2: Nitrogen adsorption isotherms for the nanopowder after thermal annealing (350°C, 4h), and the same material after
addition of the Span/Tween mixture additive, and either thermal (450°C, 30 min.) or UV (15 min) curing: (a) ads

3.2. Effect of dye absorption and photoelectronic properties onTiO; film

The cell performance is strongly affected by the efficiency of injected electrons from the dye to the
conduction band of the TiO,, which reflects the importance of the way the dye anchored to TiO, surface. As
it has been demonstrated that both UV exposure and HCI treatment improve the photoanode properties, (Lee
at al. 213; Hao et al. 2004). The thermally cured TiO, film was additionally activated under UV (10 min)
and immersed into a 0.1 M hydrochloric aqueous solution for two hours, then rinsed with DI water until no
acid trace could be found in washing water. The major effect of UV exposure is to reversibly create a high
concentration of photoactive surface states, which were described as being continuously distributed below
the conduction-band edge as shallow electron traps that would be beneficial for electron injection from the
dye and transport by thermally activated detrapping (Lee at al.213; Hao et al. 2004; Tebby et al. 2009). The
major effect of acid treatment is to increase the density of protonated sites, which favors multidentate dye
adsorption. The actual influence of this HCI treatment is illustrated by comparing the UV-Vis spectra for
both films prepared according to the procedure (thermally annealed and cured), and exposed to UV: adding
an HCI treatment before dye adsorption, increases in the absorbance. A similar blue shift was observed for



A. Hegazy / SWC 2017 / SHC 2017 / ISES Conference Proceedings (2017)

all samples, which reveals a change in the electronic structure of the thin films surface, probably due to
surface hydroxylation (Hao et al. 2004).

Figure 3 shows the J -V characteristics of the solar cell device made using thermally treated TiO,/ plutonic
P123 films at 450°C, the TiO, nanoparticles were preheated at 350°C. The photovoltaic parameters of the
devices made using initially treated nanoparticles at 350°C and 450°C with and without HCI treatment. The
short-circuit photocurrent density (Jsc) and the photoconversion efficiency (1) of the treated TiO, films are
higher than those of the untreated counterparts, the active surface area was 5 cm? for all samples. After HC]
treatment of the 350°C sample, the Jsc and n were increased by 28.4% and 4.5%, respectively. However, the
open circuit voltage (Voc) was slightly changed and the fill factor (FF) was decreased. Whereas, for the
sample prepared at 450°C, J;. was increased by 36.3%, 1 by 37.2% and Voc by 8.6%. The poor FF is a result
of a combination of the high series resistance (Rseries) and low shunt resistance (Rshunt). Figure 4
demonstrates that both devices made using our synthesized TiO, exhibit higher cell performance compared
to the commercial ones. Although the sample prepared by surfactant and acetic acid displays higher
efficiency than that made using pluronic, the later provides higher shunt resistance, Table 2.
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Figure 3: J-V curves for the comparison of the thermal and UV organic curing for nano
powders being annealed beforehand at (a) 350°C, or (b) 450°C.
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Figure 4: J-V curves of dye-sensitized TiO, films prepared on FTO/glass: with different organic
additives to our nanopowder and the commercial one(active area=5 cmz)

Table 1: Comparison between photovoltaic parameters of DSSCs prepared by the synthesized TiO, nanoparticles and
the commercial TiO, counterparts.

Sample Voe (V) | Jse (mA/cmz) FF | Efficiency % | R, (Q2) Rqn ()
TiO,_350°C_P123 0.713 9.43 62.6 | 421 16.6 1392
TiO,_Degussa_P123 0.707 6.16 56.7 | 2.47 15.72 462
TiO,_350°C_SRAc 0.72 8.41 77.1 | 4.67 221 324
TiO,_Degussa_SRAc 0.734 5.47 689 |2.77 4.12 606

Several DSSC devices were fabricated based on the TiO, films treated under different conditions. Unlike
usual testing cells with an active surface area close to 1 cm?, our cells were assembled with an active surface
area of 5 cm’, Fig.5 represents a picture of the tested cell. Therefore, the performances of the cells can hardly
be compared to literature, and they were initially used as comparative within this study.

Figure 5 Picture of the full-assembled cell

The adsorption of Z907 Dye on the TiO, surface was characterized by ATR-FTIR spectroscopy. Figure 4
shows the ATR-FTIR absorption spectra of the Z907 dye adsorbed onto the TiO, surface. Many studies have
shown that the dye anchors to the TiO, surface through different carboxylate anchoring modes, like
physisorbed through hydrogen bonding, or chemisorbed via various types of chemical bonds (unidentate,
bidentate, and bridging), with bridging and bidentate being the most stable ones (Lee et al. 2011; Leon et al.
2006; Wang et al. 2004).

Strong peaks were observed at 1,380 em™ and 1,613 cm™ characteristics of the vsym (COO-) and vasym
(COO0-), respectively (Finnie et al.1998; Agrell et al. 2004). There is no indication of the presence of
carboxylic bond at 1,716 cm-1. This indicates that the dye is anchored to the TiO, surface via bidentate or
bridging not via unidentate mode. The saturated hydrocarbon chains are identified by the C-H stretch modes
in the 2,800-3,000 cm’! region with vibration modes of 2,852 em” and 2,924 cm™ for symmetric and
asymmetric -CH,-, respectively. The corresponding CHs— peak is observed at 2,956 cm™. A broad absorption
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peak is observed between 3,200-3,400 cm™ (not displayed), corresponding to the —OH stretching modes of
hydroxo and aquo ligands.
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Figure5: FTIR spectrum of the TiO2- thin film after dye adsorption.

Another significant difference between our nanopowder and the commercial one is the strength of the dye
adsorption. The samples prepared with Span/Tween show higher absorbance, which is consistent with the
overall cell efficiency. All the reference cells made from the commercial TiO, exhibit lower absorbance, as a
result of the dye being less adsorbed or easily removed before measurements. Our nanoparticles have the
ability to keep 7 times more of dye after this process, than the commercial powder.

We performed an EIS analysis on different configurations to get more insights into the effect of resistances
on the cell performance. We display the results obtained with TiO, films prepared with Span/Tween (Figure
5.a) or Pluronic P123 (Figure 5.b). A large semicircle can be observed in the Nyquist plot, which
corresponds to the TiO2/dye/electrolyte triple interface. The interface between the high—frequency semicircle
and the intermediate—frequency semicircle is difficult to distinguish due to the strong overlap of the charge
transfer resistance on the TiO, surface and that on the Pt surface. A sub-circle in the low-frequency response
is observed, which accounts for the contribution of the diffusion of the electro-active species in the liquid
electrolyte (Longo et al. 2004). In the dark, the solar cells showed high impedance and the time constants are
not well defined. For all devices testes (see Table 2), almost all the impedance parameters show a difference
between illuminated and non-illuminated cells. The response at the intermediate interface under dark
condition is much higher than the one under illumination, which corresponds to a high capacitance because
of the expected accumulation of electrons and redox species at this interface (Nogeira et al.2004). From our
results, it appears that the cells prepared with span/Tween exhibit a longer electron lifetime than those
prepared with Pluronic(P123). The reference cells (commercial TiO, powder) showed an electron lifetime
half times shorter electrons for recombination under illumination compared to the cells made with our
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nanocrystalline TiO, material. Higher electron lifetime leads to significant electron transfer, and thus, an
improved Jsc. Therefore, EIS analysis confirms the promising results obtained with cells assembled with our
synthesized nanocrystalline material.
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Figure 5: Nyquist representation of the impedance data obtained for Z907 dye-sensitized TiO2 solar cells prepared with
preheated nanoparticles at 3500C mixed with (a,b) Span/Tween, (c,d) Pluronic P123, measured in the dark (a,c) or under light
(b,d). The symbols represent the experimental data and the dashed lines correspond to the fitting obtained with View software
using the displayed equivalent circuit displayed.

Area R, Ricr) 6 RyreC),
Sample | > | Qem? | Qem? | T10 P, Qcmi T,*10° | P, | Ws, Qem™ | 1./ms
AP_light 1 23.53 2.266 9.831 0.862 39.97 0.269 0.985 39.35 63
AP light | L5 48.45 1.908 0405 | 1.023 | 2348 1.893 1.043 47.27 35

AS_light 2.5 67.95 1.7%107 0.195 0.6117 79.21 6.14 9174 81.2 189
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RP_light 1.2 37.4 0.586 3.041 0.966 59.31 1.034 985 27.37 35

Table 2: Electrochemical parameters of DSSC prepared with different TiO2 films and organic additives. 'A' refers to the
synthesized TiO2 nanoparticles prepared with S (Span/Tween) or P (Pluronic) additives, 'R' refers to reference electrodes
prepared with TiO2 Degussa with S or P additives

4. Summary

In summary, we have successfully synthesized small crystalline TiO, nanoparticles by a novel soft chemistry
method and investigated their properties in dye—sensitized solar cells. We also demonstrated that different
organic additives can be used to prepare the photoanode and obtain the well defined working range of the
porosity. The effect of UV exposure on the structure and crystal size of as-synthesized TiO, nanoparticles
was tested through the XRD and N, isotherm characterization, which indicates no change in the crystal size
and a higher surface area, respectively. Furthermore, various treatment methods (UV alone, thermal
treatment alone, and combination of both) were applied. Although, UV treatment is able to clean the TiO,
surface from organic contaminates, it is less efficient to be used alone, and leads to lower performance of
solar cells, compared to thermal treatment. Interestingly, when it is used after the thermal treatment, the cells
seem to show better efficiency, which will have to be confirmed in the future with more tests. The HCI
treatment increases the cell efficiency by almost one to three. The enhancement was attributed to the increase
of the amount of the dye. An intensive investigation on the effect of HCl on the adsorbed dye was done by
the FTIR analysis. More investigation on the dye by the FTIR, demonstrates that the dye anchored
chemically to TiO, surface. The amount of adsorbed dye for our TiO, films was 6 times compared to the
amount of the commercial ones. The internal resistance of the cells were checked with EIS analysis, which
shows higher electron lifetime, smaller charge transfer resistance for counter electrode and high
recombination resistance compared to the commercial cells.
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