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Figure 5.2: Photograph of the assembled type-I microfluidic-based DSC.

5.3 Type-I microfluidic DSC characterization

5.3.1 Fluidic tests

The experimental results on the sealing performances of the microfluidic architecture evaluated
through the set-up depicted in Fig. 4.2 are reported in Fig. 5.3: pressure profiles inside the PDMS
chamber as a function of the time show no temperature dependence for the selected pressures,
both during liquid injection (rising ramp) and during the steady state regime. It is well known that
air bubble inside a micro-structure expands during thermal cycles and could run out of the device
through cavities and reversible interfaces [117]. In the case under study, for both pressure values,
the plateau-like behavior of the curve is the evidence that no leakages occurred during the test.
Moreover, the independence of the curves from temperature witnesses the absence of air bubbles
formed in the chamber during liquid charging, as also confirmed by visual check. Thus, no volume
expansion occurred, guaranteeing the optimal sealing for in-field operation.

It has to be noted that even if the membrane successfully prevents the electrolyte leakage,
however it allows the air inlet into the microfluidic chamber, being the PDMS permeable to gases.
For this reason the microfluidic architecture is particularly suitable only for quick tests on DSC
constituent materials.

During cell fabrication, the microfluidic approach finds its immediate application in electrolyte
filling. In fact, this procedure allows a controlled reagent release, since electrolyte can be delivered
and removed in the already sealed architecture, avoiding waste and eluding the possible electrode
deterioration thanks to a faster assembly process. Moreover, a useful application should also be
found in dye sensitization of TiO,. In fact, a more efficient impregnation, avoiding waste of
expensive reagents and allowing in situ thermal processes can be simply implemented directly

on-chip after cell assembly.
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Figure 5.3: Fluidic leakage test at different temperature and pressure values.

Cell | JemA/em®) | Voe (V)| FF PCE (%) |
Standard 12.39 0.670 0.64 5.1
Microfluidic 13.94 0.690 0.71 6.4

Table 5.1: Photovoltaic performances of standard-assembled and type-I microfluidic DSCs.

5.3.2 Photovoltaic performances

The photovoltaic performances of microfluidic DSCs fabricated by using standard photoanode,
electrolyte and sensitizer, were evaluated through I-V characterization under AM1.5G illumina-
tion; the results were compared with the performances of DSCs assembled in non-irreversible way
without microfluidic housing and closed by means of clips (referred to as standard-assembled).
Representative results for the electrical characterization are shown in Fig. 5.4 and the evaluated
photovoltaic parameters are reported in Table 5.1: as it is clearly evident, the microfluidic-based
DSC exhibits a significant enhancement in short circuit current density (from 12.39 to 13.94
mA/cm?). In all the measured samples, a mean efficiency increment of the 25% was obtained
in microfluidic-based devices with respect to the standard-assembled ones.

This performance difference between the two kinds of harvesters was additionally evidenced
by the impedance spectroscopy measurements, whose results are reported in Fig. 5.5. As ex-
plained in Section 3.5.2, the second semicircle of the impedance spectra is related to the elec-
trolyte/photoanode recombination rate. The microfluidic devices thus show a clear improvement
of the carrier lifetime, which is responsible for the enhanced efficiency with respect to the standard-

assembled cells; in the meantime, no significant difference is observable in the counter electrode
and electrolyte impedances.
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Figure 5.4: Current density-voltage curves of standard-assembled and type-I microfluidic DSCs.
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Figure 5.5: Electrochemical impedance spectra of standard-assembled and type-I microfluidic
DSCs.
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Figure 5.6: 3D sketch of type-II microfluidic-based DSC architecture.

5.4 Type-II structure

By using type-I architecture, some problems related to the mechanical endurance of the PMMA
clamping system aroused, leading to the break of some electrodes during cell assembly. In order
to overcome this issue, a modified architecture, named type-II, was proposed: the 3D sketch of
this device is shown in Fig. 5.6.

In this case, by reducing the housing dimension and by using square glasses instead of rect-
angular ones, it was possible to balance the forces applied by the clamping system to the glasses
by means of the screws, thus avoiding the electrode breaks. Moreover the chamber geometry was
modified: it maintained the double-drop layout but its dimensions are reduced, thus decreasing the
amount of electrolyte solution needed and also the TCO area that is not covered by TiO; and is
then directly exposed to the electrolyte. In this case, since the uncovered TCO is responsible for
electron recombination through the substrate (as explained in Section 3.5.1), a reduced area leads
to a decrease of the chance of recombination through this path. Finally, in the new architecture
a novel method was employed to provide the electric connections at the electrodes: instead of
depositing silver paint directly onto TCO layer, copper foils, dielectrically isolated by the PDMS
membrane, were used. As well as the previous architecture, also the type-II one sealing perfor-
mances guarantee the electrolyte confinement and the absence of leakages.

In Fig. 5.7 a photograph of the assembled type-II microfluidic-based DSC is shown.
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Figure 5.7: Photograph of the assembled type-II microfluidic-based DSC.

Membrane Jee (mA/cm?) Voe (V) FF PCE (%)
thickness (um)
100 19.47 0.640 0.58 7.22
200 20.52 0.640 0.55 7.29

Table 5.2: Typical photovoltaic performances of type-II microfluidic DSCs fabricated with 100
um-thick and 200 gm-thick PDMS membrane.

5.5 Type-II microfluidic DSC characterization

5.5.1 Reproducibility results

The microfluidic solar cells have been designed to permit control, reproducibility, and reliability in
a simple system. Moreover, the reversibility of the sealing allows the inspection of the prototypes
after usage. A significant attention has been devoted to the characterization of the reproducibility
of the photovoltaic conversion efficiency. For this reason, a statistically significant number of
identical cells were fabricated, and their photovoltaic performances were evaluated. In Fig. 5.8
the solar energy conversion efficiencies of 20 nominally identical microfluidic DSCs are reported:
the average photoconversion efficiency is equal to 6.76%, with a standard deviation of 10%. The
variation of the predicted efficiency value around the mean value is comparable with the best

results obtained with irreversibly-sealed structures [20].

5.5.2 Cell thickness study

In order to study the effect of the membrane thickness on the performances of microfluidic DSC,
I-V and EIS measurements were performed on two sets of devices, namely “thin” and “thick”
cells, fabricated with 100 pm-thick and 200 pm-thick membrane, respectively.

The results of I-V characterization are resumed in Table 5.2: no significant difference in cell
efficiency can be observed in the presented data, because the slightly higher short circuit current
exhibited by the thicker cell is balanced by the enhancement of the fill factor for the device with
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Figure 5.8: Evaluation of the photoconversion efficiency for 20 nominally identical type-II mi-
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Figure 5.9: Impedance spectra of type-II microfluidic DSC fabricated with 200 pm-thick PDMS
membrane acquired in dark conditions for different applied voltages. The high frequency magni-
fication of the same curves is reported in the inset.
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Figure 5.10: Real (a) and imaginary (b) parts of the impedance for the type-II microfluidic DSC
fabricated with 200 pm-thick PDMS membrane under illumination. Black squares and blue circles
are the experimental data for bias of 0 V and 0.6 V, respectively, while the continuous curves are
the corresponding best fits.

thinner membrane. The increase of the FF value has to be expected, because the larger is the
membrane thickness, the larger is the electrolyte diffusion resistance value (see Eq. 3.16), and this
effect leads to an increase of the cell total series resistance, which is responsible for the lower fill
factor [118]. However it has to be noted that the selected electrolyte thickness values are higher
with respect to the ones used in non-fluidic devices (usually in the range 25 — 60 pm); this is
due to the difficulty of fabricating PDMS membrane thinner than 100 pm. In Fig. 5.9 examples of
Nyquist plots related to thick cell acquired in dark condition at different bias voltages are reported.
In the graph the typical decrease of the central arc of the impedance plot for increasing voltage
values can be appreciated, evidencing the charge transfer resistance dependence on the applied
potential (see Section 3.5.1).

The experimental data were fitted by using the model described in Section 3.5.1. Some exam-
ples of the fitting results are reported in Fig. 5.10 for the thicker cell under illumination. Regarding
the Bode plot of the real part of the impedance (Fig. 5.10a), in short circuit condition it exhibits a
monotonic behavior as a function of the frequency, while at 0.6 V two features can be observable,
one at higher frequency (above 1 kHz, ascribable to counter electrode impedance) and the other
one in the range 1 - 100 Hz (related to TiO,/electrolyte interface impedance). The same informa-
tion can be obtained from the imaginary part of the impedance plotted in Fig. 5.10b.

In order to investigate the dependence of the photoanode/electrolyte interface impedance on
the bias voltage, the best fit parameters R, and Cy;, characterizing this interface, were evaluated.
Their behaviors as a function of the applied potential are shown in Fig. 5.11a and Fig. 5.11b, for
the cells under illumination; the triangles and stars refer to membranes of thicknesses 100 tm and
200 pm, respectively. Is it worthy to note that these quantities weakly depend on the thickness of
the DSC, as expected, as they have to describe interface properties. The bias voltage dependence
of R and C, is well described by the TLM according to which [118]:

Vv
Ry = Roe PV (5.1
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Figure 5.11: Recombination resistance (a), chemical capacitance (b), and charge lifetime (c) ver-
sus applied bias voltage for type-II microfluidic DSCs fabricated with 100 pum-thick (blue tri-
angles) and 200 pum-thick (red stars) PDMS membrane, under light conditions. The continuous
curves are the best fit.

v
C‘u = COeG Vih (52)

where Ry and Cj are the resistance and capacitance of the interface at 0 V bias, and p and o are
two constants. From the best fit of Fig. 5.11a and Fig. 5.11b p and o values were calculated, and
the results are summarized in Table 5.3. The difference between p and ¢ may be explained by
the fact that R.; depends on the free contact surface between the titania and the electrolyte (i.e.
the total surface of the pore minus the surface occupied by the adsorbed dye molecules) whereas
Cu depends on the total surface of the pore (considering that the adsorbed dye molecular film
minimally alters the dielectric constant in the interface). By means of the measured R and Cy
values, exploiting the formula 3.11, the electron lifetime was evaluated and it is reported in Fig.
5.11c. From this figure, it follows that 7, is practically independent on the thickness of the DSC
and depends on the bias in an exponential manner, as it follows from the expressions 5.1 and 5.2.

In addition, the chemical diffusion coefficient and the diffusion length were evaluated starting
from the fitting parameters. For example, for the cell with 200 pm-thick membrane at 0.6 V,
values of D, equal to 8- 10~ cm?/s and of L, equal to 8.4 m were obtained; both of them are in

good agreement with results reported in literature for non-fluidic devices [98, 107].
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Membrane p o
thickness (um)
100 0.13 0.15
200 0.17 0.11

Table 5.3: Dependance of p and 6 on PDMS membrane thickness.

5.6 Conclusions

In this chapter, an innovative microfluidic housing system for DSCs has been proposed. The aim
of the work was the engineering of a small laboratory device which permits to distinguish between
the contributions of the different components and technological steps. The microfluidic structure
is constituted by all the components of a common DSC with the addition of a PDMS membrane
sandwiched between the electrodes, that is used to retain the electrolyte solution; the structure can
be reversibly sealed by means of a housing system consisting of mechanical clamping, inlet/outlet
ports and interconnections to external fluids handling devices. This new proposed design effec-
tively confines the liquid electrolyte in the final device, improving the life and the performance
of the prototype by preventing failure due to electrolyte leakage or solvent evaporation. Applica-
tion of microfluidic concepts in DSC architecture is also functional in order to overcome intrinsic
problems faced during cell fabrication process.

The sealing performances of the housing test cell were characterized at different operating
pressures and temperatures. Good sealing for pressure up to 50 kPa and temperature of 80 °C was
obtained, avoiding leakage and bubble formation. I-V electrical characterization under illumina-
tion and impedance spectroscopy measurement showed a performance improvement with respect
to DSC prototypes fabricated following the standard procedure.

A modified architecture (type-II structure) has been afterwards proposed, in order to overcome
some cell fabrication weak points. This technological approach guaranteed also a high degree of
fabrication reproducibility, as demonstrated by a statistical analysis.

By using the type-II structure a study on the effect of the membrane thickness was performed.
No significant difference was evidenced by varying this parameter, but the EIS analysis showed
that the transmission line model (widely used in literature for non-fluidic DSC) can be successfully
applied also to microfluidic devices. In fact, the experimental data are well described by the TLM
and the parameters characterizing the diffusion coefficient and the diffusion length of the carrier
in the TiO, layer are in agreement with the values reported in the literature. This validation is
fundamental since it shows that the microfluidic approach does not change the nature of the device,
but simply adds flexibility and reliability, thus demonstrating the effectiveness of the microfluidic

cell as a standard modular prototype which can be used for testing different DSC components.
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Chapter 6

Microfluidic DSC applications

6.1 Introduction

In the previous chapter, the novel proposed microfluidic architecture was demonstrated to be ef-
fective as a modular prototype for small laboratory DSC fabrication. The structure allows the fast
assembling of the devices with a very high degree in fabrication reproducibility and the possibility
to inspect the device components after usage thanks to the reversible sealing. This chapter de-
scribes how the peculiarities of this architecture were exploited in the test of different innovative
DSC components, with a very low amount of waste reagents and materials.

First of all, different novel organic dyes were tested as sensitizers, and the photovoltaic per-
formances of the fabricated solar harvesters were evaluated. The attention was then focused on
the study of one of these new dyes, namely the hemi-squaraine sensitizer, whose photovoltaic
properties and recombination characteristics in DSC were studied and improved. Moreover inno-
vative photoanode materials such as sponge-like ZnO nanostructures and anodically-grown TiO;
nanotubes were tested in microfluidic devices. Their photovoltaic performances and transport
properties were studied and the results were compared to standard photoanodes based on TiO,
nanoparticles. Finally, one of the best applications of the microfluidic structure was found in the
non-destructive analysis of DSC components over time. In fact, thanks to the possibility to open
and close the housing system, it became possible to study the behavior of each cell element during
usage without compromising the device integrity. For this reason, a study aimed to demonstrate

the possibility of performing non-destructive analysis of cell components will be presented.
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Figure 6.1: Current density-voltage curves of organic dye-based microfluidic DSCs (ACN = ace-
tonitrile, EtOH = ethanol).

6.2 Testing of novel organic sensitizers

As already mentioned in Section 2.1.3, metal-based sensitizers exhibit some limits. The relatively
low molar extinction coefficient in the visible region requires an increase of the TiO, layer thick-
ness in order to absorb a significant fraction of the incident light. Moreover, the most commonly
used element, the ruthenium, is a noble metal, unsuitable for large-scale industrial production,
since its availability is limited, its employment is not cost effective and it opens potential environ-
mental issues related to waste disposal [119]. With this respect, metal-free organic dyes present
several advantages since they are usually characterized by high molar extinction coefficients, and,
in principle, can be produced with simple, fast and cost effective synthetic approaches.

In the following, a report on the testing of five novel organic sensitizers produced by Cyanine
Technologies s.r.l. in the framework of a collaborative project will be presented. A preliminary
study aimed to select the sensitizers with the most promising features was carried out by means
of I-V electrical characterization under AM1.5G simulated sunlight. Based on the results of this
screening, the most performing sensitizer was chosen, and a detailed study based on the evaluation
of optical, electrical and electronic properties of solar devices fabricated with the selected dye was

performed.

6.2.1 Preliminary screening on organic dyes

The preliminary screening on the organic sensitizers was performed employing five dyes, by study-
ing also the effect of the solvent used to prepare the sensitizing solutions. For this reason the dyes
named CT1, CT3 and CT7 were tested employing acetonitrile (ACN) and ethanol (EtOH) as sol-
vents, while CTX1 and CT10 were only tested by dissolving them in ACN.

The results of the photovoltaic characterization are reported in Fig. 6.1 and the photovoltaic
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Dye Solvent Jsc Voe (V) FF PCE (%)
(mA/cm?)
CT1 ACN 9.52 0.51 0.59 2.88
CT1 EtOH 0.78 0.45 0.63 0.22
CT3 ACN 7.21 0.52 0.67 2.50
CT3 EtOH 6.30 0.52 0.68 2.24
CT7 ACN 0.46 0.35 0.55 0.09
CT7 EtOH 0.34 0.33 0.49 0.06
CTX1 ACN 0.51 0.42 0.62 0.13
CT10 ACN 0.97 0.40 0.61 0.24

Table 6.1: Photovoltaic performances of organic dye-based microfluidic DSCs (ACN = acetoni-
trile, EtOH = ethanol).

parameters are summarized in Table 6.1. As it is clearly noticeable, the best photovoltaic perfor-
mances were obtained by using CT1 dye dissolved in ACN, but also CT3 showed discrete photo-
conversion efficiencies, equal to 2.5% and 2.24%, when dissolved in ACN and EtOH, respectively.
On the other hand, the remaining sensitizers do not exhibit valuable efficiencies. Moreover a gen-
eral comment on the effect of the solvent can be made: for all the sensitizers under study, the
photovoltaic performances of the devices fabricated by dissolving the dye in ACN are higher with
respect to those dissolved in EtOH, indicating a non-complete dissolution in the latter. Few words
need to be spent about the CT1 dissolved in ethanol: in this case the efficiency value is very low
(0.22%) if compared to the same dye dissolved in ACN (2.88%). The main reason for this reduced
efficiency could be the esterification of the sensitizer when it is dissolved in a protic solvent like

ethanol, which limits the anchoring of the dye to the semiconductor surface.

6.2.2 Study on hemi-squaraine dye

By looking at the results reported in Table 6.1 for the DSCs fabricated with the organic sensitizers,
the best results were obtained by using CT1 dissolved in acetonitrile solution. For this reason, this
dye was chosen in order to carry out a detailed study of the photovoltaic properties and recombi-
nation characteristics of solar harvesters based on its use.

In the following, the effectiveness of this dye, which belongs to a relatively new photosensi-
tizer’s class, namely the hemi-squaraine molecule, will be studied. Although squaraine dyes are
well known in DSC [120], its hemi-squaraine intermediate has been rarely proposed [121] and
never well studied as TiO; sensitizer. Indeed this dye, beside its simplicity, its small dimension
and its quite reduced absorption energy range, can be efficiently employed in DSCs. One of the
peculiar features that makes hemi-squaraines a unique class of sensitizer is their anchoring group,
the squaric acid moiety. The molecular structure of the hemi-squaraine dye is reported in Fig. 6.2.

The study of structural and electronic coupling between hemi-squaraine and TiO;, focused on
the role of the anchoring group, was performed by means of theoretical calculations based on Den-
sity Functional Theory (DFT) and Time Dependent DFT (TDDFT), and it is reported in details
in ref. [49]. Briefly, the results showed that the relatively high efficiency of the hemi-squaraine
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Figure 6.2: Molecular structure of the hemi-squaraine sensitizer.

dye could be ascribed to a large displacement of electron charge towards the anchoring group in
the excited state and to a strong chemical bonding between the squarate moiety of the dye and the
anatase surface, which also induces hybridization between the unoccupied molecular states of the
dye and the surface atoms of the oxide, revealing adiabatic electron transfer mechanism. In order
to verify if CT1 can work as TiO; sensitizer, the alignment of the dye molecular levels with re-
spect to the oxide band structure was determined experimentally by cyclic voltammetric analysis,
also reported in ref. [49]. This analysis showed the formation of a staggered interface (see Section
2.1.3), that is responsible for an efficient electron injection into the semiconductor CB.

Since the predictions of the ab initio calculations showed that the requirements for efficient
application of CT1 in solar cells were satisfied, the sensitization of a TiO, nanoparticle network
was experimentally characterized. Moreover the effect of the chenodeoxycholic acid (CDCA),
employed as co-adsorbent in order to reduce dye aggregation at the TiO, surface, was studied, by
adding it in different concentrations (1 and 10 mM, corresponding to 4:1 and 40:1 concentration
ratio between the CDCA and the dye, respectively) in the sensitizing solution. CDCA has also a
strong influence of the quantity of the adsorbed dye since it competitively saturates the anchoring
sites present at the surface. The impregnation time was fixed to 5 h. For comparison, a reference
photoelectrode obtained with overnight impregnation of the oxide layers with a 0.3 mM N719 dye
solution was fabricated and characterized.

Figs. 6.3a and 6.3b compare the absorption spectrum of the dye in acetonitrile solution and
those obtained for the TiO, photoanodes, respectively. The latter spectra exhibit an absorption
range that is broader and red-shifted with respect to the dye in solution independently on the
presence of CDCA. These results are confirmed also by incident photon-to-electron conversion
efficiency (IPCE) spectra reported in Fig. 6.3c which show a surprisingly large red-shifted on-set
(for a yellow dye having a maximum centered at 430 nm) around 600 nm. Both the broadening
and the shift (blue or red depending on the dye characteristics) are commonly observed in spectral
responses of organic dyes attached to the TiO, surface and they are generally attributed to the inter-
action of the anchoring group with the substrate surface, and/or to the formation of dye aggregates
[122]. In this case, no strong dependence of the red shift on the presence of a co-adsorbent can be
observed, thus it cannot be related with dye aggregation. Moreover the relatively high IPCE values

demonstrate that the dye effectively injects electrons into the oxide conduction band as suggested
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Figure 6.3: UV-visible absorbance spectra obtained for hemi-squaraine dye in acetonitrile solution
(a) and for the dye attached to the nanocrystalline TiO; layer for different CDCA concentrations
(b). IPCE curves of hemi-squaraine solar cells for different CDCA concentrations (c).

Dye CDCA Jee Voe (V) FF PCE (%) T, (ms)
(mM) (mA/cm?)

CTI 0 7.68 0.55 0.64 2.74 10.68

CT1 1 7.82 0.61 0.69 3.32 15.25

CT1 10 7.89 0.64 0.70 3.54 21.74

N719 0 15.68 0.62 0.65 6.33 12.46

Table 6.2: Photovoltaic performances of microfluidic DSCs sensitized by CT1 and N719 dyes for
different CDCA concentration evaluated from I-V characterization and EIS analysis.

by DFT electronic structure study. Fig. 6.3 also reveals the beneficial effects of the co-adsorbent,
whose presence leads to higher, narrower and slightly red-shifted peaks in the IPCE spectra (Fig.
6.3c), reaching the maximum value of 87% around 470 nm for a 10 mM CDCA concentration.
CDCA molecules act as spacers among the hemi-squaraine molecules, avoiding dye aggregation
and thus facilitate electron injection into the semiconductor CB. In the absorption spectra of Fig.
6.3b, a lower dye loading induced by CDCA presence is evident, together with the disappearance
of a shoulder at about 395 nm. The shoulder, not present in the IPCE spectra, can be attributed to
dye molecules aggregates which are not contributing to charge generation and whose formation is
inhibited by CDCA.

The results obtained under AM1.5G illumination for the I-V and the electrochemical impedance
spectroscopy measurements at open circuit voltage are summarized in Table 6.2 and reported in
Fig. 6.4; the Bode representation of impedance phase of the cells is also shown in the inset of Fig.
6.4. By fitting the EIS experimental data, the values of the electron lifetime 7, were calculated and

they are reported in Table 6.2. An analysis of the photovoltaic characterizations reveals a photo-
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Figure 6.4: Current density-voltage curves of hemi-squaraine based solar cells for different CDCA
concentrations. The corresponding Bode plots of EIS phase are shown in the inset (the points are
experimental data while the continuous lines are fitting curves).

conversion efficiency of 2.74% without co-adsorbent, which becomes 3.54% when adding CDCA
at 10 mM concentration. This efficiency is lower than the one obtained for the reference cell with
N719 (6.33%), yet it has to be highlighted that one of the main technological steps that may re-
quire further optimization is the impregnation time of the nanostructured titania that was currently
fixed to 5 hours. This time interval is quite short if compared to those required by Ru-based dyes
but already gives satisfactory cell performances. This result indicates that the attachment of the
hemi-squaraine dye to the TiO, surface is fast, in agreement with the theoretical calculations pre-
dicting a strong interaction of the squaric acid group with anatase. This aspect is very important
since reducing the soaking time would lead to important technological advantages during cell fab-
rication.

In Table 6.2 it is also possible to note that both the open circuit voltage, Vi, and the short
circuit current density, Jy., values increase when using the coadsorbent acid. The current density
increase can be attributed to the improved electron injection efficiency [123] following dye dis-
aggregation. The increase of V. can be explained by examining the 7, values reported in Table
6.2 and the Bode plots shown in the inset of Fig. 6.4. Upon CDCA adsorption, surface TiO; trap
sites are occupied by the acid molecules and consequently the CDCA causes an increase of the
lifetime (also witnessed by a corresponding shift of the middle frequency peak of the Bode plot
towards lower frequency values). Considering that 7, increases with CDCA, the V. increase has
to be related to a decrease of back electron transfer recombination due to the fact that the TiO,

trap sites are occupied by the acid molecules [124].

6.3 Sponge-like ZnO based photoanodes

As introduced in Section 2.1.2, zinc oxide is well known as a promising alternative to titanium

dioxide for the fabrication of photoanodes in DSCs. One of the most important features of this

80



Chapter 6. Microfluidic DSC applications

material is its ability to easily grow in a wide variety of nanostructures. The possibility to change
the morphology at the nanoscale can open wide opportunities in the control of charge transfer
dynamics in the photoelectrode. In fact, by opportunely tuning the morphology, it is possible to
combine the fast direct transport in 1D or quasi 1D nanostructures (like nanowires and nanorods)
with the wide exposed area for dye sensitization typical of mesoporous layers. For this reason, in
the last years the efforts of many research groups were devoted to investigate 3D structures, such
as branched and dendritic nanowires [125, 126] in order to find the ideal equilibrium between di-
rect electron transport and availability of a high number of light adsorbing molecules.

However, one of the most challenging task in order to obtain high performance ZnO photo-
electrodes is probably the efficient coverage with dye molecules, because the surface chemistry of
Zn0 is basically different from that of TiO,, and this is mirrored in a different sensitization behav-
ior. For example, the dye loading on ZnO employing Ru complexes is influenced by a long-term
surface degradation, and the residence time in dye solution influences the photoelectrochemical
output of the cell [127]. Long incubation times cause the formation of aggregates between dye
molecules and dissolved Zn?* ions originating from the ZnO surface [128]. Such aggregates fill
up the pores of the ZnO nanostructures without injecting electrons in the semiconductor, reduc-
ing the overall efficiency of the device. Sensitization procedure needs to be optimized in order
to avoid ZnO surface damaging and molecular aggregate formation. At present, then, the light-
to-electricity conversion efficiencies of ZnO-based DSCs are relatively low with respect to TiO»
based devices, arriving to 6% only for small area laboratory cells based on mesoporous nanoparti-
cle network [29, 129]. Hence, the improvement of the cell performance is still a challenging task
and there is room for suggesting new architectures in view of increasing the efficiency values.

In the following, the fabrication and characterization of dye-sensitized solar cells with ZnO-
based photoanodes with valuable efficiency will be presented. A simple, low cost and scalable
method for the deposition of sponge-like mesoporous ZnO nanostructures was used, based on the
deposition of a nanostructured Zn film on glass covered with fluorine-doped tin oxide by RF mag-
netron sputtering technique and subsequently subjected to a thermal treatment in oxygen atmo-
sphere. Crystalline phase, quality, and morphology of the film were investigated. The dependence
of the cell efficiency on dye incubation time and film thickness was studied with by means of I-V

electrical characterization, IPCE and EIS measurements.

6.3.1 Photoanode characterization

In Fig. 6.5a the morphology of the deposited film as evaluated by FESEM is presented. The Zn
film shows a sponge-like structure, compatible with the results presented in literature for Zn-Al
coatings [130]. The nanostructuring of a metallic film in a sponge-like structure occurs for growth
processes performed with a substrate temperature T approximately equal to a half of the melting
temperature T, [131]. Being the melting temperature for zinc particularly low (~690 K), the
substrate temperature required for obtaining a value of 0.5T}, is about 350 K. Since the substrate
temperature can increase by tens of degrees during sputtering deposition because of the energy

released by incident particles [132], the conditions for obtaining such a nanostructure are easily
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Figure 6.5: Sponge-like Zn-ZnO FESEM characterization: (a) Zn film, cross view; (b) ZnO film,
cross view; (¢) ZnO film, top view, and (inset) visual comparison with a natural coral; (d) magni-
fied image of the sponge-like morphology, where the branched structure is evidenced.

achieved with no intentional heating. As depicted in Fig. 6.5b, no significant morphological vari-
ation can be noticed after the high temperature oxidation procedure, resulting only in a moderate
volume expansion. Top view in Fig. 6.5c allows appreciating the porous morphology of the film
and its similarity with the structure of natural coral. The specific exposed surface, as measured
by Brunauer-Emmett-Teller (BET) method, was equal to 14.1 m?/g, in line with what measured
for mesoporous ZnO layers deposited with other techniques [29]. On the magnified FESEM pic-
ture in Fig. 6.5d it is possible to observe the 3-dimensional coral-like nanostructure, formed by
the superimposition of small branches able to grow in length along basically every direction. The
typical dimension of the particulate is around 40 nm, with spacing between adjacent structures in
the range 10 — 60 nm. Taking into account that the typical exciton length in ZnO is in the range 5 —
20 nm, such morphological feature presents all the desired characteristics for efficient dye loading
and charge transport towards the electrode [129].

The macroscopic appearance of the deposited film before and after the oxidation treatment
drastically changes, moving from a black to a transparent feature, as shown in Fig. 6.6a. In Fig.
6.6b, the X-ray diffraction characterization of the film before and after the oxidation procedure
is reported. The diffraction pattern after the thermal treatment witnesses a complete oxidation of
the film, with a pure wurtzite crystalline structure, evidencing the absence of Zn residuals, which

could be detrimental for the charge transport in DSC photoelectrodes.

6.3.2 Photovoltaic performances

In order to study and optimize the photovoltaic performances of the sponge-like ZnO photoan-

odes, different dye immersion times, different pH of the sensitizing solution, and different film
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Figure 6.6: (a) Picture of the photoanode, before (left) and after (right) the oxidation treatment;
(b) XRD characterization, before (black pattern) and after (red pattern) the oxidation treatment
(JCPDS cards: Zn 87-0713, ZnO 89-1397).
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Figure 6.7: Current density-voltage curves of sponge-like ZnO-based DSCs for different impreg-
nation times in dye solution; the thickness of the ZnO layer is 5 um.
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Figure 6.8: Bode plot of phase impedance of sponge-like ZnO-based DSCs for different impreg-
nation times in dye solution measured at cell V,; the thickness of the ZnO layer is 5 um.

thicknesses were tested.

In Fig. 6.7 and Fig. 6.8 the experimental curves for current density versus voltage analysis
and impedance spectroscopy characterization for cells fabricated with 5 um-thick ZnO photoan-
odes subjected to different immersion times in N719 solution (ranging between 10 min and 24
h) are reported, and the evaluated photovoltaic parameters are presented in Table 6.3. The PCE
values are reported in Fig. 6.9 as a function of the incubation time in dye solution. It emerges
a non-monotonic behavior with a most favorable sensitization time of 2 h. The lowering of cell
efficiency during prolonged treatments is caused by a progressive degradation of ZnO surface.
In fact, the modeling of EIS spectra evidences an initial decrease of the rate constant related to
electron recombination as emphasized in Fig. 6.9 (in Fig. 6.8 the phase peak related to the recom-
bination shifts towards low frequencies for loading time lower than 2 h). For immersion times
longer than the optimal value, the recombination processes related to the interface between the
unsensitized zones of the oxides and the electrolyte gain importance, as it is witnessed by the shift
of the phase peak towards higher frequencies, i.e. lower lifetime values, as described in Section
3.5.1. The initial rise in efficiency for short incubation times is related to the slow kinetic of dye
adsorption on the semiconductor surface. For low coverage of ZnO surface with dye molecules,
the efficiency is reduced both because the number of photogenerated carriers is lower and because
the recombination between the unsensitized ZnO and the electrolyte is higher. The unoccupied
dye-absent sites on semiconductor surface are supposed to increase the rate of interfacial electron
transfer (recombination) from the conduction band of ZnO to I3". The decrease in efficiency when
the optimal incubation time is exceeded can be related to the formation of molecular aggregates
between dye molecules and dissolved Zn?* ions originating from the ZnO surface. The aggregates
give rise to a filtering effect (inactive dye molecules) as reported in literature [127]. In particular,

the following three mechanisms are involved: adsorption of dye, dissolution of Zn surface ions,
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Dye Jse Voe (V) FF PCE (%) o, (s
impregnation (mA/cm?)
time
10 min 6.81 0.59 0.58 247 518
30 min 7.75 0.60 0.58 2.84 468
l1h 8.23 0.62 0.58 2.99 398
2h 8.95 0.62 0.57 3.09 322
5h 7.45 0.62 0.52 2.50 491
24 h 5.87 0.67 0.48 1.90 613

Table 6.3: Photovoltaic performances of sponge-like ZnO-based DSCs for different impregnation
times in dye solution evaluated from I-V characterization and EIS analysis; the thickness of the
ZnO layer is 5 um.
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Figure 6.9: Efficiency behavior of 5 um ZnO-based DSCs with different impregnation time in
dye solution. The corresponding oxide-electrolyte interfacial rate constants for recombination
obtained by fitting the impedance spectra are also shown.

and formation of aggregates in the pores of the film.

In order to better analyze the Zn>*/dye aggregates formation, optical absorbance measurements
in the UV-visible range were performed on the sensitized ZnO photoanodes for different soaking
times. The resulting spectra are reported in Fig. 6.10. The typical N719 adsorption peaks (located
at 400 and 535 nm) clearly increase while increasing the impregnation time from 10 min to 5 h,
as confirmed visually by the color of the film, which becomes more intense for longer dipping.
After 24 h of incubation, the behavior of the absorbance curve drastically changes; the overall
increase in absorbance evidences a higher content of dye molecules, but the shift of the peak at
400 nm and the arising of new peaks (as shoulders of the peak centered at 535 nm) indicate the
formation of new aggregates. Such molecular complexes show strong adsorption properties but
are unable to inject electrons in the conduction band of the semiconductor as confirmed by IPCE
spectra reported in Fig. 6.11. In fact, the curve related to 24 h of incubation time shows the lowest

values of IPCE, whereas the 2 h cell shows the best performance.
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Figure 6.10: UV-visible absorbance curves obtained for the N719 dye on the sponge-like ZnO
photoanodes (shown in the inset) for different incubation times in dye solution.
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Figure 6.11: IPCE curves of sponge-like ZnO-based DSCs for different impregnation times in dye
solution; the thickness of the ZnO layer is 5 um.
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Since the long-term formation of Zn’*/dye aggregates is expected to be partially suppressed
when a more basic dye solution is used [127], the effect of pH of the sensitizing mixture was ex-
perimentally evaluated adding 0.2 mM sodium hydroxide to the N719 solution. The pH was thus
changed from 6.5 (normal solution) to 9 (hydroxide containing solution). The 5 um ZnO sam-
ple incubated on the basic solution for 24 h showed an overall efficiency of 2.56%, significantly
higher than the corresponding value (1.90%) obtained with a dipping in the slightly acid solution
for the same time interval (see Fig. 6.12 and Table 6.4). The deprotonation of the solution re-
duces the kinetics of Zn>* ion release, allowing longer sensitization by suppressing the formation
of aggregates. The degradation mechanism of the ZnO layer brings to an increase of the charge
recombination phenomenon, but this effect can be reduced while sensitizing the photoelectrode in
the basic solution. This feature is evident by comparing the phase plots derived from EIS mea-
surement presented in Fig. 6.13: the rate constant for recombination of the sample subjected to 24
h of incubation in normal solution (613 s!) is higher with respect to the sample sensitized in the
basic mixture (420 s™'). Thus, for an efficient long dye-sensitization process of ZnO electrodes,
dyes with no acidic protons are preferred in order to suppress the dissolution of Zn surface ions
and formation of Zn>*/dye aggregates. These experimental evidences are in agreement with the
arguments already proposed in literature [29]. For shorter incubation times, the same beneficial
effect is not evidenced because the de-aggregation effect conflicts with the dye desorption that
usually occurs in basic environments.

With the aim of exposing higher surface area to dye absorption in order to further increase
the conversion efficiency, the ZnO thickness was varied from 5 to 15 um by means of appropriate
choice of the sputtering deposition time. In the thicker films, an increase of the photogenerated
charges injected in the conduction band of the oxide is clearly observable, leading to better cell
performances (Fig. 6.14). In fact, thicker photoelectrodes are able to load a higher amount of dye,
thus allowing the injection of a higher number of carriers in the conduction band of the semicon-
ductor, and the charge transport is efficient enough to allow the collection of the electrons at the
FTO substrate. With the use of the thicker film (15 ytm) and the optimal incubation time of 2 h, the
highest value in solar energy conversion efficiency (4.94%) was obtained, as presented in Table
6.5. Interestingly, the recombination kinetics shows a dependence on the photoanode thickness.
In particular, by looking at the Bode plots reported in Fig. 6.15, a shift of the phase peak towards
lower frequencies can be observed while increasing the ZnO thickness. The evaluated rate con-
stants for recombination at cell V,. were equal to 266 s, 83 s7! and 21 s™! for the 8 um, 12.5
um and 15 pm thick ZnO photoanodes, respectively. The dependence of the recombination on
the photoanode thickness is probably related to the contribution of the back transfer of electrons
at the FTO/electrolyte interface [133]. For thicker photoanodes, this parasitic effect loses impor-
tance, giving as a macroscopic result a higher overall carrier lifetime, as reported previously for

mesoporous TiO; films [134].
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Solution pH Joe Voe (V) FF PCE (%) o, (571
(mA/cm?)
6.5 5.87 0.67 0.48 1.90 613
9 7.66 0.58 0.58 2.56 420

Table 6.4: Photovoltaic performances of sponge-like ZnO-based DSCs for different pH of the
sensitizing solution evaluated from I-V characterization and EIS analysis; the thickness of the
Zn0 layer is 5 um, and the impregnation time is 24 h.
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Figure 6.12: Current density-voltage curves of sponge-like ZnO-based DSCs for different pH of

the sensitizing solution;
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Figure 6.13: Bode plot of phase impedance of sponge-like ZnO-based DSCs for different pH of
the sensitizing solution measured at cell V,; the thickness of the ZnO layer is 5 um, and the
impregnation time is 24 h.
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ZnO thickness Jse Voe (V) FF PCE (%) o, (571
(um) (mA/cm?)
5 8.95 0.62 0.57 3.09 322
8 11.12 0.61 0.53 3.59 266
12.5 13.44 0.60 0.54 4.58 83
15 14.44 0.57 0.60 4.94 21

Table 6.5: Photovoltaic performances of sponge-like ZnO-based DSCs for different thickness of
the ZnO layer evaluated from I-V characterization and EIS analysis; the impregnation time is 2 h.
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Figure 6.14: Current density-voltage curves of sponge-like ZnO-based DSCs for different thick-
ness of the ZnO layer; the impregnation time is 2 h.
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Figure 6.15: Bode plot of phase impedance of sponge-like ZnO-based DSCs for different thickness
of the ZnO layer measured at cell V,; the impregnation time is 2 h.
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6.4 Anodic TiO; nanotube membranes

As introduced in Section 2.1.2, with the aim of improving the charge transport and minimiz-
ing the recombination mechanisms, different dimensionally confined materials such as nanowires,
nanorods and nanotubes have been proposed as a promising alternative to randomly interconnected
nanoparticles for photoanode fabrication in DSCs. In particular, anodized titanium oxide nanotube
arrays, firstly proposed in 1999 [135], stand out for a faster and more efficient electron transport
with respect to traditional NP-based photoanodes [35]. These NTs can be simply grown by the
electrochemical oxidation of a Ti foil. The huge inconvenient is that the best working configu-
ration of DSCs is based on a front-side illumination (to avoid light reflection at the cathode and
absorption by the electrolyte) and so transparent electrodes are needed [35]. To overcome this
problem, a possible solution consists in the growth of a thick TiO, NT array on Ti foil and its
detachment and subsequent bonding onto the transparent conductive substrate employing a bond-
ing interlayer [136]. During the detachment from the growth substrate, the characteristic blocking
layer usually present between the bottom of the NTs and the Ti foil is removed [37], resulting in
a further improvement of charge transport. The adhesion layer can be obtained by employing a
TiO, sol, with appropriate thermal treatments and applied pressure.

In this section the photovoltaic performances and the electron transport properties of trans-
parent TiO, NT-based DSCs will be presented. NT arrays with different lengths were fabricated
by anodic oxidation of Ti foil and free-standing NT membranes were detached by the bulk metal
and bonded on the FTO surface implementing a simple technological approach. The morphology
and the crystal orientation of the TiO, NTs were investigated by different techniques. DSCs were
assembled employing the microfluidic housing system, and the photovoltaic performance depen-
dence on tube length and the effect of a TiCly treatment were characterized by I-V, IPCE, OCVD
and EIS measurements. The EIS data were fitted by TLM equivalent circuit in order to obtain
information on the electron diffusion properties into the NTs, and the results were compared to

NP-based photoanode in order to investigate the effect of the 1D pathway for charge collection.

6.4.1 Fabrication and characterization of the nanotube membranes

The growth mechanism of TiO, NT arrays in fluoride-based electrolyte can be described as the
occurrence of three competitive reactions [137]: the field-assisted oxidation of Ti and the dis-
solution of Ti ions in the electrolyte are the first two processes, while the third is the chemical
dissolution of Ti and TiO, through the etching due to fluoride ions. After the anodization of the
Ti foil, a hexagonal close-packed TiO, nanotube array was successfully obtained. Free-standing
NT membranes were then separated by the metallic substrate following a self-detaching procedure
described in Section 6.4.2.

The final appearance of the TiO, NT array, before and after detachment, is shown in Figs.
6.16a and 6.16b. For an anodization time of 2 hours, a 12 pum-thick TiO, NT membrane was
obtained (Fig. 6.16¢), while for 3 and 4 hours the membrane thicknesses were 22 and 30 um, re-
spectively. The walls of the tubes are quite smooth (Fig. 6.16d) thanks to the polar organic nature

of the electrolytic solution [138]. The average external diameter of the tubes was 120 nm. Figs.
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Figure 6.16: Photograph of as-anodized Ti foil (a) and self-standing membrane of TiO, NTs (b);
FESEM micrographs showing the cross-section of TiO, NT array at different magnification (c, d);
the top (e) and bottom (f) views of TiO, NTs.

6.16e and 6.16f show the top and the bottom of the NT membrane, revealing the hexagonally-
packed assembly typical of the anodized titanium oxide.

Fig. 6.17 shows the XRD patterns of the as-grown and annealed TiO, NT array. It is possible
to see that the former is completely amorphous while the latter presents peaks in perfect agree-
ment with the reference patterns for titania anatase (JCPDS 89-4921), both in peak positions and

relative intensities.

6.4.2 Photoanode fabrication

The process flow for the fabrication of a transparent photoanodes consists in the following steps.
After anodization, free-standing NT membranes were easily separated by the metallic substrate
without any crack following a self-detaching procedure consisting in repeated rinsing in DI-water
and ethanol. The membranes were then transferred and bonded onto FTO-covered glass substrates
employing a 4 uL. drop of TiO; sol as a binder and applying a slight pressure with a N, flow.
Finally, an annealing treatment was made to sinter the TiO, NPs of the sol and crystallize the
nanotubes array. This approach for membrane detachment and bonding is easier than other previ-
ously reported in the literature [137] since it does not involve any chemical etching or mechanical
splitting for membrane separation and only one thermal process is required both for membrane
crystallization and attachment.
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Figure 6.17: X-ray diffraction pattern of as-grown and annealed TiO, NT array.
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Figure 6.18: Current density-voltage curves of TiO, NT-based DSCs with and without TiCly treat-
ment for different nanotube lengths.

6.4.3 Evaluation of photovoltaic performances and transport properties

In Fig. 6.18 the results of I-V measurements performed on the cells fabricated using the NT array
membranes are reported; in particular, the results obtained for the three different nanotube lengths
(12, 22 and 30 pm), with and without the TiCls treatment are shown. The relative photovoltaic
parameters are reported in Table 6.6. By looking at these values, it can be noticed an increase of
the photocurrent density while increasing the nanotube thickness: from 10.07 to 14.77 mA/cm?
passing from 12 to 30 um. This improvement has to be attributed to the increase of the total surface
available for the dye anchoring. Moreover the TiCly treatment led to a further improvement of
the photovoltaic performances for all the samples under study. In fact, as introduced in Section
4.1.1, a downward shift of the TiO, conduction band occurs due to the effect of this treatment,
resulting in an enhancement of the electron injection efficiency. Moreover a higher number of

charge separation interfaces is originated, leading to an intensified light absorption [139]. The
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] Cell | J (mA/em?) | Voe (V) \ FF PCE (%) |
12 um 10.07 0.628 0.66 3.64
12 pm TiCly 11.41 0.657 0.62 4.65
22 um 11.84 0.651 0.64 4.97
22 um TiCly 13.17 0.677 0.65 5.82
30 um 14.77 0.646 0.66 6.26
30 um TiCly 17.47 0.677 0.64 7.56

Table 6.6: Photovoltaic parameters of TiO, NT-based DSCs with and without TiCly treatment for
different nanotube lengths.
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Figure 6.19: Incident photon-to-electron conversion efficiency spectra of TiCly-treated NT-based
DSC:s for different nanotube lengths.

overall effect is an increase of the Jy. values, and consequently of the photoconversion efficiency.
A maximum PCE value of 7.56% has been obtained for the cell fabricated with 30 pum-thick
nanotube membrane treated with TiCly.

The observed increase of short circuit current density while increasing the nanotube length
was also confirmed by IPCE measurements, reported in Fig. 6.19 for the TiCls-treated cells. The
spectra show an upward shift in the wavelength range from 400 to 750 nm, with a maximum IPCE
value of 0.89 measured at 530 nm for 30 um-length nanotubes.

The effect of the NT length on the recombination kinetics in the fabricated devices was studied
through open circuit voltage decay measurements, whose results are reported in Fig. 6.20. No dif-
ference in the exponential decay was observed for the different NT membrane thickness, meaning
that the electron lifetime is not dependent on nanotube length. A slower decay of the photovoltage
(meaning an increase of the charge lifetime) was instead observed for the TiCly-treated cells (as
shown in the inset of Fig. 6.20): this is an evidence of a reduced recombination rate due to the
nanoparticle coverage on the nanotube walls that acts as a barrier for the interfacial recombination
[109]. In fact, as reported in literature [140], the NPs could occupy nanotube surface impurities,
defects and grain boundaries (that are the sites on which the recombination processes mainly oc-
cur).

In order to study in detail the recombination and transport properties of the NT membranes,
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Figure 6.20: Open circuit voltage decay curves of not-treated NT-based DSCs for different nan-
otube lengths. In the inset the comparison between the cells fabricated with 22 um thick NT
membranes with and without TiCly treatment is reported.

electrochemical impedance spectroscopy analysis was performed. From the equivalent circuit
fitting of the experimental curves (exploiting the circuit reported in Fig. 3.5), the effective elec-
tron lifetime 7, and the diffusion length L, values were extracted and the results are reported
in Fig. 6.21. The same parameters have been evaluated for a cell fabricated with a 8 pum-thick
TiCly-treated layer of TiO, NPs (also shown in Fig. 6.21). As already observed from the OCVD
measurements, it is evident an increase of the carrier lifetime in the NT-based DSCs due to the
TiCly treatment, while comparable values were obtained for the diffusion length, meaning that
the charge transport properties of the NTs are adequate for electron collection even without the
treatment [109]. A significant increase of both electron lifetime and diffusion length values was
observed for the NT-based cells with respect to the NP-based one. In fact the number of surface
states is proportional to specific area and the NT surface is a order of magnitude lower with re-
spect to the NP one. For this reason the NT array presents a reduced number of defects and trap
sites (such as grain boundaries) with respect to the NP layer, and the charge recombination rate
is subsequently greatly reduced [141]. Moreover, thanks to the 1D structure, the charge transport
is improved in the NT-based DSCs, while in the NP-based ones the transport mechanisms result
more complicated due to a longer pathway for the electrons in the nanoparticle network. The
improved transport properties of the NT-based cell are also confirmed by the diffusion coefficient
values Dy, calculated through the Eq. 3.12: at cell open circuit voltage, the values of 4- 10 cm?/s,
3-10* cm?/s and 0.8 - 10* cm?/s were found for the NT treated cell, NT untreated cell and NP

cell, respectively.

6.5 Non-destructive analysis of DSC components

As introduced in Section 1.2.1, one of major issues of DSCs is their limited long-term stability over
time, which up to now reached 20000 h under continued irradiance [142]. In order to further ex-

tend the stability, the understanding of the causes of degradation of the different cell components is
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Figure 6.21: (a) Effective electron lifetime and (b) diffusion length dependence on the bias voltage
for the cells fabricated with 22 um-thick NT membranes with and without TiCl treatment. For
comparison, the same parameters extracted for a cell fabricated with 8 um of TiCly- treated TiO,
nanoparticles are reported.

essential. Many degradation phenomena, related to the different components, have been reported:
bleaching of iodine due to UV illumination [143] or to water impurities in the electrolyte solution
[144], Pt dissolution from the counter electrode caused by the electrolyte [145], dye degradation
or desorption caused by UV irradiation, high temperature and presence of water [146, 147, 148],
and changes in TiO, film structure [149]. However, an analysis of the components aimed at the
identification of one or more phenomena among those listed above is up to now difficult to be
performed without compromising the integrity of the cell, since the structure has to be definitely
disassembled (due to the presence of the sealant exploited to avoid electrolyte leakages and pro-
tect the cell elements from the environment) in order to inspect its parts. An attempt to overcome
this limitation was made [144] using scanning microscopy for semiconductor characterization,
in which a point-by-point laser-induced photocurrent is measured and related to the presence of
defects or to degradation phenomena. However the determination of which degradation process
causes those defects and on which of the cell components it occurs is not straightforward.

In this framework, thanks to its reversible assembly and disassembly procedure, the microflu-
idic architecture could give a fundamental help. In this section, a study aimed to demonstrate
that the microfluidic DSC is an effective investigation tool for the analysis of the different cell
elements will be presented. By using this structure, an accelerated degradation in the cell was in-
duced (see Section 4.1.5), and the behavior of the electrodes over time (for a period of three weeks)

was monitored. In particular, the Pt-covered counter electrodes were analyzed through field emis-
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Figure 6.22: FESEM micrographs showing the top view of Pt-covered counter electrode of the
freshly assembled cell (a), after one week (b), after two weeks (c) and after three weeks (d).

sion scanning electron microscopy, contact angle measurements and UV-visible spectroscopy; the
photoanodes through UV-visible spectroscopy; the whole cells through current-voltage and elec-
trochemical impedance spectroscopy measurements. Six cells were fabricated and analyzed within
a period of three weeks: five cells were analyzed in all their components once a week, while the
other cell was used as reference (it was not opened for all the investigation period and only the
I-V measurement was performed once a week) in order to prove that the procedures of cell assem-
bling and disassembling did not introduce modification of the components of the cell itself. Before
performing the measurements on the different components, the electrolyte was removed and only
then the cells were opened. After the measurements the cells were re-assembled and filled with

the electrolyte. All the cells were kept in dark conditions when not being used.

6.5.1 Counter electrode investigation

Fig. 6.22 reports the FESEM micrographs of the Pt-covered counter electrodes for different ageing
periods with the same magnification. A strong degradation on the Pt thin film after two weeks of
operation can be clearly seen. In fact, after two weeks the Pt thin film is not continuous anymore
and it peels off from some FTO grains. This effect was evidenced in all the samples analyzed.

Results of CA measurements show a strong variation of wetting properties of the FTO/Pt
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Figure 6.23: Contact angle images of DI water on Pt-covered counter electrode of the freshly
assembled cell and after one, two and three weeks.
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Figure 6.24: UV-visible transmittance spectra of Pt-covered counter electrodes.

counter electrode. The water CA values decrease over time from around 106° of the fresh cell to
74° of the third week (as reported in Fig. 6.23). This behavior is almost the same for all the cells
under investigation and can be associated with the Pt layer degradation on the FTO as described
by FESEM analysis.

UV-visible transmittance measurements performed on the counter electrodes are shown in Fig.
6.24. The results remain substantially unchanged till the first week, while an overall increase of the
spectra is clearly observable starting from the second week. After three weeks the initial visible
transmittance, whose value at 680 nm is 59% (due to the presence of the Pt layer which strongly
reduces the visible transmittance of the FTO/glass, which is about 80%) increases to 76% for all
the examined cells. This variation can be attributed to the dissolution of the Pt layer, and in fact
this phenomenon, together with the formation of compounds of Pt with the iodide at the electrode
surface, has already been reported [145]. From all the above results an aggressive effect of the

electrolyte on the Pt thin film can be deduced.

6.5.2 Photoanode investigation

The absorbance spectra of the photoanodes are reported in Fig. 6.25. Clear differences are present

between the fresh photoanode spectrum and the ones subsequently obtained after the first week:
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Figure 6.25: UV-visible absorbance spectra of dye-sensitized photoanodes.
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Figure 6.26: Current density-voltage curves of one of the fabricated cells.

in particular an overall decrease of the absorbance and the disappearance of the typical N719
dye peaks. These effects evidence noticeable dye degradation since the first week. The subject
has been largely investigated in the literature: the N719 degradation has been attributed to the
interaction with the electrolyte, to water and air contamination and to exposure to UV light and
temperatures higher than 135 °C [146]. The thiocyanate ion ligand (SCN") has been identified
to be the most sensitive part of the N719 dye: it was found to be substituted with H,O/OH™ and
also with triiodide ions, leading to a substantial instability of the dye in presence of air and water.
Furthermore, the electrochemical oxidation of the N719 complex adsorbed on a TiO,/FTO film

has been reported to give rise to new weaker absorption bands at about 470 and 645 nm [150].

6.5.3 Complete cell investigation

The above results obtained for both the photoanode and the counter electrode were successfully
confirmed by the electrical characterization. An example of current density-voltage curves of the

cells is shown in Fig. 6.26 while the average photovoltaic parameters (mean values for the five
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Cell Jee Voe (V) FF PCE Rcg | Tn (ms) | Ref. cell
(mA/cm?) (%) (Q) PCE (%)
Fresh 15.04 0.60 0.57 5.08 2.87 10.90 5.01
After 1 week 6.80 0.56 0.63 2.39 3.49 5.83 2.38
After 2 weeks 3.53 0.55 0.63 1.22 9.11 4.95 1.16
After 3 weeks 2.59 0.55 0.68 0.96 9.49 4.49 0.97

Table 6.7: Average cell parameters (mean values for five cells) evaluated from I-V characterization
and EIS analysis. The last column reports the photoconversion efficiency (PCE) values for the
reference cell.
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Figure 6.27: Electrochemical impedance spectra of one of the fabricated cells (the points are
experimental data while the continuous lines are fitting curves).

cells) are summarized in Table 6.7. There a strong decrease of the total conversion efficiency can
be noticed just after one week (quite halved with respect to the fresh cell), due to the decrease of
both Ji. and V,.. Going on with time, the current density keeps decreasing due to depletion of
the dye and its detachment from the photoanode [147, 148], while the decrease of the open circuit
voltage is less pronounced. Such a decrease has already been attributed to a positive shift of the
TiO, conduction band caused by water [151].

The impedance spectra of a representative cell for every condition are reported in Fig. 6.27.
From the spectra it is possible to observe that after one week the degradation of the photoanode
occurs (the central arc height and width both increased). After two weeks also the contribution of
the counter electrode becomes evident (the high-frequency arc almost disappears). The shape of
the curve changes from quasi-circular to a Gerisher type (see Section 3.5.1): in this condition the
diffusion length is lower than the TiO, thickness, implying a strong recombination rate (recombi-
nation occurs before the electrons arrive at the substrate). The experimental curves were fitted by
using the circuit depicted in Fig. 3.6. By looking at the fitting values reported in Table 6.7, is it pos-
sible to observe that Rcg values starts increasing from week two. In fact, the Pt thin film peeling
off from the electrode surface makes the collection of charges become poor and the corresponding
value of the resistance increase. Moreover the platinum, diffusing to the photoanode, could act as
a recombination site (so causing a further increase of the recombination rate). On the basis of the
EIS results it is also possible to relate the influence of the photoanode degradation on the decrease
of the open circuit voltage [152]. The electron lifetime values were calculated using the Eq. 3.11,
and these values also are reported in Table 6.7. There is a direct relation between the decrease of

the lifetime, due to an increase of recombination caused by the photoanode degradation, and V.
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Figure 6.28: Behavior of cell parameters related to the different components: CA and transmit-
tance values for the counter electrode; electron lifetime, position and intensity of the dye ab-
sorbance peak for the photoanode; current density and photoconversion efficiency for the whole
cell. All the points are normalized using the formula (x-x,,i, )/ (Xnax-Xmin), Where X, and x4, are
the minimum and the maximum values of the analyzed parameter x.

In order to summarize all the results obtained from the different characterizations, in Fig. 6.28
the behaviors of cell parameters related to the different components are reported. The following
parameters were chosen in order to monitor the degradation over time: CA and transmittance
values (measured at the wavelength of 680 nm) for the counter electrode; electron lifetime, position
and intensity of the dye absorbance peak (the one centered at about 534 nm in the fresh cell
spectrum) for the photoanode; current density and photoconversion efficiency for the whole cell.
From the analysis of this graph it is clearly visible that the parameters related to the photoanode
experience a decrease in the first week, while the counter electrode ones are quite constant in
that period. During the second week a decrease is evident also for CA and transmittance values,
proving that degradation has occurred at the Pt-covered electrode.

Finally, the results of the I-V characterization on the reference cell (reported only in terms of
conversion efficiencies in the last column of Table 6.7) show no difference with respect to the cells
that were opened and closed during the whole period of analysis. The efficiency values of the
reference cell are in fact in good agreement with those related to the other cells, proving that no
additional degradation was caused to the cells by the assembling and disassembling procedures.
All the results proved the effectiveness of the microfluidic architecture as a test tool in the study

of the degradation phenomena in DSCs.

6.6 Conclusions

In this chapter some applications of the innovative microfluidic architecture for DSC were re-
ported.
The first one was the test of different innovative organic sensitizers, with interesting results

in terms of photovoltaic conversion efficiencies obtained employing them in microfluidic devices.
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The study was then focused on the novel hemi-squaraine organic dye, whose squarate moiety
was found to strongly interacts with the anatase surface, giving rise to an optimal alignment of
the electronic molecular levels with respect to the oxide energy bands, thus favoring adiabatic
electron transfer from the excited molecule to the semiconductor. This results in an efficient
electron injection with an observed maximum IPCE of 87%, and efficiency equal to 3.54%.

The microfluidic architecture was successfully employed for the fabrication and characteriza-
tion of DSCs made with coral-shaped ZnO photoanodes. A simple and scalable method for the
synthesis of sponge-like Zn structure was presented. The Zn nanostructures were oxidized with
a simple thermal treatment in air, obtaining a porous ZnO film with a 3D coral-like morphology.
The solar energy conversion efficiency of DSCs based on ZnO films sensitized with Ru-based dyes
was evaluated. The sensitization procedure was refined, being the optimal sensitization time equal
to 2 hours. Using a 15 um-thick photoanode, a noticeable photovoltaic conversion efficiency of
4.94% was evaluated, with a charge carrier lifetime at open circuit voltage equal to 48 ms.

Another application of the microfluidic DSC was the study of the photovoltaic performances
and transport properties of anodically grown TiO, nanotube membranes employed as transparent
DSC photoanodes. The cell performances and the electron transport properties dependence on
TiCly treatment and tube length were characterized and a maximum value for the PCE equal to
7.56% was obtained for the cell fabricated with a 30 um-thick nanotube membrane treated with
TiCly. Information on the electron diffusion properties into the NTs was obtained by equivalent
circuit fitting of the EIS spectra. A significant increase of both electron lifetime and diffusion
length values was observed for the NT-based cells with respect to a NP-based one.

Finally, a study aiming to prove that the innovative microfluidic housing system described in
this work is effective as an investigation tool for the analysis of the constituent materials of dye-
sensitized solar cells was reported. The reversible sealing of such structure allowed characterizing
in a non-destructive way the cell components periodically over three weeks and linking the de-
crease of the total photovoltaic conversion efficiency to the different cell elements. In particular,
the Pt-covered counter electrode was subjected to degradation after two weeks mainly caused by
the chemical interaction with the electrolyte. For what concerns the photoanode, instead, a degra-
dation of the dye after just one week (due to the contact with electrolyte and air) was evidenced.
The results showed how it was possible to perform a degradation analysis over time by exploiting
the microfluidic architecture, which is the only laboratory prototype proposed up to now that offers
this possibility.
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Chapter 7

Conclusions and future works

The goals of the thesis work were the design, the fabrication and the characterization of an in-
novative dye-sensitized solar cell architecture based on microfluidic concepts. By using such a
structure, a large number (higher than 500) of small laboratory DSCs were fabricated with a high
degree of assembly reproducibility; moreover different interesting applications were developed,
namely the testing of some innovative materials like photoanodes and sensitizers, and the analysis
of the cell components over time.

The first part of the work was focused on the design and fabrication of the microfluidic housing
system for DSCs. This architecture is constituted by all the elements of a standard Gritzel’s cell
(photoanode, counter electrode and liquid electrolyte) in which the electrolyte solution is confined
by means of a PDMS membrane; the closure is guaranteed by a PMMA clamping system, which
allows the easy assembly and disassembly of the device. The sealing capability of the structure
was studied with a dedicated fluidic set-up, and good sealing performances for a wide range of
operating pressure and temperature were obtained. Moreover the novel architecture exhibited im-
proved photovoltaic performances with respect to non-fluidic DSC.

The microfluidic architecture was then modified in order to solve some fabrication weak
points. By using this structure, a study on fabrication reproducibility was carried out, in which
optimal results were achieved (a standard deviation equal to 10% was obtained for the photocon-
version efficiency values). The fabrication reproducibility will be further improved in the future
through the use of a screen printing machine for the NP-based photoanode preparation, which will
guarantee a higher uniformity of the TiO, layer. Moreover the effect of the membrane thickness
was analyzed by varying this parameter in the range 100 — 200 um and interesting conclusions
were obtained from the EIS curves interpretation. However it has to be noted that, due to the diffi-
culty of fabricating very thin PDMS membranes, the microfluidic assembly is not the best choice
for studying electrolyte thickness values of 25 — 60 wm, which are normally adopted in non-fluidic

devices. Finally the transmission line model was successfully applied to the EIS analysis of the
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microfluidic architecture, and the obtained results were found to be in good agreement with the
values reported in the literature for non-fluidic devices.

All the obtained results demonstrated the effectiveness of the microfluidic housing system as
a prototype which can be used for laboratory tests on different DSC elements. Then, the second
part of the work concerned the applications of the microfluidic architecture.

Different novel organic dyes were tested as sensitizers, with interesting results in terms of
photovoltaic performances. The attention was then focused on one of these new dyes, the hemi-
squaraine one; its photovoltaic performances were evaluated and an attempt of improvement was
made by using chenodeoxycholic acid as co-adsorbent in order to reduce dye aggregation. Ad-
ditional work needs to be done regarding this topic; in fact the photovoltaic performances of the
hemi-squaraine-based DSC can be further improved by optimizing the sensitizing time and the
CDCA concentration and, moreover, detailed studies on other sensitizers will be carried out. The
microfluidic architecture presents the advantage of a quick assembly procedure and it can be ex-
ploited for the monitoring of the dye-impregnated photoanode properties before and after the usage
of the cell. This housing system has demonstrated to be a very useful tool for the study of the in-
cell behavior of organic dyes, also in the case of new dyes with not yet optimized time-stability.

Two different innovative materials were successfully employed as DSC photoanodes, namely
the sponge-like ZnO and the anodic TiO; nanotubes. Both of them were characterized in terms
of photovoltaic and charge transport properties, in particular examining their dependence on the
oxide thickness. Moreover, only regarding the sponge-like ZnO, also the effect of the soaking time
and of the sensitizing solution pH was studied; in fact, differently for what happens with TiO,,
Ru-based dyes can cause the long-term degradation to ZnO surface and the formation of Zn>*/dye
aggregates, leading to the decrease of cell performances. This study will be further carried on
also considering the dye concentration, because all the three parameters can influence the equilib-
rium between the dye loading and the surface degradation. Moreover both the novel photoanode
materials will be used in conjunction with quasi-solid or solid-state electrolytes thanks to their
morphologies that can improve the electrolyte infiltration within the nanostructures.

The microfluidic architecture was successfully employed as investigation tool for the analysis
of the constituent elements of dye-sensitized solar cells. This is in my opinion the most peculiar
application of the microfluidic structure. Thanks to its capability of assembly and disassembly, an
accelerated degradation was induced in the devices, and the behavior of the electrodes was success-
fully monitored for a period of three weeks. Even if problems related to the air penetration within
the PDMS cannot be avoided, none of the available architectures for DSC laboratory prototypes
offer the possibility of degradation analysis. The investigation of a not-accelerated degradation
of different kind of counter electrode catalyst materials (evaporated Pt, thermally decomposed Pt
and sputtered graphite) over time is currently under study, and in the future also other constituent

materials could be analyzed.
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