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Abstract

Biopolymers are among the most promising electrolyte hosts for different electrochemical devices
in the energy conversion and storage fields. In this work, the potential of chitosan as biopolymer
laden with Nal salt is explored and applied as solid polymer electrolyte for dye sensitised solar
cells. The chitosan-Nal electrolyte is successfully prepared via a simple and upscalable solution
casting technique. Infrared spectroscopy analysis highlights interactions between chitosan and Nal,
that weaken the semi-crystalline domains of chitosan and favour the conduction of the redox shuttle

ions between cell electrodes. At room temperature, the best ionic conductivity was obtained for the
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samples laden with Nal 30 wt%, with values equal to 1.11x10™* S cm™. Na* transference number
determination indicates that only 0.9% of the ionic conductivity is determined by these cations,
thus highlighting that I~ anions represent the active species in the newly proposed solid-state
electrolyte. This result is highly desired considering that these anions are those responsible for the
regeneration of oxidized dye molecules in the cell and, overall, for the cell efficiency. Current-
voltage measurement of solid-state photovoltaic devices under simulated sunlight led to a
reproducible and stable power conversion efficiency of 0.06%, along with a short-circuit current

density of 0.32 mA cm™2, an open circuit voltage of 0.7 V and a fill factor 0.3.

1. Introduction
Solar cells are getting every day more attention due to issues like the pollution and shortage of
energy sources from carbon-based fuels [1,2]. Solar energy can be the promising future energy
source since it is abundant, clean, safe and silent [3,4,5,6]. Dye-sensitised solar cells (DSSCs),
famously known as Gratzel cells, are categorised as an emerging generation of solar cell possessing
low manufacturing cost, high conversion efficiency and simple preparation technique [7,5]. Most
of the DSSCs with high efficiency up to ~14% use liquid electrolytes (LEs), typically based on
organic solvents solubilizing a redox shuttle [9,10]. Although these LEs lead to high efficiency
values, they cause relevant issues such as leakage, difficulties in sealing and fabrication processes,
safety problems and corrosion of metal components, leading to an overall poor long-term stability
[11]. Therefore, solid polymer electrolytes (SPES) represent a strong solution to this issue and are
now considered as a Holy Grail in the field of DSSCs, since they would be able to freeze the
degradation of cell performance upon time [12,13].

SPEs consisting of complexes of alkali metal ions within a polymeric matrix were proposed by
Fenton and Wright [14]. They used sodium- and potassium-based salts and poly(ethylene oxide)

(PEO) for the preparation of the first polymer electrolytes. The research on SPEs has continued



and today is a cutting edge topic in the field of solid-state electrochemistry [15,16]. SPEs are able
to form good interfaces with electrodes surfaces and they are leakage-free, easy to seal and typically
show wide electrochemical stability windows [17]. Additionally, SPES possess desirable properties
such as easy assembly of films in various shapes, sizes and designs, which are suitable for various
electrochemical devices assembly, including batteries [18], fuel cells [19], supercapacitors [20] and
solar cells [21,22,23]. All of these advantages make SPEs as a promising replacement for LEs in
DSSCs.

According to Park et al. [24], the polymeric matrix for a good SPE needs to possess some
characteristic to target high ionic conductivity values. The polymeric matrix requires the presence
of polar groups, mainly containing oxygen (O), nitrogen (N) and sulphur (S). These polar groups
can give to the material a dipole moment that affects the dielectric polarisation. Thus,
intermolecular interactions between these functional group and alkali metal ions are created,
leading to the solvation of salt and mimicking a solid-state version of a liquid electrolyte system.

To avoid the use of synthetic polymers, which are not biodegradable and derive for production
processes that could not be seen as compatible with the sustainable requirements of DSSCs, the
researchers started to explore materials from the agriculture industry when producing novel
polymer electrolytes, such as cellulose [25], agar [26,27], starch [28], alginate [29], carrageenan
[30] and chitosan [31].The use of these biopolymeric materials contributes to minimizing
environmental issues, as well as lowering the cost of solar cells [32].

Chitosan is also known as a chitin derivative when it is dissolved in diluted acid, e.g. acetic acid
[33].1t is composed of two main groups, i.e. glucosamine and N-acetyl glucosamine units, which
are linked by f-1,4-glycosidic bonds. Chitosan possesses polar functional groups such as hydroxyl
and amine, which are important in salt complexation and solvation [22]. Chitosan has previously
been doped with ammonium salt, like NH4NO3 [34,35,36], NH4CF3SOs [31,37], NH4F [37,38],

NHJBr [39],NHal [40],NHsSCN [41,42], CHsCOONHa, NH4Cl and (NH4)2SO04 [43]. It has also



been doped with several lithium salt, like LiICF3SOs [44,45], lithium acetate (LIOAC) [46,47],
LiNOs [48], LiTFSI [49], LiClO4 [50], as well as sodium salts, such as Nal [51] and NaCF3sSO3
[52]. Therefore, chitosan could represent an intriguing polymeric matrix for the preparation of
solid-state electrolytes for DSSCs.

Some applications of chitosan-based biopolymer electrolytes in DSSCs were published in the
previous years, mainly in two physical states, i.e. solid and quasi-solid. As regards solid-state,
Buraidah et al. used chitosan as electrolyte matrix, but due to the low efficiency they added a
plasticizer and a ionic liquid [53], while in another work they blended chitosan with other polymer,
such as PEO [54]. Overall, this made poor the choice of a biopolymer electrolyte. Singh et al. doped
a chitosan/salt system with a ionic liquid as well [55]. Instead, as regards gel-state systems, chitosan
was mixed with nanoparticles, KI and NHasl salts and organic solvents [56].In other studies,
chitosan derivatives were prepared, namely N-phtaloyl chitosan and hexanoyl chitosan: the former
was doped with single [57] and binary [58] salts, leading to gel-state systems; instead, hexanoyl
chitosan was blended with polyvinyl chloride and a ionic liquid, 1-methyl-3-propylimidazolium
iodide (MPImI) [59]. Again, trying to improve cell sustainability and choice of oil-free components
is weakened if plasticizers and ionic liquids are added in the chitosan-based electrolyte.

In this work, Nal was chosen as a simple and cheap doping salt for a chitosan biopolymeric
matrix, and the resulting true solid-state electrolyte was used to fabricate lab-scale DSSCs. The
chemical interactions, structural and thermal properties, morphology and electrochemical
characterizations were investigated. As a result, chitosan with Nal were demonstrated to contribute
to high ionic conductivity in the solid-state form, due to the presence of two main polar functional
groups (hydroxyl and amine) in the biopolymer structure, supporting proper cell operation upon

time.

2. Material and methods



2.1 Chemicals
Chitosan, medium molecular weight (Mw = 190,000-310,000 g molt) was commercially obtained

from Sigma-Aldrich. Nal and glacial acetic acid were supplied by Systerm ChemAR.

2.2 Preparation of biopolymeric SPEs

Preparation of solid biopolymeric SPEs was carried out by solution casting technique. Chitosan (1
g) was dissolved in 1 wt% acetic acid aqueous solution (50 mL) into six different conical flasks.
Then, varied amounts of Nal (5-30 wt%) were added into the chitosan solution. The mixtures were
stirred continuously with a magnetic stirrer until the solution became homogeneous, and then they
were poured into a petri dish. The solution was left to evaporate slowly to form films at ambient
temperature. A free-standing, clear, homogenous film was obtained for all systems. The films were

kept in desiccators before being characterised.

2.3 Impedance analysis

To determine the ionic conductivity of biopolymeric SPEs, the bulk resistivity (R,,) of film-shaped
samples was obtained by electrochemical impedance spectroscopy (EIS), using a Hioki 3532-50
LCR Hi-Tester in the frequency range from 0.1 Hz to MHz and 100 mV amplitude. SPE films were
previously cut into small discs of 2 cm diameter. Then, the films were placed in a sandwich
architecture between the stainless-steel ion-blocking electrodes, with a surface contact area of
1.723 cm?, and connected to the instrument. R, was determined from the equivalent circuit analysis
by using Z-sim software. The complex impedance data, Z* were processed by Z-sim in a complex
impedance plot (Cole-Cole plot), where the imaginary part, Z; (Z") was plotted against its real part
Z, (Z'"") by the relation:

7" =7, +j7, 1)

The temperature-dependent analysis was performed from the room temperature of 303 K until

393 K. The electrical conductivity (o) of the films was calculated from the equation:



t

o=— 2

- Rp-A
where t is the film thickness and A is the electrode-electrolyte contact area. The mechanism of
ionic conduction in the SPE system can be investigated throughout the temperature-dependent

study. From the plot of logo vs. 1000/T, the activation energy can be calculated by the Vogel-

Tamman-Fulcher (VTF) model:

_ B
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where g, is the conductivity at infinite temperature, the parameter B is the pseudo-activation energy
for ionic conduction expressed in temperature units, T, is the corrected glass transition temperature
(ie., Ty = Ty — 50).

Investigation on dielectric properties included the dielectric constant, the dielectric loss, the ions
relaxation the and electrical modulus. The equations used to determine for the dielectric constant
(&), the dielectric loss (g;), the real electrical modulus (M,.) and the imaginary electrical modulus

(M;) are these:
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where C, = % is the vacuum capacitance, o is the permittivity of the free space, w = 2w - f is

the angular frequency and f is the frequency. The dielectric constant (e,), also known as relative

permittivity when using the symbol &g, is expressed as [60]:

& = P (8)
When the polarity of the electric field reverses rapidly, there will be some energy losses, called
dielectric loss, as ions move and dipoles align. Both &, and ¢; are related to the electrical

conductivity of the materials.



Another relevant parameter used in dielectric studies is tan §. It is used to observe and analyse
the relaxation behaviour in the polymer electrolyte, which can be calculated as:
ZI

tand =— (9)

ZII

2.4 Infrared spectroscopy analysis

Infrared spectroscopy analysis was carried out using attenuated total reflection - Fourier transform
infrared spectroscopy (ATR-FTIR), by a PerkinElmer Spectrum 400 FT-IR-NIR
spectrophotometer. Transmittance spectra were collected in the range from 4000 to 650 cm™2, with
a resolution of 2 cm. This analysis was conducted to observe the vibration modes within the

biopolymeric SPEs.

2.5 Structural analysis

X-ray diffraction (XRD) was used to study the cristallinity of bipolymeric SPEs. XRD was carried
out using a D8 Advance instrument by Bruker. The samples were cut into a suitable size and
adhered onto a glass slide. Then, the glass slide was placed in the sample holder of the
diffractometer. The samples were scanned from the range diffraction angle of 2° to 80°, with a scan

rate of 0.05° s~%. The analysis was done at room temperature.

2.6 Morphological analysis

Cross-sectional morphology of biopolymeric SPEs was observed using a Zeiss Merlin Compact
scanning electron microscope (SEM) at x500 and x10,000 magnifications, with an accelerating
voltage of 3.0 kV. The samples were prepared by breaking them into small rectangular shapes,

following by a coating step with iridium under vacuum conditions.

2.7 Thermal analysis



Thermal properties of chitosan powder were determined by differential scanning calorimetry
(DSC), with a Mettler Toledo instrument. T, data reported in the manuscript were obtained from
the second heating run, at a rate of 10 °C min™%, from 25 to 200 °C under nitrogen atmosphere.
Thermogravimetric analysis (TGA) was carried out to investigate the decomposition temperature
of chitosan samples. The samples were heated from 25 to 600 °C under argon flow at a heating rate

of 10 °C min™!, using a Mettler Toledo instrument.

2.8 Chronoamperometry analysis

The ionic conduction in an electrolyte is proved by performing transference number study using
Wagner’s DC polarization method, from which ionic (t;,,,) and electronic (t,;.) transport
contributions can be determined. The DC current was monitored as a function of time by applying
a constant DC voltage (0.01 V) across the sample mounted between two stainless steel electrodes

[61]. t;,, and t,,;. are given by these equations:

_ Ii—Is

tion - (10)

Is

tete =1 —tion (11)

where I; and I are the total and residual currents, respectively.

Sodium ion transference number (ty,+) was determined using the DC polarization method.
Current was monitored as a function of time as fixed DC voltage (0.01 V) applied across the sample
sandwiched between symmetrical sodium metal electrodes (Na/sample/Na), externally faced to

stainless steel plates. t,,+ was calculated by this equation [62]:

__ Iss (AV=Iy'Ry)
tygr =~ 00
Iop*(AV—Iss Rss)

(12)
where Ig is the initial current at the steady state, I, is the initial total current, AV is the applied
potential, R, is the initial resistance of the passivation layer and Rgs is the resistance of the

passivation layer (steady state current).



2.9 Voltammetry analysis

Electrochemical stability of the electrolyte, electrode and metal can be evaluated by using linear
sweep voltammetry (LSV) by adopting different types of electrodes and different configurations
between electrodes and electrolyte. To determine the electrochemical stability of the electrolytes,
stainless steel blocking electrodes were used, in the range from 0 to 6 V and at a scanning rate of
100 mV st at room temperature, choosing the most conducting sample. The potential was applied

to the working electrode and was varied linearly upon time.

2.10 DSSCs fabrication
Each DSSC was fabricated by following the standard procedure outlined by the Solaronix
company. Photoanode glass was spread with TiO> paste using a spin coater with the support of an
adhesive tape to prevent it from moving. Different TiO, layers were deposited by spin coating.
Then, in order to reach the anatase phase, each electrode was annealed at 450 °C for 30 min.
Subsequently, it was immersed in 0.3 mM of N719 dye solution at room temperature for 24 h. As
regards the cathode, a platinised FTO counter electrode was prepared by the doctor blade technique
and annealed at 450 °C for 30 min.

SPEs containing Nal were put together with I (at a Nal:l> molar ratio of 10:1) in a closed glass
container, where I sublimated into the biopolymeric film. The reference liquid electrolyte was
prepared with the same composition of Nal and I».

The assembly procedure of DSSCs is shown in Figure 1.



Photoanode Photoanode

| Injection
hole
N o . = Liquid
\vk—s <O~/ electrolyte
Pt electrode Pt electrode
(b) Front view of (c) Front view of
DSSC using SPE “;‘ DSSC using LE

FTO
TiO,+dye
SPE
Pt
FTO

(d) Cross-section

(a) Side view >
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Figure 1. The assembly procedure of FTO/TiO2-dye/SPE/Pt DSSCs from several viewpoints: (a)

side view, (b) front view, using SPE, (c) front view, using LE, (d) cross-section view.

2.11 Photovoltaic characterization

The current-voltage (I-V) data of the fabricated DSSCs were recorded by Keithley 237 with a
xenon light source, at room temperature (dark atmosphere) and under AM (air mass) 1.5
illumination, at a light intensity of 200 mW cm™2 controlled by a lux meter. The active area of cells
was set to 0.1 cm?. The photoelectric performances, such as the fill factor (FF) and light-to-

electricity conversion efficiency () were calculated by these equations:

_ Vmax Jmax

FF = Voc'Jsc (13)
VocJsc'FF

n==0 — (14)

where V. is the open circuit voltage, /. is the short circuit current density, P;, is the incident light
power density, V. and /.4, are the voltage and the current density values in the J-V curves,
respectively, at the point of maximum power output [63].

The incident photon to current conversion efficiency (IPCE), also termed as external quantum

efficiency of the solar cell, relates to the photocurrent density produced in the external circuit under

10



monochromatic illumination of the cell divided by the photon flux that strikes the cell. In other
words, it is a measure of how efficient the device converts incident photons in electrons at precise

wavelength values. IPCE can be calculated according to this equation:

- . Jen
IPCE = 1240 - ;2% (15)
where ], is the short-circuit current density generated by the monochromatic light and 4 is the
wavelength. The IPCE can also be expressed by:

IPCE = LHE * $inj * Preg *Nee  (16)

where LHE is the light harvesting efficiency, ¢;,; is the quantum yields of electron injection, ¢4

is the dye regeneration and 7. is the charge collection efficiency.

3. Results and discussion

3.1 EIS analysis

Impedance analysis is typically used to study the electrical properties of electrodes and polymer
electrolytes. The logarithm of conductivity values measured at room temperature in function of the
salt amount for biopolymeric SPEs is shown in Figure 2(a). The plot shows that the conductivity
of the electrolyte gradually increased when the Nal salt concentration raised, from 8.88x107%° S
cm! (Nal-free) to the optimum value of 1.11x10*S cm (Nal 30 wt%). The plot gives information
about the interaction between salt and chitosan matrix. Indeed, as Nal salt content increased, the
number of mobile ions in the electrolyte became higher and, as a result, the ionic conductivity was
improved. This enhancement of the ionic conductivity derived from the ions dissociation, bringing

Na" and I” free motion in the biopolymeric host matrix.

11
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Figure 2. (a) Room temperature ionic conductivity of biopolymeric SPESs containing with different

amuonts of Nal; (b) log o vs. 1000/T plot for the SPE containing Nal 30 wt%.

The mechanism of ionic conduction in the biopolymeric SPE can be investigated through
temperature-dependent studies. Figure 2(b) shows the temperature dependence of ionic
conductivity for a sample laden with Nal 30 wt%, i.e. the best samples come out from room
temperature analysis. Its ionic conductivity increases up to 7x10*S cm™ at 393 K, thus showing
that the ions experienced higher mobility as the temperature raised. The experimental data were
fitted following the Arrhenius model; however, the regression coefficient was far from unity.
Therefore, we tried to fit our data with the VTF equation and we got a regression coefficient of

0.99. VTF parameters extracted from the fitting were: i) o, = 2.33x10* (+0.01) S cm™, which is
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26
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associated to the number of charge carriers in an electrolyte system; ii) B = 5.549 (+1) kJ mol* as
pseudo-activation energy for ion transport; T, = 21.29 (x4) °C, which is usually 30 to 50 °C lower
than the T, obtained by DSC measurements [64].

The non-linearity of the conductivity with the temperature indicates that ions transport in
biopolymeric SPEs is dependent on the macromolecular segmental motion, which results from the
existence of a free volume. When the electrical field is applied, the ions will diffuse into the free
volume [65]. When the temperature increases, the polymer chains easily move and facilitate ions
transport.

Trends of ionic conductivity in the biopolymeric SPEs can be further studied by dielectric
measurements, which can help to understand better the polarization effect at the
electrode/electrolyte interface. The dielectric study also investigates the relationship between ionic
relaxation time and conductivity. In particular, the dielectric constant can be considered as a
measurement of the material polarization and it is related to the capability of a substance to store
charges in the electric field. The plots showing € vs. log f at room temperature for biopolymeric
SPEs containing different Nal amount are given in Figure 3. The value of &, (see Figure 3(a))
increases as the frequency decreases, and this is particularly evident for the best conducting sample
(i.e., the one based on Nal 30 wt%). As the amount of Nal increased from 5 to 30 wt%, the stored
charge in the sample also increased, justifying the observed trend. The higher value of dielectric
constant might be due to the dissociation of the salt in the biopolymeric matrix. A higher value of
dielectric constant gives the ability to dissociate more salt into cations and anions, thus
incrementing the density of mobile ions in the space charge accumulation region, hence bringing
to a conductivity increase [39]. Conversely, the low value in dielectric constant limits the

dissociation degree of the salt.
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rises due to the electrode polarization. Electrode polarization or interfacial polarization occurs
when the ions are unable to cross the electrode/electrolyte interface, due to the usage of blocking
electrode, so the ions will accumulate at the electrode/electrolyte interface until hetero-charge
layers form. This situation is totally diverse at the high frequency region. At the high frequency
region (4 to 6 Hz), there are no excess ions accumulating at the electrode/electrolyte interface, due
to the periodic reversal of applied electric field occurring in a short period. The dielectric constant

decreases rapidly until it becomes frequency-independent in this region. Besides that, the
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accumulated ions at the interface become localized and this will reduce the influence of charge
carriers towards the electrode. This phenomenon can be well enlightened by non-Debye type,
which explains in detail the ions diffusion behaviour of the observed space charge region in the
frequency format [66].

Dielectric loss (g;) vs. log f plot is presented in Figure 3(b). &; values showed the same trend
as that of ionic conductivity. Energy loss has been caused by heat through internal friction,
generated during the polarization process. The value of dielectric loss is the reflection of the amount
of energy dissipating and degree of out of phase in the electrical field, as can be seen in the
imaginary part of the complex relative permittivity. Dielectric loss for the sample laden with Nal
30 wt% showed an optimal energy loss to move ions and align dipoles when the polarity of the
electric field reversed rapidly; hence, this explained the optimal conductivity in the samples series.

Analysis on dielectric behaviour can be confirmed using dielectric moduli described by
equations (6) and (7). This analysis gives emphasis on the bulk dielectric behaviour and highlights
the effect of electrode polarization. Figure 4 shows the variation of real and imaginary parts of the
dielectric modulus. At low frequency values (1-4 Hz), the values of M, and M; approach zero, as
it can be observed by the long tail. This long tail indicates a large capacitance associated to
electrode polarization. The electrode polarization is negligible in this region. Definite peaks are not
well observed in Figure 4(b) because the spectra shifted to the right part as the weight percentage
of Nal increased, going beyond the frequency window of the experimental analysis. Thus, the plot
only shows the dispersion part. At higher frequencies (4-7 Hz), the values of M,. and M; increase,
and this can be observed as a curved peak. Modulus value increases with frequency due to the bulk
effect. According to Gunn et al. [67], who discovered the bulk effect, the electron transfer and
avalanche transit time are the two elements regarding the bulk effect and, in this research,
transferred electron caused the bulk effect [68]. M, increases with frequency and reaches a

maximum at higher frequencies; this may be attributed to a poor restoring force that controls the

15



mobility of ion by an induced electric field [69]. This suggests that the conduction mechanism is
the result of the long-range mobility of charge carriers, which indicates that the biopolymeric SPEs

are ionic conductors [70].
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Figure 4. The variation of (a) M, and (b) M; vs. frequency for biopolymeric SPEs laden with
different amounts of Nal salt at room temperature. (c) tan § evolution as a function of frequency

for biopolymeric SPEs laden with different amounts of Nal; data refer to room temperature.

tan § is the ratio of energy loss to energy stored in the electric field, also known dissipation
factor. The relaxation behaviour of the polymer electrolyte can be observed through this analysis.
The variation of tan§ as a function of frequency for biopolymeric SPEs containing different
amounts of Nal, measured at room temperature, is show in Figure 4(c). The loss tangent peaks
were shifted towards high frequency values as the percentage of Nal increased, passing through
the maximum value and then decreasing. This result is consistent with the conductivity values
discussed above and indicates that the segmental motion of the sample with Nal 30 wt% is the
fastest (shifted to the rightest region), hence requiring only a smallest relaxation time than the
others.

Further investigation was carried out as a function of temperature. Figure 5 depicts the
frequency dependence of ¢, and ¢;, respectively, when raising temperature, while Figure 6 shows
the frequency dependence of the real and the imaginary parts of the dielectric modulus,
respectively, at different temperatures. ¢, and ¢; values increased with temperature, a condition in
which the degree of salt dissociation raised causing an increase of charge carriers density. From
Figure 6, a long tail is clearly observed at low frequency, which is ascribed to the large capacitance
value resulting from electrode polarization. The values of M,. and M; decrease at high temperature,
maybe due to the reduced resistance of the samples. As temperature increases, the graph shifts
toward right, i.e. towards higher frequencies. This also highlights the increase of electrode
polarization in the samples [37]. At low frequency of the imaginary part of dielectric modulus, the

temperature peaks can be observed as asymmetrical and broad, showing the distribution of

17



relaxation times. Nevertheless, these peaks disappeared when the temperature became higher,

possibly due to the limitation of frequencies used in this analysis.
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3.2 Infrared spectroscopy analysis

Through FTIR spectroscopy analysis, the interaction between Nal salt and chitosan matrix was
examined by observing the wavenumber shifting of functional groups, such as hydroxyl (O-H),
carbonyl (C=0) and amide (C(O)NH.) moieties, when the amount of Nal raised from 5 to 30 wt%,
keeping pristine chitosan as a reference. The resulting infrared spectra are shown in Figure 7 and
the main signals are listed in Table 1. The peak at 3355 cm™ corresponds to the O—H group,
characterized by a strong and broad stretching. This peak is overlapped with a N-H signal at 3285
cmL. The axial asymmetric and symmetric stretching peaks of C—H are present at 2875 cm™ and

2919 cm™?, respectively. All amide groups of chitosan, which are present at 1646 cm™, 1561 cm™
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and 1306 cm™, are linked to the C=0 stretching (amide 1), N-H bending (amide I1) and C-N
stretching (amide 111), respectively. Symmetric and asymmetric stretching vibrations of C-O and
C-O-C polysaccharide skeleton are evident in the range of 1151-895 cm™. These are all the
important peaks for the chitosan control system, which also appeared in a previous work by
Rahman et al. [71]. It is vital to identify the polar group as well as electronegative atoms in this

spectrum, which will provide coordination sites for cations conduction [72,73].

Table 1. Peak of important functional groups in biopolymeric SPEs based on various Nal contents.

Signal type and Pristine Nal Nal Nal Nal Nal Nal
wavenumber Swt% 10wt% 15wt% 20wt 25 wt% 30 wt%o
O-H 3355 3355 3355 3355 3355 3358 3360
N-H 3287, 3089 3271 3271 3275 3275 3275 3278
C—H (sym) 2875 2877 2877 2877 2879 2883 2885
C—H (asym) 2919
C=0 (amide I) 1652 1634 1634 1634 1634 1632 1633
N-H (amide I1) 1561 1543 1543 1543 1543 1543 1547
CHjs deform 1419, 1377 1407 1407 1405 1409 1407 1409, 1412
CH, deform (scissor) 1454 - - - - - 1462
C-N (amide 111) 1320 1378 1378 1378 1378 1378 1404
C-O-C bridge 1153 1150 1150 1150 1150 1150 1150
N-H bend 898 900 900 900 - 900 901
C-O stretch 1026, 1060 - - - - - 1018, 1065
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Figure 7. FTIR spectra of (a) hydroxyl, (b) carbonyl (amide 1), N-H (amide II) and (c) ether group

of biopolymeric SPEs based on various Nal contents.

From Figure 7(a), the hydroxyl band at 3355 cm* becomes broader when Nal content increases
in the electrolyte composition. These changes highlight the existence of interactions between

chitosan matrix and ions coming from salt dissociation, i.e. a polymer-salt complexes form. The
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amide | band, which is also known as carboxamide (O=C—NHR), slightly shifted to 1631 cm™?,
whereas the amide Il band shifted to 1544 cm™, as shown in Figure 7(b). Besides that, the C-O
stretching peak at 1026 cm™ shifted to 1017 cm™2; this peak is typically named C—H rocking [74].
Another shift is seen for C-N (amide 111), from 1317 cm™ to 1320 cm™. This peak can also be
assigned as C—O group in polysaccharide and also as C—H [75]. Another shift was that of N-H
bending from 895 cm~1to 901 cm, which also represents the C1 group of the -glycosidic linkage
[76].Conversely, the ether signal (asymmetric stretching C-O—C) at 1152 cm™ does not show any
significant shift. From these FTIR results, it can be concluded that complexation took place
between salt and chitosan. In particular, interactions formed between the oxygen in the carbonyl
group of chitosan and Na* from the salt, and also between the carbon of the carbonyl group and the
I” from the salt. Na" is a positive ion, so it interacts with electron rich atoms, like oxygen of carbonyl
group in the chitosan chain and nitrogen from the amide group, while iodide anion seeks an
electron-deficient atom, like the carbonyl carbon. These two interactions lead to an overall shift of
the C=0 stretching. The shifting phenomena can be of two types: i) shifting to higher
wavenumbers, due to the strong stretching and shorter bond; ii) shifting to lower wavenumbers,
due to the weak stretching that makes the bond longer between the atoms in the functional group,
as shown in Scheme 1. The unchanged peak of ether is because the coordination of Na* ion is
preferential to carbonyl due to the higher electron density of oxygen atom of carbonyl compared
to the ether. The result is significant to prove the occurrence of complexation between the polymer
host and the added salt when all of the wavenumbers were shifted more than 2 cm™, as reported
by Dzulkarnain et al. [77].This result can also be supported by XRD diffractograms (shown in the
next section), which show that the increment of Nal salt led to a crystallinity reduction of the
electrolyte sample, which results in the optimum conductivity determined for the electrolyte laden

with Nal 30 wt%. Scheme 1 summarizes the possible interaction mechanisms of chitosan with Nal
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in the biopolymeric SPE system. A strong interaction between the polar functional groups of ether,

hydroxyl and carbonyl moieties with sodium ions takes place, as clearly proved by FTIR spectra.

(C-0-C)
shift to lower em™,
weak stretching,

longer C-O-C bond

Na+ OH

OH k
k ol A0
0N\ 0
HO NH,

HO N—H
|
O:? =" I Na
I Na“ CH
a Amide 111
shift to higher cm'l,

Amide I strong stretching,
shift to lower cm™!, shorter C-N bond

weak stretching,
longer C=0 bond

Scheme 1. Mechanism of stretching in chitosan when Nal salt is added.

2.3 Structural analysis

Crystallinity nature and pattern in biopolymeric SPEs were analysed by XRD method. The patterns
of pure Nal salt and biopolymeric SPEs laden with Nal 5-30 wt% are shown in Figure 8. Sharp
and intense peaks are observed at 26 = 21.2°, 23.8°, 32.0°, 32.9°, 40.5° and 49.9° for Nal salt,
indicating that the salt possesses high crystallinity. From the diffractogram of the chitosan control
system, it can be seen that several broad humps with small peaks appear at 26 = 12.8° and 20.6°,
which are also known as crystal forms | and Il, respectively [78].These patterns represent the
crystallinity properties for a pure chitosan film. The XRD pattern of the biopolymeric SPE at 20 =
12.8° and 20.6° gradually decreased with the increase of Nal salt concentration. Also, the peak
corresponding to pure Nal disappeared from the spectrum of the biopolymeric SPEs, which
revealed the complete dissolution of the salt in the chitosan host matrix. The disruption of the

intramolecular interactions between Na* and functional groups in chitosan chains reduced the
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crystallinity of the biopolymeric SPE, thus the absence of peaks with the addition of salt indicated
that complexation occurred between salt and host matrix. As regards the pristine biopolymer, the
crystalline peaks result from the strong intermolecular interaction between polymer chains through
the intermolecular hydrogen bonding [79].The three humps in the chitosan-based SPE started to be
reduced and disrupted, thus the intensity of crystallinity peaks decreased drastically upon addition
of salt [80]. It can be seen that the sample with Nal 30 wt% shows the lowest crystallinity. It is
well known that reduction of crystallinity of the polymer enhances its amorphous domains [39],
this latter conferring higher conductivity to the biopolymeric SPE [81]. Thus, its mobile ions will
move easier between cell electrodes, taking advantage of the enlarged amorphous domains with
respect to the crystalline counterparts. As a result, greater ionic conductivity can be obtained [82].
Therefore, the sample with the optimal conductivity was demonstrated to be the one possessing the
lowest crystallinity degree in our study. This result can also be supported by FTIR spectra (shown
in the previous section), which highlighted the significant shifting caused by the dissociation of

salt and interaction with the biopolymeric host, making it more amorphous.
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Figure 8. XRD pattern of biopolymeric SPEs containing different amounts of Nal.

3.4 Morphological analysis
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Changes in morphology of chitosan upon Nal addition were determined by SEM. Micrographs of
pristine chitosan are shown in Figure 9(a), while Figure 9(b-d) shows images of biopolymeric
SPEs taken at x500 and x10000 magnification degrees. The chitosan reference sample showed a
rough surface morphology, much more with respect to the SPE. This was compatible with the wide
crystalline domains detected by XRD analysis for pristine chitosan; as a consequence, a loose and
uneven surface with many small crater-valley type structures was clearly observed. With the
addition of Nal, the sample surface becomes smoother. This might be due to the increased
concentration of ions, that move more freely at the electrode/electrolyte interface if the electrolyte
possesses a smoother surface [36,49], leading to the detected enhancement in ionic conductivity,
as already demonstrated in the literature [72]. Furthermore, the smooth surface morphology
indicated that salt was completely dissolved in the polymeric matrix, thus certifying the existence
of interaction between salt and polymer host. Besides that, no phase separation between the
biopolymer and the salt crystals was observed in all Nal/chitosan samples [63]. The results coming
from SEM, FTIR and XRD characterizations were in good agreement with the conductivity
measurements, where the sample with highest ionic conductivity showed significant salt-polymer

interactions and a lowering of crystalline domains.
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Figure 9. SEM micrographs at x500 and x10000 magnification degrees for (a,b) pure chitosan and

biopolymeric SPEs laden with (c,d) Nal 10 wt%, (e,f) Nal 20 wt% and (g,h) Nal 30 wt%.

3.5 Thermal analysis
Thermal stability of biopolymeric SPEs was determined by TGA. The resulting data are shown in
Table 2, while the thermograms are given in Figure 10(a,b). It emerges that pristine chitosan

possesses two weight loss steps. The first loss was equal to 12.36%, peaking at 41.88 °C, mainly
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attributed to water coming from moisture absorption from surroundings and residuals from the
acetic acid solution used to process the biopolymer. The second weight loss started at 259 °C and
ended at 287 °C; it was attributed to the thermal degradation of chitosan matrix [83].As regards
biopolymeric SPEs, two weight loss steps were again observed and attributed to the same
phenomena described above. Overall, the sample laden with Nal 30 wt% showed good thermal
stability, being its main weight loss starting at 260 °C. This demonstrates that it possesses

appreciable thermal properties, that are suitable for electrochemical devices applications.

Table 2 Thermal data for pristine chitosan and biopolymeric SPEs.

Weight loss (wt%b) ) Maximum Glass
Residual ) o
Temperature Temperature degradation transition
Sample mass
range range temperature (Tmax ~ temperature
(Wt%o)
(50-170 °C) (170-600 °C) o) (Tg)
Chitosan 13 44 43 278 87
+ Nal 10 wt% 15 42 43 270 N.A.
+ Nal 20 wt% 13 39 48 267 N.A.
+ Nal 30 wt% 13 45 42 278 81
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Figure 10. (a) TGA and (b) its derivative for pristine chitosan and biopolymeric SPEs. (c) DSC

thermograms for pristine chitosan and a biopolymeric SPE laden with Nal 30 wt%.

DSC studies were carried out to measure the amount of heat absorbed or released by samples

during heating and cooling steps, providing quantitative and qualitative data on endothermic (heat
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absorption) and exothermic (heat evolution) processes. From the first DSC run, a peak emerged at
80-100 °C and was attributed to water [71,84]. The second DSC run was carried out to work on
moisture-free samples to detect any Tq. However, this signal was not clearly observed (see Figure
10(c)). Others works present in the literature found different values of T4 for chitosan matrices
[85,86]. For example, El-Hefian et al. reported that a T4 for chitosan equal to 140 °C [84]. Anyway,
by this measurement we are sure that no transition phenomena occur when our biopolymeric SPE

Is placed in a DSSC.

3.6 Chronoamperometry analysis

To verify the ionic species activity in the biopolymeric SPEs, transference number measurements
were performed. Through this analysis, the correlation between the diffusion phenomena and the
conductivity behaviour of the electrolyte can be associated. The normalized current vs. time for the
biopolymeric SPE containing Nal 30 wt% is plotted in Figure 11(a). It shows that the total ionic
transference number for this system is 0.99, calculated through equation (10). This proposes that
the charge transport in the biopolymeric SPE is predominantly due to ions (and not electrons).
Previous studies by Whba et al. proved that the values of t;,, increased as ionic conductivity
improved [87]. During the transference number measurements, the symmetrical cell polarizes when
the ions in the polymer electrolyte film travel to the electrode connected to the terminal that has an
opposite charge to that of their own. Any residual current flow passes through the migration of
electron across the electrolyte and interfaces. The initial total current decreases and it can be
monitored over time (after several hours), due to the depletion of the ionic species in the electrolyte,
until it becomes constant in the fully depleted state. If the electrolyte conduction mechanism is
primarily ionic, the ionic currents go through an ion-blocking electrode and fall rapidly with time.
In the biopolymeric SPE, the ionic species involved are cations and anions. The possible ionic

mobility in this system is attributed to Na*, H*, CH3COO™ and I". In order to substantiate which
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ionic species dominate in this chitosan-based electrolyte, t,,+ analysis was carried out accordingly

to equation (12) [46].
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Figure 11. (a) Chronoamperogram of total ion transference number and total sodium ion transport
of a biopolymeric SPE containing Nal 30 wt%. (b) Linear sweep voltammetry curve for the

chitosan-30 wt% Nal.

Total number of sodium ion charges contribution was calculated by Equation (12). t,,+ value
was 0.009 (i.e., 0.9%). This suggested that the charge transport in the biopolymeric SPE was
predominantly due to iodide ions, which approximately take care of 99.1% of the whole ions
transport. During the measurement of t,,+, the mechanism of ions is the same as total ion

measurement.
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3.7 Voltammetry analysis

The potential range where polymer electrolytes can work is important and needs to be evaluated
before they are used in any electrochemical device, such as batteries, solar cells and other energy
conversion/storage systems. LSV plot, shown in Figure 11(b), represents the current-voltage
response of our biopolymeric SPE. It shows that the decomposition potential voltage for samples
containing Nal 30 wt% is 1.85 V, as evidenced from the tangent intercept with the x-axis. This
result highlights that the biopolymer SPE proposed in this work is very suitable and perfectly fits
with DSSCs applications, the working potential of which are usually below 1 V. It is also suitable

for proton batteries, because the electrochemical window of these devices is around 1 V [35,88].

3.8 Solar cells performance

Photovoltaic performance were evaluated through I-V measurements, carried out on different cell
configurations: i) FTO/TiO2-N719/Biopolymeric_SPE_1,/Pt, ii) FTO/TiO2-N719/lodolyte_LE/Pt
and iii) FTO/TiO2-N719/Nal_l>_LE/Pt. The photovoltaic parameters were obtained from the
intersection of current and voltage axes with the 1-V curve and further elaboration, as detailed in
equations (13) and (14). Figure 12(a) plots the photocurrent density-voltage (J-V) curves for
DSSCs assembled with the biopolymeric SPE, the commercial lodolyte LE and a home-made LE
consisting of Nal/lo. The cell with the biopolymeric SPE showed a photovoltaic response
characterized by Jsc of 0.3 mA cm, Vo of 0.7 V, FF of 0.30 and # of 0.06%; these data were
consistent in five replicas. Therefore, this proved that the newly proposed SPE has the potential to
be applied in DSSCs. The performance of the liquid-state devices was obviously better, but they
are subjected to organic solvent evaporation upon time; after one month, the solid-state devices

perfectly kept their initial efficiency, while LE-based cells lost 85% of their starting performance.
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Figure 12. (a) J-V and (b) IPCE curves of DSSCs assembled with different electrolytes.

IPCE is the ratio describing how many electrons are generated by a solar cell in function of the
incident photons, impimping on the device, calculated by equations (15) and (16). It is well-known
that IPCE is determined by three factors, i.e. the light harvesting of dye, the efficiency of electron
injection and the collection efficiency of the injected electron. Figure 12(b) shows the IPCE
spectra of DSSCs assembled with the three configurations described in the previous section. Two
absorption maximum peaks appeared at 348 nm and 516 nm, typical of N719-sensitized solar cells
[89,90]. Cells containing the lodolyte electrolyte showed a maximum IPCE of 36%, while devices

fabricated with the biopolymeric SPE achieved a IPCE close to 9%. These results may be due to
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the slower ions transfer mechanism in the SPE, which is known to be slower than the liquid

counterpart, as well as to the worse interface at the photoanode/electrolyte side [91].

4. Conclusions

Chitosan-based SPEs incorporating with various percentages of Nal were successfully prepared by
a solution casting method. From FTIR studies, the complexation between Nal and chitosan was
confirmed by the shift of hydroxyl, amine and carboxamide bands of the biopolymeric matrix.
From the XRD results, the electrolyte was found to be less crystalline in comparison to the pristine
chitosan matrix. The best ionic conductivity obtained was 1.11x10* S cm™ with Nal 30 wt%,
where the contribution from ions motion was 99%. The Na* transference number analysis indicated
ionic mobile species were predominantly iodine anions of the redox couple mediator in this system,
which is truly suitable for DSSC application. The best biopolymeric SPE sample showed a Jsc of
0.3 mA cm™, a Vo of 0.7 V, a FF of 0.30 and a # of 0.06% when used in lab-scale DSSCs. The

current study paves the way to the use of biopolymeric matrices for 100% solid-state DSSCs.
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