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Abstract

Founding new materials and structures for solar cells is a challenge in the photovoltaic field. This work evaluated the
effect of the lignin in the photovoltaic activity by compounding with TiO,/lignin as photoanode for the dye sensitized
solar cells (DSSC’s). Hybrid films (TiO,/lignin) with different concentrations of lignin (5, 10 and 15%) were deposited
by spin coating over commercial TiO, thin films. The cells were sandwich assembled. The characterizations were
done through analysis of absorbance, band gap, x-ray diffraction, morphological and electrical. The lignin at 15%
reduced the TiO, band gap from 3.66 to 2.84 eV, favoring the short current density to 11.06 mA/cm? and efficiency
of 4.65%, an increase of 103.95% compared to the TiO, structure without lignin.
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1. INTRODUCTION AND OBJECTIVES

The dye sensitized solar cells (DSSCs) since developed by
Michael Gritzel and O’Regan in 1990, are promising alternatives
for photovoltaic devices, due to low fabrication costs and easy
assemble (Al-Attafl et al., 2017; Fan K et al., 2017; Gritzel M,
2003; Kakiage K et al., 2015; O’Regan B & Gritzel M, 1991).

In the DSSCs, the TiO, (titanium dioxide) is one of the
most used photoanodes due to the lower costs, when faced
with silicon used on the first generation solar cells, high
photocatalytic activity, chemical resistance to different
conditions, excellent conduction on the conduction band,
low toxicity and abundance (Donar YO et al., 2020; Bezira
NC et al., 2017).

The TiO, has two structures, anatase (band gap energy
(Eg) = 3.2 eV)) and rutile (Eg = 3.0 eV). Both structures of
the pure TiO, absorb energy only on the ultraviolet area of
the solar spectrum, which can be a disadvantage, since 40%
of the solar energy incident on the earth surface lies on the

visible range. Therefore, for the TiO, to be used on the DSSC
is necessary to apply supportive materials to absorb light in
this visible range (Miiller AV et al., 2021).

Many strategies can be used to improve the TiO, photoanode
absorption in the visible range of the solar spectrum, besides
to reduce the effects of the recombination between the pair
electron-hole and increase the DSSC’s efficiency. As example,
the doping with metallic and non-metallic materials in the
TiO, structure, like Al (aluminum)/N(Nitrogen) (Dhonde
KSetal., 2018), Cu (Copper)/N (Dhonde M et al., 2021) Cu/S
(sulfur) (Gupta A etal., 2020) and carbon nonmetallic materials,
graphene (Dhonde M, 2018) and carbon nanotubes (Lee CH et
al,,2012). All of these incorporated in the TiO, matrix presented
high porosity area, high specific superficial area and more dye
adsorbed in the TiO, surface, which favors the short current
density (Jsc), upping the efficiency of the DSSCs (1 = 11.08%
(Dhonde KS et al., 2018), n = 11.70% (Dhonde M, 2018), 1 =
10.44% (Gupta A et al., 2020), n = 9.81% (Dhonde M et al.,
2021),11 = 4.57% (Lee CH et al., 2012)).
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By taking the components and the devices to be used on
the energy conversion and storage, the organic nature of the
materials in the DSSCs photo electrodes has been considered.
Nano cellulose fibers extracted from lilies incorporated in
the TiO, matrix, resulted in a highly porous structure, with
higher dye adsorption and luminous energy conversion
efficiency into electricity, nj = 2.30% (Saleem et al., 2021). In
other work, the fibers were extracted from the taboa plant to
be added in the TiO, matrix, to increase the superficial area
and the results indicated n = 2.95% (Abbas Q et al., 2020).

Lignin (LG) is a tridimensional aromatic molecule with
amorphous structure, considered the second most abundant
natural vegetal polymer, after cellulose (Leonowicz et al,,
1999; Lu Y et al,, 2017). It is responsible for mechanical
resistance, vegetable elasticity, and tissue protection against
microorganisms, besides a high concentration of carbon
(Garcia-Negron V et al.,, 2017). Lignin has been used to
produce carbon nanotubes (Gindl - Altmutter W etal., 2019),
as an organic alternative to the fossil materials.

Although having a complex structure, LG has called the
attention of the scientific community due to its low cost,
natural abundance and renewability (Klapiszewski L et al.,
2017). The reason for the use of the lignin in the DSSCs is
associated with the capacity to increase the adsorption area
for the electrolytic solution on the semiconductors porous,
wit, also, higher dye area adsorption, and, consequently, the
solar cell efficiency (Khan A et al., 2018).

In the present work, it is described the effect of the lignin
on the TiO, matrix, to improve the efficiency of the DSSCs and
also to investigate the morphological and optical alterations
of the lignin on the TiO,.

2. MATERIALS AND METHODS

The lignin kraft was acquired from the company Suzano
and the TiO, (Aldrich) (99%), anatase phase and the
average particle size 21 nm was used to compose a hybrid
semiconductor with lignin. The commercial glass with TiO,
opaque was from Solaronix (74101) with an active area of
0.25 cm? and dimensions of 25 x 25 x 2 mm and it was used
to deposit the hybrid TiO,/lignin film, multilayer film. All the
products (Aldrich, Vetec, Dynamic, Suzano and Solaronix)
were used without any additional purification.

2.1. Preparation and deposition of the solution
TiO,/Lignin

The commercial glass (Solaronix - 74101) of the TiO,
opaque deposited by glass rod were used for the deposition
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by spin coating of the hybrid TiO,/lignin in the following
proportion: 95/5(wt%) (EST5LG), 90/10(wt%) (EST10LG)
and 85/15(wt%) ( EST15LG).

The solution was prepared by adding 1.5 g of TiO, in
isopropyl alcohol (1 mL) and agitated for 15 minutes in a
magnetic stirrer. The amount of lignin used in proportion to
the TiO,, 95/5(wt%), 90/10(wt%) and 85/15(wt%), and the
TiO, were added to the isopropyl alcohol (1 mL) and agitated
for 15 minutes by magnetic stirrer. Following, the lignin mass
in proportion to the TiO, was solubilized in solution of: 1:1
(Dimethyl Sulfoxide - (DMSO)/ isopropyl alcohol), with
0.25% (m/m) Triton X and 20% (m/m) glycerol and taken
to ultrasound bath for 15 minutes.

The solution TiO,/lignin, 0.08 mL, was deposited on TiO,
opaque commercial (Solaronix — 74101) at rest. Next, it was
rotated at 1800 (rpm) for 15 seconds and, in the end, at 5000
(rpm) for 15 seconds for the evaporation of the solvents still
present, to control the thickness and the homogeneity of the
film. After the deposition, the glass was heated in a muffle
furnace at 450°C for 30 minutes at a rate of 10°C/minutes.

2.2. Assemble of the dye sensitized solar cell
(DSSCs)

The thin films of TiO /lignin were deposited by spin coating
on the commercial TiO, opaque (Solaronix) to compose the
hybrid semiconductors. All the photoanodes (PAs) formed
with the TiO, semiconductor with and without lignin had
an active area of 0.25 cm?.

The PAs ((EST5LG, EST10LG and EST15LG) were immersed
in a solution of isopropyl alcohol and N719 dye (Solaronix)
(0.0003 M) for a period of 24 hours. Following, the cells
were sandwich assembled with a counter electrode (CE) of
platinum (Pt) (Solaronix). The sandwich assembled structures
were linked through a thermoplastic polymer (Surlyn@ 1702)
and heated at 60°C for 1 minute. Between the PAs and CE
an electrolytic solution with the pair iodide/triiodide NA-
50 (Solaronix) was injected. The same methodology can be
found at (Gratzel M, 2003; Graetzel M et al., 2012; Jeng M]
et al., 2013; Mathew S, 2014; Ito S et al., 2006).

3. RESULTS AND DISCUSSION
3.1. Optical characterization

The spectrum of optical absorption of the thin films
TiO, and TiO,/Lignin deposited by spin coating were done

at room temperature in a Cary100 UV-Vis (UV-VIS), with
wavelength between 220-800 nm.
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Figure 1 illustrates the spectrum of optical absorbance of the
films of TiO, and TiO,/lignin (EST5LG - 5%, EST10LG - 10%,
EST15LG - 15%) after dyeing for 24 h with the N719. The
range where there is the luminous energy into electricity
conversion corresponds to the 400-700 nm intervals, on the
visible range of the solar spectrum (Wang X et al., 2021).
And, facing the results indicated in the spectrum of the 15%
lignin sample (EST15LG) in the TiO, matrix, this sample was
the one with higher optical absorption in the visible range,
with a peak at 522 nm. This peak in the visible range (522
nm) fits the required to an efficient photons collector to the
conversion of luminous energy into electricity in the DSSCs
(Ghann W et al., 2017). This higher absorption may have
happened due to the thicker structure of the films and higher
dye adsorption on the TiO /lignin thin surface, with a possible
lower band gap. And, the introduction of the dopant elements
in the TiO, structure is one of the strategies to modify the
photoanodes to increase the photons capture to favor better
efficiency of luminous energy into electricity conversion
in DSSCs (O'Regan B and Gritzel M, 1991; Wang X et al.,
2021; Matthews D et al., 1996; Kumari JMKW et al., 2016).

Figure 1. Spectrum of optical absorbance of the films (ESTOLG,
EST5LG, EST10LG and EST15LG) versus wavelength after dye (24 h).

After the optical analyses of the films (Figure 1), it is
possible to infer that the 15% lignin film (EST15LG) in
the TiO, matrix had the better performance in the optical
characterization. The optical results are related not only to the
amount of lignin but, also, with the band gap, morphology,
thickness and other parameters. It is important to notice
that the higher thickness of the film increases the absorption
on the spectrum (Matthews D et al., 1996; Kumari JMKW
et al., 2016; Nunes VF et al,, 2021). This directly affects the
solar cell efficiency, because the photons that are captured
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by the dye molecules perform the chemical adsorption in
the TiO, surface, making more absorbed photons to achieve
photoelectric conversion (Kumari JMKW et al., 2016) and
better performance of the DSSCs (Matthews D et al., 1996;
Kumari JMKW et al., 2016).

3.2. Band gap energy

Band gap energy (Eg) was estimated using Kubelka-
Munk,with the values (F(R)*hv)n versus (hv), where for
the indirect transition n=2 (Aba-Guevara et al., 2017). The
Eg is estimated assuming that the Kubelka-Munk function
F(R) is close to zero (Figure 2). The results of the band gap
(Figure 2) for the films with 5% (EST5LG), 10% (EST10LG)
and 15% (EST15LG) of lignin in the TiO, matrix were,
respectively, 3.66 eV, 3.43 eV and 2.84 eV. With these results,
it is possible to understand that the films with 15% lignin
(EST15LG) in the TiO, matrix (Figure 2), had the lowest
band gap energy, 2.84 eV, lower than the values of the TiO,
anatase phase (3.2eV) (Etacheri V et al,, 2015; Jeng MJ et
al., 2013; Guo D et al., 2020). Low band gap energy values
implicate lower resistance and more flux of electrons from
the valence band, with added energy, to the conduction band
of the semiconductor and higher solar cell efficiency (Wang
X et al,, 2021; Etacheri V et al., 2015).

The pure TiO, (band gap 3.2 V) does not absorb light
in the visible range of the solar spectrum (Ghann W et
al., 2017) and the lower band gap favor a better DSSCs
performance (Garcia - Negrén V et al., 2017; Wang X et al,,
2021; Matthews D et al., 1996; Kumari JMKW et al., 2016).
Once the introduction of the lignin in the matrix of the TiO,
lowered the band gap values below 3.2 eV, there was higher
absorption of light in the visible range of the solar spectrum.

Figure 2. Band gap energy of the films EST5LG, EST10LG and
EST15LG.
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3.3. SEM (Scanning Electron Microscopy) and
EDS (Energy Dispersive Spectroscopy)

The morphological characterizations of the films EST5LG,
EST10LG, EST15LG and the quantitative analyses of the
elements in the TiO,/lignin films were done using a SEM
microscope Quanta 450 FEG-FEI (Figures 3a, b and c), with
a EDS detector connected (Figures 4a, b and ¢).

It was observed particles spherically shaped and the
presence of agglomerated with the higher proportion of the
lignin in the TiO, matrix (Figures 5a, b and c). This geometry
is expected for the TiO, particles (Jeng MJ et al., 2013; Guo
D et al., 2020; Pan K et al., 2011; Barbé CJ et al.,1997; Ni M
et al., 2006). To obtain the information about the average
diameter and the porous distribution, the software Image],
broadly used in research, was applied (Figure 5a, b and c,
Table 1) (Chilev C et al. 2017).

The introduction of the lignin in the matrix of TiO,
increased the surface area (0.490 nm?) and the average porous
diameter (178.6 nm) of the film with higher lignin proportion
(15% of lignin — EST15LG) in the TiO, matrix (Figure 5c,
Table 1). The increase in the surface area and the particle’s
average diameter is important to improve the quantitative
adsorption of dye in the TiO, surface, more photons can
be adsorbed in the semiconductor surface, affecting the
electrolytic migration and the solar cell efficiency (Huang
WY and Hsieh TL, 2019).

Table 1. Average porous diameter and films thickness.

Average porous

e Superficiill area diameter Thickness
(nm?) - )
EST5LG 0.322 116.5 1.66
EST10LG 0.371 134.6 1.84
EST15LG 0.490 178.6 2.59

The average porous size also impacts the film’s thickness
and consequently the efficiency of the solar cells (Jeng MJ et
al., 2013). The film’s thickness measurements were obtained
through SEM images of the transversal section of the films
(Figuras 3a, b and c). In Table 1. It is seen that the film with
higher porous diameter (178.6 nm) was the thicker out of all
(2.59 pm) (Figure 5¢). The ideal thickness depends on the size
of the particles for the maximum solar cell efficiency. However,
the ideal thickness is not the same for all cells. For example,
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(Baglio V etal.,2011) analyzed the behavior of the thin films
of TiO, with different thickness (6, 10 and 14 um) fabricated
through spray pyrolysis in DSSCs. The cell assembled with
the TiO, at 10 um that had better performance n = 1.44%.
(Kumari, JMKW et.al., 2016) analyzed the thickness of the
titanium dioxide by doctor blade in the parameters of the
photoanodes in the DSSCs. The films had thickness between
5.57 pm and 20.65 pm. The results indicated that the film
with 12.73 pm had better performance of ) = 6.07%. In other
work, (Teixeira ES et al., 2020) deposited thin films of TiO,
by spin coating with different thickness (65.90, 90.17, 106.7
um). The results indicated that the cell assembled with TiO,
of thickness 65.90 pm presented n = 12.74%. It is important
to mention that from 20% of lignin in the matrix of TiO,,
thickness (4.55 pm), the solar cell started to decline in its
efficiency. As such, the ideal thickness for the hybrid TiO,/
lignin was 2.59 um with 15% of lignin. Adding, the higher
thickness hinders the photoexcitation of the electrons from
the adsorbed dye into the layer, which blocks the formation
of excitons (electron-hole) pairs in the interface.

And the analyses of the EDS (Figure 4a, b and ¢) of the
hybrid films TiO,/lignin allowed identifying the two peaks
present in the samples, that were the titanium (Ti) and the
oxygen (O), which are the main elements of the TiO,. By
studying the relative proportions of the quantities (Wt%) of
the main elements (Ti/O) in a specific area, the proportions
were as follows: 4.54 (film EST5LG), 4.10 (film EST10LG) and
3.5 (film EST15LG). Such reduction allows a higher superficial
area and consequently higher grain size and more dye can
be absorbed into the film surface for more efficiency of the
photocurrent of the solar cell (Mahmoud AS et al., 2021).

The presence of Na (sodium) on the samples of FTO
and the S (sulfur) due to the process of extraction of the
kraft lignin, which uses the sodium sulfite (Na,S) to isolate
the lignin in the cellulose and the hemicellulose (Khan A et
al,, 2018; Ibrahim MNM et al., 2019) and the presence of P
(phosphorous) in all samples happened due to the interactions
of the lignin with the TiO, matrix, which easies the conversion
of luminous energy into electrical.

It is seen that the introduction of lignin in the TiO,
matrix makes films with particles of diameters size bigger
and consequently higher adsorption dye area and more
photons captured to favor the current density in the process
of conversion of luminous energy into electricity

Floresta e Ambiente 2022; 29(3): €20220013
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Figure 3. SEM analysis of the distribution of agglomerates and the films thickness EST5LG (a), EST10LG (b) and EST15LG (c).

Figure 4. Film EDS data (EST5LG (a), EST10LG (b) and EST15LG (c).
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3.4. X-Ray

With the results of the optical, SEM and band gap
characterizations, the sample EST15LG was chosen to
identify the phases present and the characterizations through
diffractometer and x-ray with a x-ray diffractometer (Rigaku
DMAXB), with geometry Bragg-Brentano in continuous
mode with speed 0.25 °/min. The source of radiation used
was the Cu-Ka of A = 0.154 nm, with linear focus operating
at 40 kV and 25 mA. The diffraction patterns were obtained
between 26 = 10-90°.

The spectrogram of the film EST15LG (Figure 5) is
represented through the peaks of the indexed elements
(101), (103), (200), (105), (211), (204), which indicated
the scattering angles respectively 25.32, 36.98, 48.06, 53.94,
55.08 and 62.7 degrees. This pattern of diffraction is similar
to the TiO, commercial anatase phase, ICSD collection code
009852, which is indicated through the scattering angles:
25.308, 36.951, 48.047, 53.885, 55.073 and 62.692 degree
(Donar YO et al., 2020). The peaks 26.47 and 51.47 degrees
indicated the structure of an amorphous material, confirming
that the lignin is a material of amorphous nature (Donar YO
et al., 2020; Guo D et al., 2020). With the spectrum, it was
confirmed that the sample EST15LG was indeed TiO, anatase
phase and that the introduction of lignin in the TiO, did not
alter significantly its structure.

Figure 5. X-Ray of the film TiO,/lignin (EST15LG).

3.5. Electrical characterization of the solar cells
(DSSCs)

The DSSCs were electrically characterized using the
potentiostat/ galvanostat PGSTAT302N (Metrohm, Switzerland)
to obtain the curves of current density (Jsc) versus voltage (V)
and the measures of incident photos conversion to electrical

Teixeira ES, Nunes VE, Pinho DC, Maia Junior PHE Lima FM, Souza Filho MSM, Almeida AFL, Freire FNA

current efficiency (IPCE). The J-V measurements and the
IPCE were obtained under simulated solar illumination LED
with 100 mW/cm?.

The characterization of the J-V measurements is a method
to determine the capacity of the DSSCs to convert solar light
into electrical energy (O’'Regan B and Gritzel M, 1991; Gritzel
M, 2003; Michael Graetzel et al., 2012).

J-V measurement is a tool well known to evaluate the
different types of photovoltaic solar cells. The J-V measurement
describes the behavior of the solar cell and was adopted in
this work because it is broadly used in the characterization
of commercial solar cells.

From a specified tension, the product of the energy density
(Ix V) at maximum value (J x V)max drops abruptly until zero,
where I is the current (Souza APS et al al., 2020). From the
characteristics J-V (Figure 6) was possible to obtain the short
circuit current (Jsc), the open circuit voltage (Voc) and the fill
factor (FF), and, with this data it was found the efficiency of
the solar cell, equation 1 (O’'Regan B and Gritzel M, 1991).

The IPCE is a measure of how much the cell efficiency
can convert monochromatic light into electrical current
and it is related to the capacity of the dye to absorb incident
photons (Shahrul AM at al., 2022). Overall, the IPCE can be
defined with the number of electrons generated by light to an
electrical circuit divided by the number of incident photons
and calculated through equation 2, where A (nm) represents
the wavelength of incident wave (Shahrul AM at al., 2022).

The results of the characteristic curve J-V (Figure 6)
can be visualized in Table 2. The cells were assembled with
double layer films. First one was composed with the TiO,
opaque commercial (Solaronix — 74101- 9 pm) and the
second with the TiO /lignin film deposited over the first by
spin coating with the variation of the proportion of lignin in
the TiO, structure. The EST5LG represents the sample with
5%, EST10LG 10% and EST15LG 15% of lignin in the TiO,
structure, respectively.

. VO0X150XFF

Pinc (1)
12
[PCE — —239%Jsc
A(nm)x Py, ®

The results of the electrical parameters of the DSSCs
with different thickness of the films are indicated in Figure
6, Table 2. The current density increased from 7.55 to 11.06
mA/ cm? and the total thickness from 10.66 ((9+1.66) para
11.59 pm (9+2.59). The increase of the short current density
(Jsc) which is observed for the cell (EST15LG) is associated
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with the increase of the current due to the higher quantity
of excited electrons from the valence band of the dye to the
conduction band of the TiO /lignin. This is due to the higher
dye adsorption area in the TiO, surface, with more captured
electrons, to ease the process of transfer of electron-holes from
the dye to the semiconductor. According to Hagfeldt A et al.,
(2010), once the incident photon has been adsorbed by the
dye and generated pairs of eléctron-holes, these charges must
be separated and collected in the interface dye/semiconductor
efficiently. A “good” material avoids charge recombination
and, therefore, a drop in the device IPCE (Souza APS et al.,
2020). With the data in Table 2, it is noticed that the IPCE
arises with the increase of the thickness of films.
Additionally, for the sample with 20% of lignin in the TiO,
matrix, there was decrease in the IPCE that indicates that
a denser layer hinders the incident light dispersion reduces
the photoexcitation of the adsorbed dye and contributes to
a lower generated photocurrent (Souza APS et al., 2020).
Overall, to maximize the DSSCs efficiency, there is an
optimum value of thickness. However, this value is not the
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same for all cells; for example, TiO, thin films were fabricated
by spin coating with an optimum thickness value of 12 pm
and DSSC efficiency of 2.85% (Jeng MJ et al., 2013). The
thicker layer of the film promotes dye immobilization, but
can lower the conversion efficiency of the DSSCs.

The ideal thickness for the hybrid semiconductor TiO,/
lignin was 2.59 um with 15% lignin (EST15LG). Then,
the film TiO_/lignin (EST15LG) with 15% of lignin in the
TiO, matrix deposited by spin coating over the commercial
opaque TiO, (74101) presented thickness of 11.59 um, J. =
11.06 mA/cm?, IPCE = 21.9% and efficiency of n) = 4.65%,
results 103.95% higher compared to the TiO, without
lignin (Table 2).

Evidently that the increase on the percentage of lignin
in the TiO,, film EST15LG, increased the superficial area
of the film (Table 1) and that also increased the current
density, consequently higher DSSCs efficiency (4,65%),
with the maximum absorption in the visible range of the
solar spectrum (Kumari JMKW et al., 2016; Nunes VF etal.,
2021; Aba — Guevara et al., 2017 e Etacheria V et al., 2015).

Table 2. Electrical parameters of the cells assembled with the double layer of TiO, commercial (Solaronix-74101)/TiO,-Lignin.

. Thickness Thickness » "
First layer (um) Second layer (um) Joc (mA/cm?)  V, (V) FF IPCE 1 (%)
EST5LG 1.66 7.55 0.7592 0.3975 14.9% 2.28
TiO, EST10LG 1.84 8.31 0.8007 0.3987 16.4% 2.65
Solaronix 9
(74101) EST15LG 2.59 11.06 0.7568 0.5550 21.9% 4.65
EST20LG 4.55 7.16 0.7764 0.5868 14.15% 3.26

Figure 6. Films electrical data of the curves Jsc versus voltage (V)
(EST5LG, EST10LG and EST15LG).
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It is important to mention that from the 20% lignin in the
TiO, matrix, thickness of 4.55 um, the cell presented reduction
in the IPCE (14.15%) and in the efficiency (1 = 3.26 %) (Table 2).

The increase in the efficiency is caused by the organic
macromolecule nature of the lignin, with OH" groups that,
when in contact with metallic ions, positive charge (TiO,)
creates strong interaction (Colmenares JC et al., 2016). For
example, lignin with phenolic hydroxyl, alcohol hydroxyl and
carboxyl groups can react chemically with other polymers
to form hybrid composites (Colmenares JC et al., 2016).

Therefore, the lignin represents a strong potential to be applied
with photoanodes on the DSSCs, seeing the strong interactions
with TiO, to increase the optical light absorption in visible range
of the spectrum, with higher dye adsorption area in the surface
of the TiO,/lignin films, causing more photons to be captured
and favor the efficiency of luminous energy into electricity.
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4. CONCLUSIONS

The introduction of the lignin in the TiO, matrix in the
proportions 5, 10 and 15% deposited by spin coating with
application as photoanodes in the DSSCs was successful. The
lignin caused optical, morphological and electrical changes.
The best photovoltaic device was the one with 15% lignin in
the TiO, matrix. The presence of 15% lignin helped to improve
the photovoltaic parameters of the DSSCs, specifically the
current density, 11.06 mA/cm? which was responsible for
the efficiency improvement to 4.65%.
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