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KEYWORDS Abstract Here, we have manufactured extremely porous photoelectrodes comprised of ZnO/TiO,
ZnO/TiO, nanocomposites; by adding lignocellulose (LC) fibers extracted from the self-growing plant (Lily) on fluorine-doped
Dye-sensitized solar cells; tin oxide (FTO) substrate using doctor blade technique for dye-sensitized solar cells (DSSCs) uses
Lignocellulose (LC) fibers; and first-principle calculations were performed for electronic band structures and density of state
First principal theory; (DOS). Density functional theory (DFT) results revealed a high conductivity and narrow electronic
DFT bandgap after doping with LC. Experimental results showed the effect of the addition of LC in ZnO

(ZnO + LC) and TiO; (TiO, + LC) on the structure, morphology, and power conversion efficiency
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(PCE) was studied in detail using powder X-ray diffraction, scanning electron microscope, UV-vis-
ible spectroscopy, and solar simulant. The addition of LC in ZnO/TiO, increases the porosity and
surface area for higher dye loading and light-harvesting while decreasing the backward scattering of
electrons. These developments result in a 38% increase in PCE of (ZnO + LC) as related to the
ZnO based DSSC and a 104% increase in the case of (TiO, + LC) based DSSC. In this work,
we express that the development of highly porous metal oxide nano-composites by mixing LC fibers
which may solve the electrolyte leakage issue and enhance the porosity of the photoelectrodes and

thus enhance the PCE of DSSCs.
© 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The reduction of fossil fuels-based resources, their skyrocket-
ing prices, and the current environmental issues, has inspired
researchers to develop renewable energy technologies. Among
renewable resources, solar energy is a resource of primary
importance. The development of technologies for its conver-
sion is the main topic of third era of scientific research
(Ampelli et al., 2013; Bailie et al., 2014). Dye-sensitized solar
cell is an efficient alternative to the conventional silicon based
solar cells and have been widely considered as a promising
practical candidate (Bella et al., 2013). One of the main targets
for this technology to intrude into the large-scale global mar-
ket is to improve its long-term stability and electrolyte leakage
issues (Ali et al., 2016) which is at present unsatisfactory due to
the evaporation of solvents, poor airtight sealing. In this
regard, the replacement of conventionally semiconductor
materials used photoanodes including mono-Si, poly-Si, GaAs,
CdS and InP which suffer from photo-degradation in DSSCs
due to reaction with electrolyte, which reduces the lifetime of
cell significantly (Raj and Prasanth, 2016; Tang et al., 1994).
Both TiO, and ZnO were found to be the most promising
alternate semiconductor materials as photoanodes in DSSCs.
As the photoanode is considered to be the most crucial compo-
nent of DSSCs. Photoanodes play two important roles in
DSSC during its operation: (i) absorption and transportation
of photo-excited electrons from dye to the external circuit
and (ii) to acts as a scaffold layer for dye adsorption. The pro-
cesses involved by photoanodes are even more than that of dye
and electrolyte. Therefore, the modifications of photoanodes
have significant impact on DSSC photovoltaic performance.
The main problem to the efficiency improvement of DSSC is
the energetic loss due to the electrolyte leakage and long-
term stability. Modifications of TiO, and ZnO by utilizing var-
ious metallic and non-metallic dopants can further enhance
DSSC performance by resolving these issues. However, the
most suitable dopants for both TiO, and ZnO photoanodes
have not been identified and the DSSC efficiencies obtained
for different dopants are scattered. Therefore, a further inves-
tigation is required to explain the influences of different
dopants on the band structure and surface modification of
photoanodes. In this regard, when considering the components
to be used in energy conversion and storage devices bio-based
photoanode materials deserve to be primarily considered. As
they are naturally available, biodegradable and easily function-
alized (Nogi et al., 2013). Among them, natural cellulose and
its derivatives stand out, and their application in hydrogen
production (Zhu et al., 2013), antennas (Fang et al., 2013),

organic light-emitting diodes (LEDs) (Nagashima et al.,
2014), supercapacitors (Huang et al., 2013), touch screens
(Elstner et al., 1998), nonvolatile memory (Elstner et al.,
1998), transistors (Ahmad et al., 2020), flexible Li-ion batteries
(Kienle et al., 20006), and solar cells (Huang et al., 2009) is cur-
rently under thorough investigation by the scientific commu-
nity. Usually, the cellulose by itself has partial functionalities
because of high resistance in pure form. However, it can be
made conductive by mixing with conducting materials, such
as tin-doped indium oxide, silver nanowires, carbon nan-
otubes, graphene, and conductive polymers (Langreth and
Mehl, 1983; Zhan et al., 2020). As the dimensions of nanocel-
lulose fibers and other conductive metal oxides are almost the
same. Therefore, these two materials mixed uniformly and
form highly conductive porous composite appropriate for high
surface area for more dye loading and large light scattering in
the forward direction.

In this work, we have prepared highly porous and conduc-
tive nanocomposites photoanodes of ZnO and TiO, by mixing
nanocellulose fibers (i.e. ZnO + LC and TiO, + LC) obtained
from the self-growing plant (Lily) for the very first time, which
are promising for dye-sensitized solar cell (DSSC) applica-
tions. Such a porous structure of LC-based nanocomposites
photoanodes not only simplifies the fabrication process
towards low-cost techniques but also enhance the device effi-
ciency by absorbing more dye and solving the electrolyte leak-
age and stability issues of DSSCs. Moreover, the additional
structural advantages of these photoanodes attenuate back-
ward scattering and manipulate electrons inside the DSSCs.

2. Experimental

2.1. Synthesis of lignocellulose sheet (LC)

Initially, LC fibers were obtained from the self-growing plant
(Lily) by detaching LC fibers with the help of a cutter knife
as shown in Fig. 1. These LC fibers were dried out in sunlight,
then distributed in 40% of NaOCI and stirred for 2 h at
400 rpm the gel was obtained. The obtained gel was filtered
by vacuum suction via nitrocellulose ester filter membrane
with 0.70 mm pore size and the material was pressed in a vas
for one day and the sheet was obtained.(See Figs. 2 and 3)

2.2. Synthesis of ZnO and TiO; nanoparticles

Zn0O and TiO, nanoparticles (NPs) were prepared using a hot-
plate magnetic stirring method. All of the chemicals were
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Fig. 1

Zinc acetate
dihydrate

Diethylene
glycol

Stirring at a rate of 2 °C min™"'

LC sheet extracted from Lily plant.

Ethanol

Retained at
180°C for 30
minutes

Washing with ethanol

Fig. 2 Schematic Illustration of the preparation process of ZnO/TiO, nanoparticles.

Fig. 3  Fabrication procedure for the dye-sensitized solar cells.

bought from Sigma Aldrich. For the preparation of ZnO NPs,
zinc acetate dihydrate (Zn (CH3COOQO),-2H,0) and diethylene
glycol (C4H;¢O3) (DEG-as solvent) were added in a uniform
bottom flask. The appropriate concentration of precursor
was 0.09 mol L~!. The flask was fitted with a thermometer
and placed on a hot-plate magnetic stirrer and the organized
mixture was magnetically stirred and heated to 200 °C at a rate
of 2 °C min~'. When the temperature reached at 180 °C, the
neat solution first turned yellow and then into milky-white.
The growth temperature was retained at 180 °C for 30 min,
after growth, the flask was removed from the stirrer. The solu-
tion was centrifuged three times with ethanol. The TiO,
nanoparticles were formulated with the same procedure using
the required materials.

2.3. Preparation of ZnO|TiO; and lignocellulose (LC) fibers
nanocomposite

For manufacturing of the composites of ZnO or TiO,, 99.4 wt
% of nanoparticles powder of each and 0.6 wt% of LC sheet
were wetted with 0.5 g of polyethylene glycol (PEG 400) and
stirred for 20 min and then ethanol (5 mL) was added to each
past and again stirred for another 20 min to obtain suitable
viscosity for the coating preparation. Eight pieces of FTO glass
substrates with dimensions 2.5 x 2.5 cm® were washed ultra-
sonically with acetone, water, and ethanol. Thin films of
Zn0O, ZnO + LC, TiO,, and TiO, + LC were fabricated by
the doctor blade method. The organized pastes were first put
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onto the FTO glass and uniformly scraped by using the doctor
blade. The FTO glasses edges were covered with 3 M tape and
the effective area of the cell exposed to light was approximately
1 ecm? (1 em x 1 cm). After evaporation of the solvent, the tape
was removed, and the films were placed in an electric oven for
annealing at 250 °C for 1 h. After annealing, the films were
cooled down to room temperature and then distant from the
oven. The film’s coated substrates were dipped into a dye
(N719) solution overnight and washed with acetonitrile to
remove the extra dye. The counter electrodes were prepared
by depositing a sheet of graphite with a pencil on FTO glass.

2.4. Assembling of DSSC

The DSSCs were fabricated with sensitized working electrodes
and graphite coated counter electrodes. The cells were clipped
with a binder clip, leaving the uncovered surfaces out of the
sandwich. As the last step, the small quantity of electrolyte
solution (0.05 M I,, 0.2 M KI) was filled between the internal
space of two electrodes. The performance of DSSCs was
checked through its electrical properties using I-V
characterization.

The crystallinity and phases of the films were characterized
by a wide-angle XRD (Philips X’pert MRD diffractor meter
with high-intensity CuKa (A = 1.5406 A) radiations. The mor-
phologies of the samples were carried out by scanning electron
microscopy (Hitachi, S-4200). The UV—Vis absorption spectra
were developed by the Perkin Elmer Lambda 11 Spectropho-
tometer. The photocurrent—voltage characteristics of the
DSSCs were measured using (Oriel 69911, 1000W xenon lamp,
AM 1.5) with an intensity of 100 mW cm™2.

3. Simulation and numerical analysis

Using first-principle calculations we have done band gap sim-
ulation and numerical calculations for ZnO, TiO,, ZnO + LC,
and TiO, + LC respectively by DFT framework as imple-
mented in Atomistic Toolkit (ATK) (Elstner et al., 1998;
Elstner et al., 1998) with generalized gradient approximations
(GGA). Local density approximations (LDA) predict that the
bandgap of semiconductors is poor; so, we are going to prefer
GGA exchange-correlation functional for the comparative
analysis of energy band structure and density of states
(DOS) of ZnO, TiO,, ZnO + LC, and TiO, + LC. The
overlap-matrix elements S can be calculated clearly from the
known basis functions, which in turn can be used to evaluate
the off-diagonal Hamiltonian matrix elements H (Ahmad
et al., 2020). GGA scheme is also better for physically adding
LC in ZnO and TiO; at the surface or doping in the inner or in
the center. Using the Virtual Nano Lab Software, GGA is cou-
pled with Non-equilibrium green function we have calculated
the energy band structure of the materials as well as DOS
for the possible applications of DSSCs.

To accomplish the task, we have selected ZnO and TiO,
from the software database to set up its cleavage surface to
be oriented along the (101) plane for ZnO and ZnO + LC.
Cleavage surfaces for TiO, and TiO, + LC oriented along
(004) plane. For the first set of calculations, the k-point sam-
pling was selected to be 5x 5 x 100 with GGA exchange-
correlation potential (Kienle et al., 2006; Huang et al., 2009;
Langreth and Mehl, 1983; Zhan et al., 2020; Ahmad et al.,

2020). The grid mesh cut-off was 75 Hartree. We have done
all calculations at 300 K (room) temperature. The tolerance
force was 2 eV.

4. Results and discussions

4.1. Band gap and density of states

We have found the electronic band structure and DOS of ZnO,
ZnO + LC, TiO, and TiO, + LC. In Fig. 4 (a) one can
observe that the electronic bandgap of pure ZnO is 0.84 eV,
the conduction band (CB) is near to the Fermi level as com-
pared to the valence band (VB). The gap between Fermi energy
(Ef) and VB is 0.44 eV and E; to CB is 0.40 eV. After doping
with LC results are shown in Fig. 4 (b), these results are as per
our expectations because experimental results previously
showed that by adding LC in ZnO/TiO, electronic properties
were increased. So, the electronic bandgap decreased with dop-
ing. After doping the band gap was 0.22 eV. The VB shifted
toward the E; while the gap between VB and E; was decreased
from 0.44 eV to 0.02 eV. Image 4 (c) showed the electronic
bandgap of TiO,, the bandgap between VB and CB was
2.21 eV before doping, the gap between E; and VB was
0.6 eV, and the gap between Efand CB was 1.5 eV. After dop-
ing with LC, a dramatic behavior was observed in TiO,, band-
gap decreased from 2.1 eV to 0.02 eV. This huge change in the
electronic bandgap is a good sign of electronic charge trans-
port properties.

Fig. 5 delineates the DOS results for all the samples which
we have already used for band structures. In this Figure, image
5(a) results are well agreed with Fig. 4 (a) bandgap results of
ZnO. On Eg, there were no available states as is cleared from
the results.

In Fig. 5 (b) the results of ZnO + LC are shown. In this
image, it can be seen that there are many existing states on
E¢, and these results are confirmed with the results of the band-
gap of ZnO + LC. Due to LC both the VB and CB have
shifted towards E;. This shifting of VB and CB towards E; is
good for enhancing the conductivity of the materials. Image
5(c) and (d) are the same as image 5(a) and (b). Pure materials
peaks were on right and left sides of the E; After doping LC in
ZnO/TiO, both peaks were shifted towards E;. As we have
already discussed this shifting is the main cause of increasing
the conductivity of the materials which would increase the effi-
ciency of the DSSCs.

4.2. Structural characterization

Fig. 6 delineates the XRD pattern of ZnO, ZnO + LC, TiO,,
and TiO, + LC films. In Fig. 6, diffraction peaks clearly show
the Wurtzite-structure of ZnO with its eight characteristic
peaks (100), (002), (101), (102), (110), (103), (112), and
(201). These peaks appeared at an angle of 20 = 31.84°,
34.53°, 36.35°, 47.7°, 56.8°, 63.1°, 68.1°, 69.2°, respectively
with the more noticeable intensity of (101) peak over other
peaks (Brandbyge et al., 2002). The experimental XRD pattern
of ZnO agrees with the standard JCPDS card no. 89-7102.
There are no impurity peaks such as Zn (OH), or Zn metal.
Meanwhile, the ZnO + LC film shows the same XRD pattern
as the ZnO film with a small shift in peak position towards a
higher angle as shown in Fig. 4. Probably this shifting is a
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Bandstructure

Bandstructure

Fig. 4

result of internal stresses in the film. XRD patterns of TiO,
and TiO, + LC films are shown in Fig. 6. The XRD pattern
comprised of five characteristic peaks (101), (004), (200),
(204), and (116). These peaks appeared at 20 = 25.27°,
38.52°, 53.85°, 62.64° and 66.52° with the highest intensity
of (004) peak over the other peaks. These peaks confirm the
anatase structure of TiO, and in good arrangement with stan-
dards (JCPDS card no. 84-1286) (Saleem et al., 2015). Instead,
there is no spurious peak found in the prepared sample of
TiO,. Moreover, in the case of TiO, + LC, the XRD peaks
are the same as that of TiO, with a small shift in peaks position
towards higher angles as shown in Fig. 6 which may be due to
the existence of tensile stress in the samples.

4.3. Morphological characterization

Fig. 7 shows the SEM micrographs of ZnO and ZnO + LC,
TiO,, and TiO, + LC thin films grown on FTO glass substrate
using the doctor blade method. In Fig. 7 one can see the non-
uniform growth of ZnO with different sizes of thickness at dif-
ferent sites. SEM micrographs show that ZnO thin film con-
sists of round-shaped nanoparticles covering FTO glass in a
non-uniform way and the size of nanoparticles is not the same
over the complete film. In Fig. 7 the SEM micrograph of
ZnO + LC film grown on FTO glass substrate show that by
adding LC in ZnO the surface of the film gets smoother and
the porosity of the film increased. From Fig. 7 it is clear that
the growth of TiO, film is even with no cracks. But from the
SEM micrograph of TiO, + LC film (Fig. 7), it can be seen

Bandstructure

Band structures (a) ZnO, (b) ZnO + LC, (c¢) TiO, and (d) TiO, + LC.

that there are some cracks and the surface of the film is not
much evener as compared with TiO, film. However, the poros-
ity of film consisting of TiO, + LC is greater than TiO, film
because of the presence of aggregates and cracks which origi-
nates from the surface debris after mixing LC fibers in TiO,.
The presence of aggregates and cracks improved dye and elec-
trolyte diffusion into the film.

4.4. Optical properties

The absorption spectra of ZnO, ZnO + LC, TiO, and
TiO, + LC films were observed in the wavelength range from
300 to 800 nm, as illustrated in Fig. 8. In general, without dye,
the samples ZnO, ZnO + LC, TiO,, and TiO, + LC can only
absorb photons in the ultraviolet region of light in the wave-
length range of 350-420 nm. Fig. 8 indicates that the absor-
bance of all the samples near the band edges is about
360 nm for ZnO and 380 nm for ZnO + LC, 385 nm for
TiO,, and 390 nm for TiO, + LC films respectively. After
400 nm, the absorbance of ZnO and ZnO + LC films
decreases as compared to TiO, and TiO, + LC films. In the
light spectrum, a strong absorption region of all the samples
is the UV region; when the energy of photon given to the elec-
tron is equal to the bandgap energy of material then the elec-
tron is excited from VB to conduction band CB (Liu et al.,
2015). There is an increase in maximum absorbance value
and wavelength shift after dye loading on ZnO, ZnO + LC,
TiO,, and TiO, + LC thin films. There is a shift in wavelength
of light absorption at 600—700 nm after the addition of dye,
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Fig. 6 XRD images of (a) ZnO, ZnO + LC, TiO,, and (b) TiO, + LC samples.

which is the area of visible red-light color. The energy gap of

all samples is calculated using the following relation
(Gopalakrishnan et al., 2011).
1240
)= )
Eg

where A is the wavelength of light used and E, is the energy
gap. The obtained band gap energy values of the four samples

are 3.35, 3.26, 3.22, and 3.17 eV. From these results, it is obvi-
ous that the introduction of LC reduces the bandgap values.
This decrease in the energy gap showed that the small portion
of visible light can be excited the electrons from VB to CB (Liu
et al., 2015). The calculated band gap energies are good for
DSSCs of ZnO + LC/TiO, + LC because the photons having
a wavelength less than 400 nm will excite electrons and this
value is greater than the reported value of 387 nm. Therefore,
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Fig. 8 Absorbance spectra of ZnO, ZnO + LC, TiO,, and TiO, + LC samples.

the DSSCs formed by ZnO + LC or TiO, + LC photoelec-
trodes may show greater efficiency as compared to ZnO or
TiO, based DSSCs (Fig. 9).

4.5. Solar cell performance

All ZnO, ZnO + LC, TiO;, and TiO, + LC working elec-
trodes were used as photoanodes for the fabrication of dye-
sensitized solar cells (DSSCs), and their measured perfor-
mances were summarized in Table 1. The current-voltage
(JV) characteristics of fabricated DSSCs are shown in Fig. 7.
First, comparing ZnO + LC assembled DSSC with ZnO
assembled DSSC exhibited a higher PCE of 1.31% than a
PCE of 0. 95% (Table 1). This was mainly due to greater

dye anchoring because of higher porosity, representing that
by mixing LC fibers with ZnO nanoparticles a highly porous
surface was obtained. We note that the DSSC fabricated by
using the ZnO + LC working electrode is more efficient
(Table 1) than that of the ZnO working electrode DSSC. This
may be acknowledged to the presence of a smooth and more
porous surface in the ZnO + LC sample as discussed above
(in SEM), thus promoting more dye absorption. This con-
firmed a 38% increase in PCE as compared to the ZnO sample.
A similar trend was observed for solar cells collected using the
TiO, + LC working electrode (PCE = 2.30%), which was
higher than that of TiO, of PCE = 1.12%, (Table 1). This
described an increase of 105% PCE as compared to the TiO,
sample. Our results are in good agreement with that of 2.3%
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Fig. 9 Current density—voltage characteristics of ZnO, ZnO + LC, TiO,, and TiO, + LC samples.

Table 1 The current-voltage (JV) characteristics of samples.

Samples Jsc (mA.cm™?) Voc (mV) FF 1%
ZnO 2.16 718 0.57 0.95
ZnO + LC 2.45 728 0.60 1.31
TiO, 2.23 617 0.59 1.12
TiO, + LC 2.90 698 0.69 2.30

and 3.2% efficient organic solar cells fabricated by depositing
a thin layer of conducting nanocellulose paper on ITO glass
(Hu et al., 2013) and silver nanowires coated with conductive
transparent nanofiber paper. This was ascribed to the presence
of aggregates and cracks on the surface of the TiO, + LC sam-
ple. These cracks were originated from the surface debris after
mixing LC fibers in TiO,. The presence of cracks boosted dye
and electrolyte diffusion into the DSSC. Moreover, a markedly
enhanced DSSC performance was perceived via the use of LC
fibers in ZnO or TiO, nanocomposites. Hu et al. proposed that
the porous structure often manipulates electrons/ photons in
DSSCs and attenuates the backward scattering of electrons
(Hu et al., 2013). A similar increasing trend was noticed for
other parameters as is cleared from Table 1.This increasing
fashion in all parameters of LC-based DSSCs is credited to
the higher porous structure for more dye loading and light-
harvesting.

5. Conclusions

This study manufactured ZnO, ZnO + LC, TiO,, and TiO, +
LC nanocomposite photoanode by mixing LC fibers for
DSSCs applications. DSSCs fabricated with ZnO + LC/
TiO, + LC nanocomposites were found to show superior
light-harvesting performance than DSSCs containing ZnO/
TiO,. Rather, ZnO + LC/TiO, + LC nanocomposites exhibit
a larger internal surface area for efficient dye loading and light
anchoring. A greater porous surface lessened the backward
scattering of electrons and enhanced the manipulation of elec-
trons in DSSCs. These improvements harvest a 105%
improvement in power conversion efficiency.
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