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ABSTRACT: Dye-sensitized solar cells (DSSCs) demonstrate a clean and
cheap technology to harness solar energy efficiently and have been studied in a
large scale for safe and reliable energy supply. This research focuses on the
experimental and computational study of DSSCs based on a different and novel
metal oxide, bismuth tungstate (Bi,WOg), semiconductor as an electron
conductor. This work is divided into four main topics: (1) the search for an
appropriate Bi,WOy nanostructure for better dye absorption, (2) comparison
between Bi,WO; and TiO, as photoanodes, (3) the impact of the
semiconductor morphology on the performance of DSSCs, and (4) the study
of the structural and dynamical properties of the dye solution and also the
electrolyte mixture near electrodes in DSSCs. This study pointed out the poor
properties of ruthenium-complex dye as sensitizers for Bi,WO¢ and the great
effect of Bi,WOy surface charge on dye adsorption. The best performance of
Bi,WO4 DSSC was obtained for morphologies synthesized at pH = 1, which
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can be attributed to the less negative surface charges of Bi,WO, nanoparticles. Another important part of this paper was devoted to
study the electrolyte distribution between anode and cathode surfaces for both TiO, and Bi,WO4 DSSCs. To our knowledge,

acetonitrile-based electrolyte interactions with the Bi; WO, photoanode have not been explored to date.

1. INTRODUCTION

Limited fossil energy resources and problems with greenhouse
gas emissions highlight the need to pay more attention to
renewable energy." Solar energy is one of the largest sources of
energy in the world, among renewable energy sources. The
solar energy emitted by the sun to the earth every hour is more
than the total energy consumed by the earth’s inhabitants
during a year.”” Recently, dye-sensitized solar cells (DSSCs)
have received more consideration, owing to their easy
manufacturing process, low manufacturing costs, and low
environmental pollution. DSSCs are composed of a dye-
sensitized photoanode, an electrolyte, and a ?latinum—coated
conductive glass as the counter electrode.*”® When Gritzel
introduced the concept of DSSCs in 1991, much research was
begun to find the optimal materials for better DSSC
performance.”

A dye as a photosensitizer needs appending groups (—SO;H,
—COOH, —H,PO;, etc.) to create strong chemical bonds with
the photoanode surface and likely to be as a bridge for electron
injection.*”'? Polypyridyl ruthenium(II) derivatives are one of
the most popular and widely used dyes in solar cells. In
ruthenium complexes, bipyridine ligands can attach to the
surface of semiconductors using carboxylic groups and provide
a strong electronic coupling for the excited electron injection
process, as well as rapid regeneration of the oxidized dye by
thiocyanate ligands.'"'* In particular, di-tetrabutylammonium
cis-bis(isothiocyanato)bis(2,2’-bipyridyl-4,4’-dicarboxylato)-
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ruthenium(II) (N719) has received more attention due to its
high chemical stability and rapid electron injection after light
absorption."?

The electrolyte solution facilitates the process of the charge
transfer between the counter and the working electrodes and
also regenerates the oxidized dye. Conventional electrolytes in
DSSCs are based on the iodide/triiodide redox couple, which
are mostly dissolved in an organic solvent such as acetonitrile
(ACN), and have shown good efficiencies."'> The type of
metal salt (Lil, KI, Nal, etc.) in the electrolyte solution is a key
factor. If small cations such as lithium (Li*) are used, they can
be adsorbed on the surface of nanoparticles and have an effect
on electrolyte and photoanode interactions.'”'” By adsorbing
small cations on the photoanode surface, the Fermi state and
the edge of the conduction band (CB) change in a positive
direction, forming a better electronic coupling that speeds up
the electron injection from the dye into the semiconductor CB
and also improves photocurrent density (J,.).">'” On this
topic, we can refer to the report of Teo et al,, investigating of
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the effect of lithium iodide on the DSSC performance using
polymer gel electrolytes.*

In previous studies, many semiconductors have been used as
photoanodes, such as Zn0,”' $n0,,** Nb205,23 TiO,,>* and so
forth. Among these materials, TiO, had the best efficiency till
date; porous structure and appropriate band gap are the factors
that make TiO, suitable and pointed out that they cause more
dye adsorption on the surface and easier electron-transfer
process, respectively.”>”® Among all the proposed metal oxide
semiconductors, performance of Bi,WOg nanoparticles in
DSSCs has not yet been examined. There are different
methods for preparing Bi,WO¢ nanoparticles that cause
differences in their structure; common methods include
microwave-assisted,”” co-precipitation,”® sol—gel,”” and
hydro-solvothermal methods.”® Nanoparticles, slit-like, octag-
onal, microspheres, flower-like structures, nanocoating’s, nano-
plates, and hollow structures are of various Bi, WOy forms.*'*?
Bi,WOg has important applications, including catalysts, optical
fibers, chemical sensors, and magnetic devices.>> Ferroelec-
tricity, piezoelectricity, high conductivity, and photocatalytic
sensitivity are some properties of Bi,WOg.*

Molecular dynamics (MD) simulation is a theoretical tool
utilized to explain how the velocities, positions, and
orientations of reciprocating atoms change over time.”* MD
simulations can typically be used to model the time-dependent
motions (trajectories) of electrolytes and dyes in a DSSC and
give us information on how they interact with solid surfaces. In
this regard, the MD investigation of confined ionic liquids
between slit-shaped nanosized pores can be mentioned.***

In the present study, the effect of Bi,WO4 nanostructure as
photoanode on DSSC functions was investigated. The
photoelectrochemical response of Gritzel-type solar cells was
determined on the basis of these semiconductors and their
sensitivity to dyes. Moreover, in this work, the effect of various
parameters, namely, the pH condition during synthesis of this
nanostructure, the amount of film thickness, the band gap
energy, and the surface charge on the photovoltaic perform-
ance of DSSCs were evaluated. The intermolecular interactions
of dye solution with Bi; WO surface were also studied by MD
simulation, whereas the relative arrangement of the dye
molecules close to the Bi,WOg surface was examined. Our
work also provides new insights into interactions between the
Bi,WOy surface and electrolyte mixture from surface chemistry
view point in order to obtain a relation between their
photovoltaic activity and chemical surface. For comparison
purpose, the performance of titanium dioxide nanostructures
as photoanode in terms of computational and experimental
methods was also tested.

2. METHODS

2.1. Materials. Conductive glass plate (FTO glass, fluorine-
doped SnO,, and sheet resistance 15 Q-cm™2) and platinum
paste were purchased from Sharif solar. TiO, nanoparticles,
ethanol, ethyl cellulose (EC), terpineol, Bi(NO;);, Na,WO,:
4H,0, ACN, lithium iodide (Lil), iodine (I,), and also N719
dye powder were purchased from Sigma-Aldrich (US Research
Nanomaterial, Lnc, USA). All materials and reactants were of
analytical grade and utilized without further purification.

2.2, Preparation of Photoanodes with Bi,WO4 Nano-
particles and TiO, Nanoparticles. In this paper, the
hydrothermal method was used to synthesize Bi,WOgq
nanoparticles. 3D flower-like Bi,WO4 was grown hydro-
thermally without any templates. To this aim, 0.73 g of

Bi(NO); was solvated in 20 mL of deionized (DI) water and
stirred at 700 rpm for 30 min. In another vessel, 0.24 g of
Na,WO,-4H,0 was added to the 30 mL of DI water and
stirred for 30 min. The solution was added to the first vessel
and stirred for 60 min at 40 °C. The white precipitate
transferred to 80 mL capacity Teflon-lined stainless-steel
autoclave and kept at 160 °C for 16 h. Then, the autoclave was
cooled to room temperature. The product was washed and
filtered several times by ethanol and DI water, respectively.
The white powder was desiccated in an oven for 12 h at 90 °C.
Over the three selected pH values (1, 8, and 12), the Bi,WOy
nanostructures were synthesized. For adjusting the pH, NaOH
solution (0.1 M) was used. The effect of pH on morphologies,
surface area, and dye absorption was investigated. For
comparison purpose, the TiO, nanoparticle photoanode was
also constructed. To make different pastes, 0.03 g of EC was
added to 2 mL of ethanol in a glass vial at 500 rpm and 60 °C
on a magnetic stirrer. After dissolving, 0.5 mL (500 uL) of
terpineol was added to the solution using a micropipette and
placed it on the magnetic stirrer again for 5 min to mix
thoroughly. At this step, 0.03 g of Bi,WO4 nanoparticles was
completely dispersed in the mentioned solution by using the
ultrasonic bath for 30 min. Then, the sonicated mixture was
located in the paraffin oil bath at 60 °C for 24 h under
intensive stirring until the ethanol completely evaporates and
uniform paste forms. The above steps for making pastes of
Bi,WOy, synthesized under different pH conditions, and also
for TiO, were performed. We also prepared three various
pastes in which ratios of Bi,WOg to TiO, were fixed at 25, 50,
and 75%. The process of making the mixed Bi,WO¢/TiO,
pastes starts with the preparation of the Bi,WO4/TiO,
nanomaterial powder. In this way, the first mixture consisted
of 25% Bi,WO4 powder + 75% TiO, powder, the second
mixture consisted of 50% Bi, WO, + 50% TiO,, and the third is
a mixture of 75% Bi,WO¢ + 25% TiO, powder. Thereby,
ethanol, EC, and terpineol were added to mixed powders based
on the mentioned paste procedure and stirred for 24 h.

2.3. Fabrication of the DSSCs. The FTO substrates with
a resistivity conductor of 15 Q-cm™ were ultrasonically
cleaned in detergent solution, acetone, ethanol, and then rinsed
with DI water for 15 min, respectively. After complete washing,
we dried all the pieces completely. The printing paste on a
FTO was coated using the Doctor Blade method on the freshly
cleaned substrates with dimensions of 2 cm X 1.5 cm. The
photoanode electrodes were annealed in a furnace at 450 °C
for 60 min. The thickness of the photoanode was obtained to
be 3.24 um at this condition [see Figure S1, scanning electron
microscopy (SEM) cross-view]. Then, a commercial Pt paste
(Sharif solar) in the form of a viscous paste was also coated on
the FTO using the Doctor Blade technique. Then, the as-
prepared cathode was annealed in the furnace for 30 min at a
temperature of 400 °C. To prepare a 0.4 mM solution of
N719, 11.885 mg (0.012 g) of N719 was poured into a 25 mL
volumetric balloon, and ethanol was added as the solvent.
Then, the dye mixture was stirred for 24 h. During the DSSC
fabrication times, dye solution was stored away from the light,
and for dye-sensitization, the photoanodes were immersed in
the dye solution overnight at room temperature in the dark, so
that the dye molecules could be well adsorbed on the surface
of TiO, and Bi,WOg. The electrolyte solution was composed
of ACN as the solvent, Lil (0.2 M), and iodide I, (0.02 M).
The electrolyte solution was inserted in the interspace between
the two electrodes of the DSSCs, so that it can flow over the
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surfaces of electrodes, pressing tightly. To avoid short-
circuiting between two electrodes, a thin layer of Surlyn was
used as a hot-melt spacer. To finalize the assembly of the
DSSCs, by using alligator clamps, an electrical connection was
established between the counter and working electrodes.

2.4. Instrumentation and Measurements. Solar radia-
tion is not always available, so to measure the efliciency of a
solar cell, a solar simulator is mostly used that can have
constant and continuous radiation and provides the same
environmental conditions for each cell. Herein, photocurrent
density—voltage (J—V) curves were measured under a solar
simulator [AM 1.5 illumination (100 mW cm™2)] in
combination of an autolab electrochemical system equipped
with GPES software.””

2.5. Characterization Methods. The prepared Bi,WOq
samples were characterized by using powder X-ray diffraction
(XRD) analysis to find the crystallinity and phase of the sample
using a Cu Ka radiation source (4 = 1.54060 A) at room
temperature in the range of 20 = 10—80 with a scan rate of
0.1° 20 s™'. UV—vis diffuse reflectance spectra were performed
using a UV-—vis diffuse reflectance spectrophotometer
(Shimadzu UV-2550) with Ba,SO, pellet as the reference
sample. Energy-dispersive X-ray (EDX) spectroscopy was used
to evaluate the relative amounts of elements in the samples.
The surface morphology and cross-sectional structure of
Bi;WO4 and TiO, nanoparticles and pastes were observed
using SEM. Barret—Joyner—Halenda (BJH) and Brunauer—
Emmett—Teller (BET) analyses (were computed from the
nitrogen adsorption—desorption evaluations at 77 K) were
carried out to know the pore volume, surface area, and pore
size distribution of the synthesized Bi;WOy. To pre-clean the
surface of the samples tested, before measurement, all materials
were degassed at 100 °C for 2 h under high vacuum. Surface
charge of the nanoparticles was determined using zeta
potential measurements at room temperature using Milli-Q
water as the dispersant. The presence of binding residence and
the functional groups of the Bi,WO4 were determined by
Fourier transform infrared spectroscopy (FTIR) and have been
taken in the selection of 400—4000 cm™". The adsorption of
dye on Bi,WOg (which fabricated at different pH) was
measured by recording N719 absorption intensity change at
maximum wavelengths (527 and 386 nm). The dye solution
absorption was measured using a UV spectrophotometer
(Shimadzu), as described in following. The N719 dye solution
of 50 mg/L was prepared in ethanol solvent. Then, 0.01 g of
Bi,WOg nanoparticles at different pH was dipped into a S mL
adsorption vessel containing 50 mg/L N719 solution and a
stirrer rotated at 200 rpm for 30 min. Each sample was
withdrawn regularly from the adsorption vessel via micro-
pipette for UV analysis.

2.6. Computational Details. In this work, N719 dye with
molecular formula of CygHggNgOgRuS,, ethanol, and ACN
molecules were optimized by the hybrid density functional
method (B3LYP), using Gaussian 09 program,”® with the
LANL2DZ pseudopotential® for Ru and 6-31G(d) basis set
for O, N, C, S, and H atoms. The computed structures were
controlled for vibrational frequencies, ensuring that the state of
minimum energies was achieved on the potential energy
surface. Besides, new sets of partial charges were assigned by
performing population analysis using the natural bond orbital
(NBO) method.** We also performed the simulations by using
the charges from electrostatic potential (ESP) using a grid-
based method (ESP-based charges). As no significant differ-

ences in structural characteristics of systems due to the atomic
charges were noted, we continued the simulations using the
NBO charges.

Four different systems were simulated to investigate the
ordering and structure of electrolyte solution and dye solution
near the solid surfaces. Simulations were carried out with the
GROMACS 5.1.5 program.*' Lennard-Jones (LJ) parameters
(0;: the distance parameter and &;: the parameter expressing
the strength of interactions) employed to model ethanol, Lil,
ACN, and N719 molecules were obtained from the OPLS-AA
parameters. The parameters used to model the intermolecular
and intramolecular interactions of the titanium and oxygen
atoms in the anatase TiO, slabs as L] spheres were op; = 0.392
nm, er; = 0.041 kcal mol™" and 6, = 0.303 nm, &g = 0.12 keal
mol™".** The atomic charges on the titanium and oxygen of
TiO, were +2.196¢ and —1.098e, respectively.”” In the
platinum wall, the platinum atoms were modeled using the
following parameters: &p, = 7.80 kcal mol™" and op = 0.285
nm.* Also, the parameters used to model the interactions of
the bismuth, tungsten, and oxygen atoms in the BiWO4 walls
as 1] spheres were o; = 0.280 nm, &5 = 1.729 kcal mol™, oy =
0.340 nm, &y = 0.621 kcal mol™}, 65 = 0.309 nm, and &g =
0.14 kcal mol™.*** The atomic charges on the bismuth,
tungsten, and oxygen atoms were +2.470¢, +3.70e, and
—1.440¢, respectively.*® Accordingly, the positions of the slab
atoms were kept frozen during the simulations. Therefore,
throughout the simulation times, only the electrolyte and dye
solutions were allowed to relax, and the atoms of surfaces have
been constrained to maintain in fixed positions.

In line with experimental results, the aim of MD simulations
was to compare the TiO, and Bi,WO4 nanostructures as
photoanodes of DSSCs considering the interaction of N719
dye solution and also the electrolyte with these two structures.
To evaluate the photoanode performance, we simulated two
models: in the first model, the electrolyte solution was located
between the walls of anatase TiO,(101) and platinum. In the
second model, the electrolyte was located between the
Bi,WO,(100) and platinum walls. In this regard, a model
system containing 40 ion pairs of Lil in ACN solvents (4000
molecules) was simulated for 20 ns under the isothermal—
isobaric (NPT) ensemble condition as the bulk phase of the
electrolyte solutions. In the case of solid/liquid interface
simulations, the equilibrated bulk ensemble of electrolyte
solution was confined inside slit-like nanosized pores (10 nm)
comprising TiO,/Pt or Bi;WOg/Pt slabs in the y-direction.
Auxiliary walls were located to avoid the diffusion of the
electrolyte into the vacuum regions on bottom and top of the
slit pores in the y-direction as a graphene layer. The parallel
walls of nanopores were made of TiO, (4.30 X 0.83 X 5.86
nm)/Pt (4.23 X 0.68 X 6.16 nm) or Bi,WOy (5.58 X 1.24 X
3.68 nm)/Pt (6.12 X 1.08 X 3.78 nm) slabs.

In the other two model simulations, distribution of the N719
dye solution between Bi,WO,/Bi,WOy and TiO,/TiO, slabs
was investigated. N719 solution containing 60 molecules of
N719 dye in ethanol solvent (6000 molecules), as the bulk
phase of the mixture, was equilibrated under NPT condition
for 20 ns. We did not consider the counterions in these model
systems since their effect on the excited-state and ground
energy levels has been predicted to be negligible.'""” The
resulting structures were then utilized to start the MD
simulation steps, and initial energy minimizations were
conducted, at first. Then, equilibration was conducted by the
canonical ensemble (NVT), using the velocity-rescaling
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SEM HV: 20.0 kV WD: 6.03 mm SEM HV: 20.0 kV WD: .02 mm L VEGA3 TESCAN
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Figure 2. EDX mapping of TiO, (A—C) and Bi,WO4 (D-G).

thermostat with 0.1 ps time constant to maintain the runs were performed for 10 ns at 300 K in the NVT ensemble
temperature (300 K) of the system.*® The final simulation with time steps of 1 fs. For each simulation, the cutoffs for
12295 https://doi.org/10.1021/acs.iecr.1c01812
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Figure 3. FTIR spectrum of the Bi,WOj structure (A), N, adsorption—desorption isotherm (B), BJH plot of Bi,WO, (C), and XRD pattern of

Bi,WO, (D).

nonbonding interactions were selected to be 12 A. The
Coulombic long-range interactions were calculated utilizing the
particle-mesh Ewald method with a cutoff distance of 15 A.

3. RESULTS AND DISCUSSION

3.1. Characterization. 3.1.1. Scanning Electron Micros-
copy/Energy-Dispersive X-ray Spectroscopy. Figure 1A,B
demonstrates the SEM images of the studied TiO, nano-
particles with a diameter of 70—130 nm. Figure 1C—E shows
typical SEM images of the synthesized products using the
hydrothermal method of the Bi;WOj solutions with pH of 1, 8,
and 12. The products were composed of 3D flower-like
nanostructures. Upon adjusting the pH to higher values, the
3D flower-like Bi,WOg structure grew and agglomerated to
form clusters of fully nanoplates. Based on SEM analyses, pH
values of the precursor solutions affected the morphologies of
the as-synthesized Bi;WOy. As shown in Figure 2A—G, the
EDX elemental mapping images illustrate the uniform
distribution of Ti, O and Bi, W, O in the whole parts of
TiO, and Bi,WOQy structures, respectively.

3.1.2. FTIR Spectrum Analysis. As can be seen in Figure 3A,
the absorption bands from 400 to 4000 cm ™" could be ascribed
to the stretching and bending modes of O—H group on the
surface of Bi; WOy samples. The strong sharp bands at 500—
1400 cm™! belonged to the W—O stretching, Bi—O stretching,
and W—O-W bridging modes.”” The Bi—O and W-O
stretching bands were placed at $581.91 and 731.82 cm™,
respectively, and the W—O—W bending vibration mode was
centered at 1381.99 cm™'.°>*" The absorption bands at 1620
and 3423 cm™' could be attributed to the stretchin% and
bending modes of O—H on the surface of the sample.”* No
characteristic absorption peak was found in the FTIR spectra,

12296

which indicated that the as-prepared Bi,WOg samples were all
pure.

3.1.3. N, Adsorption—Desorption Isotherms. The N,
adsorption—desorption isotherm of Bi,WOy is depicted in
Figure 3B, wherein amount of N, adsorbed [V, (cm®g™")] is
plotted versus relative equilibrium pressure (P/P°). P° and P
are the vapor pressure of the bulk liquid nitrogen and
equilibrium pressure of desorption at the liquid nitrogen
temperature (~77 K). The BET surface area and the pore
volume for Bi,WO, were obtained to be 32.27 m*g™' and
0.1616 cm®-g™", respectively. The BJH model (Figure 3C) was
applied for the investigation of porosity which revealed a mean
pore diameter of 19.42 nm for Bi,WOq [r, (nm) is pore
radius]. The nanostructures were mesopores, according to the
BET classification, and the hysteresis loop for photocatalysts
was type III, according to the IUPAC classification.”” >

3.1.4. Powdered XRD. XRD was used to evaluate the
crystallinity and phase structure of Bi,WO,. Figure 3D
demonstrates the XRD patterns of Bi,WOy structure. The
phase purity of the sample was approved, and diffraction peaks
for Bi,WOg were indexed as 20 = 28.2, 32.7, 47.1, 55.9, 58, 69,
76, and 78°, which are related to the diffraction peaks of the
(131), (200), (202), (133), (262), (400), (102), and (204)
crystal planes of Bi, WOy, respectively (JCPDS no. 39-0256).%°
The crystallinity was high, and no peaks related to impurities
were observed. The average crystalline size of nanoparticles
can be calculated by Scherrer’s equation, d = 0.94/f cos 6, in
which 6, 4, and S are the position of the plane peak, X-ray
wavelength, and full width at half-maximum of the peak,
respectively.”” In good agreement with the previous inves-
tigations,”"” the average crystalline size of the synthesized
Bi,WOg4 was obtained to be 15.3 nm from the broadening of
the (131) diffraction peak.
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Figure 4. Zeta potential of the Bi,WOg nanoparticle at pH = 1, pH = 8, and pH = 12 (A), zeta potential of the TiO, nanoparticle (B), and UV—vis
absorption spectrum and energy band gap of the Bi,WO, nanoparticle at pH = 1 (C), pH = 8 (D), and pH = 12 (E).

3.1.5. Zeta Potential Analysis. Zeta potential measurements
were used to investigate the surface charge of Bi,WO4 and
TiO, nanoparticles. Bi,WO4 and TiO, powders were first
dispersed in water before measuring the zeta potential. The
zeta potential values have been measured for different pH
values of Bi,WO4 and TiO, nanoparticles. As depicted in
Figure 4A,B, the zeta potential of pH 1, 8, and 12 of Bi; WOy is
in the range of —0.9, —24.2, and —44.9 mV, respectively; and
also, the zeta potential is observed to be around 33.2 mV for
TiO,. These results demonstrated that the TiO, nanoparticle
surface charge is positive completely. The Bi,WOg surface
charges turn to higher negative values by increasing the pH.

3.1.6. UV-Vis Diffuse Reflectance Spectroscopy. The
energy band gap of the pH values 1, 8 and 12 of the
synthesized samples of Bi,WO¢ was estimated from the UV—

vis absorption spectrum using the Tauc/David-Matt model (eq
1).60

(a‘hu)l/” =A(hv — Eg) (1)

where a, h, 1, A, and E, are absorption coeflicient, the planck’s
constant, photon’s frequency, a constant, and band gap energy,
respectively. The absorption of continuous light for three
different pH values of Bi;WO,4 was observed in the range of
400—700 nm, which determined the light absorption of these
three pH conditions. Figure 4C—E shows that by increasing
the pH from 1 to 12, the band gap value becomes smaller, and
for pH of 1, 8, and 12, this value is equal to 3.24, 3.07, and 2.81
eV, respectively. As a result, pH = 1 shows the largest band
gap, and therefore, the Bi;WO4 CB was closer to the dye’s
lowest unoccupied molecular orbital (LUMO) energy level at
this pH, which allows the electron injection process to occur
better and faster.”"> Therefore, pH = 1 can be expected to
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perform better in the electron-transfer process from the dye
LUMO to the Bi;WO4 CB in the DSSC. To provide the proof
of concept, the CB and valence band (VB) edge position of
Bi,WOg at pH = 1, pH = 8, and fH = 12 were determined by
the following empirical formulas®’

Eyg = X — E, + 0.5, @)
Ecg = Eyp — E, 3)
X = [X(A)X(B)] ¢+ (4)

wherein Ecy and Eyg are CB and VB potential of semi-
conductor, respectively, and X is the electronegativity of the
photocatalyst. X(i) is electronegativity of the constituent atoms
(A and B), and a and b are the number of those atoms. X value
for Bi,WOy is 6.363 €V.>” E, is the free-electron energy [on the
hydrogen scale (~4.5 V)] % and E, is the band gap energy.
Eyp for B,WOg at pH = 1, 8, and 12 was calculated to be 3.48,
3.39, and 3.27 eV, and Ej for Bi,WOj at these pH conditions
was 0.24, 0.32, and 0.46 eV, respectively (see Scheme 1).

3.1.7. Absorption Spectra Properties. The UV-—vis
absorption spectra of the N719 sample in ethanol solution
revealed two broad bands, as shown in Figure 5. The two
broad visible bands at 527 and 386 nm were assigned to metal-
to-ligand charge-transfer origin. Optical absorption spectra of
the N719 dye solution in the presence of Bi,WOy4 nano-
particles with different pH conditions are also compared in the
Figure S. Bi;WOg4 at pH = 1 has significantly affected the
absorption peaks of N719. As illustrated and based on the zeta
potential results, the less negative surface charge of Bi,WOj at
pH = 1 enhanced the adsorption.
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Scheme 1. Schematic of Band Gap Energies of Bi,WO at
pH=1,pH =38, and pH = 12
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Figure S. Absorption spectra of N719 dye in ethanol solution and
adsorbed onto Bi,WOg nanoparticles with different pH values.

3.2. Photovoltaic Performance of the DSSCs. We
conducted synthesis of Bi,WO, nanoparticle powders under
different pH values and for comparison purpose, the
performance of TiO, nanostructures was also tested. The
performance and efficiency of fabricated DSSCs based on these
nanoparticles were probed by J—V measurements using a sun
simulator. Herein, the photovoltaic performance of DSSCs
based on Bi,WO4 photoanodes prepared in 1, 8, and 12 pH
values was evaluated. The various solar cell parameters are
collected in Table 1. As shown in Table 1 and also Figure 6A,

Table 1. Photovoltaic Parameters of the DSSCs Based on
Bi,WO, Nanoparticles at Different pH Values

composition (BL,WO,)  J. (mA/em?) V. (V) FF n (%)

pH=1 0.84 0.65 0.40 0.21
pH =38 0.54 0.60 0.40 0.13
pH =12 0.29 0.56 0.35 0.06

the open-circuit voltage decreased when pH increased. A
decrease in the short-circuit current was also observed in the
case of pH values from 0.84 mA cm ™ for pH = 1 to 0.29 mA
cm™ for pH = 12. As expected, fill factor (FF) and efficiency of
the DSSC based on pH = 1 was higher than pH = 8 and 12.
The better performance of DSSC at pH = 1 can be attributed

to the high-quality Bi,WO¢ nanostructures obtained in this pH
condition. In fact, the synthesized Bi,WO, nanoparticles were
composed of porosity that helped the adsorption of dye, and
therefore, more photons can be captured. The surface charge
of Bi,WO; (obtained at pH = 1) further increased the
performance of the DSSC by enhancing the adsorption of
anionic N719 dye. As shown in Figure 6B, by increasing the
pH from 1 to 12, the efficiency decreased in the solar cells
based on Bi,WO4 nanoparticles.

Based on previous observations by Yi-Ming and co-workers,
the effect of sintering temperature (160—600 °C) on the
physical properties of flower-like Bi,WO4 nanoparticles has
been investigated.”® At 160 °C temperature, the surface area
and the total pore volume of Bi,WOy have been shown to be
the highest. By considering these evidences, we synthesized the
Bi,WOyg nanostructures at this temperature that helps in better
dye adsorption. In order to optimize the DSSCs based on
Bi,WOg photoanodes, we examined a new set of experiments
to modify the anode pastes using different weights of EC
(0.02—0.04 g) as a binder/dispersant.”® Also, we studied the
impact of film thickness on the performance of DSSCs.**”%*
The influence of the film thickness was investigated, and
corresponding results are shown in Figure 6C and Table 2.
With increasing layer thickness, ], of DSSCs decreased, and
the best performance was obtained for DSSC with 3.24 ym
thickness. The effect of EC on DSSCs performances can be
seen in Table 3 and Figure 6D. As illustrated, the optimum
value of 0.03 g of EC showed the best performance with 0.21%
efficiency.

This is the first attempt to investigate the effect of the pH
value used in the synthesis of the Bi,WO4 on the photovoltaic
performance of the corresponding photoanode in DSSCs. In
this way, the DSSC assembly conditions were successfully
improved, and superior photovoltaic performance is clearly
observed for the Bi;WOg at pH = 1 with less negative surface
charge. We also examined mixed metal oxides of Bi;WOy and
TiO,, to improve the cell performance by applying TiO,
nanoparticles with positive surface charge and enhancing the
dye adsorption. The comparison between J—V characteristics
of DSSCs fabricated with pure Bi,WO, (100% Bi,WQj at pH
= 1) and various mixtures with TiO, is shown in Table 4 and
Figure 7A. In the case of the electrode fabricated at a 25:75
ratio of BiWO,/TiO,, mixed powder, J. of 3.08 mA, solar
energy conversion efficiency (1) of 0.88, and FF of 0.46 were
obtained. These results were considerably improved in
comparison to those resulted from the DSSC with an electrode
fabricated by pure Bi,WOy (J,. = 0.84 mA cm 2, FF = 0.40,
and 7 = 0.21, as listed in Table 1). In the case of pure TiO,
system, the best performance (an overall efficiency of almost
1.36%) was obtained. However, this observation for TiO, was
quite low due to the effect of large nanoparticles size (70—130
nm), as shown in SEM images of Figure 1B, compared to the
previous studies (using nanoparticles with 10—20 nm size in
most conventional DSSCs).””~"" As expected, in Figure 7B, by
increasing the percentage of TiO, in the TiO,—Bi,WOq
mixture, the cell efficiency has been significantly increased.

3.3. MD Simulation Results. 3.3.1. Investigation of
Structural and Dynamical Properties of Electrolyte Solution.
Density profiles were examined to determine averaged
orientation ordering and spatial positioning of the molecules
at the solid/liquid interface. An instant illustration of the
distribution of the electrolyte molecules in the electrolyte
mixture was calculated by the density profiles across the slabs.
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Figure 6. ]—V curves of DSSCs using Bi, WO, powder synthesized at pH = 1, 8, and 12 (A) and efficiency of the solar cell vs pH of Bi, WO, (B). J—
V curves of Bi,WO, with pH = 1 with different (C) film thicknesses and (D) EC contents.

Table 2. Photovoltaic Parameters of the DSSCs Based on
Bi,WO, Nanoparticles with Different Film Thicknesses

composition thickness (um) J,. (mA/cm?) V. (V) FF n (%)
Bi,WOq 3.24 0.84 0.65 0.40 0.21
5.48 0.51 0.65 0.39 0.13

7.72 0.34 0.64 0.38 0.09

Table 3. Photovoltaic Parameters of the DSSCs Based on
Bi,WO, Nanoparticles with Different EC Weights

composition  EC content (g) J,. (mA/em?) V. (V) FF n (%)
Bi,WOg¢ 0.02 0.42 0.52 0.42 0.09
0.03 0.84 0.65 0.40 0.21

0.04 0.61 0.65 0.33 0.13

Table 4. Photovoltaic Parameters of the DSSCs Based on
Bi,WO,4 and TiO, Nanoparticles

composition Joc (mA/cm?) V,. (V) FF n (%)
Bi, WO, 0.84 0.65 0.40 021
75% Bi,WOgq 1.22 0.68 0.42 0.34
50% Bi,WO, 201 0.64 0.54 0.69
25% Bi,WOgq 3.08 0.63 0.46 0.88
TiO, 4.23 0.62 0.51 1.36

Figure 8A,B exhibits the number density profiles of electrolyte
boxes provided by all-atom simulation calculated along TiO,/
Pt and Bi,WO/Pt in the y-direction. The obtained number
density profiles demonstrated that for systems, related to the
electrolyte solution distribution between solid surfaces, three
regions can be identified based on their positions along the y-
axis for TiO,/Pt- and for Bi,WOg/Pt-simulated systems: (1)
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the photoanode/electrolyte solution interface, (2) the Pt/
electrolyte solution interface, and (3) the bulk domain (region
between 1 and 2).

In the first region (3.5 nm < y < 6.5 nm) for the Bi,WO,/Pt
model, the number density of the lithium has a considerable
peak, while in the region (2 nm < y < 4.5 nm) for the TiO,/Pt
model, the number density of lithium and iodide has strong
peaks. In comparison, the density of iodide ions was only on
the surface of TiO,, while on the surface of Bi,WOq, only
lithium ions can be seen. In the second region of both models,
probability density of Li* and I” ions around the Pt surface is
substantial. In both models, the number density of ACN is
almost the same, and they have the same peaks in the first and
second regions. From the number density profiles and MD
simulation snapshots of the two models (see in Figure 8), we
conclude that the TiO, surface has a greater ability to interact
with ions, especially iodide ions, than Bi,WOy. In particular, a
significant influence of the surface structure on the density
distribution of I” at the interface was found. In fact, iodide
displays a marked concentration peak at the TiO, surface that
favored dye regeneration.

The radial distribution function (RDF) in a system of
particles describes the probability of finding an atom at a
certain distance from a reference atom, according to the
statistical averaged over the simulation trajectory. Another
method of probing the partitioning of the electrolyte is by
computing the RDFs of the electrolyte between the slabs. The
RDFs between the anion and cation atoms (Li and I) and
ACN atoms (Cl, C2, N, and HC) (see the atom labeling of
Scheme 2) are displayed and compared in Figure 9. Based on
the g(r) plots, the initial strong peak is related to the
interaction of Li---HC, which is at a distance of 0.17 nm for
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TiO,/Pt and bulk systems and also at a distance of 0.16 nm for
the Bi,WOy/Pt system, which represent a strong coordination
of lithium ions by ACN molecules. While in the case of I..HC
interactions, the location of the first peak in Bi,WO,/Pt, TiO,/
Pt, and bulk electrolyte systems is shown to be at distances of
0.32, 0.36, and 0.35 nm, respectively. A strong peak from the
interaction of Li---C2 is observed, which is located at a distance
of 0.25 nm for all systems, while a weaker interaction of I with
C2 atoms of ACN is obtained, at a distance of 0.42, see Table
S1 for more comparison.

The RDFs between the electrolyte atoms (Li, I, C2, and
HC) and solid surface atoms (O and W) (see the atom
labeling of Scheme 2) are represented in Figure 9D,E. Four
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peaks are illustrated for Li-+-O, HC..W (or O), C2---W (or O),
and I---O interactions based on their positions. The distances
between atom sites, Li--O, HC--W (or O), C2:+-W (or O),
and I---O, are 0.18, 0.23, 0.32, and 0.62 nm, for the Bi,WO,/Pt
system and 0.25, 0.29, 0.31, and 0.38 nm for the TiO,/Pt
system, respectively. According to the observations, the iodide
distance with Bi, WOy is about 0.62 nm in the Bi,WQ/Pt
system, which is a result of the weak interaction between the I”
and Bi,WOQyq surface, as previously obtained by number density
profiles. The RDF plots disclose that while the Li* cations
show relatively higher interactions with the Bi,WOj surface,
the I"anions illustrate substantial correlations with the TiO,
surface.
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Scheme 2. Structure of ACN, Ethanol, and N719 Dye with Atom Labeling
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Figure 9. RDFs of Li and I ions with ACN atoms in the bulk system (A), Bi,WO,/Pt model (B), TiO,/Pt model (C), and RDFs of electrolyte
atoms (Li, I, HC, and C2) and surface atoms (O and W) in the Bi,WO,/Pt model (D) and with the TiO,/Pt model (E) (see the atom labeling of

Scheme 2).

As can be seen in Figure S2, we examined the RDFs between
the electrolyte atoms (Li, I, N, C1, C2, and HC) and platinum
atom (see the atom labeling of Scheme 2). A comparison of all
interactions with platinum is also listed in Table S1. The initial
peak is placed at 0.14 nm in the case of Li--Pt interactions in
the Bi,WO,/Pt model, but in the TiO,/Pt model, the position
of this interaction is about 0.34 nm. Strong and sharp
interactions of N---Pt at short distances (0.21 nm) in both

models are observed, also the interaction of HC:--Pt is located
at 0.21 nm in two models.

The transport properties of the confined electrolyte solution
were investigated within the framework of mean-squared
displacements (MSDs) and are shown in Figure S3. Generally,
the MSD is identified as the average distance squared which a

particle has moved (away from its starting point) during the
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time interval 7. Thus, this analysis was obtained from the
simulated trajectories

Mmuw=§2«ﬁa+n—awwx o

where 7(t) is defined as the location of the center of mass of
ith particle at time t. An ensemble average over time origins is
illustrated by the angular brackets. The component of MSD
parallel to the @ vector, specified in the xz-plane (parallel to the
Bi,WOy and TiO, slabs), was examined based on the following
equation

W%@=§i<

i=1

aw+ﬂ—mm;8|>

(6)

The slope of the linear domain of the MSD curves from

simulation trajectories represents diffusion coefficients of the

molecules, D;, and consequently the dynamics of the system.

Related to the Einstein relation, D; was determined from of the
MSD plots

D = %lim di<|‘r‘f(t + 1) — 7P,

i
=00 dt

7)

For the purpose of dynamic determination of the lithium,
iodide, and ACN molecules in electrolyte mixtures, the MSD
curves were collected over last 10 ns of the MD trajectories for
all models. As shown in Figure S3, the simulated MSD of ACN
molecules is generally higher than that for the electrolyte ions
in both models. As expected, the dynamics of iodide and
lithium ions in the bulk solution is found to be more than
Bi,WO/Pt and TiO,/Pt models. In general, the dynamic of
ACN molecules in confined and bulk systems are found to be
greater than ions. Noticeably, due to the interactions between
ions and solid surfaces, the dynamics of ions is decreased when
electrolyte solution confined between solid surfaces.

As listed in Table 5, ACN in the bulk has a diffusion
coefficient of 23.47 X 107'® m*s™', while when it is placed

Table 5. Diffusion Coefficients (D) (107'° m>s™") of
Electrolyte Components Obtained from the MSD-Time
Curves in the NVT Ensemble

system ACN Lit I~
bulk (electrolyte solution) 23.47 13.21 15.61
Bi,WO,/Pt 130.33 1.96 10.82
TiO,/Pt 79.80 341 4.82

between solid surfaces, its diffusion coeflicient increases, which
is equal to 130.33 X 107'° and 79.80 X 107" m*s™' in the
Bi,WO,/Pt and TiO,/Pt systems (by considering the linear
part of the MSD, during 2—8 ns time range). In the TiO,/Pt
system, based on RDF plots of Figure 9D,E, iodide has more
interaction with the surface; therefore, its diffusion coefficient
is reduced compared to the Bi,WO¢/Pt system. The
interaction of lithium with the surface of Bi;WOy is higher;
therefore, its diffusion coeflicient is lower than that of lithium
in the TiO, system (see Figure S3 and Table $).

3.3.2. Investigation of Structural and Dynamical Proper-
ties of N719 Dye Solution. In order to better clarify the
difference of Bi,WO and TiO, photoanodes, the interactions
of N719 dye solution with these surfaces will be discussed in

the following. To provide the proof of concept, the number
density profiles and MD simulation snapshots are illustrated in
Figure 10. As can be seen, in the TiO, model, the number
density of the N719 dye has a considerable peak in the vicinity
of TiO, surfaces, which demonstrate that dye molecules are
aggregated close to the TiO, surface. In the BiWO4 model,
while the ethanol form an approximately high density
distribution in the vicinity of the Bi,WOy surface, the N719
anions are placed in the second layer after a tightly bound
ethanol layer. This difference in the dye adsorption of TiO,
and Bi,WOg surfaces is also shown in MD simulation
snapshots of Figure 10C,D.

The RDF between oxygen atom of ethanol (HO) and N719
atoms (020, 040, 043, 023, S27, and S25) (see the atom
labeling of Scheme 2) is illustrated in Figure 11A—C and Table
S2. The placement of three strong interactions of HO---020,
HO---040, and HO---O23 in bulk is equal to 0.26, 0.26, and
0.28 nm, respectively. The RDF plots of all these interactions
in the Bi; WOy system are located at a distance of 0.25 nm. In
the case of the TiO, system, the interaction of HO---O40
occurred about 0.23 nm. The RDF between hydrogen atoms of
N719 dye (HS0, HS7, H49, and HSS) and oxygen atom of
ethanol (see the atom labeling of Scheme 2) is also presented
in Figure 11D—F, and the location of the peaks is listed in
Table S2. In this study, we see that H50 and HS7 have strong
interactions (located at 0.16 nm) with ethanol oxygen, while
weaker interactions of H49 and HSS are also observed at a
distance of about 0.25 nm.

The RDF between hydrogen atoms of N719 dye (HS0, HS7,
H49, and HSS) and oxygen atoms of Bi;WO, and TiO, (see
the atom labeling of Scheme 2) is compared in Figure 12A,B.
We see that in the Bi,WO, model, the interactions of H55:--O
and H49---O are located at the distances of 0.25 and 0.27 nm,
respectively, while the interactions of H50---O and HS7---O are
placed at the distances of 0.80 nm and 0.82 nm. The
interactions of H57---O, H49---O, H55--O, and HS50---O are
located at the distance of 0.23, 0.28, 0.35, and 0.36 nm in the
TiO, system, respectively. It can be concluded that the
hydrogen bonds between N719 and the TiO, surface were
originated from both C—H--O and O—H:-O (C16—H49---O,
C36—HS55--0, 042—HS57---0, and 022—HS0---O), while in
the Bi, WOy system, it was only from C—H:--O interactions
(C16—H49--0 and C36—HS5-+-0).

The RDF between 020, 040, 043, S25, and S27 atoms of
N719 and Ti (or Bi) atoms of TiO, (Bi,WOq) (see the atom
labeling of Scheme 2) is elucidated in Figure 12C,D. The
interactions of 020---Bi(or Ti), O40---Bi(or Ti), and 043
Bi(or Ti) are located at a distance of 0.27, 0.27, and 0.57 nm in
the Bi, WOy and 0.32, 0.25, and 0.30 nm in the TiO, system,
respectively. Based on the RDFs shown in Figure 12D, a
stronger probability of observing O43 atoms at a specified
distance of 0.30 nm to the surface of TiO, is shown for the
TiO, system, which is a sign of stronger interactions from the
carboxylic acid groups of the dye molecule with the TiO,
surface than the Bi,WO,. We also examined the S---Bi RDFs
(see Table S2) and found significant peaks in the RDFs at
short distances (0.31 nm for S25 atoms and 0.32 nm for S27
from the NCS ligands).

However, structural data are significant regarding the
arrangements in the dye solution, dynamical properties help
examine the accessibility and mobility. To characterize the
dynamics of the N719 molecules in the ethanol solution, we
determined the MSDs for all N719 particles as a function of
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Figure 11. RDFs of hydrogen atoms of ethanol (HO) with N719 atoms in bulk (A),Bi,WOy system (B), and TiO, system (C). RDFs of N719--
ethanol interactions in bulk (D), B,WOy system (E), and TiO, system (F) (see the atom labeling of Scheme 2).

time (see Figure S4). Furthermore, the related simulated
diffusion coefficients were calculated and are listed in Table 6.
By observing and comparing MSDs for a long time, it is clear
that the dynamics of N719 molecules is generally less than that
in ethanol molecules. The diffusion coefficient of ethanol in the
bulk was obtained to be lower than when located between solid
surfaces. In the system of TiO,, diffusion of ethanol solvent is
lower than the Bi; WOy system. The diffusion coefficient of the
N719 dye between TiO, slabs is also listed to be lower than
that between Bi,WOj slabs (see Table 6), indicating that the
adsorption of dye on TiO, is higher than that on the Bi,WO4.

12303

4. CONCLUSIONS

Nanostructures of Bi,WOg particles were successfully
fabricated for photoanodes of DSSCs using a simple
hydrothermal method. Three types of Bi,WO, photoanodes
were fabricated at different pH values, and their performance
in DSSCs was evaluated. It is demonstrated that a less negative
charge on the Bi,WOg photoanode layer at pH = 1 leads to the
significant improvement in the overall energy conversion in
DSSCs. The measured photocurrent—voltage properties
obviously indicated that the mixture of Bi,WOg and TiO,
nanoparticles exhibited considerably improved photocurrent
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Table 6. Diffusion Coefficients (D) (107'° m>s™") of Dye
Solution Components Obtained from the MSD-Time
Curves in the NVT Ensemble

system ethanol N719
bulk (dye solution) 3.64 0.70
Bi, WO, 15.53 490
TiO, 931 326

density (J,.), as compared to the pure Bi,WO, devices, which
consequently provides a much increased conversion efficiency.
The main reasons for better performance of TiO, solar cells in
comparison with Bi;WOyq solar cells were investigated through
MD simulation studies, in terms of electrolyte solution
interactions with surfaces and also dye molecule distribution
on the TiO, and Bi,WOy surfaces. The density profile and
RDF plots indicated that Li* ions were mainly accumulated at
the Bi,WOg surface, while the I” ions had significant
correlations with the TiO, surface. Interestingly, as a result
of the interactions between ions and solid surfaces, the
dynamics of ions were reduced when the electrolyte solution
was confined between solid surfaces. The simulation results
indicated that N719 dye molecules were adsorbed in the Stern
layer at the TiO, surface, while these dye molecule were placed
in the second layer (diffuse layer) after a tightly bound ethanol
layer in the Bi;WOy system.
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