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The systematic and controlled synthesis of surface vacancies in semiconductors consider as a promising rout to
modify their properties. Therefore, synthetic methods that can create these surface defects in nanomaterials are
of great interest. Bismuth molybdate with engineered surface defect growing on its different crystal faces can be
an excellent candidate for photoelectrochemical (PEC) water splitting. Simultaneously engineering the growth of
the desired crystal face and creating surface vacancies on it would be very difficult. Herein, sonoelec-
trodeposition (SED) applied with continuous and pulse modes. The two different modes of ultrasound led to
create two unexpectedly morphologies with different exposed crystal facets. Pulsed sonoelectrodeposition
(PSED) method caused raspberry-like morphology with {010} desired exposed facet including high amounts of
stabilized Oxygen vacancies (OVs). High efficiencies of PEC and dye sensitized solar cell (DSSC)/PEC with
prepared photoanode originated from high amount of stabilized OVs, different exposed crystal facets and mor-
phologies. The solar to hydrogen (STH) conversion in unassisted water splitting system (DSSC)/PEC was about
3.62%. Results confirmed that pulse mode of ultrasound acts as a proper method for simultaneously engineering

of desired facet growth and creation of high amount of stabilized OVs on its surface.

1. Introduction

In recent years, the majority of researchers have focused on the
semiconductor synthesis with defined morphologies, which originate
from tailoring the exposed facets [1,2]. Surface engineering of photo-
catalysts at the nanoscale is done by changing the synthesis conditions
such as using a surfactant, changing temperature, or applying combi-
nation methods. Different exposed crystal facets also give a promising
fortunate for making of surface vacancy, which has a brilliant effect on
photocatalytic performance [3,4].

Nowadays, surface oxygen vacancies (OVs) play a key role in the
photocatalytic efficiency of semiconductors [5,6]. OVs provides active
sites for charge regulating and changing optical feature of photocatalyst,
let to tune the band structure of the semiconductor. The photoresponse
region of semiconductors extended to visible or near-infrared regions by
introducing OVs through the structure of the photocatalyst materials. It
is well-known that the interfacial space of the semiconductors usually
has a crucial role in the band structure and stability of created OVs.

Generation of localized OVs on the different exposed facets of semi-
conductors exhibited excellent results, which imply to the importance of
these topics. Bismuth-based photocatalysts such as BiVOy4, BiOCl, and
BioMOg (M = W or Mo) are very noticeable due to layered structures,
narrow band gaps, and tailoring of crystal facets, which have shown
high photocatalytic performances in environmental remediation and
energy storage [7-9]. There is an appropriate relation between photo-
catalytic efficiency and crystal facets of Bi-compounds [10-12]. For
instance, {010} crystal facet of BiVO4 has been exhibited higher pho-
tocatalytic oxygen evolution than {110} facet notwithstanding {110}
facets have been shown the oxidation functional facet compared to
{010} facet [13]. An eye-catching semiconductor of aurivillius triplet-
oxides categories is bismuth molybdate (Bi;MoOg) which can have
variable valence band (VB) positions due to different exposed crystal
facets or the presence of OVs on these facets [14]. Recently researches
have extensively demonstrated that the exposed facets of Bi;MoOg have
an obvious effect on their photoelectrocatalytic and photocatalytic ac-
tivities [15]. For photocatalytic degradation of pollutants, Long and co-
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workers [16] illustrated that the dominant {010} facet of Bi;MoQOg
(BMO) nanobelts had been shown higher photocatalytic efficiency
compared to other facets. Indeed, the oriented {010} facet of BMO has
offered active oxidation sites for the production of highly active oxygen
species. On the other hand, a few studies have been conducted on the
influence of exposed crystal facet on photocatalytic water oxidation by
BMO [8,17,18] due to complexity and unknown topic.

Active crystal facets for BMO are {010}, {001}, and {100}, which
suggested different photoelectrochemical performances due to differ-
ences in energy levels and oxidative or reductive properties. It was
obvious that water oxidation process is rarely a determining step in
overall water splitting because oxidation reaction needs four electrons
while reduction reaction needs two electrons. BMO nanostructures have
intrinsic and imposed OVs on their crystal facets that led to excellent
photocatalytic performances. OVs can enhance the charge density,
conductivity, and facilitate photogenerated charge transport due to
upshift the fermi level in the BMO conduction band (CB) [19]. Photo-
induced holes could be transferred from bulk to surface by these OVs
too. Intrinsic OVs are on the {010} crystal facet, which originated from
Bi,07 layers, but this sort of OVs is minimal. Theoretical analyzes have
predicted the existence possibility of two sites for formation of OVs on
the different exposed facets of BMO [15]. The creation of localized OVs
on the exposed crystal facet {010} is very hard due to the presence of
energy barriers. In contrast, the creation of OVs on the {001} or {100}
facets is an easier strategy. Commonly, OVs have been constructed in the
nanostructures by complex conditions such as high reductive environ-
ments or under the high temperatures of calcination with explosive gas
purging. Therefore, the control and creative formation of OVs on the
selectively exposed facets with mild conditions has been the limelight
recently.

The main challenge of BMO films is their low stability from the view
of stickiness as photoelectrode in water splitting systems. Previous
research indicated 2D or 3D nanostructures such as nanoplates or mi-
crospheres had higher stickiness than 1D structures such as nanorods
and nanobelts [8]. On the other hand, 2D or 3D morphologies can be
applied for overcoming the rapid recombination and slow migration of
photogenerated charges of pristine BMO [14]. To end, according to the
mentioned topics, it can be claimed that the engineering of new mor-
phologies with stable OVs is the most challenging aspect in the prepa-
ration of BMO photoelectrodes [20]. Photoelectrochemical (PEC) water
splitting needs to biased external potential to hydrogen evolution
because of the intrinsic electronic structure of photoelectrode materials
[21,22]. To achieve unassisted solar water splitting, PEC systems were
coupled with photovoltaic (PV) cells to fabricate self-biased PEC/PV
system. In the recent years, a few studies have been carried out to
combine of dye-sensitized solar cell (DSSC) with PEC systems due to the
low efficiency and instability of DSSC cells [23,24]. On the other hand,
this solar cell is the simplest and cost-effective cell with enough pho-
tovoltage to run water splitting without external potentials. Recently, a
few reports presented that they have demonstrated high solar to
hydrogen (STH) conversion efficiency for PEC/DSSC tandem systems
[25]. For example, Shi et al. [24] could gain STH efficiency of about
5.7% with WO3/W- BiVO4 photoelectrode as photoanode of PEC system.

Herein, highly stable 2D and 3D morphologies of BMO with different
stable OVs can be fabricated by sonoelectrochemical methods in two
continuous and pulse modes. New morphologies obtained from the
growth of different crystal facets under synthesis conditions. 3D
raspberry-like BMO were synthesized with OV-rich nano-bricks on the
{010} exposed crystal facet, while 2D plate-like BMOs were synthesized
with OV-rich on the oriented {100} crystal facet. Pulse synthesis
method not only led to formation of controlled active OVs on the {010}
crystal facet but also caused enhancement of stability of OVs (Bi-O).
Highly efficient STH conversion of 3.62% obtained from DSSC/PEC
systems with PSED samples.
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2. Experimental section

All chemicals supplied by Merck, Sigma Aldrich and used without
further purifications.

2.1. Preparation of Bi;MoOg films with different morphologies

Typically, the electrolyte was formed from 5 mmol Bi(NO3)3-5H20,
5 mmol NagMo0O4-2H20, and 5 mmol NapEDTA. FTO glass (2 x 1 cm?-
Sharif Solar Company-Iran) used as a working electrode in a 3-electrode
electrochemical setup (SAMA 500, Iran). The sonoelectrodeposition
method was employed in two modes, one pulse (PSED) and another in
continuous situation (SED). The SED method was carried out under
constant current (3 mA), at 70 oC for 30 min under continuous soni-
cation (Horn- BRANSON, digital Sonifier 450, and 20 kHz) with 40%
sonication amplitude. PSED method was similar to SED except with
pulse sonication (to, = 1 sec and tof = 2 sec). Preparation methods are
depicted in Scheme 1 with more details.

2.2. Characterization of BMO films

The synthesized films were examined by X-ray diffraction (XRD,
Explorer GNR-Italia) to determine the crystallite structure and phase.
Functional groups of samples were detected by Fourier transform
infrared spectroscopy (FT-IR, AVATAR 370-USA). Raman spectra of the
films have been recorded with AVANTES-Poland. The morphologies of
the films were observed using both Field emission scanning electron
microscopy (FESEM-MIRA3 TSCAN) and transmittance electron micro-
scopy (TEM, EM-Philips BioTwinCM12). High-resolution TEM (HRTEM,
TEC9G20-USA) was used to identify of crystal facet and OVs. The diffuse
reflectance spectrum (DRS) of prepared films was examined using an
UV-vis spectrophotometer (LABOMED 2950). Destiny of photoinduced
charges was determined by photoluminescence emission spectra (PL,
Perkin Elmer LS45). The thickness and surface of films were studied by
atomic force microscopy (AFM) with ARA Research-Iran. OVs and
chemical states were evaluated by X-ray photoelectron spectra (XPS)
with AvaSpec — ULS — TEC, Poland.

2.3. Photoelectrochemical study

The obtained films were applied as photoelectrode in a 3-electrode
electrochemical set up (SAMA-500, Iran). The synthesized films, Pt
plate, and Ag/AgCl were used as the working, counter, and reference
electrodes, respectively. The applied electrolyte for photo-
electrochemical evaluation is 0.5 M NaySOy4. Linear sweep voltammetry
(LSV) was recorded to estimate the resulted photocurrents from pre-
pared photoelectrodes under light irradiation (AM 1.5G) by solar
simulator system (SS-104, NTN Arvin Company) with Xe-lamp (Osram-
150 W). Electrochemical impedance (EIS) study was conducted by Auto
lab (302n-Poland) under light illumination.

Photocurrent-potential and photocurrent-time curves were recorded
under simulated sunlight, generated by a solar simulator with an air
mass 1.5 G filter. The light intensity of the solar simulator was calibrated
to 1 sun (100 mW/cm?). The amounts of evolved Hy and Oy were
measured at defined time using Gas chromatography (Agilent 7890A-
USA) witha 5 A molecular sieve column.

Incident photon conversion efficiency (IPCE) was evaluated under
Xe-lamp (Osram-150 W) with a cut-off UV region. IPCE values were
calculated by Eq. (1):

T % 1240

IPCE(}) = -~y
ight

@

where A and Pjigp are the incident light wavelength (nm) and the light
power intensity, respectively.
ABPE was determined from the photocurrent-potential curve by Eq.
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Scheme 1. Schematic of preparation methods for BMO films.

(2):

Jon X (1.23 = Vi)
P

ABPE = (2)

To determine the flat band position and carrier numbers, Mott-
Schottky analysis (by Auto lab, 302n-Poland) was done at potential
range of —0.7 to 0.0 vs. Ag/AgCl with AC frequency 10 kHz under light
illumination.

2.4. Synthesis of dye-sensitized solar cell (DSSC) and tandem cell

DSSC prepared by the following steps. First, cleaned FTO was pre-
treated by TiCL4 (40 mM, Merck) solution for 0.5 h at 70 °C and then
rinsed with ethanol and deionized water. Nanocrystalline TiO, paste
(20 nm) was deposited on treated FTO substrate by a doctor blade
method and it was heated at 500 °C for 0.5 h. Next step, TiO anatase
paste (300 nm) as the scattering layer was deposited by the doctor blade
printing and it was sintered at 500 °C for 0.5 h. The prepared films were
treated by TiCl, solution according to the first pretreatment. Afterward,
the films were immersed in N179 dye solution for 20 h and then the non-
attached dyes were removed by dipping in ethylacetate solution for ten
min. To fabricate the cathode, Pt paste was deposited on the FTO sub-
strate by doctor blade printing and it was sintered in maffle furnace for
0.5 h. The prepared photoanode (dye-sensitized TiO3) and Pt cathode
were connected together by a 50-mm surlyn polymer. The electrolyte
(I'/13) was injected into the sandwiched cell from a hole drilled on the Pt
cathode and the hole was sealed by surlyn polymer. The prepared DSSC
was shown an open circuit voltage (Voc) about 0.97 V and short-circuit
current density (Js¢) 8.7 mA em 2 (see Fig. 2Sa (supporting file)). IPCE
(see Fig. 2Sb (supporting file)) demonstrated the quantum capability of
DSSC in 480 nm wavelength, which confirmed a good response for light
capturing of the visible region. Proposed configurations for placing two
cells (PEC and DSSC) are shown in Fig. 3S (supporting file).

3. Results and discussion

3.1. Fabrication and characterization of the plate and strawberry-like of
BMO

Applying SED and PSED methods led to various morphologies with
special crystal’s orientation. SED method constructs BMO films with
flower like which are self-assembled from the plate-like structures while,
raspberry-like morphology obtained from the PSED approach. Indeed,
these morphologies originated from the creation of the preferred
orientation of different crystal facets. XRD patterns for both films are
shown in Fig. 1a and demonstrate different intensities for crystal planes.
BMO prepared from the SED method shows higher intensity compared to
the sample prepared from the PSED method. A little shift to large angels
for the PSED sample compared to the SED sample is assigned to the
presence of OVs. Defects in the crystal lattice create disorder and strain,
which causes the peak to shift or change its intensity. Other works also
demonstrated a slight shift of XRD pattern can be assigned to the mount
of OVs [19,26]. FTIR spectra for both samples are indicated in Fig. 1b
and show the corresponded peaks of Bi-O and Mo-O functional groups.
The peaks in around 400 and 950 cm™! assigned to Bi-O and Mo-O
bands, respectively [27]. The inset figure in Fig. 1b shows that Bi-O
and Mo-O peaks have slight displacements. These displacements in
FTIR spectra could be assigned to the presence of different OVs in BMO
nanostructures [28]. Peaks in 585 and 612 cm™! were indexed to Bi-O
bonds and their shifts mean deformation of Bi-O bonds. The absorp-
tion peaks at 848 and 947 cm ™! were assigned to Mo-O bonds in MoOg
octahedral. The Raman spectra of BMO films were depicted in Fig. 1c
and the results confirmed the presence of Bi-O and Mo-O groups for both
samples. The low intensity of peaks for the PSED sample suggested that
Mo-O and Bi-O bonds have disordered in comparison to the SED sample.
The peaks appeared in 254 and 320 cm ™! are indexed to symmetric and
asymmetric deformational motions of Mo-O bonds. Peaks in the range of
600-810 cm ™' were attributed to the stretching vibrations of Mo-O
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Fig. 1. (a) XRD pattern, (b) FTIR spectra, and (c) Raman spectra for BMO synthesized by SED and PSED approaches.
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Fig. 2. SEM profiles for PSED (a-c) and SED (d-f) films.

octahedrons, which refers to the motion of apical oxygen atoms [29].
The apical oxygen atoms orient to (Biy02)?* layers. Peak at 630 cm ™
was related to the stretching of octahedrons, but it has not appeared for
the PSED samples [30]. Numerous OVs in the PSED sample caused to
deform BMO structure that is assigned to the low intensity of Raman
peaks (Fig. 1c). Other studies suggested the absence of oxygen atoms in
Bi-O or Mo-O bonding besides the growth of different facets led to
decrease of Raman intensities [17,31,32].

Raspberry-like structure of the PSED sample was indicated by SEM
profiles with different magnifications, which are shown in Fig. 2a-c. It is
clearly observed that small nano bricks were produced under pulse
conditions, self-assembled together for the creation of raspberry-like
morphology. The size of these nano bricks almost is 160-180 nm. This
morphology was designed by engineering the selective crystal facets of
BMO under pulse condition. The resulted morphology was originated
from more growth of crystal facet in {010} direction than other di-
rections ({001} or {100}). While the SED method (see Fig. d-f) could
produce plate-like BMO structures due to continuous sonication and

growth crystal facets of {100} but kind of arrangement led to the
appearance of exposed crystal facets {010} and {100} simultaneously.
Togetherness of two crystal facets originated from continuous acoustic
streaming that the nanoplates can only self-assembled together to create
flower-like shapes. Indeed, continuous sonication led to the form of self-
assembled nanoplates but in case of pulse sonication at off time, plate
growth is stopped and could be oriented to form a spherical shape. On
the other hand, brick-like structure in the PSED method grown and has a
chance for rotation to assemble nano-bricks and form raspberry-like
morphology. Films prepared by the PSED method are homogenous
and crack-free in their structure (comparison Fig. 2a and 2d). Contin-
uous sonication led to creation of cracks in the SED sample due to
destruction power of high-intensity ultrasound. Longitudinal sizes of
plates are about 600-1500 nm, but plate thickness is almost 300 nm. It is
noteworthy that in our previous work, nano coral-like BMO films were
fabricated in the absence of ultrasonic waves [8] which preferred
exposed facet is {010}.

The corresponding TEM images in Fig. 3a, b indicated raspberry and
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Fig. 3. TEM profiles for (a) PSED and (b) SED and the corresponded HRTEM images and SAED patterns (inset figures) for (c) PSED and (d) SED.

plate-like morphologies for PSED and SED samples, respectively.
HRTEM images of these samples were demonstrated in Fig. 3¢, d, which
prove the presence of (200) and (002) crystal planes. HRTEM image of
PSED film in Fig. 3c shows the planar spacing 0.274 nm and 0.275 nm
for (002) and (200) crystal planes of orthorhombic BMO, respectively.
This suggested the preferred crystal growth and assembled to form 3D
structures. The single crystal structure of the prepared BMO films was
confirmed by SEAD patterns with inset figures in Fig. 3c, d. According to
XRD and HRTEM results, exposed crystal facets for BMO plates are
{100} and {010} facets.

According to proposed geometric models for BMO, {010} facet
included numerous O-atoms which resided in the valence band of BMO.
OVs not only act as trapping sites for charge carriers, but also introduce
as photoactive sites for water oxidation. The number of OVs in the PSED
sample is significantly higher than the SED sample, which led to the
deformation of its structure based on Raman spectra and XRD patterns.

AFM images of SED film in Fig. 4Sa-c (Supporting File) shows the
overlapped plates in various AFM modes. The 3D AFM image has also
confirmed the presence of plates and the film thickness is 541.8 nm. The
amplitude mode of AFM image for the SED sample (see Fig. 4Sc) in-
dicates the oriented plates and the formation of flower-like structures. In
contrast, the PSED method can form raspberry-like shapes, assembled
from nano-bricks (see Fig. 4Sd). The 3D AMF image in Fig. 4e confirms
the presence of nano-bricks and the film thickness is 767.1 nm. The
Amplitude mode of the AFM image in Fig. 4Sf was also indicated
assembled nano-bricks of BMO. More thickness of the PSED film could
attribute to the formation of raspberry morphologies. Furthermore,
formation of plate-like morphology was assigned to continuous soni-
cation which it dissolves dendrite like structures and led to grow in

specific facet.

More details about the surface chemistry of the prepared plate and
raspberry-like BMO films were investigated by X-ray photoelectron
spectroscopy (XPS). Bi orbitals in both samples are shown in Fig. 4a and
a small displacement was observed at peak locations due to the presence
of OVs [29]. Mo orbitals were also appeared in corresponding wave-
lengths and show some shifts (about 0.2 eV) to lower binding energies
for the PSED samples (Fig. 4b). Broaden peak for O 1 s orbitals is shown
in Fig. 4c, which includes Bi-O and Mo-O bonds for BMO samples
[29,30]. The high intensity of the Bi-O peak is clearly observed for the
SED sample, which indicates the high density of oxygen atoms in the
preferred facets. However, the lower intensity of the Bi-O bond for the
PSED sample indicated the absence of O atoms on the related exposed
facets. Peaks of Mo-O bond for SED and PSED samples have different
intensities which assigned to the presence of OVs in Mo-O bonding
[30,33]. The presence of OVs in both of samples was determined by ESR
analysis (Fig. 4d). As expected OVs signals were appeared with different
intensities at g = 2.001 and g = 2.000 for PSED and SED samples,
respectively. [34].

The optical properties of samples are an essential factor for the
evaluation of their photocatalytic performance. Hence, DRS spectra for
both films are depicted in Fig. 5a. The light absorption of photocatalytic
films confirmed that the PSED sample had a higher absorption in the
visible region than the SED film. Band gap of BMO films was calculated
from the Tauc equation and the results were inserted in Fig. 5b. The
PSED sample has a lower band gap (2.33 eV) in comparison with the SED
(2.40 eV). These results are consistent with UV-visible spectra.

Light-harvesting efficiencies (LHE) of samples are the main param-
eter for the investigation of light capturing. High LHE indicates that
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Fig. 4. XPS patterns of (a) Bi, (b) Mo, (c) O, and (d) ESR spectra for SED and PSED.

BMO film could have more trapping sunlight energy as a renewable
source. The BMO synthesized by PSED with raspberry morphology
demonstrated higher LHE than SED with flower-like morphology as
shown in Fig. 5c. The discrepancy of LHE is observed in the range of
400-800 nm that is attributed to the presence of OVs in the nano-
structures. PL spectra can determine the fate of photo-generated charge
carriers by BMO films. As observed in Fig. 5d, the PSED sample indicated
a shift for PL peak compared with the SED sample, which suggested the
presence of different OVs in their structures. Charge separation effi-
ciency (1) and charge injection efficiency (n;,) are crucial factors in PEC
performance. High LHE in Fig. 5c confirmed the high photoabsorption
ability (japs) of photoelectrodes [35]. Therefore, increase of separation
and injection efficiencies (Fig. 5e and f) led to improve the PEC effi-
ciency. PSED sample shown higher surface transfer and bulk transport
than the SED sample. This can be attributed to the different exposed
facet {010} and high stable OVs in this sample.

3.2. PEC response

Open circuit potential (OCP) is an effective analysis for the deter-
mination of produced voltage under light irradiation by BMO films.
Based on Fig. 6a, the resultant photovoltage of the PSED sample is higher
than the SED sample due to a negative shift to higher potentials. Pho-
tovoltages from PSED and SED samples are 380 and 180 mV, respec-
tively. The recombination rate of charge carriers was also evaluated by
the OCP curve slop after light illumination and in the dark. Low slop was
referred to low rate of charge recombination, which both of samples
shows low recombination rate. Obtained photocurrent from both BMO
films was observed in Fig. 6b by LSV curve. As can be seen in Fig. 6b, the
PSED sample shows higher photocurrent than the SED sample, which
can attribute to the high amount of OVs and active exposed crystal facet
of {010}. The preferred exposed facet of PSED is {010}, while both of
{010} and {100} facets of SED sample is exposed, simultaneously.

Indeed, photogenerated electrons accumulated on {100} or {001}
facets and photogenerated holes accumulated on {01 0} facet. It is noted
that according to SEM, TEM, and AFM images, the preferred exposed
facet for SED is {100}. Previous studies were indicating that {100} is a
reductive facet of BMO [8,16]. Accumulation of photogenerated charge
carriers on the different crystal facets led to high separation and pre-
vented their recombination due to spatial separation. Exposed facet
{100} for SED sample has more contribution in comparison with {010}
facet, which can see from SEM and TEM images. It confirmed that the
photogenerated holes are not available in comparison with PSED sam-
ple. According to the sizes of the nanostructures, high thickness of plate-
like SED sample led to reduction of charge diffusion and enhanced the
recombination rate in comparison with nanosized bricks in the PSED
sample. Onset potential for the PSED sample has a shift to negative
potentials in comparison with the SED sample that suggested a high
potential for water oxidation. Different OVs on {01 0} are more effective
for PEC water splitting than those on {100} facet. OVs on the {010} can
attribute to the shortage of oxygen atoms connected to Bi atoms, while
OVs on the {100} can attribute to oxygen atoms connected to Mo atoms.

Chronoamperometry curves of samples under light and dark condi-
tions were depicted in Fig. 6¢. The obtained photocurrent from the PSED
sample is higher than that of the SED sample, which is assigned to the
various exposed facets for these samples. These results have been
confirmed by other researchers and proved that the exposed facets play a
key role in photoelectrochemical studies [15,27]. Fig. 6d showed that
the photocurrent obtained from both samples under chopped illumina-
tion. It can be seen that the PSED sample showed a higher current
compared to the SED sample due to its new kind of morphology.

EIS analysis of two films was studied under light illumination and
results are presented in Fig. 7a. The Nyquist curve for the PSED sample
has a smaller radius of semicircle than the SED sample. It can be
attributed to high separation charge carriers for the film with exposed
crystal facet ({010} with higher stable OVs amount in PSED sample. It
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Fig. 5. (a) DRS-UV-vis spectra, (b) band gap calculation from the Tauc equation, (c) LHE, and (d) PL spectra, (e) charge separation efficiency vs. potential, and (f)

charge injection efficiency vs. potential curve for PSED and SED films.

can be indicated high charge transferring for the PSED sample compared
to the SED sample due to the presence of OVs and short routes in the
PSED film. Lifetime of photogenerated electrons is known as a signifi-
cant parameter for the evaluation of photocatalytic performance. Life-
time of photoinduced electrons calculated from the Bode plot. The
maximum peak in the Bode plot according to the Eq. (3) has an inverse
relation to the lifetime of electrons.

T=1/2zf 3
where, 7 and f are lifetime and frequency at maximum peak, respec-
tively. Lifetime of photoinduced electrons from PSED and SED samples
are 0.639 and 0.397 ms, respectively (see Fig. 7b). It indicates that the
photogenerated electrons from the PSED sample have a longer lifetime
due to the exposed crystal facet {010} and the presence of OVs on this
facet and the effect of them in high separation photogenerated charge
carriers. Fig. 7c shows Mott-Schottky plots for both samples. The PSED
sample has lower slop compared with the SED sample, which confirmed
the production of higher photoinduced charges by the PSED sample. The
Flat band (FB) potential of the PSED sample is more negative than the
SED sample, indicating a higher PSED potential for water oxidation
[36]. Based on Fig. 7d, PSED and SED samples have ohmic contact with
substrates and confirmed by symmetric and linear behavior of solid I-V
curve. Herein, the presence of stable OVs on both samples resulted in an
increase in semiconductor conductivity and this conductivity is also
higher for the PSED sample.

In reality, holes and surface states manage the water oxidation pro-
cess. Therefore, the holes are absorbed by the surface states and then
they are transferred from the surface states to the water molecules at the

interface (see Fig. 8a). To clarify the mechanism and kinetic of water
oxidation, the investigation was conducted on the changes of resistances
and capacitances of films that are attributed to the charge trapping and
transferring at surface states and electrolyte interface. These parameters
were determined from equivalent circuit (Fig. 8b) [37]. Cpyyk infers to
charge accumulation in the film bulk [38]. Higher capacity value (Cpyk)
for the PSED sample indicates the formation of more charge carriers (see
Fig. 8c). On the other hand, reduction of Rerapping (Fig. 8d) for the PSED
sample expresses more restriction of charge (holes and electrons) trap-
ping in surface states than SED sample. Increase of Cy,p, (refers to charge
accumulation at the surface sates) and decrease Ret,rap (attributes to the
resistance of charge transferring from surface sates to electrolyte)
(Fig. 8e, f) suggest effective charge transferring during PEC process.
Others illustrated that conflict behavior between Cirap and Rey,irap in the
long run create higher photocurrents, which provided routs for charge
transferring from surface states to electrolyte [38,39]. Decrease in R,
trap VS- bias potentials in Fig. 8f refers to the photocurrent enhancement
(compare to Fig. 6b). It is noteworthy that the PSED sample shows
minimum resistance from 0.8 to 1.2 V (vs. Ag/AgCl), which justifies the
high photocurrent in this range of bias potentials. These results
confirmed that the PSED sample has more effective surface states than
SED sample.

The ABPE values (Eq. (2) were measured for both samples from
photocurrent density vs. potential data, the PSED sample reveals the
maximum value of 1.22% at 0.213 V (vs. Ag/AgCl) (see Fig. 9a). IPCE
values (Eq. (1) were measured for both samples under monochromatic
light irradiation and results were demonstrated in Fig. 9b. It is
remarkable that PSED sample shows higher IPCE value in the range of
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350-550 wavelength, which suggested higher adsorption ability of
PSED sample than SED sample. To demonstrate the effect of vacancy
states and exposed crystal facets on the separation efficiency of PSED
sample, surface photovoltage (SPV) spectroscopy was employed
(Fig. 9c). Positive behavior of SPV spectra was attributed to acceptor
type of surface vacancies [40]. Large SPV for PSED sample implies to
efficient separation of charge carriers, broaden peak was also created by
Franz-Keldysh effect and shallow trap states [41]. Indeed, SPV spectra
indicates the presence of trapping sites originated from surface
vacancies.

Stability of produced photocurrent originated from photoelectrodes
(J vs. time curve) can guarantee PEC performance. J-time plot (Fig. 9d)
for prepared photoanodes through 10 h suggests long lifetime for pho-
toelectrodes that reveals the stability of structure under applied poten-
tials. The high stability of photoelectrodes also confirmed the high
stability of structures and OVs. Furthermore, H, and O5 evolution was
evaluated and confirmed efficient PEC systems and the results indicated
by Fig. 9d. The gas evolution rate for PSED sample was twice the SED
sample.

3.3. PEC/DSSC tandem performance

The prepared DSSC as a photovoltaic cell was coupled with PEC in a
tandem system. The synthesized BMO photoelectrodes were applied as
photoanode in the PEC component of tandem PEC/DSSC. In this case,
DSSC and BMO photoelectrodes applied in-situ two-electrode systems to
measure current density-potential curves. Herein, low energy photons
were absorbed by DSSC compartment due to the absorption of photons
with high energies by photoanodes, which is consistent with the pro-
posed configuration (Fig. 3S-supporting file). The photocurrent density-
potential characteristics of the BMO photoelectrodes were investigated
in a 0.5 M sodium sulfate solution (pH 6.8) under AM 1.5G illumination
at the presence and absence of the DSSC (Fig. 10a). Operational
photocurrent (Jop) of the tandem system obtained from the intersection
point of the curve of DSSC and photoanodes in PEC system (alone).
Herein, operational currents are 2.95 and 2.03 mA for PSED and SED
samples, respectively. The operational photocurrent from both tandem
DSSC/PEC with synthesized photoelectrodes are indicated in Fig. 10b,
which confirms the good stability and lifetime of these systems.
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Evolved gasses from tandem DSSC-PEC system were measured for
both photoelectrodes without bias potential and the results are shown in
Fig. 10c, d. In order to prevent gases cross over, the membrane was used
and they collected from two district chambers. As expected, the amount
of evolved gases in a tandem system with PSED photoelectrode is higher
than another tandem system with SED photoanode. Faradic efficiencies
for both tandem systems also indicated in Fig. 10c, d, which confirmed
the almost good matching between experimental and theoretical (cur-
rent density) evolution. STH efficiency of DSSC/PEC tandem was
calculated from Eq. (4) due to faradic efficiencies near 100%.

Jop x 1.23
Nty = —p

@
where, P is the power of irradiated light (100 mWem ™ 2). According to
resultant Jops from Fig. 9a, nety obtained about 3.62% and 2.49% for
tandem systems with PSED and SED photoanodes, respectively. These
efficiencies are high for DSSC/PEC tandem systems with one external
potential (DSSC) without any biased potential. The ratios of Ho/O5 gases
are 1.89 and 1.81 for tandem DSSC/PEC systems with PSED and SED
photoanodes, respectively. These results suggested that the PSED pho-
toelectrode is a proper photoanodes for tandem DSSC/PEC systems.
Higher efficiency and stability of PSED sample were assigned to unique
morphology and growth of exposed crystal facet {010} with controlled
OVs.

4. Conclusion

To sum, two new morphologies with different growth of oriented
crystal facets for BMO films were introduced by the combined method
(sonoelectrochemical deposition). Pulse or continuous modes of soni-
cation, has a vital role in the formation of new different morphologies.
The PSED showed higher photocatalytic activity in the water oxidation
process due to the growth of effective exposed {010} facets with a
controlled amount of defect states. Proposed synthesis methods lead to
fabricate highly stable BMO films with proper adhesion to substrate, in
particular PSED. Herein, exposed crystal facets {010} have played in
enhancing photo-generated carriers separating, which could increase
PEC performance. The PSED sample has high surface, has an effective
exposed facets with higher vacancy states than the SED photoelectrode.
The prepared photoanodes used in tandem DSSC/PEC systems, were also
indicated high photocatalytic performances for water oxidation. Unas-
sisted water splitting systems (PEC/DSSC system) were demonstrated
STH efficiency of 3.62 and 2.69 % for PSED and SED photoanodes,
respectively. Finally, the sonoelectrochemical synthesis method can be
considered as a new approach to simultaneously grow active exposed
crystal facet and highly stable OVs, particular in pulse mode. Therefore,
the PSED method is introduced for selective growth of crystal facets and
the creation of surface defects in mild conditions.
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