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Abstract:

Producing clean fuel (O, and H,) using semiconductors through solar driven water splitting
process has been considered as a promising technology to mitigate the existing environmental
issues. Unlike the conventional single photoabsorbers, heterostructured semiconductors
exhibit the merits of improved solar light photon harvesting and rapid charge separation,
which are anticipated to result in high quantum vyield of solar fuel generation in
photoelectrochemical (PEC) cells. In this report, we demonstrate the electrospun derived
WOj3 backbone fibrous channel as heteropartner to the primary photoabsorber (Fe,Os; and
BiVO,) for promoting the electron transport from charge injection point to charge collector as
well as photoholes to the electrolyte. We examine structure, optical, photoelectrochemical
and charge transfer property of Fe,O3/WO3 and BiVO,/WOj; electrodes. These results were
compared with directly coated Fe,O3; and BiVO, photoabsorber onto conducting substrate
without WO3; backbone. The optical results showed that the absorbance and visible light
activity of Fe,O3 and BiVOy is significantly improved by WO3 backbone fibers due to high
amount of photo absorber loading. In addition, one dimensional (1-D) WOg; fibers
beneficially enhance the optical path length to the photoanode through light scattering
mechanism.  The electrochemical impedance analysis exhibits WO3 nanofiber backbone
reduces charge transfer resistance at Fe,O3; and BiVO, by rapid charge collection and charge
separation compare to backbone-free Fe,O; and BiVO,. As a result, Fe,O3/WO; and
BivVO,/WO; fibrous hetero interface structures showed fourfold higher photocurrent

generation from PEC cell.

Keywords: Photoelectrocatalyst, WO3 fiber, Fe203, BiVO4, Electrochemical impedance;

Solar fuel



1. Introduction:

Photoelectrochemical (PEC) technique is promising and attracts a great deal of
attention in several applications such as water splitting fuel generation, [1, 2], solar
rechargeable battery, [3] chemical synthesis, [4, 5] organic pollutant degradation, [6, 7] and
biosensing [8, 9]. Typically, a photoactive semiconductor or molecular sensitizer are utilized
as oxidation catalyst in the PEC process. The photoirradiated semiconductor produces
photocharge carriers such as electron (e") and holes (h*), which are separated and transport to
the respective terminals of cathode and electrolyte by applying a small electric potential from
outside. The kinetic energy of photoholes at the valence band of semiconductor will drive
oxidation process at electrode/electrolyte interfaces. In general, the valence band energy
position of semiconductor in the photoanode should lie higher than that of water oxidization
potential (Eg> 1.2 V vs RHE) to-drive the PEC water oxidation process [10]. Titanium
dioxide (TiOy) is one of the well documented PEC oxidation materials as it possesses
appropriate VB position towards water oxidation, excellent chemical stability and
photocatalytic activity. However, their UV activated band gap energy (Eg~3.2 eV) is
inadequate to demonstrate the solar light driven PEC process as it absorbs only 5% light
photons ‘from visible light region [11]. As a consequence, narrow band gap energy
semiconductor materials are proposed to replace the TiO; in solar light driven PEC oxidation
process. Recently, hematite (Fe,O3;) [12-16], and bismuth vanadate (BiVO,) [17-19]
perceived profound attention in visible light driven water oxidation process. It is well known
that the thickness of the photoabsorber coating (photoanode) dictates light absorbance
quantity. But, the short hole diffusion length characteristics of Fe,O3 (2- 4 nm) [20] and
BiVO, (60-200 nm) [21, 22] at electrode/electrolyte interface could limit the thickness of the

photoanode as well affect the surface-mediated and/or internal electron/hole recombination



and thus, could ultimately affect PEC efficiency.

To promote the charge separation rate at semiconductor/electrolyte interfaces,
multiple routes were proposed on semiconductor modification through a) metal carriers
doping [23, 24], b) co-catalyst decoration [25], c) hetero partner assembly [26] and d)
inserting interfacial layer [27]. Mostly, these protocols facilitate the charge separation at
Fe,O; and BiVO, layers through passivating the surface states, and grain boundaries
responsible for charge recombination at electrode/electrolyte interfaces [28-31]. However,
overcoming the photoanode thickness dependent hole-transport still remains a great
challenge. Instead of coating the photoelectrocatalyst layer (guest) directly onto the
substrates, it is anticipated that assembling onto nanoscale, wide-pore structured backbone
scaffold (host) that are spatially connected to the substrate could simultaneously improve the
charge collection and charge transport at‘guest layer/electrolyte interfaces [32]. In this line,
we are demonstrating tungsten oxide (WO3) as an appropriate backbone scaffold choice for
the Fe,O3 and BiVO, guest layers as its conduction band is lower than these materials. Sivula
et al [33] demonstrated that Fe,O3; guest layer coated onto WO3 nanostructured host scaffold
showed effective charge separation than directly coated Fe,O3; onto substrate. On the other
hand, BiVO, primary photoabsorber shell layer coated WO3; nanowire backbone layer
markedly enhanced the charge separation at BiVO,/electrolyte interfaces [34]. In literature,
similar type of WO3; backbone scaffold has been progressed in the form of nanotube, inverse
opal, and nanowire [35, 36]. Mostly, the demonstrated WO; scaffold structures in the
literature exhibits limited pore-size (5-10 nm), which may be inadequate in either producing
homogenous guest photoabsorber coating or sufficient space availability for the electrolyte
percolation at the electrode surface.

Here we propose highly interconnected, wide-pore structured electrospun WO3

nanofibers as a backbone scaffold for Fe,O3 and BiVO, guest layers coating. Compared to



the vacuum based physical techniques, the electrospinning technique is simple, economic and
displays large scale viability. For instance, 1-D nanostructures prepared through chemical
vapor deposition, and VLS growth technique required sophisticated environment including
high temperature processing, high purity of chemical precursor, and long processing duration.
In the case of anodization technique, it has major limitation on assembling 1-D
nanostructures on metal substrates only. In this view, electrospining process is a simple route
for assembling 1-D nanostructures. It can be operated at room temperature, less processing
time and readily collected onto substrates.

To the best of our knowledge, for the first time, systematically prepared Fe,O3; and
BiVO, coating onto WOg; fibers as illustrated in Figure 1 is demonstrated in solar fuel
generation. ldentical amount of precursor is loaded onto both FTO substrate (Figure 1a) and
WO; fibers coated FTO substrates (Figure 1b). Subsequently, these samples were sintered at
500 °C, and thus formed thin conformal guest layer coating. In view of light penetration at
different portion of the photoanode (top and bottom layer) the photocharge carrier separation
from guest layer to electrolyte and substrate seems to be different. For instance, in the case of
direct coating protocol (Figure 1a), the photoholes transport distance (indicated as X, in
Figure 1a) from closer to the electrolyte position is efficient than underneath layer position
(indicated as x;in Figure 1a). At WO; scaffold based protocol (Figure 1b), the
photoelectrons from guest layer is radially transport to the charge collector, thus hole
transport distance from guest layer to the electrolyte is approximately identical (X3 = Xxy).
Therefore, regardless of the light penetration position the photoholes can passage to the
electrolyte efficiently. The structure, optical, electrochemical and PEC properties are
systematically examined, which reveals the advantage of WO3; backbone scaffold towards
improving the charge separation and charge transport at guest photoelectrocatalyst/electrolyte

interface in water oxidation reactions.



2. Experimental

2a. WO3; nanofibrous electrode fabrication: WO3; nanofiber (NF) layer was fabricated by
electrospinning method. 0.6 g of tungsten (V1) ethoxide (Alfa Aesar) was solved in 2.5 mL of
N,N-dimethylformamide (99.8%, Sigma Aldrich) and sonicated for 30 min. And then, 0.15 g
of acetic acid (99.5%, Samchun Chemical) and 0.5 g of poly(vinyl acetate) (Mw ~500,000,
Sigma Aldrich) were mixed with the solution and stirred overnight. The NFs were
electrospun onto the pre-cleaned fluorinated tin oxide (FTO) substrates using the resulted
solution at a DC voltage of 20 kV with a flow of 0.2 ml/h. Finally, the as-spun nanofiber
layer was annealed at 500 °C for 3 h in air. In order to overcome the fibrous films peel off
from substrate during sintering process, the WQj3 fiber films were kept under hot press
technique at 100 T for 2 minutes. During the hot pressing pre-treatment, the PVA polymer
binder was melted and facilitate the WOj3 fibers attached onto substrate.

2b. Synthesis of the BiVO, and Fe,O3 layer: The coating solution of BiVO,4 was prepared as
follows: 0.1462 g of ammonium metavanadate (99%, Sigma Aldrich), 0.6061 g of bismuth
nitrate pentahydrate (98%, Sigma Aldrich), 0.4803 g of citric acid (anhydrous, Sigma
Aldrich), and"0.825 g of nitric acid (60%, Daejung Chemical) were mixed into 2.925 mL of
distilled water. For the Fe,O3 solution, 0.505 g of iron nitrate nonahydrate (98%, Sigma
Aldrich), 0.4803 g of citric acid (anhydrous, Sigma Aldrich), and 0.825 g of nitric acid (60%,
Daejung Chemical) were dissolved in 2.925 mL of distilled water. The BivVO, layer and
Fe,Os layers were formed by spin-coating the solutions at 2000 rpm for 30s onto WO3;
nanofiber layer, followed by annealing at 500 °C for 3 h in air. To compare the photoanode
performance of BiVO, and Fe,O3 in the presence and absence of WO3 backbone fiber in the
PEC cells, similar quantity of BiVO, and Fe,O3 precursor solution as is explained above was

coated onto FTO directly. The resultant films were annealing at 500 °C for 3 h in air.



2c. Characterization: The crystalline structure of electrospun WO3 film was studied using an
X-ray diffractometer (XRD, New D8 Advance, Bruker). The surface morphology of the
semiconductor films was analyzed by field emission scanning microscopy (FESEM, JSM-
7600F, JEOL. The heterostructure formation at BiVO./WO3; sample was analyzed by high
resolution transmission electron microscopy (JEM-2100F, JEOL). The optical ‘absorbance
spectra of the resultant semiconductor films were recorded using a UV-Vis
spectrophotometer (V670, JASCO) in the diffuse reflectance mode. Note that, the incident
light beam was allowed through the substrate side.

2d. Photoelectrochemical studies: The photoelectrochemical measurements were carried out
using an FRA-equipped potentiostat (PGSTAT 302N, Autolab). The standard three-electrode
configuration encompass with semiconductor layers coated onto FTO glass as the working
electrode, Ag/AgCI reference electrode and a platinum foil counter electrode were used in
these experiments. The photoelectrochemical performance was evaluated using a 0.5 M
Na,SO, aqueous solution-based electrolyte. The pH of the solution was 6. Prior to the PEC
experiments, the electrolyte was purged with nitrogen gas for 30 min. A 300 W Xe lamp
(6258, Newport) with-/AM 1.5 and an IR cut filter was used as the light source. The current
was recorded from PEC cell under chronoamperometric mode at constant applied potential
0.7 V Vs Ag/AgCI. At the consecutive light on/off cycles, respective output current was
recorded. The electrochemical impedance spectroscopy (EIS) was used to examine the charge
transfer characteristics of the electrode/electrolyte interfaces. The Nqyuist plots were
recorded in the frequency range between 0.1 Hz—100 kHz at an amplitude of 20 mV using a

potentiostat (PGSTAT 302N, Autolab).

3. Results and discussion



The X-ray diffraction (XRD) pattern of as-synthesized electrospun WO3; membrane
onto FTO substrate is presented in Figure 1a. The significant peaks appearing at 23.1°, 23.6°,
and 24.4° correspond to the (002), (020), and (200) planes of monoclinic WO3, respectively
(JCPDS 01-083-0950). Other significant peaks at 33.6°, 37.5° and 51.1° represents (202),
(103) and (114) crystalline planes of WO3 [37, 38] [27] . The BiVO, film coated onto FTO
substrate showed monoclinic scheelite crystalline structure (PDF 00-014-0688). In this
sample, strong crystalline peaks observed at 28.4 °, 30.8 ° and 50.5 ° corresponds to (-130),
(040), and (202) crystalline planes of monoclinic scheelite structure[39]. The Fe,Os thin film
coated onto FTO conducting substrate, the crystalline peaks of FTO (indicated as *) is
dominated than Fe,O3;. However, a small peak exhibits at 54.1° endorse the (116) crystalline
phase of hematite structure (JCPDS- 01-086-0550). In the case of BiVO, and Fe,O3 layer
coated onto WOj5 fibers, similar crystalline peaks were observed as is in the backbone-free
films. These results ensure the post deposition of BiVO, and Fe,O3 layer and sustain their

growth on WOgs fiber surface.

The surface morphology of the Fe,O3, BiVO, and WO3 thin films coated onto FTO
substrates are presented in Figure 3 (a) — (c). From Figure 3 (a), the Fe,O3 film exhibits thin
layer growth and strong features of FTO quasi crystals is observed in the background. In the
case of BiVO, thin films, it shows mosaic morphology with pores formation around grain
boundaries. The similar porous BiVO, films is reported by other researchers [40-42]. The
Figure 3 (c) SEM image of electrospun WO3 sample reveals highly interconnected fibrous
channels with ~100-150 nm diameter. In between the WO3 fibrous channel ample room is
available for growing Fe,O3 and BiVO;, thin films. As is expected, the Figure 3 (d) and (e)
shows that the WO3 fibrous surface is completely filled with Fe,O3; and BiVO,. It implies
that WO; backbone fiber scaffold enhance film integrity of Fe,Os; and BiVO, coating

compared to their individual films coating directly onto FTO substrates. In order to ensure the



Fe,O5; and BiVO, formation onto WOs fibers, elemental mapping analysis is carried out and
the corresponding results were presented in Figure S1 and S2 (See supporting information).
The Fe and O constitutes from Figure S1, as well as Bi, V, and O species observed from
Figure S2 endorse the formation of Fe,O3 and BiVO, films onto WOs; fibers. Further, ensure
the heterostruture formation at primary photoabsorber coated WO; backbone fiber, we
randomly analyze BiVO,/WO3; sample using high resolution transmission electron
microscopy (HRTEM). The Figure 4 shows the HRTEM image of BiVO4/WO;3; sample.
From Figure 4 (a), the primary photoabsorber of BiVO, is completely covered as thin layer
onto WO; fiber surface. Further examining at 10 nm scale (Figure 4 (b)), a thin layer of
BiVO, is coated onto (002) crystalline phase of WOj3 fiber surface. These results are in line

with XRD and elemental mapping results on BiVO4/WO3; composite.

The optical absorption spectrum of Fe,O; and BiVO, films in the presence and
absence of WO3 backbone nanofiber is presented in Figure 5a. The onset light absorbance at
backbone-free Fe,O3; and BiVO, films are found to be at around ~590 nm, and ~490 nm,
respectively. Though, similar quantity of Fe,O3 and BiVO, precursor coated onto WQO3 fiber
compared to direct coating onto substrate as depicted in Scheme 1, the resultant optical
absorbance of Fe,O3; and BiVO, is strikingly enhanced (Figure 5a) at visible light
wavelength. The optical absorbance of Fe,O; is enhanced in the regions between ~340 and
535 nm by WO; fiber. In the case of BiVO, films, the onset light absorbance is shifted from
470 nm to ~480 nm. This might be attributed to the improvement of BiVO, crystal growth on
WO; fiber surface compare to direct growth onto substrate. Overall, the backbone WO3 fiber
(host) promotes the light absorbance of Fe,O3; and BiVVO, (guest) at visible light wavelength
due to high quantity of loading. For instance, optical absorption quantity of single coating
cycle of Fe,O3 and BiVO, films onto WOs fiber is slightly higher than that of three coating

cycles of individual Fe;O3; and BiVO, films onto FTO substrate (Figure S3, see supporting



information). Similar optical absorbance enhancement is observed at WOg; based
heterostructured semiconductors by other researchers [34, 43, 44]. One of the other plausible
reasons for light absorbance enhancement is multiple light scattering contributed from one
dimensional WO3 fibers. From optical reflectance spectra (Figure 5b), it is understood that
~55% of input light is reflected by WOg; fibers which enhance the optical path length at
photoanode. The light scattering from backbone fiber to the primary photoabsorber Fe,O3 and
BivVO, may facilitate more photocharge carrier generation towards photoelectrochemical
reaction.

To understand the role of WO3; backbone fiber in charge separation of photocharge
carriers at primary Fe,O3; and BiVO, photoabsorber layer/electrolyte interface, the charge
transport characteristics are studied using electrochemical impedance spectroscopy (EIS).
The EIS provides the insights into charge separation (photoelectron and photoholes) as well
as charge transport (photoelectrons) at Fe,Os; or BiVO4/ WOg3 hetero interface as well as
Fe,O3 or BiVO,/ WOs; fiber/electrolyte interface [45, 46]. Typical Nyquist plots of PEC cell
using Fe,O3 and BiVVO, photoanode in the presence and absence of WO3 backbone fiber layer
studied at dark and light irradiation condition is summarized in Figure 6 (a) and (b),
respectively. The obtained Nyquist plot is simulated with the equivalent circuit shown in the
Figure S4 (see supporting information). In the equivalent circuit, Rs indicates the sheet
resistance of the charge collector (FTO), CPE indicates the constant phase element, and R
indicates the charge transfer resistance at the electrode/electrolyte interface. Under dark
condition the diameter of semicircle in Nyquist plot indicates the charge transfer resistance
(Rco) 1.e. electron transport from outside circuit to the electrolyte. This explain the capability
of electron conduction through solid film. For instance, the film possessing high electron
conduction results less charge transfer resistance. The estimated charge transfer resistance

(Rey) value of WO3 back bone nanofiber from Figure 6 (a) is found to be ~8606 Q. The
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simulated R values of Fe,O3 and BiVO, films are found to be 1.54 x10° Q and 1.37 x10° Q,
respectively. Surprisingly, the R values of Fe;O3/WQO3 and BiVO4/WO; films are markedly
reduced to ~64530 Q and ~52367 Q, respectively. It clearly implies that the weak electron
transport at Fe,Os; and BiVO, films are improved markedly by highly conducting WO3;
backbone fibers, which in turn reduces the charge transfer resistance. The diameter of the
semicircle in Figure 6 (b) obtained under applied potential in associate with light irradiation
indicates the charge transfer resistance of photocharge carrier separation at
electrode/electrolyte interfaces. Here the photoholes transport is also involved in addition to
the photoelectrons. Briefly, the photocharge carrier electron and holes could reach the
respective terminals. The photoelectrons from conduction band (CB) of photoabsorber (Fe,O3
or BiVO,) will transfer to charge collector (FTO). Conversely, the photoholes from valence
band (VB) of photoabsorber to the electrolyte (Figure 7a). In the case of n type
photoabsorbers Fe,O3 or BiVO, they are effectively conducting photoelectrons from CB to
charge collector but inadequate in_photohole transfer to the electrolyte. From Figure 6b,
estimated charge transfer resistance value of Fe,O3; and BiVO, is markedly reduced in the
presence of WOj3 back bone nanofibers. In particular, R¢; value of BiVO, film is reduced three
folds from 10° order to 10° (inset of Figure 6 (b)). This implies that highly interconnected
WO; back bone nanofibers collect the photoelectrons from point of charge injection at
primary photoabsorber Fe,Os; or BiVO, to the charge collector. This enhanced charge
collection from Fe,O3; or BiVO, /WO; interfaces lead effective charge separation at
electrode/electrolyte interfaces.

Further, the photoelectrochemical property of Fe,O3 and BiVO, in the presence and absence
of WO; films were examined through chronoamperometry plots. Under dark and light
condition (on/off), the current generation from PEC cell is recorded and summarized in

Figure 7b. Comparing the overall photocurrent generation, the WO5 fiber backbone assisted

11



Fe,O3; and BiVO, photoanodes showed two-fold higher photocurrent generation compare to
that of backbone-free films. As discussed in the impedance analysis, it clearly advocates that
backbone fibers facilitate the electron transport to the charge collector and charge separation
at Fe;O3 and BiVOy /electrolyte interfaces. Thus, the effective charge separation through fiber
backbone, and efficient light harvesting at visible light region results high photocurrent
generation at Fe,O3 and BiVO, films compare to WO3 backbone-free films. Based on the
above experimental discussion, the schematic structure of Fe,Qz or BiVOs WO3
heterointerface is illustrated in Figure 7a [47, 48]. Though the observed photocurrent is
lower than that of previous reports on heterostructure photoanodes such as Fe;03/WOs3,[33,
49, 50] and BiVO4,/WO; [51] [52], which can be improved by increasing the electrode
thickness of WO3 fibrous electrode. It is anticipated that high filling of fibrous network will
afford more room for loading primary phatoabsorber (Fe,O3; or BiVO,). Furthermore, three
dimensionally filled WO3 back bone fiber channels can facilitate the rapid photoelectron
transport from the entire electrode to charge collector lead thickness independent
photocurrent generation at Fe,O3 or BiVO, films. Therefore, photocurrent results on WO3
scaffold based films encourages to revisit the photoanode architecture with fibrous backbones
instead of directly coated flat type thin films. It is worthy to mention that due to the
difference in thickness of the Fe,O3/WO3 and BiVO4/WO3; electrodes, we couldn’t compare
the performance between them. However, the heterostrutured Fe,O3/WO3; and BiVO4/WO;
films showed high photocurrent density and less charge transfer resistance than that of

individual Fe;O3 and BiVVO, thin films.
4. Conclusion

In conclusion, merits of WO3 backbone fiber in charge separation and charge transport at
Fe,O3 and BiVO, photoanodes were demonstrated. This proof-of-concept based backbone

assisted photoanodes showed high light absorbance and charge separation at
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electrode/electrolyte interfaces compare to directly coated backbone-free semiconductor
films. Furthermore, these highly conductive back bone assisted photoanodes may overcome
thickness dependence diffusion length, which need to be studied in detail. In addition, the
wide-pore structured fiber-type backbones may support the effective electrolyte percolation at
photoanode and can reduce the charge recombination at electrode/electrolyte interfaces. Yet,
the conductivity of the WO3 fibers can be improved by metal doping. It is anticipated that
readily available WOg3; fibrous electrodes can be transformed to any other hetero
photoabsorbers. The additional coating of co-catalyst [53] will enhance the performance of
PEC oxidation reactions, which can be applied solar fuel generation, chemical synthesis and
water pollutant treatment applications.
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Figures legends

Figure 1. Schematic illustration of Fe,O3 or BiVO, semiconductor film synthesising (a)
directly onto substrate and (b) WO5 fibrous pre-coated substrate by spin coating.

Figure 2. (a) XRD result of WO; fiber, Fe,O3 and BiVO, films in the presence and absence
of WOs; fibers. Note that the crystalline contribution from FTO substrate is indicated in *
symbol.

Figure 3. SEM images of (a) Fe;Os thin film, (b) BiVO, thin film, (c) WO3 nanofibers, (d)
Fe,O3; coated WO3; nanofiber, and (e) BiVO, coated WOj3 nanofiber coated on FTO glass
substrates.

Figure 4. HRTEM images of BiVO,/WO3; sample (a) at 50 nm scale and (b) at 10 nm scale.

Figure 5. (a) Optical absorbance spectra of Fe,O; and BiVO, films in the presence and
absence of WO; fiber, (b) Optical reflectance spectra of Fe,O3/WO; and BiVO,/WO;
composite fibers compared with WO; fiber film (note that films are coated onto FTO
substrate).

Figure 6. Nyquist plots of PEC cells consisted with different photoanodes measured at (a)
under dark condition and (b) Light irradiation condition (100 mWcm™). Note that the
measurements were carried out at operating potential 0.7 V vs Ag/AgCl)

Figure 7. (a) Proposed energetic structure of Fe,O3/WO3 and BiVO4/WOj3 heterointerfaces at
photoelectrocatalytic water oxidation performance and (b) Chronoamperometry plots of PEC
cell with different photoanodes (measurements carried out at applied potential 0.7 V vs
Ag/AgCl). Note that 0.5 M of aqueous Na,SO, is used as electrolyte. The photocurrent
measured under light irradiation is obtained at light intensity AM 1.5 (100 mWcm™).
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Figure 6
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Highlights

Electrospinning derived WO3 fibrous is demonstrated as backbone scaffold in light
driven photoanode.

Synthesis route of sol-gel assisted spin coated Fe,O3 and BiVOy, thin films ontoWO3
fibers is demonstrated.

High visible light harvesting is achieved at Fe,O; and BiVO, through introducing
WOj3 nanofibrous backbone scaffold.

Charge transport and charge separation at Fe,O3/WO3 and BiVO,/WO; based
heterostructured photoanode/electrolyte interfaces.is promoted.

Underlying mechanism of one dimensional WQO3 fibrous backbone scaffold assisted

photoanode in solar fuel generation is examined.
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