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Photoexcited charge separation and their efficient transportation in bulk as well as in heterojunction based
photocatalysts is a challenging issue. Therefore, seeding free BiVO4@Fe-TiO, NRs heterojunction is developed to
have molecular extrinsic defects via Fe doping in TiO3 nanorods (NRs) as a strategy in type-II heterojunctions for
photoelectrochemical water splitting. Structural characterizations of BiVO4@Fe-TiO; NRs confirm the intro-
duction of extrinsic defects in doped Fe-TiO5 NRs. Morphological studies evaluate the homogeneous deposition
of BiVO4@Fe-TiO3 NRs to form core-shell heterostructure. In photoelectrochemical studies, BiVO4@0.2 %Fe-
TiO2 shows highest photocurrent density of 1.52 mA/cm? in comparison to BiVO4@undoped TiO, NRs with 0.52
mA/cm? and pristine TiO; NRs with 45pA/cm? at 1.23 vs. RHE under 100 mW/cm? light intensity. These
findings elucidate the importance of modified host substrates of Fe-TiO5 NRs to extract photoexcited electrons
from guest BiVO4 that has enhanced PEC performance with maximum electron mobility, efficient interfacial

charge transfer and enhanced electron quenching window in type-II heterojunctions.

1. Introduction

Hydrogen energy production by sustainable renewable resources is
an efficient alternative to meet the needs of the energy crisis [1]. For the
purpose, water splitting via photocatalysts involves three steps; the
generation of electron/hole pair charge carriers by photons, their sep-
aration and finally the surface oxidation/reduction reaction through
transfer or extraction of electron/hole pair charge carriers [2]. Among
the metal oxides, TiO is pre-owned material for applications like DSSC,
sensors, photovoltaic devices and hydrogen generation via water split-
ting using renewable energy resources of water and solar light [3]. TiOy
attracted the researchers because of its low cost, high stability and non-
toxicity [4]. Contrarily, it also has issues of low surface area, poor charge
penetration depths and its large band gap of 3.03 eV that absorbs UV
light contributing only 3 to 5 % of solar spectrum [5]. Additionally, TiO2
has higher average effective masses, consequently migration of charges

from bulk to surface is boosted which can cause surface recombination
[6]. To overcome issues of TiOy, many researchers attempted its
morphological modifications like nanoparticles [7,8], nano-flowers [9],
nanorods [10,11] and nanotubes [12,13], doping [14], surface defects,
band gap alignments while establishing hetero-junctions [15,16] via
depositing sensitizers over host nanomaterials [17-21].

Moreover, Hydrothermal synthesis methods for preparation of sub-
strate TiO, NRs or nanotubes are utilized [22] but little attention has
been given on better interfacial interactions that has been reported in
several reports followed by low temperature synthesis method as sol-
—gel, spin coating, sputtering, dip coating, doctor blade method, chem-
ical bath deposition methods (CBD) [20,21] for the sensitizer loading on
substrate in bilayer system. Although low temperature synthesis
methods are cost effective but may cause interfacial impurities at the
heterojunction interfaces leading to high charge transfer resistance,
higher recombination rates and poor band bending alignments

Abbreviations: PEC, Photoelectrochemical; CBD, Chemical Bath Deposition; NRs, Nanorods; 1D, one Dimensional.
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[19,20,23].

The development of heterojunctions while aligning band gaps
proved to be an efficient approach for light harvesting with broader
solar spectrum, better charge separation and fast transportation during
testing of PEC water splitting [23,24]. Among different metal oxide
photocatalysts, BiVO4 is a potential candidate for higher solar light
harvesting but it has severe long term stability issues [25,26]. Therefore,
it is required to develop the heterojunction of BiVO4 with other semi-
conductors such as metal oxides, metal sulfides and metal nitrides to
avoid its photo corrosion. G. Fang et al. develop heterojunction of BiVO4
with NiFeOOH and CoPi as a co-catalyst to obtain its photostability [27].
CoNiy0 being used as a cocatalyst to enhance the photoactivity of the
BiVO4[26]. B. Dong et al. introduced multi-effect point defects to
improve the photoelectrochemical water splitting of BiVO4/TiO2 pho-
toanode heterojunctions [28]. RhyoO3 cocatalyst was used to enhance the
water splitting of BiVO4 via fast charge transportation and improving
surface kinetics [29]. S. Zhang et al. developed Oxygen defects to hance
the photoactivity of ZnFe-LDH [30]. Magnetic and thermal external field
effects were applied to NaNbOj3 to enhance its photoelectrochemical
water splitting performance [31]. L. Gao et al. developed AgVOs3 het-
erojunction with Mo doped BiVO4 for efficient charge separation and
fast transportation [32].

In this work, photoexcited charge separation and transportation
properties of BiVO4 @Fe-TiO3 NRs type-II heterojunctions were inves-
tigated as a function of sensitizer loading and temperature, over un-
doped and doped Fe-TiO3 NRs. BiVOy4 is used as representative sensi-
tizer as potential candidate of photoexcited charge carries, and un-
doped/doped Fe-TiO, NRs are used as potential substrates to extract
the photoexcited charge carriers of the sensitizer. Morphological studies
showed the homogeneous deposition of 0.2 M BiVO4 at 0.2% Fe doped
and undoped TiO2 NRs with controlled core-shell structure for efficient
interface stability and photochemical activity. Hydrothermally synthe-
sized BiVO4@0.2% Fe doped TiO2 NRs demonstrated maximum photo-
conversion, photostability and charge transportation across the circuit
due to optimized substrate engineering and sensitizer loading. Electro-
chemical impedance spectroscopy showed the enhanced extraction of
photoexcited charges by 0.2% Fe doped TiO5 NRs from BiVO4 which is
due to resultant core-shell morphology, interface stability, establish-
ment of efficient heterojunction via quasi-Fermi level adjustment be-
tween constituted BiVO4 and Fe-TiO; NRs heterojunctions. These
outcomes demonstrated the importance of substrate and interfacial en-
gineering to improve the efficiencies of type-II heterojunctions.

2. Experimental section

Materials. All chemicals were used without any purification and
were of analytical grade. Titanium n-butoxide was obtained from Sigma
Aldrich. Pure salts of bismuth nitrate hexahydrate, vanadium pentoxide
and iron chloride (FeCls) were also purchased from Sigma Aldrich and
used as received without any further purification. Hydrochloric acid
(37% HCI), acetonitrile and nitric acid (HNO3) of analytical grade were
purchased from Fluka.

1) The fabrication of TiO5 Nanorods on FTO. TiO5 Nanorods were
directly synthesized on Fluorine doped tin oxide (FTO) substrate via
hydrothermal process. FTO was cleaned by sonication with ethanol,
acetone and deionized water for 15 min in each, followed by drying in
air at room temperature and cleaned FTO was confirmed by trans-
parency in light and its standard conductivity (10-15 Q resistance). 15
mL of each deionized water (DI) and hydrochloric acid (37% pure) was
mixed to have a solution. 0.6 mL of titanium n-butoxide (97% Aldrich)
was added in the above solution followed by 30 min stirring to have a
parent solution. After that parent solution was poured in clean Teflon
lined autoclave with 50 mL capacity. The cleaned FTO was placed with
conductive side downwards in Teflon lined hydrothermal autoclave.
Hydrothermal autoclave was heated up to 150 °C for 12 h. After the
completion of reaction, the autoclave was cooled in air and samples
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were collected and rinsed with DI water followed by drying in air.
Finally, TiO2 Nanorods/FTO were annealed at 450 °C for 120 min to
have crystallinity in it. For Fe doped TiO5 Nanorods, 1 mL acetonitrile
and FeCl3 with three different concentrations of 2.5 mM, 5 mM and 10
mM were additionally added in the parent solution and the whole above
procedure was deployed and later samples were designated as 0.1%,
0.2% and 0.3% Fe doped TiO; Nanorods, respectively.

2) Hydrothermal Synthesis of BiVO4 Over TiO» and Fe-TiO2 NRs.
Both precursor solutions of bismuth nitrate (each 0.05 M) and vanadium
pent oxide (each 0.05 M) were prepared in DI water and HNOs, while
continuously stirring on hot plate at 50°C. Then both these clear trans-
parent solutions were mixed with 1:1 (each 0.05 M) with 0.1 M total
concentration with volume of 20 mL. After mixing the solutions, 1 mL of
acetonitrile as a ligand was added into the solution and then the solution
was transferred into Teflon lined autoclave and substrate with TiO,
Nanorods layer was placed (facing upward) into hydrothermal auto-
clave. This solution in hydrothermal autoclave was heated at 150 °C for
12 h to get 0.1 M BiVOy4. After the reaction period the autoclave was
cooled, and sample with loading of 0.1 M BiVO4 @TiO, Nanorods was
separated and rinsed with water. Following this procedure to check the
effect of concentration of precursor (0.2 M, 0.3 M and 0.4 M) as 0.2 M
BiVO4@TiO3, 0.3 M BiVO4@TiO5 and 0.4 M BiVO4@TiO2 with 1 mL of
acetonitrile were prepared. After drying in air, all the samples were
annealed in chamber furnace at 450 °C for 120 min. Moreover, synthesis
of BiVO4 with 0.2 M concentration was optimized over TiOy and 0.1%,
0.2% and 0.3% Fe doped TiO2 NRs to have core-shell (0.2 M BiVO4@Fe-
TiOy) structures. Furthermore, the effect of temperature (150, 175, and
200 °C) during hydrothermal synthesis of 0.2 M BiVO4 over 0.2% Fe
doped TiO, Nanorods was investigated with samples designated as 0.2
M BiVO4@0.2% Fe-TiO2 NRs at 150 °C, 175-0.2 M BiVO4@0.2% Fe-TiO,
NRsat 175 °C and 0.2 M BiVO4@0.2% Fe-TiO3 NRs at 200 °C. Schematic
diagram of the photoanodes are presented in Scheme 1.

3. Material characterizations

Crystalline structure and phase identification of BiVO,4/Fe-TiO2 NRs
were done by using X-ray diffraction (XRD; Bourevestnik dron 8 PXRD)
with an excitation wavelength of (A = 1.5405 A’)in the range of 10-80°.
To observe the nanostructured morphology and to obtain the elemental
analysis of the sample, Scanning Electron Microscopy (SEM, JSM-6490)
and Energy-Dispersive X-ray Spectroscopy (EDS, VEGA3 LMU) were
used. For TEM Characterizations, Zeiss module is used with high reso-
lution. UV-Vis Diffuse Reflectance spectra were measured after the
standard baseline correction with PerkinElmer UV/Vis Lambda 365,
between the wavelength of 300-800 nm. The Raman scattering analysis
was performed (Renishaw 2000 spectrometer) with the incident wave-
length of 632 nm to determine Raman vibrational modes of the photo-
catalyst. Fourier transform infrared spectroscopy (FTIR; Bruker FTIR
alpha) was used to determine various functional groups and their
stretching or bending vibrations in a functional group or fingerprint
region in the range of 4000-500 cm ™!, Photoluminescence spectroscopy
(PL; PerkinElmer Fluorescence Spectrometer, FL-6500) was performed
to determine the excitation-emission spectra at 400 nm excitation
wavelength.

3.1. Photoelectrochemical studies

To determine the photoelectrochemical activity of all the prepared
photocatalysts, electrochemical workstation equipped with Potentio-
stat/Galvanostat/ZRA (Model;, INTERFACE1000E-12095) in a three-
electrode setup is used with BiVO,4/Fe-TiO2 Nanorods as a working
electrode with 1 cm? active exposed surface area, a Pt wire was taken as
a counter electrode and Ag/AgCl (Eag/agci = 0.197) with saturated (3 M)
KCI was used as a reference electrode under light illumination. Solar
light simulator was used as the light source and its intensity was cali-
brated with a standard silicon solar cell and controlled at 100 mW/cm?
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Scheme 1. Schematic diagram of the development of BiVO,@Fe-TiO, NRs and PEC water splitting.

(AM 1.5 illumination). To remove the dissolved oxygen, Ar gas was
bubbled through aqueous electrolyte prior to the measurements. PEC
measurements were performed using Ag/AgCl reference electrode in the
presence of 0.5 M NaySO4 buffered to the pH 7. Linear sweep voltam-
metry was recorded against Ag/AgCl of the working electrode at a scan
rate of 20 mV/s. The voltage was optimized between —0.5 V to 1 V vs.
Ag/AgCl. The measured potential was converted into reversible
hydrogen potential (RHE) vs. Ag/AgCl using the following equation.

Erne = Eagjagar +0.059.pH +E:\g/Agcl M

4) Here Egpg shows the converted potential vs. RHE, Eag/agc
represent the experimental potential measured against the Ag/AgCl
reference electrode, E°ag/agc1 is the standard potential of Ag/AgCl
(0.197). Chronoamperometry (I-t) technique was performed to study the
stability of the photocatalysts at a potential of 0.3 V against Ag/AgCl
reference (1.23 V vs. RHE) electrode under light illumination. Electrode-
electrolyte interface and electrochemical impedance spectroscopy were
performed on the same workstation under the open-circuit condition
(OCP) in dark and light with the frequency range from 0.2 Hz to 100 kHz
at an AC potential amplitude of 10 mV under open circuit potential
(OCP). Flat band potential study was done by Mott-Schottky measure-
ments at 1 kHz frequency under a dark environment in the voltage
window of —0.5 V to + 0 V vs Ag/AgCl electrode. A schematic diagram
of the PEC water splitting with three electrode assembly is presented in
scheme 1.

4. Results and discussion
4.1. Morphological and Structural Studies:

Structural properties of the synthesized photocatalytic materials are
investigated using X-ray diffraction pattern as shown in Fig. 1. In Fig. 1a,
pristine TiO3 on FTO showed tetragonal crystal system with rutile phase
and it also showed the hydrothermally dominant growth along [002]
plane [33]. The characteristic peaks at 20 value of 27.28°, 36.13°,
41.73°, 54.8° and 63.35° for rutile phase of TiO5 nanorods attributed to
(110),(101),(111), (211) and (002) planes, respectively [34]. Also,
(101) plane is a dominating plane in pristine rutile TiO, lattice with

maximum stability and least energy, while upon doping with iron, (002)
is originating as a dominant plane in 0.1% and 0.2% Fe doped TiO3 NRs.
On the other hand, 0.3% doping of Fe in rutile TiO2 NRs decelerates the
growth in the direction of [002] facet. While, peaks at 20 value of
27.13°, 34.3°, 38.6°, 51.9°, 62°, 65.9° and 70.4° belongs to the FTO
[34]. Similarly, for BiVO4 peaks observed at 20 values of 18.8°, 29.1°,
30.75°, 34.2, 35.4°, 40.2°, 42.77°, 46.1°, 47.05°, 47.5°, 50.57°, 53.6°,
58.37°, and 59.65° correspond to (011), (121), (040), (200), (002),
(211), (015), (132), (240), (042), (202), (161), (321) and (123)
planes, respectively (JCPDS NO 01-078-1534 and 14-0688). To see the
effect of loading of BiVO4 over TiO, NRs at 150 °C, different concen-
tration of 0.1 M, 0.2 M, 0.3 M and 0.4 M of BiVO,4 are used as shown in
Fig. la. It is observed that as the loading of BiVO4 over TiOz NRs in-
creases, the intensity of corresponding peaks also increased and there
are no extra peaks observed as impurity peaks other than the designated
BiVO4@TiOy NRs which confirmed the composite formation without
changing specific crystal phase [35].

Furthermore, XRD patterns of Fe doped TiO, NRs are investigated as
shown in Fig. 1b. XRD pattern in doped and un-doped TiO, NRs showed
slight shift towards lower 260 value upon Fe doping with 0.1%, 0.2% and
0.3% of Fe-TiO4 [36,37], illustrate the successful doping of Fe into the
TiO crystal structure [38] as depicted into Fig. 1b. Briefly, the peak of
TiO4 at 70.4° shifted to 70° for 0.1% Fe doped TiO,, to 69.8° for 0.2% Fe
doped TiO, and to 69.4° for 0.3% Fe-TiO, doped NRs. Similarly peak at
20 value of 62° shifted to 61.9° for 0.1% Fe-TiO,, to 61.8° for 0.2% Fe-
TiO5 and to 61.6° for 0.3% Fe-TiO NRs as depicted in Fig. 1b [39].
Hence, by increase in doping content peak shifting increases which
confirmed the increase in doping content of Fe into TiO3 NRs (Fig. 1b).
As depicted in the Fig. 1¢, XRD pattern for temperature profile showed a
decrease in intensity of peaks at 20 values of 18.8°, 29.1° and 40.2°
which are indexed to (011), (121) and (211) planes, respectively, for
0.2 M BiVO4 with increase in temperature from 150 °C to 175 °C and
200 °C, indicating a decrease in particle sizes of BiVO, is observed [40].

The surface morphologies of pristine TiO5 and modified BiVO4@Fe
doped TiO2 NRs are illustrated in Fig. 2 using SEM images. In Fig. 2a, the
top view of TiO, Nanorods is shown covering the whole surface of FTO
substrate. TiOz NRs having rough tips are supporting the perpendicular
growth pattern along [002] plane in support to XRD results with square
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Fig. 1. XRD pattern of (a) pristine TiO; NRs and 0.1 M, 0.2 M, 0.3 M, 0.4 M precursor concentration for deposition of BiVO,4 over TiO, NRs at 150 °C, (b) 0.1%, 0.2%
and 0.3% Fe doped TiO3 NRs, ¢) 0.2 M BiVO, deposited at three different temperatures of 150 °C, 175 °C, 200 °C over 0.2% Fe doped TiO3 NRs.

shaped diameter are signifying the tetragonal crystal system as expected
from growth mechanism. In Fig. 2b and 2c, it is observed that uniform
deposition of BiVO4 on TiO3 NRs illustrating the core-shell TiO,@BiVO4
morphology. In Fig. 2b-e, it is observed that with increase in concen-
tration of precursors from 0.1 M to 0.2 M, 0.3 M, and 0.4 M, BiVO4
loading is increasing. 0.1 M and 0.2 M BiVO4 deposition concentration
shows the uniform loading of BiVO4 sensitizer onto TiOy NRs as pre-
sented in Fig. 2b and 2c¢ with optimized core-shell TiO2-BiVO4 nano-
structure, while in Fig. 2d and 2e the loading is higher which covers the
TiO5 NRs surface with nanorods and nano bullets of BiVO4 by 0.3 and
0.4 M of precursors, respectively, illustrating 0.2 M optimized precursor
for BiVO4 loading over TiO2 NRs, keeping the core-shell morphology for
enhanced interfacial interaction of sensitizer@host (BiVO4@TiO- NRs)
heterojunction. Moreover, 0.2 M precursor concentration is used to
deposit BiVO4 over 0.2% Fe-TiOy NRs at increased temperatures of
175 °C and 200 °C. It is observed that core-shell morphology is main-
tained even at 175 °C with homogeneous and thick deposition layer of
BiVO4 over 0.2% Fe-TiO, NRs as shown in Fig. 3a (low to high resolution
SEM images). While morphology of BiVO4 changes to horizontal random
nanofibers over Fe-TiO5 NRs at 200 °C over 0.2% Fe-TiO5 NRs as shown
in Fig. 3b. Importantly, 0.2 M precursor concentration for synthesis of
BiVO4 over 0.2 %Fe-TiO, NRs shows the homogeneous morphology with

good control over the synthesis method. EDX analysis shows the
elemental composition of BiVO4@0.1 %Fe-TiO5 NRs, BiVO4@0.2 %Fe-
TiO5 NRs and BiVO4@0.3 %Fe-TiO5 NRs (Fig. S1). The EDX spectra in
Fig. S1 shows the decrease in appeared concentration of Ti by increasing
the concentration of Fe doping in TiO3 NRs, while maintaining BiVO, as
sensitizer. EDX in Fig. S1 confirms the presence of respective elemental
percentages and content of Fe dopant which replaced the Ti is 0.1% for
2.5 mM, 0.22 atom % for 5 mM and 0.3% for 10 mM doping concen-
tration. To check the homogeneity and uniformity of elements in het-
erojunctions, 0.2 M BiVO4@TiO2 NRs synthesized at 150 °C and 0.2 M
BiVO4@0.2 %Fe-TiOy NRs synthesized at 175 °C are further analyzed
using mapping analysis. Elemental mapping confirmed the homoge-
neous and uniform distribution of elements present in BiVO4@TiO2 NRs
(Fig. S2a) and BiVO4@0.2 %Fe-TiOy NRs (Fig. S2b) heterojunction on
FTO substrate. This homogeneity may help the overall charge transfer of
photoexcited electrons across the interfaces in heterojunctions.
Topography study shows the increase in surface roughness by
increasing loading of BiVO4 over Fe modified TiO2 NRs using optical
profilometer (micro scale) that is in good agreement with the XRD and
SEM results. The surface roughness increases as 0.0326%, 0.0363%,
0.0906% and 0.140% for TiOg, 0.2% Fe-TiO5, 150 °C 0.2 M BiVO4@-
TiOg, and 175 °C 0.2 M BiVO4@Fe-TiO; NRs, respectively, as shown in
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Table S1. The increased surface roughness is always linked with extra
scattering loss, suggesting the lower transmittance, and consequently
increase in absorbance of the heterojunction photocatalysts.

Transmission Electron microscopy is used to determine the
morphology and homogeneity of the deposition of BiVQO4/0.2 %Fe-TiOy
NRs as shown in Fig. 4. Fig. 4a and 4b are evidencing the nanorod like
morphology of BiVO4/Fe-TiOy NRs. The average diameter of 0.2% Fe-
TiO2 NRs is calculated to be 133 nm and the diameter of BiVO4/Fe-TiOy
NRs is found to be 177 nm. Also, homogeneous deposition of BiVOy is
observed along the walls of the 0.2% Fe-TiO3 NRs (Fig. 4b). Fig. 4c and
4d shows the development of heterojunction between BiVO4 and 0.2%
Fe-TiO2 NRs. The deposition of the BiVO4 over Fe-TiO2 NRs is homo-
geneous and a core-shell Fe-TiOy NRs -BiVOy is evident from this study.
These results are in good agreement with the SEM results indicating the
core-shell morphology of BiVO4/Fe-TiO3 NRs. Moreover, the d-spacing
is found to be 0.30 nm indicating the presence of 121 phase of the BiVO4
in Fig. 4e. Furthermore, in Fig. 4f, the inverse fast Fourier Transform
(IFFT) was applied to Fig. 4e, and it is observed that BiVO4 with 121
phase shows the dominant phase among the others. These results are in
good agreement with the XRD results.

4.2. Optical and structural studies

For optical properties, % diffuse reflectance of Fe modified TiO2 NRs,
unmodified pristine TiO2 NRs, BiVO4, BiVO4@TiO; and BiVO4@Fe-TiOy
NRs were measured in the range of 350 to 900 nm as shown in Fig. 5. In
% reflectance spectra of Fig. 5a, the pristine TiOy NRs showed the

+

b

(121) BivO,

Fig. 4. TEM of BiVO4/0.2% Fe-TiO, NRs with resolution of a) 500 nm, b) 100
nm, ¢) 20 nm, d) 10 nm, e and f) IFFT of thin film.
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maximum reflectance of 35-40% in the visible region, hence, minimum
absorbance in visible region as compared to other BiVO4, and
BiVO4@TiO2 NR arrays. On the other hand, pure BiVO4/FTO shows %
reflectance of nearly 25% in visible region of 500-700 nm range
(Fig. 5a). Loading of BiVO4 on TiO, NRs increases, by increasing stoi-
chiometric concentration of each Bi and V precursors, such as 0.1 M, 0.2
M, 0.3 M and 0.4 M, which can be clearly observed from their decrease
in % reflectance of 29%, 30%, 26% and 20%, respectively, indicating
higher photon capturing efficiency and is in good agreement with XRD
and SEM results (Fig. 5a). Similarly, the % reflectance of TiO5 NRs is
observed to be 35-40% in the whole range of 350-900 nm range while
% reflectance of 0.1% Fe-TiO,, 0.2% Fe-TiO5 and 0.3% Fe-TiO, NRs are
observed to be 27%, 21% and 25% in the visible spectrum range of
520-700 nm, respectively, as shown in Fig. 5b, indicating the maximum
absorbance of 0.2% Fe-TiOy NRs by increasing bulk and surface defects
via Fe replacement with the Ti in TiO, lattice in comparison to pristine
TiO5 NRs. Moreover, 0.2 M concentration of each Bi and V precursor
were used to synthesis BiVO4 at 150 °C, 175 °C and 200 °C over 0.2% Fe-
TiO5 NRs and it is observed that % reflectance is further decreased to
minimum 17% after loading 0.2 M BiVOy sensitizer on 0.2% Fe-TiO,
NRs for 175 °C BiVO4@0.2 %Fe-TiOy bilayer heterojunction in com-
parison to 150 °C BiVO4@0.2 %Fe-TiO5 (>21% reflectance) and 200 °C
BiVO4@0.2 %Fe-TiOy (>20% reflectance) in the visible range of
400-700 nm as shown in Fig. 5¢, indicating that BiVO4@0.2 %Fe-TiO,
are now capable of harvesting maximum visible light in the range of
400-700 nm in comparison to 0.2 M BiVO4@TiO3 NRs. It shows that
crystallinity of sensitizer BiVO4 over 0.2% Fe-TiO, may play a crucial
role in absorbing photons from solar light. In addition to Fig. 5, the thin
film photocatalysts are observed apparently and they are also showing
prominent color changes as shown in Fig. S3 (subset) along with their
specific band gap tunings in heterojunctions of BiVO4@TiOy and
BiVO4@0.2 %Fe-TiO,. By increasing deposited BiVOs, there is an in-
crease in the intensity of color of the photocatalyst thin films from white
to yellowish to orange by increasing deposition of sensitizer BiVO4 over
Fe-TiO2 NRs. The band gap energies of photocatalysts were calculated
by using the equation; (ah&)l/ " = B(hd — Eg) by plotting graphs between
(F(R)A)/? and binding energy (eV), where, F(R), h, v are Kubelka Munk
function, Planck’s constant and absorption frequency, respectively, in

Figs. S3a and S4b. While, F(R) = %. The n factor is ¥ or 2 for direct or
indirect band gaps it depends upon nature of transition [41]. In Kubelka
Munk equation o is replaced by F(R) factor and is plotted on y-axis with
hv on x-axis to calculate band gaps as given in Table S2. Band gaps (Eg) of
pristine 3.02 eV for TiO3 NRs, 2.98 eV for 0.2% Fe-TiO3 NRs, 2.15 eV for
BiVO4 edges of BiVO4@TiO, and 2.04 eV for BiVO4 edges of BiVO,4@0.2
%Fe-TiO2 NRs composites are observed, indicating efficient hetero-
junction formation with maximum band alignment at the heterojunction
of BiVO4@0.2 %Fe-TiO NRs at 175 °C in comparison to BiVO4@TiO4
NRs at 150 °C.

The fluorescence emission studies of synthesized photocatalysts were
carried out to confirm the photoexcited charge recombination as shown
in Fig. 6. Normally, the higher the intensity of the peak, higher is the
recombination phenomena [19]. In Fig. 6a, TiOy shows the highest
emission peak intensity at an excitation wavelength energy of 290 nm,
in comparison to all other photocatalysts, hence, maximum recombi-
nation of charges is observed in it. While, the increase in concentration
loading of BiVO4@TiO, causes the decrease in emission intensity of
fluorescence emission spectra which indicates the lower recombination
of charges in Fig. 6a. In Fig. 6b, among three doped samples, 0.1% Fe-
TiO4 has maximum emission intensity after pure TiO; followed by 0.3%
Fe-TiO; intensity and the minimum emission intensity is of 0.2% Fe-
TiOs, indicating the least recombination of the charges of 0.2% Fe-TiO»
NRs. It is evident from the above results that with increasing doping
content of Fe in TiOy NRs, extrinsic defects are introduced successfully
and the defects reached to its saturation level with 0.3% Fe doping of
TiO2 NRs that triggers higher recombination rates in comparison to
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upon TiO, NRs at 150 °C and b) 0.1% Fe-TiO,, 0.2% Fe-TiO, and 0.3% Fe-TiO,

0.2% Fe-TiOy NRs [42]. This also indicates that 0.2% Fe-TiO, NRs can
act as a better substrate for the extraction of photoexcited charges of
BiVO4 in BiVO4@0.2% Fe-TiO5 NRs heterojunction.

For structural evaluation of photocatalysts, the Raman spectra were
studied in the range of 100-1000 cm ™! as shown in Fig. 7. The pristine

NRs.

rutile TiOy shows four characteristic vibrations as follows; Alg (598.2
cm’l), Eg (430.7 cm ™) and Blg (210.8 ecm™ 1) [43] as shown in Fig. 7a.
In Fig. 7a, BiVO4/TiO, NRs heterojunctions, exhibited an intense peak
near end of the axis at 818 cm™! which is attributed to symmetric
stretching mode of Vs (V-O) [44]. Also, at 327 cm ! and 370 cm ! the
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peaks assigned to symmetric and asymmetric bending of 8s and das
vanadate ions, respectively. Similarly, in 0.1%, 0.2% and 0.3% doped
Fe-TiO3 at three different concentrations the shifting is observed in last
two peaks of Blg, Eg and Alg bands appeared with no Fe-O vibrations,
indicating the successful doping of Fe in TiO2 NRs. In Fig. 6b, Fe doping
in TiO, causes a slight shift in Alg peak towards right from 598.2 cm™?
to 602.9 cm™! (for 0.1% Fe-TiO5), 610.9 cm ™" (for 0.2% Fe-TiO,) and
614.2 cm ™! (for 0.3% Fe-TiOy) as shown in Fig. 7b. Similarly, E; peak in
pure TiO, at 430.7 cm ™~ shifted towards right at 443.1, 445.2 and 446.9
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shown in Fig. 7b and 6c. These results indicated that by increasing
doping content of Fe in TiO2 NRs, blue shift in peaks increases [45] and
it is in good agreement with the XRD results. In Fig. 7d, upon depositing
BiVO4 over Fe doped TiO, Nanorods, the Raman peaks also showed
stretching and bending of V-O same as in pure BiVO4/FTO. As shown in
Fig. 7d the intensity of peaks increases with temperature which indicates
the increase in crystallinity of BiVO4 with increase in temperature.
While, maximum crystallinity is observed in 200 °C BiVO4@Fe-TiO2 NRs
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because of well-developed BiVOy4 structure which is in good agreement
with XRD and SEM results [46].

4.3. Photoelectrochemical Measurements.

To investigate the effect of deposition of BiVO4 guest layer on un-
doped and Fe doped rutile TiO5 host layer, J-V curves were measured
with stability profiles (j-t) to observe the transfer and injection of
charges from BiVO4 guest layer to un-doped and Fe doped TiO2 host
layer under illumination of 100 mW/cm? light intensity as shown in
Fig. 8. Enhanced photocurrent density from 45pA/cm2 for TiO2 NRs to
363pA/cm? for 0.1 M BiVO,4@TiO; at 0.6 V vs. Ag/AgCl (1.23 vs RHE)
was observed as depicted by Fig. 8a. Moreover, as the loading concen-
tration of BiVO, is increased to 0.2 M, 0.3 M, and 0.4 M of the
BiVO4@TiO; heterojunction, the photocurrent density is found to be
520pA/cm?, 94pA/cm?, and 61pA/cm?, respectively. Interestingly, 0.2
M BiVO4@TiO5 heterojunction shows the highest photocurrent density
with optimized 0.2 M precursor concentration in comparison to loading
concentrations of 0.3 M and 0.4 M for loading BiVO4 over TiO3 NRs due
to core-shell TiO5-BiVO,4 nanostructure formation with efficient inter-
facial charge transfer at the heterojunction. It elucidates that optimized
loading of guest layer (BiVO4 nanostructure) is necessary for fast elec-
tron/hole pair separation and their efficient transportation to host
layers.

Noticeably, charge injection from guest layer to host layer also
comprehend the interfacial importance of heterojunctions. Therefore,
TiO5 NRs were doped with 0.1%, 0.2% and 0.3% Fe and their individual
photocurrent densities as well as in heterojunction were characterized.
In Fig. S3, it is observed that 0.1%, 0.2% and 0.3% Fe-TiO5 NRs showed
photocurrent densities of 74pA/cm?, 360pA/cm?, and 137pA/cm? at
0.6 V vs. Ag/AgCl, respectively. It illustrates that 0.2% Fe doped TiO5
NRs showed 8-folds photocurrent density in comparison to pristine TiOy
NRs. Fe in TiO2 NRs with 0.3% doping illustrated higher recombination
of electron-hole pairs occur in comparison to 0.2% doping. These results
demonstrated the successful insertion of extrinsic molecular orbitals/
sub-states by doping of Fe into TiOz NRs [42,47].

Onset potential is an indicator to show better photocatalytic activity
of the photoanodes. Normally, the lower the onset potential, better is the
photocatalytic activity as it determines the charge injection at higher or
lower overpotentials in the circuit. The onset potential of undoped TiOy
NRs is found to be —0.12 V, while that of 0.1%, 0.2% and 0.3% Fe-TiO5
NRs is found to be —0.60 V, —0.49 V, and —0.45 V, respectively as
shown in Fig. S4. It is attributed to the reduction in band gaps by Fe
doped TiO2 NRs causing two factors; firstly, splitted molecular orbitals
are introduced into conduction band and secondly, narrowing of band
gap may also cause increase recombination rate of electron-hole pairs.
Fe-doped TiO; has more chances to recombine its produced charges
because of decrease in recombination resistance by addition of further
splitted molecular orbitals. 0.3% doped TiO5 has photocurrent density of
137pA/cm? with comparative high onset potential of —0.45 V than
—0.49 V for 0.2% Fe doped TiO as depicted in Fig. S4. Similarly, 0.1%
Fe doped TiO; showed least onset potential of —0.60 V but its photo-
current output density is lower in comparison to 0.2% Fe-TiO NRs.
Highest photocurrent density of 360 pA/cm? in 0.2% Fe doped TiO; can
be attributed to its smaller band gap leading to efficient electron/hole
pair separation and charge transportation [48] in comparison to other Fe
doped TiO; and undoped TiO3 NRs.

Photostability of the anodes is a parameter to determine the photo-
corrosion of the anodes and its long-term stability for the photo-
electrochemical hydrogen production. Fig. 8b shows that 0.2 M
BiVO4@TiO2 NRs demonstrated highest photostability as well as
photocurrent density in the whole-time duration of 800 s at 0.6 V vs Ag/
AgCl reference electrode (1.23 vs. RHE) under one sun illumination,
while other loadings of 0.1 M BiVO4@TiO3, 0.3 M BiVO4@TiO3, and 0.4
M BiVO4@TiO5 demonstrated excellent photostability but with lower
photocurrent densities. These results are in good agreement with their
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photocurrents densities as shown in Fig. 8a. It is attributed to the cor-
e-shell structure with efficient charge transfer at the interface due to
least recombination in individual lattice structures of 0.2 M BiVO,@-
TiO4 NRs heterojunction and excellent homogeneity of BiVO4 over TiO;
NRs.

Therefore, optimized 0.2% Fe-TiO, was selected to proceed for
further study to check the effect of synthesis temperature of the BiVO4
over 0.2% Fe-TiO,. For the purpose, J-V curves were obtained under
standard one sun illumination for 0.2 M BiVO4 synthesized at 150 °C,
175 °C and 200 °C upon optimized 0.2% Fe-TiO, NRs. Consequently,
photocurrent densities of 0.78 mA/cm?, 1.52 mA/cm?, and 1.14 mA/
em? are observed for 0.2 M BiVO4@0.2% Fe-TiO; synthesized at 150 °C,
175 °C and 200 °C while their onset potentials are observed to be —0.42
V, —0.59 V and —0.49 V, respectively as shown in Fig. 9a. While 0.2 M
BiVO4@ undoped TiO, synthesized at 150 °C showed its photocurrent
density of 0.52 mA/cm? (Fig. 8a). It is observed that 0.2 M BiVO4
photocatalyst synthesized at 175 °C upon 0.2% Fe-TiO NRs shows
highest photocurrent density with least onset potential. This is because
of the crystallinity of the BiVO4 synthesized at 175 °C with its homo-
geneous deposition upon 0.2% Fe-TiO» NRs and higher extraction ca-
pacity of photoexcited electrons of BiVO4 by the 0.2% Fe-TiO3 NRs in
comparison to undoped TiO3 NRs. On the other hand, BiVO4 @0.2% Fe-
TiO2 NRs synthesized at 200 °C could not maintain its core—shell
structure due to the development of BiVO4 nanofibers over BiVO4
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Fig. 9. (a) LSV curves and (b) chronoamperometry (J-t curves) of 0.2 M BiVO4
deposition upon 0.2% Fe-TiO3 NRs at 150 °C, 175 °C and 200 °C.
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@0.2% Fe-TiO3 NRs heterojunction, indicating higher recombination in
BiVO4 as observed in SEM images of Fig. 3. These results further illus-
trate that Fe doping in TiOy NRs introduced; extrinsic defects, oxygen
vacancies and molecular orbitals below the conduction band minima
that may provide a broader window for the flow of electrons from BiVO,4
to FTO via 0.2% Fe-TiO3 NRs as compared to undoped TiO2 NRs, which
is in good agreement with the Mott-Schottky results. In other words,
TiO5 NRs are used only as charge transfer medium for the flow of hot
photoexcited electrons from BiVO4 to FTO, contrarily, 0.2% Fe-TiO2 NRs
not only utilized as charge transfer medium for the photoexcited elec-
trons but also act as photocatalyst under visible region as it generates
electron/hole pair by absorbing visible light along with BiVO4 (as found
in Fig. 5) and hence enhanced the overall photon capturing efficiency
with excellent electron/hole pair separation and its efficient trans-
portation to FTO via potential core-shell structured interfaces. The data
presented in this study can be compared with the literature as given in
the Table 1.

Moreover, in J-t curves as in Fig. 9b, the photocurrent densities are
found to be 45 pA, 374pA, 389uA, 444.5pA and 510pA for TiOg, 0.2%
Fe-TiO,, BiVO4@Fe-TiO NRs at 150C, BiVO4@Fe-TiO5 NRs at 200 C
and BiVO4@Fe-TiO2 NRs at 175 C, respectively, at 0.6 V vs. Ag/AgCl
reference electrode (1.23 V vs. RHE) under light intensity of 100 mW/
cm? which are in good agreement with their linear sweep voltammetry
results. It is noted that all the photo-anodes showed the good stability
under light illumination for upto 800 s, showing simultaneous photon
captures, electron/hole pair separation and transportation across the
efficient interfaces of BiVO4@Fe-TiO2 NRs heterojunctions in compari-
son to BiVO4@TiO2 NRs heterojunctions (Fig. 8a and b). For pristine
TiOy, in first few minutes, the photocurrent increases and then rapidly
decreases while this fall in photocurrent is very small in Fe modified
TiO, samples and is almost negligible in 175 °C BiVO4@Fe-TiO; photo-
anode as it shows the stable j-t curve for 800 s (see Fig. 9b).

The impedance response and process of charge transfer between
electrolyte and photo-anode were measured by using EIS in both dark
and light under one sun intensity. It was investigated using frequency
range of 100 kHz to 0.01 Hz under open circuit conditions in presence of
0.5 M NaySOy4 solution as an electrolyte under illumination of filtered
visible light (100 mW/cm?). Normally in Nyquist plots, smaller the
diameter of semicircle shows lower charge transfer resistance across the
electrode-electrolyte interface and vice versa. In Fig. S5a, the order of
diameter of semicircle for concentrations of BiVO4@TiO, photo-anode
heterojunction is found to be 0.2 M < 0.4 M < 0.3 M < 0.1 M, indi-
cating 0.2 M precursor concentrations for BiVO4 deposition over TiOg
NRs photo-anode provides least charge transfer resistance (R.y) with
least recombination rates of electron/hole pairs, which is in good
agreement with the LSV results. Also, the lifetime of electrons can be
calculated from typical Bode plot from its frequency. The peak fre-
quency in Bode profile is the frequency that provides life time of elec-
tron/hole pairs and it is calculated using expression of T, = 1/ (27tfnin)
[49]. Here fyn is the frequency on x-axis and 7, is the lifetime for an
electron/hole pair. The observed pattern for lifetime is found to be 0.2
M >04M > 03M > 01 M in BiVO4@TiOy photo-anode

Table 1
Literature data for the comparison with the state-of-the-art literature.
Sr#  Photoanode Photocurrent Applied Ref.
density Bias
(mA/cm?) V vs RHE
1 BiVO,4 /CoNiO, 1.16 1.23V [26]
2 Rh,03/ BiVO, 3.5 1.23V [29]
3 BiVO4/TiOy 3.15 1.23V [28]
4 NiFeOOH/Co-Pi/ 2.03 1.23V [27]
BiVO,
5 AgV0O3/Mo-BiVO, 1.93 1.23V [32]
6 BiVO4@0.2 %Fe-TiO, 1.52 1.23V This
BiVO4@TiO, 0.52 1.23V study
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heterojunction, indicating the maximum lifetime of the photoexcited
charge carriers in 0.2 M BiVO4@TiO, photo-anode heterojunction as
observed in the Bode plot of Fig. S5b. Also, the charge transfer resistance
of 0.2% Fe-TiO, NRs is found to be least with smallest semicircle in
Nyquist plots under dark and light conditions in comparison to pristine
TiO5 NRs, 0.1% Fe-TiO2 NRs and 0.3% Fe-TiO, NRs as shown in Fig. S5¢
and Fig. S5d. The least charge transfer resistance with least recombi-
nation rate is observed in 0.2% Fe-TiO2 NRs, that is due to its higher
photon capturing tendency under visible light, efficient electron/hole
pair separation and their fast transportation across the circuit in com-
parison to pristine TiO2 NRs, 0.1% Fe-TiO2 NRs and 0.3% Fe-TiO3 NRs.
These results are also in line with the LSV results. Bode plots in Fig. S5e
and Fig. S5f, also show the significant difference of peak shift from 80 to
200 Hz under dark conditions to 0.05-1 Hz under light illumination for
pristine TiO NRs, 0.1% Fe-TiOy NRs, 0.2% Fe-TiO3 NRs and 0.3% Fe-
TiO2 NRs, suggesting higher lifetime of the photoexcited electron under
light illumination of one sun. Moreover, 5 mM Fe precursor concentra-
tion for 0.2% Fe-TiO, NRs shows least peak frequency of 59 Hz with
corresponding highest lifetime of 2.6 ms for its photoexcited electrons in
comparison to pristine TiO5 NRs, 0.1% Fe-TiO2 NRs, and 0.3% Fe-TiO5
NRs.

Further in Fig. 10a and 10b, Nyquist plot has smallest semicircle for
0.2 M BiVO4@0.2% Fe-TiOy photo-anode (with less imaginary and real
resistance) than other photo-anodes, this shows the fast electron/hole
pair separation and transfer of holes towards electrolyte and electrons
towards FTO via efficient BiVO4@0.2% Fe-TiO; photo-anode hetero-
junction (See Table 2). As shown in Fig. 10c and 10d the minimum
frequency is of 0.2 M (175 °C) BiVO4@0.2% Fe-TiO2 and maximum for
pure TiO2 which identifies the maximum lifetime (0.05 s in light and
0.04 s in dark) of electron in modified bilayer hetero-junction sample
and recombination is maximum for TiO2 NRs. In case of bilayer hetero-
composite of photo-anodes the 175 °C BiVO4 @0.2% Fe-TiO, has min-
imum resistance with smallest semicircle as in Fig. 10a, b for both light
and dark, on the same time it also has minimum frequency hence
maximum lifetime 0.05 s of electrons (Fig. 10c and d). Other hetero-
composites have higher resistance and larger semicircle as compare to
this, similarly they also have larger frequency values which indicates the
shorter electron lifetime.

Mott-Schottky analysis was conducted to determine the type of ma-
terial, donor density and Flat band potentials of the photocatalyst as
shown in Fig. S6a [50] under dark conditions. Its is observed that pris-
tine TiO9, 0.2% Fe-TiO5, BiVO4@Fe-TiOy NRs showed positive slopes
indicating their n-type nature. The donor density is calculated using the
equation,

E = NiD€80£|:(E—Efb) —k?T:| (2)

Here, C is the semiconductor’s space charge capacitance, e is
elementary charge, e- is space permittivity, ¢ is relative permittivity of
TiO4 and BiVOy, E is applied potential, Eg, is flat band potential [51], Np
is donor density or charge carrier density, k is Boltzmann constant and T
is temperature. It is observed that donor densities of 4.90 x 10'2, 6.39 x
10, 9.30 x 107, and 11.5 x 10'° cm ™3 are observed for pristine TiO,
NRs, 0.2% Fe-TiO2 NRs, BiVO4@TiO2 NRs at BiVO4@TiO5 NRs at 150 °C
and BiVO4@Fe-TiOy NRs at 175 °C, respectively as presented in
Table S2. For all samples the donor density was calculated using above
equation [32] and data is presented in Table S2. These results indicate
that Fe doping of TiO; NRs boosts the donor density of the photo-
catalysts even under dark conditions and provides a better replacement
than pristine TiOp NRs as a substrate. It also supports the successful
creation of extrinsic defects and oxygen vacancies in 0.2% Fe-TiO2 NRs
leading to enhanced donor densities. Also, BiVO,4 synthesized at 175 °C
results in efficient charge transfer in comparison to the one synthesized
at 150 °C. The slopes for Fe-TiO2 and 175 °C BiVO4@Fe-TiOy were
smaller as compared to pristine TiO2 which presents its increasing donor
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Fig. 10. Nyquist plots of BiVO4@ Fe doped TiO, NRs at different temperatures a) in dark b) in light ¢) Bod plots of deposited BiVO4 on Doped Nanorods of TiO, at
three different temperatures to optimize the efficient photo anode in light d) bod in dark.

Table 2
EIS data from Nyquist plot under dark and light conditions using Randel’s
circuit.

Photocatalysts R (kOhm) Rt (kOhm) R (kOhm) Rt (kOhm)
in dark in dark in light in light

Pristine TiO, NRs 0.63 287.58 0.7 32.62

0.2 %Fe-TiO2 NRs 0.58 240.75 0.19 29.18

150 °C-0.2 M-BiVO4 0.18 141.74 0.074 21.44
@TiO2 NRs

175 °C-0.2 M-BiVO, 0.17 76.37 0.059 11.78
@0.2 %Fe-TiO, NRs

200 °C-0.2 M-BiVO4 0.12 186.29 0.58 16.49

@0.2 %Fe-TiO2 NRs

density with lesser steep or less slope. The small donor density for Fe-
TiO4 as attributed to its additional orbitals and oxygen defects, in this
way photo-generated electrons are unable to perform water splitting
because its energy level is below the Hy0 splitting reduction potential,
hence its electron quenching is high. Although in case of BiVO4@Fe-
TiO, the donor density is high which indicates the larger lifetime of
electrons in agreement with EIS (Bode) that is evidence of good electron
transport [12,21]. Consequently, BiVO4@Fe-TiO5 NRs heterojunctions
with doped TiO; NRs improved the overall charge carrier densities in
comparison to BiVO4@TiO2 NRs heterojunctions without doping of TiO5
NRs.

The flat-band potential level is determined for pristine TiO, NRs,
0.2% Fe-TiO5 NRs, 0.2 M BiVO4@TiO-, and 175 °C BiVO4@Fe-TiO as
—0.64 V, —0.68 V and —0.8 V, and —0.8 V respectively. A shift in Fermi

11

level was indicated by negative shifting of flat band potential (Eg,) after
doping with Fe. This shift in Fermi level may enhance the separation of
charges at the interface of semiconductor and electrolyte [52]. The solar
to hydrogen efficiency (STH) [53] was calculated using n = 1(1.})275;‘0’
where V is voltage vs RHE and Pjj is 100mWem 2. The plot of STH %
efficiency and voltage vs RHE is shown in Fig. S6b. Pristine TiO2 and
0.2% Fe-TiO4 both possess the optimum efficiency of 0.2% at 0.91 V and
0.48 V, respectively. Similarly, 0.2 M BiVO4@TiO, exhibits the 0.6% at
0.45 V potential verses RHE and 0.2 M BiVO4 @0.2% Fe-TiO at 175 °C
possess the STH efficiency of 1.12% at reduced voltage of 0.42 V vs RHE
which directly indicates the higher capacity of solar light capturing,
efficient electron/hole pair separations and fast transportation across
the composite heterojunctions in 0.2 M BiVO4 @0.2% Fe-TiOy at 175 °C
in comparison to other studied photocatalysts which is in good agree-
ment with XRD, SEM, LSV and EIS results.

A proposed mechanism from this study can be illustrated as shown in
Fig. 11. After absorption of solar light, the electrons from VB of both
TiO4 and BiVO4 may excite to respective CB after leaving holes in their
valence bands (VB). As compare to BiVO4@TiO; NRs, an efficient
transport of charges occurs within Schottky barrier of heterojunction
with type-II band alignment of TiOz [54,55]. The electrons move from
CB of BiVO4 to CB of TiO5 and then towards counter electrode through
substrate and reduce H™ to Hy, while at the same time the holes from VB
of TiO,, transfers to VB of BiVO4 due to the difference of work function of
individual components of BiVO4@TiO2 NRs heterojunction. TiO, NRs
only shows the intrinsic defects and did not have the capability to absorb
visible regions but only UV region of the solar spectrum. TiO5 acts as
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Fig. 11. Proposed mechanism of BiVO, @0.2% Fe-TiO, at 175 °C for photoexcited charge separation, extraction and transfer in photoelectrochemical cell.

substrate (to provide high surface area) and as well as provide a nar-
rower charge transfer medium to the photoexcited electrons from BiVO4
to FTO under illuminations due to its lower population of intrinsic de-
fects. These factors may cause the poor collection of photoexcited
charges of BiVO4 to FTO via TiO5 and subsequently lower charge
transportation. Contrarily, after absorption of solar light the electrons
from VB of both doped Fe-TiO, and BiVO4 may excite to their respective
CB after leaving holes in their VB. Noticeably, the doped Fe-TiO5 NRs
started absorbing visible light capturing due to extrinsic defects (intro-
duced via Fe doping) works as a dual character. Firstly, it provides a
broader capacity for the photoexcited electrons of BiVO4 to reach FTO
via Fe-TiOz NRs due to higher populations of defects. 2ndly, Fe-TiOz NRs
itself absorb visible light and act as a co-catalyst instead of substrate.
Thus, BiVO4/Fe-TiO2 NRs boosts its efficiency three folds of the type-II
heterojunction in comparison to BiVO4/TiO2 NRs heterojunction. On
the other hand, holes move in opposite direction to the electrons and
oxidized the water at the photoanode with BiVO4/Fe-TiO, NRs effi-
ciently in comparison to BiVO4/TiO2 NRs. Hence, in type-II bilayer
BiVO4/Fe-TiOy NRs heterojunction, development of extrinsic defects
due to Fe doping results in the stabilized interface, reduced photoexcited
charge recombination, enhanced visible light harvesting, maximum
charge carrier collection and fast transportation was observed. This
strategy paved the way to develop more efficient interfaces with excel-
lent photoelectrochemical water splitting efficiencies.

5. Conclusion

In this work, the BiVO4@Fe-TiO, NRs with type-II heterojunction
and extrinsic defects of TiO2 NRs via Fe doping were developed for
improved photoactivity. It results in faster electron/hole pair charge
separation and transportation under illumination with 0.2% Fe doping
in TiO, NRs which enhanced the photocurrent activity from 45uA for
TiO5 NRs to 360pA for 0.2% Fe-TiO3 NRs. Also, 0.2 M BiVO4@0.2 %Fe-
TiO, showed highest photocurrent density of 1.52 mA/cm? in compar-
ison to BiVO4@undoped TiO2 NRs with 0.52 mA/cm?, and pristine TiOo
NRs with 45pA/cm? at 0.6 V vs. Ag/AgCl (1.23 vs RHE) under 100 mW/
cm? light intensity, which is 5 folds than the pristine TiOy NRs.
Noticeably, 0.2% Fe doping in TiO2 NRs provides broader electron
collection and electron transfer flow to pass through it to counter elec-
trode with least recombination rate upon loading of 0.2 M BiVO4@0.2 %
Fe-TiO2 NRs in comparison to pristine TiOz NRs. It is concluded that
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0.2% Fe doped TiOy NRs acts as efficient photoexcited electron collec-
tion and transfer medium as well as photocatalyst in comparison to
undoped TiO3 NRs. These results evidenced that optimized doping with
extrinsic defects causes improved overall photocatalytic activity in type-
II nanocomposites. Development of such efficient bilayer
nanocomposite-based heterojunction paves the way to design tri/
multilayer heterojunctions for improved efficiencies.
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