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Photo-electrochemical (PEC) water splitting is a promising and environmentally benign
approach for generation of hydrogen using solar energy with minimum greenhouse gas
emissions. The development of semiconductor materials for photoanode with superior
optoelectronic properties combined with excellent photoelectrochemical activity and sta-
bility is vital for the realization of viable commercial development of PEC water splitting
systems. Herein, we report for the very first time, the study of nanoscale bilayer archi-
tecture of WO3 and Nb and N co-doped SnO, nanotubes (NTs), wherein WO; NTs are coated
with (Sng.9sNbg 05)02:N-600 (annealed in NH3 at 600 °C) layer of different thicknesses, as a
potential semiconductor photoanode material for PEC water splitting. An excellent long
term photoelectrochemical stability under illumination in the acidic electrolyte solution
combined with a solar-to-hydrogen efficiency (STH) of ~3.83% (under zero applied poten-
tial) is obtained for the bilayer NTs, which is the highest STH obtained thus far, to the best
of our knowledge compared to the other well studied semiconductor materials, such as
TiO;, ZnO and Fe,03. These promising results demonstrate the excellent potential of
bilayer NTs as a viable and promising photoanode in PEC water splitting.
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Introduction

Identification of a sustainable and an economically viable
energy supply is the principle and a primary research chal-
lenge facing the entire world and the global population today
[1—4]. Over the years, the anthropogenic overconsumption of
carbonaceous fuels has caused deleterious effects on the
environment due to excessive emission of well-known
greenhouse gases which are the main drivers contributing to
the global climatic change leading to the gradual rise in the
earth's temperatures particularly, in the polar ice caps [3—6].
Consequently, the efficient use of energy, transitioning from
fossil energy sources into renewable and clean (low carbon
footprint) energy sources is of paramount importance to
achieve a sustainable energy supply. This will be highly crit-
icalin developing a harmonious and energy efficient as well as
an energy sufficient modern society meeting the colossal
future global demands of an energy intensive technological
savvy society with an energy infrastructure that is largely
environment-friendly with minimum greenhouse gas emis-
sions [3,4,7—14]. Identification and implementation of these
non-carbonaceous energy sources thus, should be efficient,
safe, economically producible, and easy to handle with the
ability to transport/distribute in a cost-effective manner. In
line with the above grave demands, hydrogen has been long
considered as a promising clean and non-carbonaceous en-
ergy source due to its high energy density (120 MJ/kg for H,
that is much higher than 44.4 MJ/kg for Gasoline) [15—-23].
However, the concomitant progress towards realizing
commercialization of hydrogen as a fuel has been largely
thwarted due to significant challenges which include eco-
nomic production, storage and cost-effective distribution of
hydrogen [24—27].

Hydrogen production from photoelectrochemical (PEC)
splitting of water has received special interest mainly due to
the use of non-carbonaceous and environmentally benign
implementation of water as a fuel. The absence of greenhouse
gas production combined with the lack of any toxic/corrosive
byproduct generation in the electrochemical water splitting
process makes it an even more attractive approach [25,26].
The utilization of solar energy in driving the water splitting
reaction is indeed an attractive option and has gained special
interest in recent years, since the sun delivers a massive
average energy of 120,000 TW per year to the surface of the
Earth [25,28]. Fujishima and Honda's pioneering work on PEC
water splitting using n-type TiO, semiconductor has clearly
demonstrated that PEC water splitting is indeed the foremost
technology among the many promising approaches for
hydrogen production in an environmentally benign manner
[25,29].

The progress of PEC water splitting approach towards
commercialization is nevertheless, stymied due to lack of
availability of the desired semiconductor materials exhibiting
superior light absorption properties, excellent photo-
electrochemical activity and stability [25,26]. Materials such as
TiO,, ZnO and «-Fe,03 are widely studied for photoanode ap-
plications in PEC water splitting, mainly due to their low cost
and ease of availability [21,30—35]. The wide band gap of TiO,
(~3.2 eV) despite its demonstrated promise, has primarily

limited its use as a photoanode for commercialization of PEC
water splitting cells [36—40]. a-Fe,O3 on the other hand, faces
the major problem related to very short minority carrier (hole)
diffusion lengths of the photo-generated carriers, low electron
mobility and high recombination rates of the photo-generated
carriers [41,42]. In the case of ZnO, inferior light absorption
due to the wide band gap (~3.2 eV) and additionally, poor long
term stability in aqueous electrolyte solutions are key issues
limiting the widespread implementation of ZnO [35,43—45].
On the grounds of different challenges faced by the well-
studied semiconductor materials so far as mentioned above,
it is clear that identification and development of novel semi-
conductor materials exhibiting superior optoelectronic prop-
erties, excellent photo-electrochemcial activity and stability is
of paramount importance to realize economic development
and consequent commercialization of PEC cells for water
splitting.

Amongst the many materials considered to date, SnO, is a
promising candidate semiconductor material widely explored
in dye sensitized solar cells (DSSCs) due to its good electron
mobility (~100—-200 cm? V! s~ for SnO, vs ~10"* cm? V-1 s7?
for TiO,) and in addition, it exhibits excellent corrosion
resistance in acidic electrolyte solutions [46—49]. However, the
wide band gap of SnO, (~3.5 eV) offers poor light absorption
properties leading to poor photo-electrochemical activity [50].
Systematic band gap engineering was carried out using Nb
and N as potential co-dopants for SnO, enabling its use for
photoanode applications in PEC water splitting and the
beneficial results were reported by us earlier [49]. Nb, which is
widely used for improving the electrical conductivity of SnO,
in transparent and conductive oxide thin films (TCO) [51-54],
was therefore used as a dopant due to its intrinsic availability
of abundant electronic states and more importantly, minor
influence on the SnO, lattice structure, due to the lower ionic
radii of Nb*" (69 pm) than Sn*" (71 pm) affording good solu-
bility in the solid state [49,55,56].

Nitrogen was also used as a dopant for SnO, to achieve
hybridization of the substitutional N 2p states with O 2p states
and thus, shifting the valence band (i.e., highest occupied
molecular orbital, HOMO) upwards, without affecting the
conduction band (i.e., lowest unoccupied molecular orbital,
LUMO), thereby, reducing the band gap [49,57—61]. Thus, the
electronic states of Nb and N simultaneously introduced in the
band gap of SnO, contributed to significantly reducing the
band gap of SnO, from ~3.5 eV to ~1.99 eV for (Sng.gsNbg os)
0,:N-600 nanotubes (NTs) (annealed in NH; at 600 °C),
resulting in superior light absorption properties as reported by
us [49]. These experimental aspects were also ably aided and
complemented by the results of theoretical first principles
calculations, as reported earlier by us [49]. Nb and N co-doping
in SnO, as discussed in our earlier report offered 4-orders of
magnitude improved carrier density resulting in improved
number of carriers available for reaction at the cathode and
photoanode [49]. The superior optoelectronic properties of
(Snp.osNbg 05)02:N-600 NTs  offered improved photo-
electrochemical activity with the negative onset potential of
(-0.14 V vus RHE) and the highest applied bias photon-to-
current efficiency (ABPE) of ~4.1% (at applied potential of
~0.75 V vs RHE), which is higher than that obtained using the
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other common materials mentioned above namely, ZnO,
a-Fe,03 and TiO,, to the best of our knowledge [35,49,62—65].

In principle, when a semiconductor material is illuminated
with light, the photo-generated carriers (electron-hole pairs)
recombine very rapidly (~10 ns) [66]. This recombination of
photo-generated carriers is a deactivation process, which
lowers the number of free carriers available for the reaction at
both photoanode and cathode leading unfortunately, to poor
photo-electrochemical activity [25,66]. In the case of
(Snp.95sNbg 05)02:N-600 NTs, it is important to reduce the
recombination of the photo-generated carriers and thus, in-
crease the lifetime of photo-generated carriers to improve the
photo-electrochemical activity and thus, achieve excellent
efficiency with minimum or zero applied potential in addition
to solar energy. This can be achieved by coupling (Sno osNbo os)
0,:N-600 NTs with another semiconductor material with
suitable band positions. If the conduction band of a semi-
conductor material is lower than that of (Sng 9sNbg 05)02:N-600
NTs, then at the interface of the two semiconductor materials,
it is likely that the photo-generated electrons can easily flow
from the conduction band of (Sng 9sNbg 05)02:N-600 NTs to the
conduction band of the other coupled semiconductor material
while the holes will remain confined in the (Sng gsNbg 05)O4:N-
600 NTs, thus resulting in efficient carrier separation
providing a long lifetime to the photo-generated carriers as
depicted (see Fig. 1a and b) [30,50,66,67]. This will hence, result
in more number of photo-generated carriers available for re-
actions at the cathode and photoanode, leading to efficient
hydrogen production from PEC water splitting. In addition,
this promising strategy of coupling the two semiconductor
materials and generating a bilayer photoanode will offer
modified optoelectronic properties due to the redesign and
engineering of the band gap at the interface of the two semi-
conductor materials, while at the same time, contributing to
increase in carrier density due to coupling of the two semi-
conductor materials [30,67,68].

Following this novel strategy, a bilayer photoanode of WO
and (Sng.osNbg 0s)02:N-600 NTs is created and studied in the
present work. The vertical orientation of the nanostructure is
chosen as it offers a large area of electrolyte-electrode contact
and an efficient path for transport of photo-generated carriers
in the material [49,69,70]. Moreover, WOs3 is selected for
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coupling with (SngosNbgs)0,:N-600 NTs due to its good
corrosion resistance in the acidic electrolyte solution com-
bined with superior electron transport properties and posi-
tioning of its conduction band at a lower potential than that
corresponding to (Sng.esNbg 05)0,:N-600 NTs, which is desired
due to the reasons mentioned above [49,50,71—-74]|. This
bilayer coupled system corresponding to different thicknesses
were accordingly synthesized using ZnO nanowires (NWs) as
a sacrificial template employing the ubiquitous hydrothermal
method (see Fig. 1b). The photo-electrochemical study was
carried out for different thicknesses of the bilayer NTs to study
the dependence of the thickness of (SnggsNbg s)0,:N-600
layer on the carrier lifetime and consequently, on the photo-
electrochemical activity of the bilayer NTs.

To the best of our knowledge to date, such a detailed study
probing the photo-electrochemical activity of vertically
aligned [WO3-(Sno.9sNbyg 05)02:N-600] NTs as a bilayer photo-
anode for PEC water splitting have not been reported. Thus,
the present report documents the detailed experimental
studies demonstrating the promising photo-electrochemical
performance of the novel bilayer composite system, [WO3-
(Sng.95sNbg 05)O2: N-600] NTs of different thicknesses serving as
potentially viable photo-anodes for PEC water splitting.
Moreover, the manuscript outlines the efficacy of the com-
posite bilayer system for PEC water splitting without the use of
any electrical bias. The report thus, showcases the effective-
ness of this novel system to efficiently generate hydrogen
directly from PEC water splitting without the use of any
electrical bias demonstrating the direct use of solar energy to
result in water splitting to generate hydrogen.

Experimental
Synthesis of bilayer photoanode materials

Step 1: Synthesis of sacrificial template-ZnO nanowires (NWs)
Zinc oxide, ZnO nanowires (NWs) were synthesized on fluorine
doped tin oxide (FTO) coated glass substrate (0.5 cm x 2.5 cm,
Aldrich) using the hydrothermal method, following our earlier
published report [35]. The synthesis and characterization of
ZnO NWs has also been detailed elsewhere [35].

ZnO nanowires

ZnO/WO; nanowires [WO,;-(Sng gsNby ¢5)0,:N-600]

-7 nanotubes

No.95Nbyg 05)0,:N-600

Pt H* H,0 Sunlight
H
Cathode 2 o,
b E—
—
e

“substrate
Photoanode

Fig. 1 — (a) Schematic illustration of [WO;-(Sno 9sNby 05)02:N-600], offering efficient separation of photogenerated carriers, (b)
Schematic of the process for synthesizing of bilayer NTs, along with schematic illustration of process of photogenerated

electron-hole transfer.
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Step 2: Synthesis of ZnO/WO3; nanowires (NWs)

Tungsten oxide, WO5; was deposited on ZnO NWs (Fig. 1b)
using the wet impregnation method, carried out using
ammonium metatungstate (AMT) as the tungsten precur-
sor. The ZnO NWs prepared using the hydrothermal
method as outlined above, were dipped in 50 mM AMT so-
lution for ~1 h. The nanowires were then rinsed with D.I.
water and dried at 60 °C for 2 h, followed by subsequent
heat treatment in air at 500 °C for 30 min to transform the
AMT to yield WO; [75].

Step 3: Synthesis of bilayer NTs

The synthesized ZnO/WO; NWs were then placed in an
aqueous solution consisting of 3 mL of 0.15 M ammonium
hexafluorostannate (AHFS, Aldrich), stoichiometric amount
of ammonium niobate oxalate hydrate (ANOH, Aldrich), 1 mL
of 0.5 M boric acid (H3BO3, Aldrich) and 1 mL of D.I. water at
26 °C for 30 min. The ensuing hydrolysis of the corre-
sponding precursors resulted in the deposition of
(Sng.9sNbg 05)0, on ZnO/WO; NWs. The acid formed during
the hydrolysis process dissolved the sacrificial template
(Zn0), resulting in the formation of hollow nanotubes (NTs),
denoted as, [WOs3-(SnggsNbg gs)O5]-1 NTs [49,76—78]. After
30 min, the [WOs3-(Sng 9sNbg 05)O5]-1 NTs were washed with
D.I. water and dried at 60 °C for 2 h. Nitrogen incorporation
was then carried out by heat treatment of [WO3-(Sno.9sNbog os)
0,]-1 NTs for 1 h at 600 °C in anhydrous NH; atmosphere
(Matheson: 99.99%, flow rate = 100 cm®/min) with ramp rate
of 10 °C/min [35,49]. The resultant heat treated material is
hereby denoted as bilayer-1 NTs in all of the discussions to
follow. A schematic of the synthesis process (mentioned
above) is shown in Fig. 1b. The thickness of the (Sng osNbg os)
0,:N-600 layers in bilayer NTs was increased by increasing
the concentration of the precursor solutions and then sub-
sequently, following similar synthesis steps as mentioned
above. Accordingly, bilayer-2 NTs were synthesized using
3 mL of 0.3 M AHFS solution, stoichiometric amount of
ANOH, 1 mL of 1 M H3BO3; and 1 mL of D.I. water. Similarly,
bilayer-3 NTs were synthesized using 3 mL of 0.45 M AHFS
solution, stoichiometric amount of ANOH, 1 mL of
1.5 M H3BO;3 and 1 mL of D.I. water.

In order to effectively study the effect of coupling of
(Sng.o5sNbg 05)0,:N-600 with WO; and thus, compare the op-
toelectronic properties and photoelectrochemical activity of
the resultant bilayer photoanode materials with the parent
oxide, namely, (SngosNbg 0s)02:N-600, (Sng.esNbg s)02:N-600
NTs were synthesized using the synthesis steps reported by
us earlier [49]. This involved use of ZnO NWs as the sacrifi-
cial template. The synthesized ZnO NWs were then placed in
an aqueous solution consisting of 3 mL of 0.15 M AHFS,
stoichiometric amount of ANOH, 1 mL of 0.5 M H3;BO3 and
1 mL of D.I. water at 26 °C for 30 min. After 30 min,
(Sng.osNbg 05)0, NTs were washed with D.I. water and dried
at 50 °C for 6 h. N doping was carried out by the heat treat-
ment of (Snp.osNbgs)O, NTs for 1 h at 600 °C in anhydrous
NH; atmosphere (Matheson: 99.99%, flow rate = 100 cm?®/
min) with ramp rate of 10 °C/min as previously reported by
us [49].

Materials characterization

Structural characterization

X-ray diffraction. The phase analysis of synthesized materials
was carried out by x-ray diffraction (XRD). Accordingly, XRD
has been carried out using Philips XPERT PRO system
employing CuK, (A = 0.15,406 nm) radiation at an operating
voltage and current of 45 kV and 40 mA, respectively.

Microstructure and optical characterization. The microstruc-
ture of the synthesized materials was studied using scanning
electron microscopy (SEM). Quantitative elemental analysis
was conducted using the energy dispersive x-ray spectroscopy
(EDX) analyzer attached to the SEM machine. A Philips XL-
30FEG equipped with an EDX detector system comprising an
ultrathin beryllium window and Si(Li) detector operating at
20 kV was used for conducting the elemental analysis.
Transmission electron microscopy was accordingly conduct-
ed using the JEOL JEM-2100F to evaluate the microstructure of
the materials used in this study. To study the optical proper-
ties, UV—vis absorption spectra of synthesized materials were
obtained using the UV—vis spectrophotometer (DU-600,
Beckman). All the UV—vis absorption spectra collected were
background subtracted.

X-ray photoelectron spectroscopy (XPS). XPS was used to
investigate the oxidation states of the various elements in the
composite nanotubular photoelectro-catalysts used in the
current study. XPS analysis was carried out using the ESCA-
LAB 250 Xi system (Thermo Scientific) equipped with a mon-
ochromated Al Ka X-ray source. The standard analysis spot of
400 x 400 um? was defined by the micro-focused X-ray source.
The system is operated at a room temperature in an ultra-high
vacuum chamber with the base pressure less than
5 x 107'° mBar. The binding energy (BE) scale of the analyzer
was calibrated to produce <50 meV deviations of the three
standard peaks from their standard values. The aliphatic Cl1s
peak was observed at 284.6 eV. High-resolution elemental XPS
data in C2p, S2p, Mg2p, and Zn2p regions were acquired with
the analyzer pass energy set to 20 eV (corresponding to energy
resolution of 0.36 eV) and the step size set to 0.1 eV. The
Avantage software package (Thermo Fisher Scientific) was
used to fit the elemental spectra based on the calibrated
analyzer transmission functions, the Scofield sensitivity fac-
tors, and the effective attenuation lengths for photoelectrons
from the standard TPP-2M formalism.

Photoelectrochemical characterization

Photoelectrochemical characterization was conducted in
0.5 M H,S0y, (electrolyte) solution at 26 °C (temperature of the
cell maintained using a Fisher Scientific 910 Isotemp refrig-
erator circulator) in an electrochemical workstation (Versa-
STAT 3, Princeton Applied Research) using a H-type cell,
divided into the photoanode and cathode compartments
separated by Nafion 115 membrane (Dupont). The photo-
electrode was fabricated by fixing a copper wire on the
exposed electrically conductive parts of the photoanode
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material coated FTO substrates using a silver conductive glue
[35,49]. The substrate was sealed properly on all edges with
epoxy resin except the active working areas to provide insu-
lation and ensure strong connection [35,49,79]. All the photo-
electrochemical were performed using
photoelectrode acting as the working electrode (photoanode),
Pt wire serving as the counter electrode (cathode) (Alfa Aesar,
0.25 mm thick, 99.95%) and mercury/mercurous sulfate (Hg/
Hg,S0,) electrode (XR-200, Hach) that has a potential of
+0.65 V with respect to normal hydrogen electrode serving as
the reference. Prior to the photoelectrochemical testing, the
test cell was purged with ultra-high purity (UHP-Ar) gas for
~15 min to expel oxygen present in the electrolyte solution.
The photoelectrode was illuminated (100 mW cm~?) using a
300 W xenon lamp (Model 6258, Newport) equipped with an
AM1.5G filter (Model 81094, Newport) to simulate the solar
spectrum and calibrated following the standard manufac-
turer's instructions.

measurements

Linear scan voltammetry

The photoelectrochemical activity of the photoanode mate-
rials has been studied by conducting linear scan voltammetry
(LSV) using a scan rate of 1 mV s~* under the specific illumi-
nation (100 mW cm~?). All reported values of potential in this
study are converted to reversible hydrogen electrode using the
Nernst equation [35,49]:

Erue = Engngosos + E°Hgngosos + 0.059pH

Erue is the potential versus RHE. Eyg/ngosos is the potential
measured against the Hg/Hg,S0, reference electrode. E°yy
Hgzsos is the standard electrode potential of Hg/Hg,SO, refer-
ence electrode. iR, corrected linear scan voltammograms
(LSVs) after subtracting the current density obtained in the
dark, were used for comparison of the photoelectrochemical
activity of the different materials.

Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) has been car-
ried out for the photoanode materials to determine the charge
transfer resistance (R.;) and ohmic resistance (Rg) [which in-
cludes the resistance of various components such as the
electrolyte solution (Rs) and electrode (Re)] [10,12,35,49,80]. EIS
has been «carried out in the frequency range of
100 mHz—100 kHz (AC Amplitude = 10 mV) at ~0.1 V (us RHE)
using the electrochemical work station (VersaSTAT 3,
Princeton  Applied  Research) under illumination
(100 mW cm™?) in 0.5 M H,SO, electrolyte solution. The
experimentally obtained EIS plots were fitted using the ZView
software from Scribner Associates employing the circuit
model Rg(ReQ1)(RetQai), Where Ry is the solution resistance, Re
is the electrode resistance, Q, is constant phase element and
Qa1 represents contribution by double layer capacitance
[10,12,35,49,80]. The EIS measurements for the Mott-Schottky
plots were performed at frequency of 7.5 kHz with an AC
amplitude of 10 mV between the voltage window of —0.8 V to
1.2 V (us RHE) [35,49,67]. In addition, hall effect measurement
was performed with magnetic field strength of 1.02 T (applied
perpendicular to the material surface) at room temperature
(by Van der Pauw method). Semiconductor samples of

1 x 1 cm in size were used for the Hall effect measurements.
Ecopia 3000 system was utilized for Hall measurement. Four
gold probes were attached to the corner of the sample and dc
current (1 mA) was applied along a diagonal of the square film
for the measurement.

Carrier lifetime measurement

To understand the charge transport properties of the bilayer
photoanode materials in detail, recombination kinetics of the
photo-generated carriers is studied by measuring the open
circuit potential as a function of time under light OFF condi-
tions. The decay in the open circuit potential (V) as a func-
tion of time was studied to gather information about the rate
of recombination of the photo-generated carriers in the
semiconductor material [30,81]. The decay was calculated
from the slope by considering different points in the corre-
sponding rising and saturated segments of the curve, similar
to earlier reports [30,67,81—86]. The carrier lifetime (t), which
is the average time for which photo-generated carriers exist
before recombining, was determined using the equation
[29,84]:

= = —(ksT/€)(dVoe/dt)

where, kg is Boltzmann constant, T is the absolute tempera-
ture (299 K), e is electron charge.

IPCE

To study the effect of light absorption properties on the pho-
toelectrochemical properties, incident photon to current effi-
ciency (IPCE) was determined for bilayer-2 NTs at 0 V and
applied bias of 0.6 V (us RHE) in 0.5 M H,SO, electrolyte solu-
tion at 26 °C using different bandpass optical filters with
wavelength centered at 350, 400, 450, 500, 550 and 600 nm,
similar to earlier reports [49,87—89]. The IPCE is calculated by
the equation [89]:

IPCE(%) — 1240 )\x: ; 100

where, ] is the measured photocurrent density (mA cm ), P is
the incident light intensity (mW cm™2) at a specific wave-
length (A, nm).

Photoelectrochemical stability test

To study the photoelectrochemical stability of photoanode
materials, chronoamperometry (CA) (current density us time)
was performed for 24 h in 0.5 M H,S0, electrolyte solution at
26 °C under illumination (100 mW cm~?), wherein the photo-
anode material was subjected to a constant potential of ~0.6 V
(vs RHE) and the loss in photocurrent density over period of
24 h was analyzed. Additionally, inductively coupled plasma
optical emission spectroscopy (ICP-OES, iCAP 6500 duo
Thermo Fisher) has been conducted on the electrolyte solu-
tion (H,SO,) collected after 24 h of CA testing to determine the
amount of elements leached out into the solution due to
degradation of the photoelectro-catalyst. The amount of ele-
ments leached out into the solution from the electrode
correspondingly, as is known correlates to the photo-
electrochemical stability of the catalyst [10,12,35,49,80]. In
order to study the generation of hydrogen from the water
splitting reaction directly driven by only solar energy with
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zero applied external potential, the photoanode material was
illuminated (100 mW cm™?) for 24 h without any external
applied potential and the concentration of the evolved gases
(at cathode and photoanode) was measured by using a gas
chromatograph utilizing helium as the carrier gas (Agilent
7820A).

Results and discussion
Structural characterization

The XRD patterns of (Sng osNbg 05)0,:N-600 NTs, Bilayer-1 NTs,
Bilayer-2 NTs and Bilayer-3 NTs are shown in Fig. 2. The peaks
of (Snp .9sNbg 05)02:N-600 NTs (Fig. 2) correspond to that of pure
SnO, with the tetragonal structure (PDF code: 01-041-1445)
[49], displaying no additional peaks corresponding to other Sn
and Nb-containing phases indicating co-doping of Nb and N in
the SnO, lattice, and also no reduction of the FTO substrate
due to heat treatment at 600 °C similar to that reported earlier
and also verified by the UV—Vis absorption spectra of the FTO
substrate as discussed later [37,49]. Annealing in NH;3 atmo-
sphere was not performed at temperature higher than 600 °C
since the reduction of (SnggsNbg gs)O, NTs likely due to the
atomic hydrogen originating from the decomposition of NH3
was observed (at 700 °C) as reported earlier as well [37,49]. The
XRD patterns of the bilayer materials clearly reveal presence
of both WO5; with the monoclinic structure (PDF code: 01-083-
0950) [80] and (Sng osNbg 05)0,:N-600 NTs with the tetragonal
structure (Fig. 2). The lattice parameters of WOs-(Sng.osNbp os)
0,:N-600 are slightly lower than that of (Sng osNbg 05)02:N-600
(Table S1) suggesting presence of lattice strain due to lattice
mismatch between WO; and (SngosNbg 05)0,:N-600. The lat-
tice parameters decrease from Bilayer-1 NTs to Bilayer-3 NTs
(Table S1) suggesting slight lattice contraction, which possibly
contributes to the modification in the optoelectronic proper-
ties and PEC response as discussed later.

Bilayer-3
2 | e
| #(Sn;Nb, )O,I:N
= Bilayer-2
3 sWO,
b Bilayer-1
(72)
o (Sn, ,Nb, ,)O,:N-600
-
c
Sno,
20 70

" 40 50 60
20 (degree)
Fig. 2 — The XRD patterns of SnO, NTs, (Sng 9sNbg 5)02:N-

600 NTs, Bilayer-1 NTs, Bilayer-2 NTs and Bilayer-3 NTs in
wide angle 26 scan.

Scanning electron microscopy (SEM) has been carried out
to study the morphology of the representative composition,
Bilayer-2 NTs. SEM images showing the top view and cross-
sectional view of Bilayer-2 NTs are shown in Fig. 3a. The
cross-sectional view of Bilayer-2 NTs shows ~12—14 um long
well-spaced nanotubes. The nanotubes exhibit clean surface
with no presence of any particle at the top or at the bottom of
the nanotubes. Quantitative elemental analysis of Bilayer-2
NTs has been carried out by energy dispersive x-ray spec-
troscopy (EDX). The EDX spectrum of Bilayer-2 NTs, shown in
Fig. 3a, shows the presence of elements Sn, Nb, W and N.
Quantitative elemental composition analysis by EDX of
(Snp.95Nbg 05)02:N-600 NTs, Bilayer-1 NTs, Bilayer-2 NTs and
Bilayer-3 NTs is shown in Table S1 (Supporting information).
The increase in the concentration of Sn, Nb and N combined
with the decrease in concentration of W can likely be due to
the increase in the thickness of the (Sng 9sNbg 05)02:N-600 NTs
layer which is coated on the WO; layer.

TEM images of the single and composite bilayer architec-
tures, (SngosNDbgs)02:N-600 NT, Bilayer-1 NT, Bilayer-2 NT
and Bilayer-3 NT, displayed in Fig. S1 (Supporting
information), reveals clearly the presence of the hollow
nanotube with diameter of ~220 nm, ~240 nm, ~270 nm and
~290 nm, respectively. The larger diameter of Bilayer-1 NT
compared to that of (SnposNbg s)02:N-600 NT can be attrib-
uted to the layer of WO on which (Sng 9sNbg 05)02:N-600 layer
is coated. The gradual monotonic increase in the diameter of
the composite bilayer photoanode materials from Bilayer-1
NT to Bilayer-3 NT is likely due to the increase in the thick-
ness of the (SnggsNbg 05)02:N-600 layer due to an increase in
the molar concentration of the precursor solutions (AHFS,
ANOH and H3BO3) used for creating the Nb doped tin oxide
NTs, as described in the experimental section of this manu-
script (Section Synthesis of bilayer photoanode materials).

The oxidation states of the corresponding elements, Sn,
Nb, W and N in the composite bilayer oxide has been deter-
mined by performing x-ray photoelectron spectroscopy (XPS)
on the respective bilayer composites, Bilayer-1 NTs, Bilayer-2
NTs and Bilayer-3 NTs. The XPS spectrum of Sn (Fig. 3b) of
bilayer NTs of different thicknesses shows the presence of Sn
3ds/, and 3ds/, doublet centered at ~495.27 eV and ~486.8 eV,
corresponding to Sn*' [49,90]. Thus, the negative shift of
~0.1-0.15 eV is observed in the Sn 3ds,, and 3ds,, doublets in
comparison to that of pure SnO, [49]. This can be due to a
change in the electron density around the Sn*" ions due to the
introduction of Nb and N co-dopants resulting in modification
of the electronic structure of SnO, (as reported by us earlier)
[49,91]. The XPS spectrum of N, shown in Fig. 3c, shows the
presence of N 1s peak centered at ~398.3 eV for Bilayer NTs of
different thicknesses indicating the presence of the oxynitride
(O—Sn—N or O—Nb—N) and thus resulting in the substitutional
doping of N at O sites in the lattice of (Sng .gsNbg 05)O2:N NTs as
reported earlier [35,37,49,92,93]. The XPS spectrum of Nb
shown in Fig. 3d shows the presence of Nb 3ds» and 3ds,
doublet centered at ~210.3 and ~207.5 for (Sno.gsNbg 0s5)O2:N-
600 NTs, corresponding to Nb*", respectively as observed
earlier [49,94,95]. Thus, the negative shift of ~0.1 eV is
observed in the Nb 3ds/, and 3ds;, doublets in comparison to
that of NbOy [96], indicates the presence of oxynitride (O—Nb—
N) due to the substitutional doping of N at the O sites in the
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Fig. 3 — (a) SEM micrograph showing top and cross-sectional view along with EDX spectrum of Bilayer-2 NTs, (b) The XPS
spectra of bilayer materials showing the Sn 3ds/, and 3ds/, doublets, (c) The XPS spectra of bilayer materials showing the N
1s peak, (d) The XPS spectra of bilayer materials showing Nb 3d;,, and 3ds,, doublets, (e) The XPS spectra of bilayer system

showing W 4f;,, and 4f,,, doublet.

composite bilayer which is similar to that reported by us
earlier [35,49]. The XPS spectrum of W, shown in Fig. 3e, shows
the W 4f;,, and W 4f;5,, doublets centered at ~35.7 eV and
~37.9 eV, respectively consistent with bulk WO5; [80]. The in-
crease in the intensities of the Sn 3d doublets, Nb 3d doublets,
N 1s peak along with the corresponding decrease in the in-
tensity of the W 4f doublets is observed as the peak intensities
are compared arising from Bilayer-1 NTs to Bilayer-3 NTs
bilayer composite samples clearly reflecting the increase in
concentration of Sn, Nb and N and decrease in concentration
of W on the surface of bilayer photoanode materials, which is
likely due to an increase in the thickness of the (Sng osNbog os)

0,:N-600 NT layer which is coated on the WO; NT layer (Fig. S1
in the Supporting information).

Study of the optoelectronic properties

UV—vis absorption study

The light absorption characteristics of the three nanotubular
bilayer composite architectures, Bilayer-1 NTs, Bilayer-2 NTs
and Bilayer-3 NTs are studied from the UV—vis absorption
spectra, shown in Fig. 4a. The UV—vis absorption spectrum of
(Sng.95sNbg 05)02:N-600 NTs is also shown for comparison in
Fig. 4a, in order to study the effect of coupling of the two
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Fig. 4 — (a) UV—vis absorption spectra of (Sny osNbg 05)0,:N-600 NTs, Bilayer-1 NTs, Bilayer-2 NTs and Bilayer-3 NTs, (b) Mott-
Schottky plots of Bilayer-1 NTs, Bilayer-2 NTs and Bilayer-3 NTs, (c) Valence band spectra of Sn0,, (Sng 95Nbg ¢5)02:N-600 and

Bilayer-2 NTs.

semiconductor materials, i.e., WO3 and (Sng osNbg 05)02:N-600
on the resulting light absorption characteristics. As seen in
Fig. 4a, the UV—vis absorption spectrum of (Sno.gsNbg 05)O2:N-
600 NTs show superior light absorption in the visible region
indicating red shift in light absorption from the UV region (for
pure SnO, which is UV active due to wide band gap of ~3.5 eV)
to the visible region, a consequence of the reduction in the
band gap due to Nb and N co-doping in SnO,, as reported by us
earlier [49]. Also, as mentioned earlier, this can be attributed
to electronic states of Nb introduced in the band gap of SnO,,
along with the appearance of N 2p states at top of the valence
band which hybridizes with O 2p states resulting in the shiftin
the valence band (i.e., highest occupied molecular orbital,

HOMO) upwards, without affecting the conduction band (i.e.,
lowest unoccupied molecular orbital, LUMO), thereby,
reducing the band gap [49,57—61].

The bilayer photoanode materials, i.e., bilayer NTs corre-
sponding to the different thicknesses show superior light ab-
sorption characteristics compared to that of the pristine
(Snp.95sNbg 05)0,:N-600 NT's in both the UV and visible regions,
suggesting a further reduction in the band gap (Table 1) due to
coupling of the WO; layer and (Sng 9sNbg 05)02:N-600. This can
be due to: (I) a redesign of the band gap at the interface of WO3
and (Sno.9sNbg 05)02:N-600 (which are expected to form bilayer
structure with staggered type II band alignment) [30,50,68].
The lattice strain is expected to exist at the interface due to a

Table 1 — Results of Mott-Schottky analysis, structural and photoelectrochemical characterization of (Sng 95sNby 05)02:N-600

NTs, Bilayer-1 NTs, Bilayer-2 NTs and Bilayer-3 NTs.

Composition Carrier density VB edge Band gap Onset potential Photocurrent Ret ABPE (%) at Solar to hydrogen
(cm™3) (eV) (eV) (V us RHE) density (@.cm?) ~0.6 V(us RHE) efficiency (STH)
(mA cm ™) (%)
at ~0.1 V (vs RHE)
(SnposNbg os)02: 4.7 x (10%2) 1.66 1.99 —0.14 0.56 15.3 3.84 -
N-600 NTs
Bilayer-1 NTs 4.95 x (10%?) - 1.95 0.4 1.93 11.25 453 -
Bilayer-2 NTs 5.6 x (10%) 1.4 1.93 —0.55 3.1 8.05 5.1 3.83
Bilayer-3 NTs 6.05 x (10%%) - 1.9 -0.08 0.35 24.9 3.21 -

FTO 1.2 x (10%)
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lattice mismatch between WO; and (SnggsNbg gs)0,:N-600
[30,50,68]. The possible relaxation of the crystal structure can
introduce delocalization levels in the band gap resulting in a
reduction in the band gap [30,50,68]. (II) a combined effect of
both WO; (band gap of ~2.8 eV) [50] and lower band gap
(Snp.95Nbg 05)02:N-600 (band gap of ~1.99 eV) [49] on the light
absorption [67]. Also, it can be seen that the light absorption
monotonically increases for the bilayer photoanode materials
from Bilayer-1 NTs to Bilayer-3 NTs, which is likely due to the
increase in the thickness of the layer of (Sng osNbg o5)04:N-600
of relatively small band gap (~1.99 eV) and superior light ab-
sorption properties [49] which is coated on WO; layer (having
band gap of ~2.8 eV [50]) [30,67]. This reduction in the band gap
is important, which offers improved light absorption and thus,
provides more number of photo-generated carriers to induce
the desired reactions at both the cathode and the photoanode,
respectively. It is important to note that similar UV—Vis
spectra of FTO substrate and FTO substrate annealed at
600 °C in NH; atmosphere indicate no reduction of substrate
(see Fig. S2). The valence band spectra of SnO,, (Sng.gsNbg os)
0,:N-600 and Bilayer-2 NTs were used to study the electronic
structure. The top of the valence band measured at the rising
edge (Fig. 4c) is ~3.5 eV below the Fermi level for pure SnO,
which is similar to earlier report [97]. The top of the valence
band however, shifts to the lower position (~1.66 eV) for
(Snp.95sNbg 05)02:N-600 compared to SnO, and further nega-
tively shifts (to ~1.4 eV) lower for Bilayer-2 compared to SnO,
and (Sno.osNbp 05)02:N-600. This negative shift at the top of the
valence band to lower potential corresponds well with the
decrease in the band gap (as seen in Fig. 4a) and negative shift
in Vg (Fig. 4b) also discussed below [67].

Mott-Schottky analysis

The effect of coupling of WO3; and (Sng 9sNbg 05)02:N-600 NTs
on the electronic properties is studied following the Mott-
Schottky analysis. Following this analysis, the capacitance at
the electrode is measured by performing electrochemical
impedance spectroscopy (EIS) in the dark in 0.5 M H,SO4
electrolyte solution at 26 °C. The carrier density for the pho-
toanode material is then determined using the Mott-Schottky
equation [35,84]:

1/C* = (2/e0eeoNa)[(V — Vis)—KT /0] (1)

where, ey is the electron charge, ¢ is the dielectric constant,
o is the permittivity of vacuum, Ny is the carrier density, V is
the applied potential, Vg is the flat band potential, k is the
Boltzmann constant, T is the absolute temperature (299 K).
The Mott-Schottky plot (1/C? vs V) is plotted for all the three
bilayer composite systems namely, for Bilayer-1 NTs, Bilayer-
2 NTs and Bilayer-3 NTs and is shown in Fig. 4b. The flat band
potential (Vg,), determined from the x-intercept of the linear
region of the Mott-Schottky plot for Bilayer-1 NTs, Bilayer-2
NTs and Bilayer-3 NTs is ~(-0.57 V vs RHE), ~(-0.61 V vs RHE)
and ~(-0.63 V vs RHE), respectively (comparable to that re-
ported earlier [37,67]). Thus, the Vg of Bilayer-1 NTs, Bilayer-2
NTs and Bilayer-3 NTs is more negative than the standard
redox potential for water reduction reaction (i.e. hydrogen
evolution reaction, HER) (0 V vs NHE), indicative of the more
negative position of the conduction band than the standard

redox potential of HER [35,49,67,84|. The decrease in Vg, for
Bilayer-1 NTs, Bilayer-2 NTs and Bilayer-3 NTs suggests an
increase in the shift of the conduction band of the bilayer com-
posite material to higher energy [35,37,49,63,67,84,98—104]. This
is expected to result in increase in the driving force for electrons
which is important for achieving superior photocurrent density
[35,37,63,67,84,98—104]. The Vg, of Bilayer-1 NTs, Bilayer-2 NTs
and Bilayer-3 NTs is more negative than that of (SnggsNbg os)
0,:N-600 NTs which showed a Vg, of ~(—0.33 V) [49] (Fig. S3),
indicating that the position of the conduction band of the com-
posite bilayer photoanode materials is at a higher energy than
that of (Sn.sNbg 05)0,:N-600 NTs [35,37,49,63,67,84,98—104].

The positive slope obtained in the Mott-Schottky plots
indicate n-type behavior for (SngosNbgos)O,:N-600 NTs,
Bilayer-1 NTs, Bilayer-2 NTs and Bilayer-3 NTs. The carrier
density is then calculated from the slopes determined from
the Mott-Schottky plot using the equation [35,37,49]:

Na = (2/e0ee,)[d(1/C?) /dV] "

The carrier density of the three bilayer composite struc-
tures namely, Bilayer-1 NTs, Bilayer-2 NTs and Bilayer-3 NTs
is determined to be ~4.95 x 10%?> ecm 3, ~5.6 x 10%?> cm > and
~6.05 x 10?2 cm 3, respectively, which is higher than that of
(Sno.95Nbg 05)02:N-600 NTs (~4.7 x 10?2 cm~3) (Table 1). The
carrier density was also measured using the Hall measure-
ment system for three bilayer composites, Bilayer-1 NTs,
Bilayer-2 NTs and Bilayer-3 NTs to be ~2.7 x 10** cm~3,
~4.5 x 10”2 cm ™2 and ~6.2 x 10?2 cm 2, respectively, which is
also higher than that of (SnpgsNbges)O2:N-600 NTs
(~1.9 x 10*2? cm™3).

The higher carrier density of the bilayer photoanode ma-
terials contrasted to that of the pristine, (Sng.gsNbg 05)0,:N-600
NTs can be due to coupling of (Sng ¢esNbg 05)0,:N-600 NTs with
the WO; resulting in better transfer of electrons from the
conduction band of (Sng ¢gsNbg 05)0,:N-600 NTs to the conduc-
tion band of WO5 (Fig. 1a and b) leading to a higher density of
electrons in WOj3 and thus, resulting in a higher carrier con-
centration for the bilayer materials similar to that reported
earlier [30,84]. Also, the monotonic increase in carrier density
measured for Bilayer-1 NTs to Bilayer-3 NTs can be likely due
to the systematic increase in the thickness of (SnposNbg os)
0,:N-600 layer [which exhibits high carrier density
(~4.7 x 10* cm~) (as reported by us earlier [49]) on the WO,
layer. It should be noted that the highest carrier density of
(~6.05 x 10%? cm~?) obtained in this study for Bilayer-3 NTs is
in the range of that of the hydrogen-treated TiO, nanowires
(~2.1 x 10* cm™3) [63] which showed excellent photo-
electrochemical activity with photo-conversion efficiency of
~1.63% (at applied bias of ~0.42 V vs RHE) and WO5 films with
superior photo-electrochemcial performance (~2.5 x 10 cm3)
[105,106]. These results are very important as high carrier
density is expected to offer more number of carriers available
for the reactions occurring at both the cathode and photo-
anode, respectively. The increased carrier density for the
bilayer photoanode materials from Bilayer-1 NTs to Bilayer-3
NTs is expected to shift the Fermi level upwards towards the
conduction band resulting in negative shift in Vep (as discussed
earlier) and thus, this is expected to result in increased degree
of band bending from Bilayer-1 NTs to Bilayer-3 NTs
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[35,37,49,63,84,98—104]. This will offer improved separation of
the photo-generated carriers at the interface between the
semiconductor material and the electrolyte, leading to
improved photo-electrochemical activity [35,37,49,63,84,98—104].
The valence band spectra of SnO,, (SngosNbgos)02:N-600 and
Bilayer-2 NTs were used to study the electronic structure. The top
of the valence band measured at the rising edge (Fig. 4c) is ~3.5 eV
below the Fermi level for pure SnO, which is similar to the
published earlier report [97]. The top of the valence band how-
ever, shifts to the lower position for (SnggsNbgos)O2:N-600
compared to SnO, and a further negative shift is observed for the
composite bilayer structure of Bilayer-2 compared to SnO, and
(Sno.osNbp 0s)02:N-600. This negative shift in the top of the
valence band to lower potential corresponds well with the
decrease in band gap (as seen in Fig. 4a and Table 1) and negative
shift in Vg (Fig. 4b) [67].

Photo-electrochemical characterization

Photo-electrochemical activity

The photo-electrochemical activity of different photoanode
materials is studied in 0.5 M H,S0O, electrolyte solution. Fig. 5a
shows linear scan voltammogram (LSV) curves of (Sng 9sNbo os)
02:N NTs, Bilayer-1 NTs, Bilayer-2 NTs and Bilayer-3 NTs in
dark and under illumination of 100 mW cm 2, obtained using
scan rate of 1 mV s~%. LSV curves obtained in dark showed a

(a)

small current in the range of ~10~> mA cm™2 for all the
semiconductor materials. However, under illumination,
enhanced photocurrent density is observed for all the semi-
conductor materials. For (SnggsNbp 0s5)O2:N NTs, the onset of
photocurrent density begins at ~(-0.14 V vs RHE) which is
noteworthy as it suggests the need for very minimal external
potential in generating the desired photocurrent density from
the semiconductor material with superior utilization of the
solar energy alone, as reported earlier [49]. The values of the
onset potential for all the semiconductor materials studied
and presented herein are given in Table 1. The onset of
photocurrent density for Bilayer-1 NTs, Bilayer-2 NTs and
Bilayer-3 NTs starts at ~(—0.4 V vs RHE), ~(—0.55 V vs RHE) and
~(—0.08 vs RHE), respectively. The lower onset potential of
Bilayer-2 NTs than (SngosNbg0s)O2:N NTs and Bilayer-1 NTs
indicates superior photo-electrochemical activity of Bilayer-2
NTs than that of (SngoesNbgps)O2:N NTs and Bilayer-1 NTs.
This can be attributed to: (I) more negative flat band potential
and high carrier density (Fig. 4b and Table 1) of Bilayer-2 NTs
leading to more negative position of the Fermi level (and thus,
conduction band) resulting in more driving force for gener-
ating photo-generated electrons [67,84] and (II) efficient sep-
aration of the photo-generated carriers with minimum
recombination leading to long carrier lifetime (discussed later)
for Bilayer-2 NTs [67,84].
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Fig. 5 — (a) The linear scan voltammogram (LSV) curves of (Sng osNby 05)02:N-600 NTs, Bilayer-1 NTs, Bilayer-2 NTs and

Bilayer-3 NTs in dark and under illumination of 100 mW cm~? measured in 0.5 M H,S0, at 26 °C, (b) EIS spectra of

(Snp.95Nbg 05)02:N-600 NTs, Bilayer-1 NTs, Bilayer-2 NTs and Bilayer-3 NTs obtained at ~0.1 V (vs RHE) in 0.5 M H,SO, at 26 °C
in the frequency range of 100 mHz to 100 kHz under illumination (100 mW cm~2), (c) Schematic of the PEC processes

showing loss mechanisms without and with ~0.6 V bias.
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However, the higher onset potential of Bilayer-3 NTs than
that of the (Sno.9sNbg 05)02:N NTs, Bilayer-1 NTs and Bilayer-2
NTs suggests poor photo-electrochemical activity for Bilayer-3
NTs which can be due to a higher recombination of the photo-
generated carriers resulting in relatively lower carrier lifetime
(discussed later). It is noteworthy that the negative onset po-
tential of Bilayer-2 NTs [~(—0.55 V vs RHE)] suggests that the
solar energy alone can be used in generating the desired
photocurrent density which is then consumed for generation
of hydrogen from water without the need for any external
electrical bias or potential. In addition, the more negative
onset potential of Bilayer-2 NTs than that of (Sng 9sNbg 05)02:N
NTs [~(—0.14 V vs RHE)] indicates that the bilayer strategy is
indeed a promising and effective strategy in improve the
photo-electrochemical activity of (Sng.gsNbg 05)O02:N NTs. The
wide band gap of SnO, along with the recombination of the
photo-generated carriers usually does not allow for achieving
such low onset potentials for PEC water splitting. The tailoring
of the band gap of SnO, by co-doping with Nb and N and then
coupling of the Nb and N co-doped SnO, with WO; thus, re-
sults in this remarkable photo-electrochemical behavior as
described herein.

The photocurrent density at a finite potential (to overcome
over-potential losses) close to zero bias,.i.e., ~0.1 V (us RHE) in
LSV plot (Fig. 5a) is used for comparison of the photo-
electrochemical activity of all the semiconductor materials
considered in this study. The photocurrent density of
(Sno.9sNbg 05)02:N-600 NTs, Bilayer-1 NTs, Bilayer-2 NTs and
Bilayer-3 NTs at ~0.1 V (vs RHE) in the LSV plot is
~0.56 mA cm? ~1.93 mA cm 2 ~31 mA cm? and
~0.35 mA cm 2 (Table 1). It can be seen that a superior
photocurrent density is obtained for Bilayer-1 NTs and
Bilayer-2 NTs with the highest current density, obtained for
Bilayer-2 NTs (comparable to earlier reports [107,108]) (Table 1)
than (SngosNbgs)Ox:N NTs, which is mainly due to the
improved light absorption properties (see Fig. 4a and Table 1),
superior carrier density (Fig. 4b and Table 1), superior reaction
kinetics (discussed later) and efficient separation of photo-
generated carriers resulting in long carrier lifetime (dis-
cussed later). The lower photocurrent density of Bilayer-3 NTs
than that of Bilayer-2 NTs can be due to poor reaction kinetics
(discussed later) of Bilayer-3 NTs than that of Bilayer-2 NTs
despite having higher carrier densities as discussed earlier.

The highest photocurrent density obtained in this study for
Bilayer-2 NTs (~3.1 mA cm?) is ~5 fold, ~1.55 fold and ~8 fold
higher than that of (Sng.gsNbg 05)02:N NTs (~0.56 mA cm?),
Bilayer-1 NTs (~1.93 mA cm?) and Bilayer-3 NTs
(~0.35 mA cm?), respectively. It will be useful to additionally
compare the performance of the composite bilayer system in
absence of electrical bias in the presence of an electric po-
tential. As is known, the applied bias photon-to-current effi-
ciency (ABPE) for the semiconductor materials is calculated
using the equation [35]:

ABPE = 1(1.23—-V) x 100/Jygnt

wherein, I is the photocurrent density at the measured poten-
tial, V is the applied potential and Jjigy: is the illumination in-
tensity of 100 mW cm 2. The ABPE is typically evaluated under
harsh operating conditions at the applied potential of ~0.6 V (us

RHE, which is the typical potential at which highest ABPE is
obtained for semiconductor systems reported date based on
TiO,, ZnO, Fe, 05, etc. [35,49,62—65]). Under the applied bias, the
highest ABPE (at ~0.6 V vs RHE) of ~5.1% is obtained for Bilayer-2
NTs which is ~25%, ~11.2% and ~38% higher than that of
(Snp.osNbg 05)02:N NTs (~3.84%), Bilayer-1 NTs (~4.53%) and
Bilayer-3 NTs (~3.21%), respectively (Table 1). It should be noted
that the ABPE of ~5.1% for Bilayer-2 NTs (at ~0.6 V vs RHE) is the
highest ABPE obtained thus far compared to the other semi-
conductor materials studied for PEC water splitting based on
TiO,, ZnO and Fe,05 reported in the open literature to the best
of our assessment of the widely reported literature to date
[35,49,62—65]. This higher current density and the ABPE ach-
ieved is indeed a reflection of the superior electrochemical
charge transfer (improved reaction kinetics) characteristics
displayed by the bilayer composite architecture, bilayer-2 NTs
in comparison to all other materials used in this study.

Electrochemical impedance spectroscopy (EIS) was hence,
carried out to determine the charge transfer resistance (Rt
and thus, to study the reaction kinetics for all the materials
considered herein in this study. R is determined from the
diameter of the low frequency semicircle and is tabulated in
Table 1. As seen in Fig. 5b, Bilayer-1 NTs (~11.25 Q.cm?) and
Bilayer-2 NTs (~8.05 Q.cm?) exhibit lower R, than the pristine
(Sn0.9sNbg 05)02:N  NTs (~15.3 Q.cmz) and Bilayer-3 NTs
(~24.9 Q.cm?) which is likely due to the efficient separation of
the photo-generated carriers with minimum recombination
resulting in fast interfacial charge transfer and longer carrier
lifetime (discussed later) for the composite bilayer, Bilayer-1
NTs and Bilayer-2 NTs in comparison to (SnggsNbg os)O02:N
NTs and Bilayer-3 NTs [35,84,109,110].

The lower R for Bilayer-2 NTs (~8.05 Q.cm?) contrasted
with Bilayer-1 NTs (~11.25 Q.cm?) can be due to the more
efficient separation and minimum recombination of the
photo-generated carriers resulting in longer carrier lifetime
(discussed later) for the Bilayer-2 NTs than Bilayer-1 NTs
[35,49,84,109,110]. However, Bilayer-3 NTs (~24.9 Q.cmz) shows
higher R than Bilayer-1 NTs (~11.25 Q.cm?), Bilayer-2 NTs
(~8.05 Q.cm?) and (Sng .gsNbg 05)02:N NTs (~15.3 Q.cm?), which
can be due to a higher recombination of the photo-generated
carriers resulting in lower carrier lifetime (discussed later) for
the composite bilayer, Bilayer-3 NTs than all the other mate-
rials described and considered in this study [35,49,84,109,110].
These excellent results show the potential of coupling WO;
and (Snp osNbg 05)02:N-600 in achieving the observed superior
photo-electrochemical activity, as evidenced and reported in
the results herein.

It is also important to identify the critical losses occurring
that limit the attainment of high PEC performance and thus,
achieving a high solar to hydrogen (STH) efficiency, which will
also aid in choosing a viable approach in engineering novel
semiconductor materials in the future (see Section S2 in
Supporting Information). In this study, an incident light of
0.1 W cm™2 is incident on the bilayer composite hetero-
structure. An incident photon conversion efficiency (IPCE) of
~20% is obtained for Bilayer-2 NTs (see Section S1 and Fig. S4)
at 500 nm (as it is typically the accepted wavelength at which
maximum solar irradiance is obtained [111]). Hence, the
contribution of energy from the excited carriers for Bilayer-2
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NTs is ~56 mW cm? (absorbed light at
~500 nm x IPCE = 28 mW cm™2 x 20%) (Fig. 4a, Fig. S4 and
Section S1) and thus, the energy that is lost in recombination
(absorbed light - IPCE) is ~22.4 mW cm 2 (Section S1). Thus, the
contribution of energy from excited carriers is ~5.6% (of inci-
dent light intensity, ~100 mW cm~?) and ~22.4% energy is lost
in the recombination process. The energy used for over-
coming ohmic transfer at photoanode/electrolyte interface
(I’Rg) is ~0.146 mW cm 2 (Section S1). Energy used for over-
coming activation polarization at the photoanode/electrolyte
interface (I*Re) is ~0.077 mW cm ™2 (Section S1). Similarly, the
energy used for overcoming ohmic transfer at the cathode/
electrolyte interface (HER) is ~0.9 mW cm ™2 (Section S1). En-
ergy used for activation polarization at cathode/electrolyte
interface (HER) is ~0.64 mW cm 2 (Section S1). If overall losses
are considered here, ~72% of incident light energy is contrib-
uting to light absorption losses at 500 nm (Fig. 4a). Out of ~28%
incident light energy absorbed (Fig. 4a), ~5.6 mW cm ™2 energy,
i.e. with IPCE of 20%, (~5.6%) is available for excited carriers to
produce hydrogen gas at the cathode in the PEC cell (Section
S1). Remaining ~22.4% absorbed energy is essentially lost in
the recombination losses at the defect/trap sites in the
bilayer-2 material (Section S1). Out of ~5.6 mW cm 2 energy
available for the PEC process, 1.046 mW cm 2 is getting lost in
ohmic polarization and 0.72 mW cm™? is getting utilized to
overcome the activation polarization (,i.e., charge transfer) at
the electrode/electrolyte interfaces for both cathode and
photoanode, respectively (Section S1). The remaining energy
(~3.83 mW cm™?) is thus getting used to convert the incident
light energy to hydrogen gas with an efficiency of ~3.83%
(Fig. 7b and Section S1).

It should be noted that though the goal is to achieve su-
perior STH at zero applied bias, it is important to study the
effect of applied bias on the above mentioned losses which
limit the PEC performance. The losses are studied at the
applied potential of ~0.6 V (vs RHE, which is the typical po-
tential at which highest ABPE is obtained for semiconductor
systems based on TiO,, ZnO, Fe,0s, etc. [35,49,62—65]). Under
the applied bias of ~0.6 V, incident energy is ~100 mW cm 2
coming from incident light and ~4.86 mW cm 2 contributed by
applied bias (Bias = 0.6 V, I = ~8.1 mA cm 2 shown in Fig. Sa,

(Section S2). Thus, the contribution of energy from excited
carriers for Bilayer-2 NTs is ~8.11 mW cm ™2 [(absorbed light at
~500 nm + energy from applied bias) x IPCE = (28 mW cm 2 +
4.86 mW cm?) x 24.7%)] (Fig. 4a and Fig. S4) and thus, the
energy thatis lostin recombination (absorbed light at ~500 nm
— energy from excited carriers) is ~19.88 mW cm 2 Energy
used for overcoming ohmic transfer at photoanode/electro-
lyte interface (I’R,) is ~0.997 mW cm ™2 (Section S2). Similarly
energy used for overcoming activation polarization at the
photoanode/electrolyte interface (I°R¢) is ~0.528 mW cm ™2
(Section S2). The energy used for ohmic transfer at the cath-
ode/electrolyte interface (HER) is ~0.9 mW cm? (Section S2).
Energy used for activation polarization at cathode/electrolyte
interface (HER) is ~0.64 mW cm 2 (Section S2). If overall losses
are considered under applied bias, ~72% of incident light en-
ergy is contributing to light absorption losses at 500 nm
(Fig. 4a). Out of ~28% incident light energy absorbed coupled
with input power of 4.86 mW cm ™2 arising from the applied
bias of 0.6 V (Fig. 4a), ~8.12 mW cm 2 energy, considering the
IPCE of 24.7%, (~8.12%) is available for the excited carriers to
produce hydrogen gas at cathode in the PEC cell (Section S2).
Remaining ~19.88% absorbed energy is getting lost in recom-
bination losses in the bilayer-2 material (Section S2). Out of
~812 mW cm™? energy available for PEC process,
1.897 mW cm™? is getting lost in ohmic polarization and
1.168 mW cm 2 is getting utilized to overcome activation po-
larization (,i.e., charge transfer) at the electrode/electrolyte
interfaces at cathode and photoanode (Section S2). Remaining
energy (~5.1 mW cm?) is thus getting used to convert incident
light energy to hydrogen gas with an efficiency of ~5.1% (Table
1 and Section S2). The recombination losses decrease by a
commendable ~12% under applied bias compared to the case
with no applied bias for bilayer-2 system, suggesting the
promise of bilayer-2 system. The study also suggest that
possible further electronic structural modification in the
bilayer-2 system configuration could likely minimize the los-
ses with no electrical bias further offering excellent PEC
response. Fig. 5c shows a schematic summarizing the various
processes outlined above.

It is important to decrease the light absorption losses
(~72%), the recombination losses (~22.4% at zero bias and
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in 0.5 M H,S0, solution at 26 °C for 24 h, (c) Variation of solar-to-hydrogen efficiency (STH) (determined from concentration
of evolved H, gas measured under illumination of 100 mW cm~2 with no applied potential as shown in Fig. 7a) vs irradiation

time for Bilayer-2 NTs.

~19.88% under 0.6 V bias) and the consequent polarization
losses (~1.76% at zero bias and ~3% under 0.6 V bias) to achieve
high STH (at zero applied bias) and ABPE for bilayer-2 system
configuration (Fig. 5¢). Hence, it is critical to change the band
edge levels in the bilayer 2 material configuration considered
herein further which will offer improved light absorption and
also superior band bending at the electrode/electrolyte inter-
face aiding the facile transport of the excited carriers through
the material. Such facile transport of carriers through the
bilayer-2 material will offer lower recombination losses and
superior PEC response with need of minimal or even zero
applied bias, resulting in lower recombination and polariza-
tion losses. This strategy discussed herein can indeed lead to
engineering of novel semiconductor materials for PEC pro-
cess, which can be likely achieved by the introduction of
suitable acceptor/donor levels in the band gap of the semi-
conductor material. These strategies can be indeed pursued in
the near future.

Study of carrier lifetime
To understand the charge transport properties of the bilayer
photoanode materials in detail, recombination kinetics of the

photo-generated carriers is studied by measuring the open
circuit potential as a function of time under light OFF condi-
tions. When the semiconductor material is illuminated with
the solar light, the apparent Fermi level shifts to negative
potential due to the accumulation of photo-generated elec-
trons in the semiconductor material (under open circuit con-
ditions) [30,81]. When the illumination is turned off, the
accumulated electrons are discharged in the electrolyte solu-
tion as they are scavenged by the redox species in the elec-
trolyte solution [30,81]. The recombination of photo-generated
carriers is mainly responsible for the sharp decay of the
photo-generated electrons [30,81]. The decay in the open cir-
cuit potential (V,c) gives information about the rate of
recombination of the photo-generated carriers in the semi-
conductor material [30,81]. The decay in V,. as function of
time is shown in Fig. 6a. The decay was calculated from the
slope by considering different points in the corresponding
rising and saturated segments of the curve, similar to earlier
reports [30,67,81—86]. As seen in Fig. 6a, Bilayer-1 NTs
(~8.4 mV s™!) and Bilayer-2 NTs (~7.7 mV s~ ?) exhibit slower
Vo decay rate than (Sng.osNbp 0s)02:N-600 NTs (~9.6 mV 5*1),
suggesting lower recombination of photo-generated carriers
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in the bilayer materials. On the other hand, Bilayer-3 NTs
(~12.6 mV s 1) has a much higher V,. decay rate than
(Snp.9sNbg 05)02:N-600 NTs, Bilayer-1 NTs and Bilayer-2 NTs,
which can be due to the higher thickness of (Sng 9sNbg 05)O4:N-
600 NTs layer coated on WO5 layer resulting in long transport
distance to be traversed by the photo-generated carriers
resulting in more recombination of the photo-generated car-
riers, which is similar to earlier reports [83,84]. The carrier
lifetime (t), which is the average time for which photo-
generated carriers exist before recombining, is determined
using the equation [29,84]:

v =~ (ksT/)(dVoe/dt) !

where, kg is Boltzmann constant, T is the absolute tempera-
ture (299 K), e is electron charge. The variation of © with V.,
shown in Fig. 6b, shows significantly longer carrier lifetime for
Bilayer-1 NTs and Bilayer-2 NTs with the highest lifetime seen
for Bilayer-2 NTs than that of (Sng ¢sNbg 05)0,:N-600 NTs due to
a relatively lower recombination rate of photo-generated
carriers for the bilayer materials (as discussed before) (Fig. 6a).

However, lower carrier lifetime for Bilayer-3 NTs than the
other materials considered in this study can be due to higher
recombination kinetics of the photo-generated carriers due to
the larger thickness of (Sng.gsNbg 05)O02:N-600 NTs layer coated
on WOs layer offering long transport distance to be covered by
the photo-generated carriers, which is similar to earlier re-
ports [83,84]. The largest carrier lifetime (~140 s) at (—0.2 V us
RHE which is near zero bias and selected following the earlier
reports in the literature [30,67,81—86]) obtained in this study
for Bilayer-2 NTs plays an important role in achieving the
superior photo-electrochemical activity, as seen in Fig. 5a.
These results clearly suggest the beneficial role of the optimal
bilayer structure, i.e., coupling of (SnggsNbg s)02:N-600 NTs
with WOj; in increasing the carrier lifetime ~20 fold higher (at
—0.2 V vus RHE) obtained for Bilayer-2 NTs compared to
(Sng.9sNbg 05)02:N-600 NTs (~7 s at —0.2 V vs RHE) and thus,
minimizing the recombination of the photo-generated car-
riers. This is very important in the aim to achieve superior
photo-electrochemical performance and thus, yield an effi-
cient PEC water splitting process resulting in effective gener-
ation of hydrogen.

Photo-electrochemical stability of Bilayer-2 NTs

It is important that the semiconductor material exhibits
excellent long term photo-electrochemical stability for
achieving continuous, durable and efficient PEC water split-
ting. In order to demonstrate the durability and stability of the
semiconductor material, chrono-amperometry (CA) test has
been carried out for 24 h to study the long term photo-
electrochemical stability of the optimal bilayer composite ar-
chitecture, Bilayer-2 NTs under constant illumination in the
electrolyte solution. The CA test is thus carried out in harsh
operating conditions at a constant potential of ~0.6 V (us RHE,
similar to earlier reports [35,112,113]) in 0.5 M H,SO, solution
by illuminating the photoanode (100 mW cm ) for 24 h. The
CA curve of Bilayer-2 NTs is shown in Fig. 7a. The very mini-
mal loss in photocurrent density (~1%) is seen for Bilayer-2
NTs indicating the excellent long term photo-
electrochemical stability of this composite bilayer system.

Inductively coupled plasma optical emission spectroscopy
(ICP-OES) analysis conducted on the electrolyte solution,
collected after CA test, did not show presence (~0 ppm) of Sn,
Nb and W for Bilayer-2 NTs (see Table S2). This result essen-
tially demonstrates the potential of the Bilayer-2 NTs system
to display excellent photo-electrochemical stability in the
electrolyte solution under illumination thus validating its long
term operation in a PEC water splitting cell. The result thus
confirms the stable and long term use of this system under
actual field scale PEC operating conditions. The PEC stability
study (under illumination) of bilayer-2 material in different pH
environment along with a detailed assessment of the elec-
tronic properties of the bilayer system of different architec-
tures and carrier lifetime studies will be planned in the future
and reported in subsequent publications.

Measurement of evolved H, and O, gases under illumination for
Bilayer-2 NTs

As mentioned earlier, it is important to achieve efficient
hydrogen generation from PEC water splitting with utilization
of only solar energy without any applied external potential.
Hence, the optimal configuration of the bilayer composite
photoanode of Bilayer-2 NTs was illuminated for 24 h without
any application of external potential. The concentration of
the resulting H, and O, gases evolved during the PEC water
splitting process at the cathode and photoanode compart-
ments, respectively, has been measured after each 1 h time
interval. Also, the theoretical concentration of H, gas is
calculated from the measured photocurrent by Faraday's law
as [35,49]:

t
I.d
Q It _.A §

No.of moles of H, = SF=5F= oF

where, Iis the photocurrent density, t is time, F is the Faraday
constant (96,484.34 C mol™%) and Q is the quantity of charge in
coulomb. The concentration of evolved H, and O, gases,
shown in Fig. 7b, shows the measured amount of evolved H,
gas which is closer or comparable to the theoretical amount of
H,, suggesting ~100% Faradaic efficiency. If the decomposition
of water were to occur in a non-stoichiometric fashion, there
will be change in concentration of either H* or OH™ ions.
However, in this study, the ratio of concentration of generated
H, and O, gases is ~2, as seen in Fig. 7b and there was no
change observed in the pH of the electrolyte solution (~0)
before and after water the splitting reaction. This result thus,
shows stoichiometric decomposition of water into H, and O,
is achieved in the present study for Bilayer-2 NTs. The ensuing
solar-to-hydrogen efficiency (STH) is determined from the
measured concentration of H, gas for Bilayer-2 NTs using the
equation [49,114—117]:

AG® x Nyyp

STH = P XA

x 100

where, ny, = H, evolution rate (mol sec™?).

AG° = Gibbs free energy for generating 1 mol of H, from water
(237,130 ] mol™Y).

P = Total incident power (W cm™?).

A = Area irradiated by incident light (cm?).
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The plot of STH vs irradiation time is shown in Fig. 7c. At the
end of 24 h, aminimalloss of (~1%) is seen in the STH for Bilayer-
2 NTs indicating the excellent long term photo-electrochemical
stability for continuous hydrogen generation from PEC water
splitting under acidic conditions. It is noteworthy to mention
herein that the STH of ~3.83% for Bilayer-2 NTs (with zero
applied potential) achieved in the current study for the optimal
bilayer composite configuration is the highest STH obtained so
far compared to other semiconductor materials studied as
photoanode and reported for PEC water splitting to the best of
our knowledge. These include systems such as TiO,, ZnO and
Fe,05 that have been studied to the best of our assessment of
the widely reported literature to date [35,49,62—65]. Moreover,
the efficiency achieved herein is also comparable to the effi-
ciency achieved with artificial leaf based on the integration of
three junction solar cells and optimized hydrogen- and oxygen-
evolution catalysts [118]. The input power for Bilayer-2 NTs and
thus, for H, production is ~100 mW cm™2 The measured H,
concentration is ~60 pmol/h/cm? (1.2 x 107 kg/h/cm?); (Fig. 7b).
Thus, required input power for generation of 1 kg H, is
~833kWh/kg (for 1 cm? area), which is higher than DOE target of
<43 kWh/kg. Thus, albeit the electricity cost (~$0.031/kWh) for
the current system ($25.83/kg) is ~20 fold higher than that of
DOE target (~$ 1.33/kg), it is still lower than other semiconductor
materials (TiO,, ZnO and Fe,05) studied for PEC water splitting
process reported in the literature thus far. There is clearly still
much research needed but the bilayer system studied herein
nevertheless, indeed holds promise on the grounds of recom-
mendable PEC performance showing STH of ~3.83% (at zero
applied bias) and ABPE of ~5.1% (at 0.6 V vs RHE) higher than
other semiconductor materials (TiO,, ZnO and Fe,03) studied
reported in the literature for PEC water splitting process.

As discussed earlier, light absorption losses, recombination
losses and polarization losses mainly limit STH/ABPE and
electricity cost for the bilayer system (Fig. 5c). As shown earlier,
recombination losses decrease by a commendable ~12% for
Bilayer-2 NTs under the applied bias of ~0.6 V (us RHE) compared
to the no bias condition, suggesting promise of the composite
bilayer-2 system. Despite these losses, Bilayer-2 NTs show
excellent PEC performance under applied bias with recom-
mendable ABPE of ~5.1% (at ~0.6 V vs RHE) and STH of ~3.83%
(under no bias). Hence, Bilayer-2 NTs bilayer system is indeed
promising and further electronic structural modification of
bilayer system by changing the band edge positions, which can
be achieved by introduction of suitable acceptor/donor levels
(in the band gap), will help in tailoring the band levels further.
This will further help in lowering the above mentioned losses
and hence, likely contribute to achieving higher STH (at zero
applied bias) and superior ABPE (under minimal applied bias)
while also lowering the electricity costs meeting and even
exceeding the DOE targets. Additional research into this system
and further overcoming the losses discussed earlier could also
lead to additional improvements in the resultant STH effi-
ciencies. The results of the studies described herein are there-
fore clearly transformational and serve towards fulfilling the
goals of efficiently producing hydrogen by the direct utilization
of solar energy in an environmentally friendly manner. Taken
together, the results clearly represent a major milestone in
solving the global energy demand with the generation of min-
imum greenhouse gas emissions.

Conclusions

The photoelectrochemical activity of the composite bilayer
photoanode is studied in the present work with consideration
of different thicknesses of (SngosNbgos)02:N-600. The work
clearly demonstrates the potential of coupling WO; with
(Snp.95sNbg 05)02:N-600, which offers excellent optoelectronic
properties, improved charge transport and longer carrier
lifetime with minimum recombination of photogenerated
carriers (~20 fold higher carrier lifetime for Bilayer-2 NTs than
(Snp.9sNbg 0s)02:N-600). This results in excellent photo-
electrochemical activity and STH of ~3.83% and ABPE of ~5.1%
(at ~0.6 V us RHE), along with negative onset potential for the
optimal bilayer materials with the lowest (—0.55 V vs RHE)
obtained for Bilayer-2 NTs. The superior light absorption
properties along with significantly improved carrier density
(~5.6 x 10* cm™?) for Bilayer-2 NTs opens up a new territory
for this material for different solar energy based applications.
An excellent STH of ~3.83% (with no external potential
applied) and ABPE of ~5.1% (at ~0.6 V vs RHE) is obtained for
Bilayer-2 NTs, which is the highest reported so far compared
to other photoanode materials like ZnO, Fe,05 and TiO,, to the
best of our knowledge. Accordingly, the composite bilayer,
Bilayer-2 NTs exhibited excellent long term photo-
electrochemical stability with very minimal loss in photo-
current density (~1%)in the acidic electrolyte solution under
illumination. Hence, we believe that this work will be impor-
tant for developing photoelectrochemically active and stable
semiconductor materials for efficient and economic hydrogen
generation from PEC water splitting.
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