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ABSTRACT: Recent studies have demonstrated the high efficiency through which nanostructured core−shell WO3/TiO2 (WT)
heterojunctions can photocatalytically degrade model organic pollutants (stearic acid, QE ≈ 18% @ λ = 365 nm), and as such, has
varied potential environmental and antimicrobial applications. The key motivation herein is to connect theoretical calculations of
charge transport phenomena, with experimental measures of charge carrier behavior using transient absorption spectroscopy (TAS),
to develop a fundamental understanding of how such WT heterojunctions achieve high photocatalytic efficiency (in comparison to
standalone WO3 and TiO2 photocatalysts). This work reveals an order of magnitude enhancement in electron and hole
recombination lifetimes, respectively located in the TiO2 and WO3 sides, when an optimally designed WT heterojunction
photocatalyst operates under UV excitation. This observation is further supported by our computationally captured details of
conduction band and valence band processes, identified as (i) dominant electron transfer from WO3 to TiO2 via the diffusion of
excess electrons; and (ii) dominant hole transfer from TiO2 to WO3 via thermionic emission over the valence band edge.
Simultaneously, our combined theoretical and experimental study offers a time-resolved understanding of what occurs on the micro-
to milliseconds (μs−ms) time scale in this archetypical photocatalytic heterojunction. At the microsecond time scale, a portion of the
accumulated holes in WO3 contribute to the depopulation of W

5+ polaronic states, whereas the remaining accumulated holes in WO3
are separated from adjacent electrons in TiO2 up to 3 ms after photoexcitation. The presence of these exceptionally long-lived
photogenerated carriers, dynamically separated by the WT heterojunction, is the origin of the superior photocatalytic efficiency
displayed by this system (in the degradation of stearic acid). Consequently, our combined computational and experimental approach
delivers a robust understanding of the direction of charge separation along with critical time-resolved insights into the evolution of
charge transport phenomena in this model heterojunction photocatalyst.
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1. INTRODUCTION

In recent times, heterojunctions have emerged as a proven
strategy to engineer the charge transport properties of
photoactive semiconducting materials.1−3 The formation of a
semiconductor heterojunction comes with the advantage of
modifying the landscape of carrier transport processes
including, but not limited to, the efficient separation of
photogenerated carriers,4,5 suppression of minority carrier
recombination,6,7 efficient carrier extraction when used along-
side dedicated electron and hole blocking layers,8 the
formation of electron and hole potential notches and highly
mobile 2D carrier transport channel.9−12 By carefully selecting

the constituent materials, doping concentrations and device
geometry, semiconductor heterojunctions have results in
numerous advances in solid-state devices,13,14 organic solar
cells,3,15 sensing technology,16,17 electrochemistry and catal-
ysis.18−21 In line with this exciting scope, the family of
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transition metal oxide semiconductors (e.g., TiO2, WO3, α-
Fe2O3, BiVO4) arranged within conventional type-II, Z-
scheme, and S-scheme heterostructures has drawn intensive
attention in the literature.18−29 This strategy of formation of
heterojunction photocatalyst has already demonstrated con-
siderable improvement in photo(electro)chemical performance
compared to those of the individual materials-based monolithic
photoelectrodes, with notable examples being WO3/
TiO2,

21−23 ZnO/BiVO4,
24 Cu2O/TiO2,

30 rutile/anatase,31−35

and more recently, WO3/BiVO4.
7,18−20

Though many research reports have attributed the perform-
ance enhancement of semiconductor heterojunctions to a
synergetic interaction between the two light-absorbing
materials, a clear picture of the charge transport processes
that take place remains largely elusive.7,18−21,32 By creating a
heterojunction, the new geometry of the photoactive device
offers new pathways for carrier transport, making it complex to
determine the fate of photogenerated electrons and holes
during photocatalysis. The widely used picture of static band
alignment diagrams,26 with flat band energies at the junction,
can be highly misleading and does not provide concrete insight
into the charge transport processes that occur at such
heterojunctions. A static band alignment only partially depicts
the electronic landscape of heterojunction materials, and it
should thus be treated with care. This limitation depicts the
urgent need for comprehensive computations capturing the

charge transport processes in a heterojunction photocatalyst
and has spurred a recent surge in multiscale computational
research.36−38 There is also a significant amount of
experimental research that extracted or suggested the direction
of charge flow for a large list of heterojunction photocatalysts,
such as WO3/BiVO4,

7,18−20 WO3/Sb2S3,
39 TiO2/CdS,

40,41

TiO2/CsPbBr3,
42 and ZnO/CuxO

43 to name a few. However,
numerous scientific investigations have reported contradictory
directions of charge flow for a given pair of materials. Rutile/
anatase32−35 and WO3/TiO2

21−23 systems are a few of the
notable examples investigated in this regard. Additionally, the
presence of distributed trap states (such as polaronic states,
bulk defect states) can impact substantially upon carrier
flow.32,44,45 Likewise, it is important to consider the geometry
of a heterojunction along with its light penetration and
absorption profiles. Therefore, comprehensive theoretical and
experimental studies are necessary to unravel the intricate
processes and details of charge dynamics in heterojunction
photocatalyst systems.
In the current work, the full landscape of charge transport

phenomena within a semiconductor heterojunction is consid-
ered using the WO3/TiO2 (WT) system as an archetypical
model. Our study is motivated by record-efficiency nano-
structured WT coatings for the degradation of a model organic
pollutant (stearic acid, QE ≈ 18% @ λ = 365 nm), recently
reported by some of the coauthors.21 However, the method-

Figure 1. (a) Schematic illustration of the WO3/TiO2 (WT) heterojunction photocatalyst under consideration in this work. As can be seen, TiO2 is
conformally deposited using ALD on aligned WO3 nanorods, grown on quartz substrate using CVD, to construct the photoactive heterojunction,
which is excited by 365 nm UV illumination. (b) Close-up view of a single WT junction with an illustration of the geometry of the photocatalyst.
Here, LW and LT represent the radius of the WO3 nanorod and thickness of TiO2 coating, respectively and the physical location of the junction is
also given. (c) Relative positions of the energy band diagrams of WO3 and TiO2 with vacuum level as the reference energy level (0 eV). For better
understanding, the critical material parameters, e.g., bandgaps (EG), electron affinity levels (χ) are also shown. The illustration at the bottom shows
how the 1D spatial dimension (x-grid) is nonuniformly discretized into grid points separated by Δi, where i = [1, 2, ..., N−1, N, N+1, ...,M]. Here, i
= N is the physical location of the heterojunction and i = M marks the outer surface of TiO2 layer.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://dx.doi.org/10.1021/acsami.0c19692
ACS Appl. Mater. Interfaces 2021, 13, 9781−9793

9782

https://pubs.acs.org/doi/10.1021/acsami.0c19692?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c19692?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c19692?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c19692?fig=fig1&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c19692?ref=pdf


ology developed herein can (and should) be applied to many
promising heterojunctions for applications in photocatalysis,
including solar-to-chemical energy conversion and environ-
mental systems. As in many notable heterojunctions explored
to date, contradictory observations have been found in WT.
No consensus has been reached to explain the electronic
behavior and charge transport processes in this system.21−23

Moreover, the similar absorption properties of photogenerated
electrons and holes in WO3 and TiO2 makes it a challenging
system to ascertain the direction of charge transfer through the
junction using transient absorption spectroscopy.21 In this
regard, the combined theoretical and experimental approach
developed herein shows that, under UV illumination, an
optimally designed core−shell WT junction preferentially
allows photogenerated holes to transfer to the WO3 side.
Once the photogenerated holes move to WO3, they are found
to stay in WO3 as a large energy barrier in the valence band
prevents their transfer to the TiO2 side. Additionally, the
photogenerated electrons in WO3 transfer to the TiO2 side via
a conduction band electron diffusion process influenced by
band-flattening due to the generation of a photovoltage.
Consequently, our numerical computations and experimental
transient absorption spectroscopy measurements reveal that
the depopulation of electrons in W5+ polaronic states by
photogenerated holes in the WT junction happens at a time
scale ∼20 μs after the UV illumination. Thus, we find this
depopulation process becomes significantly delayed (by orders
of magnitude) compared to similar processes occurring within
100−200 ps in standalone WO3 photocatalysts. Finally, this
study shows that an optimally designed WT junction
simultaneously allows long-lived holes in WO3 and electrons
in TiO2 sides and is able to separate these carriers up to a time
scale of ∼3 ms. These exceptionally long carrier lifetimes (for
metal oxides) ultimately results in the record-efficiency
nanostructured WT coating for the degradation of stearic
acid (as recently reported by some of the coauthors).21

2. METHODS
2.1. Synthesis and Physical Characterization. Nanostructured,

rodlike WO3 films were deposited on quartz slides from a 2:1 mixture
of acetone (99%) and methanol (99.5%) dispersion (15 mL) of
tungsten hexacarbonyl (W(CO)6, 0.060 g, 99%), using aerosol-
assisted CVD and following a procedure described elsewhere.46 These
WO3 rods were conformally coated with TiO2 thin films using atomic
layer deposition (ALD). Figure 1a, b shows schematics of the WO3/
TiO2 (WT) coating and a single nanorod WT heterojunction,
respectively, considered in this study. The radius of the WO3 nanorod
(LW) was on average ∼30 nm, whereas the thickness of TiO2 film
(LT) was varied by controlling the number of ALD cycles. For
photocatalytic testing, the WT photocatalysts are radially photo-
excited under UV light, λ = 365 nm, with irradiance (Iuv) of 3.15 mW
cm−2.
The optical properties of the WT films were evaluated using a

PerkinElmer Lambda 950 UV/vis/NIR Spectrophotometer, calibrated
using a Labsphere reflectance standard. The structural properties were
investigated using X-ray diffraction (XRD) and Raman spectroscopy.
XRD measurements were carried out using a Bruker-AXS D8
(Lynxeye XE) diffractometer, which consists of a monochromated
Cu X-ray source (Kα1, 1.5406 Å) and a glancing incident angle (θ) of
1°. Raman spectroscopy was performed using a Renishaw 1000
spectrometer equipped with a 633 nm laser, calibrated using a silicon
reference. Two different scanning electron microscopy (SEM)
systems, a JEOL 6301 (5 kV) and a JEOL JSM-6700F field emission
instruments, were used to explore the microstructural properties of
the WT films. Transmission electron microscopy (TEM) was

performed using a high resolution TEM instrument, JEOL 2100,
with a LaB6 source operating at an acceleration voltage of 200 kV. A
Gatan Orius charge-coupled device (CCD) was used to obtain the
sample micrographs in the TEM system. The TEM studies on single
WT rods were prepared by scraping the nanorods from the quartz
substrate using a diamond tipped pen, followed by sonication in
methanol and drop-casting onto a 400 Cu mesh lacy carbon film grid
(Agar Scientific Ltd.). Energy-dispersive X-ray spectroscopy (EDS)
analysis was carried out using a JEOL JSM-6700F and secondary
electron image on a Hitachi S-3400 field-emission instrument (20 kV)
and the Oxford software INCA. X-ray photoelectron spectroscopy
(XPS) was carried out in a Thermo K-Alpha spectrometer with
monochromated Al K-Alpha radiation, using a dual beam charge
compensation system and constant pass energy of 50 eV. A binding
energy range of 0−1200 eV was used to collect survey scans. The
main peaks of the individual elements in the WT films, Ti (2p), W
(4f), O (1s), and C (1s) were obtained at high resolution. CasaXPS
software was used to model the peak areas from high-resolution scans,
using relative sensitive factors, to determine composition and
oxidation state within the analysis region (spot size, 400 μm). The
XPS peaks were calibrated to adventitious carbon at a binding energy
(B.E.) of 284.4 eV.

2.2. Transient Absorption Spectroscopy. Transient Absorp-
tion Spectroscopy (TAS) was carried out on the microsecond to
second time scale (μs → s) to measure the recombination kinetics of
charge carriers that form in WO3, TiO2 and WT heterojunction films.
Spectra were recorded over the wavelength range of 550−950 nm. A
Nd:YAG laser (OPOTEK Opolette 365 II, ∼6 ns pulse width) was
used as the excitation source, generating 365 nm UV light from the
third harmonic. The laser light was transmitted to the WT samples via
a fiber optic light guide. The laser was emitted with a repetition rate of
0.65 Hz at a power of ∼1.2 mJ cm−2. The probe pulse was generated
from quartz halogen lamp (a 100 W Bentham IL1). Because of the
nanostructured topography of the samples, light was scattered
strongly, and samples were thus measured in diffuse reflection
mode. As photoinduced changes in reflectance are low (<1%), it was
assumed that the transient signal was directly proportional to the
concentration of excited species. The transient changes in diffuse
reflectance from the WT samples were collected by a 2 in. diameter
and 2 in. focal length lens and relayed to a monochromator (Oriel
Cornerstone 130). Time-resolved intensity data was collected with a
silicon photodiode (Hamamatsu S3071). Data at a time faster than
3.6 ms were recorded by an oscilloscope (Tektronics DPO3012) after
passing through an amplifier box (Costronics), whereas data slower
than 3.6 ms were simultaneously recorded on a National Instrument
DAQ card (NI USB-6251). Each kinetic trace was obtained from the
average of 100 to 250 laser pulses and the acquisitions were triggered
by a photodiode (Thorlabs DET10A) exposed to laser scatter. A
home-built LabVIEW software application was used to process data.

2.3. Theoretical Approach. A custom-made finite-difference
(FD) numerical model was developed in order to discern charge
transport and electrostatic properties within the WT heterojunction.47

This model self-consistently solves the coupled Poisson-continuity
equations (eqs 1-3):

x x x
Q Q

d
d

d
d

d
d

2

2 W T
ϕ ϕϵ + ϵ = −[ + ]

(1)

q

J

x
n
t

1 d

d
G R 0n

n n+ − = ∂
∂

=
(2)

q

J

x
G R

p
t

1 d

d
0p

p p− + − =
∂
∂

=
(3)

Here, ϕ represents the electrostatic potential of the WT junction; QW
and QT respectively refer to the charge densities in WO3 and TiO2
(“dark” and “light” subscripts will be used to represent charges at dark
and illumination conditions); Jn and Jp are the electron and hole
currents, respectively, and n and p represent the spatial concentrations
of electrons and holes, respectively. Electron and hole generation
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contributions are given by Gn and Gp and can be computed via the
Lambert−Beer law. Similarly, Rn and Rp refer to trap-assisted
Shockley-Read−Hall recombination for electrons and holes, respec-
tively. Other parameters include the spatial/material dependence of
the dielectric constant ϵ and grid discretization along x. A list of all
parameters related to the WT heterojunction is given in Table S1. To
replicate the experimental procedures (e.g., photovoltage generation
and band bending), we applied appropriate boundary conditions
during the solution of eqs 1−3, as detailed elsewhere.47−49 In our

numerical simulation of WT junctions, the solutions of the coupled
semiclassical transport equations (eqs 1−3) were sought in a linearly
discretized x-grid. Figure 1c presents the discretized version of the
same space vector (x)⃗ as shown in Figure 1b. All the critical points
along the x-grid are also shown for convenience. Within this generic
implementation scheme, nonuniform spacing of the grid points was
utilized. Here, Δi represents the spacing between two consecutive grid
points i and i + 1, where i can be any value from [1:M−1]. Grid points
[1: N] were located in WO3, whereas grid points [N+1:M] were

Figure 2. Calculated energy band diagrams of WO3/TiO2 heterojunction photocatalyst under (a) dark and (b) UV illumination. Here, we
considered LW = 30 nm and LT = 60 nm. In addition, we assumed the vacuum level energy in the bulk of TiO2 (under dark condition) as the
reference potential (0 eV) to compute the band diagrams. The computed energy band diagram at equilibrium clearly show a constant Fermi level, a
large potential barrier for holes in WO3 (forming a “hole-notch”), a small potential barrier for electrons in TiO2 (forming an “electron-notch”), and
discontinuities in conduction and valence bands at the junction−all the characteristics of an abrupt isotype heterojunction.9−11,51 Under
performance with light, the junction exhibits the generation of a small photovoltage (Vph) and the splitting of electron and hole quasi-Fermi levels.
(c) Spatial distributions of electrostatic potential at equilibrium (Vdark marked by yellow squares) and under illumination (Vlight marked by red
circles). A Vph of 60 meV is estimated by comparing Vdark and Vlight, which acts similarly to an applied forward bias by reducing the band bending of
the junction.

Figure 3. Calculated distributions of net charge densities under (a) equilibrium and (b) illuminated conditions, also known as the respective charge
densities in the space charge regions (SCRdark and SCRlight). Under equilibrium, WO3 exhibits a net positive charge and TiO2 exhibits a net negative
charge. This is due to the junction’s effort to make a flat Fermi level by transferring electrons from WO3 side to TiO2 side. The extent of the space
charge region is reduced when the junction is exposed to UV illumination. This can be comprehended as the weakening of the electric field due to
the band-flattening process brought about by the illumination. (c) The ultimate impact of this coupled electrostatic and charge transport process is
the presence of the excess electrons in WO3 side, as shown in green triangles and computed as the difference between electron concentrations
under illuminations (nlight, marked by red circles) and dark conditions (ndark, marked by blue squares). (d) Calculated distributions of electron
concentration in TiO2 under illuminations (nlight, marked by red circles) and dark conditions (ndark, marked by blue squares). Calculated
distributions of hole concentration along the WT junction under (e) illumination and (f) dark conditions.
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placed in the TiO2 and i = N marked the physical location of the
heterojunction. Discretizing the x-grid in a nonuniform fashion comes
with the advantages of fast and efficient computation albeit with the
cost of complexity in the numerical formulation.50 The numerical
details are discussed in earlier studies by some of the coauthors.47−49

3. RESULTS AND DISCUSSION

3.1. Electrostatics and Charge Transport Properties.
3.1.1. Energy Band Diagrams Under Dark and UV Light.
Figures 2 and 3 present the results from our numerical
computation of the electrostatics and charge transport
properties of the WO3/TiO2 heterojunction. Throughout our
computational analysis, special attention was given to use the
material parameters that were reported in the literature (Table
S1 outlines the values used in our simulation along with the
relevant references). Both TiO2 and WO3 are inherently n-type
in character.21,33,52,53 Therefore, the WT heterojunction
appears to be an abrupt “n−n” isotype heterojunction, treating
electrons and holes as majority and minority carriers,
respectively.11 Figure 1c presents the band alignment of the
WT heterojunction prior to the equilibration of the Fermi

levels in the system.33 It is imperative to understand that a
static band alignment sketch of this kind can only depict the
preferential movement of the carriers until the initial
equilibration condition is accomplished (otherwise known as
the “dark equilibrium” condition of the heterojunction).11 In a
generic description, the force that selectively drives carrier
transport under operating conditions is solely determined by
the relative positions of the Fermi levels on both sides of a
semiconductor heterojunction. For example, in this WT
junction, when a contact is made between WO3 and TiO2
(creating an n−n heterojunction) electrons from the WO3
preferentially transfer to the TiO2 side to establish a constant
Fermi level (EF). This electron transfer is illustrated in Figure
1c. Under equilibrium, this flat Fermi level determines the
concentrations of conduction band (CB) electrons (ndark) and
valence band (VB) holes (pdark) in both WO3 and TiO2.
Figure 2a presents our computed equilibrium band diagram

of the WT heterojunction. Here, we considered LW = 30 nm
and LT = 60 nm. Under equilibrium, a flat EF is present
throughout the entire system, indicating net zero current flow
(J = 0). In addition, a space charge region (SCRdark) is formed

Figure 4. An illustration of various charge transfer processes at the WT junction (LW = 30 nm, LT = 60 nm) under dark equilibrium (left) and UV
illumination (right). Our calculations of energy band diagrams for the same operating conditions of the WT junction are also presented here. For
the conduction band processes, (a) under equilibrium condition, electron transfer from WO3 to TiO2 (Jn,W→T), diffusion component of electron
currents) is balanced by the counter electron transfer from TiO2 to WO3 (Jp,T→W, drift component of electron currents), whereas the thermionic
emission of electrons in conduction band is negligible. (b) Conduction band experiences band-flattening when the junction is exposed to UV
illumination and the electron transfer from WO3 to TiO2 increases as the potential barrier in WO3 is reduced by ∼50 meV. Consequently, the
heterojunction exhibits a net electron transfer from WO3 to TiO2 under UV illumination. (c) Likewise, the components of hole currents via the
valence band under equilibrium are balanced). However, in this case, the drift component and diffusion component of hole currents are negligible
because of holes being the minority carrier (see also Figure 3f). In addition, thermionic emission of holes over the barrier is the dominant
mechanism of hole transfer. As can be seen from the valence band (bottom), the hole transfer from WO3 to TiO2 is impeded by a large potential
barrier of ∼0.55 eV and thus the holes in the WO3 side (generated from illumination in WO3 or transferred from TiO2) remain in WO3. (d)
However, an increase in hole transfer to the WO3 side due to UV excitation and valence band-flattening is brought about by an increase in
photovoltage.
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because of to the transfer of electrons from WO3 to TiO2. The
details of SCRdark will be discussed later in Section 3.1.2 (vide
infra). When the WT heterojunction is brought under 365 nm
UV illumination, photogenerated electron−hole pairs are
created and a photovoltage (Vph) develops. Figure 2b presents
the band diagram of the WT junction under UV illumination.
The impact of UV illumination on our computed band
diagram picture is 2-fold: (i) the splitting of electron and hole
Fermi levels into the corresponding quasi-Fermi levels
(represented by EFn for electron and EFp for hole, respectively);
and (ii) the process of band-flattening due to the generation of
a photovoltage.47,54 For clarity, Figure 2c depicts the
electrostatic potentials both under dark (Vdark) and illumina-
tion (Vlight). By comparing both of these spatial distributions of
the electrostatic potential, an estimated band-flattening of 60
meV is caused by UV illumination.
3.1.2. Charge Distributions Under Dark and UV Light. To

delve more into the electrostatic and charge transport
properties of the WT junction (LW = 30 nm; LT = 60 nm),
the evolution of net charge distributions (QW + QT) was
studied along with the space vector x.⃗ Figure 3a, b exhibit the
charge density distributions under both dark and UV
illumination. As can be seen, without illumination (dark,
equilibrium condition) the WO3 side shows a net positive
charge accumulation (QW,dark), whereas the TiO2 side contains
a net negative depletion charge (QT,dark). This is a direct
consequence of a net electron transport from WO3 into TiO2
upon creation of the WT heterojunction. However, the net
total charge of the junction always remains zero (QW,dark +
QT,dark = 0) and thus the junction maintains the fundamental
law of charge conservation.
Upon illumination, a degree of band-flattening takes place

because of an equal amount of photovoltage generation
(Figure 2c). This photovoltage works similar to an externally
applied forward potential across the junction, and reduces the
overall band bending (hence, this process is often referred as
“band-flattening”).47 The generated photovoltage, albeit very
small, acts as a forward bias that lowers the barrier for majority
carrier (electron) transport and reduces the strength of the
space charge region SCRdark to SCRlight. As can be seen from
Figure 3b, the net positive charge in the WO3 side of the
junction under illumination (QW,light) is reduced compared to
its value under dark (QW,dark) as the electron concentration in
WO3 increases due the band-flattening process. Conversely,
the net negative charge in TiO2 under illumination (QT,light)
also reduces compared to its value under dark (QT,dark). Figure
3c shows calculations of the electron concentrations in the
WO3 side of the junction under dark (marked in blue squares)
and UV illumination (marked in red circles). Comparison
between these two computational insights reveals the
generation of excess photogenerated electrons (marked in
green triangles) located in WO3, which accumulate near the
junction. In addition, we find the concentration of electrons in
the TiO2 side is reduced when the junction is exposed to UV
illumination (see Figure 3d) as the electron quasi-Fermi level
moves further away from the conduction band minimum in
TiO2 (captured in the calculation presented in Figure 2b). We
also computed the concentration of holes with and without UV
illumination, respectively shown in Figure 3e, f. As expected,
being inherently n-type semiconductors, the hole population in
both WO3 and TiO2 is negligible in the dark. Nevertheless, a
large number of holes are generated throughout the WT

junction during illumination, where the WO3 side demon-
strates a higher amount of hole accumulation.

3.2. Conduction Band Processes. Figure 4 illustrates a
generic scheme for both dark equilibrium and under UV
illumination charge transports for the WT heterojunction (LW
= 30 nm; LT = 60 nm). The band theory of solid
semiconductors allows for the transfer of electrons and holes
via drift, diffusion, tunneling and thermionic emission
processes.11 Considering the conduction band (CB) process
of electron transfer at dark equilibrium, the electron drift
current via the conduction band is given by eq 4:50

J qn En n,drift fieldμ= − ⃗ (4)

driven by the electric field (E⃗field), which preferentially drives
electron motion in the opposite direction of (E⃗field).

11 Here, q
denotes the charge of an electron and μn represents the
electron mobility. Our calculations of spatially exposed charge
densities (as shown in Figure 3a, b) indicate the presence of an
electric field pointing toward TiO2. Figure S2 shows the (E⃗field)
calculated in this study. Therefore, in the case of the
conduction band charge transport process, the drift component
of electron current implies electrons transfer from TiO2 to
WO3 (Jn,T→W). However, because of the discontinuity of the
conduction bands between TiO2 and WO3, electron transfer
from TiO2 to WO3 is impeded by a considerably small
potential barrier of 90 meV (which, as shown in Figure 4a, b,
remains unaltered under UV illumination and is given by the
discontinuity in the conductions band edges at the junction).
Conversely, the diffusion component of the electron current

is driven by the electron concentration gradient (eq 5):50

J qD nn n,diff = − ∇ (5)

where Dn represents the electron diffusion constant. In the case
of electron transport via conduction band, the diffusion of
electron occurs from WO3 to TiO2 (Jn,W→T). This is because
WO3, being the dominant n-type semiconductor of the
heterojunction, contains a higher spatial density of electrons.
However, this electron diffusion process is also impeded under
equilibrium by an upward energy barrier of 110 meV, as shown
in Figure 4a. Under equilibrium conditions, the drift
component of electron transfer is countered by the diffusion
component (Jn,W→T = Jn,T→W) and the net current via
conduction band electron transport is zero.11 This balance in
electron transport processes is depicted in Figure 4a. The
balance between drift and diffusion components is disturbed
by UV illumination on the WT heterojunction (Figure 4b). To
comprehend, let us recall the accumulation of excess electrons
in WO3 as a consequence of the band-flattening process,
brought about by illumination (as presented in Figure 3c).
Concurrently, our computation shows that the electrostatic
barrier preventing the diffusion of electrons from WO3 to TiO2
is also reduced to ∼60 meV − a situation that drives electron
diffusion from WO3 to TiO2 (Jn,W→T).

11 In contrast, the
electron drift current via conduction band electron transfer
under illumination is slightly retarded as the strength of the
electric field driving the drift current is reduced, and the
electron quasi-Fermi level moves further away from the
conduction band minimum in TiO2, resulting in a reduced
electron population in TiO2. Both of these effects are captured
in our calculations and exhibited in Figure S2 (computed
electric field) and Figure 3d (electron concentration in TiO2).
As a result, under UV illumination Jn,diff > Jn,drift, and the WT
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heterojunction allows preferential electron transfer from the
WO3 side to the TiO2 side (Jn,W→T > Jn,T→W).
Finally, it is also important to consider the thermionic

emission of electrons over the conduction band barrier.
Previous research on semiconductor heterojunctions (and
also metal−semiconductor contacts) attributed the thermionic
emission of electrons from semiconductor 1 to semiconductor
2 as the dominant transport mechanism when the conduction
band discontinuity at the interface (ΔEC = EC1,int − EC2,int) is

large and EC1,int > EC2,bulk.
11 Here, EC1,int and EC2,int are the

conduction band minima of semiconductors 1 and 2,
respectively, at the heterojunction interface and EC2,bulk is the
conduction band minimum of semiconductor 2 at the neutral
bulk. As can be seen from Figure 4a, b, our computational
results reveal ECW,int ≈ −5.11 eV, ECT,bulk ≈ −5.10 eV and a
discontinuity in the conduction bands of 90 meV, exhibiting a
small potential barrier for electron transfer (here, WO3 and
TiO2 are considered as semiconductor 1 and 2, respectively).
This, in turn, implies negligible thermionic emission of
electrons. Nevertheless, because of the discontinuity in the
conduction bands, the WT heterojunction forms a potential
notch on the TiO2 side. This observation is in agreement with
literature reports that show potential notch formation in an
isotype semiconductor heterojunction.9−11,51,55

3.3. Valence Band Process. Similar to the case of electron
transport via the conduction band, hole drift and diffusion via
the valence band are also in balance under equilibrium.
Nevertheless, our computational results (Figures 4c, d) show
that the drift and diffusion hole currents are negligible in the
WT heterojunction. This is a direct consequence of holes
being the minority carrier in both WO3 and TiO2 (see the
negligible hole concentrations compared to the electron
concentration as computed in Figure 3e, f), as well as the
large 0.55 eV discontinuity in the valence bands (ΔEV) that
appears as a large potential barrier for hole transport from
WO3 to TiO2 side.

11 It is worth noting that for valence band
hole transport EVW,bulk > EVT,int, which means that the current
due to hole transport is determined by the thermionic emission
of holes over the barrier (ΔEV)

11 Yet, in equilibrium, the hole
transfer from TiO2 to WO3 (Jp,T→W) is balanced by the hole
transfer from WO3 to TiO2 (Jp,W→T). The light absorption and
penetration profiles (Figure S3) show photogenerated
electron−hole pairs are generated both in WO3 and TiO2,
and consequently, the hole population can be greatly increased
under UV illumination (as seen when we compare the
computations in Figure 3e, f). We have already discussed in

Section 3.2 how photogenerated electrons in WO3 diffusively
transfer to TiO2 due to the band-flattening process. Likewise,
the valence bands also exhibit an equal amount of band-
flattening (60 meV). Thus, the transfer of holes from TiO2 to
WO3 (Jp,T→W) is also increased as the concentration of
photogenerated holes in TiO2 increases, and band-flattening
reduces the degree of bending in the valence bands.
Conversely, hole transfers from WO3 to TiO2 (Jp,W→T) remain
negligible because of the presence of a large potential barrier of
0.55 eV. Therefore, the holes that are transferred from TiO2 to
WO3 and the holes photogenerated in WO3 effectively stay in
WO3. This is also captured in our computation of the
distribution of holes in Figure 3e.

3.4. Transient Absorption Spectroscopy. Transient
absorption studies (change in absorption or ΔA) were used
to explore the “spectral” and “temporal” behavior of excited
states populated by photogenerated electrons and holes, that
participate in charge transfer processes across the WT junction.
The analysis of spectral features obtained from TAS measure-
ments is related to electrons and holes populating/depopulat-
ing states in WO3 and TiO2, and thus can provide crucial
insight into the separation of electrons and holes at a
heterojunction. Moreover, the temporal nature of this method
gives insight into the kinetics of recombination processes, and
therefore offers information on charge carrier lifetimes and the
nature of the recombination process (e.g., trap-assisted
recombination) via the characteristic decay observed.56

3.4.1. Spectral Analysis. Figure 5 represents the spectral
analysis from our TAS measurement on the WT junctions with
LW = 30 nm and a varying thickness of TiO2 coating of LT = 30
nm (Figure 5a), LT = 60 nm (Figure 5b) and LT = 100 nm
(Figure 5c). The spectral trends of the WT junction are in line
with the respective spectral trends of the individual
analogues.32,52,57−59 Photogenerated electrons and holes in
WO3 absorb most strongly at ∼950 and ∼500 nm,
respectively.52,57 Similarly in TiO2, electron and hole carriers
absorb most strongly at ∼800 and ∼450 nm, respectively.32,58

Therefore, given the similar wavelengths in which the
absorption maxima occur in both semiconductors, it was not
possible to distinguish the direction of charge transfer from our
TAS measurements.21 Nevertheless, we can attribute the high
energy transient absorption signals (450−550 nm) to highly
localized hole states and low-energy transient absorption
signals (650−950 nm) to distributed electronic states; a
tendency commonly exhibited by the family of metal oxide
semiconductors and can be respectively coupled with the

Figure 5. Transient absorption spectra (probed from 550 to 950 nm) of WT heterojunctions with LW is 30 nm and (a) LT = 30 nm, (b) LT = 60
nm, and (c) LT = 100 nm. Samples were excited with a 365 nm laser pulse (∼1.2 mJ cm−2 per pulse, 0.65 Hz pulse rate).Δ A is measured from 10
μs to 800 ms after the laser pulse excitation.
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formations of hole and electron polarons (e.g., due to oxygen
vacancies).59−61

Figure S4 shows the spectral features of WO3 and TiO2

analogues. Clearly, the formation of a WT heterojunction
enhances both electron and hole signals, with a particular
increase at 550 nm, which corresponds to absorption of
holes.52,57 The broad transient absorption signal due to
electrons is also enhanced and situated in the infrared region.
It is worth noting that the WT junction with LT = 30 nm
displays a bleach (i.e., a negative transient absorption signal
often caused by a loss in ground state absorption) within the
650−950 nm range at early time scales (<100 μs), which has
previously been assigned to deep hole trapping in WO3 to
midgap states.57 However, the bleach is not visible at longer
time scales from 100 μs and beyond.
3.4.2. Temporal Analysis. Figure 6 shows a temporal

analysis of the transient absorption process at different probe
wavelengths, namely 550 nm (primarily holes), 750 nm (a
mixed electron and hole signal) and 950 nm (primarily
electrons) (Figures 6a−c). The temporal features of bare WO3

and TiO2 samples are respectively marked in yellow and black.
The WO3 sample showed no observable difference in transient
absorption over the time scales of our measurements (10 μs to
1 s), as charge carriers in WO3 typically recombine within
∼200 ps57 and are only detected at such long time scales in the
presence of chemical scavengers that enhance charge carrier
lifetime.52 On the other hand, the TiO2 sample (90 nm thick)
showed weak transient absorption signals, particularly visible
for the probe wavelengths 750 and 950 nm (see Figure S5).
The transient absorption signal follows a power law decay,
indicative of trap-assisted Shockley−Read−Hall recombination
and decays to the half of its initial value at ∼0.1 ms from 10 μs
(Figure S5).56 These trends in spectral absorption and
recombination dynamics are broadly consistent with previous
studies of TiO2.

58

As can be seen in Figure 6, compared to the individual
materials, the photoexcited carriers in the WT heterojunctions
display significantly enhanced transient absorption signals for
the range of probe wavelengths examined. This improvement
was clearly visible for WT heterojunctions with LT = 30 nm

Figure 6. Transient decay dynamics at the select probe wavelengths of (a) 550, (b) 750, and (c) 950 nm of the WT heterojunction with LW = 30
nm and LT = 60 nm (marked in red). Samples were excited with a 365 nm laser pulse (∼1.2 mJ cm−2 per pulse, 0.65 Hz pulse rate). For
comparison of the improvement in charge carrier populations found in the WT junction, the traces of standalone WO3 (marked in yellow) and
TiO2 (marked in black) are also included (see also Figures S4 and S5).

Figure 7. Transient absorption decay kinetics probed at various wavelengths (550−950 nm) for the WT heterojunctions with LW = 30 nm and (a)
LT = 3 nm, (b) LT = 30 nm, (c) LT = 60 nm, and (d) LT = 100 nm. Samples were excited with a 365 nm laser pulse (∼1.2 mJ cm−2 per pulse, 0.65
Hz pulse rate).
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and LT = 60 nm, both in terms of transient absorption and
enhanced lifetime of photoexcited electrons and holes (Figure
6). As can be seen from Figure 6a, the change in transient
absorption (ΔA) is more prominent for holes (550 nm).
Transient absorption of electrons is also enhanced (750 and
950 nm). Overall, the recombination of short-lived photo-
generated carriers is substantially slowed due to junction
formation between WO3 and TiO2. For instance, ΔA of the
WT junction with a 60 nm TiO2 coating decays to the half of
its initial value at ∼0.5 ms (from 10 μs), which is 5 times
slower than TiO2 alone.
Figure 7 shows the transient absorption decays for WT

heterojunctions with varying TiO2 coating and probing
wavelengths; Figure 7a−d: LT = 3−100 nm. Interestingly,
the WT junction coated with a 3 nm layer of TiO2 shows no
transient absorption signals over the time scale analyzed;
similar to standalone WO2 (see Figure 7a and Figure S5).
However, the improvement in ΔA is clearly visible for samples
with LT = 30 nm (Figure 7b), LT = 60 nm (Figure 7c) and LT
= 100 nm (Figure 7d). Consequently, our TAS measurements
show that the WT heterojunction can harness more photo-
generated charge carriers (from the 10 μs time scale), as well as
retard the kinetics of electron−hole recombination, when the
thickness of the TiO2 coating reaches a threshold of 30 nm.
Moreover, this increased number of photogenerated charges

and their extended lifetimes may explain the high photo-
catalytic activity found in WT junctions.21

Finally, it is also important to note from Figure 7b that the
TAS data obtained from the WT junction with LT = 30 nm and
probing wavelengths from 650 to 950 nm display a bleaching
of ΔA at early time scales (<100 μs). A bleaching of transient
absorption signal, as exhibited by a ΔA < 0, represents a net
depopulation of a ground state absorption. The spectral and
temporal ranges of the bleaching in Figures 5a and 7b,
respectively, indicate that this occurs because of the
depopulation of the ground state electrons in W5+ polaronic
states by photoexcited holes. This occurs on the sub-
microsecond time scale, as the bleach state is observed from
the start of our measurement (10 μs; Figure 5a). The nature of
this bleach state will be discussed in more detail in the next
Section. In Figure 7, for the heterojunction samples, we see a
biphasic decay at 550 nm, which shows a power-law decay
component from 10 μs to ∼1 ms, and a long-lived exponent
decay component from ∼1 ms to 1 s. As bulk recombination in
WO3 is known to occur on the sub-microsecond time scale,57

the initial power-law decay is ascribed to the portion of holes
formed in TiO2 that were unable to transfer across the
heterojunction interface that recombined with cogenerated
electrons.58 This assignment is further supported by the fact
that at higher TiO2 coating thickness (≥60 nm), the decay

Figure 8. Proposed charge transport mechanism in WO3 (Scheme A), WT with LW = 30 nm and LT = 30 nm (Scheme B) and WT with LW = 30
and 30 nm < LT < Lp,T (Scheme C), with the presence of a small amount of reduced tungsten species (W5+ centers).
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component increases. This is attributed to the short mean free
path of holes in TiO2,

62 which thereby limits hole transfer to
WO3 when coating thickness is increased above a threshold
(∼30 nm herein). This understanding is further supported by
the fact that the bleach signal, due to the trapping of hole
carriers in W5+ states, becomes obscured at TiO2 coating
thicknesses ≥60 nm.
3.5. Impact of Defects in Charge Transport Proper-

ties. Herein, our theoretical studies have only considered
pristine TiO2 and WO3 structures form the WT hetero-
junction; however, XPS characterization of our samples
revealed the presence of a small amount of reduced tungsten
species (W5+).59 In the context of electronic carrier transport
in WO3, W

5+ centers are treated as small electron polarons,
where the self-trapped electrons in W5+ are facilitated by
doubly ionized oxygen vacancies (Vo

2+) given by57
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Energetically, these trapped electrons in W5+ can be located in
the vicinity of oxygen vacancies (thus forming electron
polarons) or they can move to the conduction band via
energetic activation (e.g., thermal activation) until they are
relaxed and retrapped (i.e., carrier self-trapping by polaronic
states).44,57,63,64 This is outlined for WO3 in Scheme A, Figure
8. Upon UV illumination (excitation energy ≤ EG), the
photoexcitation of electrons into the conduction band is a fast
process (Step 1, Scheme A), forming photogenerated holes in
the valence band (VB). These holes may be subsequently
captured by the ground state polaronic W5+ centers populated
by the self-trapped electrons, producing W6+ (Step 2, Scheme
A: W5+ + h+ → W6+). According to Sachs et al.,57 this dynamic
process, occurs at a fast time scale of ∼100−200 ps, until the
electrons in the conduction band are self-captured by W6+

species that reproduce W5+ centers (Step 3, Scheme A), and
finally, WO3 relaxes to its equilibrium condition. It is worth
noting that all these processes happen at a time scale (≥200
ps) much faster than the time scale of our study and hence, this
characteristic bleaching of ground states polaronic electrons is
not visible from our TAS analysis of WO3 alone (Figure S4).
However, the formation of the WT junction (LT > 0) results

in drastically altered charge transport routes, acting upon the
charge transport processes occurring in the individual
constituent materials of the junction. Scheme B (Figure 8)
shows the electronic implications expected upon deposition of
a 30 nm TiO2 coating (LT = 30 nm) on our WO3 substrate. As
depicted by Step 1 (Scheme B), electron−hole pairs are
generated in both WO3 and TiO2 in accordance with the light
penetration profile shown in Figure S3. Consequently, the
WO3 side of the junction exhibits an increased amount of
photogenerated holes due to photoexcitation (Step 1, Scheme
B) and a dominant thermionic emission of holes from TiO2 to
WO3 (Step 2, Scheme B), as discussed in Figure 4 (vide
supra). The holes that are transferred to (or photogenerated
in) WO3 remain in WO3, as they cannot cross the large
heterojunction barrier of ∼0.55 eV. Nevertheless, these holes
can be captured by polaronic electrons in W5+ centers (Step 3,
Scheme B) and contribute to the bleaching of these ground
state electrons. However, the photogenerated electrons in WO3

can transfer to the TiO2 side via Step 4 (Scheme B), an
energetically favorable conduction band process, which is
facilitated by band-flattening and determined by the diffusion
component of electron currents, as discussed in Figure 4 (vide
supra). Thus, the electrons in WO3 are able to transfer to the
TiO2 side and avoid rapid recombination with the photo-
generated holes, which are captured by the W5+ centers via
Step 3 of Scheme B. The ultimate outcome of these dynamic
processes preferentially allows photogenerated holes and
electrons to respectively stay in WO3 and TiO2, separated by
the abrupt junction interface. This, in turn, is detected through
our TAS measurements in terms of improved lifetimes (slowed
recombination) and populations (increased ΔA) of photo-
generated electrons and holes. Interestingly, as the holes
captured by the W5+ centers can avoid the rapid recombination
with the conduction band electrons in WO3, the bleaching of
the ground state electrons in W5+ centers (via Step 3, Scheme
B) is now visible within a time scale (<20 μs) deployed in our
study (see Figures 5a and 7b). This is a massive increase in the
hole lifetime, by several orders of magnitude or more, is made
possible through the formation of this unique junction with
staggered valence bands. Nevertheless, at a time scale >20 μs,
holes in W5+ states recombine with the adjacent electrons on
the TiO2 side of the junction (Step 5, Scheme B). As a result,
the bleaching signal disappears from transient absorption
spectra obtained 20 μs after UV excitation. We note that the
modified recombination of electrons and holes, sitting on
adjacent “notch”-like potential distributions (shown in Figure
4), is a hallmark characteristic of isotype abrupt hetero-
junctions (e.g., the WT junction) and has been extensively
studied by the solid-state device community.9−11 Furthermore,
in the context of photocatalytic semiconductor junctions, this
engineered recombination process (Step 5, Scheme B)
between holes in WO3 and electrons in TiO2, occurring at a
comparatively slow time scale (>20 μs), arises because of the
newly introduced recombination pathways within such a
heterojunction, as discussed in recent literature.7,20

Finally, it is important to note that the junction starts to
absorb a larger portion of the incident UV excitation,
particularly in TiO2, as the TiO2 coating increases in thickness
(e.g., LT = 60 nm, 100 nm). This is visible from the light
absorption profile in Figure S3. In addition, the WT junctions
can harness a higher number of photogenerated carriers as LT
increases. For example, the volumetric ratio between WO3
(core) and TiO2 (shell) increases from 1:3 to 1:8 when LT is
increased from 30 to 60 nm. Nevertheless, by increasing LT,
the physical location of the junction simultaneously moves
further away from the surface of the WT photocatalyst, and
thus progressively makes it difficult for electrons in TiO2 to
reach the surface. Concurrently, with increasing thickness
photogenerated holes in TiO2 become more prone to small
polaron formation in TiO2 via a self-trapping process (rather
than transferring to WO3).

60,65,66 When a large number of
holes in TiO2 start to form hole polarons, the hole transfer
from TiO2 to WO3 will be reduced. Therefore, the optimal
TiO2 coating should be dictated by the mean free path for
TiO2 holes (Lp,T) before forming a hole polaron. Con-
sequently, an optimal coating, larger than 30 nm and smaller
than Lp,T, should thus provide optimal photocatalytic perform-
ance. Scheme C in Figure 8 outlines the relevant process in this
optimal coating regime (LT < Lp,T). In this case, the WT
junction harvests large numbers of photogenerated electrons
and holes (Step 1, Scheme C). Similar to Scheme B, holes that
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are either generated in WO3 or in TiO2 in the vicinity of the
junction are accumulated in WO3 (Step 2, Scheme C). In this
case, a portion of the accumulated holes in WO3 are captured
by the small amount of W5+ centers (Step 3, Scheme C) and
thus contribute to the bleaching of the ground state electrons
in W5+ centers. Concurrently, the heterojunction effectively
spatially separates holes and electrons that respectively
accumulate in the valence band of WO3 and conduction
band of TiO2 (Step 4, Scheme C). These long-lived holes and
electrons recombine at a time scale ∼3 ms (Step 6, Scheme C),
and thereby provide a dominant positive absorption feature
(ΔA > 0) throughout the spectral range of our TAS analysis.
TAS data for LT = 60 nm (Figure 7c) and LT = 100 nm (Figure
7d) follow this scheme, where LT = 60 nm provides an effective
separation of photogenerated electrons and holes (long-lived
carriers) compared to the WT junction with LT = 100 nm (the
physical location of the junction being further within the TiO2

surface and the TiO2 side progressively becomes prone to hole
polaron formation).
In summary, we combined device theory calculations and

experimental TAS measurements to understand the origins of
the record-efficiency (for the oxidation of stearic acid) arising
from core−shell nanostructured WO3/TiO2 heterojunction
photocatalysts. Our computational results show that photo-
generated holes transferred from TiO2 to WO3 via a dominant
thermionic emission process. Additionally, the holes generated
in and transferred to WO3 remain therein because of the large
potential energy barrier for charge transfer (∼0.55 eV) created
by staggered valence band edges. Conversely, photogenerated
electrons diffusively transfer from WO3 to TiO2 under the
influence of a band-flattening process, brought about by UV
excitation. Micro- to millisecond (μs−ms) time-resolved
measurements of photogenerated carriers were obtained
using transient absorption spectroscopy. Within our WT
heterojunction (LW = 30 nm; LT = 30 nm) accumulated
holes in WO3 depopulated W5+ polaronic states on the
microsecond time scale (∼20 μs); orders of magnitude slower
than WO3 alone (100−200 ps). Importantly, a systematic
study of WT junctions (LW = 30 nm), with differing TiO2 layer
thickness (3 nm ≤ LT ≤ 100 nm), shows that once an optimal
thickness is reached (LT ≥ 30 nm), the junction can spatially
separate a larger number of photogenerated electrons and
holes (with respect to the parent materials), and prolong their
lifetime for several hundred milliseconds. We propose that
these long-lived photogenerated carriers, spatially separated by
the WT junction, can more effectively participate in the
photocatalytic oxidation of stearic acid.
Overall, we believe that the combined theoretical and

experimental approach, followed herein, can be used as a
model to study charge carrier behavior in many other
heterojunction photocatalyst systems. This strategy can help
formulate materials design rules and better facilitate the
engineering and optimization of promising heterojunction
systems for applications in solar fuel generation and environ-
mental remediation.
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