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Enhanced Photoelectrochemical Activity in All-Oxide
Heterojunction Devices Based on Correlated “Metallic”

Oxides

Brent A. Apgar, Sungki Lee, Lauren E. Schroeder, and Lane W. Martin*

Solar photocatalysis, or the direct conversion of visible light
energy to chemical energy, is being considered for a range of
applications including the generation of chemical fuels, envi-
ronmental remediation of organic chemical pollution, and
others.'2l At its most basic, a photocatalytic cell provides a
photo-anode and -cathode for oxidation and reduction reactions,
respectively. The requirements for high-performance solar pho-
tocatalytic material systems are clear: broad absorption of the
solar spectrum, efficient transfer of charge to the solid-liquid
interface, and chemical stability under illumination in solution.

Traditional semiconductors such as silicon and GaAs have
band gap energies that permit them to absorb a large por-
tion of the solar spectrum; however, these materials are not
stable in solution.>* Wide band gap oxide materials, by com-
parison, often possess excellent chemical stability in solution
but their large band gap energies make them poor visible
light absorbers. A natural approach, then, is to combine these
two materials into single systems such as core-shell nanopar-
ticles and heterojunction films.>® In such semiconductor/
oxide heterostructures, however, the transfer of photoexcited
carriers to the oxide surface may be limited due to the elec-
tronic mismatch of the materials’ and oxidation of the light-
absorbing semiconductor which can detrimentally affect
charge transport.®l

Here we investigate a new variation of this methodology
whereby we integrate chemically compatible correlated
“metallic” oxides with the model n-type, wide band gap oxide
semiconductor TiO, to produce high-performance photocata-
Iytic heterojunctions. These composite structures operate on
the principle of hot carrier injection from the “metallic” oxide
into the TiO,. These effects are made possible by harnessing
the diverse range of correlated electron physics of common
“metallic” oxide materials including n-type LaNiOs;, SrRuOs,
and SrVO; and p-type Laj5Sry5CoO3 and Lag ;Sr;3MnO;. These
materials have been extensively explored (individually) for
their novel electronic transport, magnetic properties, and other
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exotic physical phenomena,%! and are widely utilized as epi-

taxial bottom electrodes in ferroic heterostructures.l'®! Despite
this previous work, the potential of these systems for energy
applications has only begun to be explored. In the end, the
unique electronic structure and density of states (DOS) of these
correlated “metallic” oxides gives rise to dramatically different
optical properties as compared to traditional metals including
strong visible light absorption that significantly enhances
photocatalytic activity and enables the study of n-n Schottky,
n-n ohmic, and p-n Schottky heterojunctions with TiO,. We
compare and contrast the relative merits of these heterojunc-
tion types and explore enhancements in activity made possible
by using these systems.

50 nm thick epitaxial thin films of the correlated
“metallic” oxides SrRuO;, LaNiO;, SrVO;, LaysSro3;MnOs,
and Laj;5Sry;CoO; were grown on SrTiO; (001) and LaAlO;
(001) substrates via pulsed-laser deposition (see Supporting
Information). In all cases, high-quality single-phase films of
the “metallic” oxides grow (00l)-oriented, in a cube-on-cube
fashion (Figure 1). The films exhibit metal-like conductivity
consistent with prior reports (see Supporting Information,
Figure S1a).1217-1% While often referred to as “metals” due to
the presence of decreasing resistivity with temperature, these
materials are not “metals” in the traditional sense. Unlike clas-
sical metals which owe their electrical transport properties to
free electrons, the electrical transport properties observed in
these correlated “metallic” oxides come from a combination
of complex electronic structures, electron correlations, defect-
induced self-doping, cation alloying, and other effects. Trans-
port measurements of these materials reveal high carrier con-
centrations (>10*'-10?2 cm™) and low majority carrier mobility
(0.1 - 10 cm? V- s7) (Figure S1b).

Although the electronic transport,?*?2l magnetic and elec-
tronic structure, 226 and other aspects of these materials have
been widely studied, the optical properties have not. Overall,
the ability of a material to absorb light is a complex function
of the electron energy-momentum (E-k) band structure and the
electronic DOS. Due to the interest in these materials in the
condensed matter physics community, the electronic structure
of these “metallic” oxides has been studied extensively?’-3! and
quick analysis of this data suggests that these materials could
be promising candidates for strong light absorption. In this
spirit, we have explored a range of correlated “metallic” oxides
using spectroscopic ellipsometry to extract the reflectance (R)
and absorption coefficient () from the optical constants n
and k (Figure S2). R and o for the n-type materials SrRuO;
(Figure 2a), LaNiOj; (Figure 2b), and SrVO; (Figure 2c) and the
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Figure 1. 6-20 x-ray diffraction scan of 50 nm epitaxial thin films of
SrRuO;3, SrV0O3, and Lag ;Srg3MnO; on SrTiO; (001) and of Lag sSrpsCoO3
and LaNiO; on LaAlO; (001) (top to bottom).

p-type materials Lagy;Sto3MnO; (Figure 2d) and Laj5Sr;5CoO3
(Figure 2e) are provided.

Effective light absorbing materials should possess low
reflectance as is observed for all the “metallic” oxides studied
herein. Additionally, using the measured reflectance values we
can calculate the total reflectance of the AM1.5G spectrum for
Lag5Sry5Co03, LaNiO;, SrRuO3, Laj7Srg3MnO;, and SrVO; to
be 33%, 26%, 23%, 20%, and 17%, respectively. These values
of total reflectance are significantly lower than those of tradi-
tional metals®? (generally >90%) and comparable to traditional
semiconductors such as Iny;0GaggpAs (37%).5334 All the films
are visibly opaque and the optical properties are independent of
the underlying substrate. StRuO;, StVOs, and Laj;Sry;MnO;
(Figure 2a, ¢, and d, respectively) show similar trends in both
reflectance and absorption coefficient — relatively flat, low reflec-
tance at all wavelengths and a strong up-turn in the absorption
coefficient near 3.1 eV or 400 nm. LaNiO; and Lag5Sry5CoOj3,
on the other hand (Figure 2b and e), show reflectance that
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steadily increases with increasing wavelength and relatively
invariant absorption coefficients across the entire range of
wavelengths. The implications of these observations for energy
applications are illustrated by the fact that a 50 nm thick film
of Lay;5Sry5Co0;, LaNiO;, SrRuOs, Lag;Sto3MnO;, and SrVO;
will absorb 53%, 50%, 44%, 41%, and 33%, respectively, of the
AM1.5G spectrum from 280 to 1300 nm which is comparable
to the 50% absorbed by 50 nm of Ing;¢Gag goAsB334 and much
greater than the 0.62% absorbed by 50 nm of TiO,*! (details
of this calculation are provided in the Supporting Information).

The absorption coefficient and reflectance may be under-
stood in terms of the differences in electronic structure of the
individual materials. All the systems studied herein are known
to possess overlapping electronic bands of different types
within the range of excitation energies provided by the AM1.5G
spectrum (4.5 eV of the Fermi energy, Eg). This continuous
DOS provides for a large range of optical transitions and the
observed non-zero absorption across the entire wavelength
range studied. The fine structure of the absorption can be
understood as a result of slight differences in the DOS. The fol-
lowing discussion provides schematic illustrations of the DOS
of these “metallic” oxides and is meant to provide a qualitative
picture of the possible mechanisms for light absorption based
on prior studies of the electronic structure of these materials.

Beginning first with SrRuOj3, there is a high electronic DOS
at the Ep associated with a quasiparticle band and occupied and
unoccupied portions of the split Ru t,, bands as a result of elec-
tron correlations (Figure 2f).3% As a result, there is essentially
a continuous DOS above Ep which allows for optical inter- and
intra-band transitions between states and corresponding con-
tinuous light absorption across the solar spectrum with the rise
in absorption at 2.5 eV originating from electron transitions
from the occupied O 2p band to the unoccupied t,, band.*”!
Likewise, in LaNiO;, where electron correlations are stronger,
the Ni t,5 and ¢, bands are also split, but there is no quasipar-
ticle band and the principal transitions from visible light are
almost entirely from the occupied, upper t,; and O 2p bands
(just below the Eg) to the unoccupied upper e, bandP*®! leading
to a relatively invariant absorption coefficient (Figure 2g). In
SrVOs3, however, electron correlations result in a splitting of the
V tyg and e, bands, with the Ep located within the overlap of the
upper ty, and O 2p bands (Figure 2h). Unlike in SrRuO; and
LaNiO3, however, there is an energy gap just below Ep which
results in the rise in absorption coefficient at around 3 eV when
electrons are excited from the occupied O 2p band to Ep.[?8l

Similar effects exist in Lag;Sry3MnO; and LagsSrsCoOs
(although the DOS sub-band structure for both materials is
more complex than for the n-type oxides as a result of mag-
netic and spin-lattice effects)3*#2l where the DOS below the Ey
is primarily of O 2p character and the above-Er DOS primarily
has Mn or Co 3d character. The overlap of these two bands
occurs around Ep and yields a continuous DOS. In the case of
Lay 7Sty 3MnO;, the DOS at Eg is relatively low as compared to
the DOS located within a few eV on either side of Ep resulting
in a small, but continuous absorption of light and a strong turn-
on of absorption at around 3.2 eV (Figure 2i). In Lay5Sr;5Co03
the DOS at the Ep is considerably higher compared to the DOS
within a few eV on either side of Ep giving rise to a high, yet
relatively invariant absorption coefficient (Figure 2j).
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Figure 2. Reflectance (R, left ordinate) and absorption coefficient (o, right ordinate) for 50 nm thin films of (a) SrRuOs, (b) LaNiO;, (c) SrVO;, (d)
Lag 7Sro3MnO;3, and (e) LagsSrgsCoO;. (f—j) Corresponding schematic band diagrams for the materials in (a—e).

In turn, these materials can be used as the foundation for
a range of energy devices. We begin by probing model pho-
tovoltaic devices that provide us insight into the nature of
the TiO,/“metallic” oxide junction type and the nature of the
photocurrent generation to inform the use of these mate-
rials as photocatalysts. The photovoltaic devices studied
here have a generic structure of 100 nm 10% SnO,-doped
In,0; (ITO)/100 nm anatase TiO,/50 nm “metallic” oxide
(Figure 3a). Dark current-voltage (I-V) studies have been
completed on these heterojunctions to extract values for the
TiO,/“metallic” oxide barrier heights (see Supporting Informa-
tion, Figure S3). Based on published values of work functions
for these “metallic” oxide materials,!'%3743-1] we expect Schottky
barrier heights between the TiO, and SrRuOs, La,;Sr3MnOs,
LaNiO;, LagsSry5Co03;, and SrVO; of 1.3 + 0.1 eV,
1.1 £0.1 eV, ~1.0 eV, 0.7 £ 0.5 eV, and 0 eV, respectively. The
error bars represent the range of work functions reported in the
literature and the value for LaNiO; (~1.0 eV) is based on only
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one published value. When possible, we applied standard Rich-
ardson-Nordheim equation fitting procedures to the dark -V
data to extract experimental barrier heights. For all materials,
the experimentally measured barrier heights are consistent
with those values noted above; however, for devices based on
LaNiO; and Lay5Sry5CoO; the ideality factor from the fit was
>2 and thus the accuracy of those fits are questioned. Regard-
less, these analyses allow us to identify three different classes of
heterojunctions — n-n Schottky (based on SrRuO; and LaNiO3),
n-n ohmic junctions (based on SrVOs3), and p-n Schottky (based
on Laj;Sry3MnO; and La, 5Sr;5Co03) junctions.

Light I-V studies were completed under illumination by
AM1.5G light that was filtered to remove progressively longer
wavelengths (details of all light-based measurements are pro-
vided in the Supporting Information). Full light [-V data sets
as a function of cut-off wavelength are provided (along with
data on the light filters, Figures S4 and S5), but for simplicity
we plot the short circuit current density (Jsc) as a function of
the cut-off photon energy (Figure 3b). For
all devices, except that based on SrVOs;, we
observe the Jsc to be one-to-two orders-of-
magnitude larger than the current density

300

(b)

I
1 TiO, band edge

in the dark at zero voltage bias (J,). We also
note that despite the differences in hetero-
junction type, we observe the same sign of
photocurrent for all TiO,/“metallic” oxide
devices and that although there are variations
in the absorption coefficients of the various
“metallic” oxide layers across the range of
wavelengths studied, normalization of the
Jsc by the absorbed light intensity across this
® - same range has a negligible effect on the
trends observed here.

Based on the band gap of the TiO,, light

La0 7SrMMnO3

Srvo,
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Figure 3. (a) Schematic diagram of photovoltaic device geometry consisting of 100 nm
ITO/100 nm TiO,/50 nm “metallic” oxide heterojunction devices. (b) Short-circuit current den-
sity (Jsc) as a function of photon energy measured under AM1.5G illumination with various

longpass glass filters.
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4 with energy <3.4 eV (or >364 nm) is not effi-
ciently absorbed by the TiO, and, in turn, the
existence of [sc under illumination in those
conditions demonstrates that the photocur-
rent is generated from light absorption in the
“metallic” oxide as it is the only active light
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Figure 4. (a) Mass normalized methylene blue (MB) degradation activity for 10 nm TiO,/50 nm “metallic” oxide heterojunctions devices under
AM1.5G illumination (*Degussa P25 from Ref. [53]). Schematic band diagrams for the photocatalytic devices for (b) SrVO;3, (c) LaNiOs, (d) SrRuOs,
() LagsSrgsCo0s, and (f) Lag;Srg3MnO;. The relative reduction/oxidation potentials for pH 7 water are shown to scale on the left of each figure.

absorbing layer. Additionally, for all devices exhibiting Jsc above
Jo we observe (roughly) an exponential increase in the Jsc with
increasing cutoff energy. The exponential trend is observed
in both the n-n and p-n Schottky devices and suggests that as
the higher energy light is filtered out, fewer of the photoex-
cited electrons produced in the “metallic” oxide have sufficient
energy to overcome the Schottky barrier and therefore fewer of
these electrons diffuse across the TiO,/“metallic” oxide inter-
face. We conclude, therefore, that the mechanism of photocur-
rent generation in these devices is likely hot electron injection.
Devices exhibiting Jsc = ], (i.e., those based on SrVO;) exhibit
no photocurrent response because the ohmic junction does not
provide a driving force for photocurrent flow (a more detailed
description of each photovoltaic device as well as proposed
device band diagrams are provided in the Supporting Informa-
tion and Figure S6).

To assess the photocatalytic performance of the
TiO,/“metallic” oxide heterojunctions we measured the degra-
dation rate of methylene blue (MB), a widely used method to
evaluate and compare the visible light activities of photocata-
lysts.’233] All photocatalytic studies were completed on 10 nm
TiO,/50 nm “metallic” oxide heterojunctions where the thick-
ness of the TiO, was chosen to be sufficient to protect the
“metallic” oxide from photodegradation while still being thin
enough to support efficient charge transport (details of the
measurements are provided in Figure S7).

The normalized MB concentration time traces for all the
heterojunctions and control samples showed pseudo-first
order kinetics allowing the calculation of mass-normalized
photocatalytic activity (Figure 4a and Figure S8). We observe
the highest mass-normalized activity for the LaysSry;CoOs-
based devices and the lowest for the LaNiO;-based devices.
It should also be noted that the activity in the Laj Sty 5CoO;-

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

based devices is 27- and 6.2-times larger than that for a
single-layer TiO, film and nanopowder Degussa P25 samples,
respectively.l>’]

The trends in mass-normalized photocatalytic activity are not
simply understood in the context of light absorption alone, but
are a complex function of the interplay of the electronic struc-
ture of the “metallic” oxide, light absorption, junction type,
barrier height, and built-in electric field. Additionally, to under-
stand the performance of the devices one generally needs to
consider the contributions of both drift and diffusion currents to
the overall response. Previous studies of electronic transport in
anatase thin films,>! however, have revealed that the diffusion
length of electrons in anatase is on the order of only 1 nm. Thus
in the case of the photovoltaic device (where there is a 100 nm
thick TiO, layer) the diffusion current is expected to be negli-
gible and does not contribute significantly to the short-circuit
current density while in the case of the photocatalytic device
(where there is only a 10 nm thick TiO, layer) this likely will
not be the case. To further facilitate this discussion and to aid
our understanding of the operation of the photocatalytic devices
we present proposed schematic band diagrams (Figure 4b—f)
meant to qualitatively describe the proposed processes active
in each layer. Construction of these band diagrams is informed
by highlighting a few similarities among the various devices.
First, for all Schottky devices, the TiO, layer is fully depleted as
a result of the 4-to-6 order-of-magnitude difference in the car-
rier concentration between the TiO, (10"°"10" cm™) and the
“metallic” oxides. Second, because the “metallic” oxides have
a carrier concentration of 102122 ¢cm™, the solution has low
ionic conductivity (neutral pH, low MB concentration), and
the TiO, is only 10 nm thick, the band alignment of the TiO,
is likely predominantly controlled by the “metallic” oxide and
not affected by the reduction/oxidation couples. In other words,

Adv. Mater. 2013, 25, 6201-6206
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strong pinning or bending of the band structure of TiO, as a
result of the contact with the solution is not expected.

With these similarities in mind, we now discuss the dif-
ferences among the various devices: first we discuss devices
having no built-in electric field in the TiO, (SrVOj; and LiNiOs),
second we discuss the devices in which the built-in electric field
in the TiO, enhances the photocatalytic activity by adding a drift
current in the same direction as the diffusion current (StRuO;
and Laj5Sry5Co00s3), and lastly we discuss the case of the device
which has a built-in electric field in the TiO, that inhibits
(some) of the diffusion current by adding a drift current that
opposes the diffusion current (Lagy;Sry;MnO3).

The SrVOs;- and LaNiO;-based devices both have no built-in
electric field in the TiO,. In the case of the SrVO;-based device
(Figure 4b), this is because the work function of the “metallic”
oxide is lower than the Er (i.e., the separation between the Fermi
state and vacuum level) of the TiO, which results in the forma-
tion of an ohmic junction, just as in traditional semiconductor-
metal devices. Because the junction is ohmic, there is an accu-
mulation of charges in the TiO, and no barrier to hot electron
diffusion from the SrVOj; into the TiO,. The absence of such
a barrier accounts for the SrVOs;-based device possessing the
second largest measured mass-normalized photocatalytic
activity (154 uM/hr-g) despite having the lowest absorption
of the AM1.5G spectrum (33%). For the LaNiOs-based device
(Figure 4c), the work function of the “metallic” oxide and the
Er of TiO, are approximately the same magnitude, resulting
in the formation of a flat-band Schottky junction with a barrier
height of ~1.0 eV and, as a result of the lack of band bending,
no built-in electric field in the TiO,. The Schottky barrier serves
as a barrier to hot electron transport from the “metallic” oxide
into the TiO, and the lack of any additional driving force (i.e.,
the lack of built-in electric field in the TiO,) accounts for the
LiNiOs-based devices displaying the lowest observed mass-
normalized photocatalytic activity despite having the second
highest absorption of the AM1.5G spectrum (50%). This anal-
ysis demonstrates that in the design of all-oxide heterojunction
devices based on correlated “metallic” oxides for photocatalysis
the presence of an ohmic junction can potentially enhance the
photocatalyic activity by maximizing the hot electron transport
via diffusion from the “metallic” oxides to the wide band gap
oxide.

The SrRuO;- and LajsSrysCoOs-based devices (Figure 4d
and e, respectively) both have a built-in electric field in the TiO,
which enhances the photocatalytic activity by adding an addi-
tional driving force for the transfer of hot electrons injected
into the TiO, from the “metallic” oxide to the solution interface.
This electric field produces a drift current similar to that seen
in traditionally Schottky junction devices. For both devices, the
work function of the “metallic” oxide is larger than the Ep of
the TiO, which results in the formation of a Schottky junc-
tion and barrier heights of 1.3 = 0.1 eV and 0.6 * 0.5 eV for
the SrRuO;- and LaysSr;5sCoOs-based devices, respectively. It
is this large difference in barrier heights along with the fact
that Laj 5Sry5CoOs absorbs a higher percentage of the AM1.5G
spectrum (53%) than SrRuO; (44%) that accounts for the 2.7-
times higher mass-normalized activity of the LagsSry;CoOs
device compared to the SrRuO; device. It should also be noted
that owing to the presence of a band gap in the La5Sr;5C00;
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which is not present in the StTRuOj3, there exists a small popula-
tion of electrons in the conduction band of the LajsSry5CoO3
for which there is a lower barrier to injection into the TiO,. By
combining this comparison with our previous discussion of
the ohmic and Schottky flat-band devices, we surmise that the
lower Schottky barrier when combined with high light absorp-
tion and a built-in electric field that enhances hot electron
transport to the solution interface yields the best performing
all-oxide heterojunction devices based on correlated “metallic”
oxides.

Lastly we discuss the case of Lay;Sr;3MnOs-based devices
(Figure 4f) where there is a p-n Schottky junction with the TiO,
and a built-in electric field in the TiO, that opposes the hot elec-
tron diffusion current. The work function of the Lay 7Sty ;MnOs
is smaller in value than the Ep of TiO,, but, unlike the case
of the SrVOj; device in which an ohmic junction is formed,
LaySrg3sMnO; forms a Schottky junction with TiO, because
LaySrg3MnOs is a p-type “metallic” oxide (i.e., the n-type TiO,
is completely depleted of free electrons by the transfer of holes
from the Laj,Sry3MnO; when the junction is formed). As in
the case of LaysSr;5Co03, we point out that the presence of a
band gap results in a small population of electrons in the con-
duction band of the Laj-Sr;3MnO; for which there is a signifi-
cantly lower barrier (~0.1 eV) to the injection of hot electrons
into the TiO,. The net result is that while the Lay-Sry;MnOs
has the second lowest absorption, it exhibits a mass-normalized
activity slightly higher than that of the SrRuOj3, but significantly
lower than the LagsSrysCoO; devices due to the completing
effects of barrier height, electric field, and electronic structure.
This analysis suggests that it is crucial to understand the direc-
tion of band bending or the built-in electric field as it plays a
significant role in driving the hot electrons in the devices.

In conclusion, we have studied the optical, photovoltaic,
and photocatalytic response of TiO,/correlated “metallic” oxide
heterojunctions. Ellipsometric studies of the “metallic” oxides
reveal that as a result of the complex electronic structure of
these materials, they possess low reflectance and high absorp-
tion coefficients that enable up to 53% of AM1.5G light to be
absorbed by only 50 nm thick films. Upon studying the pho-
tovoltaic and photocatalytic response of heterojunctions based
on these materials we observe a number of important features.
First, by controlling the work function and carrier type of the
“metallic” oxide, we can produce three different types of het-
erojunctions: n-n Schottky, n-n ohmic, and p-n Schottky junc-
tions. In turn, this gives rise to a range of different photovoltaic
responses that are dominated by hot electron injection from the
“metallic” oxide into the TiO,. Photocatalytic studies based on
these materials reveal that the activity of the heterostructures
is highest for Schottky junctions where the “metallic” oxide
possesses strong light absorption, the device has a low bar-
rier height, and the built-in electric field in the TiO, enhances
hot electron transport from the “metallic” oxide to the solution
interface. Additionally, heterostructures exhibiting ohmic junc-
tions (i.e., no barrier to hot electron diffusion) can overcome
limitations in light absorption to show enhanced activity. In
turn, the combination of “metallic” oxide with TiO, enables
the production of systems that greatly outperform TiO, films
alone and other common TiO,-based nanoparticle systems.
These conclusions provide a framework for the rational design
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of photoelectrochemical all-oxide devices utilizing hot electron
injection and illustrate how correlated electron systems can sig-
nificantly enhance performance in energy systems.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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