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Heterostructured Ceramic Powders for Photocatalytic Hydrogen Production:
Nanostructured TiO, Shells Surrounding Microcrystalline (Ba,Sr)TiO3 Cores

Li Li, Gregory S. Rohrer, and Paul A. Salvador'
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Heterostructured photocatalysts were prepared to have nano-
structured (ns) TiO, shells surrounding microcrystalline (mc)
cores of (Ba,Sr)TiO;. The as-prepared heterostructures were
annealed between 400°C and 600°C to improve crystallinity
and core-shell interfacial bonding. X-ray diffraction, electron
microscopy, and gas adsorption measurements demonstrated
that 50 nm thick shells composed of nanocrystalline and nano-
porous TiO, surrounded mc-cores such that the heterostruc-
tured particles had surface areas of 50-100 m?/g. The mc-(Ba,
Sr)TiO3/ns-TiO, core-shell photocatalysts annealed at 600°C
had slightly reduced surface areas, but had the highest rates of
photochemical hydrogen production from water/methanol solu-
tions, rates much greater than those for ns-TiO, or mc-(Ba,Sr)
TiO;z alone. Such heterostructured powders represent a new
strategy for the design of efficient photocatalysts and the use
of nanostructured catalytic coatings.

I. Introduction

I NTEREST in photochemical hydrogen production began sev-
eral decades ago upon the discovery that TiO, could cata-
lyze the g)hoto-induced (UV) dissociation of water
(photolysis).” The fundamental science governing photolysis
using ceramic catalysts is now well established and photolytic
hydrogen production using powder catalysts offers an inex-
pensive scalable method for solar energy conversion.'™®
While over 130 materials are known to split water photo-
chemically, the conversion efficiency of light energy to
hydrogen is unacceptably low for all of them.” The physico-
chemical properties required to catalyze photolysis efficiently
and sustainably are very restrictive; it is difficult to optimize
them individually within a single material.>’ Heterostruc-
tured photocatalysts offer extra degrees of freedom in mate-
rial design to improve the efficiency of photolysis.® Mixtures
of materials”'! and core-shell nanocatalysts'>!” have both
been investigated to optimize specific processes, such as light
absorption, or structural features, such as surface areas.

Two important processes limit the efficiency of photocata-
lysts: recombination of photogenerated charge carriers and
back reaction of intermediate chemical species.'® An ideal
photocatalyst absorbs all light in a space charge region,
allowing efficient separation of the photogenerated carriers.
For a semiconducting photocatalyst with a sufficiently large
crystal size, space charge regions are ~0.1-1 um wide, with
absorption depths being similar for photons of interest. The
surface area of such particles is too low for efficient catalysis.
High surface area nanostructured powders are better for
catalysis, but they do not support internal space charges,"
and only separate photogenerated carriers if the electronic
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energy levels in each component are optimized.”' Moreover,
intermediate reactions are not separated spatially for surfaces
with local heterogeneities or for nanoparticles, and back
reactions are problematic.>®'® Photoelectrochemical systems
use an internal voltage to separate the photogenerated carri-
ers, and therefore the chemical reactions, over macroscopic
distances.>™ The ultimate aim in photolysis is to achieve par-
ticle equivalents of photoelectrochemical cells.>** Here we
demonstrate that heterostructured ceramic powders can be
prepared in which the length scales for light absorption,
charge separation and transfer, and photochemical reaction
can be independently controlled.

Internal electric fields can also be used to separate photo-
generated carriers and to control the spatial location of pho-
tochemical processes. In powder photocatalysts, internal
fields arise from mismatches in the electrochemical potential
of electrons at interfaces.>”'®! When light is absorbed in an
electric field, the electron and hole move in opposite direc-
tions. Of course, it is of interest to control the field specifi-
cally at the surface of the particle to ensure different spatial
locations support oxidation and reduction. This is often done
through the impregnation of nanoscale metallic co-cata-
lysts.>® Polar surface terminations can also influence the
internal field in the catalyst.>> Similarly, the internal dipolar
field in ferroelectrics modifies the native surface fields to pro-
mote either photochemical oxidation or reduction, dependin
on the orientation of the polarization at the surface.?!">*
We present here examples of hierarchically structured photo-
catalysts that allow for light absorption to occur in space
charge regions, and that transfer photogenerated carriers to
high surface area catalytic shells.

TiO, still attracts the most interest of all photocatalysts
because it has a workable balance of the necessary material
properties for photocatalysis.>***3 Recently, we showed
that the surface reactivity of thin (<100 nm) dense TiO, coat-
ings supported on ferroelectrics (BaTiO3) was directly influ-
enced by the underlying ferroelectric domain structure.’!
Moreover, carriers photogenerated in the ferroelectric partici-
pated in the reactivity of the TiO, film,”*3° akin to a light
absorbing core—reactive shell nanocatalyst. Moreover, the
phase and orientation reactivity differences of bulk TiO, were
overshadowed entirely by the ferroelectric substrate.?*°
These results suggest that heterostructured photocatalysts
could be designed in which the absorption/charge separation
properties of a core having internal fields could be combined
with a nanostructured shell of high surface area and favor-
able band edge locations to improve the efficiency of water
splitting. Along these lines, it was demonstrated that nano-
structured TiO, coatings on microcrystalline FeTiO; had
improved properties for the degradation of organic dyes'®
and that CdS-TiO, nano-bulk composites exhibit improved
hydrogen production under visible light.***” In those hetero-
structures, the primary role of the bulk is to absorb visible
light. Here, we fabricate and characterize heterostructured
photocatalysts composed of microcrystalline (mc) cores of
(Ba,Sr)TiO5 and nanostructured (ns) shells of TiO,, and test
if they lead to hydrogen generation from water, yielding a
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new strategy for the photocatalyst design in which the physi-
cal length scales of the heterostructured powders can be well
matched to light absorption and charge separation.

II. Experimental Procedure

Micron-sized powders of BaTiO3 (99.7%; Alpha Aesar, Ward
Hill, MA) and SrTiO3 (>99%; Acros Organics, Morristown,
NJ) were used as precursors to prepare faceted microcrystals.
Faceted BaTiO; and SrTiO; powders were synthesized by a
molten salt flux method.?® Equal weights of BaTiO; and KCl
(>99%; Acros Organics) were combined with ethanol, ball
milled for several minutes, stirred continuously for 2 h, and
dried at 70°C for 12 h. The dried powder was transferred to
an Al,O; crucible and calcined at 1100°C for 5 h with 5°C/
min heating/cooling rates. KCI was removed by filtering with
boiling water and washing repeatedly with distilled water.
The faceted powder was dried at 70°C for 12 h.

Nanostructured (ns-)TiO, Was g)repared by the hydrolysis
of titanium (IV) n-butoxide'’ (TBOT; 99.0%, Acros
Organics), either as a free-standing powder or coated on mi-
crocrystalline (mc-) BaTiOs, SrTiO;, and Al,Os;. A mixture
of 9 mL water and 20 mL ethanol was prepared. When used,
core powders (=1 g) were added to the mixture and ultrason-
ically dispersed for 0.5 h. HCl was added to the water/etha-
nol solutions to adjust the pH to ~3-4 (except with Al,O3
cores, where pH was ~5-6). Another solution was prepared
with a suitable amount (15 mL) of ethanol, 8.6 mL TBOT,
and 1 mL of 24-pentanedione. The TBOT solution was
added drop-wise to the water/ethanol solution over 15 min.
The mixture was stirred vigorously for 2 h and then aged at
90°C in a water bath for 9 h while stirring at 300 rpm. The
as-prepared product was obtained by centrifugation of the
aged mixture, washing several times with ethanol, and drying
at 80°C for 24 h. Several control samples were also obtained.
Mechanical mixtures of similar compositions to the hetero-
structured powders were prepared by: mixing core powders
with Degussa P25 (Degussa, Parsippany, NJ) in ethanol,
treating them sonomechanically for 3 h using an ultrasonic
bath at 80°C, and drying them at 70°C for 12 h. The same
sonomechanical procedure was used to treat Degussa P25.
Some of the as-prepared powders were sintered in air for 2 h
at temperatures between 400°C and 600°C; they were heated
and cooled at 5°C/min.

0-20 X-ray diffraction patterns were registered using a dif-
fractometer (PANalytical; X'Pert Pro, Philips, Almelo, the
Netherlands) equipped with CuKo radiation, operated at
45 kV and 40 mA, and scanned at 3°/min with data col-
lected at a step size of 0.05°. For transmission electron
microscopy (2000EX; JEOL, Peabody, MA), powders were
ultrasonically dispersed in methanol and several drops of the
suspension were placed on a 200 mesh copper grid coated
with a carbon support film. Nitrogen adsorption-desorption
measurements (Nova 2200e; Quantachrome, Boynton Beach,
FL) were carried out at 77 K, using a multipoint method,
after vacuum-degassing for 3 h at 300°C. Surface area and
pore size distributions were determined using the Brunauer—
Emmett-Teller (BET) and the Barret-Joyner—Halenda (BJH)
model, respectively. The pore volume was measured at the
P/Py = 0.99 point.

All powders tested photocatalytically were loaded with
1 wt% Pt by an impregnation-reduction method.*>** Deter-
mined quantities of powders and H,PtClg solution were
mixed and stirred for 2 h. A fivefold excess of a NaOH
and NaBH, solution was added and stirred for 2 h. The
powders were collected by centrifugation, rinsed with dis-
tilled water, and dried at 70°C for 12 h. A gas-tight reactor
system (similar to those described elsewhere)*' equipped
with a 450 W medium-pressure mercury immersion lamp
(ACE Glass, Vineland, NJ) was used for measuring hydro-
gen generation. The lamp was inserted into a borosilicate
immersion well (ACE Glass), held inside a 500 mL inner
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reaction chamber, that transmitted wavelengths >280 nm.
The reaction vessel was maintained at room temperature
with flowing water. A certain mass (0.4 g or ~1 wt%) of
photocatalyst was added to a distilled water/methanol (92/
8 mL) solution and placed in the outer reaction chamber.
Methanol is a common sacrificial reagent that scavenges
holes, forming CO, rather than 0,.%*** The system was
evacuated several times and the pressure prior to reaction
was 5 torr. The volume of hydrogen produced was quanti-
fied by periodically withdrawing gas from the headspace in
the reactor using a 0.5 mL syringe and injecting it into a
gas chromatograph (Shimadzu, Columbia, MD; GC-14A,
TCD, Ar carrier). Experiments conducted in the dark, or
with no photocatalyst, under otherwise identical conditions
yielded no detectable hydrogen for all catalysts.

III. Results and Discussion

(1) Phase and Heterostructure Characterization

The XRD patterns of representative photocatalysts are given
in Fig. 1. All peaks could be indexed to BaTiO5; (JCPDS 05-
0626), anatase (A) TiO, (JCPDS 46-1237), or rutile (R) TiO,
(JCPDS 33-1381). The ns-TiO, (annealed at 500°C) and P25
have similar patterns, with slight differences in the peak
widths and the relative ratio of anatase to rutile. Although
these effects are slight, the photocatalytic properties of TiO,
are affected by crystalline quality and phase composition.***
No evidence of reaction was observed for the TiO,/BaTiO;
systems. Similar results were observed for the other systems
described herein.

In Fig. 2, bright field (BF) TEM images are shown for the
Pt-impregnated mc-BaTiO; core/ns-TiO, shell powders
annealed at 600°C and 400°C [their XRD patterns were simi-
lar to Fig. 1(d)]. The dark region corresponds to the micron-
sized BaTiOj; crystallite, the light gray regions to free space,
and the interfacial region with mottled contrast to the ns-
TiO, shell. The interface between the core and shell is sharp
and clear in Fig. 2(a), at low magnification; at higher magni-
fication, the interface is less clear because of particle curva-
ture and variations in the coating thickness. The ns-TiO,
shell surrounds the BaTiO; microcrystal, although the local
thickness varies. Higher magnification images, one is given in
Fig. 2(b), show details of the coating nanostructure and mor-
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Fig. 1. Powder X-ray diffractograms of (a) mc-BaTiOz (BTO), (b)
ns-TiO, annealed at 500°C, (c) Degussa P25, (d) heterostructured
mec-BaTiO3 core/ns-TiO, shell annealed at 500°C, and (e) a
sonomechanical mixture of mc-BaTiO3; and P25. All peaks in (a)
correspond to those of BaTiOs. In (b) and (c), peaks associated with
anatase (A) and rutile (R) are marked.
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Fig. 2. Bright field TEM images of a platinized heterostructured
particle composed of a mc-BaTiOs core and ns-TiO; shell annealed
at (a, b) 600°C and (c, d) 400°C. The entire particles are shown in
(a, ¢) and higher magnification images of the coating are shown in
(c, d).

Fig. 3. Bright field TEM images of a platinized heterostructured
particle composed of a mc-SrTiO3 core and ns-TiO, shell annealed at
500°C. (a) shows the entire particle and (b) shows a higher
magnification of the coating.

phology. The TiO, shell completely coats the core with fac-
eted particles that range from 20 to 40 nm in diameter (small
black dots on the TiO, are attributed to Pt co-catalyst parti-
cles). The multiscale core-shell nature of the microstructure is
clearly seen to be preserved during high-temperature annealing.

Figures 2 and 3 show BF TEM images of representative
particles, respectively, of mc-BaTiO3/ns-TiO, and mc-SrTiOs/
ns-Ti0,. In each case, contrast similar to that described
above indicates that the mc-core/ns-shell heterostructure was
achieved for all annealing temperatures and on both core
compositions (other heterostructured systems were verified to
have such microstructures). Although the overall coverage
varies slightly from location to location, the range appears to
be 25-100 nm (Figs. 2 and 3), although occasional agglomer-
ates were observed, probably attached through coalescence in
solution. This thickness is similar to that of dense TiO, films
exhibiting domain controlled specific reactivity.?!*>** In con-
trast to dense films, the TiO, shells made here have nano-
scale grains with nanoscale pores, which should increase the
total surface area.
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Table I. Summary of the Physical Properties for a Variety
of Photocatalysts

Ta N Vp s Vine n Rz
Catalyst (CC) (m%g) (em’/e) (A) (umol/m? [umol-(gh)™!
Heterostructures
me-BTO/ 400 72 0.15 33 9 108
ns-TiO, 500 61 0.20 48 13 132
600 44 0.14 43 28 205
¢-BTO/ 600 36 0.10 43 19 114
ns-TiO,
me-STO/ 500 47  0.16 48 22 172
ns-TiO, 600 41 0.14 55 31 212
c-AlL,O;/ 500 54  0.20 54 13 117
ns-TiO, 600 35  0.10 32 18 105
Mixtures
mc-BTO/ RT 28 0.17 152 12 56
P25 500 12 0.25 154 14 28
Components
P25 RT 49 0.36 154 30 245
P25 500 45  0.42 155 24 180
ns-TiO, 400 93 0.19 30 11 171
ns-TiO, 500 70  0.21 43 12 140
ns-TiO, 600 16 0.06 19 18 48
mce-STO 500 1 0.005 20 3 0.5

The mass specific surface area (S) and pore volumes (V7,), the radius of the
most populous pore size (rp), the total surface area specific volume of hydro-
gen gas measured after 6 h of photocatalysis (Va6 n), and the mass specific
molar rate of hydrogen production measured after 6 h (Ry) are reported for
a variety of photocatalysts annealed at different temperatures (7), where RT
is room temperature. For mc-BaTiO; and mc-Al,O;, no hydrogen was
detected. All samples were platinized and were measured using a nominal mass
of 0.4 g during experiments.

(2) Surface Area and Pore Characterization

The surface areas (S) and pore morphologies are listed in
Table I. S decreases as the annealing temperature (7'4)
increases, as expected from thermally driven coarsening. For
the mc-BaTiOs/ns-TiO, heterostructured system, S decreases
from 72 to 61 to 44 m?/g (0.5 m?/g, which is the error for
all S measurements) on increasing 7T from 400°C to 500°C
to 600°C, respectively. Similar values were found (see Table
I) for the ns-TiO, shells on all cores, with S ~35-75 m?/g.
For the mc-BaTiO; and me-SrTiO; powders, S was ~1 m?/g.
For the ns-TiO, powders, S decreased from 93 to 70 to
16 m?/g on increasing T, from 400°C to 500°C to 600 °C,
respectively. S measured for mixtures of nmc-BaTiO3z with high
surface area powders, such as the P25 mixture, generally were
between 20% (high T) and 57% (low T) of the maximum
(low T,) value for the high surface area powders. S of the
heterostructured samples annealed at 400°C and 500°C were
slightly lower than those of the freestanding nc-TiO, annealed
at the same temperatures. For the samples annealed at 600°
C, the heterostructured samples had larger surface areas.
Clearly the nanostructured shell of TiO, dramatically
improves the overall surface area for the heterostructured sys-
tems, compared with mixtures. Also, the microcrystalline core
improves the thermal stability of the pores in the ns-TiO,
coating at 600°C. This thermal stability allows for the ns-
TiO, crystallinity and interfacial bonding with the mc-cores
to improve with only a slight loss in overall surface area.

The pore volume, Vp (cm?/g), and the radius of the pores
with the maximum volumetric contribution, rp (A), i.e., r at
dV(r)/dr = 0, are given in Table I. When Vp > 0.1 cm’/g, the
distribution had a defined maximum. When Vp < 0.1 cm3/g,
the rp value had no significant meaning because the distribu-
tion is broad and low. Based on the large volumes of pores
in the 30-60 nm range, it can be concluded that 2,4-pentan-
edione acts as a structure-directing agent for TiO, shells on
microcrystalline powders. The values reported in Table I for
P25 are typical for this commercial product,*® which has a
high surface area with large pore volumes. Overall, these
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Fig. 5. Total hydrogen production per unit surface area measured
(b) after 6 h of a platinized photocatalyst, annealed at different
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Fig. 4. Time-dependent hydrogen production per surface area
from (a) faceted mc-BTO/ns-TiO,, mc-BTO, and ns-TiO, annealed at
600°C, and (b) faceted mc-STO/ns-TiO,, mc-STO, and ns-TiO,
annealed at 500°C. The measurements were taken using platinized
(1 wt% Pt) powders suspended in 100 mL 8% methanol-water
mixture solution under a UV light.

results indicate that high surface area heterostructured pow-
ders were produced with uniform mesoporous shells of thick-
nesses below 100 nm supported on microcrystalline cores.

(3) Photocatalytic Activity of mc-(Ba,Sr) TiO3[ns-TiO,
Powders Annealed at 600°C

Figure 4(a) shows the surface area specific volume of H,
(Vi in pmol/m?) produced over time for the me-BaTiO;/ns-
TiO,, the ns-TiO,, and the mc-BaTiO; powders. Figure 4(b)
shows Vy, versus time for the mc-SrTiOs/ns-TiO,, mc-
SrTiOs, and ns-TiO, powders (all annealed at 600°C). Similar
to literature reports,47 mc-BaTiO; generated no detectable
H». Although SrTiOs can split water to produce H,***** when
nanocrystalline, low S microcrystalline powders do not gen-
erate detectable H,. The mc-BaTiOs/ns-TiO,, mc-SrTiO;/ns-
TiO,, and ns-TiO, exhibited linear trends of H, production
with time (a constant rate). Both mc-BaTiO3/ns-TiO, and
mc-SrTi03/ns-TiO, heterostructured powders clearly exhibit
higher activity for H, production than either of their compo-
nents alone, both in overall volume and the average rate
(slope), see Table I.

A variety of other types of powders were tested and they
are reported in Table I, grouped specifically by the types of
photocatalysts, and in Fig. 5, grouped by the annealing
temperature. For heterostructured mc-BaTiOs/ns-TiO, trea-
ted at 600°C, both faceted and commercial cores yielded sim-

on either mc-BaTiO3 or mc-SrTiOs cores annealed at 600°C
(no further optimization was carried out).

(4) Dependence of Photocatalytic Activity on Annealing
Temperature

The measured photocatalytic activity depends on the anneal-
ing temperature. The H, production rates decreased (both
Vha.e n and Ryy) for P25 when annealed at 500°C (compared
with as-received), concomitant with a decrease in S. In con-
trast, the H, production rates increased (both Ve and
Ry») with annealing temperature for heterostructured pow-
ders, even though S decreased. This increased activity can be
ascribed to improved crystallinity of the ns-TiO, coating or
improved bonding between the ns-TiO, coating and the mic-
(Ba,Sr)TiO5 core. For our freestanding ns-TiO,, H, produc-
tion per unit area (Va6 1) increased with annealing tempera-
ture significantly (from 11 to 18 pmol/m?), but not as
significantly as for the heterostructures, although the H, pro-
duction per unit mass (Ryy,) decreased by a larger percentage
[from 171 to 48 pmol-(g-h)~"].

The increase in Vpyoen on annealing ns-TiO, (which is
opposite to the behavior of P25) is likely related to improved
crystallinity with annealing. The overall decrease in Ry, illus-
trates that the decrease in S is more important than the per
unit surface area improvement related to increased crystallin-
ity in ns-TiO,. As the increase (with annealing temperature)
in Ve n on annealing the heterostructures is greater than
the marginal increase for the ns-TiO,, it is unlikely to be
caused by a simple increase in crystallinity. Moreover, as
Ry, increased with annealing for the heterostructures, the
improved activity of the heterostructures is more likely the
result of improved structural characteristics at the interface
of the mc-(Ba,Sr)TiOz cores and the ns-TiO, shells, allowing
photogenerated carriers in the cores to be transferred to the
high surface area shells. This would be similar to the activity
improvements of dense TiO, coatings on BaTiO5.>!-**3
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(5) Photocatalytic Activity of Control Heterostructures
and Mixtures

Experiments were conducted using mc-Al,O3/ns-TiO, hetero-
structured catalysts processed under the same conditions as
the mc-BaTiOs/ns-TiO, powders. At T = 500°C, a similar
photocatalytic activity was observed for freestanding ns-TiO,
or ns-TiO, supported on either light absorbing [(Ba,Sr)TiOs3]
or nonabsorbing (Al,O3) cores. At Ty = 600°C, on the other
hand, Ry, increases dramatically for the heterostructured
photocatalysts having light absorbing (Ba,Sr)TiO; cores and
decreases for the nonabsorbing Al,O; cores and free-standing
particles (Va6 1 increases for all owing to improved crystal-
linity in the ns-shells). These findings indicate that the mc-
core plays a significant role in the performance of the hetero-
structured photocatalysts when the annealing temperature is
high, likely owing to the improved interface between the shell
and core.

Experiments were carried out using sonomechanical mix-
tures of mc-BaTiO5 and P25. In contrast to the ns-TiO, pow-
ders annealed at 500°C and 600°C, mc-BaTiO; mixed with
P25 shows significantly lower H, production than P25 alone,
and much less than the heterostructures. For the mixtures,
increased annealing temperatures do not affect Vi, n, but
significantly decrease Ryy,, in contrast to the behavior of the
heterostructures. The decreased Ry, value in the mixture is
likely related to the loss in total surface area, which also
indicates that improved interphase bonding does not improve
the performance of the mixture significantly. This is under-
standable because only some of the (Ba,Sr)TiO; interfaces
will be in contact with P25 and the thickness of the P25 at
any given interface remains unknown, as is the integrity of
the interfaces. In the heterostructures, each (Ba,Sr)TiO; par-
ticle is coated with ~50 (+25) nm of active TiO, and anneal-
ing leads to a decrease in surface area, as expected, but an
increase in the Ry, values. These control experiments suggest
that the light absorbing microcrystalline core plays an impor-
tant role in the activity of the heterostructured photocata-
lysts.

(6) Discussion of BaTiO; and SrTiOj; as Cores

The most important observation made above is that hetero-
structured powders, consisting of microcrystalline (Ba,Sr)
TiO;5 cores with nanostructured nanoporous TiO, shells, are
more active than either the microcrystalline cores or nano-
structured shells alone. This implies that the properties of
photocatalysts can be improved if the material has multiple
length scales. In addition, when the core did not absorb light,
no improvement in the properties was observed. This indi-
cates that carriers photogenerated in the core participate in
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the reactions on the shell. These arguments are also consis-
tent with observations made on dense titania films supported
on BaTiOs substrates.”® As such, transfer across the inter-
face should be critical. The observed improvement of the
photocatalytic hydrogen production from heterostructured
powders annealed at 600°C can be understood as arising
from improved transfer of carriers across the interface. We
will discuss this model below.

The absorption coefficients for anatase and rutile are
2 x 10* and 1 x 10%/cm, respectively**>’; BaTiO; has a simi-
lar value to that of rutile.*® Ignoring interfacial scattering, a
50 (100) nm thick anatase layer will absorb only ~1 (=2)%
of incident photons, while similar rutile (BaTiOj3) layers will
absorb ~40 (=~67)% of the photons. As our TiO, coatings
are ~90% anatase, the majority of photons will be absorbed
in the first few hundred nanometers of the BaTiO; microcrys-
tal. The observation that the mc-Al,O3/ns-TiO, coatings
exhibit similar photocatalytic activity to ns-TiO, alone fur-
ther supports the argument that carriers photogenerated in
the core contribute the activity of mc-BaTiOs/ns-TiO, cata-
lysts.

Carriers photogenerated in the core must past through the
interface to participate in shell reactions. Interfacial transfer
will increase, generally, with improved interfacial bonding,
which improves, generally, with annealing. The photocata-
lytic activity per unit surface area (Vua6 1) and per unit mass
(Ry2) increased with T, for the heterostructured powders.
For I’lS-TiOz or mc-A1203/ns-TiOZ, VHZWG h increased Sllghtly
with Th whereas Ry, decreased substantially with increased
Ta. The latter observations are attributed to increased crys-
tallinity of our ns-TiO, powders with annealing, while the
differences observed for the heterostructures with light
absorbing cores is attributable to improved contact at the
heterostructured interface, leading to enhanced photocata-
lytic activity per unit mass with increasing annealing temper-
ature, despite the loss of overall surface area. Further
support is provided by the lack of improvement in H, pro-
duction for sonomechanical mixtures of BaTiO; and P25,
which have poorly defined interfacial characteristics between
the two phases.

Simplified band structure diagrams for ideal heterostruc-
tures are given in Fig. 6. The conduction band positions®'*
and the bandgap energies® > of BaTiO; and TiO, were
assumed to be the same, although the real difference between
them is ~0.2 V. A work function of 4.2 eV (that of TiO,*)
was used to situate the Fermi level relative to the vacuum
level; we assumed the Fermi level was =0.1 eV*®! below the
conduction band edge of the n-type semiconductors. The
effects of interface states were ignored, the redox potential
difference between H,/H' and 0,/O~ was set at 1.23 V.’

(a) A A (b) A \ (c) A A
+e—Ps— AN ——>Ps+
Evac Evac Evac
T~ . T
4.1ev 4.1ev 41eV ™ s1ev 4.1ev 4.1ev
— 2 L — 2
L, o o— =y
— Vs 2 b ~1— Vs R
EC ..... L P 01r Hz/ H EC ..... ""f ............ 0 Hz/ H
F 1.23ev  Er 0.1ev L, | 1.23eV
- 1.4 0,/0 0,/0
3.2eV
- 2 — 2
E, ) / E _I_)\ Ey — <+
BaTiO; Tio, v BaTiO, Tio, BaTiO; Tio,

Fig. 6. A highly simplified schematic band structure diagram of heterostructured BaTiO;/TiO, with (a) no, (b) negative, and (c) positive
polarization (Ey,., E., Er, and E, represent the energy for the vacuum level, the conduction band, the Fermi level, and the valance band,
respectively. P refers to spontaneous polarization. The hydrogen and oxygen redox level are shown in the right).
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and we represent electrochemical equilibrium between the
solid and solution by matching the Fermi level with the solu-
tion Ho/H™ level. The TiO, surface potential was set to a
value determined from flat band measurements assuming the
interface states with the solution are unperturbed by the het-
erostructure.’

Figure 6(a) describes the situation where there is no
trapped interfacial charge or polarization at the BaTiO;/TiO,
interface. As the coating thickness is smaller than the deple-
tion layer width, the depletion layer extends into the Ba-
TiO3." In general, the thickness of the depletion layer
should be about 100 nm in titanates (assuming a typical dop-
ing level).! Figures 6(b) and (c) show schematics in which
surfaces are charged, respectively, negative and positive, by a
ferroelectric polarization. These interfacial charges could also
represent local chemical variations at the interfaces, although
the ferroelectric charge is expected to be significantly larger
than that from local chemical variations. For example, the
lower electron affinity and higher isoelectric point of SrTiO;
compared with TiO, can result in a potential step at the
interface between them.®® The bands are bent upward at the
interface with the negative polarization (charge) and down-
ward with the positive. The bands in the TiO, cannot relax
to the bulk value in these cases because they are too thin to
accommodate the two surface charges.

The reactivity of such a particle will depend on the photon
absorption location, carrier diffusion length, and carrier
interfacial transfer. In the case of anatase-coated (Ba,Sr)TiO3
having no trapped interfacial charge, much of the light is
absorbed in the mc-bulk where there is no electric field to
separate carriers. Ferroelectric polarization (surface charge)
acts to increase the width of band bending and the likeliness
a photon is absorbed in a region with an electric field. With
positive (negative) polarization/charge, electrons (holes) in
BaTiO; move toward the interface and can be injected into
the TiO, if they have enough energy to overcome the bar-
rier® or if they tunnel through it*>*° (holes do not have a
barrier). It has been shown elsewhere that surfaces of
domains with positive polarization promote reduction in
both bare BaTiO; and in TiO, coated BaTiO5.2>*" Overall,
heterostructured mc-BaTiO3/ns-TiO, should display enhanced
photocatalytic activity compared with the separate phases if
these diagrams represent the different extremes of interfaces.
However, if interfacial transfer is significantly impeded or no
light absorption occurs in the core, then the heterostructures
will have similar or worse properties than the coatings them-
selves. All of the above-described observations agree with
this model.

Heterostructured catalysts with SrTiO; cores have reactiv-
ities similar to those with ferroelectric BaTiOz cores. For
(Ba,Sr)TiO; powders and ceramics, similar maximum values
of reactivity were found for three compositions: BaTiOs,
Bag 745102 Ti03, and SrTi0O;5.3!32 Major factors that were
suggested to influence the reactivity of the (Ba,Sr)TiO5 cores
were the remanent polarization, the space charge width
variations with the dielectric constant, the band edge posi-
tion, and the absorption cross-section for UV light.*** Our
results correlate well to the observations for microcrystalline
(Ba,Sr)TiO; powders in terms of the relative reactivity of
the BaTiO; and SrTiO; cores. We take this as further evi-
dence that the ideal heterostructured mc-BaTiOs/ns-TiO,
catalysts absorb light in the core and shuttle carriers to the
high surface area shells. Enhanced photocatalytic activity of
heterostructured SrTiO3/TiO, nanocomposites, such as
nanofiber and nanotube, has previously been reported.®>®*
7 The enhancement was attributed to electron transfer from
SrTiO; to TiO,, owing to the interfacial dipole described
above.®* No matter their origin, interfacial charges cause
band bending in the core where absorption is occurring.
This affords an internal field in the core, allowing charges
to be separated, shuttled to the TiO, shells (as long as
interfacial transfer is possible), and reacted with solution
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species, and used in H, production. Separation of the
absorption and reaction locations in heterostructured photo-
catalysts offers a new approach to design ceramic photocat-
alysts.

IV. Conclusions

The mc-(Ba,Sr)TiO3 core/ns-TiO, shell heterostructured
ceramics exhibit enhanced photocatalytic activity for hydro-
gen production, when compared with any of their compo-
nents alone or mixtures thereof. The improved reactivity of
the heterostructure is attributed to the combined efficient
absorption and charge separation in the mc-core, efficient
transfer across the mc-core/ns-shell interface, and high sur-
face area and reactivity of the ns-TiO, shell. These attribu-
tions were supported by comparing the reactivity of the
heterostructures to the reactivities of freestanding ns-TiO,,
heterostructures with nonlight-absorbing cores, and mechani-
cal mixtures of mc-cores with P25.
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