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Abstract
Photocatalytic hydrogen production rates have been measured from Al-doped
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allelized and automated photochemical reactor. It is found that the photocat-
alytic reactivity is influenced by crystal shape and that crystals with a {110} to
{10 0} surface area ratio between 1.3 and 1.8 yield more H, than crystals with
other ratios. Crystals with a {110}/{10 0} surface area ratio of 1.8 generate hydro-
gen at 550 umol h~! g~! at pH 7, whereas crystals with only {10 0} facets exposed
generate hydrogen at 300 umol h~! g~! under the same condition. It is likely
that the surface area ratio provides the appropriate balance between the pho-
toanodic reaction on the {110} surface and the photocathodic reaction on the
{100} surface. In the size range of 250-450 nm, larger crystals produce hydro-
gen at a rate of 400 umol h=' g~! at pH 7, whereas smaller crystals only produce
200 umol h™! g=!, suggesting that the larger crystals reduce the rate of electron—
hole recombination or back reaction and that the widths of the space charges
within the crystal are comparable to the particle radius.
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1 | INTRODUCTION

split water under UV illumination and has been widely
studied.>® Many researchers focus on doping aliovalent

Photocatalytic water splitting is a promising technology to
reduce humanity’s dependence on fossil fuels by convert-
ing solar energy to clean and sustainable H, fuel. Since the
discovery of photoelectrochemical water oxidation using a
TiO, photoanode by Fujishima and Honda,' thousands of
semiconductor materials have been reported to be able to
split water.”* Among them, SrTiOj; is one of the promising
materials with a bandgap of approximately 3.2 eV that can

metal cations into SrTiO; to control the defect structure
and improve photocatalytic reactivity.”® In recent studies,
it was found that a flux treatment in SrCl,—together with
Al doping—can significantly increase the reactivity of
SrTiO; for water splitting.”!! Previous experiments have
shown that modifying the band bending in the space
charge region either by internal or external electric fields
influences the photochemical reactivity.'”"'* The current
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study was undertaken to understand how crystal shape
and size influence the rate of photocatalytic H, yield from
Al-doped SrTiOs.

It is known that particle shapes, because of the facets
exposed, influence photocatalytic performance.”>' 1t is
thought that the spatial separation of charge to different
exposed facets leads to increased reactivity. For example,
Li et al.'®"” found the spatial separation of photogenerated
electrons and holes among {110} and {010} facets in
BiVO, contributed to an enhancement of photocatalytic
water oxidation reactivity. Previous studies of SrTiO; have
shown that the {100} surfaces are photocathodic and
{110} surfaces are photoanodic,’’~?? and this is supported
by electronic band structure calculations showing that the
conduction and valance band edges at the {110} surface
are at a higher energy than at {10 0}.>?* Also, atomic force
microscopy (AFM) measurements confirm that {110}
surfaces have a more negative surface charge compared
with {100} surfaces and are more favorable to photoan-
odic reactions.’* Besides, SrTiO; nanocrystals with both
{100} and {110} facets exposed are much more reactive
than SrTiO; nanocubes (exposing only {100} facets) for
photocatalytic water splitting.’>>> A more recent paper?®
reports that SrTiO; particles with {10 0} and {110} surfaces
have reactivities that are inferior to those with only {10 0}
surfaces, but the catalyst particles were significantly
smaller than those in the previous work.!?>2> Although
previous studies focus on nominally pure SrTiOs, the
effect of shape on the much more reactive Al-doped
SrTiO; is not yet known. It is found that Al-doped SrTiO3
treated in SrCl, melt showed superior performance for
overall water splitting and Takata et al."!' demonstrated a
quantum efficiency for overall water splitting up to 96%
at 350-360 nm using faceted Al-doped SrTiO; particles
with different cocatalysts selectively photodeposited on
{100} and {110} facets. One of the goals of this paper is
to determine the optimal shape for Al-doped SrTiOs. For
example, it has been shown that anatase TiO, particles
exposing {001} and {101} facets at a ratio of 1.25 are
optimal for the photocatalytic reduction of CO, to CH,.?’
In this work, we will compare catalyst particles with
only photocathodic {100} surfaces to particles that have
increasing relative areas of photoanodic {110} surfaces.

Particle sizes are also important to photochemical reac-
tions. In general, smaller particles usually have a higher
surface area and more reaction sites at constant mass, and
this potentially increases the photochemical reaction rate.
However, smaller particles are not always better. If the par-
ticle size is less than twice the width of the space charge,
band bending will be reduced, lowering the potential
to separate electrons and holes.?® Quantum confinement
can increase the bandgap of smaller particles,””" leading
to decreased light absorption and reactivity. Finally, the

smallest particles are usually produced at relatively low
temperature and may have a higher concentration of struc-
tural defects, which typically promote recombination and
reduce reactivity. On the other hand, there is clearly an
upper limit for particle size. If the particle is too large,
charge carriers generated in the flat band region at the
center of the crystal are more likely to recombine than to
migrate to the surface. The existence of an optimal parti-
cle size has been demonstrated for TiO,,’' PbTiO;,*” and
WOs5.** One of the goals of this work is to determine if there
is an optimal size for Al-doped SrTiO; and whether this
optimum is a function of particle shape.

The purpose of this work is to understand the influences
of crystal shape and size on the rate of H, generation by
Al-doped SrTiO;. Catalyst particles with {110}/{10 0} sur-
face area ratios from 0 to 2.5 have been tested, with parti-
cle diameters of ~250, 350, and 450 nm. All catalysts were
treated in an SrCl, flux at 1150°C for 10 h containing 1 mol%
added Al,05 and afterward loaded with an RhCrO,, cocat-
alyst. Photocatalytic water splitting experiments have been
carried out using the parallel and automated photochem-
ical reactor with particles either in deionized (DI) water
whose pH has been adjusted from pH 2 to pH 12 or in 10%
aqueous methanol solutions. The rate of H, production is
found to vary with the crystal shape and size and these vari-
ations are consistent with expected changes in subsurface
band bending.

2 | METHODS

2.1 | Synthesis of catalysts

SrTiO3 crystals were prepared hydrothermally following
a procedure reported by Dong et al.** Four types of crys-
tals, denoted as A, B, C, and D, were prepared in an iden-
tical fashion with the exception of the surfactant used.
In all cases, 0.2 ml of pure TiCl, (Sigma-Aldrich, 99%)
was dropped into a solution in an ice bath containing
25 ml of DI water and the surfactant. These types and
amounts of surfactants were used to generate large crys-
tals with an average diameter of 450 nm: A—2 g of ethanol
(PHARMCO, 200 Proof), B—1 g of 1,2-propanediol (Sigma-
Aldrich, 99.5%), C—1 g of ethylene glycol (Alfa Aesar,
99+%), and D—O0.1 g of pentaerythritol (Sigma-Aldrich,
99%). After magnetic stirring for 5 min, 10 ml of 0.265-
M SrCl, solution containing 0.42-g SrCl, (Sigma-Aldrich,
99.99%) and 30 ml of 3-M LiOH solution containing 2.16-
g LiOH (Sigma-Aldrich, 98%) was added. After stirring
for another 30 min, the resulting solution was transferred
to a 100-ml Teflon-lined hydrothermal autoclave (Techin-
stro). The autoclave was then heated at 180°C for 36 hin a
furnace. After heat treatment, the solution was removed



ZHANG ET AL.

TABLE 1 Summary of synthesis route and conditions for all samples
Amount of Average size
Catalysts Shape Type of surfactant surfactant (g) (nm)
A-L (100) facet only Ethanol 2 450
B-L (110)/(100)=1.3 1,2-Propanediol 1 450
C-L (110)/(100)=1.8 Ethylene glycol 1 450
D-L (110)/100)=2.5 Pentaerythritol 0.1 450
A-M (100) facet only Ethanol 10 350
A-S (100) facet only Ethanol 20 250
B-M (110)/(100)=1.3 1,2-Propanediol 6 350
B-S (110)/(100)=1.3 1,2-Propanediol 12 250

and the resulting precipitate was centrifugated, washed
alternatively with water and ethanol four times each at
4000 rpm for 12 min. Finally, the resulting precipitate was
dried in an oven at 80°C overnight. Additionally, SrTiO5
crystals of type A (type B) were also prepared in two
smaller sizes, with average diameters of 350 and 250 nm,
referred to as medium and small, following the same pro-
cedure but increasing the amount of surfactant to 10 g (6 g)
for medium and 20 g (12 g) for small. All samples’ abbre-
viations and corresponding synthesis conditions are sum-
marized in Table 1.

Note that during the hydrothermal synthesis, an excess
of SrCl,, greater than the stoichiometric ratio for SrTiO3,
was employed. In initial experiments where the stoichio-
metric ratio was used, the product was a mixture of
anatase, rutile, and SrTiO;. These small TiO, particles
adhere to the larger SrTiO; crystals and blocked the illu-
mination. By adding an excess amount of SrCl, in the
hydrothermal synthesis, the formation of TiO, was inhib-
ited, and clean SrTiO; crystals with reproducible mor-
phologies were obtained. It is also noted that the crystals
synthesized in our lab have a larger size compared to what
is reported by Dong et al.,** even though the same amounts
of surfactants are added.

SrTiO3; nanocrystals of types A, B, C, and D were doped
with Al in a SrCl, flux, as described by Domen and
coworkers.'*!' The hydrothermally grown SrTiOs, Al,O;
nanopowders (Sigma-Aldrich, <50-nm particle size), and
SrCl, (Alfa Aesar, 99.5%) were mixed at a molar ratio of
1:0.01:10 with mortar and pestle. The mixture was then
heated at 1150°C for 10 h in an alumina crucible, a tem-
perature at which the SrCl, liquifies. To remove the SrCl,
thoroughly after the process, the resulting mixture was
centrifugated first with DI water and then with ethanol,
four times each at 4000 rpm for 12 min. The resulting Al-
doped SrTiO; powders were then dried in an oven at 80°C
overnight.

RhCrO, cocatalysts were loaded (0.1-wt% Rh and
0.1-wt% Cr) on all crystals with an impregnation method

described elsewhere.*> An amount of 50-mg as-prepared
Al-doped SrTiO; crystals was dispersed into 0.5 ml of
DI water containing appropriate amounts of Na;RhClg
(Sigma-Aldrich) and Cr(NO;3);-6H,O (Sigma-Aldrich,
99%) to yield 0.1-wt% Rh and Cr. Note that, in some
experiments, this amount was adjusted to study the effect
of the amount of cocatalysts loaded on the reactivity. The
suspension was evaporated in a water bath under constant
manually stirring. The resulting powders were collected
and heated at 350°C for 1 h. A schematic illustration of the
catalyst synthesis route is presented in Figure 1.

P25 TiO, was used as a reference catalyst and included
in all panels, so that results could be compared from panel
to panel. P25 powders were loaded with 1-wt% Pt by the
impregnation method.>**” P25 powders (Degussa) were
immersed in an H,PtCly solution (Sigma-Aldrich) for 2 h
with magnetic stirring. Then, the powders were reduced
using a fivefold excess of NaOH (Fisher Scientific) and
NaBH, (Acros) for 2 h with stirring. The powders were
then collected and rinsed in DI water by centrifugation and
dried overnight.

2.2 | Characterization

The phase of each sample was determined with powder
X-ray diffraction (XRD) using an X’Pert Pro MPD X-ray
diffractometer (PANalytical, Philips, The Netherlands)
equipped with a high-intensity (45 kV, 40 mA) Cu K «
radiation source (K a1 =1.5406 A, K a2 =1.5444 A). A scan
rate of 5°-min~! was applied in the range of 20°-90° at a
step size of 0.02°. Scanning electron microscopy (SEM)
images were obtained to determine the morphologies of
all samples using FEI Quanta 600 with a 20-kV beam
with a spot size of 3. An Oxford full analytical XMAX
80-mm SDD EDX detector was equipped on the SEM for
chemical composition analysis. N, adsorption-desorption
measurements (NOVA 2200E, Quantachrome, FL), used
to determine the specific surface areas of powders through
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FIGURE 1 Schematic diagram illustrating the route of formation of Al-doped SrTiO; catalysts in the presence of different surfactants. A,

B, C, and D are the designations for the different particle shapes

a Brunauer-Emmett-Teller (BET) approach, were per-
formed at 77 K using a multipoint method. The sample
was degassed at 110°C for 24 h prior to measurement.
UV-vis diffuse reflectance spectra were recorded on
an OL 770 Multi-Channel Spectroradiometer (Optronic
Laboratories).

2.3 | Photocatalytic water splitting
experiment

The photocatalytic reactivity for hydrogen evolution
was measured with a high-throughput parallelized and
automated photochemical reactor (PAPCR), illustrated
schematically in Figure 2.3 Two 100-W UV LED chips
(Chanzon, 380 nm) at the bottom of the reactor were fixed
on an aluminum plate to provide constant illumination
for the reaction. The LEDs were cooled by a fan and
circulating chilled water. At the mid part of the reactor,
108 1-ml borosilicate glass shell vials sit on an aluminum
plate with small holes drilled at the bottom, through
which illumination from the LEDs can transmit into the
vials. The vials were covered with a layer of hydrogen-
sensitive film (DetecTape, Midsun Specialty Products)
whose color changes from light to dark with an increase
in the local hydrogen concentration. A typical image of
the panel before and after reactions is shown in Figure
Sla,b. A fluorinated ethylene propylene (FEP) film was
placed on top of the hydrogen-sensitive film to create a

/ ‘White LED Stl’ip

Acrylic housings

Plexiglass

Silicone plate and FEP film
H, sensitive film

Reactor array

LED chips

Circulating water

FIGURE 2 Schematic illustration of the PAPCR. PAPCR,
parallelized and automated photochemical reactor

gas-impermeable environment. Next, a flexible silicone
layer and a rigid plexiglass plate were placed on the top of
the FEP film to seal and cover the whole reactor array. At
the top of the reactor, a Pi camera (Raspberry Pi Camera
Board V2, 8 Megapixels) was fixed. In every 6 min, the
LEDs are switched off and the camera takes a picture of
the hydrogen-sensitive film. After the picture was taken,
the LEDs were switched on for another 6-min cycle. Two
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FIGURE 3

rows of white LED strips (JUNWEN, 16 W) were used to
illuminate the hydrogen-sensitive tape from above while
the image was captured. For each image, the RGB values
were extracted for an area of 54 pixels in the center of each
vial to determine the darkness of the film. These values
were then subtracted from the darkness value from the
first image. The response of the hydrogen-sensitive film
was calibrated in the range of 4%-31% of H,, shown in
Figure Slc and Table SI, by adding known amounts of
hydrogen to the vials and recording the response. Based
on the calibrated relationship between local hydrogen
concentration and the appearance of the film, it is possible
to calculate the amount of H, production every 6 min and,
from such data shown in Figure S1d, the reaction rate.

By varying the amount of Al-doped SrTiO5 added to each
vial, we found that the absolute rate (umol h™!) of H, evolu-
tion reached the maximum at 10 mg (see Figure S2). There-
fore, in all further experiments, 10 mg of Al-doped SrTiO;
was added to each shell vial with 0.6 ml of DI water whose
pH was adjusted from pH 2 to pH 12 by adding acetic acid
(Fisher Chemical) or NaOH (Fisher Scientific). The reac-
tor was illuminated for 18 h, during which a total of 180
images were taken, with each image quantifying the hydro-
gen concentration within each vial. We verified that the
acid anion group did not significantly influence reactiv-
ity by comparing reaction rates of the same sample in DI
water whose pH was adjusted using acetic acid, nitric acid,
or hydrochloric acid. The results are shown in Figure S3
and confirm that the type of acid does not influence reac-
tivity. To determine the effect of adding a hole scavenger,
a parallel set of experiments was conducted with solutions
containing 10% methanol and 5 mg of catalyst. Each exper-
iment included three vials with 3.2 mg of the P25 reference

SEM images, as well as schematic diagrams, for different types (columns) of SrTiO; nanocrystals that were undoped (top
row) or were treated in melts with 1% Al added (bottom row). Scale bar is 200 nm. SEM, scanning electron microscopy. The different particle
shapes are denoted A, B, C, and D. The suffix-Al is added to that have been doped with Al

catalyst in 6 ml of a 1% methanol solution. The standard
deviation was calculated from the H, production rates of
the three reference catalysts.

3 | RESULTS

SEM images of shape-controlled SrTiO; particles before
and after Al doping in molten SrCl, are shown in Figure 3.
Focusing on the undoped crystals in the top row, crystals of
type A (left top) are cubes, exposing only six {10 0} facets.
Crystals of types B, C, and D, shown from left to right,
are edge-truncated cubes, exposing both {100} and {110}
facets, where the ratios of the {110} areas to the {10 0} areas
are 1.3, 1.8, and 2.5 for B, C, and D, respectively. The dif-
ferent crystal shapes result from the different surfactants
added. A surfactant with relatively lower pK, value will
have a stronger interaction with the (110) facet, adjusting
the surface energy and reducing the growth rate, leading to
a greater fraction of exposed (110) facets, according to the
mechanism explained by Dong et al.>* Schematic drawings
of the possible (100) and (110) surface terminations are
shown in Figure S4 and a schematic illustration of how
to calculate the area ratio of the two facets is shown in
Figure S5. After Al-doping (the second row in Figure 3),
the sharp edges between the facets appear less defined
and, for the case of some shape A particles, small {111}
facets are introduced at the corners. With the exception of
these two small changes, the SrCl, flux treatment does not
alter the shapes of the crystals. All crystals have similar
sizes with an average diameter of 450 nm, and the Al-
doping treatment did not have an obvious influence on the
particle size. The BET surface areas of the particles are all
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FIGURE 4 Mass-specific rate of hydrogen generation from

suspensions with four types of Al-doped SrTiO; powders in DI
water whose pH is in the range of 2-12. The standard deviation is
11%. DI, deionized

between 3.2 and 4.3 m? g~! (Table S2), similar to the ideal
computed surface area for a 450-nm diameter SrTiO; cube
(2.9 m? g71). XRD patterns of the Al-doped SrTiO; samples
are given in Figure S6 and all strong peaks are attributed to
SrTiO;. The reference lattice parameter of SrTiO5 (ICDD:
01-073-0661) is 3.9050 A, and the lattice parameters of
our samples (refined with HighScore) were very close to
this value. For samples A-Al, B-Al, C-Al, and D-Al, the
lattice parameters were 3.9051(1), 3.9047(2), 3.9044(2), and
3.9045(2) A, respectively. Some low-intensity peaks found
in the patterns can be attributed to rutile and anatase TiO,
formed during the hydrothermal synthesis and some unre-
acted Al,Os. Because these impurity phases are present
in small amounts, and all samples have similar amounts
of these phases, we do not expect that this will impact
the experimental results significantly. To confirm the stoi-
chiometry of the product phase, EDS analyses were carried
out on all samples, as shown in Figure S7. It is found that,
for all shapes, the atomic ratios of Sr, Ti, and O are roughly
1:1:3, and the Al concentration varies from 0.81% to 0.9%.
The mass-specific rates (umol h=! g=1) of H, evolution
from the Al-doped SrTiOj; crystals shown in Figure 3 were
measured under UV illumination at 380 nm using the
PAPCR, and the results are shown in Figure 4. The stan-
dard deviation is about 12% (11%) for shapes A and B (C and
D). Because all the catalysts have similar surface areas, the
surface area-specific rates (umol h™' m~2) are almost the
same (see Figure S8). As shown in Figure 5, the bandgap
energies of the crystals are also essentially the same (3.28,
3.27, 3.26, and 3.27 eV for types A, B, C, and D, respec-
tively), so differences in absorption are not expected to

X
c
>
=
]
=
©
Ke]
S
X
T
4.0
hv (eV)
FIGURE 5 UV-vis diffuse reflectance spectra of four types of

Al-doped SrTiO;

influence the reactivity. The corresponding reflectance and
absorbance spectra are given in Figure S9. Several trends
are apparent from Figure 4. First, crystals of types of B, C,
and D produce H, at a greater rate than A. This was also
true when the reaction was carried out in 10% methanol
solutions (see Figure S10). Second, for all types of crys-
tals, the reactivity first increases with pH to a maximum
at around pH 7 then decreases at pH 10 and pH 11. At
pH 12, there is usually an increase in reactivity. The initial
increase in reactivity with pH is consistent with observa-
tions reported for undoped SrTiO; single crystals.*® This
is likely due to an increase in the absorption of negative
charge with increasing pH that bends the bands further
upward and promotes the conduction of holes to the sur-
face. Although this increase of the upward band bending
will increase the energy barrier for electrons to migrate
to the surface, the overall photocatalytic reaction rate
depends on the slower of the two half reactions. Therefore,
the reaction rate will be first limited by the photoanodic
reaction at low pH and then the photocathodic reaction
at a higher pH. The maximum reactivity should appear at
an intermediate pH where neither the photocathodic nor
the photoanodic reaction limits the overall reaction rate.
Crystals without deliberate Al additions and not treated in
the SrCl, flux did not generate enough H, to exceed the
lower calibrated limit of the PAPCR either in pure water or
methanol solutions (and are not shown here). We have also
prepared and tested crystals with higher concentrations of
added Al and found that, for all shapes, crystals with 1% Al
added yielded the most hydrogen, as shown in Figure S11.

To investigate the influence of particle size on the pho-
tocatalytic reactivity, Al-doped SrTiO; of shapes A and
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(A-L)

FIGURE 6
200 nm. SEM, scanning electron microscopy

B were prepared with different sizes, by increasing the
amount of surfactant in the hydrothermal synthesis. SEM
images of the 12 kinds of crystals are shown in Figure 6
and the corresponding particle size distributions are given
in Figure S12. Large (= 450 nm), medium (= 350 nm), and
small crystals (=~ 250 nm) of types A and B are given in
rows in Figure 6, respectively, from top to bottom and are
labeled A-L (B-L), A-M (B-M), and A-S (B-S), respectively,
with an -Al appended to the name when samples were alu-
minum doped. The L, M, and S particles had size distribu-
tions of +50 nm. Note that all crystals in Figure 3 are large.
Consistent with the prior experiments, Al doping rounded
the edges of type B crystals and introduced small {111} facets
on type A crystals. The Al-doped B-S type crystals changed
to a near cube shape, as for type A.

The mass-specific hydrogen evolution rates of the six
types of Al-doped samples are shown in Figure 7. We found
that, for both crystal shapes, in the range of 250-450 nm,
the photocatalytic reactivity increased with sizes and the
largest crystals were the most reactive. The surface area-
specific hydrogen generation rates for these materials are
shown in Figure S13 and have nearly the same trend with
size. The trends with solution pH were consistent with the
results described in Figure 4. Note that, although the A-L
and B-L crystals in this experiment were from a different
batch than the crystals in Figure 4, their reactivities were
similar, illustrating that the results are reproducible. For
type B crystals, the crystal shape changed with Al doping,

SEM images as well as schematic diagrams for type A and B SrTiOj; crystals with large, medium, and small size. Scale bar =

so the results are influenced by both the particle shape and
size. The crystals of type A provide the most convincing
evidence of the size effect because their shapes are nearly
the same under all conditions. Using solutions with 10%
methanol did not change the trend in the relative amounts
of hydrogen (see Figure S14).

Although we have found that the hydrogen evolution
rate decreased with decreasing particle sizes for both type
A and type B Al-doped SrTiOss, we loaded the same
amount of RhCrO, cocatalyst on these crystals. Consider-
ing the fact that crystals with the medium size and small
size have larger surface areas, as shown in Table S2, one
might argue that these smaller crystals should have more
cocatalyst loaded to maintain a constant amount of cocat-
alyst per area. Therefore, using shape type B crystals, we
changed the cocatalyst loading on the three sizes to main-
tain a constant coverage per surface area. Based on BET
data, the surface areas for B-L, B-M, B-S nanocrystals were
3.2,6.7,and 10 m? g~!, which was roughly in the proportion
of 1:2:3. Therefore, we loaded 0.1, 0.2, and 0.3 wt% RhCrO,
(metal ratio) on B-L, B-M, and B-S nanocrystals, respec-
tively and measured their H, generation rates. As shown in
Figure S15, B-L-type crystals still had the highest H, gener-
ation rate. It is found that increasing the amount of cocat-
alyst did not increase, but rather decreased, the photocat-
alytic reactivity for B-M and B-S crystals. As a result, we
believe that the relatively lower reactivity of the smaller
crystals was not because they had a smaller cocatalyst
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(A)

FIGURE 8

Schematic illustration of the spatial distribution of photogenerated electrons and holes on (A) {10 0} facets dominated, (B) an

optimal ratio of {10 0} to {110} facets, (C) {110} facet-dominated conditions. Red surface and blue surface represent {100} and {110} facets.

Yellow balls and blue balls represent electrons and holes

coverage. On the contrary, loading more cocatalyst further
decreased the reactivity. It would be interesting to test even
larger crystals, because we expect that at some point, the
reactivity should decrease with the increased size, but we
have not been able to synthesize larger crystals with con-
trolled shapes.

4 | DISCUSSION

4.1 | Effect of particle shape

The results described here show that the rate of hydro-
gen production from Al-doped SrTiO; is influenced by
crystal shape. The results show that type C crystals had
the highest mass-specific rate (umol h~! g=!) with the
{110} to {100} surface area ratio equal to 1.8. Increases
or decreases in this ratio lower the reactivity. This can be

understood by the schematic diagrams in Figure 8 and the
fact that the {110} surface is photoanodic in comparison to
{100}, which is relatively photocathodic.?"** The finding
that electrons (holes) migrate to {100} ({110}) surfaces of
these particles is validated by the data in Figure S16, which
shows that Ag*t (Mn?") is reduced (oxidized) on the {10 0}
({110}) surfaces. For the shape with the ideal reactivity,
equal numbers of electrons and holes migrate to the {10 0}
and {110} surfaces, respectively, where they can contribute
to the reaction. However, if there are no {110} facets (see
Figure 8A), then holes must also migrate to the {10 0} sur-
faces, where they are likely to recombine with electrons,
lowering reactivity; this is the case for type A crystals. The
opposite case, where there is insufficient photocathodic
{100} area to support the reduction reaction, is shown in
Figure 8C and represents type D crystals. In this case, the
reduction in the rate of the cathodic reaction and the likely
increased rate of recombination will limit the rate of the
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overall reaction. It is noted that, after normalizing by sur-
face area, type C crystals still have the best surface area—
specific rates (4 mol h™! m~2) at pH 7, but type B crys-
tals show a higher reactivity at pH 12. This implies that if
we could synthesize particles with a {110} to {1 0 0} surface
area ratio between 1.3 and 1.8, the photocatalytic reactivity
might be further optimized.

4.2 | Effect of particle size

The measurements of the rate of hydrogen evolution from
crystals of different sizes indicated that the reactivity
increases with crystal size, from 250 to 450 nm. This is
counterintuitive, considering that the mass-specific sur-
face area decreases as the particle size increases. Changes
in the reactivity with size are sometimes ascribed to the
quantum size effect.*>*' However, quantum size effects are
expected only in crystals much smaller than those con-
sidered here. We note that Hsieh et al.”> reported that
the bandgap of 290-nm SrTiO; was 31 meV smaller than
160-nm SrTiO3, but this difference would not increase the
absorption enough to account for the increased reactivity.

There are two plausible explanations for the increase in
reactivity of the larger crystals. One possible explanation
for the observed size effect is that the reaction is limited
by the back reaction of neutral H and hydroxyl radicals on
or near the surface. As the particle size decreases, these
species are produced in closer proximity, so they do not
have to diffuse as far to recombine, and this might limit the
reaction rate. However, according to Turchi and Ollis,* the
diffusion of hydroxyl radicals is fast compared to the rate
of reaction with the semiconductor surface and with the
other species in solution, so the effect of increasing the par-
ticle size on the rate of the back reaction is not expected to
be significant.

Another explanation is that the space charge layer
beneath the surface is large compared to the particle size.
One of the parameters influencing the depth of the space
charge in SrTiOj; is the carrier concentration. Past stud-
ies agree that SrTiO; with no intentionally added impu-
rities is an acceptor doped n-type semiconductor.*>** The
n-type electronic properties result from electrons ionized
from oxygen vacancies (V) ) and measurements indicate
that the concentration of oxygen vacancies is much greater
than the concentration of acceptor impurities. Therefore,
the electroneutrality condition is 2 [V(‘J'] ~ n where n is
the concentration of ionized electrons and n %10 cm™3.*
However, the added Al acts as an acceptor dopant (Aly; )
that can compensate for the oxygen vacancies and reduce
the electron concentration. Calculations based on data in
the literature,* described in the Supplemental Informa-
tion, show that when SrTiO; is fully compensated by a

small amount of dissolved Al, the carrier concentration
is reduced to as low as n ~ 10'® cm~3 at the temperature
of the SrCl, flux. At room temperature, where the cata-
lyst is used, the carrier concentration of ideally compen-
sated SrTiO; falls to n ~ 102 cm™3.%¢ This reduction in
the carrier concentration would expand the width of the
space charge layer (the Debye length) from &3 nm (in the
undoped condition where n = 10" cm™!) to ~ 9 x 10° nm
(at the point of compensation where n = 10'? cm™"). Not
knowing the Al concentration in the samples, we cannot
estimate the degree of compensation. However, it is clear
that added Al will decrease the carrier concentration and
increase the Debye length. Note that a similar mechanism
has been proposed to explain the reactivity enhancement
that results from Mg doping of SrTiO;.*” At the wave-
length of light used here, the absorption coefficient is on
the order of 100 cm~,*® which implies an absorption depth
of 10* nm. Because of the large absorption depth, increases
in the space charge region result in an increase in the num-
ber of photogenerated carriers that can be separated by the
field.

As discussed before, the Debye length might be on the
order of 10° nm. In this case, for particles smaller than
this length, the space charges overlap in the center of the
crystal. This reduces the difference between the surface
and bulk electric potentials and leads to reduced charge
separation.”® In the larger crystals, the space charge is
more fully developed and there is a larger potential to sep-
arate charge. This idea is supported by simulations of the
reactivity of BaTiO; showing that the difference in electric
potential (under illumination) at the surface between pos-
itive and negative domains is only 0.17 V for a small 10-
nm domain, whereas this difference of potential is 0.60 V
for a large 250-nm domain.*’ The increased space charge
depth, together with relatively large absorption depth dis-
cussed earlier, should result in increased reactivity. In
other words, the larger space charge regions in the larger
crystals are more likely to be the cause of their increased
reactivity than the suppression of the back reaction by the
physical separation of the cathodic and anodic sites.

5 | CONCLUSION

The influence of particle shape and size on the photocat-
alytic generation of hydrogen by Al-doped SrTiO5 has been
measured. The most suitable shape was determined to be
an edge-truncated cube with a {110} to {10 0} surface area
ratio between 1.3 and 1.8. With this geometry, electrons
(holes) move to {100} ({110}) facets and promote the pho-
toreduction (photooxidation) half reaction, a situation that
likely reduces the rate of recombination or back reaction.
Crystals with diameters around 450 nm are more reactive
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than smaller ones, consistent with the presence of wide
space charge regions that result from the Al acceptors that
reduce the n-type carrier concentration.
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