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1 | INTRODUCTION

Paul A. Salvador |

Gregory S. Rohrer

Abstract

Determining suitable dopants with optimized doping concentration is critical to
design efficient water splitting photocatalysts. However, there is currently a lack
of fundamental knowledge to guide this process. Herein, we examine the impact
of AI**, Mg?*, and Ga** on the photocatalytic performance of SrTiO5 and pro-
pose a defect compensation model to understand the doping effect. Doped SrTiO;
crystals were grown hydrothermally and treated in molten SrCl,. The hydrogen
production rates from 50 catalysts produced in this way were measured with a
high-throughput parallelized and automated photochemical reactor (PAPCR).
The investigation revealed that all three dopants significantly enhance the pho-
tocatalytic reactivity. According to Brouwer diagrams computed using available
reaction constants, the optimum reactivity is achieved when the concentra-
tion of acceptor dopants fully compensates the oxygen vacancy donors. The
improved reactivity can be attributed to the reduction in free electron concen-
tration, resulting in a space charge layer that is 1000 times longer. Consequently,
this situation enhances the number of photogenerated charge carriers capable of
being separated by the band bending and transported to the surface.
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lower valence cation could modify the defect structure and
enhance its photocatalytic reactivity.” Similarly, Sakata

Semiconductor based photocatalysis presents a promising
approach for generating solar fuels by directly convert-
ing water into hydrogen and oxygen under illumination.!-
One widely employed method to improve catalyst perfor-
mance is to introduce foreign ions into the host material,
referred to here as doping.* Doping offers various advan-
tages, including the modification of the crystal defect
structure, reduction in the concentration of recombina-
tion centers, and increase in the charge carrier lifetime.>8
Takata et al. demonstrated that doping SrTiO; with a

et al. doped numerous divalent cations into Ga,0; and
observed that Zn’>* contributed to a remarkable effi-
ciency for water splitting, attributed to the increased hole
concentration.!” Doping has also been reported to sensi-
tize wide band gap materials, enabling a response to visible
light.* For example, the co-doing of iridium ions and
alkaline earth metal ions into NaNbO; and NaTaO; con-
tributes to their photocatalytic reactivity in the visible light
region.!! Kim et al. found that the substitution of Pb** into
layered perovskites contributes to visible light sensitization
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for these ultraviolet (UV)-active materials.!? Furthermore,
a Rh-doped SrTiO; photocatalyst loaded with a Pt cocata-
lyst has been reported to achieve a quantum yield of 5.2% at
420 nm for H, evolution in aqueous methanol solutions,"
and this approach has been confirmed to work for CaTiO;
as well.*

The discovery of a suitable dopant is important, but
equally critical is the optimization of the doping level to
finely tune the photocatalytic reactivity. Numerous stud-
ies provide evidence of an optimal doping concentration,
wherein the photocatalytic reactivity initially increases
with the doping level and then decreases. For example,
Sakata et al. investigated the influence of Nat and deter-
mined that the addition of 2 atomic% Na to SrTiO; resulted
in the most favorable reactivity.” Zhao et al. observed
that the hydrogen production rate of Al-doped SrTiOs;,
synthesized via a hydrothermal method, showed a depen-
dence on Al concentration, with an optimal performance
around 7.2 atom% Al as measured by X-ray fluorescence.'
In other studies, similar observations have been reported
for La-doped NaTaOs;,'” Ba-doped La,Ti,0;'® and Zn-
doped Ga,05.!"° While experimental methods commonly
determine the optimal doping concentration, our current
understanding of the underlying physical mechanisms
remains limited. Hence, one of the primary motivations
behind this study is to gain physical insight into the
universal interpretation of the optimal doping concentra-
tion from the perspective of crystal defect chemistry. This
insight will serve as a guide in the effective design of
photocatalysts.

In this work, we examined the role of acceptor dopants
on the photocatalytic reactivity of SrTiO3, a model mate-
rial whose defect chemistry has been thoroughly studied
in past decades.!” AI** has been recognized as an effec-
tive dopant to improve the photocatalytic performance of
SrTi05.29?3 Here, we investigated the influence of AI**,
Mg?*, and Ga**, as all three dopants occupy the Ti** sites
and function as acceptor dopants. The catalysts were pre-
pared with a hydrothermal approach, followed by a molten
SrCl, treatment conducted in three different crucibles
(Pt, Al,O3, and MgO). This treatment was intended to
make the surface potential more anodic, thereby enhanc-
ing water oxidation activity.’>* RhCrO,, was loaded onto
the resulting crystals as a cocatalyst to enhance hydro-
gen evolution reaction (HER) activity and suppress surface
back reactions.”?® The hydrogen production rates were
measured with a parallelized and automated photochem-
ical reactor (PAPCR)? either in pure water or in an
aqueous methanol solution. Different crucibles were inves-
tigated because the crucible materials might dissolve in
or otherwise react with the melt, potentially introducing
unintentional dopants to the catalysts.”#*® Our findings
demonstrate that all three dopants contribute to the photo-

catalytic reactivity, and their impact strongly relies on both
dopant concentration and the choice of crucible materi-
als. Brouwer diagrams were generated by simulating the
concentrations of point defects as a function of oxygen par-
tial pressure. It is suggested that the introduction of AI*T,
Mg?*, and Ga** leads to a reduction in the free electron
concentration and a lowering of the Fermi level. The opti-
mal reactivity is achieved when the oxygen vacancy donors
are nearly fully compensated by acceptors, indicating a
delicate balance in the doping process.

1.1 | Experimental methods

SrTiO; particles were prepared using a hydrothermal
method modified from Dong et al.?® 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 1 g of ethylene glycol
(Alfa Aesar, 99+%) as surfactant. The choice of the surfac-
tant is based on our previous work showing that it yields
a suitable crystal shape and size for charge separation.®”
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%) were added. The use of LiOH facil-
itates the dehydration of the TiO,-nH,0 gel, resulting in
well-defined SrTiO; crystals with sharp corners.*! Specific
amounts of AICl;-6H,0 (Fisher Scientific, 99%), MgCl,
(Sigma-Aldrich, anhydrous, >98%) or GaCl; (Alfa Aesar,
ultra-dry, 99.999%) were added to yield a molar ratio of
x:1 with SrTiOs, where x = 1%, 2%, 3%, 5%, or 10%. After
stirring for another 30 min, the resulting solution was
transferred to a 100 mL Teflon-lined hydrothermal auto-
clave (Techinstro). The autoclave was then heated at 180°C
for 36 h in a furnace. After annealing, the solution was
removed and the resulting precipitate was centrifugated
four times at 4000 rpm for 12 min with deionized water
and ethanol, respectively. Finally, the resulting precipitate
was dried in an oven at 80°C overnight. To conduct the
molten SrCl, treatment, 0.3 g of as prepared doped SrTiO;
powders were mixed with SrCl, (Alfa Aesar, 99.5%) at a
ratio of 1:10 and annealed at 1150°C in air for 10 h in an
alumina crucible (Sigma-Aldrich, Coors™ high-alumina,
50 mL), a platinum crucible (Sigma-Aldrich, 30 mL), or
a magnesia crucible (MSE Supplies, 30 mL) with cov-
ers. The resulting mixture was centrifugated at 4000 rpm
for 18 min, four times with deionized water and another
four times with ethanol, and finally dried in an oven
overnight. The catalysts in this work will be denoted as
“Dopant—Dopant addition—s—Crucible materials” (the
-s indicates the SrCl, treatment). For example, Al3-sP rep-
resents SrTiO; samples with a 3% Al added that have been
heated in a SrCl, melt in a platinum crucible.
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FIGURE 1 Schematic illustration of the synthesis routes for Al-doped, Mg-doped, and Ga-doped SrTiO; photocatalysts.

RhCrO, cocatalysts were deposited (0.1 wt% Rh and
0.1 wt% Cr) on all samples with an impregnation
method described elsewhere.*? Fifty milligrams of as pre-
pared powdered samples were dispersed into 0.5 mL
of deionized water containing appropriate amounts of
Na;RhClg (Sigma-Aldrich) and Cr(NOs3);-6H,0 (Sigma-
Aldrich, 99%) to yield 0.1 wt% Rh and Cr. The suspension
was evaporated in a boiling water bath under constant
manually stirring. The resulting powders were collected
and heated at 350°C for 1 h. A schematic of the synthesis
routes is shown in Figure 1.

Field Emission Scanning Electron Microscopy (FE-
SEM) images were obtained to determine the morpholo-
gies of all samples using a FEI Quanta 600 with a 30 kV
accelerating beam and a spot size of 3. Energy Disper-
sive X-ray Spectroscopy (EDS) was performed using an
Oxford X-Max 80 mm SDD detector integrated with the
SEM for chemical composition analysis. TEM images were
recorded with a Thermal Fisher Themis 200 at 200 kV.
The crystal phase was determined with powder X-ray
diffraction (XRD) using an X’Pert Pro MPD X-ray diffrac-
tometer (PANalytical, Philips, The Netherlands) equipped
with a high-intensity (45 kV, 40 mA) Cu K « radiation
source (K, = 1.5406 A, K,, = 1.5444 A). A scan rate of
5° min~! was applied in the range of 20°-90° at a step
size of 0.02°. Inductively coupled plasma optical emis-
sion spectroscopy (ICP-OES) was carried out by Element
Technology to determine the dopant concentration. Photo-
catalytic hydrogen generation rates were measured with a
high-throughput Parallelized and Automated Photochem-
ical Reactor (PAPCR).?”*03 In a typical measurement,
10 mg of as prepared powders were added into a 1 mL
glass vial together with 0.4 mL pH 7 DI water or 10%

methanol solution with unadjusted pH. The illumina-
tion was provided by two high power 380 nm UV LED
chips (Chanzon). Brouwer diagrams of Al-doped SrTiO;
were plotted by simulating the concentration of the point
defects using a python script modified from a code on
co-doping BaTiO; developed by Ryu et al.*** The code
employs NumPy and SciPy packages to solve a set of defect
reactions (mass conservation equation, hole trapping reac-
tion equation, electroneutrality condition equation), as a
function of oxygen partial pressure at equilibrium (high
temperature) and quenched (low temperature) conditions.
It employs the “brentq” method, an efficient root-finding
algorithm based on Brent’s method, which combines
bisection, secant, and inverse quadratic interpolation
for robust and fast convergence.’® The mass-action-law
parameters used in the calculations were taken from Yoo
etal.”’

2 | RESULTS

An FE-SEM image of hydrothermally prepared, undoped
SrTiO; is shown in the left top panel in Figure 2A. The
particles exhibit (100) and (110) facets at a suitable ratio
that promotes charge separation and a diameter around
500 nm.>%-*® However, the photocatalytic reactivity of these
undoped particles is below the detection limit of the
PAPCR, consistent with previous work.*° The particles
were then heated in molten SrCl, in an alumina cru-
cible, a platinum crucible, or a magnesia crucible, denoted
as Undoped-sA, Undoped-sP and Undoped-sM. FE-SEM
images of the SrCl, treated particles are shown in the rest of
the panels in Figure 2A, showing that the crucible material
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(A) FE-SEM images of hydrothermally synthesized pure SrTiO; particles, denoted as “undoped.” The particles were than

” .

undoped-sP,” and

“undoped-sM.” Scale bars represent 500 nm. (B) XRD patterns of the four crystals. The peaks were indexed based on Standard patterns

(ICDD: 01-073-0661).

employed in the molten SrCl, treatment leads to different
particle morphologies.

Particles treated in an alumina crucible (-sA) essen-
tially maintain their original shape (TEM images shown
in Figure S1). However, the (110) facets exhibit increased
roughness, and the particle edges become less defined.
This phenomenon is attributed to the slight dissolution
in the melt during the treatment process.>* For particles
treated in a platinum crucible (-sP), they grew much larger
to several microns (though the image focuses on one of the
small crystals). It is assumed that these crystals undergo
coarsening in the SrCl, melt and that the shapes are the
result of growth/dissolution processes. We note that the
faceted structure still bounds the outer surface of the crys-
tal with {100} and {110} planes, even though the extent of
each plane is smaller. The coarsening process is assumed
to be inhibited in oxide crucibles because dissolved SrTiO5
can react with the crucibles rather than contribute to the
growth of other particles. Particles treated in a magnesia
crucible (-sM), adopt shapes that are intermediate between
the last two discussed, where the (110) facets are composed
of large evenly spaced straight steps along < 100 > direc-
tions. X-ray diffraction patterns of the four crystals are
given in Figure 2B. All peaks are attributed to SrTiO5, and
no significant changes in lattice parameters are observed,
consistent with previous reports.'?%3° Notably, after the
molten SrCl, treatment, the color of some of the powder
samples changed. The Undoped-sP crystals turned brown,
suggesting a higher donor concentration. However, the sA
and sM crystals mostly retained their white color.

Al-added SrTiO5 samples were also prepared by intro-
ducing specific amounts of AICl; along with the hydrother-

mal synthesis precursors to yield particles with 1% Al,
2% Al, 3% Al, 5% Al, and 10% Al added, denoted as All,
Al2, Al3, Al5, and Al10, respectively. One must recognize
that the amount of Al incorporated into the SrTiO; is
unlikely to be equal to that added during the synthesis;
more realistically, the actual doping concentration should
increase with the dopant addition until the solubility limit
is reached. Next, the crystals were treated in molten SrCl,
in an alumina crucible, a platinum crucible, or a magne-
sia crucible, denoted as -sA, -sP, and -sM, and FE-SEM
images of the resulting particles are shown in Figure 3.
The particle morphologies are generally consistent with
those in Figure 2. Particles treated in an alumina crucible
largely retain their original shape. However, the use of a
platinum crucible for the molten SrCl, treatment results in
larger particles with a layered feature on the surface. Inter-
estingly, the color of these powders gradually turns from
brown to white as the Al concentration increases, suggest-
ing a reduction in the donor concentration that would be
consistent with increased acceptor compensation of oxy-
gen vacancies. Those treated in a magnesia crucible exhibit
a relatively irregular shape, exposing stepped (110) facets.
The amount of Al added seems to have minimal influence
on the final shape of the particles.

Photocatalytic hydrogen production rates of the 15
molten SrCl, treated Al-doped SrTiOj; crystals were mea-
sured using the PAPCR in pH 7 deionized water or 10%
methanol solution with an unadjusted pH. The maximum
production rates were plotted in Figure 4 as a function of
Al dopant addition (not the actual doping concentration).
Particles treated in an alumina crucible exhibit signifi-
cantly higher reactivity compared to those treated in a
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FIGURE 3

Al10-sA

FE-SEM images of Al-added particles that have been treated in molten SrCl, in an alumina crucible (-sA), a platinum

crucible (-sP), and a magnesia crucible (-sM). The numbers represent Al dopant additions. The scale bar represents 500 nm.
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FIGURE 4 Photocatalytic maximum hydrogen production rates of Al-added SrTiO; crystals in (A) pH 7 DI water and (B) 10% methanol
as a function of Al addition. The crystals have been treated in a SrCl, melt in an alumina crucible, a magnesia crucible, or a platinum crucible.

The bars represent standard deviations.

platinum crucible or a magnesium crucible. The addition
of Al seems to have a relatively weak effect on the reac-
tivity when the molten salt treatment is carried out in an
alumina crucible, suggesting that the crucible might be act-
ing as an Al source that saturates the SrTiO; such that
all of the catalysts have approximately the same Al con-
centration. This is consistent with recent reports that the
SrCl, melt dissolves AI** from the crucible.’’ The molten
SrCl, treatment in a platinum crucible leads to the lowest
reactivity, with no detectable hydrogen production using
the PAPCR until 10% AI** is introduced into the precur-
sors. The SrCl, treatment in a magnesia crucible leads to

catalysts with an intermediate reactivity, and the reactiv-
ity remains low with increasing AI** addition until a high
concentration is introduced. Adding methanol as a scav-
enger increases the reactivity for all samples, consistent
with previous reports.>%4°

Mg-added and Ga-added SrTiO; were prepared by mix-
ing specific amount of MgCl, or GaCl; into the precursors
of the hydrothermal synthesis. Again, the dopant additions
were controlled to be 1%, 2%, 3%, 5%, and 10%. FE-SEM
images of the 15 Mg-added SrTiO; images are shown in
Figure S2, and the particle morphologies are slightly dif-
ferent from the Al-added crystals. For example, Mg-added
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Photocatalytic maximum hydrogen production rates of Mg-added SrTiO; crystals in (A) pH 7 DI water and (B) 10% methanol

as a function of Mg addition. The crystals have been treated in the molten SrCl, in an alumina crucible, a magnesia crucible, or a platinum

crucible. The bars represent standard deviations.

samples treated in a platinum crucible have a layer-
stacking feature, but we can still identify (110) facets in
Mgl-sP and Mg2-sP. Besides, for crystals that have under-
gone a molten SrCl, treatment in a magnesia crucible,
the (110) facets in Mg-added samples have fewer steps
compared with Al-added samples. Again, those crystals
that have been treated in an alumina crucible maintain the
original morphology. Figure 5 shows the measured pho-
tocatalytic hydrogen production rates of the 15 Mg-added
SrTiO; samples, and they generally exhibit higher reac-
tivity compared to their Al-added counterparts (as seen in
Figure 4). When the SrCl, treatment was conducted in an
alumina crucible, Mg-added samples produce hydrogen at
a similar level to the Al-added samples—consistent with
the idea that the reactivity is determined by Al supplied by
the crucible. However, in cases where the SrCl, treatment
was carried out in a magnesia crucible or a platinum
crucible, the Mg-added samples display significantly
higher reactivity than the Al-added samples (though these
are still less reactive than samples treated in alumina cru-
cibles). Furthermore, a maximum reactivity occurs at 3 %
Mg?* for the samples treated in Pt or MgO crucibles. This
pattern holds true for both pure water and 10% methanol
solutions. The data indicate that the Al doping concentra-
tion is significantly lower than that of Mg prior to the SrCl,
treatment, suggesting that hydrothermal doping is less
effective for Al. In contrast, the molten SrCl, treatment
in an Al,O3 crucible proves to be a particularly effective
method for incorporating Al ions into the SrTiO; lattice.
FE-SEM images of the 15 Ga-added SrTiO; crystals that
have been heated in a SrCl, melt are given in Figure
S3. Their morphologies are basically the same as Al-
added samples, depending on the type of crucibles for the
molten salt treatment. Figure 6 illustrates the photocat-
alytic hydrogen production rates plotted against the Ga
addition. Consistent with the results in Figures 4 and 5,

TABLE 1 Molar ratios determined by ICP-OES of selected
SrTiO; crystals.

Sample M%/(M% + Ti%)
All 0.044%

Mgl 0.24%

Mg3 1.01%

Ga3 0.36%
Undoped-sA 2.58%

samples heated in an alumina crucible yield the highest
reactivity. However, for Ga-added samples treated in either
a platinum crucible or a magnesia crucible, the hydrogen
production rates are disappointingly low. This result indi-
cates that the reactivity is unaffected by the amount of
Ga** added during hydrothermal synthesis.

To quantify the amount of dopant dissolved in the cat-
alyst, ICP-OES analysis has been carried out on selected
samples. A total of five samples were measured and the
corresponding doping concentrations are given in Table 1.
All, Mgl, Mg3, and Ga3 represents hydrothermal doped
crystals without the SrCl, treatment. The letters represent
the type of dopant added, and the numbers represent the
dopant additions: 1%, 1%, 3%, and 3%. Undoped-sA cor-
responds to hydrothermal particles without any dopants
introduced that have been treated in the molten SrCl, in
an alumina crucible.

The dopant concentration of the rest of the samples
were estimated using the data in Table 1, assuming that the
dopant concentration is proportional to dopant addition
and given in Table SI. These assumptions are grounded
in the solubility limits, which are at least 1.8 mol% for
Al and 10 mol% for Mg.**'4> We also assume that the
platinum crucible won’t introduce impurities into the
samples, therefore we employ the numbers in Table S1 as
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rates in DI water of Al-doped, Mg-doped, and Ga-doped SrTiO;
crystals as a function of doping concentration. The undoped
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points are labeled with arrows.

the doping concentration for those samples that have been
heated in a SrCl, melt in a platinum crucible (-sP). We also
used EDS to confirm that the estimated doping concen-
trations fall within a similar range and that the materials
maintain a consistent Sr/Ti ratio (Figures S4 and S5).
Figure 7 presents the photocatalytic hydrogen production
rates as a function of doping concentrations. To facilitate
a better comparison of the influence of dopant elements
and doping concentration, the data for undoped-sA, pure
SrTiO; particles treated in an alumina crucible, was added
to the figure as a hollow square. In the case of the molten
SrCl, treatment carried out in a platinum crucible, Mg**

emerges as the most favorable dopant, while Ga** exhibits
the least reactivity. Notably, the three dopants have distinct
optimal doping concentrations. For Al-doped samples, the
hydrogen production rate rises with the doping concentra-
tion, reaching its maximum reactivity at 2.5%. Given that
the photocatalytic hydrogen evolution rate remains largely
unchanged despite varying Al additions during the SrCl,
treatment in an Al,O; crucible, we infer that Al doping
has reached saturation, and the sample has achieved its
maximum reactivity. However, for Mg-doped samples,
the optimal reactivity is observed at 1%, considerably
lower than that of the Al-doped ones. As for Ga-doped
samples, it is evident that the reactivity increases with the
doping concentration, but the data provided here does not
confirm its optimal concentration. It is important to note
that we assumed the concentration to be constant before
and after the molten salt treatment in a platinum crucible.
However, it is possible that the dopants might dilute or
concentrate due to dissolution/precipitation in the melt or
the change in oxygen vacancies.

3 | DISCUSSION

The findings clearly demonstrate that the choice of cru-
cible materials used in the molten SrCl, treatment has
a significant impact on the resulting SrTiO; crystals,
affecting both their morphology, dopant content, and pho-
tocatalytic reactivities. When the Pt crucible is employed,
the dissolution of SrTiO; in the melt leads to particle coars-
ening, as the Pt is an inert vessel. On the other hand, the
SrCl, melt wets and reacts with Al,O; crucibles, so that lit-
tle or no SrCl, is found at the end of the heat treatment.**
The magnesia crucibles also showed signs of erosion simi-
lar to Al,O; crucibles, but this process was not studied. As a
consequence, the actual contact time between SrTiO; and
the melt is much shorter compared to that in Pt crucibles
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and the SrTiO; can be partially consumed by the side reac-
tions. This observation is supported by our previous work
on SrTiO; single crystal substrates.”* Another notable dif-
ference is that Al and Mg dissolve from the crucible and
can be incorporated into the SrTiO; lattice, serving as
dopants. In contrast, a Pt crucible is less likely to intro-
duce impurities into SrTiO3, making the crystals obtained
from it more suitable for understanding the specific role of
dopants.

While particle morphology is also known to affect pho-
tocatalytic reactivities, for SrTiOs, (100) and (110) facets
serve as cathodic and anodic reaction sites, respectively.
Crystals that expose both facets are generally more reac-
tive than those exposing only one facet type or having
irregular shapes.**** In our study, the choice of cru-
cible material was found to influence crystal morphology.
Compared to the as-grown crystals from hydrothermal
synthesis, those treated with SrCl, in Al,O5 or MgO cru-
cibles largely retained their original morphology, although
slight surface etching was observed. Even though crystals
from the Pt crucible experience significant morphological
changes, the (110) facets transition from large to numer-
ous smaller facets. Therefore, the overall relative areas
of (100)/(110) remain comparable, despite variations in
detailed structure. Thus, the primary determinant of pho-
tocatalytic performance in this context is still the defect
structure associated with dopants.

Introducing cation acceptors into SrTiO3 could poten-
tially compensate oxygen vacancy donors and conse-
quently contribute to the photocatalytic reactivity. Among
the cation acceptors, A>T is considered effective for SrTiO;
as it minimizes the formation of Ti** recombination cen-
ters, which are known to limit reactivity.”> Here, Mg?*
and Ga’* are studied along with AI** as they all occupy
Ti sites.*"*> Both Mg?* and AI** share similar ionic radii,
while Ga** possesses the same valence state as AI>*. In the
following discussion, we analyze the doping effect from the
perspective of defect chemistry.

Unintentionally doped SrTiOj; is known to be an n-type
semiconductor because of intrinsic oxygen vacancies.’’
There might be background acceptor impurities from the
source materials, such as monovalent alkali ions (Na(I)
and K(I)) on the A-site and trivalent metals (Fe(III) and
AI(I1T)) on the B-site. Because the oxygen vacancy concen-
tration is much greater than the background impurities,
especially in this experiment where we employed precur-
sors of the highest obtainable purity in the hydrothermal
synthesis, the material is overall n-type. The formation
of oxygen vacancies can be expressed in Kroger-Vink
notation as:

1

o} — 502 @+V,+ 2¢’ (D

The dissolution of Al, Mg, and Ga in SrTiO; can be

written assuming ionic compensation as:*#°

2SrTiO; ;
2510 + ALO;  — " 2AlL, + 505 +V, +25r;,  (2)
SrTiO; "
SrO+Mg0 - Mg, +20,+V,+Srg.  (3)

2SrTiO; , )
285r0 + Ga,03 — 2Gap, +505 +V, +2Sry,  (4)

The intrinsic electron hole pair generation and the
dopant ionization reactions can be written as (note that
they do not have to be fully ionized as written and the
equilibrium constant varies with dopant):

Gg=e+h (5)
AlL = AL + ke ©6)
Mg}, = Mg, +2h ©)
Gay, =Gaj, +h 8)

Here, we can see that each ionized Mg acceptor dopant
M g;i) can provide two positive charges, while each Al
or Ga dopant can only provide one positive charge. This
implies that the point of full compensation, where n = p,
should be different for Mg>* and AI** (Ga**). Mg-doped
SrTiO; should reach the full compensation point at a lower
doping concentration compared with Al and Ga, assuming
similar ionization energies. The electroneutrality condi-
tion equations can then be written as:

n+[ALL 1+ Tiz 1= p+2[ V] 9)
n+2[Mg;, [+[Ti\ ]= p+2[V;] (10)
n+[Gay, 1+[Tiy, 1= p+2[V;] 11

Note the Schottky reaction is significant in SrTiO; when
T > 1500°C.*” Since the molten SrCl, treatment is carried
out at 1150°C, the concentration of cation vacancies arising
from the Schottky reaction should be negligibly low, thus
we assume they can be neglected. We also ignore Equa-
tion 2 here as the equilibrium constant is not known (i.e.,
[Ti’Tl.] ~ 0). To simulate the defect structure, the concentra-
tions of the point defects have been calculated for Al-doped
SrTiO; using the mass-action-law parameters measured by
Yoo et al:*’

g=¢+n

K;/cm™° = np = 6.01 x 10" exp (—2.12eV /kT) (12)
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FIGURE 8 (A-D)Brouwer diagrams of undoped SrTiO; and 0.07% Al-doped SrTiO; at 1150°C and 100°C. (E) The relationship between
oxygen partial pressure and Al doping concentration required for charge neutrality (n = p) at various annealing temperatures. (F) The Al

concentration needed to achieve n = p at an oxygen partial pressure of 0.21 atm across different annealing temperatures. The calculation

employed a python code modified from the code on co-doping BaTiO; developed by Ryu et al.>**

1 ,
Vo+502=00+2h

Ko/em™ = p*/ V4] pg /2 = 6.57 x 1023 exp(—2.23 eV/kT)

(13)
Al;i =Al, +h

Ky fem™ = [Al;“i] p/ [Al]

= 2.71 X 10%exp(=1.35eV/kT)  (14)

Brouwer diagrams of undoped SrTiO; at 1150°C and
100°C are plotted in Figure 8A and B as a function of oxy-
gen partial pressure. The high temperature plots describe
the situation in a SrCl, melt, and the low temperature
plots are close to the materials in the reactor. When oxy-
gen partial pressure is set to 0.21 atm, the free electron
concentration and hole concentration are on the order
of 107 cm™ and 10' cm™ at 1150°C. After cooling the
materials, the carriers will not be thermally ionized to
the same degree. However, the free electron concentration
needs to be similar to the oxygen vacancy concentration
(n = 2[V]) to maintain charge neutrality, so it remains
on the order of 10”7 cm™. This reduces the magnitude
of the hole concentration to the order of 107> cm ™. This
will enhance the n-type characteristics of the materials and
shift the Fermi level to a more cathodic region.

Brouwer diagrams of 0.07% Al-doped SrTiO; are given
in Figure 8C and D, a doping concentration describing
Vol ~ 2[Al’Ti]. At 0.21 atm, the free electron concentra-
tion is very close to the hole concentration, meaning that
the semiconductor is close to the full compensation point.
After cooling the materials, at the compensation point,
there will be a precipitous drop in electron concentration
which has been studied by Waser et al.*® This will sig-
nificantly reduce the free electron concentration from the
order of 107 cm™ to the order of 10'* cm~3. Note that
the Debye length of SrTiO; was estimated to be 3.2 nm,
assuming a carrier concentration of 3 x10'* cm=3.%° If the
dielectric constant is conserved, the six order of magni-
tude decrease of the free electron concentration will then
increase the Debye length and the space charge length
roughly 1000 times. Note that the light penetration length
is roughly 10 um at 380 nm illumination, assuming the
absorption coefficient is on the order of 100 cm~!.° There-
fore, more photogenerated charge carriers will now be
generated in the space charge layer instead of the flat
band region and they can be separated by the electric field
induced by band bending and migrate to the surface to par-
ticipate in reactions.”>* This will lead to a reduced charge
recombination rate and a much longer charge carrier life-
time, ultimately increasing the photocatalytic reactivity.
On the other hand, adding excessive dopants lowers the
Fermi level and the potential difference between the semi-
conductor and the solution, therefore reduces the degree
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of band bending, the benefit of the compensation will be
lost. This explains the existence of the optimal accepter
doping concentrations for photocatalytic reactions.'®2%-3
The relationship between oxygen partial pressure and Al-
doping concentration was simulated across a range of
annealing temperatures from 900°C to 1250°C (Figure 8E).
The Al concentrations required for charge compensation
(n = p) at 0.21 atm at various annealing temperatures
are shown in Figure 8F, falling predominantly within the
range of 0.055% to 0.075%. If one assumes that Mg-doped
SrTiO; shares similar mass-action-law parameters, based
on the ionization reactions (see Equation 7), each Mg
dopant can provide more than one positive charge, sug-
gesting that it can compensate the oxygen vacancies more
efficiently. Simulated Brouwer diagrams for 0.07% Mg-
doped SrTiO; are presented in Figure S6. From the data in
Figure 7, the optimal concentration for Mg-doped samples
isroughly one half of the doping concentration of Al-doped
samples associated with the maximum reactivity, consis-
tent with this model. The likely crystal structures and
the illustrated band energy levels of Al-doped SrTiO; and
Mg-doped SrTiO; are shown in Figure S7. The simulated
Brouwer diagram for Ga-doped SrTiOs; is not included here
due to the absence of reported ionization energy values
for Ga acceptors in the literature. A possible reason for
the poor reactivity of Ga-doped samples is the higher ion-
ization energy of Ga acceptors compared to Al and Mg,
coupled with its lower solubility.

Some previous work supports our model from different
perspectives. Zhao et al. studied the electronic structure
of Al-doped SrTiO; using XPS and DFT and found that
the incorporation of AlI** might lower the Fermi level by
approximately 0.5 eV and make the material less n-type,*?
which is consistent with our calculation of the decrease
of the free electron concentration. Their simulation also
shows the sensitivity of the Al locations, if two Al ions
sit next to the oxygen vacancy, the band gap of the mate-
rial will resemble pure SrTiOs, a situation close to the
fully compensated (semi-insulated) material. Besides, the
decrease of free electron concentration as well as the for-
mation of [All, —V — Al.] will reduce the formation
of Ti** traps. Cheng and Long studied Al-doped and Na-
doped SrTiO; using nonadiabatic molecular dynamics,
indicating that when two Ti*" ions or two Sr>* ions are
equally replaced by AI** or Na™ ions, the in-gap trap state
created by oxygen vacancies can be eliminated and the
recombination rate was reduced.>* Li et al. conducted pho-
toluminescence measurements and found that the carrier
lifetime in Al-doped SrTiO; increases only slightly, sug-
gesting that improved photocatalytic performance can be
primarily attributed to efficient charge separation rather
than prolonged intrinsic carrier lifetimes.” Han et al. have
studied solid state prepared Mg-doped SrTiOs, suggesting

that the incorporation of Mg?* would expand the deple-
tion layer from 25 to 50 nm and improve the photocatalytic
reactivity.® Similar results have also been reported on
other materials. For example, in n-type Si doped with In,
as the concentration of deep acceptor levels increases in a
narrow range close to the concentration of shallow donors,
the electron and hole lifetimes and the photoconductivity
increase by several orders of magnitude.’’

One issue that needs to be addressed is that the opti-
mal Al concentration measured from the experiment is
obviously higher than the calculated compensation point.
We believe this distinction is ascribed to the fact that the
calculation is based on the mass action parameters in air
rather than the SrCl, melt. Previous experiments reveal
that annealing SrTiO; in molten SrCl, treatment changes
the properties of the material.>* One possible explanation
is that the oxygen partial pressure is much lower in the
SrCl, melt, requiring more acceptor dopants to compen-
sate the material. This is supported by the fact that a SrTiO;
single crystal substrate turned black after heating in a SrCl,
melt in a platinum crucible.”*® Another explanation is
that the defect reactions are more complex in the melt com-
pared with that in air, such as the melt introduces Cl,
donors in the crystal.

It is important to mention that in our simulation, we
neglected the presence of cation vacancies because the
concentration produced by the Schottky reaction at this
temperature is neglibible.*” The melt provides a strontium-
rich environment, which can additionally suppress the
formation of strontium vacancies. However, the oxygen
vacancy concentration could be higher because the melt
might be more reducing than air. This hypothesis aligns
with the earlier discussion concerning the depleted oxy-
gen environment, as the concentration of oxygen vacancies
is inversely proportional to the oxygen partial pressure, as
shown in Figure 8. All the factors will increase the free elec-
tron concentration, which will require a greater acceptor
concentration to reach the compensation point.

4 | CONCLUSION

The influences of AI**, Mg3*, and Ga** acceptor dopants
on the photocatalytic reactivity of SrTiO; have been stud-
ied. The findings reveal that all three dopants influenced
the performance of the photocatalyst. Of equal importance
was the crucible material used for the molten salt treat-
ment; alumina crucibles led to large (2.6 %) concentrations
of Al in the catalyst. We propose a model for defect com-
pensation in which the optimal acceptor concentration
is close to a situation where the oxygen vacancy donors
are fully compensated, which can be simplified as [V]] ~

2[ALL], [V;] ~ [Mg,.], and [V;] ~ 2[Gal,] for the three
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dopants, respectively. At the compensation point, the space
charge layer would expand by as much as 1000 times, so
that more photogenerated charge carriers can be separated
by the field and moved to the surface. The reduction of
the free electron concentration associated with the forma-
tion of [Al}, — V; — Al’.] would also lower the Fermi level
and inhibit the formation of Ti** traps. Our work offers a
plausible quantitative explanation on the role of acceptor
dopants on SrTiOs, and the principles serve as a guideline
for the systematic design and optimization of various oxide
photocatalysts.
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(a) (b)

Figure S1: TEM images of undoped SrTiOs particles after treatment in SrCl. melt using an

alumina crucible.



Figure S2: SEM images of Mg-added particles that have been treated in molten SrCl; in a platinum
crucible (-sP), an alumina crucible (-sA) and a magnesia crucible (-sM). The numbers represent

Mg dopant additions. The scale bar represents 500 nm.



Ga10-sM

Figure S3: SEM images of Ga-added particles that have been treated in molten SrCl; in a platinum
crucible (-sP), an alumina crucible (-sA) and a magnesia crucible (-sM). The numbers represent

Ga dopant additions. The scale bar represents 500 nm.



—
LY
—

[ Pt crucible (b) s [ Pt crucible (C 0

4 ) 1 Pterucible

25l ALO; crucible | AL,0; crucible " ALO, crucible
277 [ Mgo crucible & 1.2 MgO crucible 2 08 [ MgO crucible
S20f B 5 s
z E 0.9 E 06}
£15 < €
8 gos § 04}
§ 101 8 8
- o ©
<5l =03 ® 02

0.0 0.0

undoped A% AI2% AI3% AIS% ANM0% undoped Mg1% Mg2% Mg3% Mg5% Mg10%

0.0
undoped Ga1% Ga2% Ga3% GaS% Gal0%
Al addition Mg addition Ga addition

Figure S4: Dopant concentrations measured by EDS for (a) Al-incorporated SrTiOs3, (b) Mg-

incorporated SrTiO3, and (c) Ga-incorporated SrTiO3.



1.4 1.4 1.4
(@) (b)™— (c)
1.2 1.2 . 12} .
. . . . . . . . . . LI . L.
1.0 = = e . 10f . [ . . . 10F = LI . .
.
— 08 — 08k
08 E £
= = =
9 0.6 9 0.6 906
Ll 0.4 0.4
02 02f 02t
00 00 0o
RN SIS S SR WA P RN LR ?vw&?P\-\?Pw?>‘k?>\& s\**e\’&\ke?ﬁvﬂ sk\te?év‘k
s e tosto ot fe e et T e o e FESC R LIRS SRR R e o S i B T B o NS G;gﬁ Seige

Figure S5: Sr/Ti ratio measured by EDS for (a) Al-incorporated SrTiO3, (b) Mg-incorporated

SrTi03, and (c) Ga-incorporated SrTiOs3.
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Figure S6: Brouwer diagrams of 0.07% Mg-doped SrTiOs at 1150 °C and 100 °C. In the absence
of reported quantitative data for the mass action constants, we assume the first ionization energy
for Mg is the same as in the Al-doped case, and the second ionization energy is four times greater,
based on hydrogenic model considerations. The simulation results show that the oxygen partial
pressure at which n=p shifts to lower values (leftward), consistent with enhanced compensation

by Mg doping.
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Figure S7: (a) Crystal structures of vacancy doped SrTiOs3, Al-doped SrTiOs3, and Mg-doped
SrTiOs. (b) Schematic illustration of how the incorporation of AI**, Mg?" and Ga*" influences the

space charge region of SrTiOs.



Table S1: Molar ratios of the 15 hydrothermally doped SrTiOs3 crystals estimated from the data

in Table 1. These crystals were not treated in a SrCl> melt.

Sample Al% Sample Mg% Sample Ga%
Al% + Ti% Mg% + Ti% Ga% + Ti%

All 0.044% Mgl 0.24% Gal 0.12%

Al2 0.088% Mg2 0.63% Ga2 0.24%

Al3 0.13% Mg3 1.01% Ga3 0.36%

Al5 0.22% Mg5 1.49% Ga5 0.60%

Al10 0.44% Mgl10 2.98% GalO 1.2%
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