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A B S T R A C T   

Al-doped SrTiO3 synthesized in a SrCl2 melt is among the most efficient known photocatalysts for water splitting. 
Although the effect of Al3+ incorporation has been widely discussed, the role of the molten SrCl2 remains unclear. 
Herein, we report the influence of the molten SrCl2 treatment and a comparable molten KCl treatment on the 
surface structure and composition of SrTiO3 using AFM and XPS. The hydrogen evolution rates of particulate Al- 
doped SrTiO3 photocatalysts were measured with a parallelized and automated photochemical reactor. In SrCl2, 
it is found that 3 % to 5 % of the SrTiO3 dissolves in the melt, revealing a new hydroxyl-rich surface. The melt 
reacts with the alumina crucible to form Sr3Al2O6, ultimately leading to the elimination of the melt. In addition, 
the surface potential difference between (100) and (110) surfaces increases from 0.07 V to 0.21 V after the 
treatment, allowing for enhanced separation of photogenerated charge carriers and leading to improved pho-
tocatalytic reactivity. When heated in KCl, the SrTiO3 surfaces reconstruct and this changes the spatial distri-
bution of photocathodic and photoanodic reaction sites.   

1. Introduction 

Photocatalytic water splitting on a semiconductor surface is a 
promising method for converting solar energy into hydrogen fuel [1-3]. 
Over the past decades, a great number of semiconductors have been 
reported to be capable of splitting water. Among them, molten SrCl2 
synthesized Al-doped SrTiO3 is one of the most efficient water splitting 
photocatalysts. In 2013, Kato et al. heated SrTiO3 powders prepared 
with a polymerized complex method in different molten salts, such as 
NaCl, KCl, LiCl, and SrCl2 [4]. All of the salts changed the particle 
morphology, but the treatment in KCl improved the reactivity. Later, 
Domen and coworkers altered the ratio of SrCl2 to SrTiO3 and found that 
the photocatalytic reactivity of SrTiO3 could be significantly improved 
by heating it in an excess amount of molten SrCl2; this was attributed 
mainly to the dissolution of a small amount of Al into the SrTiO3 from 
the Al2O3 crucibles [5,6]. Since then, several methods have been re-
ported to improve the performance of this material, such as loading 
anodic cocatalysts [7,8], manipulating particle shape and size [9], and 
photodepositing cocatalysts on different facets [10]. It is understood 
that Al3+ can reduce the formation of the Ti3+ deep recombination sites 
and increase the charge carriers’ lifetime, and this has been confirmed 

by Zhao et al. using XPS and DFT methods [11]. More recently, research 
has shown that the reactivity can be further improved by co-doping 
SrTiO3 with both Al3+ and Zr4+, Ta5+, or La3+ [12-14]. 

While Al doping has been confirmed to be beneficial to the photo-
catalytic reactivity of SrTiO3, the role of the molten SrCl2 treatment 
remains unclear. This simple treatment involves heating SrTiO3 in an 
excess amount of SrCl2 at a temperature between the melting point and 
boiling point of SrCl2 in an alumina crucible and produces a highly 
reactive SrTiO3 photocatalyst. It is noted that all the studies described 
previously have employed this molten SrCl2 treatment (also referred to 
as the SrCl2 flux treatment) for doping. Previous studies show that Al- 
doped SrTiO3 synthesized via a solid state method [6] or a hydrother-
mal method [15] are less reactive than those prepared by the molten salt 
method, implying the importance of the molten SrCl2 treatment. Ham 
et al. [6] proposed that part of the SrTiO3 particles dissolve and 
recrystallize in the presence of the SrCl2 melt so that the crystallinity is 
improved. Motivated by these results, we desire to understand how the 
molten SrCl2 treatment influences the chemical composition and struc-
ture of the SrTiO3 surface. 

Because it is difficult to characterize the surfaces of the small parti-
cles typically used as catalysts, we also perform the same molten SrCl2 
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treatment on SrTiO3 single crystal substrates of known orientations and 
investigate how it influences the photochemical reactivities. Air 
annealed substrates and molten KCl treated substrates have been pre-
pared and employed for comparisons. The surface potentials were 
measured by Kelvin probe force microscopy (KFM) and correlated to the 
relative reactivities measured by photochemical marker reactions and 
atomic force microscopy (AFM). Comparing these results to X-ray 
photoelectron spectra (XPS) of the same surfaces, we found that the 
concentration of surface –OH groups, the surface potential, and the 
photochemical properties are all correlated. The molten SrCl2 treatment 
significantly enriches the concentration of surface –OH groups and de-
creases the surface potential. Meanwhile, the surface potential differ-
ence between the (100) and (110) surfaces increases from 0.07 V to 
0.21 V after the molten SrCl2 treatment, allowing for enhanced charge 
separation between the two surfaces and leading to improved photo-
catalytic reactivity for hydrogen production by treated SrTiO3 powders. 

2. Experimental methods 

2.1. Sample preparation 

Chemical-mechanical polished (100) and (110) oriented SrTiO3 
single crystals (single side polished) were purchased from MSE Supplies 
with a size of 5 × 5 × 0.5 mm. The crystals were ultrasonically washed in 
methanol for 10 min and then annealed at 1100 ◦C in air for 6 h in a 
covered alumina crucible. After annealing, some crystals were treated in 
either a SrCl2 melt or a KCl melt to study the effect of the molten salt 
treatment. In a typical treatment, the air annealed crystal was placed in a 
20 ml covered alumina crucible (Sigma-Aldrich) with the polished side 
facing up, and then powders were placed on the top of the crystal with a 
molar ratio to SrTiO3 of 10:1 for SrCl2 (Alfa Aesar, 99.5 %) or 20:1 for 
KCl (Alfa Aesar, 99 %). The crucible was then transferred to a furnace 
and annealed at 1150 ◦C in air for 10 h. After annealing, the crystal was 
ultrasonically washed in DI water for 1 h and then washed in methanol 
and acetone each for 10 min. 

Al-doped SrTiO3 particulate catalysts were prepared using a hydro-
thermal approach reported by Dong et al. [16] In the synthesis, 0.2 ml of 
TiCl4 (Sigma-Aldrich, 99 %) was dropped into a solution in an ice bath 
containing 25 ml of deionized water and 1 g of ethylene glycol surfactant 
(Alfa Aesar, 99+%) with 1 mol % or 2 mol % of AlCl3⋅6H2O (Fisher 
Scientific) mixed with the precursors. After magnetic stirring for 5 min, 
10 ml of SrCl2 aqueous solution containing 0.42 g SrCl2 (Sigma-Aldrich, 
99.99 %) and 30 ml of LiOH aqueous solution containing 2.26 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 (Techinstro). The autoclave was then heated at 180 ◦C for 36 h 
in a furnace. After the thermal treatment, 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. As for the 
SrCl2 treatment, 0.3 g powder as prepared was mixed with SrCl2 (Alfa 
Aesar, 99.5 %) in a ratio of 1:10 and annealed at 1150 ◦C in air for 10 h 
in an alumina crucible. The resulting mixture was centrifugated at 4000 
rpm for 18 min, four times with deionized water and then four times 
with ethanol, and finally dried in an oven overnight. RhCrOx cocatalysts 
were loaded (0.1- wt% Rh and 0.1- wt% Cr) on all crystals using an 
impregnation method reported elsewhere [9,17]. 

2.2. Photochemical marker reaction 

This method employs the photoreduction of Ag+ or the photo- 
oxidation of Mn2+ that leaves insoluble products on the surface at the 
sites of the reactions [18-20]. An O-ring was placed on the top of the 
single crystal sample and its interior volume was filled with 0.115 M 
AgNO3 solution or 0.115 M MnSO4 solution with unadjusted pH. A 
quartz coverslip was then placed on the top of the O-ring to seal the 

solution without bubbles. The entire setup was then illuminated under a 
150 W Xe lamp (Newport, Irvine, CA). For Ag+ reduction, the sample 
was illuminated for 20 s for (110) crystals and 5 s for (100) crystals. For 
Mn2+ oxidation, the sample was illuminated for 90 s for (110) crystals 
and 60 s for (100) crystals. Reaction conditions were adjusted so that 
the surface was only partially covered with the products owing to the 
fact that the (100) surface is much more reactive than the (110) surface 
[19,21], and the Mn2+ oxidation is a relatively slow reaction compared 
with the Ag+ reduction [22]. After illumination, the sample was rinsed 
in DI water and dried with a stream of argon. Before carrying out 
another experiment, the crystal surface was cleaned with cotton swabs 
and ultrasonically cleaned in acetone and methanol, respectively. The 
two reactions can be expressed in the following way: 

Ag+
(aq) + e− = Ag(s)

Mn2+
(aq) + 2h+ + 2H2O = MnO2(s) + 4H+

Before and after the reaction, the surface topography was imaged by 
atomic force microscopy (AFM) with a Solver Next AFM (NT-MDT) or an 
NTEGRA AFM (NT-MDT) operated in semi-contact mode using a stan-
dard AFM probe (NCHR, NanoWorld). The local surface potential was 
measured by Kelvin Probe Force Microscopy (KFM) using a silicon AFM 
probe coated with Pt/Ir (NCHPt, NanoWorld). Before the measurement, 
the probes were calibrated using a Au (111) thin film sample. The 
Gwyddion software package was employed to analyze the data [23]. 
Photochemical reactivities are grouped into three categories by counting 
averaged deposits in a 1 μm2 box region and presented in Table 1: High 
reactivity (>10 deposits), Mid reactivity (5–10 deposits), and Low 
reactivity (<5 deposits). Because different reaction conditions are used 
for different orientations, meaningful comparisons can only be made 
between specific orientations with different pre-treatments. 

2.3. Photocatalytic water splitting experiment 

The photocatalytic water splitting reaction was carried out using a 
high-throughput parallelized and automated photochemical reactor 
(PAPCR) [24]. The reactor employs a hydrogen sensitive film whose 
color changes from light to dark when exposed to hydrogen. The rela-
tionship between the local hydrogen concentration and film darkness 
has been calibrated and reported in detail in our previous work [9]. The 
image of the film was captured by a camera fixed on the top of the 
reactor. To measure the H2 production rate, 10 mg of powder as pre-
pared were placed into a glass vial with 0.4 ml of DI water whose pH was 
adjusted to pH 5, pH 7, pH 9, and pH 12 by adding nitric acid (Fisher 
Chemical) or NaOH (Fisher Scientific). The illumination was provided 
by two 100 W, 380 nm UV LEDs (Chanzon). The whole illumination 
lasted for 16 h, during which a total of 160 images were taken, with each 
image quantifying the hydrogen concentration within each vial. 

3. Results 

In a conventional molten salt process, the salt liquifies above the 
melting point and then solidifies on cooling. At the end of the process, 
the solid salt is the same phase as it was at the start of the process, but 
likely containing some impurities [25]. This is a good description of the 

Table 1 
Photochemical reactivities and surface potential of the six SrTiO3 single crystal 
surfaces.  

Sample Air annealed SrCl2 treated KCl treated 

cathodic anodic cathodic anodic cathodic anodic 

STO(100) High High Mid Low Low High 
181 mV −62.9 mV 117 mV 

STO(110) Low Mid High High Low Low 
110 mV −271 mV –32.3 mV  
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molten KCl treatment (or other alkali metal chlorides). However, the 
SrCl2 process is not like this – at the process temperature, the salt reacts 
with both the Al2O3 crucible and, to some extent, the SrTiO3. By the end 
of the process, there is no (or very little) SrCl2 left in the crucible. When 
SrCl2 is melted in an alumina crucible (even without any SrTiO3 pre-
sent), it wets and reacts with the crucible, forming yellow reaction 
products on the outer crucible sidewall. The resulting products were 
collected by centrifugation and characterized by XRD (see Fig. S1) and it 
was found that a large percentage of the salts have reacted with the 
crucible to form Sr3Al2O6 and then Sr3Al2(OH)12 after rinsing in water. 
Based on the phase diagram of the SrO-SrCl2 system in Figure S2 [26], 
SrO is likely to form in the melt and react with Al2O3. Because of this, the 
actual time that the SrTiO3 is in contact with molten SrCl2 is much 
shorter than 10 h, as the melt composition changes, and the liquid 
disappears. 

To eliminate the complication of the reaction with the alumina 
crucible, we also treated a SrTiO3 single crystal substrate in molten SrCl2 
in a platinum crucible at 1150 ◦C for 10 h. In contrast to what happened 
with the alumina crucible, the SrCl2 remained in the Pt crucible and, as 
shown in XRD (see Fig. S1 (b)), there was still SrCl2 at the end of the 
experiment. However, in this case, the crystal dissolved almost 
completely in the salt. Based on these observations, we reach the 
following conclusions. First, given sufficient time and excess salt, SrTiO3 
will dissolve in molten SrCl2. However, when SrTiO3 is heated in the 
presence of liquid SrCl2 in an alumina crucible, there is a side reaction 
with the crucible that depletes the molten salt after dissolving only a 
small amount of the SrTiO3. 

SrTiO3 particles were prepared via a hydrothermal method [16] with 
a specific amount of AlCl3 added along with the precursors. SEM images 
of SrTiO3 particles with 1 % and 2 % Al3+ added are given in the first 
column of Fig. 1(a), denoted as Hydro1 % and Hydro2 %. It is assumed 
that Al atoms were uniformly distributed within these crystals. After 
loading RhCrOx cocatalysts (0.1 wt% Rh and Cr), photocatalytic water 
splitting experiments have been carried out on Hydro1 % and Hydro2 % 
crystals. However, no H2 evolution was detected by the PAPCR either in 
pure water or an aqueous methanol solution. Next, Hydro1 % and 
Hydro2 % crystals were modified by the molten SrCl2 treatment in an 

Al2O3 crucible. The resulting crystals are referred to as Hydro1 %-sA and 
Hydro2 %-sA shown in the second column of panel 1(a) and they have 
morphologies similar to Hydro1 % and Hydro2 %, but their sharp edges 
become rounded, consistent with our previous report [9]. Again, the 
RhCrOx (0.1 wt% Rh and Cr) cocatalysts were loaded. These crystals had 
significantly enhanced reactivities compared to those crystals that have 
not been heated in the SrCl2 melt. As shown in Fig. 1 (b) and (c), the 
water splitting reactivities of these crystals reached 6.5μ mol h−1 in pure 
water. The corresponding surface area specific rates are shown in 
Figure S3. Note that we have even tried powders with much higher Al 
concentrations, but they still did not produce H2 in the absence of the 
molten SrCl2 treatment. The experiment above was inspired by the idea 
that Al-doping during the hydrothermal synthesis and during the SrCl2 
treatment might lead to a different material. The results confirmed that 
the SrCl2 treatment is necessary to prepare highly reactive SrTiO3 pho-
tocatalysts. However, the particles are small, and it is difficult to directly 
characterize their surfaces before and after the SrCl2 treatment. There-
fore, we reproduced this experiment by heating SrTiO3 single crystal 
substrates in the melt and compared their surface properties before and 
after the treatment. 

The topographic AFM image of the surface of a SrTiO3 (110) single 
crystal annealed in air at 1100 ◦C for 6 h is shown in Fig. 2(a). The 
surface is made up of large flat (110) terraces and long steps with near 
[100] orientations [19]. After the sample was immersed in a AgNO3 
(MnSO4) solution and illuminated, new bright contrast appeared on the 
surface as shown in Fig. 2(b) and (c), corresponding to reduced metallic 
silver (Mn oxides). It is observed that the photochemical reaction is 
anisotropic; Ag reduction prefers to occur on the (100) edges and Mn 
oxidation mainly occurs on the (110) terraces, which is consistent with 
previous reports [19,21]. 

Two additional air-annealed SrTiO3 (110) single crystals were 
treated in molten SrCl2 and KCl, and the topographic AFM images of 
their surfaces are presented in Fig. 3 (a) and (d), respectively. The sur-
face restructures in both treatments. For the sample treated in the SrCl2 
melt, the large terraces were replaced by very fine terraces as large as a 
few tens of nanometers with long curved edges. At the same time, it 
seems that dislocations were etched in the melt as multiple etch pits are 

Fig. 1. (a) SEM images of Hydro1 % and Hydro2 % crystals and the resulting crystals after modifying by molten SrCl2 in an alumina crucible. The scale bar represents 
500 nm. (b) and (c) show rates (μmol h−1) of H2 generation by Hydro1 % and Hydro2 % crystals before and after the SrCl2 treatment, respectively. The bars represent 
the standard deviations. Surface area specific rates are shown in Fig. S3. 
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observed on the surface (one is marked with an arrow). We measured the 
mass of the sample before and after the molten SrCl2 treatment and 
found that the mass was reduced from 0.0653 g to 0.0630 g (~3.5 % 
loss), indicating that some of the crystal dissolves in the melt, revealing a 
new surface. For the sample treated in the KCl melt, the large (110) 
terraces remain, but are no longer flat. The originally flat terraces are 
now replaced by many fine rectangular facets approximately 200 nm 
long and 20 nm wide. Unlike the SrCl2 treatment, there is no measurable 
change of mass during the molten KCl treatment. The photochemical 
reactivities of the molten salt treated surfaces were studied with marker 
reactions. After the SrCl2 treatment, the reactivities of both photore-
duction of Ag+ and photooxidation of Mn2+ were enhanced, as shown in 

Fig. 3(b) and (c). Under the same illumination conditions, small Ag or 
MnO2 particles uniformly deposit all over the surface. Larger and more 
widely separated particles are also found. However, the reactivity seems 
to be isotropic, and no spatial selectivity was resolved. After the molten 
KCl treatment, shown in Fig. 3(e) and (f), the cathodic reactivity (Ag+

reduction) seems to increase slightly, but the anodic reactivity (Mn2+

oxidation) remains low. 
A parallel experiment was carried out on (100) oriented SrTiO3 

single crystals. Topographic AFM images of a SrTiO3 (100) single crystal 
surface that has been annealed in air at 1100 ◦C for 6 h is shown in Fig. 4 
(a). The annealing leads to the formation of (100) terraces and steps 
mostly oriented in the 〈100〉 direction. The (100) surface was reported 

Fig. 2. Topographic AFM image of an air annealed SrTiO3 (110) surface is given in (a). Images of the surface after photoreduction of Ag+ and photooxidation of 
Mn2+ are shown in (b) and (c). The dark-to-light vertical contrast is (a): 0–3 nm, (b): 0–10 nm, (c): 0–4 nm. 

Fig. 3. Topographic AFM images of air annealed SrTiO3 (110) single crystal surfaces after treating in molten (a) SrCl2 and (d) KCl. Panel (b) and (c) show AFM 
images of the SrCl2 treated (110) surface after Ag+ photoreduction and Mn2+ photo-oxidation. Panel (e) and (f) show AFM images of the KCl treated (110) surface 
after Ag+ photoreduction and Mn2+ photo-oxidation. The dark-to-light vertical contrast is (a): 0–4 nm, (b): 0–15 nm, (c): 0–5 nm, (d): 0–3 nm, (e): 0–8 nm, (f): 0–3 
nm. An etch pit has been labeled with an arrow in (a). 
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to be bifunctional [19], and here we found that the surface is highly 
reactive for both the photoreduction of Ag+ and the photo-oxidation of 
Mn2+, as shown in Fig. 4 (b) and (c). It is found that metallic Ag deposits 
prefer to accumulate near the step edges while MnO2 deposits nucleated 
all over the terrace. It is noted that the (100) surface can be terminated 
by a TiO2 or SrO plane [27], and Paradinas et al. measured a potential 
difference of the two terminations to be 45 ± 10 mV [28]. A more recent 
study by Sharma et al. found that the water splitting reaction can pro-
ceed on (100) surfaces only when the two terminations coexist, and the 
SrO terminated surface provides the reaction sites and TiO2 surface af-
fects the electronic band alignment [29]. This might explain the spatial 
distribution of the photochemical products observed in our experiment. 

The molten SrCl2 and KCl treatments were carried out on the air 
annealed SrTiO3 (100) single crystals, and the resulting surfaces were 
imaged by AFM and are shown in Fig. 5 (a) and (d). Like the results on 

the (110) surface, both treatments changed the surface structure. After 
the sample was treated in the SrCl2 melt, as shown in Fig. 5(a), the 
original terraces merged and formed new terraces as wide as 100 nm 
with long wavy edges, and this is a sign of Sr-rich termination [30]. As 
for the sample that was treated in the KCl melt, the surface is comprised 
of densely distributed narrow terraces that are comparable to the orig-
inal ones. However, the surface also features new long, straight steps 
that intersect it. Again, the crystal slightly dissolved in the SrCl2 melt in 
which the mass was reduced from 0.0635 g to 0.0602 g (~5.2 % loss), 
but the crystal mass remains unchanged after the KCl treatment. 
Photochemical properties of the two samples were explored via marker 
reactions. It is found that, after the molten SrCl2 treatment, see Fig. 5(b) 
and (c), the photoanodic reactivity is almost shut off, and the photo-
cathodic reactivity is also reduced significantly. Furthermore, the spatial 
distribution of the reaction products disappears as Ag particles 

Fig. 4. Topographic AFM image of an air annealed SrTiO3 (100) surface are given in (a). Images of the surface after photoreduction of Ag+ and photooxidation of 
Mn2+ are shown in (b) and (c). The dark-to-light vertical contrast is (a): 0–2.5 nm, (b): 0–5 nm, (c): 0–5 nm. 

Fig. 5. Topographic AFM images of air annealed SrTiO3 (100) single crystal surfaces after the (a) SrCl2 and (d) KCl molten salt treatments. Panel (b) and (c) show 
AFM images of the SrCl2 treated (100) surface after Ag+ photoreduction and Mn2+ photo-oxidation. Panel (e) and (f) show AFM images of the KCl treated (100) 
surface after Ag+ photoreduction and Mn2+ photo-oxidation. The dark-to-light vertical contrast is (a): 0–2.5 nm, (b): 0–7 nm, (c): 0–5 nm, (d): 0–7 nm, (e): 0–15 nm, 
(f): 0–7 nm. 
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uniformly deposit over the surface. As for the molten KCl treated sample, 
Ag deposits only accumulate near the newly formed long edges (see 
Fig. 5(e)), and MnO2 only nucleates along certain narrow terraces (see 
Fig. 5(f)). The origin of this unique spatial selectivity is still under 
investigation. 

To further understand the effect of the molten salt treatments on the 
surface chemistry, the surface potentials of the six samples were 
measured with Kelvin probe force microscope (KFM). KFM surface po-
tential images are presented in Figure S3 and S4 for (110) surfaces and 
(100) surfaces, respectively. It is noted that the KFM images were 
recorded on the same crystals but on different locations from those in 
Fig. 2 to Fig. 5. The average potentials of the six crystals were deter-
mined and are shown in Table 1, along with their measured reactivities. 
It is found that both molten salt treatments tend to decrease the surface 
potential, and the SrCl2 treatment has a stronger effect that renders the 
surface more negative. This finding is consistent on both (110) and 
(100) crystals. 

XPS spectra were recorded on the surfaces of the six samples to study 
the surface compositions and chemical states. The XPS binding energy 
was adjusted and calibrated using the C 1s spectra at 284.7 eV as a 
reference (see Figure S6). It should be noted that a peak shift in binding 
energy of up to 1.6 eV was observed between samples annealed in air 
and samples treated with molten salts. This shift is attributed to alter-
ations in the surface’s electrical conductivity. Fig. 6 shows the high- 
resolution O 1s spectra. The O 1s spectrum can be deconvoluted into 
two peaks, a primary peak attributed to Ti-O bonding at 529.3 eV and a 
second peak attributed to surface hydroxyl groups (–OH) at 531.4 eV 
[31,32], shown in Fig. 6 (a) and (d). The percentage of the oxygen 
bonded in an –OH state is determined to be 24.9 % and 28.3 % for (100) 
and (110) air annealed crystals, respectively. It is found that the surface 
hydroxyl group density increases after both molten salt treatments. After 
the molten SrCl2 treatment, shown in Fig. 6(b) and (e), the hydroxyl 
group density increases to 39.3 % and 52.3 % for (100) and (110) 
oriented crystals. After the KCl treatment, shown in Fig. 6(c) and (f), the 
hydroxyl group density increases slightly to 29.6 % and 36.2 % for 
(100) and (110) oriented crystals. 

High resolution Sr 3d and Ti 2p XPS spectra are given in Figure S7 
and Figure S8. The Sr spectrum is composed of two doublets located at 
132.7 eV and 134.4 eV, corresponding to 3d5/2 and 3d3/2. The doublets 
in the Ti spectrum located near 458.2 eV and 464.1 eV can be assigned to 
2p3/2 and 2p1/2 of Ti4+. Note that, distinct from powdered SrTiO3 
samples [11,33], there is a negligible amount of Ti3+ species in our 
single crystal samples, implying they are more stoichiometric. The Sr/Ti 
atomic ratios were determined from the ratio of the integrated in-
tensities of the Sr 3d and Ti 2p spectra. The ratio is determined to be 0.88 
and 0.86 for air annealed (100) and (110) single crystals, respectively, 
implying surfaces that are Ti-rich (Sr-depleted) compared the stoichi-
ometry of the bulk. This might be because the vapor pressure of SrO is 
significantly higher than TiO2 at the annealing temperature [34,35], 
allowing some SrO to escape during annealing. The measured ratio 
might also be a result of the termination. In the [100] direction, bulk 
SrTiO3 can be terminated in to SrO and TiO2 planes; while along the 
[110] direction, it is composed of alternating layers of SrTiO4+ and O2

4−. 
The results here indicate that the two molten salt treatments change the 
surface composition in an opposite way. The Sr/Ti ratio is measured to 
be 0.88 and 0.93 for the SrCl2 treated (100) and (110) single crystal 
surfaces, respectively, suggesting that the molten salt stabilizes SrO on 
the (100) surface and SrTiO4+ on the (110) surface. However, the KCl 
treatment reduces the surface Sr concentration; the Sr/Ti ratio is 
reduced to 0.70 and 0.74 for (100) and (110) surfaces, respectively. A 
summary of the XPS data of the three samples is given in Table 2. Note 

Fig. 6. High resolution O 1s XPS spectra of (a,b,c) (100) and (d,e,f) (110) single crystal surfaces that were (a,d) air annealed, (b,e) molten SrCl2 treated, and (c,f) 
molten KCl treated. The peaks for oxygen atoms bonded in Ti-O and –OH are filled in red and blue, respectively. 

Table 2 
Sr/Ti ratios and surface hydroxyl groups concentrations of the six samples 
determined with the XPS spectra.  

Treatments Sr/Ti –OH% 

(100) (110) (100) (110) 

Air annealed  0.88  0.86  24.9 %  28.3 % 
SrCl2 treated  0.88  0.93  39.3 %  52.3 % 
KCl treated  0.70  0.74  29.6 %  36.2 %  
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that we have also tried to measure Al, K and Cl but cannot detect their 
signals via XPS, indicating the concentrations of these elements on the 
surface are less than the detection limit. 

4. Discussion 

The results here clearly illustrate that the molten SrCl2 treatment has 
a significant influence on the structure and chemical composition of 
SrTiO3 surface. The first apparent difference between SrCl2 and KCl is 
that the SrTiO3 surface slightly dissolves in the molten SrCl2 with a 
consistent 3–5 % mass loss. There is no detectable loss of mass in the KCl 
melt. Yamakata et al. proposed that SrTiO3 dissolves and recrystallizes 
in the SrCl2 melt, so that the crystal morphology changes, and the 
crystallinity is improved [5]. However, considering that particle shape 
and size is not significantly changed during the treatment, as shown in 
Fig. 1(a), it is not feasible that the particle completely dissolves and 
recrystallizes. Based on the results here, a small amount of material 
dissolves in the melt. Different from what happens in the single crystal 
experiment, the material that dissolves from the powder might diffuse 
between particles, promoting coarsening [36] or Ostwald ripening [37]. 
If so, some of the smaller particles would disappear and the average 
particle size would increase [5,6]. However, based on micrographs such 
as the images in Fig. 1, coarsening is not significant, if it occurs at all. 

The XPS spectra indicate that the molten salt treatment increases the 
concentration of hydroxyls on the surface, and the KFM studies suggest 
that the treatment decreases the surface potential. For both of these 
trends, the influence of molten SrCl2 is greater than molten KCl. The 
hydroxyl concentrations have been correlated to the surface potentials 
of the six samples, plotted in Fig. 7(a), indicating that hydroxyl groups 
induce a negative (anodic) surface, which is consistent with the results 
by Zhu et al. [32]. Past studies agree that surface hydroxyl groups are 
good hole traps, promoting the anodic reaction and elongating the 
charge carrier lifetime [38,39]. Secondly, surface hydroxyl groups are 
determined to be one of the primary water adsorption sites since the 
protonated lattice of oxides easily form hydrogen bonds with water 
molecules [29,40]. In our case, we only load reduction cocatalysts so 
that the anodic reaction is supposed to occur on the SrTiO3 surface. Since 

the overall reaction rate depends on the slower one of the two half re-
actions [21], the promotion of the photoanodic reaction driven by the 
hydroxyl-rich surface will improve the overall reaction rate. It is also 
concluded that this effect is orientation dependent; from the KFM data in 
Fig. 7(b), the potential of the (110) surface is reduced much more than 
the potential of the (100) surface. This will increase the potential dif-
ference between the two oriented surfaces from 0.07 V to 0.21 V, a 
situation that enhances the charge separation inside the particle. The 
charge separation between the (100) and (110) surfaces in SrTiO3 has 
been extensively investigated [9,22,41-43]. Su et al. measured the sur-
face charge on (100) and (110) facets of undoped SrTiO3 particles in an 
aqueous electrolyte, and the potential difference between the two sur-
faces was measured to be 40 mV [44], a little lower than our measure-
ment (71 mV for the air annealed sample). This is reasonable since we 
measured the potential in air, and solution species might adsorb to the 
surface and compensate the charge. 

We assume that the increase in the measured potential differences 
between the single crystal (100) and (110) surfaces treated in SrCl2 also 
occurs on a SrCl2 treated SrTiO3 particles, and this is beneficial to 
photocatalytic reactivity. The anisotropic surface potential within a 
particulate photocatalyst could induce different degrees of band 
bending for the two surfaces. The (100) surface with a more positive 
potential has reduced upward band bending at the surface, therefore, it 
is easier for photogenerated electrons to reach the surface and partici-
pate in photocathodic reactions. Conversely, the (110) surface, with a 
more negative potential and increased upward band bending, attracts 
more photogenerated holes towards its surface. Thus, it promotes pho-
toanodic reactions [32]. The potential difference between the (100) and 
(110) surfaces results in an internal electric field that facilitates the 
migration of photogenerated charge carriers. Here, holes migrate to-
ward the more negative (110) surface. An increase in potential differ-
ence between the (100) and (110) surfaces can lead to a stronger 
electric field, which in turn can enhance the extent of anisotropic charge 
separation [10]. This phenomenon has been observed not only in the 
{100} and {110} surfaces of SrTiO3 photocatalysts, but also in the 
{001} and {111} surfaces of Cu2O [45], {010} and {110} surfaces of 
BiVO4 [46], and {001} and {200} surfaces of BiOBr [47]. In the case of 

Fig. 7. (a) Surface hydroxyl group concentrations (shown as bars) and surface potential (shown as dots) of the six samples. (b) Schematic illustration of the change of 
surface potential induced by the molten SrCl2 and KCl treatments. (c) Schematic illustration of the possible mechanism of the hydroxyl group-rich surface. 
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the molten SrCl2 treatment (as shown in Fig. 7(b)), an increase in the 
potential difference from 71 mV to 208 mV can contribute to charge 
separation and enhance the photocatalytic reactivity. 

It is interesting to speculate about how the molten SrCl2 treatment 
produces a surface with a high density of hydroxyl groups. When water 
adsorbs and dissociates on SrTiO3 surface, a hydroxyl group can bond to 
a strontium site (Sr-OH), a titanium site (Ti-OH), or directly occupy at an 
oxygen site (O–H) [40]. It has been reported that Sr-rich surfaces are 
more easily hydroxylated compared with Ti-rich surfaces [48,49], so 
that increasing Sr/Ti atomic ratio on the surface might contribute to the 
increased hydroxyl concentration. However, based on the XPS data in 
Table 2, the changes of surface hydroxyl concentration and Sr/Ti are not 
proportional, implying another factor influences the system. One pos-
sibility is that added hydroxyl groups occupy vacant O sites created 
during the SrCl2 treatment. Based on the phase diagram, it is known that 
under these conditions SrO will form in the melt and one source of ox-
ygen is the SrTiO3, which we know to be partially dissolving. If 
numerous oxygen vacancies are created on the surface, with their charge 
compensated by metal vacancies, hydroxyl groups can directly fill these 
vacancies during rinsing in water. In this case, a water molecule disso-
ciates into an OH group that fills the vacancy, and a H atom binds to 
another bridging O site, forming a pair of hydroxyl groups [50,51]. This 
effect has also been observed on BaTiO3 surfaces [52]. It is also possible 
that surface oxygen atoms are initially replaced by Cl− in the melt, and 
then replaced by hydroxyl groups during washing, leading to the same 
result. However, if this happened in SrCl2, it would probably also 
happen equally in the KCl melt, so the first proposal seems more likely. A 
schematic of the proposed hydroxyl substitution process is shown in 
Fig. 7(c). 

5. Conclusion 

The influence of the molten SrCl2 treatment on the surface of SrTiO3 
has been studied in comparison to substrates annealed in air and sub-
strates annealed in molten KCl. In the KCl melt, the surfaces of SrTiO3 
crystals reconstruct, changing the spatial distribution of photocathodic 
and photoanodic reaction sites. When SrTiO3 is treated in molten SrCl2 
in Al2O3 crucibles, a small amount of the SrTiO3 dissolves in the melt, 
reducing the mass of the crystal by 3–5 %. Furthermore, the molten salt 
undergoes a reaction with the alumina crucible, resulting in the for-
mation of Sr3Al2O6. This reaction continues until the salt is consumed, 
before the end of the thermal treatment. KFM studies indicate that the 
treatment reduces the surface potential, and the potential drop depends 
on crystallographic orientation. As a result, the potential difference 
between (100) and (110) surfaces increases from 0.07 V to 0.21 V, 
building a much stronger electric field inside the particle and promoting 
charge separation. The measured decrease of surface potential is pro-
portional to the increase of the surface hydroxyl group concentration. 
Because hydroxyl groups serve as hole traps and promote the rate 
limiting photoanodic half reaction, the overall reactivity is improved. 
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