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A B S T R A C T   

In a one-pot approach, monolithic SrTiO3-TiO2 ceramic heterostructures were obtained using the reactive hy
drothermal liquid phase densification (rHLPD). Structural, morphological, and photocatalytic properties of the 
obtained ceramics were analyzed. The relative density of the formed components reached about 80% with re
action time, temperature, and NaOH concentration variation. It was observed via Rietveld refinement that there 
was no XRD detectable phase other than TiO2 and SrTiO3 in the final structure. The monolithic SrTiO3-TiO2 
ceramics obtained by hydrothermal reaction at 120 ◦C for 24 h in 1 M NaOH concentration showed a dielectric 
constant being around 500, and the dielectric loss was below 0.25 at frequencies higher than 10 kHz. The SrTiO3- 
TiO2 heterostructured monoliths having only 20 vol% total porosity and low specific surface area, demonstrated 
~60% efficiency (in 5 h) in degrading Methylene Blue photo-catalytically.   

1. Introduction 

Due to their unique properties, metal oxide perovskites with the 
chemical formula ABO3 are commonly used in many areas as solar cells, 
supercapacitors, light-emitting diodes, and photocatalytic applications 
[1–5]. Strontium titanate (SrTiO3), one of the perovskite-structured 
inorganic solids, is a paraelectric material and has been widely used in 
various applications [6–8]. To obtain a dense component, commercially 
available SrTiO3 powder is usually pelletized, followed by densification 
at high temperatures, e.g., between 1250 and 1500 ◦C, via conventional 
solid-state sintering [9]. However, this is a time and energy-consuming 
process [10]. 

The formation of heterostructures between SrTiO3 and other pho
tocatalytic oxides improves the system’s photocatalytic properties [11]. 
For instance, TiO2 is characterized by a relatively large band gap (3.2 ev) 
[12] and suffers the formation of bounded electron-hole pairs, which 
hinder photocatalytic activity [13]. The combination of titania with 
SrTiO3, possessing a conduction band edge 200 mV below that of titania, 
dramatically improves the photocatalytic activity (improved transfer of 
electron-hole pair) of the system [14,15]. The formation of monolithic 
SrTiO3-TiO2 ceramic heterostructures has been investigated only on the 
particulates processed through complicated strategies [16]. 

Recent works on sintering inorganic solids have aimed to minimize 
energy consumption and reduce carbon footprint [17–21]. Among the 
techniques, the cold sintering process (CSP) and hydrothermal liquid 
phase densification (rHLPD) are the most promising. Here, the ceramic 
consolidation is aided at low temperatures by external pressure appli
cation and by the addition of a liquid solvent, usually a water solution. 
The processes have been applied to different ceramics and also to 
perovskite-structured oxides [22–27], including SrTiO3 [28,29]. While 
most of the works aimed at maximizing the density of the sintered body 
(though not always full density could be achieved), the photocatalytic 
activity is enhanced in porous systems where "sintering" is simply 
needed to consolidate the body in a solid network. Such results can be 
easily achieved by the mentioned low-temperature consolidation 
approaches. 

In this context, reactive hydrothermal liquid phase densification 
(rHLPD) allows the production of ceramic components in one step by 
combining the synthesis and sintering at low temperatures, eventually 
yielding direct manufacturing of heterostructured structures [17,23,30]. 
While many chemical systems were proposed [31], no study focused on 
the formation, characterization, and application trials of SrTiO3-TiO2 
ceramic heterostructures produced in one step via rHLPD. 
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2. Experimental procedure 

All experiments were performed using Strontium hydroxide octa
hydrate (Sr(OH)2.8H2O, 99% purity, Alfa Aesar), Titanium dioxide 
(TiO2, 99.8% anatase, Merck), Sodium hydroxide (NaOH, 98–100%, 
Merck), Polyvinyl alcohol (PVA, Mw=31000–50000, 87–89%, Merck) 
and deionized (DI) water. During the production of SrTiO3 by rHLPD, 
three different parameters were altered, temperature: 90 C, 120 C, 140 C 
(◦C), time: 6 h, 24 h, 72 h, and NaOH concentration: 0 M (i.e., no NaOH) 
or 1 M. 

To obtain a porous titania matrix, 10 wt% PVA solution and TiO2 
powder were ground in a ball mill (Retsch PM-100, Germany) with 
yttria-stabilized zirconia (YSZ) balls at 250 rpm for 24 h. After drying, 
the resulting powder was ground and sieved in a 45-mesh sieve. 0.2 g of 
sieved powder was pressed in a manual hydraulic press (GS25011, 
Specac, UK) at 40 MPa. The pellets were treated at 400 ◦C for 5 h to 
remove the PVA binder. Then, a 0.3 M Sr(OH)2.8H2O solution was 
prepared and loaded into an autoclave (Parr Instruments 4748 model, 
USA) for hydrothermal reaction with TiO2 pellets at 70 vol% filling. 

After the reaction, the final pellets were washed with DI water and dried 
at 80 ◦C overnight. 

The fracture surface morphology and elemental composition of the 
monolithic samples were analyzed by Scanning Electron Microscopy 
(SEM, FEI, Quanta 250, USA) equipped with Energy Dispersive X-Ray 
Analysis (EDX) detector. Before SEM analysis, the surfaces of the pellets 
to be examined were coated with approximately 10 nm Au. In addition, 
non-coated samples were used for EDS analysis. 

X-ray diffraction (XRD) measurements were performed with the 
Philips X′Pert Pro (Almelo, The Netherlands) device, which is equipped 
with a Copper anode X-ray source (CuKɑ = 1.5406 Å at 40 kV, 30 mA). 
Rietveld analysis was performed by ReX software [32], starting from the 
model containing the SrTiO3 and TiO2 reference crystal structures and 
refining phases weight fractions as well as their lattice and microstruc
tural parameters. Nitrogen (N2) gas sorption analyses were done by 
Gemini V (Micromeritics, Norcross, GA, USA). The samples were 
degassed at 150 ◦C for 12 h before examinations. Specific surface area 
(SSA) was determined from a BET (Brunauer–Emmett– Teller) analysis. 
The bulk densities of the samples were measured using Archimedes’ 

Fig. 1. SEM images obtained from the fractured surfaces of (a) TiO2 green body, (b-d) pellets obtained from the reactions at different temperatures in 24 h: (b) 
90C_24h, (c) 120C_24h, (d) 140C_24h, (e) Reaction completion (%) vs. final relative density (RD%) data of all pellets produced at different temperatures in 24 h, (f) 
Normalized XRD patterns of TiO2 green body and rHLPD sintered bodies at different reaction temperatures for 24 h, ICDD #01–071–1166 (TiO2) and #01–073–0661 
(SrTiO3) were also included in the plot. 
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principle with ethanol. Reaction completion (%) was calculated in two 
ways. The first one was based on Rietveld phase fractions from XRD 
data. Secondly, reaction completion values were estimated from the 
weight change before and after the reaction via Eq. (I) where Sr(OH)2 is 
the infiltrating species, TiO2 is the porous solid matrix (green body), and 
SrTiO3(s) and H2O(l) are the reaction products.  

TiO2(s)+ Sr(OH)2 = SrTiO3(s)+H2O(l)                                                  (I) 

The dielectric constant measurements were obtained using an 
E4980AL Precision LCR meter (Keysight Technologies, Santa Clara, CA, 
USA) at room temperature in the 0.02–100 kHz range. As reported 
previously, the photocatalytic activity was analyzed through time- 
dependent photodegradation studies of a 2.5 ppm aqueous dye (Meth
ylene Blue, MB) solution [33]. The optical properties were investigated 
by an ultraviolet-visible (UV–Vis) absorption double beam spectropho
tometer (Cary100 Bio; Agilent Technologies Pty Ltd., Mulgrave, VIC, 
Australia) in a 200–500 nm wavelength range. 

3. Results and discussion 

The porous green titania body, formed homogeneously over the 
entire surface, can be seen in the SEM image in Fig. 1(a). As given in 
Fig. 1(b), the sample reacted at 90 ◦C also had a porous structure. 
Instead, when Fig. 1(c) and (d) are analyzed, it can be seen that the 
microstructures of the samples became denser when the reaction was 
conducted at 120 ◦C and 140 ◦C, respectively. 

It is already shown that a porous component can be densified via 
rHLPD technique without noticeable shrinkage [34]. This is because the 
crystalline phase of the parent porous substrate changes to another 
phase having a larger molar volume, i.e., volume expansion contributes 
to pore closure and densification. Here, in a particular example, titania 
has a density of (⍴TiO2

) 3.9 g/cm3, and molar volume of (Vm
TiO2

) 20.5 cm3. 
Instead, SrTiO3 has a density (⍴SrTiO3

) of 5.1 g/cm3, and molar volume of 
(Vm

SrTiO3
) 36 cm3. If one mole of titania is converted fully to one mole 

SrTiO3, i.e., 100% reaction yield, a molar volume expansion of ~76% 
should be expected [35]. Accordingly, when the reaction proceeds via 
Eq. (I), it yields SrTiO3, a higher molar volumed compound that will 
cause densification due to pore closure without measurable shrinkage. 

The relative densities of TiO2 green bodies used in all studies were 
around 52%, i.e., 48 vol% total porosity, taking the theoretical density 
of 3.9 g/cm3 (anatase) [36]. The reaction completions (% mole con
version of TiO2 to SrTiO3) can be assessed from the weight changes for 

the samples treated at different temperatures, then the estimated values 
can be used to compute corresponding volume expansions to derive final 
relative densities (⍴bulk / ⍴truevia ROM

) after the reaction. As seen in Fig. 1(e), 
the lowest relative density was observed from the 90 ◦C reaction, while 
the highest was found as 78% for the sample reacted at 120 ◦C for 24 h. 

Hydrothermal reactions occurred sparsely in the samples produced 
at 90 ◦C, probably due to the limited solubilities of the species. The 
solubility enhancement determines an increase in the mass transport 
rates, facilitating the crystallization of SrTiO3 and densification [34,36, 
37]. The increase in the reaction temperature caused more pronounced 
densification up to 120 ◦C. While further experiments are needed to 
clarify such a point, the slight difference observed for 140 ◦C treated 
samples can be due to the differences in the green body relative den
sities, experimental errors, or aggregated particles observed previously 
for the synthesis of SrTiO3. Shen et al. [38] demonstrated that as the 
SrTiO3 hydrothermal reaction temperature increased beyond 120 ◦C, 
the SrTiO3 particle size increased irregularly and formed heterogeneous 
microstructures. 

The XRD data of the green pellet was consistent with the anatase 
phase (ICDD # 01–071–1166), as shown in Fig. 1(f). The characteristic 
peaks of the SrTiO3 samples appeared at 32.0, 40.0, 46.5, 57.5, 68.0, and 
77.0◦ and can be ascribed to the (110), (111), (200), (211), (220), and 
(310) planes for the cubic symmetry of SrTiO3, matching well with ICDD 
# 01–073–0661. Apart from these crystalline phases, the XRD detected 
no other peaks. While it was not observed, it should be noted that SrCO3 
can frequently form as a byproduct when carbon dioxide or carbonate 
ions are present in the reaction vessel [34,36,37]. 

Rietveld refinement was conducted on all 24 h treated samples, and a 
refined pattern of 120C_24h is reported in Fig. 2. For all analyzed 
samples, nearly full matches with relatively small residual fitting errors 
can be seen below the example fit. Apart from the marked SrTiO3 and 
TiO2 phases, no extra peak was observed for any other crystalline phase 
(e.g., SrCO3). According to fittings conducted on selected samples, it was 
found that the 90C_24h had 33 mol%, 120C_24h had 61 mol%, and 
140C_24h was found to have reaction completion of 58 mol%. Rwp 
fitness values between 7% and 9% suggest a quite well agreement be
tween the calculated model and the experimental data. The reaction 
completion calculations were followed in two ways; (i) using the initial 
and final weights and (ii) the relative phase fractions obtained from the 
Rietveld analysis, and all the data were compatible. For example, the 
calculated reaction completion for the 120C_24h sample was around 
57 mol% (from weight gain), close to the Rietveld fitting result of 

Fig. 2. Rietveld refinement of the x-ray diffraction pattern collected on the sample reacted for 24 h at 120 ◦C (120C_24h). The red dots correspond to the observed 
(obs) experimental data, whereas the continuous blue and green profiles represent the modeled signals for the SrTiO3 and TiO2 phases, respectively. Below the 
calculated (calc) fit, Bragg reflection positions are marked with the corresponding color code; the residual error (difference: diff) plot is reported in violet. 
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61 mol%. As a result, if one calculates the volume expansion related to 
such a mole conversion through reaction (I), a final relative density of 
77%, similar to the one obtained from Archimedes’ measurement of 
78% can be observed. 

SEM micrograph taken from the fractured surface of the sample 
reacted for 72 h at 120 ◦C (120C_72h) is shown in Fig. 3(a). At different 
temperatures, relatively dense microstructures were obtained for longer 
reaction times, affecting the nucleation rate [39]. The relative density 

Fig. 3. (a) SEM micrograph taken from the fractured surface of 120C_72h sample, (b) Reaction completion (%) vs. final relative density (RD%) graph of all pellets 
produced at different temperatures in 24 h at 120 ◦C and 140 ◦C, (c) XRD pattern of samples obtained at 120 ◦C in different reaction times (6, 24, and 72 h). 

Fig. 4. (a) SEM images of the fractured surface of the 120C_24h_1M pellet obtained at 120 ◦C in 24 h under 1 M NaOH concentration condition, (b) EDX mapping 
from the center of the fracture surface of the 120C_24h_1M pellet, (c) EDX scan from the top surface to 110 µm depth, (d) Reaction completion (%) vs. final relative 
density (RD%) graph of all pellets produced at 120 ◦C and 140 ◦C in different NaOH concentrations (without NaOH and 1 M). (e) XRD pattern of samples obtained at 
120 ◦C and 140 ◦C in 1 M NaOH concentration. 
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change with different reaction times is demonstrated in Fig. 3(b). When 
the reaction was conducted for 72 h, comparable relative density values 
of around 80% were observed. 

While the increase in reaction time caused enhanced SrTiO3 forma
tion, it is essential to note that the kinetics was slower than those for the 
other rHLPD studies [23,30]. Similar observations were reported for 
hydrothermal synthesis of SrTiO3 using anatase to react at 200 ◦C. A 
significant amount of unreacted titania was found even after 48 h of 
reaction [36,40–42]. XRD data obtained from the samples reacted for 
different periods at 120 ◦C (see Fig. 3(c)) and 140 ◦C (data not shown for 
brevity) demonstrates merely the formation of a SrTiO3-TiO2 ceramic 
heterostructure system. 

SEM image taken from the fracture surface of the 120C_24h_1M 
sample, obtained from the reaction at 120 ◦C for 24 h, under 1 M NaOH 
concentration, is given in Fig. 4(a). A homogeneous microstructure can 
be seen, as in all other samples. When the EDX images obtained from the 
fracture surface (Fig. 4(b)) are analyzed, it is possible to see that Sr, Ti, 
and O are homogeneously distributed, but no Na was observed over the 
entire scanned pellet surface. The examination was also conducted from 
the top surface to 110 µm depth (see Fig. 4(c)), and consistently, only Sr, 
Ti, and O were found. Accordingly, it is possible to state that the reaction 
proceeded virtually homogenous throughout the sample. Since the for
mation of SrTiO3 necessitates the parent titania surface, the structure 
was probably composed of anatase-TiO2-cored SrTiO3, as documented in 
previous hydrothermal reaction studies [36]. 

The final relative density of the pellets obtained by rHLPD experi
ments performed at 1 M NaOH concentration is shown in Fig. 4(d). 
Similar to other studies, the tendency of SrTiO3 formation increased 
with NaOH, i.e., NaOH enhanced the sample relative densities and re
action conversions [43]. It was already documented that the SrTiO3 
synthesis is supported by increased alkalinity [34,43]. Lencka and 
Riman constructed a Sr-Ti-H2O stability diagram based on theoretical 
calculations. The authors showed that the SrTiO3 formation from TiO2 
requires an alkaline medium for enhanced dissolution of TiO2 and 
subsequent precipitation of SrTiO3 [34,37,44]. 

The XRD analysis of the samples reacted under 1 M NaOH concen
trations is given in Fig. 4(e). When the XRD patterns are examined, clear 
peaks of SrTiO3 and TiO2 without additional crystalline phases can be 
seen in all samples, corroborating that SrTiO3 is the predominant reac
tion product in the experimental conditions [36]. 

An indirect optical band gap (Eg) value of 3.25 eV, similarly observed 
for SrTiO3-TiO2 heterostructures [15], was found using Kubelka-Munk 
transformation (see Fig. 5(a-inset)) from reflectance spectra (shown in 
Fig. 5(a)). Fig. 5(b) demonstrates the photocatalytic performance of the 
120C_24h_1M pellet with only 20 vol% total porosity. The intensity of 
absorption peaks decreased with time, and the degradation efficiency of 
MB dye was around 60% in 5 h. The change in the concentration of MB 
vs. UV-Vis irradiation time can be seen in Fig. 5(b-inset). Although the 

120C_24h_1M sample had a low SSA of 5.7 m2/g, it showed better 
degradation efficiency with a higher photodegradation rate constant 
(0.0028 min− 1) than other monolithic SrTiO3-TiO2 and N-doped 
SrTiO3-TiO2 systems with approximately five times larger surface area of 
27.8 m2/g [45,46]. 

The dielectric constant and dielectric loss curves obtained from the 
same sample (120C_24h_1M) are shown in Fig. 5(c). The dielectric 
constant was around 500 at high frequencies (above 10 kHz), and the 
dielectric loss decreased significantly above 10 kHz, falling below 0.25 
[47]. A few recent works proposed ferroelectricity-based photocatalysts 
with enhanced photocatalytic performance due probably to the 
polarization-dependent band bending of BaTiO3 [48]. While SrTiO3 is 
paraelectric and the correlation of dielectric properties with the pho
tocatalytic performance of TiO2-SrTiO3 heterostructured monoliths is 
beyond the scope of the present work, further investigations are of 
interest. 

4. Conclusions 

SrTiO3-TiO2 monolithic ceramic heterostructures were produced 
using a novel cold sintering technique called rHLPD. The effect of 
different temperatures, time, and NaOH concentrations was investi
gated. Only SrTiO3 and TiO2 were observed within the limits of the XRD 
technique, i.e., no extra peaks resolvable for any other crystalline phase 
were observed. The optimum reaction parameters were set at 120 ◦C for 
24 h with 1 M NaOH, yielding ~80% dense components having reaction 
completion of 69 mol%. The dielectric constant measurements demon
strated that at high frequencies above 10 kHz, the dielectric constant 
was around 500, and the dielectric loss value was below 0.25. The 
monolithic SrTiO3-TiO2 ceramic pellets with 20 vol% total porosity 
were used to degrade Methylene Blue dye photo-catalytically, and 
~60% efficiency was observed in 5 h. 
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