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Materials processing has become essential for the proper control, tuning and consequent application of the properties of 

micro/nanoparticles. In this case, we report herein the capability of the microwave-assisted hydrothermal (MAH) method to 

prepare SrTiO3 compound, as a case study of inorganic compounds. Analyses conducted by X-ray diffraction, X-ray 

photoelectron and X-ray absorption spectroscopies confirmed that the MAH route enables the formation of pristine SrTiO3. 

The results indicated that the combination of thermal and non-thermal effects during the MAH treatment provides ideal 

conditions for an efficient and rapid synthesis of pristine SrTiO3 mesocrystals. Scanning electron microscopy images revealed 

a cube-like morphology (of ca. 1 μm) formed via a self-assembly process, influenced by the MAH time. Additionally, 

photoluminescence measurements revealed a broad blue emission related to intrinsic defects, which decreased with MAH 

synthesis time.

1. Introduction 

The processing of ceramic materials with multifunctional properties 

has been attracting the attention of researchers1–9 aiming to prepare 

micro/nanostructured inorganic semiconductors through the 

exploration of a variety of physical and chemical approaches.2,10–17 

Despite their capability in obtaining such semiconductors, most of 

approaches spend a large amount of energy and require long 

synthesis times.2,13,14,18–20 In this context, the microwave-assisted 

hydrothermal (MAH) route has been considered a clean, versatile, 

fast, and highly efficient method to obtain organic and inorganic 

compounds.7,21–23 The microwave energy has the potential to be 

ubiquitous and greatly contribute to the synthesis of materials in 

almost all areas of synthetic chemistry fields,2,7,13,14,18,19,24,25 

considering that it requires short times and relatively low 

temperatures (usually < 200 °C) in comparison with conventional 

heating methods.14,26 This route also contributes to suppress side 

reactions, improving the reproducibility degree.10,13,14 

In the 1990, Komarneni and co-workers investigated the 

preparation of oxide materials via microwave-assisted treatment.2 

They reported that this methodology improved the crystallization 

kinetics of various inorganic compounds.2 In the past years, there has 

been an increasing interest in improving the MAH route for the 

synthesis of micro/nanocrystals, since it provides not only a simple 

and fast way to obtain these materials but also because its 

homogeneous heating minimizes thermal gradient effects with the 

formation of oriented structures with unique or enhanced 

properties.13,14,18,19,27 

De La Hoz and co-workers described that the importance of 

microwave irradiation during chemical synthesis could be related to 

thermal and non-thermal effects.19 According to the authors, the 

thermal effects are the solution superheating and the presence of 

hot-spots, while the non-thermal effects are the highly polarized 

electric field and those related to mobility and diffusion that increase 

the probabilities of effective contacts.19 

Motivated by such versatility and efficiency, the MAH method 

has been used to obtain different micro/nanocrystalline 

compounds.13,14,19,28–30 Strontium titanate (SrTiO3) has attracted 

attention because of its remarkable multifunctional properties.3,31–37 

Moniruddin and co-workers demonstrated the potential of pristine 

SrTiO3 nanoparticles as catalysts for the production of H2 gas via 

water-splitting process.35 In the past decade, our research group 

studied the pristine and doped nanostructured SrTiO3 applied as 

photocatalysts and gas-sensing layer. To do so, different 

methodologies were used, such as electron beam vapor deposition, 

polymeric precursor method, conventional hydrothermal and MAH 

method.24,38–43 Regarding the MAH route, it was successfully used to 

prepare of SrTiO3 powders, allowing a proper control over the crystal 
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shape, photoluminescence properties and assembly process of the 

nanoparticles by an appropriate choice of titanium precursor as well 

as synthesis time.23,24,27,39  

In one of these previous studies, we demonstrated the 

relationship between structural properties and photocatalytic 

activity of SrTiO3 obtained via MAH route, where we could observe a 

high disorder degree in the local structure around Ti atoms beyond 

the presence of some fivefold coordinated Ti atoms, leading to a 

photocatalytic improvement of the as-obtained samples of pristine 

SrTiO3.24 Following this line of research, this work aimed of this work 

is threefold: (i) to demonstrate the efficiency and potentiality of the 

MAH method in obtaining of pristine SrTiO3 crystals; (ii) to show the 

potential of this route for designing functional materials with 

superior properties and; (iii) to present and investigate the 

relationship between microwave-assisted hydrothermal treatment 

and photoluminescent properties. To achieve these purposes, 

different techniques such as X-ray diffraction (XRD), X-ray absorption 

near edge structure (XANES) spectroscopy, X-ray photoelectron 

spectroscopy (XPS), electron paramagnetic resonance (EPR), 

photoluminescence (PL) spectroscopy, and field emission scanning 

electron microscopy (FE-SEM) were employed to characterize the 

obtained samples. 

2. Experimental Section 

2.1. Synthesis and characterization of SrTiO3 

To evaluate the effect of the MAH treatment on the preparation of 

the SrTiO3 compound, two reaction mixtures were prepared, as 

reported in Ref 24. Strontium chloride (SrCl2.6H2O; 99.9 %) and 

titanium oxysulfate (TiOSO4.xH2SO4.yH2O solution; 99.9 %) reagents 

purchased from Sigma-Aldrich Corporation were used. First, TiOSO4 

and SrCl2 (0.01 M, Sr: Ti = 1: 1) were added to 50 mL of deionized 

water, followed by another 50 mL of 6 M KOH solution under 

constant stirring for 30 min. Afterwards, the reaction mixture was 

washed with deionized water and isopropyl alcohol, and then dried 

for 12 h at 80 °C. The obtained sample was labelled as SAM1. 

2.1.1. MAH synthesis vs. thermal annealing 

In order to demonstrate the efficiency of the MAH synthesis 

compared to conventional thermal annealing, the sample SAM1 was 

weighted and then divided into three equal portions. Two portions 

were annealed in an electric oven under air atmosphere for 2 h, one 

at 300 oC, and the other at 750 oC, both at a heating rate of 10 oC min-

1. The last portion of the sample was maintained as-obtained, i.e., 

without any treatment. 

2.1.2. Longer MAH synthesis time 

To study the influence of synthesis time, the precursor solution was 

heat-treated in the MAH system for 10 min (SAM2), 320 min (SAM3), 

and 640 min (SAM4). To this end, the reaction mixture was put into 

a 110 mL Teflon autoclave, which was in turn sealed and placed 

inside the custom-built microwave-assisted hydrothermal (MAH) 

system. The solution was then treated at 140 °C with a heating rate 

of 140 °C min-1 under an auto-generated pressure of 3 bar. At the end 

of the synthesis, the precipitated powder was washed and dried 

following the same procedure steps abovementioned. 

 

2.2. Characterization techniques 

The samples were characterized by X-ray diffraction (XRD) in a 2θ= 
20 to 60o with a step size of 0.02o, at a scanning speed of 2°min−1, 
using CuKα radiation (Rigaku, RotaflexRU200B). The structure was 
refined using the Rietveld method and the General Structure Analysis 
System (GSAS) package with the EXPGUI graphical user interface. The 
average crystallize size was estimated from the FWHM of (110) XRD 
peak in the Scherrer’s equation.38 The FWHM value of the XRD peak 
due to instrumental broadening was considered using Si sample a as 
reference. X-ray absorption near-edge structure (XANES) 
measurements were performed at the XAFS2 beamline at the 
Brazilian Synchrotron Light Laboratory (LNLS). The Ti K-edge XANES 
spectra were collected in transmission mode at room temperature in 
the range of 4910 to 5200 eV with an energy step size of 0.3 eV 
around the edge, following the already reported experimental 
conditions.31,36,44 For the XANES analysis, the background was 
removed from all the spectra, which were then normalized by the 
first extended X-ray absorption fine structure (EXAFS) oscillation 
using MAX software.45 X-ray photoelectron spectroscopy (XPS) 
analyses were performed on a ScientaOmicron (model ESCA+) 
spectrometer using monochromatic AlKα (hν= 1486.6 eV) radiation. 
The binding energies were corrected for charging effects by assigning 
a value of 284.8 eV to the adventitious C 1s line. 

Morphological properties of the samples were characterized 

using a field emission scanning electron microscope (FE-SEM, Zeiss 

Supra35) operated at 5 kV in different magnifications. Room-

temperature photoluminescence (PL) spectra were collected using a 

Thermal Jarrel-Ash Monospec 27 monochromator and a Hamamatsu 

R446 photomultiplier linked with a data acquisition system consisting 

of an SR-530 lock. All samples were excited by 350 nm wavelength 

light from a krypton ion laser (Coherent Innova) and the nominal 

output power of the laser was kept at 200 mW.  

EPR measurements were performed at 10 K using 10 mg of the 

sample, introduced into a quartz EPR tubes together of a secondary 

standard g marker of MgO:Cr(III) with EPR g = 1.9797 signal 

calibrated with weak pitch standard. A Varian X- band spectrometer 

(model E-109) operating at a center Field of 3300 G, sweep field of 

500 G, sweep time of 120 s, and MW frequency of 9.136 GHz. 

3. Results and Discussion 

3.1. The efficiency of MAH approach 

XRD patterns of the samples SAM1 (before MAH treatment) and 

SAM2 (after MAH treatment) samples are shown in Fig. 1. The XRD 

pattern of SAM1 can be indexed to various crystalline phases 

identified as: SrTiO3 (JCPDS file 35-0734), SrSO4 (JCPDS file 05-0593), 

SrCl2.6H2O (JCPDS file 06-0073), SrCO3 (JCPDS file 05-0418) and 

K2Ti6O13 phase (JCPDS file 74-0275). In contrast, XRD pattern of SAM2 

reveals that when submitted to MAH treatment, it exhibits only 

reflections assigned to cubic perovskite SrTiO3 phase.23,24,27 

Before MAH treatment, the reactants were mixed under alkaline 

conditions at room temperature to form the aforementioned 

crystalline phases, being the SrSO4 the major phase found. This may 

be associate with the low solubility of SrSO4 under alkaline (Ksp = 3.8 

x 10-7) conditions.46 Nevertheless, when the reactional mixture 

undergoes MAH treatment, the pristine SrTiO3 phase can be 

obtained, as seen in Fig. 1. Some researchers described that the 

hydrothermal route, especially the microwave-assisted one, 

enhances the solubility and mobility of the ionic species as a result of 
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water viscosity and polarization reductions related to the electric 

field component of the electromagnetic wave.14,46 Therefore, such 

treatment is capable of solubilizing SrSO4, thus providing Sr(II) ions 

to react with Ti species, consequently forming pristine SrTiO3. 

Fig.1 XRD patterns of samples SAM1 and SAM2. 

To confirm the efficiency of the MAH method to obtain the SrTiO3 

pristine compound, the as-obtained sample SAM1 was annealed in 

an electric oven for 2 h at 300 °C, and 750 °C. The XRD patterns of the 

samples after thermal annealing are shown in Fig. 2. All samples 

presented a mixture of crystalline phases. It is interesting to note that 

independently of the annealing temperature (in the range here 

investigated), the conventional heating was ineffective in providing 

the necessary conditions to obtain the pristine SrTiO3. Therefore, the 

presented results confirm the efficiency of the MAH method in 

synthetizing a pure SrTiO3 compound in a shorter time and at a lower 

temperature. 

Fig.2 XRD patterns of the sample SAM1 as-obtained (without any treatment), 

and then annealed in an electric oven for 2 hours at 300oC, and 750oC. 

3.2. The influence of longer MAH synthesis time 

To obtain further details on the processing of SrTiO3 compound 

through the MAH method, we studied the influence of longer MAH 

synthesis time on the local structure around Ti atoms, on the surface 

electronic structure, and on the PL emission of the compound. For 

this purpose, the reactional mixtures were treated in the MAH 

system at 140oC for 10 min (SAM2), 320 min (SAM3) and 640 min 

(SAM4), where the synthesis parameters, such as pressure, heating 

rate and precursors and their concentrations, were kept constant. 

Fig.S1 and Fig.S2 (ESI†) shows the XRD patterns of samples SAM2, 

SAM3 and SAM4 samples, being all reflections indexed to the cubic 

perovskite structure of the SrTiO3 phase (JCPDS file 35-0734) without 

any spurious phase.  

The influence of MAH time on the crystallize size and the lattice 

parameter are presented in Table 1. It can be observed a reduction 

of both structural parameters with MAH treatment time. The 

behavior can be attributed to the larger amount of energy provided 

during the MAH treatment, which corroborates to reduce the defects 

in the SrTiO3 network. Note that, the literature reports an a0 value of 

approximately 3.905 Å.23,37  

Table 1 Average XRD crystallite size and lattice parameter (a0) estimated from 

XRD patterns of the samples treated at 140 oC. 

Sample 

MAH 

time 

(min) 

Average 

crystallite 

size (nm) 

a0 

(Å) 
χ2 

Rwp 

(%) 

SAM2 10 74(1) 3.9203(1) 4.52 11.96 

SAM3 320 49(1) 3.9181(1) 4.52 7.04 

SAM4 640 45(1) 3.9182(1) 5.91 7.85 
χ2: is the square of goodness-of-fit indicator; Rwp: considered profile 

Fig. 3 shows the Ti K-edge XANES spectra of the samples SAM1, 

SAM2, SAM3 and SAM4 and the spectrum of the crystalline SrTiO3 

(used as a reference compound) prepared via polymeric precursor 

method, here designated as c-SrTiO3.38,42 The spectra revealed four 

pre-edge transitions, labeled as P1, P2, P3 and P4, as seen in the inset 

of Fig. 3. The physical origin of these electronic transitions is 

described elsewhere.24,36,42  

First, it can be seen that the spectra of the samples synthesized 

via MAH route (SAM2, SAM3 and SAM4) are quite similar to the c-

SrTiO3 spectrum, which in turn is different from the SAM1 spectrum. 

Such results confirm that samples obtained via MAH route have a 

structure similar to the c-SrTiO3 reference at short-and medium-

range order around Ti atoms.  

Regarding the influence of MAH synthesis time, the analysis of 

the pre-edge region shows that the intensity of peak P2 is higher for 

samples obtained via MAH method (SAM2, SAM3 and SAM4) than 

for c-SrTiO3. Our research group has extensively investigated the 

local structure of ATiO3 (A= Sr, Ba, Pb, or Ca) compounds using XAS 

spectroscopy.8,23,24,27,31,36,42 These investigations reveal that the 

intensity of peak P2 is directly related to local symmetry of Ti 

cations.24,31,42,47 Indeed, such electronic transition is related to eg 

orbitals, linked to Ti-O bonding, being sensitive to symmetry 

variations in the Ti environment.23,24,48–51 Thus, the pre-edge region 

spectrum of c-SrTiO3 (inset of Fig.3) is typical of titanates, where it is 

possible to find Ti cations coordinated by six oxygen anions, i.e., 

formed by TiO6 clusters.23,24,31 In contrast, it can be noticed that peak 

P2 is more intense in SAM2, SAM3 and SAM4 than in c-SrTiO3, 

suggesting the existence of a mixture of TiO5/TiO6 clusters in samples 

obtained via MAH route, as illustrated in Fig.3. 
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Fig.3 Ti-K edge XANES spectra of samples SAM1, SAM2, SAM3 and SAM4 and 

the c-SrTiO3 reference. The inset shows the pre-edge XANES region, 

illustrating the presence of TiO5 and TiO6 clusters. 

It is important to note that although XRD results have confirmed 

a perfect long-range order for SrTiO3 samples prepared via MAH 

route, the XANES spectra indicate a local disorder structure in the 

environment around Ti cations, which is not affected by synthesis 

time. The MAH system allows high reaction rates that favored here a 

fast crystallization of the SrTiO3 phase. Despite exhibiting high order 

at long-range, this structure also presents a disorder in the local 

environment around Ti atoms. 

The morphology of the as-obtained samples was studied via FE-

SEM images. Fig. 4(a,b) show that SAM1 (without MAH treatment) 

consists of a non-homogeneous agglomeration of particles. These 

results are expected, since this sample contains different crystalline 

structures observed by XRD and XANES analyses. Fig. 4(c-f) reveal the 

formation of cube-like superstructures (or mesocrystals) as a 

consequence of the assembly of smaller cubes induced by MAH 

treatment.24 In this way, even in a longer MAH time, such as 320 min, 

the as-observed morphology remains similar. Nevertheless, for 

samples treated during 640 min (SAM4), the cubes became more 

homogeneous and well-defined exhibiting a less quantity of 

assembled smaller cubes, as evidenced in Fig. 4(g-h). 

It is known that the synthesis method plays an important role in 

order to obtain SrTiO3 micro/nanostructures with different 

morphologies.27,52 Our research group reported that the mediation 

of this process occurs due to the presence of OH groups adsorbed on 

the nanocrystals, leading to the formation of a specific configuration 

in which such crystals organize themselves into desired patterns 

through an oriented attachment (OA) mechanism, which could 

produce a defective single crystal with a spherical or cubic shape.23 

The presence of OH species on the samples surface was revealed by 

FTIR spectra, as displayed in Fig.S3 (ESI†). Thus, these small 

aggregates nanocrystals originated from the OA mechanism are 

responsible for increasing the crystal size when the coalescence 

occurs. 23,24,27,39,53,54 
 

 

  

  

  

  

Fig.4 FE-SEM images of samples (a,b) SAM1, (c,d) SAM2, (e,f) SAM3, and (g,h) 

SAM4. 

Fig.5(a) shows the XPS survey spectra of the representative 

samples SAM2 and SAM4 and the c-SrTiO3 reference. The peaks in 

these spectra were indexed, revealing the presence of the elements 

Sr, Ti, O and C. Beyond the peaks previously observed on the SAM4 

XPS spectrum, it is also possible to identify a small peak assigned to 

K, a remainder of the mineralizing source. 

In the high-resolution Sr 3d XPS spectra shown in Fig. 5(b), it is 

possible to observe two strong peaks located at 132.6 eV and 134.3 

eV, which correspond to Sr(II) species on the surface of the 

samples.55–57 The deconvolution of the Ti 2p XPS spectra, Fig. 5(c), 

reveals two main peaks at 458.3 and 464.0 eV attributed to Ti 2p3/2 

and Ti 2p1/2 doublet core levels,55,56,58 whose binding energy values 

were assigned to Ti(IV) species in SrTiO3.55–60 The correspondent O 1s 

spectra of SAM2, SAM4 and c-SrTiO3 reference were deconvoluted 

into two components, as illustrated in Fig. 5(d). The standard 

deviation value of peak area was of ca. ±1.5%. The spectra exhibited 

similar characteristics, with the peak at around 529 eV corresponding 

to the oxygen lattice at the SrTiO3 network.55,56,58,61 The second 

component located at approximately 531 eV is attributed to O2- 

anions in the oxygen defect of the SrTiO3 surface.60 Tan and co-

workers investigated the surface properties of SrTiO3 nanocrystals 

applied as photocatalysts.60 Based on XPS and electron paramagnetic 

resonance measurements, the authors observed a relationship 

between XPS peak area (at ca. 531 eV) and the concentration of 

oxygen vacancies on the SrTiO3 surface.60 As seen in Fig. 5(d), the 

peak area of the samples obtained via MAH route is larger than that 

of the reference sample (c-SrTiO3), indicating the presence of a 

higher concentration of oxygen vacancies, especially on the crystal 
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surface. Furthermore, it can be observed that the increase in the 

MAH time favored the reduction of XPS peak area, suggesting the 

reduction of the oxygen vacancies on the sample surface. 
 

 

 

  

Fig.5 XPS spectra of samples SAM2 and SAM4 and c-SrTiO3. (a) Survey scan, 

(b) Sr 3d, (c) Ti 2p, and (d) O 1s core level spectra. 

Fig. 6 shows the PL emission spectra of the samples SAM2, SAM3 

and SAM4 and the c-SrTiO3 reference. All the spectra exhibit a broad-

band emission centered at ca. 470 nm (2.64 eV). The broad blue 

emission band is typical of compounds exhibiting intermediate 

electronic levels within the band gap where the relaxation process 

occurs along several paths, either involving additional levels located 

at the top of the O 2p valence band and lower conduction band 3d 

orbitals of Ti.23,31,38,62–65 Fig.6 reveals a decrease of the PL intensity 

with MAH time, reaching a similar shape (intensity and profile) to the 

c-SrTiO3 spectrum. As suggested by XPS results related to O 

vacancies, this behavior confirms that longer MAH times favor a 

reduction in the concentration of intrinsic defects created during the 

rapid crystallization process of SrTiO3 phase via MAH method, 

probably oxygen vacancies. All these features show that the 

structural quality can be improved by increasing the reaction time, 

attaining the purpose of this work. 

 

 

 

 

 

 

 

 

 

 
 

Fig.6 PL spectra of samples SAM2, SAM3 and SAM4 at room temperature. For 

comparison purposes, the PL spectrum of the reference sample (c-SrTiO3) was 

inserted. 

 

The presence of oxygen vacancies, previously mentioned, was 

confirmed by using the electron paramagnetic resonance (EPR) 

technique. The EPR signal can be assigned to the paramagnetic 

oxygen vacancies,60,66 which allow the formation of intermediary 

energy levels in the SrTiO3 band gap, and consequently leading to 

broad PL emission presented in Fig.6. 

Fig. 7 shows the electron paramagnetic resonance (EPR) spectra 

of samples SAM2, SAM3 and SAM4. The spectra present two EPR 

signals, the first one located at ca. 3381.5 G, corresponding to EPR g1 

= 1.932 signal, while the second one is located at 3421.6 G, 

corresponding to EPR g2 = 1.910 signal. Regarding their amplitudes, 

the EPR g1 signal presented values of approximately 0.1458, 0.2195 

and 0.2435 for SAM2, SAM3, and SAM4, respectively. On the other 

hand, EPR g2 signal values were of ca. 0.1870, 0.3057, and 0.1429 for 

SAM2, SAM3, and SAM4. Note that the behaviour of each center as 

a function of MAH time is quite different: intensity for g1 enhances 

with MAH time, and that of g2 exhibited a maximum for SAM3 

sample. Based on these findings, it can be attributed that the 

competition of such centers (relative concentration) led to the 

reduction of PL emission intensity in the visible region (Fig. 6), and 

the maximum signal of g2 can be assigned to the PL emission peak at 

ca. 440 nm for SAM3. In fact, the g1 signal can be assigned to the peak 

at approximately 440 nm, and the g2 to another one at approximately 

510 nm. The sum of both emission bands, lead us to observe a 

maximum around 470 nm for SAM2 sample. 

Fig.7 Electron paramagnetic resonance (EPR) spectra of samples SAM2, SAM3 

and SAM4. 

Conclusions 

The main conclusions of the present work can be summarized 

as follows. i) The results point out the capability of the MAH 

method in preparing pristine SrTiO3 powders in a short time and 

at a relatively lower temperature. ii) The combination of 

thermal and non-thermal effects present during MAH 

treatment provides ideal conditions for obtaining pristine SrTiO3 

phase. iii) The MAH method is not simply used to reduce the 

reaction time and temperature but also to suppress side 

reactions, improving the reproducibility. The results obtained 

by XRD, XANES and XPS techniques confirmed that this 

treatment is effective in eliminating spurious phases, unlike 

conventional annealing performed in electric oven. iv) FE-SEM 
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images reveal that the crystal growth process along the MAH 

route occurs via an assembly process, forming crystalline SrTiO3 

powders with cube-like morphologies. XPS results and PL 

emissions indicate that the increase in the treatment time 

contributes to a decrease in the defects found in the SrTiO3 

structure with concomitant enhancement of crystallization in 

the MAH route. vi) Finally, the present results go beyond the 

specific SrTiO3 compound and can be extended to many ternary 

and more complex perovskite based oxides. 
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