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A B S T R A C T   

We investigated a new method for the preparation of visible light-activated heterostructured photocatalysts 
made up of SrTiO3 (STO) and g-C3N4 (CN). The photocatalysts were synthesized by the polymeric precursor 
method to obtain STO, which was further thermally treated at 550 �C for 2 h in presence of melamine at different 
proportions for CN formation. The SrTiO3/g-C3N4 heterostructures were termed as STOCN-Mel88%, STOCN- 
Mel92%, STOCN-Mel95%, STOCN-Mel97% and STOCN-Mel99% indicating the use of melamine at 88%, 92%, 
95%, 97% or 99%. The SrTiO3/g-C3N4 heterostructures were characterized for their crystalline structure, optical 
properties, thermal stability, morphology and surface composition, and photocatalytic potential, which was 
evaluated by photodegradation of methylene blue dye and amiloride under visible light. The melamine content 
exhibited a strong influence on the formation of CN, as well as on the bulk structure, surface and photocatalytic 
properties of the SrTiO3/g-C3N4 heterostructures. The heterostructures were catalytically active under visible 
light due to their reduced band gap energy. The presence of oxygen vacancies in the STO phase associated with 
the CN phase improved the photogenerated electron-hole charge separation in the SrTiO3/g-C3N4 catalysts. The 
synthesis described here is efficient in obtaining visible light-activated photocatalysts that are applicable to 
photocatalytic processes under solar light.   

1. Introduction 

Strontium titanate (SrTiO3, STO) has ideally a cubic perovskite-like 
structure of ABO3 oxides, in which the Sr2þ and Ti4þ ions form the A- 
and B-sites, respectively. However, a real perovskite-like STO exhibits 
lattice distortion at various extents, which influences on the crystal field 
and, consequently, the dipole and electronic band structures. Such lat
tice distortion determines the photogenerated charge carrier behavior of 
STO that is significant for photocatalytic processes such as excitation, 

transfer, and redox reactions [1]. 
STO can be obtained by different methods, typically exhibiting a 

band gap between 3.2 and 3.4 eV [2,3]. Due to this, high band gap, STO 
is used in photocatalytic processes based on UV irradiation, limiting its 
scaled-up applications, since sunlight comprises only a small amount of 
UV radiation. In this sense, doping STO with elements, such as S, C or N, 
and II-type heterostructures emerges as an alternative to broad the ab
sorption spectrum of this semiconductor [4–7]. 

Heterostructured semiconductors are composite materials based on 
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two or more semiconductors. The coupling of semiconductors with 
desired band levels provides an excellent way to enhance the perfor
mance of photocatalysts through reactive oxygen species generation [8]. 
For visible light photocatalysis, it is expected that at least one semi
conductor must be visible-light active. In this context, C3N4 (CN) is a 
promising material for creating visible light-activated heterostructures, 
since its band gap (about 2.7 eV) is lower than those of several other 
semiconductors [9–15]. Another exceptional feature of CN is its facile 
synthesis using cheap and available precursors: CN can be obtained by 
thermal condensation of nitrogen-rich precursors, such as urea, cyana
mide, melamine, among others [16]. Recently, some works have focused 
on the preparation of CN-based heterostructures, activating these pho
tocatalysts with visible and sunlight due to these advantages [17,18]. 

The coupling of semiconductors is not trivial, since the conditions 
necessary to synthesize each component is generally different. Differ
ences in thermal stability could also prevent the association between 
semiconductors. In addition, a proper interface (heterojunction) be
tween the semiconductive phases is key to enable the charge transfer 
and improve the heterostructure properties compared to the pure 
semiconductors. Hence, new studies on the synthesis of visible light- 
activated photocatalysts will probably contribute for the consolidation 
of semiconductor-based photocatalysis at large scale [15,19]. 

In this paper, we describe the synthesis of SrTiO3/g-C3N4 photo
catalyst heterostructures by thermal treatment of STO, previously ob
tained by the polymeric precursor method, in presence of different mass 
amounts of melamine (Mel) as a CN precursor. The principal aim was to 
couple a visible light-inactive semiconductor photocatalyst (STO) with 
other semiconductor (CN) that can be activated by visible light. 

2. Experimental section 

2.1. Synthesis of SrTiO3/g-C3N4 heterostructures 

STO was synthesized by the polymeric precursor method [20]. 
Briefly, strontium chloride (SrCl2.6H2O, Aldrich) and titanium iso
propoxide (Ti[OCH(CH3)2]4, Aldrich) were dissolved separately in 
aqueous citric acid solution (C8H8O7, Aldrich) at an acid:metal molar 
ratio of 3:1. Then, ethylene glycol (C12H28O4Ti, Aldrich) was added to 
both solutions at a mass proportion of 40:60 (ethylene glycol:acid), 
yielding the polymeric resins of Sr2þ and Ti4þ both at 0.10 mol L� 1. 
These resins were further mixed, placed (10 mL) in an alumina crucible 
and heated at 550 �C in a muffle for 2 h to obtain the STO powder. Pure 
CN was obtained by thermal polycondensation of 5 g melamine (Mel) 
(C3H6N6, Aldrich) at 550 �C for 2 h in a conventional furnace in air, 
yielding approximately 0.845 g (16.9%) of CN. 

The SrTiO3/g-C3N4 heterostructures were synthesized by the mixture 
of the as-synthesized STO and Mel with subsequent thermal treatment at 
550 �C for 2 h. The steps are schematized in Fig. S1. The amounts (in 
grams) of STO and Mel used in each synthesis are described in Table 1. 
The samples were termed as STOCN-MelX%: STOCN-Mel88%, STOCN- 
Mel92%, STOCN-Mel95%, STOCN-Mel97% and STOCN-Mel99% where 
88%, 92%, 95%, 97% or 99% are the mass contents of Mel with respect 
to the total mass (STO plus melamine). Other Mel contents (56% and 
86%) were also tested, but the samples were similar to STO and STOCN- 

Mel88%. 

2.2. Characterizations 

The thermal decomposition of samples was evaluated by thermog
ravimetric (TG) analysis in air (Shimadzu TGA-50 equipment) using 
heating rate of 10 �C/min from 30 �C to 700 �C. Phase purity and crystal 
structure were determined by X-ray diffraction (XRD) using a Shimadzu 
– XRD600 equipment using scanning speed of 2�/min in the 2θ range 
from 5� to 80� (Cu Kα radiation and Bragg–Brentano geometry). The 
diffractograms that indicate crystalline samples were analyzed by 
Rietveld refinement using the software MAUD [21]. Fourier transform 
infrared (FTIR) spectra were recorded from 4000 to 400 cm� 1 using a 
VARIAN 640-IR FT_IR spectrometer equipped with a ATR accessory. 
Sample morphology was analyzed by field emission gun scanning elec
tron microscopy (FEG-SEM), using a JEOL JSM-6701F microscope. 
Transmission electron microscopy (TEM) and Energy Dispersive Spec
troscopy (EDS) analysis were conducted on a FEI Tecnai G2 F20 mi
croscope equipped with EDS EDAX and Si detector. X-ray photoelectron 
spectroscopy (XPS) was carried out using a ScientaOmicron ESCA þ
equipment with a high-performance hemispheric analyzer (EA 125) 
with monochromatic Al Kα radiation. The operating pressure in the 
ultra-high-vacuum chamber was 2.10� 9 mbar. Pass energies of 20 and 
50 eV were used for the restricted- and wide-range spectra, respectively. 
The samples were not submitted to in situ heating or Arþ sputtering to 
enable proper determination of light elements, such as C, N and O. The 
following peaks were used analyzed: O 1s, C 1s, N 1s, Sr 3d and Ti 2p. 
The C (C, H) component of the C 1s peak of adventitious carbon was 
assumed at 284.5 eV to set the binding energy scale, and data were 
treated using the software CasaXPS. Diffuse reflectance spectrometry 
(DRS) spectra were recorded with a UV–vis spectrophotometer in the 
range 200–800 nm (Shimadzu UV-2600) equipped with an integrating 
sphere (ISR-2600 Plus) to determine the band gap of the materials. The 
band gap energies were estimated using the Tauc plot for the direct 
allowed transitions obtained from the UV–vis diffuse reflectance spectra 
data. The band gap energy values were obtained by extrapolation, as 
described in previous studies [17,22,23]. Specific surface areas (SSA) 
were calculated according to the BET model using N2 adsorption data 
obtained with a Micrometrics ASAP 2000 instrument. 

The charge carriers’ lifetime of the as-synthesized samples was 
determined via time-resolved photoluminescence using time-correlated 
single photon counting (TCSPC). A 405 nm-pulsed laser diode (LDH P–C- 
405, PicoQuant) with approximate pulse width of 50 ps and 40 MHz 
repetition rate was used as the excitation source. The PL emission was 
spectrally resolved using collection optics and an emission mono
chromator. The TCSPC module (PicoHarp 300, PicoQuant) was used for 
ultrafast detection. 

2.3. Photocatalytic tests 

The photocatalytic performance of the samples under visible light 
irradiation was evaluated in a photoreactor equipped with six fluores
cent lamps. Aqueous colloidal sample suspensions were prepared by the 
dispersion of 10 mg of sample in 20 mL of aqueous solutions of the dye 
methylene blue (MB) and the drug amiloride (AML), both solutions at 
10 mg/L (Fig. S2). The MB and AML concentrations were determined at 
different periods with a Shimadzu UV 6300 PC Double Beam equipment 
using wavelengths of 664 nm and 285 nm, respectively. Before the ki
netic experiments, the suspensions were kept in the dark for 12 h to 
achieve the adsorption/desorption equilibrium of the contaminant 
molecules (MB or AML) on the photocatalyst surface. All measurements 
were performed in triplicate. The photodegradation curves were line
arized using the pseudo-first-order kinetics model to obtain the rate 
constant of the photodegradation reactions, as described in our previous 
study [24]. 

Table 1 
Amounts (in grams) of STO and melamine (Mel) used to synthesize SrTiO3/g- 
C3N4 heterostructures.  

Samples mSTO mmel. 

STO 0.12 g 0 g 
STOCN-Mel88% 0.56 g 4.05 g 
STOCN-Mel92% 0.37 g 4.05 g 
STOCN-Mel95% 0.23 g 4.05 g 
STOCN-Mel97% 0.12 g 4.05 g 
STOCN-Mel 99% 0.036 g 4.05 g 
CN 0 g 5.00 g  
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3. Results and discussion 

3.1. Characterization of the synthesized materials 

Thermogravimetric analysis was performed to investigate the ther
mal stability and to quantify the g-C3N4 phase in the prepared hetero
structures. The TG curves showed that the mass loss attributed to the 
thermal decomposition of pure CN occurred in the range 550–700 �C 
[25,26]. Taking into account the mass loss observed at low tempera
tures, attributed to the release of water and hydroxyl groups from the 
sample surface, it was possible to estimate the g-C3N4 content in the 
heterostructures, as shown in Fig. 1 and Table S1. 

The specific surface areas (SSA) are also shown in Table S1. It is 
possible to note that the presence of melamine during the thermal 
treatment of STO did not increase the surface area of the hetero
structures, since all SSA values of the STOCN_MelX% samples were 
lower than that of STO. Also, it is possible to observe that the larger the 
Mel content, the higher the mass loss extent in the thermogravimetric 
analysis, indicating that the CN content in the STOCN-MelX% samples 
increase progressively with the increasing Mel percentage. However, the 
TG curve of the STOCN-Mel88% sample did not show a mass loss related 
to CN, indicating an insignificant amount of CN in this sample (0% in 
Table S1). It is worth pointing out that, due to the Mel thermal poly
condensation yield (16.9% of CN), a CN content of 55% should be ex
pected for the STOCN-Mel88% sample, as listed in Table S1. The 
expected CN contents for the other STOCN-MelX% samples are also 
presented in Table S1. 

It is possible to observe that there is a minimum Mel content to 
enable significant CN formation (88%–92%) using the method described 
in this study, i.e., mixture of STO with melamine (CN precursor) fol
lowed by heating at 550 �C for 2 h. This trend is clearly observed in 
Fig. 2. The experimental and theoretical CN contents were similar only 
for the samples obtained from high starting Mel contents, i.e., 97% and 
99%. 

Fig. 3 shows the diffractograms of STO, CN and STOCN-MelX% (X ¼
88%, 92%, 95%, 97% and 99%) samples. The XRD pattern of CN shows 
two broad peaks ascribed to the graphitic carbon nitride (g-C3N4) at 
about 2θ ¼ 13.2� and 27.3�, indexed to the crystallographic planes (100) 
and (002), respectively (JCPDS nº 87–1526). The first peak corresponds 
to the in-plane ordering with a repeated distance between the triazine or 
heptazine units, while the later relates to the planar graphitic interlayer 
distance of g-C3N4 [27]. The cubic perovskite STO phase was identified 
by the diffraction peaks (110), (111), (200), (211), (220) and (310) 
(JCPDS Card n� 35–0734). A secondary phase, SrCO3, was also identified 

by its main diffraction peak at about 2θ ¼ 25� (JCPDS n� 05–0418). 
SrCO3 is a usual secondary phase of the STO synthesis, as reported 
earlier [3,28]. The peaks ascribed to STO observed in the XRD patterns 
STO and STOCN-MelX% were well-defined, which indicates a high 
crystallinity for these samples. Also, the intensity of these peaks de
creases with the increasing Mel content (and consequently CN content). 
On the other hand, the main diffraction peak ascribed to the g-C3N4 
phase indicates its low crystallinity in the samples. The increase of the 
Mel content progressively increased the CN content in the STOCN-MelX 
% (92%, 95%, 97% and 99%) samples. However, the peak of CN was not 
observed in the XRD pattern of STOCN-Mel88%, suggesting that this 
phase may not be formed from the lowest Mel percentage, as already 
indicated by TG analysis. 

Rietveld refinement was applied to analyze all diffractograms except 
that of pure CN due to its low crystallinity. Since the peaks of g-C3N4 and 
SrCO3 are predominant in the low 2θ range, the refinement was 
restricted to 2θ � 30�. The Inorganic Crystal Structure Database (ICSD) 

Fig. 1. TG curves of STO, STOCN-Mel88%, STOCN-Mel92%, STOCN-Mel95%, 
STOCN-Mel97%, STOCN-Mel99% and pure CN. 

Fig. 2. Comparison of CN contents of STOCN-MelX% samples obtained by TG 
(experimental - black bars) and calculated from the yield of the pure Mel 
decomposition (expected (theoretical) - light grey). 

Fig. 3. XRD patterns of STO, STOCN-Mel88%, STOCN-Mel92%, STOCN- 
Mel95%, STOCN-Mel97%, STOCN-Mel99%, and pure CN. The peaks identified 
by hkl relate to STO and the symbols # and * correspond to the main peak of 
the SrCO3 and g-C3N4 phases, respectively. 
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CIF patterns 23076 and 15195 were used for STO and SrCO3, respec
tively. For g-C3N4, a CIF file was constructed considering the data fur
nished by Wang et al. [6] for the g-C3N4 phase with P63cm hexagonal 
structure. Data fitting is presented in the supplementary material 
(Fig. S3). The mean STO crystallite size of the different samples were 
similar, from 32 to 45 nm, indicating no correlation between the Mel 
content and the crystallite sizes. The STO lattice parameter was between 
3.907 and 3.911 Å, which is very close to the ICSD standard value 
(3.905 Å). 

The main purpose of the Rietveld refinement was to obtain the oc
cupancy fraction of the oxygen sites in the STO structure. The results are 
presented in Fig. 4. Previous studies used Rietveld refinement to esti
mate oxygen occupancy [29,30]. As shown in Fig. 4, the oxygen occu
pancy in STO decreased with the increasing melamine content (Mel %). 
The tendency in Fig. 4 is clear although the uncertainties are relatively 
high mainly due to the presence of the little crystalline g-C3N4 and SrCO3 
phases. 

FTIR spectra obtained in ATR mode are shown in Fig. 5. It is possible 
to observe clearly that the spectra of STOCN-Mel97% and STOCN- 
Mel99% were similar to that of pure CN, indicating high amounts of CN 
in these samples, as already suggested by TG and XRD. A similar indi
cation is seen in the ATR-FTIR spectrum of STOCN-Mel95%. The bands 
corresponding to the C–N (~1240 cm� 1), C¼N (~1640 cm� 1) and s- 
triazine ring vibrations (~810 cm� 1) were observed [26,31]. It was also 
observed a broad vibration band at around 3100 cm� 1 corresponding to 
the secondary (NH2) [26], and primary (N–H) amine stretching [26,31], 
probably related to the endpoints of the g-C3N4 structure. This band is 
overlapped with the O–H stretching vibration band (3600–3000 cm� 1) 
[32], which indicates a high concentration of hydroxyl groups in the 
samples comprising high CN contents, albeit it is difficult to separate 
these signals (NH, NH2 or OH). On the other hand, the STOCN-Mel88% e 
STOCN-Mel92% samples presented spectra more similar to that of STO, 
indicating the higher amounts of STO in these samples. In this way, the 
main vibrational observation is the band between 500 and 700 cm� 1 

(maximum at about 540 cm� 1) corresponding to the Ti–O stretching 
vibration [31]. Additionally, the peak related to atmospheric CO2 
(~2350 cm� 1) [33] was observed in all spectra, as well as the signal 
ascribed to carbonate (at about 1470 cm� 1) from SrCO3, especially in 
the FTIR spectra of STO and STOCN-Mel88% [34]. 

A previous report on the synthesis of other metal oxide have also 
shown that there is a minimum Mel content required to obtain signifi
cant amounts of CN [24]. However, the results obtained here for the 
STOCN-MelX% series seem not to be completely clear. A hypothetical 
explanation is based on the Mel condensation. As previously reported [9, 
35], the formation of g-C3N4 occurs by polycondensation of the mel
amine units (triazine units) with release of gaseous NH3, yielding two- 
and three-dimensional C3N4 structures. Therefore, it is expected that the 

greater the Mel concentration, the larger the structure obtained after 
polycondensation, allowing the formation of the graphitic carbon 
nitride structure, g-C3N4. The dispersion of the Mel molecules in the STO 
could reduce the polycondensation at a certain extent, thereby 
hampering the formation of g-C3N4. As can be seen in Table 1, the same 
Mel mass (4.05 g) was used in the synthesis of the STOCN-MelX% het
erostructures (88%, 92%, 95%, 97% and 99%). The synthesis conducted 
with high Mel contents probably ensured a minor dispersion (separation 
between Mel molecules) of Mel in the STO, which favored the contact 
between Mel molecules and, consequently, increased the poly
condensation extent. 

This behavior suggests that the synthesis approach described here is 
suitable to obtain SrTiO3/g-C3N4 heterostructures, especially when high 
starting Mel percentage are used to result in large g-C3N4 contents 
(Figs. 1 and 2 and Table S1). The SrTiO3/g-C3N4 heterostructures could 
be advantageous in visible light-activated photocatalysis, since the yield 
of the visible light-active catalyst (g-C3N4) is optimized. 

Fig. 6 shows representative FEG-SEM images of CN, STO, STOCN- 
Mel92% and STOCN-Mel99%. The samples submitted to thermal treat
ment are composed of micrometric agglomerates, as expected. Also, it is 
possible to observe that the morphologies of STOCN-Mel92% (Fig. 6c) 
and STO (Fig. 6b) were similar, presenting agglomerates probably 
composed of small STO nanoparticles. This is in accordance with the 
other results, since both samples presented high STO contents. The 
morphologies of CN and STOCN-Mel99% (sample with highest g-C3N4 
content) were also quite similar. These samples are composed of ag
glomerates with no defined morphology. 

Additionally, the STOCN-Mel95% heterostructure was studied by 
TEM (Fig. 7). From Fig. 7a, it was seen that the sample was composed of 
two different morphologies, evidenced by image contrast, where a small 
number of nanoparticles appeared distributed onto particles having 
lamellar morphology. Indeed, representative EDS analysis confirmed 
that the lamellar particles were related to the g-C3N4 phase, since only 
peaks related to C and N were observed in the EDS spectrum (Fig. S4a). 
For the nanoparticles observed in Fig. 7a, the EDS spectrum showed 
peaks related to the Sr, Ti and O elements (Fig. S4b). Other peaks 
observed in the spectrum are related to the grid and EDS detector. As a 
matter of fact, the HRTEM images in Fig. 7b shows that these nano
particles have a lattice parameter of about 0.28 nm, which was consis
tent with the (110) interplanar distance of the cubic perovskite STO 
phase, in good agreement with the XRD results. 

Due to the importance of surface properties for photocatalytic pro
cesses, XPS was employed to analyze the surface composition and 
chemical state of the representative samples STOCN-Mel 99%, STOCN- Fig. 4. Oxygen occupancy in STO obtained by Rietveld refinement as a func

tion of the CN content determined by TG analysis. 

Fig. 5. ATR-FTIR spectra of pure STO, STOCN-Mel88%, STOCN-Mel92%, 
STOCN-Mel95%, STOCN-Mel97%, STOCN-Mel99%, and pure CN. 
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Mel 88%, STO and CN. First, the surface atomic percentages were 
determined from the wide range XPS spectra (Fig. S5) using the Shirley 
background for all signals in the quantification procedure [36], Table 2. 
The surface compositions of CN and STOCN-Mel99% were very similar, 
as well as those between STO and STOCN-Mel88%. Although the per
centages of Sr and Ti detected in STOCN-Mel99% were in the uncer
tainty range, these elements were unequivocally detected in this sample. 
A similar trend was found in relation to the detection of N in 
STOCN-Mel88%. 

To identify the chemical states of each element, the restricted-range 
XPS spectra were analyzed in detail. Fig. 8 presents the measurements 
for C, N and O 1s (for Sr and Ti, see Fig. S6). Once more, it can be noted 

Fig. 6. Representative FEG-SEM images of CN (a), STO (b), STOCN-Mel92% (c) and STOCN-Mel99% (d).  

Fig. 7. (a) and (b): TEM images of STOCN-Mel95%. Inset of (b): an expanded view of HRTEM image for a representative SrTiO3 particle.  

Table 2 
Surface atomic percentage of CN, STO, STOCN-Mel99% and STOCN-Mel88% 
determined by XPS.  

Samples Surface atomic percentage (%) 

C O N Ti Sr 

CN 58.8 5.8 35.4 – – 
STO 44.0 38.0 – 9.6 8.4 
STOCN-Mel99% 57.0 7.2 35.2 0.4 0.2 
STOCN-Mel88% 36.5 39.7 1.0 10.6 12.2  
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the similarities between CN and STOCN-Mel99%, and between STO and 
STOCN-Mel88%. The energies corresponding to the main peaks were 
very similar, but their intensities varied significantly. The peaks of STO 
presented a larger width for all elements, which is probably due to the 
larger SrCO3 content in this sample rather than that in STOCN-Mel88%. 

The restricted-range XPS spectra were fitted using Voigt functions 
with 30% of Lorentzian contribution. The number of signals in each peak 
was chosen with basis on the results from the other techniques presented 
above and peaks clearly observed in each case. The identification of the 
chemical states was based on previous studies [37–42]. Representative 

results are displayed in Fig. 9. The other results are included in the 
supplementary material (Fig. S6 and Fig. S7). Table S2 presents a 
detailed atomic composition of possible chemical species and their 
relative percentages. 

For C 1s, good-quality fits were obtained with 3 signals for CN, 
STOCN-Mel99% and STOCN-Mel88%, and 2 signals for STO. The results 
of CN presented in Fig. 8 (A) reveals that the most intense signal 
occurred at 287.3 eV, an energy that corresponds to amino groups from 
C bonded to 2 or 3 N atoms. This signal can be attributed to C atoms in 
the g-C3N4 structure: the signal intensity in the STOCN-Mel99% spec
trum was high as in the spectrum of CN, but it was much less intense in 
the STOCN-Mel88% spectrum, indicating a minor and null amount of g- 
C3N4 in this sample and STO, respectively. The signal at 284.5 eV relates 
to adventitious carbon and/or hydrocarbon {(CH)n}, and the minority 
signal at 288.4 eV were attributed to C atoms directly bonded to O atoms 

Fig. 8. Comparison of C 1s (A), N 1s (B) and O 1s (C) XPS spectra of CN, 
STOCN-Mel99%, STOCN-Mel88% and STO. 

Fig. 9. XPS spectra of peak-fitted C 1s signal for CN (A), peak-fitted N 1s signal 
for CN (B) and peak-fitted O 1s signal for STOCN-Mel88% (C). The curves for 
each contribution and the Shirley backgrounds are also presented. 
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in C–N–O-like bonds. For the STO and STOCN-Mel88% samples, the C 1s 
signal appeared at higher energy, 288.1 and 288.2 eV, respectively, 
which is probably ascribed to SrCO3, since a significant amount of this 
phase was detected by XRD. 

Concerning the N 1s XPS spectra, 4 signals were used to fit the CN 
and STOCN-Mel99% spectra, while 3 signals were used in the case of the 
STOCN-Mel88% spectrum. As can be seen in Fig. 8B, the signal to noise 
ratio in the STOCN-Mel88% spectrum is poor, then the discussion was 
focused on the other samples. The fitted CN spectrum is presented in 
Fig. 9 (B). The main signals at 397.9 eV and 399.3 eV can be attributed to 
N with double bond with C (N¼C) and to N with one (C–N) or more 
single bonds with C, respectively. The occurrence of these two signals is 
a common feature of amino groups from g-C3N4 [37,39]. The minority 
signals at 403.8 eV and 406.6 eV can be attributed to N atoms bonded to 
O atoms, and to π-excitation, respectively. The low intensity and overlap 
hinder the clear identification of these two signals. The occurrence of 
π-excitation was expected since a major signal was associated with N 
with double bond, and the presence of the additional peak at 403.8 eV is 
inferred due to its relative intensity to π-excitation. The presence of N 
bonded to O could indicate that the g-C3N4 structure endpoints suffered 
oxidation at a low extent during the thermal treatment in air. This signal 
is identified in Table S2 as a pyridine-like N–O bond. Considering the C 
1s and N 1s signals ascribed to g-C3N4 in the CN and STOCN-Mel99% 
spectra, the C/N atomic ratios were 0.79 and 0.77, respectively. These 
values were similar to that of the perfect g-C3N4 stoichiometry (0.75), 
albeit their XRD patterns indicated the presence of g-C3N4 with a low 
crystallinity degree. 

A representative fit of the O 1s signal is presented in Fig. 9 (C) for 
STOCN-Mel88%. In opposition to CN and STOCN-Mel99%, the STOCN- 
Mel88% sample did not show the signal at 533 eV, which is normally 
associated with the presence of water. The same result was observed for 
STO. The two signals in the fitted curve can be ascribed to SrTiO3 (529.4 
eV) and SrCO3 (531.5 eV). This last signal is a broad peak probably 
associated with the overlapped additional signals of O bonded to N or C 

in a compound other than SrCO3, although the contribution of SrCO3 is 
the predominant one. 

The Ti 2p signal was fitted considering only one signal, which is 
naturally attributed to the SrTiO3 phase unequivocally detected by XRD. 
The energies measured for the Ti 2p3/2 and 2p1/2 peaks also corre
sponded to the expected Ti values in STO. Considering the atomic per
centages of the Ti and O signals associated with STO, the Ti/O ratios 
obtained for STOCN-Mel88% and STO were 0.39 and 0.32, respectively. 
For a perfect stoichiometry, the expected Ti/O ratio is 0.33, thus the XPS 
results indicate a decrease in the oxygen occupancy in the STOCN- 
Mel88% sample compared to STO. The oxygen occupancy in STOCN- 
Mel88% is significantly smaller than that observed by XRD, which may 
be explained by the fact that XPS is a surface-limited technique while 
XRD assesses mainly the material bulk features. The Ti/O ratio of 0.39 
corresponds to an oxygen occupancy of about 0.85, which is small but 
still in the range tolerated by the perovskite-like STO structure [43]. 
Thus, both XRD and XPS indicated that the oxygen vacancies increased 
with the increasing Mel percentage. Indeed, this result confirms the 
formation of an interface between the STO and CN phases due to the 
thermal treatment, as already suggested by TEM. 

3.2. Photocatalytic performance under visible light irradiation 

The photocatalytic potential of the samples was evaluated for the 
photodegradation of MB and AML (emerging pollutant) triggered by 
visible light irradiation. Fig. 10 exhibits the photocatalytic degradation 
curves of these molecules using all samples synthesized in this work. The 
reaction rate constants (k) were calculated using the pseudo-first-order 
model, as shown in Fig. S8 and Table 3. The approximated band gap 
energy values of all samples are also summarized in Table 3. The band 
gap energy was estimated from the x-axis intercept of the tangent lines 
of each curve. 

It is possible to observe that the direct photolysis of either MB or AML 
was insignificant, mainly for MB. Also, all photocatalysts were active in 

Fig. 10. UV–vis spectra of MB (A) and AML (C) at different times of visible light irradiation in presence of STOCN-Mel99% and STOCN-Mel95%, respectively; MB (B) 
and AML (D) photodegradation curves for all synthesized samples. 
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the degradation of MB and AML, but their efficiencies were quite 
different from one another. One important effect for the photocatalytic 
performance was the decrease in the band gap energy of the STOCN- 
MelX% samples with the increasing g-C3N4 content. This enabled the 
photoactivation of the photocatalysts through visible light absorption, 
which was the main goal of this study. As can be seen in Table 3 and 
Fig. 11, the STOCN-Mel88% sample presented an absorption spectrum 
and band gap energy similar to those of STO. This result is consistent, 
since STOCN-Mel88% has a minor amount of g-C3N4 that could be 
detected only by XPS. The STOCN-Mel92% sample presented interme
diate band gap value (2.9 eV) and the samples (STOCN-MelX%) having 
higher g-C3N4 contents presented band gap values similar to that of CN 
(2.7 or 2.8 eV). 

The best photocatalytic performances in the MB and AML photo
degradations were observed for STO-CN-Mel99% (k ¼ 1.30 � 10� 3/min) 
and STOCN-Mel95% (k ¼ 1.82 � 10� 3/min), respectively. The STO-CN- 
Mel99% sample reduced the MB absorption by 40% after 420 min of 
visible light irradiation, while the STOCN-Mel95% sample removed 
almost 55% of AML. 

For the AML photodegradation, it was clearly observed that all 
SrTiO3/g-C3N4 heterostructures were more photoactive than STO and 
CN, including the sample with the lowest g-C3N4 content (STOCN- 
Mel88%). In particular, the k value for STOCN-Mel95% was 6- and 10- 
fold higher than those for CN and STO, respectively. Indeed, this syn
ergistic effect proved that the coupling between CN and STO as a 

heterostructure resulted in photocatalysts with enhanced photocatalytic 
activity. 

The constant electron/hole pair (τ) lifetime for STOCN-Mel99% and 
CN were obtained through time-resolved photoluminescence analysis to 
confirm the heterojunction formation and consequent increase in the 
charge carrier lifetime. The measurement was not performed on STO, 
because of its band gap of 3.3 eV (Fig. 11) which is not low enough to 
allow activation by laser excitation at 405 nm. Fig. 12 exhibits the decay 
of PL intensity monitored at 545 nm and excited by a laser source 
centered at 405 nm for both samples. The PL decays of the samples were 
fitted with a second-order exponential function to calculate the elec
tron/hole pair lifetime [17]. The PL lifetime of the band–band emission 
(i.e., the electron/hole pair recombination) for the STOCN-Mel99% 
heterostructure was 2.15 ns, while that of CN was approximately 0.29 
ns, i.e. the composite material presented a constant lifetime approxi
mately 7-fold longer than that of pure g-C3N4. These results agree with 
the results from the photodegradation experiments, confirming that the 
coupling between SrTiO3 and g-C3N4 formed a suitable II-type hetero
structure. This kind of heterostructure provides a spatial separation of 
the electron/hole pair driven by the difference between the BC and BV 
reduction potentials of the semiconductor. This effect was crucial to 
increase the photoactivity of the heterostructures, especially because 
their SSA were lower than that of STO (Table S1). 

Fig. 13 displays a scheme of the proposed photodegradation mech
anism of MB and AML in presence of the SrTiO3/g-C3N4 hetero
structures. Only the g-C3N4 phase is visible light-active, forming holes 
(hþ) and electrons (e� ) in its valence band (VB) and conduction band 
(CB), respectively. 

In the heterostructures with significant g-C3N4 content, the electrons 
move towards the STO phase, favoring the photogenerated electron-hole 
pairs separation, which further increases the heterostructure’s photo
catalytic activity due to the reduced charge recombination. Although the 
electrons at the CB of STO could also contribute to the formation of 
radicals, the main way by which the degradation of MB and AML occurs 
is related to the hole generated at the g-C3N4 phase. The hole from the 
VB of g-C3N4 can either directly oxidize the MB (or AML) molecule that 
are adsorbed onto the photocatalyst surface, or oxidize the adsorbed 
hydroxyl groups forming hydroxyl radicals (�OH), which further reacts 
with the MB (or AML) molecule, thereby leading to its decomposition. 
Both processes can also occur simultaneously, but the latter is the most 
important for the photocatalytic degradation. 

For the SrTiO3/g-C3N4 heterostructures, the former process (direct 

Table 3 
First-order rate constants (k) for MB and AML visible light-triggered photo
degradation and approximate band gap values of all synthesized samples.  

Samples MB k x 10� 3 

(min.� 1) 
R2 AML k x 10� 3 

(min.� 1) 
R2 Band gap 

(eV) 

MB 0.00 – – – – 
AML – – 0.0890 0.9871 – 
CN 0.485 0.9977 0.167 0.8783 2.7 
STO 0.293 0.9598 0.275 0.8569 3.3 
STO-CN- 

Mel88% 
0.250 0.9316 0.666 0.9986 3.2 

STO-CN- 
Mel92% 

0.520 0.9830 1.47 0.9966 2.9 

STO-CN- 
Mel95% 

0.561 0.9840 1.82 0.9978 2.7 

STO-CN- 
Mel97% 

0.545 0.9916 1.64 0.9967 2.8 

STO-CN- 
Mel99% 

1.30 0.9795 1.17 0.9647 2.8  

Fig. 11. Tauc plot for direct allowed transition of STO, STOCN-Mel88%, 
STOCN-Mel92%, STOCN-Mel95%, STOCN-Mel97%, STOCN-Mel99%, and CN 
obtained from UV–vis diffuse reflectance spectra data. 

Fig. 12. Time-resolved fluorescence decay spectra of CN and the STOCN- 
Mel99% excited by laser irradiation at 405 nm and monitored at 544 nm. The 
solid lines represent the fitted model. 
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oxidation of adsorbed molecules) was probably more pronounced for the 
heterostructures having large g-C3N4 content, and mainly for the MB 
photodegradation, since the adsorption of MB onto the photocatalyst 
surface was high, as indicate in Fig. S9. Accordingly, the STOCN- 
Mel99% sample was the most active photocatalyst on the MB degrada
tion: this heterostructure presented the highest amount of g-C3N4, which 
increases the absorption of visible light and the adsorption of MB mol
ecules, albeit its minor STO amount makes the charge separation effect 
less intense. 

On the other hand, the adsorption contribution was probably less 
significant than the charge separation effect in the AML photo
degradation. In this case, the STOCN-Mel95% heterostructure exhibited 
the best performance, since it showed optimized photocatalytic prop
erties, that is, increased visible light absorption and better charge 
separation. 

Furthermore, it is known that the oxygen vacancies can act either as 
an active adsorption sites in heterogeneous catalysis with pure metal 
oxides or as a trap for photoelectrons, improving the photogenerated 
electron-hole pairs separation [44,45]. Thus, the presence of oxygen 
vacancies at the bulk (XRD) and surface (XPS) of the SrTiO3/g-C3N4 
heterostructures could also have favored the photocatalytic degradation 
of MB and AML. 

In conclusion, the SrTiO3/g-C3N4 heterostructures synthesized in this 
work can be efficiently applied to degrade emerging pollutants using 
visible light or even sunlight without requiring special lamps. This 
outcome will make the semiconductor-based photocatalysis cost- 
effective for visible light-triggered photocatalysts at large scale in 
sewage treatment plants, among other applications. 

4. Conclusions 

SrTiO3/g-C3N4 heterostructures with significant photoactivity under 
visible light were successfully prepared by thermal treatment. The initial 
melamine content played a crucial role on the photoactivity of the cat
alysts, since there is a minor content that enables proper formation of g- 
C3N4 in the heterostructures. It was observed that the g-C3N4 yield 
increased with the increasing melamine percentage. For MB photo
degradation, the best photocatalytic activity was observed for the 
SrTiO3/g-C3N4 heterostructure synthesized from the highest melamine 
percentage (g-C3N4 content) (STOCN-Mel99%), whereas the hetero
structure obtained with 95% of melamine (STOCN-Mel95%) exhibited 
the best performance on the AML photodegradation. Changes in the 
band gap energy, the adsorption of MB (or AML) on the photocatalyst 
surface and the enhanced separation of photogenerated charges deter
mined the photoactivity of the heterostructures. The STO phase 

displayed oxygen vacancies, which probably also favored the charge 
separation in the heterostructures. 
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