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Abstract: N-doped and N,S-co-doped SrTiO3 photocatalysts were prepared using glycine and
L-histidine amino acids as nitrogen sources and L-cysteine as nitrogen and sulphur source. The
samples were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), N2

porosimetry, UV-Vis diffuse reflectance (DRS) and fluorescence spectroscopy, dynamic light scattering
(DLS). Cubic SrTiO3 phase is formed in all samples, with crystal size ranged from 14.2 nm to
35.7 nm. The catalysts’ specific surface area and porosity depend on the amino acid dopant showing
micro-mesoporosity for glycine, mesoporosity for histidine and non-porosity for cysteine. The lowest
band gap (2.95 eV) was observed for the sample G-N-STO3 prepared with glycine (N:Sr:Ti 3:1:1
molar ratio) which produced also the higher amount of •OH radicals. The photocatalytic activity was
tested against the degradation of methylene blue (MB) dye under UV-Vis and visible light irradiation
following first-order kinetics.
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1. Introduction

Simple perovskite—type oxides with the general formula ABO3, where A is an alkaline earth
metal, or a rare material and B is a transition metal from the first raw of the periodic table have received
wide technological applications including catalytic and photocatalytic processes [1–4]. Among them,
titanate perovskites ATiO3 (A = Ca, Sr, Ba, etc.) are semiconductor materials with a wide band gap and
intriguing electronic, optical, magnetic and photocatalytic properties. They constitute promising
materials for photocatalytic processes due to their resistance to photo corrosion and their high
physicochemical stability [5–8]. SrTiO3 (STO) is among the most promising simple titanate perovkite
for photocatalytic applications [9–12]. It is a cubic perovskite (Pm3m, a = 3.9 Å) n-type semiconductor
with an indirect band gap of 3.1–3.7 eV depending on the crystal structure and morphology obtained
by the synthesis method followed [13,14].

This band gap energy renders SrTiO3 an excellent photocatalyst only under UV light, including
about 5.0% of sunlight energy [15]. As a result the modification of SrTiO3 to increase absorptivity
into the visible light spectrum has been assayed mainly via transition metal doping of the Ti site
with metals like Mn, Ru, Cr, Rh, Ru and Ir [10,16–20] or deposition of noble metals like Au and Pt
on the semiconductor surface [16,21]. However, the use of rare or precious metals, the formation of
other phases as well as the recombination of photogenerated charge carriers for higher metal loadings,
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depending on the synthesis method, constitutes important disadvantages [22–24]. Non metal-doping
seems to be an alternative effective method to increase the response to visible-light [25–27]. N-doped
SrTiO3 (SrTiO3−xNx) materials have been previously studied and they showed good photo reactivity
and stability under both UV and visible-light irradiation [28]. In most cases hexamethylenetetramine
was used as a nitrogen source for preparation methods like solid phase, mechanochemical reaction and
solvothermal synthesis [29–31]. For the mechanochemical reaction, urea and ammonium carbonate
have also been used as nitrogen sources in N-doped SrTiO3 materials [30]. Also, S,C-doping with
thiourea as sulphur source mixed with SrTiO3 powder in an agate mortar [32] and N,S co–doping with
thiourea as nitrogen—sulphur source by the solid state reaction method [27] have been studied the
last few years. Also by the solid state reaction S-doping has been achieved with anion of sulphur [27].
With the doping sources mentioned above the specific surface area values of the as prepared catalysts
were about 4–37 m2 g−1 [27,29,30,32].

The use of amino acids as dopant sources have been rarely studied [33] although their ability
to form stable complexes with alkaline earth and transition metals [34,35]. In addition, amino acids
have been used for the development of enhanced surface area LaFeO3 [36] and N-doped SrTiO3 [33]
perovskites. Amino acids can form complexes with Sr2+ and Ti4+ enhancing the formation of the
perovskite phase while during calcination their decomposition leads to the emission of gaseous
products which help the development of higher surface areas while part of the amino and/or sulphur
groups remain as dopants in the matrix of the perovskite.

Based on the previous statements, the principal aims of the study are: (i) the preparation of N and
N,S-doped SrTiO3 photocatalysts with visible-light response and enhanced surface using amino acids
(glycine and L-histidine are used as nitrogen sources and L-cysteine is used as nitrogen and sulphur
sources) as doping and specific surface promoter agents; (ii) the characterization of the prepared
photocatalysts by a battery of techniques in order to reveal the key-components for their photocatalytic
activity and (iii) the study of their photocatalytic activity towards the degradation of organic pollutants
in aqueous phase through kinetic experiments of methylene blue (MB) dye decolorization and •OH
radicals formation by fluorescence measurements.

2. Results and Discussion

2.1. Characterization of the Prepared Photocatalysts

2.1.1. XRD Analysis

Figure 1 shows the XRD patterns for all the prepared photocatalysts assigned to SrTiO3 perovskite
phase with a cubic symmetry (JCPDS No. 79-0176). The dominant peaks at about 32.4◦, 39.9◦, 46.4◦,
57.8◦, 67.8◦ and 77.2◦ represent the SrTiO3 (1 1 0), (1 1 1), (2 0 0), (2 1 1), (2 2 0) and (3 1 0) surfaces,
respectively. The experimental measurements (black line) agree with the expected results (blue line) as
denoted also from the difference measurement (red line) which is linear for all samples. The sharp
peaks indicate that the obtained powders are highly crystalline and free from impurities. For the
catalyst with the highest doping degree, G-N-STO3, additional diffraction peaks corresponded to
SrCO3 phase (22.2%) were also detected and they are denoted with (N) symbol at 2θ = 25.81◦. For
the XRD data of each sample, a Rietveld refinement was performed as reported in Reference [37].
The crystal size of the catalysts was calculated by appropriate software according to Williamson and
Hall [38] type plot method and ranged from 14.2 nm for the G-N-STO3 to 35.7 nm for the G-N-STO1
(glycine dopant source; N:Sr:Ti 1:1:1 molar ratio) as shown in Table 1. The crystal size values of the
N-doped with glycine photocatalysts are decreased while doping is increased as also observed by
the broader crystalline peaks for G-N-STO2 (glycine dopant source; N:Sr:Ti 2:1:1 molar ratio) and
G-N-STO3 samples. The refinement parameters of % crystal phase, cell parameters (a, b and c) as well
as strain analysis together with R2 are also presented in Table 1. Compared to the STO sample, the
(110) diffraction peaks of the XRD pattern for the different N-doped catalysts shifted towards higher
angles as a result of nitrogen incorporation into the O2− sites in SrTiO3 lattice. The lattice constants



Catalysts 2018, 8, 528 3 of 18

(a, b, c) for the N- and N,S-doped photocatalysts are slightly higher from those of STO. This can be
attributed to the expansion of lattice because of the insertion of dopant atoms. From the calculated
strain analysis it is observed that G-N-STO3 has a negative strain value at −0.029. This value probably
shows that higher degree of N-doping inhibits crystal growth and deforms crystal lattice.
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Table 1. XRD results and Rietveld analysis of all prepared photocatalysts.

Code Name Crystal Phase Space Group % Phase a b c Unit Cell
Volume (A3) E% R % Crystal Size

(nm) % Strain R2

G-N-STO1 SrTiO3 cubic 100 3.91048 3.91048 3.91048 59.8 31.11 70.34 35.7 0.084 0.82
G-N-STO2 SrTiO3 cubic 100 3.91684 3.91684 3.91684 60.1 23.69 44.0 27.6 0.291 0.76

G-N-STO3
SrTiO3 cubic 77.8 3.91899 3.91899 3.91899 60.2 22.53 30.4 14.2 −0.029 0.87
SrCO3 orthorhombic 22.2 5.03856 7.47593 5.92672 223.2 - - - - -

H-N-STO SrTiO3 cubic 100 3.91537 3.91537 3.91537 60.0 20.32 30.39 22.9 0.279 0.99
C-NS-STO SrTiO3 cubic 100 3.9194 3.9194 3.9194 60.2 19.19 27.31 25.6 0.284 0.91

STO SrTiO3 cubic 100 3.90866 3.90866 3.90866 59.7 14.79 20.62 27.5 0.016 0.93
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2.1.2. Morphology—Surface Analysis of the Photocatalysts

The nitrogen adsorption—desorption isotherms for the studied catalysts are presented in Figure 2.
C-NS-STO (L-cysteine dopant source: N:S:Sr:Ti 1:1:1:1) and STO photocatalysts represented non-porous
materials and the isotherms belong to type–II according to IUPAC classification [39]. For G-N-STO1,
G-N-STO2, G-N-STO3 and H-N-STO (L-histidine dopant source; N:Sr:Ti 1:1:1) catalysts IV(a)—type
isotherms with an H2(b) hysteresis loop were observed indicating mesoporous materials according to
IUPAC classification [39]. The interconnectivity of pores that are formed among inter—aggregated
particles is the explanation of the H2(b) hysteresis loop formation. For G-N-STO1, G-N-STO2,
G-N-STO3 photocatalysts the existence of hysteresis loop (Figure 2) is characteristic of the presence
of mesopores while the peak at about 36 Ǻ in the PSD curves is due to the presence of finer pores
(micropores). The specific surface area (SSA) of all prepared photocatalysts are presented in Table 2
and ranged between 20.7 m2/g for C-NS-STO to 89 m2/g for the H-N-STO. It is well known that in
the solution-combustion synthesis parameters such as type of fuel (different amino-acid in this case),
fuel/oxidizer ratio, ignition temperature, produced flame influences the characteristics (surface area,
crystallite size, agglomeration) of the produced materials [40]. For example, the rapid generation
of large volume of gases during combustion reduces the possibility of sintering and creates pores
between particles. On the other hand, combustion temperature can reach >1000 ◦C according to the
produced flame enhancing the sintering [41]. It seems that the reaction in the presence of glycine is
more rapid (auto-ignition 180–200 ◦C) in comparison with the reactions in the presence of L-cysteine
(auto-ignition around 290 ◦C). Also, for LaFeO3 perovskite synthesized by glycine process it has been
reported [41] that specific surface area (SSA) values increase with the increase of glycine to nitrate
ratio until a certain value while the crystal size decreases, a trend that is similar to that observed in the
present study.
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* Dynamic light scattering measurements (median diameter) after 10 min of sonication before the 
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particles with no porosity in accordance with the low SSA value determined by N2 porosimetry. The 
SEM images for G-N-STO1, G-N-STO2 and G-N-STO3 show a porous structure with shapeless and 
irregular particles with internal cavities. The images revealed that all particles exhibited nearly 
identical morphologies, regardless the doping degree. On the contrary, the surface roughness 
increased with the nitrogen-doping degree. The images of H-N-STO present a similar but less stony 
structure. Finally, SEM images of C-NS-STO sample present a macroporous network with an 
interconnected structure into a single block of stone like a monolith. 
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respectively. It is observed that while the N-doping increases in all three samples, the PZC 
decreases. Also, the PZC of C-NS-STO and H-N-STO is 6.55 and 6.38 respectively. 
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Table 2. Specific surface area (SSA), pore diameter (Dp), dynamic light scattering and point of zero
charge results of all photocatalysts.

SSABET (m2 g−1) Dp (Å) DLS * (nm) PZC Eg (eV)

G-N-STO1 35.8 36.8 0.263 7.03 3.10
G-N-STO2 64.8 33.5 0.278 6.41 3.05
G-N-STO3 59.7 33.8 0.329 5.52 2.99
C-NS-STO 20.7 - 0.337 6.55 3.10
H-N-STO 89.0 78.0 0.273 6.38 3.13

STO 23.6 - 0.345 9.33 3.15

* Dynamic light scattering measurements (median diameter) after 10 min of sonication before the
photo—irradiation experiments.

SEM images are shown in Figure 3. STO presented a structure of large uniform spherical particles
with no porosity in accordance with the low SSA value determined by N2 porosimetry. The SEM
images for G-N-STO1, G-N-STO2 and G-N-STO3 show a porous structure with shapeless and irregular
particles with internal cavities. The images revealed that all particles exhibited nearly identical
morphologies, regardless the doping degree. On the contrary, the surface roughness increased with
the nitrogen-doping degree. The images of H-N-STO present a similar but less stony structure. Finally,
SEM images of C-NS-STO sample present a macroporous network with an interconnected structure
into a single block of stone like a monolith.

The point of zero charge (PZC) of STO is 9.33. The N- and N,S-doping of the photocatalysts
decrease the PZC. The G-N-STO1, G-N-STO2 and G-N-STO3 have PZC 6.95, 6.41 and 5.52 respectively.
It is observed that while the N-doping increases in all three samples, the PZC decreases. Also, the PZC
of C-NS-STO and H-N-STO is 6.55 and 6.38 respectively.
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Figure 3. SEM images of all photocatalysts used in the study: (a) G-N-STO1; (b) G-N-STO2;
(c) G-N-STO3; (d) H-N-STO; (e) C-NS-STO; (f) STO.

2.1.3. FT–IR Spectroscopy

The FT–IR spectra of the N, N/S—doped photocatalysts and STO are presented in Figure 4. In all
samples the shoulder below 1000 cm−1 appears because of the SrTiO3 crystal lattice vibrations [42].
Specifically, the bands around 858 and 596 cm−1 are caused from the stretching vibration of Sr-O and
Ti-O bond, respectively [43]. Also for all samples the absorption peak around 3443–3447 cm−1 can be
caused from the stretching vibrations of lattice hydroxyls from Ti-OH perturbed by nearby Sr atoms or
by Sr-OH [42]. The band around 1637 cm−1 for STO is due to the bending vibration of -OH (caused
from bending water) [42,44]. The absorption peak around 3443 cm−1 can be caused from the stretching
vibrations of lattice hydroxyls from Ti-OH perturbed by nearby Sr atoms or by Sr-OH [42]. G-N-STO1,
G-N-STO2 and G-N-STO3 photocatalysts have presented a characteristic peak at 1384–1386 cm−1

which is attributed to the stretching vibrations of interstitial N-O [45]. The intensity of this peak is
proportional to the doping ration of the G-N-STO catalysts. Additionally, all three of them have a peak
between 1630–1644 cm−1 which can be attributed to surface N-H bonds [33,46]. Also, the peak that
appears at 3447 cm−1 corresponded to the stretching vibrations of lattice hydroxyls from Ti-OH or by
Sr-OH [42,47,48]. The peaks in 2851, 2927 cm−1 for G-N-STO1 and in 2856, 2927 cm−1 for G-N-STO2
are due to CH2 asymmetric stretching vibrations from residual organics in the material. The peak
in 1261 cm−1 in both G-N-STO1 and G-N-STO2 is caused by C = O vibrations. In the C-NS-STO
photocatalyst the small peaks at 1047 and 1263 cm−1 are due to the frequencies of bit—dentate S-O
coordinated to Ti+4 [47,48]. Also the peak in 1381 cm−1 is attributed to the stretching vibrations
of interstitial N-O [45]. The peaks in 1636 and 3440 cm−1 are caused from the bending vibration
of –OH [48,49] and the stretching vibrations of lattice hydroxyls from Ti-OH or by Sr-OH [42,48,49]
respectively. In the H-N-STO the peaks in 1637 and 1386 cm−1 correspond to the stretching vibrations
of N-O [45] and to bending vibration of -OH [48,49], respectively. The peak in 3440 cm−1 is attributed
to the stretching vibrations by Ti-OH or by Sr-OH [42,48,49].



Catalysts 2018, 8, 528 8 of 18
Catalysts 2018, 8, x FOR PEER REVIEW  8 of 18 

 

 

Figure 4. FT–IR spectra of the N-,N,S-doped photocatalysts and STO. 

2.1.4. UV-Vis Spectra 

The diffuse reflectance spectroscopy (DRS) results of all photocatalysts are presented in Figure 
5a. The optical absorption edge of pure SrTiO3 (STO) was about 390–395 nm as expected, so no 
response against visible irradiation was observed. On the other hand G-N-STO2 and G-N-STO3 
were significantly red shifted to longer wavelengths into the visible light region (till 415 nm) while 
the absorption edges of G-N-STO1, H-N-STO and C-NS-STO presented a smaller shift (about 7 nm) 
in comparison to STO. The Eg values (Table 2) of all photocatalysts were calculated with the use of 
Kubelka—Munk plots which are presented in Figure 5b. The Eg values of the N-,N,S-doped 
photocatalysts had the following trend: H-N-STO > C-NS-STO,G-N-STO1 > G-N-STO2 > G-N-STO3. 
From this trend it can be concluded that the absorption edge of the samples prepared with glycine 
and among them the sample with the highest N–doping presented the greater shift to the visible 
light region. 

200 300 400 500 600 700
0.0

0.6

1.2

1.8

A
b

s
o

rb
a

n
c

e
(a

.u
.)

Λ(nm)

(1) G-N-STO1
(2) G-N-STO2
(3) G-N-STO3
(4) C-NS-STO
(5) H-N-STO
(6) STO

(3)(2)

(4) (1)(5) (6)

(a)

 

2 3 4 5 6
0

20

40

60

80

100

120

E (eV)

(1)G-N-STO1
(2)G-N-STO2
(3)G-N-STO3
(4)C-NS-STO
(5)H-N-STO
(6)STO

(R
.E

.)

(3)
(2) (6)

(1) (4)
(5)

(b)

 
Figure 5. (a) DR UV—Vis spectra plots; (b) Kubelka—Munk plots for photocatalysts. R: absorbance, 
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2.1.5. Fluorescence Spectrum 

The evolution of fluorescence spectra intensity of hydroxy-terephthalic acid (TAOH) for the 
G-N-STO3 photocatalyst at different intervals within an irradiation time framework of 120 min is 
displayed in Figure 6 as a characteristic example. As it is shown, the fluorescence intensity increases 
along with time. The kinetics of •OH radicals’ formation for all photocatalysts is shown in Figure 7. 
The observed linear relationship between the fluorescence intensity (i.e., •OH radicals formation) 

Figure 4. FT–IR spectra of the N-,N,S-doped photocatalysts and STO.

2.1.4. UV-Vis Spectra

The diffuse reflectance spectroscopy (DRS) results of all photocatalysts are presented in Figure 5a.
The optical absorption edge of pure SrTiO3 (STO) was about 390–395 nm as expected, so no
response against visible irradiation was observed. On the other hand G-N-STO2 and G-N-STO3
were significantly red shifted to longer wavelengths into the visible light region (till 415 nm) while
the absorption edges of G-N-STO1, H-N-STO and C-NS-STO presented a smaller shift (about 7 nm)
in comparison to STO. The Eg values (Table 2) of all photocatalysts were calculated with the use
of Kubelka—Munk plots which are presented in Figure 5b. The Eg values of the N-,N,S-doped
photocatalysts had the following trend: H-N-STO > C-NS-STO,G-N-STO1 > G-N-STO2 > G-N-STO3.
From this trend it can be concluded that the absorption edge of the samples prepared with glycine
and among them the sample with the highest N–doping presented the greater shift to the visible
light region.
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2.1.5. Fluorescence Spectrum

The evolution of fluorescence spectra intensity of hydroxy-terephthalic acid (TAOH) for the
G-N-STO3 photocatalyst at different intervals within an irradiation time framework of 120 min is
displayed in Figure 6 as a characteristic example. The fluorescence spectra for the rest of photocatalysts
prepared are shown in Figure S1 (Supplementary Materials). As it is shown, the fluorescence
intensity increases along with time. The kinetics of •OH radicals’ formation for all photocatalysts
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is shown in Figure 7. The observed linear relationship between the fluorescence intensity (i.e., •OH
radicals formation) and the time denoted the stability of the synthesized catalyst. The ability of the
photocatalysts to generate •OH radicals followed the trend: G-N-STO3 > G-N-STO2 > G-N-STO1 >
C-NS-STO > H-N-STO, STO. As a result, catalyst showed greater •OH formation compared to the
catalyst prepared by cysteine and histidine while G-N-STO3, that is, the catalyst with the higher
dopant content generates the largest amount of •OH. This observation can be further explained by
the the formation of the SrCO3/SrTiO3 junction structure which helps reducing electron/hole pairs
recombination as reported elsewhere [50].

Catalysts 2018, 8, x FOR PEER REVIEW  9 of 18 

 

and the time denoted the stability of the synthesized catalyst. The ability of the photocatalysts to 
generate •OH radicals followed the trend: G-N-STO3 > G-N-STO2 > G-N-STO1 > C-NS-STO > 
H-N-STO, STO. As a result, catalyst showed greater •OH formation compared to the catalyst 
prepared by cysteine and histidine while G-N-STO3, that is, the catalyst with the higher dopant 
content generates the largest amount of •OH. This observation can be further explained by the the 
formation of the SrCO3/SrTiO3 junction structure which helps reducing electron/hole pairs 
recombination as reported elsewhere [50]. 

350 400 450 500 550 600
0

2

4

6

8

10

In
te

n
si

ty
(a

.u
.)

Wavelength(nm)

G-N-STO3

120 min
90 min
75 min
60 min
45 min
30 min
15 min
0 min

 
Figure 6. Fluorescence spectra after 120 min of irradiation of G-N-STO3. 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

0 15 30 45 60 75 90 105 120

[∙O
H

] (
μM

)

Time (min)

G-N-STO1

G-N-STO2

G-N-STO3

C-NS-STO

H-N-STO

STO

 
Figure 7. Formation of OH with the effect of the photocatalysts. 

2.2. Photocatalytic Degradation Kinetics and Pathways of Methylene Blue (MB) under UV—Vis and Visible 
Light Irradiation 

The photocatalytic activity of all catalysts towards the degradation of MB under UV-Vis and 
visible irradiation is depicted in Figures 8 and 9 respectively. The degradation for all samples 

Figure 6. Fluorescence spectra after 120 min of irradiation of G-N-STO3.

Catalysts 2018, 8, x FOR PEER REVIEW  9 of 18 

 

and the time denoted the stability of the synthesized catalyst. The ability of the photocatalysts to 
generate •OH radicals followed the trend: G-N-STO3 > G-N-STO2 > G-N-STO1 > C-NS-STO > 
H-N-STO, STO. As a result, catalyst showed greater •OH formation compared to the catalyst 
prepared by cysteine and histidine while G-N-STO3, that is, the catalyst with the higher dopant 
content generates the largest amount of •OH. This observation can be further explained by the the 
formation of the SrCO3/SrTiO3 junction structure which helps reducing electron/hole pairs 
recombination as reported elsewhere [50]. 

350 400 450 500 550 600
0

2

4

6

8

10

In
te

n
si

ty
(a

.u
.)

Wavelength(nm)

G-N-STO3

120 min
90 min
75 min
60 min
45 min
30 min
15 min
0 min

 
Figure 6. Fluorescence spectra after 120 min of irradiation of G-N-STO3. 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

0 15 30 45 60 75 90 105 120

[∙O
H

] (
μM

)

Time (min)

G-N-STO1

G-N-STO2

G-N-STO3

C-NS-STO

H-N-STO

STO

 
Figure 7. Formation of OH with the effect of the photocatalysts. 

2.2. Photocatalytic Degradation Kinetics and Pathways of Methylene Blue (MB) under UV—Vis and Visible 
Light Irradiation 

The photocatalytic activity of all catalysts towards the degradation of MB under UV-Vis and 
visible irradiation is depicted in Figures 8 and 9 respectively. The degradation for all samples 

Figure 7. Formation of OH with the effect of the photocatalysts.



Catalysts 2018, 8, 528 10 of 18

2.2. Photocatalytic Degradation Kinetics and Pathways of Methylene Blue (MB) under UV—Vis and Visible
Light Irradiation

The photocatalytic activity of all catalysts towards the degradation of MB under UV-Vis and
visible irradiation is depicted in Figures 8 and 9 respectively. The degradation for all samples followed
first order kinetics. As expected, the degradation kinetics under visible light irradiation was slower
than under UV–Vis (simulated solar) irradiation. The apparent rate constants (k), the corresponding
correlation coefficients (R2) and half-lives (t1/2) of all photocatalysts are presented in Table 3. Based
on the determined apparent rate constants the photocatalytic activity followed the same trend under
both UV-vis and visible irradiation: G-N-STO3 > G-N-STO2 > G-N-STO1 > H-N-STO > C-NS-STO
> STO. All N- and N/S-doped photocatalysts presented higher photocatalytic activity than SrTiO3

while among all doped photocatalysts G-N-STO3 showed the higher photocatalytic activity. The above
observations come in full agreement with the results from the characterization of the materials as
previously discussed. More specifically the catalytic activity follows the same trend with the •OH
production ability while G-N-STO3 was the material with the lower Eg value, that is, the higher
absorption in visible region, the smallest crystallite size, that is, the lower electron—hole recombination
due to more effective charge diffusion into the surface and the lowest PZC entailing the higher MB
adsorption due to the attraction of negatively charged surface to the cationic dye. For the catalysts
G-N-STO3, G-N-STO2 and G-N-STO1 sharing the same nitrogen source (glycine) it can be concluded
that the increase of N-doping improves the photocatalytic activity. The activity follows closely the
same trend as for Eg, crystal size, specific surface area, PZC and •OH production ability. In conclusion,
the overall activity of the prepared catalysts is a matter of interplay of the above mentioned properties
with particle size, Eg and •OH formation being the most important ones.
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Table 3. Kinetic parameters (k, t1/2, R2) for the photocatalytic degradation of MB in the presence of
SrTiO3 catalysts under simulated solar light (UV-Vis) and visible light irradiation; (CMB = 5 mgL−1,
Ccat = 200 mgL−1, I = 500 Wm−2).

UV-Visible Light Visible Light

k (min−1) t1/2 (min) R2 k (min−1) t1/2 (min) R2

G-N-STO1 0.0283 24.5 0.9775 0.0041 169.1 0.9895
G-N-STO2 0.0306 22.6 0.9915 0.0043 161.2 0.9358
G-N-STO3 0.0399 17.4 0.9429 0.0046 150.7 0.9804
C-NS-STO 0.0268 25.9 0.9758 0.0037 187.3 0.9815
H-N-STO 0.0273 25.4 0.9346 0.0041 169.1 0.9971

STO 0.0193 35.9 0.9982 0.0035 198.0 0.9834

In Figure 10a,b the profiles of the temporal change in absorbance of MB for G-N-STO3 catalyst are
presented for both UV-Vis and visible light irradiation. Based on the spectral profiles the degradation
route of MB in both UV-Vis and visible light can be proposed. The characteristic absorption peaks of
MB around 246, 291 and 664 nm correspond to benzene and heteropolyaromatic rings, respectively.
It can be observed that the characteristic peaks decreased with time while 665 nm peak shifted
towards the blue region (hypsochromic effect). Figures S2 and S3 (Supplementary Materials) presented
the blue shift in MB spectra along the photocatalytic treatment in the presence of the prepared
photocatalysts under UV-Vis and visible light irradiation. The blue shift in λmax suggested the stepwise
removal of auxochromes (methyl or methylamine) [49,51]. As a result the degradation pathway
of MB can be suggested to follow consecutive N-demethylation as reported also elsewhere in the
literature [52]. The electron donor properties of methyl groups facilitate the attack of •OH radicals
for the demethylation pathway, which is considered to be an important step in the degradation of
MB [49,51]. The intermediates can be identified based on the different absorption spectra characteristics
as follows: azure B (λmax: 648–655 nm), azure A (λmax: 620–634 nm), azure C (λmax: 608–612 nm)
and thionine or phenothiazine (λmax: 602 nm) [49]. Under UV-Vis light irradiation all the above
mentioned intermediates are formed and after 180 min of irradiation only a small band between 246
and 291 nm was still present showing the presence of low concentrations of benzene derivatives and
almost complete degradation. On the other hand, under visible light after 360 min of irradiation only
azure B is formed while the bands at 246, 291 nm were only slightly decreased suggesting the much
lower degree of degradation.
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(b) Visible light irradiation (CMB = 5mgL−1, Ccat = 200 mgL−1).

Finally, the stability of the best catalyst (G-N-STO3) for three consecutive photocatalytic cycles
was also investigated. As shown in Figure 11, the catalyst presented a stable photocatalytic activity
among the repeated catalytic cycles and about 95% of the initial degradation efficiency was maintained
suggesting the G-N-STO3 catalyst has a good reusability. The slight decrease in the photocatalytic
efficiencies could be ascribed either to a minor extent of accumulation of later stage products into the
catalyst surface after the first catalytic cycle or to small losses of catalyst during the recovery procedure
due to the good dispersibility into the aqueous solution.
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3. Materials and Methods

3.1. Chemicals

Glycine (99.5%) was obtained by AppliChem (Darmstadt, Germany) and L-histidine (≥99%)
and L-cysteine (97%) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Strontium nitrate
[Sr(NO3)2] (>99% non-hydrate) was supplied by Merck (Kenilworth, NJ, USA) and tetrabutyltitanate
(TBT, C16H36O4Ti) (97%) by Sigma-Aldrich, (St. Louis, MO, USA). Absolute ethanol (99.8%) was
obtained by Acros Organics (Geel, Belgium) and glacial acetic acid (99.7%) by Panreal (Barcelona,
Spain). Double distilled water was used throughout the experimental procedures of the study.

3.2. Preparation of N and N,S-Doped SrTiO3 Photocatalysts

The preparation method for the N and N,S-doped SrTiO3 photocatalysts was the
autoignition-combustion technique of amino acids [53–55]. Amino acids are selected as doping
agents because of their ability to form stable complexes with alkaline earth and transition metals [33]
and serve both as a fuel and as complexant to prevent selective precipitation of precursor components
before combustion, favouring the compositional homogeneity and thus the crystallization of perovskite
after combustion. The selected amino acids were glycine, L-histidine and L-cysteine. In this technique
5 mL of aqueous solution containing appropriate amount of each amino acid and 10 mmol Sr(NO3)2

were added drop by drop into 40 mL ethanol solution containing 10 mmol of TBT and 2 mL glacial
acetic acid under rigorous stirring, following with evaporation at 50 ◦C again under rigorous stirring
in a fume hood. The obtained dry gel was ground and calcinated at 550 ◦C/2 h, with a temperature
ramp of 10 ◦C/min [33]. The as prepared materials, except of the formation of cubic SrTiO3 phase
in all of them, showed the formation of small amounts of SrCO3 in the N-doped photocatalysts and
small amounts of both SrCO3 and SrSO4 in the N,S-doped photocatalysts. Also the samples G-N-STO1,
G-N-STO2 and G-N-STO3 contained in small amounts a (SrO)2TiO2 phase. So, a cleaning process was
made. The materials G-N-STO1 and H-N-STO were washed with 50 mL of nitric acid (HNO3 65%,
Merck) 1M heated at 70 ◦C and the materials G-N-STO2 and G-N-STO3 with 100 mL of nitric acid 2M
heated at 70 ◦C [37]. In both cases after the cleaning procedure the samples were washed with distilled
water. The C-NS-STO sample was washed with 100 mL 2M of both HNO3 and potassium hydroxide
(KOH, pellets 85%, Merck) [56,57] which were both heated at 70 ◦C and then washed with distilled
water. The prepared materials had the following molar ratios and code names in parenthesis: (a)
glycine dopant source: N:Sr:Ti 1:1:1 (G-N-STO1), 2:1:1 (G-N-STO2), 3:1:1 (G-N-STO3); (b) L-histidine
dopant source: N:Sr:Ti 1:1:1 (H-N-STO); (c) L-cysteine dopant source: N:S:Sr:Ti 1:1:1:1 (C-NS-STO).
Pure SrTiO3(STO) was also used for comparison to the doped photocatalysts.



Catalysts 2018, 8, 528 14 of 18

3.3. Texture Characterization of the Catalysts

Purity and crystallinity phases of the catalysts were determined by powder X-ray diffraction (XRD)
using a Bruker Advance D8 XRD instrument (Billerica, MA, USA) which generates monochromated
Cu Ka (λ = 1.5418 Å) radiation with a continuous scanning rate in the range of 10 < 2θ < 90 in steps of
0.02◦ and rate 0.01 ◦θ/s. The patterns were assigned with the use of the Joint Committee on Powder
Diffraction Standards (JCPDS) database. The results were studied with Rietvield refinement by an
appropriate computer program. The results are presented in Figure 1 and Table 1.

The N2 adsorption—desorption isotherms at 77 K were obtained by porosimetry using a
Quantachrome Autosorb-1 (Bounton Beach, FL, USA) instrument. Each sample (≈0.1 g) was
degassed for 4h at 353 K in order to achieve the elimination of any moisture and condensed volatiles.
Brauner-Emmet-Teller (BET) method at relative pressure between 0.05–0.3 was used in order to
calculate the specific surface area (SSA). Adsorbed amount of nitrogen at relative pressure P/P0 = 0.99
was used in order to calculate the total pore volume (VTOT). The BJH method was used to determine the
pore size distribution (PSD) of the photocatalysts. In Figure 2 the adsorption – desorption isotherms and
PSD are shown. The SSA and the pore diameter (Dp) at the maximum of the PSD for all photocatalysts
are shown in Table 2. The morphology of the photocatalysts was observed by scanning electron
microscopy (SEM) by a JEOL JSM 5600 (Tokyo, Japan) instrument and characteristic images are shown
in Figure 3.

Particle size measurements were made with a Shimadzu SALD-2300 (Kyoto, Japan) laser
diffraction particle size analyser in dynamic light scattering (DLS) mode. Suspensions of the N
and N,S-doped SrTiO3photocatalysts were prepared by sonication with a Hielscher UP100H (Teltow,
Germany) ultrasonic processor for 10 min. The point of zero charge (PZC) of the photocatalysts was
calculated by the mass titration method as it is described in reference [58].

3.4. Fourier Transform Infrared Spectroscopic (FT–IR) Analysis

The chemical structure of all photocatalysts was recorded by using the Fourier transform infrared
spectroscopic (FT–IR) analysis. The analysis was carried out with an instrument by Thermo Scientific
(Nicolet iS5) (Waltham, MA, USA). Spectral grade KBr (≥99%, Sigma-Aldrich, St. Louis, MO, USA)
was used as a reference. Photocatalyst materials were ground with KBr in 1:3 ratio and made into
pellets using a hydraulic press. The pellet was scanned at 0.964 cm−1 in the range 4000–400 cm−1.

3.5. UV-Vis-DRS Measurements

The absorbance spectra of the N and N,S-doped SrTiO3 photocatalysts were obtained by a
Shimadzu 2600 (Kyoto, Japan) spectrophotometer which was equipped with an ISR-2600 integrating
sphere at room temperature with BaSO4 (NacalaiTesque, extra pure reagent, Kyoto, Japan) as the
reference sample in the range of 200–800 nm. The UV-Vis DRS and Kubelka-Munk plots are presented
in Figure 5a,b.

3.6. Determination of •OH Radicals by Fluorescence Measurements

Terephthalic acid (TA) (98%, Sigma-Aldrich, St. Louis, MO, USA) was used as a probe in order
to determine the hydroxyl radical formation rate [59]. An aqueous solution contained of NaOH
(2 × 10−3 M, 99% Riedel-de Haen, Seelze, Germany) and TA (5 × 10−4 M) was prepared and then
20 mg of photocatalyst powder was suspended in the photocatalytic reactor and stirred for 30 min
under UV-Vis irradiation. The irradiation conditions were the same with the conditions during the
photocatalytic experiments. Aliquots of 5 mL of the suspension were taken out at different time
intervals and filtered using 0.45 µm membrane filter. A fluorescence spectrophotometer (Shimadzu
RF-5300PC, Kyoto, Japan) was used to measure the intensity of the fluorescence peak at 425 nm with
310 nm excitation which is attributed to 2-hydroxyterephthalic acid (TAOH) and it is known to be
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proportional to the amount of •OH radicals produced. The concentration of •OH was measured by a
calibration curve plotting the fluorescence intensity of standard TAOH (TCI, >98%) solutions.

3.7. Photocatalytic Experiments and Analytical Methods

The photocatalytic experiments were conducted with Suntest XLS+ apparatus (Atlas,
Linsengericht, Germany) under UV-Vis irradiation (simulated solar light, λ > 300 nm). A xenon
lamp (2.2 kW), jacked with special 290 nm cut-off glass filter, was the light source. During the
experiments the irradiation intensity was maintained at 500 W m−2. Experiments under visible light
irradiation (λ > 400 nm) were performed by LED flood lamps (LG SMD, LED, 45 pcs; Seoul, Korea)
2 × 50 Wm−2. The photocatalytic activity was tested against the degradation of methylene blue (MB).

In both UV-Vis and visible photocatalytic experiments, before the experimental procedure bega n,
200 mgL−1 of the photocatalysts were sonicated for 10 min in an aqueous solution. In the experiments
200 mL of MB solution were loaded in appropriate Pyrex glass reactor (250 mL) at ambient conditions
(25 ± 1 ◦C), by water circulation in the water jacket of the reactor and air-circulation, under continuous
stirring. The pH of the solution was adjusted at a value of 7.0. Before illumination the suspension
was magnetically stirred for 30 min to ensure the establishment of adsorption-desorption equilibrium
onto the catalyst surface. Samples of 5 mL were withdrawn regularly from the reactor and centrifuged
(Thermo Scientific, HERAUS Megafuge 8, SuZhou, China; 4400 rpm) immediately for 15 min in
order to separate the catalyst particles. The supernatant transparent solution was analysed by UV-vis
spectroscopy (Jasco-V650; Tokyo, Japan) measuring the absorbance at the characteristic wavelength
665 nm using a calibration curve. Relative errors lower than 4.3% were obtained in all cases. For the
experiments of catalyst recycling, the materials were recovered by centrifugation, dried at 373 K for
4 h then re-suspended-irradiated using the same experimental conditions.

4. Conclusions

Visible-light active N- and N,S-doped SrTiO3 photocatalysts have been synthesized using amino
acids as dopants source and surface area promoters. The applied preparation method leads to
micro-mesoporous, mesoporous and non-porous catalysts depending on the amino acid dopant
source with extended absorption edges into the visible region. The catalysts prepared using glycine
showed better photocatalytic performance towards MB decolorization compared with the catalysts
prepared using cysteine or L-histidine. Among glycine-derived N-doped SrTiO3 the catalyst with
the higher ratio ofN-dopant showed the best efficiency for the degradation of MB dye as a result of
the higher surface area, the lower band gap and the smaller crystallite sizes resulting in the higher
production of OH radicals and thus to faster degradation kinetics. Finally, the best catalyst showed
excellent stability and recyclability maintain the initial activity after five consecutive catalytic cycles.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/8/11/528/s1,
Figure S1: Fluorescence spectra after 120 min of irradiation of (a) G-N-STO1, (b) G-N-STO2, (c) H-N-STO,
(d) C-NS-STO, (e) STO. Figure S2: Blue shift in MB spectra during the photocatalytic degradation in the presence
of the prepared photocatalysts under visible light irradiation. Figure S3: Blue shift in MB spectra during the
photocatalytic degradation in the presence of the prepared photocatalysts under UV-Vis light irradiation.
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