
www.rsc.org/advances

RSC Advances

This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. This Accepted Manuscript will be replaced by the edited, 
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 



 

 1

Solvothermal Synthesis and Visible-light-driven Photocatalytic Degradation for 

Tetracycline of Fe-doped SrTiO3 

Ping Li
a
, Chunbo Liu

a
, Guoling Wu

a
, Yang Heng

b
, Shuang Lin

a
, Ao Ren

a
, Kehan Lv

c
 

Lisong Xiao
a
, Weidong Shi

a,
* 

a School of Chemistry and Chemical Engineering, Jiangsu University, Xuefu Road 

301, Zhenjiang, 212013, P. R. China.  

b School of Hydraulic, Energy and Power Engineering, Yangzhou University, 

Yangzhou, 225100, P. R. China 

c School of Petrochemical Engineering, Changzhou University, Changzhou, 213100, P. 

R. China 

 

 

 

 

 

 

 

 

 

 

 

 

 

*Corresponding author: Tel.: +86 511 8879 0187   fax. : +86 511 8879 1108 

E-mail address: swd1978@ujs.edu.cn (W. Shi) 

Page 1 of 38 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

 2

ABSTRACT 

In this paper, Fe-doped SrTiO3 (FSTO) photocatalysts were successfully 

prepared via a facile solvothermal method, and the photocatalytic activity for 

degrading tetracycline (TC) under visible light irradiation was examined. It was found 

that doping Fe3+ into the lattice of SrTiO3 resulted in the formation of new absorption 

bands in visible light region and the energy band gap decreased from 3.2 eV to 2.6 eV 

with the doping amount of Fe3+ from 0 to 5 wt%. The photocatalytic experimental 

results indicated that the as-prepared FSTO photocatalysts show extremely high 

enhancement of TC degradation ratio over the pure SrTiO3 under visible light 

irradiation. Specially, the sample of FSTO doped with 3% Fe exhibited the highest 

TC degradation ratio (71.6%) in 80 min, which is mainly attributed to the narrowed 

gap brought by appropriate Fe3+ doping. This work suggests that the doping method 

should be applicable for exploiting other efficient visible-light-driven photocatalysts 

with wide band gap semiconductors.  

Keywords: Fe-doped SrTiO3; visible light; tetracycline; photocatalyst 
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1. Introduction 

In recent years, the utilization of antibiotics in the pharmaceutical therapies and 

agricultural husbandry to reduce the morbidity of infectious diseases becomes more 

and more widely. However, these antibiotics are very difficult to be metabolized 

completely and the ultimate impact of antibiotics in the environment is the 

appearance of multi-resistant bacterial strains that can no longer be treated with the 

known drugs presently. Thus, the antibiotics resided in the ecological environment 

have become one of the most concerned issues due to their potential adverse effects 

on human beings1-5. Tetracycline (TC) is one of the largest use of antibiotics currently, 

and it has been established that their excessive accumulation can produce arthropathy, 

nephropathy, central nervous system alterations, spermatogenesis anomalies, possible 

mutagenecity and photosensitivity in human beings 3, 6, 7. Hence, it is very important 

to develop efficient treatment technologies to remove antibiotics left in the ecological 

environment. All sorts of technologies have been used to remove antibiotics, such as 

UV/H2O2 process, biodegradation, electrochemical methods, photocatalysis 8, 9. With 

great promise, photocatalysis has shown the high efficiency in oxidizing organics, 

high degradation rate, low cost and operation-simplicity 10. Recently, several studies 

on the high-efficiency photocatalytic degradation of TC by semiconductor-based 

(such as TiO2, ZnO, and SrTiO3) photocatalysts have been reported11-13. But, most of 

them are UV-light driven rather than visible-light driven. Hence, it is highly desirable 

to develop visible-light-responsive photocatalysts with high efficiency for TC 

degradation. 

Titanates or titanium-containing oxides have been used for a variety of solar 

energy harvesting and environmental applications such as photoelectrochemical 

synthesis of carbon-neutral solar fuels and removal of organic pollutants owing to 
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their remarkable photostability, nontoxicity, piezoelectric dielectric, and cost 

effectiveness 14-16. Unfortunately, titanates suffer from poor visible light absorption 

because of their high intrinsic band gap structure. Recently, to realize the visible-light 

adsorption of material, introducing foreign elements into the lattice of semiconductor 

is considered to be one of the effective strategies to enlarge the adsorption region17-19. 

In principle, changing the stoichiometry or doping with a different valence state 

cation can transform the electronic properties and catalytic properties 17. It was 

reported that doping of some metals such as Co2+, Ru3+, Fe3+, Cr3+ and Mn3+ 

incorporated into SrTiO3 (STO) to create a new donor or acceptor level in the band 

structure lead to an optical absorption shift to visible light 9, 13, 20, 21. Based on the 

above-mentioned reports, Fe maybe is a better suitable doping element, in addition to 

the same coordination number of 6, Fe3+ (0.79 Å) and Ti4+ (0.75 Å) have similar ionic 

radius, doping Fe3+ into STO also can lead to the formation of impurity energy level 

between the conduction band and valence band of STO, which acts as a trap for the 

electron-hole pairs and consequently inhibits their recombination, and doping Fe3+ 

can also increase the electro-catalytic properties of materials while Fe is a transition 

metal 13. However, to the best of our knowledge, there have been few reports on the 

synthesis of Fe-doped SrTiO3 (FSTO). More importantly, the as-obtained FSTO 

samples are always focused on the resistive transition, polaron dynamics and scaling 

behavior22-30, studying on the visible light degrading for antibiotics have not been 

reported to date. 

Herein, we report the synthesis of STO and FSTO nanospheres by a facile 

solvothermal method and the as-prepared samples are employed for the first time as 

the photocatalyst to photodegrade TC under visible light. Compared to pure STO 

sample, the FSTO samples exhibit excellent visible-light-driven photodegradation of 
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TC. Specially, the sample of FSTO doped with 3% Fe exhibited the highest TC 

degradation ratio (71.6%) in 80 min. Finally, a possible photocatalytic reaction 

mechanism of FSTO was proposed based on the experimental results. 

2. Experimental 

2.1. Materials  

Tetra-n-butyl titanate, ethylene glycol, Sr(NO3)2, NaOH, Fe(NO3)3·9H2O and 

ethanol were purchased from Aladdin (Shanghai, China). All the reagents are 

analytically grade and used without further purification. 

2.2. Catalysts synthesis 

For the synthesis of STO nanospheres, tetra-n-butyl titanate (0.9mL) was added 

dropwise into ethylene glycol (EG, 25mL) under magnetic stirring at room 

temperature. The suspension was added into 25mL of an aqueous solution containing 

Sr(NO3)2 (4.9mmol), and then NaOH (0.20g) was added into the mixture under 

vigorous stirring for 15 min. Thereafter, the resulting mixture was transferred into a 

Teflon-lined stainless steel of 50 mL capacity, and the solvothermal route was carried 

out at 150 °C for 18 h. After cooling to room temperature naturally, the white 

precipitate was collected by centrifugation and thoroughly washed with deionized 

water and ethanol several time, and dried at 60 °C in vacuum for 12 h to obtain pure 

STO. 

The samples FSTO with X= 0.015, 0.025, 0.03, 0.04 and 0.05 (abbreviated as 

FSTO:X) were prepared totally the same except that Fe(NO3)3·9H2O, acting as the 

source of Fe(III), was weighed to give a molar fraction of Fe relative to Ti is X and 

added to the suspension. Subsequently, the obtained FSTO were ground into a fine 

powder using an agate mortar and pestle for the preparation of FSTO 

nanocomposites.  

Page 5 of 38 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

 6

2.3. Characterization 

Powder X-ray diffraction (XRD) patterns were obtained on a D/MAX-2500 

diffractometer (Rigaku, Japan) using Cu Kλ radiation source (λ= 1.54178 Å) at a scan 

rate of 5° min−1 to determine the crystal phase of the obtained samples. X-ray 

photoelectron spectroscopy (XPS) data were obtained by a Thermo ESCALAB 250X 

(America) electron spectrometer using 150 W Al Kλ radiations. Energy dispersive 

X-ray spectra (EDX) images were collected on an F20 S-TWIN electron microscope 

(Tecnai G2, FEI Co.), using a 200 kV accelerating voltage. Scanning electron 

microscopy (SEM) images were collected on an S-128 4800 field emission SEM 

(FESEM, Hitachi, Japan). Transmission electron microscopy (TEM) and 

high-resolution TEM (HRTEM) also has been used to characterise the samples. 

HAADF-STEM mapping analyses were collected on an F20 S-TWIN electron 

microscope (Tecnai G2, FEI Co.), using a 200 kV accelerating voltage. UV–vis 

diffused reflectance spectra of the samples were obtained from a UV2550UV–vis 

spectrophotometer (Shimadzu, Japan). BaSO4 was used as a reflectance standard. The 

photoluminescence properties of the obtained samples were measured on a 

Perkin-Elmer LS 55 luminescence spectrometer. Total organic carbon (TOC) analyses 

were conducted on a multi N/C 2100 (Analytik Jena AG, Germany) TOC analyzer.  

2.4. Photocatalytic degradation of TC 

The photodegradation properties of STO and FSTO were further evaluated by 

monitoring the photodegradation of a widely used antibiotic, namely tetracycline, 

under visible-light irradiation (300W xenon lamp with a cutoff filter of 420 nm). A 

total of 0.1 g of catalysts was added to 100 mL of tetracycline solution (10mg/L). 

Before irradiation, the suspensions were magnetically stirred in the dark for 30 min 

until the stability of an adsorption-desorption equilibrium between the photocatalyst 
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and TC was reached. The supernatant liquid was collected and analyzed by recording 

the characteristic absorption of tetracycline (357 nm) using the UV-vis spectrometer. 

The photocatalytic degradation ratio (DR) was calculated by the following formula: 

%100)/1( 0 ×−= AADR i  

0A  is the initial absorbance of TC when reached absorption equilibrium, while 

iA  is the absorbency after the sampling analysis. 

2.5. Kinetics of photocatalytic degradation of TC 

With the Langmuir-Hinshelwood mechanism, the evaluation of the kinetics of 

the degradation of TC follows an apparent first order kinetics equation 31 (eq 1): 

tkkKtCC app≈=)/ln( 0                 (1) 

Where C is the concentration of reactant (mg/L), and C0 is the initial 

concentration at t= 0. The apparent rate constant ( appk ) has been chosen as the basic 

kinetic parameter for the different photocatalysts since it enables one to determine a 

photocatalytic activity independent of the previous adsorption period in the dark and 

the concentration of solute remaining in the solution 

3. Results and discussion 

3.1. Structure and morphology 

The X-ray diffraction (XRD) patterns of the pure STO and FSTO are shown in 

Fig. 1a. As it reveals, the peaks observed at θ2  values of 22.8°, 32.2°, 40°, 46.5°, 

58°, 68° and 77.2° in this pattern are reflections of STO according to the JCPDS Card 

No. 35-0734 32. Apparently, there are no peaks to Fe3+ phases were identified, 

probably due to the low Fe3+ concentrations in STO matrix. Another explanation is, 

for a coordination number of 6, Fe3+ (0.79 Å) and Ti4+ (0.75 Å) have similar ionic 

radius, so Fe3+ may substitute Ti4+ in the STO lattice 13. Fig. 1b shows the EDX image 
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of the sample FSTO: 0.03, in which the signals of Sr, Ti, O and Fe can be clearly 

observed. No other signals can be observed in the spectrum, which indicated that the 

elementary composition of FSTO sample is pure. 

Analyses of SEM images are depicted in Fig. 2. As shown in Fig. 2a, we can see 

the morphology of STO is nanosphere with uniform and good-dispersion. The 

morphology of FSTO is shown in Fig. 2d, we can see the FSTO is not uniform and 

have different sizes. The magnified TEM image (Fig. 2b，c) provides a better view of 

these particles, from which the size of STO nanosphere can be identified as 300 nm 

and that of FSTO ranging from 100nm to 300nm. Therefore, doping may affect the 

morphology of the photocatalysts. The morphology and structure of STO and FSTO 

particles was further studied by using the high-resolution TEM images (HRTEM). 

The HRTEM images (Fig. 2e, f) were recorded on the surface of nanospheres. The 

lattice fringes on the pure STO have interplanar spacing d = 0.276 nm (Fig. 2e), 

which perfectly corresponds to the (1 1 0) plane of STO, and that of FSTO is 0.275 

nm (Fig. 2f), with little difference between pure STO. 33 Combined with SEM and 

TEM images, it can be drawn that doping can affect the morphology of materials, 

which is not just on the macroscopic morphology, but also the interplanar spacing. 

To further determine the composition and element distribution of the FSTO 

sample, the HAADF-STEM is operated to show the intensity of Sr, Ti, O and Fe 

signals. The HAADF-STEM images of FSTO: 0.03 are shown in Fig. 3. The maps of 

Sr, Ti, O and Fe are also given in the Fig. 3, which have the same shape and locations, 

giving solid evidence that Fe3+ has been successfully doped into the STO lattices, this 

is consistent with the results of the XRD and EDX. 

3.2. X-ray photoelectron spectra (XPS)  

More evidence is given by the XPS spectra of sample SFTO: 0.03, as shown in 
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Fig. 4. In the full range XPS spectrum (Fig. 4a), the signals of Sr, Ti, O, and Fe with 

different states can be clearly observed, which means the definite existence of SrTiO3 

and Fe3+. The C element could be ascribed to the adventitious carbon-based 

contaminant, and the binding energy for C 1s peak at 284.6 eV was used as the 

reference for calibration. In the high-resolution spectrum of Ti 2p of SFTO: 0.03 (Fig. 

5b), one peak exists at 458.4 eV, which is ascribed to the Ti 2p3/2. And in the Fig. 5c, 

the peak exists at 132.8 eV, which is ascribed to the Sr 3d5/2. In the high-resolution 

spectrum of Fe 2p of SFTO: 0.03 (Fig. 5d), the two peaks exist at 720.3 eV and 710.3 

eV are ascribed to Fe 2p 1/2 and Fe 2p 3/2 respectively. The proportion of elements is 

shown in Table 1, it is seen that the atomic ratio of Fe is 1.0%, which is smaller than 

the initial raw material ratio (3%). This is maybe because XPS is a surface chemical 

analysis technique, the depth of its sampling is ranging from 2nm to 5nm, so it 

provides the elements content on the surface, which is very different from the bulk 

composition. Another reason maybe is the source of Fe(III) does not participate in the 

reaction completely. 

3.3. UV−vis absorption spectra  

Fig. 5 displays the UV-vis absorption spectra of pure STO and FSTO. As shown 

in Fig. 5a, with the increasing amount of Fe3+, there is an enhanced absorbance in the 

visible-light region (λ>420 nm). We can also observe a color change of the samples, 

that is, from white to yellow (inset in Fig. 5a). The absorption edge extends visible 

region to about 600nm. It has reported that doping Fe3+ into TiO2 may lead the 

generation of the impurity energy level between the conduction band and valence 

band of TiO2 
34. In the energy level of Fe3+, the excited electrons could transfer to the 

conduction band of TiO2, which lead an absorption in the visible light region. So the 

absorption in the visible light as shown in Fig. 5a is owing to the excited electrons 
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from the isolated energy level which produced by Fe3+ to the conduction band of 

FSTO. The energy band gap of FSTO could be calculated using band gap energy 

relation of Eg (eV) =1240 / λ (nm), where λ is absorption edge and Eg is energy 

band gap of FSTO. As shown in Fig. 5b, by changing the Fe3+ doping amount from 0 

to 0.05, the energy band gap can be precisely controlled from 3.2 eV to 2.6 eV.  

3.4. Photocatalytic degradation of TC 

In our work, the experiments of the catalytic activities on pure STO and FSTO 

photocatalysts with different Fe proportion were carried out in 80 min under visible 

light irradiation (λ>420 nm) for comparison, as shown in Fig. 6, and we found the 

FSTO photocatalysts show excellent enhancement in the photodegradation of TC 

under visible light irradiation. Fe3+ proportion has a crucial influence on the 

photocatalytic activities of FSTO photocatalysts. Even a very small amount (0.015) of 

Fe3+ contributes a huge enhancement to the photocatalytic performance. As shown in 

Fig. 6, the pure STO photocatalysts do not exhibit degradation ratio under visible 

light, which due to wide energy gap of 3.2 eV. Only, with the existence of Fe3+ 

(0.015), the DR of FSTO: 0.015 sample is enhanced to 61.3%, which shows excellent 

enhancement compared to pure STO sample. The trend of DR is well increased as the 

proportion of Fe3+ increased from FSTO: 0.015 to FSTO: 0.03 and the FSTO: 0.03 

sample shows the highest DR (71.6%). The photocatalytic DR of TC decreases 

rapidly as the Fe3+ proportion over 0.03. The FSTO: 0.05 sample shows the lowest 

DR of 52.5% among all the FSTO photocatalyst samples, but it is still much higher 

than that of the STO sample. 

3.5. The Kinetic study of photocatalytic degradation of TC  

In order to further illustrate the photocatalytic reaction, the kinetic behavior is 

discussed. The photodegradation reaction kinetics of TC can be described by a 
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Langmuir−Hinshelwood model according the report 35. Fig. 7a shows the ln(C0/C) 

versus time interval and the apparent rate constant values for photodegradation of the 

TC solution over different photocatalysts in 80 min under visible light irradiation. As 

shown in Fig. 7a, we can draw the conclusion that the SFTO photodegrade TC under 

visible light irradiation comply with the first-order kinetics. The value of kapp gives an 

indication of the activity of the photocatalyst, as shown in Fig. 7b. Apparently, for the 

TC photodegradation the rate constants for SFTO: 0.03 sample exhibits the highest 

rate constant of about 0.197 min-1, which is consistent with the result of the 

photocatalytic degradation of TC.  

3.6. Photoluminescence spectra (PL) analysis 

It is well acknowledged that the PL emission intensity is related to the 

recombination of electrons and holes. The lower PL emission intensity shows the less 

of an opportunity for electron-hole pairs’ recombination, the more effectively 

migration of charge-carriers, thereby 36. The intensity and wavelength of PL spectrum 

are sensitive to the doping of aliovalent ions 15. The measurement was conducted at 

the excitation wavelength of 281 nm with PMT voltage of 500 V and the PL emission 

maximum of FSTO samples are both at 382 nm. As shown in Fig. 8 the PL emission 

intensity of FSTO: 0.03 is lower than that of FSTO: 0.015. This means that the FSTO: 

0.03 has a lower recombination of photoinduced electron-hole pairs, when the 

recombination rate decreases, more photo-generated charge carriers can participate in 

the photochemical transformation, resulting in the enhancement of photocatalytic 

activity. With increasing the Fe3+ concentration, the PL intensity decreases and 

reaches a minimum value at the amount is 0.03. When the Fe3+ concentration exceeds 

this value, the PL intensities increase remarkably. The reason is that the Fe3+ 

incorporated into the STO can act as the electron-trapped agent to promote the 
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electron-hole separation at low doping concentration, while as the recombination 

center when the Fe3+ concentration exceeds the threshold and begins to aggregate 37.  

3.7. Total organic carbon (TOC) analyses 

To proof the degradation of the TC is owing to the photocatalysis rather than the 

physical adsorption, the TOC analyses were studied. As shown in Fig. 9a, the 

reduction of TC with the photocatalyst of the FSTO: 0.03 under visible light. In 80 

min, the remove of the TC is reached 42.5%, lower than that of the DR. The 

reasonable reason is that the degradation curve data were measured after the 

photocatalyst separation step by centrifugation 38. As shown in Fig. 9b, the TOC trend 

of the TC is similar to that of photo degradation represent that our experiments of the 

photocatalysis successfully and correctly evaluated the DR of the TC. Meanwhile, the 

trend of the TOC means our photocatalysts have enormous potential of decomposition 

of TC 39. Besides, we can also conclude that there are maybe many of intermediate 

products.  

3.8. High-performance liquid chromatography (HPLC) analyses 

The process of degrading TC under visible light irradiation was also researched 

using the research method of HPLC analyses. Fig. 10a shows a not symmetrical peak 

of TC at the start. As time goes on, the peak of TC is weaken gradually, and nearly 

disappears within 80 min. Peak area represents the relative concentration of a 

substance in a solution, as shown in Fig. 10b, the concentration of TC is decreased, so 

we can be found that the degradation of TC under visible light irradiation is clipping 

and efficient with the photocatalyst is FSTO: 0.03.  

3.9. Active species trapping experiments  

A series of active species trapping experiments were conducted to further 

investigate the photocatalytic degradation mechanism of TC. Fig. 11 shows the results 
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of adding different radical scavengers over the FSTO: 0.03 photocatalysts under 

visible-light irradiation. When triethanolamine (TEA) 40-44 traps for h+ is added into 

the reaction system, the photodegradation is greatly restrained compared to the 

reaction without radical scavengers. It can be easily found that the addition of TEA in 

the catalytic system leads to a 50% decrease to the photocatalytic degradation rate of 

TC under FSTO: 0.03. A similar and obvious suppression phenomenon is also 

observed with the benzoquinone(BQ) 43 scavenger for ·O2
-. Therefore, it can be 

concluded that h+ and ·O2
- are the main active species of FSTO: 0.03 in aqueous 

solution under visible light irradiation. However, when 10 mL of iso-propanol (IPA) 

45 for ·OH is added into the reaction system, the degradation of TC is slightly lower to 

the reaction without radical scavengers, so the ·OH indicating that ·OH plays a minor 

role for TC degradation. On the contrary, the photocatalytic degradation of TC 

obviously increased with the addition of AgNO3 for e− 40-44. The increase suggests 

that the scavenger of e− has less of an opportunity for electron-hole pairs’ 

recombination and facilitates the production of more holes. 

3.10. Reactive species in the catalytic system 

In order to determinate the presence of ·OH and ·O2
- effectively and intuitively, 

ESR experiments were carried out under visible light.45 FSTO: 0.03-H2O/DMPO and 

FSTO: 0.03-CH3OH/DMPO were prepared by the following experimental process: 10 

mg samples and 40 µL DMPO were dissolved in 0.5 mL deionized water and stirred 

for 5 min (solution A) and the solution B were prepared the same except the water 

was changed by CH3OH. Solution A was used as the detection of hydroxyl radicals 

(DMPO-·OH), and solution B was used as the detection of superoxide radicals 

(DMPO-·O2
-). As shown in Fig. 12a, it can be seen that the strong characteristic peaks 

corresponding to DMPO-·OH adduct are observed for the FSTO: 0.03 samples. From 
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Fig. 12b, it is clear that the characteristic peaks of the DMPO-·O2
- adducts are 

observed in the ESR patterns for the FSTO: 0.03 samples. This proves that the ·O2
- 

have been produced during the process of photocatalytic reaction. The number of 

characteristic peaks of the DMPO-·O2
- adducts is four, which is because the solution 

B is neutral (PH=7) 46. If the solution is acid, then the number will be six, and this is 

because their hyperfine splitting peaks are not the same 47. According to the ESR 

analyses, we can make the conclusion that the presence of ·OH and ·O2
-, furthermore, 

from the active species trapping experiments, we suggested that ·O2
- and h+ also 

played a major role in the photocatalytic degradation of TC, and the ·OH is in a 

weaker position 48. 

On the basis of the experimental results, doping Fe3+ into STO can lead to the 

formation of impurity energy level between the conduction band and valence band of 

STO 13. So we can have consideration for that the new structure of FSTO may easily 

generate electronics and holes to the surface of nanomaterials and initiate the 

photocatalytic reactions in the visible region, we can come to the conclusion that the 

possible mechanism is 16, as shown in Scheme 1. Firstly, the photocatalysts generate 

electron-hole pairs since the electron come to conduction band from impurity energy 

level; secondly, in the conduction band, the generation of ·O2
- radicals due to the 

electron reacts with the oxygen molecule; meanwhile, the h+ will going to decompose 

the pollutant target and a small amount of h+ will going to produce ·OH to degrade 

TC. 

The trend of DR is well increased as the proportion of Fe3+ increased from STO 

to FSTO: 0.03. The FSTO: 0.03 samples show the highest DR (71.6%) among all the 

samples. The photocatalytic DR of TC decreases rapidly as the Fe3+ proportion over 

0.03. The FSTO: 0.05 samples show the lowest DR of 45.2% among all the FSTO 
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photocatalyst samples. The decrease of DR of photocatalysts with relatively high 

(over 0.03) Fe3+ proportion may also result from the Fe3+ ions have been successfully 

doped into the STO crystal lattice by substituting Ti4+, accompanying the generation 

of active sites in STO. The active sites at appropriate content can effectively capture 

the electrons or holes and prolong the lifetime of photogenerated charges thereby 

increasing the photo-quantum efficiency. But, with Fe3+ ion increases, excessive 

active sites can act as recombination centers of photogenerated electrons and holes, 

thus reducing the photocatalytic activity of the powders 37. As a consequence, the 

suitable Fe3+ proportion is crucial for optimizing the photocatalytic activity of FSTO 

composite photocatalysts.  
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4. CONCLUSION 

In conclusion, the STO and FSTO photocatalysts were successfully synthesized 

by the hydrothermal method. The XRD was assigned to the pure STO, and no peaks 

to Fe3+ phases were identified, probably due to the low Fe3+ concentrations in STO 

matrix. The EDX and XPS spectra of the photocatalysts were assigned to the 

existence of Fe3+. From the UV-vis spectra, by changing the Fe3+ doping amount from 

0 to 5%, the energy band gap can be precisely controlled from 3.2 eV to 2.6 eV. And 

as PL spectrum shows, the PL emission intensity of FSTO: 0.03 is lower than that of 

other FSTO samples and pure STO. This means that the FSTO: 0.03 has a lower 

recombination of photoinduced electron-hole pairs, which improved the 

photocatalytic activity under visible light. From the photocatalysis experiment, we 

can also draw a conclusion that the FSTO: 0.03 has the highest photodegradation of 

TC reached to 71.6%. In addition, the TOC, HPLC, active species trapping 

experiments analyses and ESR analyses were conducted to proof the photocatalysts 

react with TC under h+ and ·O2
- as the main active species to produce CO2 and H2O 

or other inorganic molecules. 
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Fig. 1. (a) XRD patterns of obtained samples with different Fe
3+
 proportion; (b) 

EDX spectrum of FSTO: 0.03. 
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Fig. 2. SEM images of pure STO (a) and FSTO: 0.03(d); TEM images of pure 

STO (b) and FSTO: 0.03(e); HRTEM images of pure STO (c) and FSTO: 0.03(f) 
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Fig. 3. HAADF-STEM images of the FSTO: 0.03 sample with maps of Sr–L, 

Ti–L, O–K and Fe–L. 
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Fig. 4. (a) The full range XPS spectrum; (b-d) the high-resolution XPS spectra of 

Sr, Ti and Fe respectively of FSTO: 0.03 sample.  
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Fig. 5. UV-vis diffuses reflectance spectra of different samples with color 

contrast in photos (inset). 
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Fig. 6. Photocatalytic degradation ratios of TC with different samples under 

visible light irradiation. 
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Fig. 7. (a) The first-kinetic of the photocatalytic degradation of TC; (b) Apparent 

rate constant values for photodegradation of the TC solution over different 

photocatalysts in 80 min under visible light irradiation. 
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Fig. 8. PL spectrum of different samples with the excitation wavelength of 281 

nm. 
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Fig. 9. The TOC removal curves of FSTO: 0.03 under visible light irradiation (a); 

degradation curve trend contrasts tetracycline and TOC in 80 min (b). 
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Fig. 10. High-performance liquid chromatography (HPLC) analyses of TC 

photodegradation over FSTO: 0.03 under visible light irradiation (a); the peak area 

which represents the relative concentration of TC (b). 
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Fig. 11. Photocatalytic degradation ratios of TC using different radical 

scavengers over FSTO: 0.03 under visible light irradiation for 80 min. 
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Fig. 12. DMPO spin-trapping ESR spectra of TC solutions after visible light 

irradiation ((a) FSTO: 0.03- H2O/DMPO, (b) FSTO: 0.03-CH3OH/DMPO). 
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Scheme 1. Mechanistic pathway of electrons and holes under visible light 

illumination over FSTO: 0.03 photocatalysts. 
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Table captions 

 

Table 1. The proportion of elements of FSTO: 0.03. 

 

Element Atomic % 

Sr3d Scan 16.85 

C1s Scan 10.99 

Ti2p Scan 16.06 

O1s Scan 55.1 

Fe2p Scan 1.0 
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