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Facile one-step synthesis of TiO2/
Ag/SnO2 ternary heterostructures 
with enhanced visible light 
photocatalytic activity
Zewu Zhang1,2, Yuhang Ma1,2, Xiaohai Bu1,2, Qiong Wu1,2, Zusheng Hang1,2, Zhao Dong1,2 & 
Xiaohan Wu1,2

Novel TiO2/Ag/SnO2 composites were successfully prepared by a facile one-step reduction approach 
using stannous chloride as both SnO2 precursor and reducing agent. The Ag nanoparticles with sizes of 
2.04–3.94 nm were located on TiO2 matrix and immobilized by the surrounded SnO2. The resulted TiO2/
Ag/SnO2 nanocomposites were used as photocatalyst for photodegradation of methylene blue under 
visible light. The experimental results demonstrated that the visible light photocatalytic activity of the 
TiO2/Ag/SnO2 was significantly enhanced in comparison with the individual TiO2 or the binary composite 
(TiO2/Ag or TiO2/SnO2) and the degradation rate was up to about 9.5 times that of commercial TiO2. 
The photocatalytic activity of the TiO2/Ag/SnO2 composites could be well controlled by simply tuning 
the dosages of Ag precursor and the optimized activity of the composites was obtained when the 
dosage of Ag precursor was 2%. Moreover, the TiO2/Ag/SnO2 photocatalyst exhibited high stability for 
degradation of methylene blue even after four successive cycles.

Currently, photocatalysis applications for addressing environmental issues such as environment pollution and 
energy crises have attracted more and more attention and gradually become a research hotspot1–4. In most case, 
non-toxic, chemically stable, controllability of redox power through materials engineering, and the capable of 
retrieval and extended use without substantial loss of activity are often recognized as the rubric of semiconductor 
photocatalysis5–7. However, conventional homogeneous photocatalysis have inherent drawbacks such as the easy 
recombination of photo-induced electron-hole (e−/h+) pairs and the absorption of light only at ultraviolet region 
(λ < 400 nm)8. Developing heterogeneous photocatalysis has been an effective strategy to enlarge the range of 
wavelengths of light absorption and promote the separation of the charge-carrier9,10. Therefore, the heterogeneous 
photocatalysis often shows more appealing than its homogeneous counterpart.

Among the multi-heterogeneous systems that have been developed, TiO2-based photocatalysts have triggered 
considerable interest due to their unique photocatalytic activity and good chemical stability11. Heterostructures 
of TiO2 and other oxides, such as ZnO12, SnO2

13–15, and Fe2O3
16 to form the semiconductor coupling is believed to 

overcome the facile recombination of e−/h+ pairs. In the suitably assembled semiconductors, the efficient charge 
transfer can be occurred, ultimately leading to the spatially separation of the charge-carrier. In particular, the 
SnO2/TiO2 system with high photocatalytic activity has attracted extensive interest. On one hand, SnO2 possessed 
a high electron mobility (~100–200 cm2V−1s−1)17, which gives rise to a faster transport of photoinduced electrons. 
On the other hand, the conduction band (CB) edge of SnO2 is more positive than that of TiO2

18, which may lead 
to the transformation of photoexcited electrons from the CB of TiO2 to that of SnO2, and the opposite transforma-
tion direction for holes in the heterojunction between TiO2 and SnO2

19. By this way, the recombination of charge 
carriers can be greatly suppressed, thereby resulting in an enhanced photocatalytic performance.

Additionally, in regard to the weak visible light response, decorating TiO2 with noble metal nanoparti-
cles(NPs) to construct the noble metal/TiO2 composite was suggested to be an effective method to extend the 
photoresponse of TiO2 to visible light region due to the localized surface plasmon resonance (SPR) for metallic 
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nanoparticles20. In these heterogeneous systems, the noble metal NPs can be excited by visible light in the ways 
that the oscillating electric field of the light interacts with the conduction electrons21. As a result, a strong oscil-
lation of these electrons appears when the incident photon frequency is comparable to the collective oscillation 
of the conduction electrons22. Still now, there are several methods have been reported for incorporation of noble 
metal NPs into TiO2, such as adsorption of preformed noble metal colloids23 and photo-deposition24. But unfor-
tunately, all of these strategies are suffered from the weak interaction between TiO2 and noble metal NPs, and also 
the problem of inhomogeneity distribution of noble metal NPs25. As is well known, the strong linkage of noble 
metal NPs to TiO2 may enhance the electron transfer between noble metal NPs and TiO2 and can also prevent 
the metal NPs to leach from TiO2 surface26. Moreover, the surface homogeneity distribution of small noble metal 
NPs might increase the density of metal/TiO2 interface. All of these enhance the photocatalytic activity of the 
composites comprised with the pure TiO2. In these regards, it is necessary to develop a facile strategy to prepare 
the composite photocatalyst that coupled with noble metal NPs, SnO2 and TiO2.

Recently, our group27 reported a convenient Sn2+ reduction method to prepare a ternary heterostructure 
TiO2/SnOx-Au photocatalyst and the photocatalyst exhibited an enhanced visible photocatalytic performance as 
compared with TiO2/SnO2 and TiO2/Au binary composites. In this catalytic system, the Au nanoparticles were 
connected with SnOx surface directly, which may weaken the interaction with noble metal NPs and TiO2 matrix 
inevitably. In this regard, it may be more meaningful to construct a ternary heterostructure in which noble metal 
NPs were coupled with both TiO2 matrix and tin oxides accelerant.

In the present work, we have constructed a ternary heterostructure TiO2/Ag/SnO2 photocatalyst with Ag nan-
oparticles by SnO2, by which we want to maximize the potential of Ag NPs for extending the visible-light absorp-
tion and the SnO2 species for inhibiting the recombination rate of photo-generated h+/e− pairs. The preparation 
route was shown in Fig. 1. The Ag NPs in the ternary composites exhibited a quite uniform distribution with the 
particles size could be facilely tuned from 2.04 nm to 3.94 nm. The ternary TiO2/Ag/SnO2 composites offered an 
enhanced catalytic activity for degradation of methylene blue under the visible light irradiation as compared with 
the single TiO2 and the binary hybrid materials (TiO2/Ag and TiO2/SnO2).

Experiment
Synthesis of TiO2/Ag/SnO2 composites. In a typical experiment, 1.0 g of P25 TiO2 was dispersed in 
deionized water (100 mL) by ultrasonic processing. Then a mixture aqueous solution containing SnCl2 (0.5 g) and 
hydrochloric acid (3.0 mL) were added into the above solution, which was allowed for stirring at room temper-
ature for 12 h. The precipitate was collected by centrifugation, followed by washing with water and redispersed 
into 70 mL water. Subsequently, 0.5 mL of AgNO3 solution (50 mM) was added. After reaction for 30 min, 2 mL of 
0.15 M sodium formate solution was added. The mixture was allowed to stir for another 4 h, and then the product 
was collected by centrifugation, washing with water and drying in a vacuum oven at 75 °C. The obtained sam-
ples were labeled as TiO2/Ag/SnO2(x wt%), where the x denoted the nominal content of Ag NPs in the ternary 
composites.

Characterization. Transmission electron microscopy (TEM) experiments were conducted on a JEM-1230 
microscope operated at 100 kV. The samples for the TEM measurements were suspended in ethanol and sup-
ported onto a Cu grid. The powder X-ray diffraction (XRD) patterns were recorded on a Bruker D8 Advance 

Figure 1. Methodology used for the preparation of the TiO2/Ag/SnO2 photocatalysts.
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Diffractometer (Germany) with Cu Kα radiation (λ = 1.5406 Å). X-ray photoelectron spectra (XPS) measure-
ments were carried out in a Thermo ESCALAB 250 instruments (USA) using non-monochromatic Al Kα1486.6 
radiation. The nitrogen adsorption and desorption isotherms were measured at −196 °C on an ASAP 2020 
(Micromertics USA).The specific surface area was determined from the linear part of the BET equation (P/
P0 = 0.05–0.25). The pore size distribution was derived from the desorption branch of the N2 isotherm using the 
Barrett-Joyner-Halenda (BJH) method. UV-vis spectra were recorded on a Shimadzu UV 3600 spectrometer.

Evaluation of photocatalytic performance. 40 mg TiO2/Ag/SnO2 composites were added into 100 mL 
of 3.12 × 10−5 mg/L methylene blue (MB) solution. A 500 W xenon lamp, the main wavelength of which lies in 
the 365–720 nm range, was used as the visible light source. Before irradiation, the solution was stirred for 30 min 
in dark in order to achieve absorption-desorption equilibrium. Then, the aforementioned mixture solution was 
irradiated in a photochemical chamber under continuous stirring with reflux water to keep the temperature 
constant. At certain time intervals, 2 mL solution was drawn out and centrifuged to obtain clear liquid. The quan-
titative determination of MB was performed by measuring the intensity of its absorption peak with a UV-vis 
spectrophotometer.

Results and Discussion
The TiO2/Ag/SnO2 ternary composites were prepared followed by the strategy containing a facile one step reduc-
tion approach by using stannous chloride as both SnO2 precursor and reducing agent. The commercial Degussa 
P25 TiO2 composed with 80% anatase and 20% rutile was used as the support due to its good application pros-
pect28. In the first step, the TiO2 particles were activated with Sn2+ by the inorganic grafting between Sn2+ and 
surface hydroxyl groups on TiO2 particles29. Secondly, AgNO3 solution was added into the TiO2/Sn2+ species. 
It is well known that the isoelectric point of Degussa P25 TiO2 is about 6.230. Therefore, the surface of TiO2 is 
possessed of negative charge in the neutral environment. Except the part of the TiO2 surface being neutralized 
by Sn2+, the residual position with negative charge can be served as the adsorption site for self-assembly of Ag+. 
Since the standard reduction potential of the Sn4+/Sn2+ (0.151 V vs. redox pair the standard hydrogen electrode, 
SHE) is lower than that of Ag+/Ag(0.80 V vs. SHE), the deposited Ag+ can be easily reduced to Ag NPs at ambient 
temperature by the surrounding Sn2+ species, with the Sn2+ species being oxidized to SnO2. As a result, Ag NPs 
were incorporated onto TiO2 surface and isolated by the SnO2 species.

Figure 2(a) showed the TEM image of TiO2/Ag/SnO2 photocatalyst with the nominal Ag content was 1 wt%. 
It was obviously that the Ag NPs with the average particle size of about 2.04 nm were well-distributed on the TiO2 
surface (with the size range of Ag NPs is 1.1 nm~2.9 nm). We attributed it to the evenly distribution of Sn2+ spe-
cies on TiO2 that gives rise to the uniform adsorption sites for Ag+. As a result, the Ag NPs were homogeneously 

Figure 2. TEM images of as-prepared TiO2/Ag/SnO2 photocatlaysts with different Ag contents: (a) 1 wt%, (b) 2 
wt% and (c) 5 wt%. (d) HRTEM images of TiO2/Ag/SnO2(2 wt%) photocatlaysts.
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distributed in the ternary composites. Interestingly, the particles size of the Ag NPs on the support could be tuned 
by facilely changing the dosage of AgNO3 (Fig. 2(b,c)).When the nominal dosage of AgNO3 was 2 wt%, the aver-
age size of the formed Ag NPs increased to ~2.66 nm (with the size range of Ag NPs is 1.5 nm~3.6 nm). Further 
increase the nominal concentration of Ag to 5 wt%, the Ag NPs possessed a larger particles size (~3.94 nm, with 
the size range of Ag NPs is 2.0 nm~6.4 nm), suggesting that the particle size of the incorporated Ag NPs on TiO2 
surface could be easily controlled. It should be mentioned that the SPR effect is strongly related to the content 
and particle size of noble metal NPs31, therefore it seems that the convenient adjustment of Ag NPs is crucial for 
optimizing the photocatalysis. But beyond that, it should be mentioned that Ag NPs in all the heterostructure 
composites exhibited uniform distribution even with the growth of Ag NPs. Figure 2(d) displayed the typical 
HRTEM images of the TiO2/Ag/SnO2(2 wt%) photocatlaysts. The image indicated that the ternary composites 
were composed of Ag NPs located on TiO2 matrix and immobilized by the surrounded SnO2.

Figure 3 displayed the energy dispersive X-ray (EDX) spectroscopy of TiO2/SnO2/Ag photocatlaysts. The 
result showed that the content of Ti, O and Sn in all samples is almost the same, suggesting that the incorporation 
of Ag NPs in the photocatalysts have little influence on the content of TiO2 and Sn species. Additionally, the Ag 
content in TiO2/SnO2/Ag samples increased with the increased dosage of AgNO3, demonstrating that the concen-
tration of Ag NPs can be easily tuned in our experiment. Figure 3 also displayed the HAADF-STEM of the TiO2/
Ag/SnO2. Though the images appear blurry, it might be concluded that Ag nanoparticles were tightly covered by 
Sn species from the red frames in the mapping images of Ag(Ag-L) and Sn(Sn-L), which is bright in Ag images 
but dark in Sn images.

XRD patterns of the TiO2/Ag/SnO2 samples were shown in Fig. 4. All the samples exhibited the mixed crys-
talline phase containing anatase and rutile, which is on account of the P25 TiO2 that used as the support in our 
experiment containing anatase and rutile phases32. The result also suggested that the loading of SnO2 or Ag had 
minor influence on the crystalline phase of original TiO2. No obvious Ag and Sn species peaks could be seen in 

Figure 3. TOP: EDX analysis of (a) TiO2/Ag/SnO2(1 wt%) and (b) TiO2/Ag/SnO2(5 wt%). (c) A representative 
EDS-Mapping of TiO2/Ag/SnO2(5 wt%). Down: HAADF-STEM image of the as-obtained TiO2/Ag/
SnO2(2 wt%).
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the composites that incorporated 1 wt% and 2 wt% Ag, which might be attributed to the relatively low crystal-
linity of Sn species and the quite small Ag NPs, respectively33. As increasing the size of the supported Ag NPs to 
3.94 nm(TiO2/Ag/SnO2(5 wt%)), the diffraction peaks that could be assigned to the Ag NPs with face-centered 
cubic structures (fcc) emerged.

The chemical and bonding environments of the ternary composites were ascertained by XPS measurements. 
As shown in Fig. 5, the fully scanned spectra revealed that the presence of Ti, O, Sn and Ag in all the ternary TiO2/
Ag/SnO2 composites. The high-resolution spectrum of the Ag 3d region in the TiO2/Ag/SnO2(5 wt%) displayed 
two peaks corresponding to metallic Ag at binding energies of 367.8 eV and 373.8 eV in Ag 3d3/2 and Ag 3d5/2 
levels, with the splitting of the 3d doublet is 6.0 eV, revealing the complete reduction of Ag+ in the experiment34. 
It was obvious that the peaks of Ag 3d shifted to the lower position as compared to these of bulk Ag (368.3 eV for 
Ag 3d3/2 and 374.3 eV for Ag 3d5/2)35, indicating the increase in electrons density of Ag species and also revealing 

Figure 4. XRD patterns for (a)TiO2/SnO2, (b) TiO2/Ag/SnO2(1 wt%), (c) TiO2/Ag/SnO2(2 wt%) and (d) TiO2/
Ag/SnO2(5 wt%).

Figure 5. XPS patterns of (a) TiO2/Ag/SnO2(1 wt%), (b) TiO2/Ag/SnO2(2 wt%) and (c) TiO2/Ag/SnO2(5 wt%).
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the strong interaction between Ag and the semiconductors36. Moreover, the binding energies of Sn 3d5/2 and Sn 
3d3/2 are 486.8 and 495.1 eV, respectively, indicating that tin, in all samples, is in the +4 oxidation state37,38. In 
the experiment, Sn2+ was completely oxidized by the excess Ag+, and the formed Sn4+ species could not be easily 
reduced by sodium formate39,40. As a consequence, it is reasonably to calculate that the Sn species in TiO2/Ag/
SnO2 ternary heterostructures are dominated by the SnO2. The Ti 2p spectrum in TiO2/Ag/SnO2(1 wt%) can be 
ascribed to Ti 2p3/2 and Ti 2p1/2 that centered at binding energies of 464.3 and 458.6 eV correspondingly. The 
splitting of the binding energies was ~5.7 eV, which indicated that the typical Ti4+ in the composite sample41,42. 
The Ti 2p spectrum do not vary with the increase the content of Ag NPs, suggesting that the incorporation of 
higher quantity of Ag have few influence on the chemical environments of TiO2.We attributed it to the lager 
amount of TiO2 species in the composites that could offer abundant electrons without the alteration of the chem-
ical state of TiO2 particles.

The nitrogen adsorption-desorption isotherm and corresponding size distribution of the as-prepared TiO2/
Ag/SnO2 samples were shown in Fig. 6. It was obviously that all the TiO2/Ag/SnO2 samples exhibited the typical 
porous characteristics, as evidenced by the significant type IIb curves in the N2 absorption-desorption isotherm 
of TiO2/Ag/SnO2 sample43. This pore should be ascribed to the space among the stacking of the grain in the TiO2 
matrix or the SnO2 shells. Additionally, the feature of the isotherm was not be changed as the alteration of Ag con-
tent, indicating that Ag NPs were mainly deposited on the surface of TiO2 instead of filling into the pores of TiO2 
matrix. The same result could also be verified from the pore size distribution of the sample in Fig. 6(ii), which 
showed the similar pore size distribution of the two samples, with the average pore size being ~40 nm.

The optical properties of the as prepared samples were characterized by UV-vis DRS, and the results were 
shown in Fig. 7. Compared with the unmodified TiO2 nanoparticles, the absorption measurements of the TiO2/
Ag/SnO2 sample exhibited enhanced photoabsorption in the range of 400–650 nm, which can be attributed to the 
light-harvesting enhancements by the surface plasmon resonance of Ag NPs27. Moreover, the absorption edge of 
the TiO2/Ag/SnO2 composite extended an unambiguous red-shift compared to the TiO2 and TiO2/SnO2, which 
reflected that the electronic structure and optical properties of the TiO2 and TiO2/SnO2 have been modified by 
the incorporated Ag species. The band-gap energy of the samples can also be determined from the plot of (ahν)1/2 
versus hν (Fig. 7(ii))44. The optical band gap energy of the TiO2/Ag/SnO2(1 wt%) composite was measured to be 
2.7 eV, which was relatively lower than that of TiO2(3.2 eV) and TiO2/SnO2(3.0 eV). These result also confirmed 
that the incorporation of Ag and SnO2 caused a red shift of the UV-Vis absorption spectrum and narrowed the 

Figure 6. N2 adsorption-desorption isotherm and corresponding pore size distribution curve (inset) of (a) 
TiO2/Ag/SnO2(1 wt%), and (b) TiO2/Ag/SnO2(5 wt%).

Figure 7. (i) UV-vis diffuse reflectance spectra and (ii) the corresponding Tauc plot of (a) original TiO2, (b) 
TiO2/SnO2, (c) TiO2/Ag/SnO2(1 wt%) and (d) TiO2/Ag/SnO2(2 wt%).
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optical band gap energy of TiO2. Moreover, the TiO2/Ag/SnO2(2 wt%) composite exhibited a higher absorption 
and an even narrower band gap energy (2.3 eV) than the TiO2/Ag/SnO2(1 wt%) composite, possibly suggesting 
that the enhanced electron transfer existed among the components of TiO2/Ag/SnO2(2 wt%). Benefiting from 
such broad light absorption width and high absorption intensity in the visible region, the ternary composite 
photocatalyst was expected to improve the solar-energy utilization efficiency and perhaps possessed an enhanced 
visible-light-driven photocatalytic performance.

Visble-light photocatalytic activity. The photocatalytic performances of the as-prepared TiO2/Ag/SnO2 
composites were evaluated by monitoring its characteristic absorption band at 650 nm to measure the degrada-
tion rate of MB under visible light irradiation. Before irradiation, the reaction mixtures were stirred in dark for 
30 min to ensure that the adsorption-desorption equilibrium of MB was established. As shown in Fig. 8(i), the 
ternary TiO2/Ag/SnO2 heterostructure exhibited a slightly increase adsorption efficiencies for MB (~10%) as 
compared with the commercial TiO2 and binary heterostructure(TiO2/Ag, and TiO2/Sn2+), demonstrating that 
the incorporation of Ag and Sn species can increase the adsorption of MB.

The photodegradation of MB does not occur without the presence of photocatalysts, as evidenced by little 
change in the absorption peak after visible light irradiated for 2 h. After addition of a trace amount of photo-
catalyst into the solution, the adsorption peak significant decreased, suggesting the degradation of the organic 
pollutant proceeded. Figure 8(i) showed plots of Ct/C0 in the degradation of MB, where C0 is initial concentration 
of MB and Ct is the concentrations of the MB at time t, respectively. It is undisputed that the degradation rate 
of MB followed the order of TiO2/Ag/SnO2 > TiO2/Ag > TiO2/SnO2 > TiO2 after the same irradiation time. The 
result indicated that the degradation efficiency of MB could be improved in the presence of Ag or SnO2 modified 
TiO2 photocatalytic systems as compared to pure TiO2, particularly remarkably enhanced with the Ag/SnO2 
co-decorated TiO2 photocatalyst. Furthermore, the photocatalytic degradation of the organic pollutant could 
be regarded as a pseudo-first-order kinetics reaction to evaluate the degradation rate. The linear relationships 
between ln(Ct/C0) and reaction time using the samples were shown in Fig. 8(ii), and the plots of all the samples 
were well matched the first-order reaction kinetics. The calculated rate constant k for TiO2, TiO2/SnO2,TiO2/Ag 
and TiO2/Ag/SnO2(2 wt%) samples were 0.002 min−1, 0.004 min−1, 0.008 min−1 and 0.019 min−1, respectively. It 
is apparent that TiO2/Ag/SnO2(2 wt%) exhibited the best degradation efficiency among the above four samples, 
giving a 9.5 times higher rate constant of MB degradation than the commercialize TiO2.

As discussed before, the excellent photocatalytic performance for the TiO2/Ag/SnO2(2 wt%) sample, on one 
hand, should be largely attributed to the SPR effect of Ag NPs induced broadband optical absorption enhance-
ment. The porous characteristic of the ternary composites may also promote the connection between the 
embedded Ag NPs and the external environment, leading to a strong SPR effect of Ag NPs. On the other hand, 
it could be ascribable to the SnO2 species may serve as an electron tank to accept the photogenerated electrons 
and facilitate charge carriers separation45. Interesting, as compared the rate constant with that of TiO2/SnOx/Au 
reported previously(0.014 min−1)27, it could be found that the k values of the samples(0.019 min−1 for TiO2/Ag/
SnO2(2 wt%)) even exhibited an increased photocatalytic activity. In the previous report, it was suggested that 
the electron trapping capability of Au was excellent than that of Ag upon the higher electron affinity of Au NPs, 
which inevitably give rise to a higher photocatalytic activity for the Au modified photocatalysts46. In this work, 
the abnormal higher activity of TiO2/Ag/SnO2 can be attributed to the intimate connection among the Ag, SnO2 
and TiO2. In our experiment, the Ag NPs were initially absorbed on TiO2 surface, and reduced by the surrounding 
Sn2+ species, rustling in Ag NPs directly located on the TiO2, and anchored by the SnO2 species. This structure 
may allow the maximum improvement level of interaction between each component of the photocatalyst, result-
ing in an enhanced photocatalytic performance. While for the TiO2/SnOx/Au, the Au NPs were located on the 
SnOx surface, which may weaken the interaction between noble metal NPs and TiO2 matrix. Indeed, comparing 
the rate constant with that of Au-based and Ag-based photocatalysts reported previously listed in Table 1, it can 
be found that the activity of TiO2/Ag/SnO2(2 wt%) in our experiment is much higher than that of most reports 
for the photodegradation of MB.

Figure 8. Photocatalytic activities (i) and kinetics (ii) of the different catalysts. (a) No catalyst, (b) TiO2, (c) 
TiO2/SnO2, (d) TiO2/Ag, (e) TiO2/Ag/SnO2(1 wt%), (f) TiO2/Ag/SnO2(2 wt%), and (g) TiO2/Ag/SnO2(5 wt%) 
for degradation of MB under visible light irradiation.
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Besides, one can see that the TiO2/Ag/SnO2 heterostructure catalysts with Ag content 2% revealed the high-
est photocatalytic activity. When the Ag content is relatively low(<2%), the photodegration of MB enhanced 
gradually with increase of the Ag content, which may be attributed to the increase of the electron transfer inter-
face both of Ag-TiO2 and Ag-SnO2. However, when the Ag content exceeded 2%, an opposite phenomenon was 
observed by further increase the content of Ag. The lower photocatalytic performance should be ascribed to the 
re-combined electrons and holes upon the excess content of Ag NPs.

Because the practical application of photocatalyst requires its renewable, we carried out four cycling tests to 
degrade MB using the as-prepared TiO2/Ag/SnO2(2 wt%) photocatalyst to investigate its stability, as shown in 
Fig. 9a. It is observed that the TiO2/Ag/SnO2(2 wt%) sample only exhibited a slight decline for photocatalytic 
decomposition of MB shows after four cycles(9.1%). Almost no changes can be found form the XRD pattern of 
catalyst after reaction (Fig. 9b), demonstrating the excellent stability of the catalyst.

Based on the above experimental results and discussion, a possible mechanism for degradation of MB by 
visible-light-driven TiO2/Ag/SnO2 photocatalyst was proposed and presented in Fig. 10. Under visible light 
irradiation, only the Ag SPR can be excited, resulting in the emerging of electrons in the CB while the holes 
(h+) remain in the VB of Ag NPs47. These photo-induced electrons can get sufficient energy to surmount the 
Schottky barrier on Ag/TiO2 and Ag/SnO2 and move into the CB of semiconductor (TiO2 or SnO2) through their 
tightly-coupled interfaces, where the electrons can be consequently trapped by the adsorbed molecular oxygen 

photocatalyst
photocatalyst 
concn (mg)

initial MB 
concn (10−5 M)

degradation rate 
(10−2 min−1) ref

Au/Ag/TiO2 0.03 3 1.06 50

Ag/ZnO 150 0.5 0.55 51

Ag2Mo2O7/Ag 50 3.13 0.23 52

TiO2/SnO2/Au 40 3.12 1.4 27

TiO2/Ag/SnO2 40 3.12 1.9 this work

Table 1. Comparison of rate constant for the photodegration of MB using catalysts containing Ag 
nanoparticles.

Figure 9. (a) Conversion of 4-NP in 4 successive cycles of reduction using TiO2/Ag/SnO2(2 wt%) as 
photocatalyst, (b) XRD pattern of the TiO2/Ag/SnO2(2 wt%) catalyst after reaction, (c) Effects of a series of 
scavengers on the degradation efficiency of MB by TiO2/Ag/SnO2(2 wt%) photocatalyst.

Figure 10. Proposed photocatalytic mechanism for degradation of MB by TiO2/Ag/SnO2 nanocomposites 
under visible light irradiation.
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and produce superoxide radicals(▪O2
−)48. At the same time, the h+ on the VB of Ag in turn accept electrons from 

water or the dye molecules adsorbed on the surface of catalysts, resulting hydroxyl radicals(▪OH) generating in 
the surface of Ag NPs49. These reactive oxygen species and h+ are potent oxidizing agents for the degradation 
of methylene blue molecules. In order to distinguish the roles of the active species, we have taken the trapping 
experiment with scavenger investigation. Three reagents, t-BuOH, p-benzoquinone and EDTA, were used as 
the scavengers of •OH, •O2

− and h+, respectively. Figure 9c showed the degradation rates of MB by TiO2/Ag/
SnO2(2 wt%) in the conditions of adding scavengers. When t-BuOH (5 mM) was added into reaction solution, the 
photocatalytic efficiency was slightly reduced to 85.3%. However, the photocatalytic efficiency exhibited a signif-
icant decrease with the addition of p-benzoquinone (5 mM) or EDTA (5 mM), and the degradation rates of MB 
were reduced to 42.9% and 21.6%, respectively. Obviously, the results suggested that •O2

− and h+ are the main 
active species in the current photocatalytic system. The unique structure of TiO2/Ag/SnO2 with Ag NPs tightly 
immobilized on TiO2 by SnO2 species may promote the interactions between Ag and the semiconductor (TiO2 
and SnO2), which can accelerate the separation of photo-induced holes and electrons. As a result, the holes and 
electrons can be entirely involved in the photocatalytic reactions, and a strong photocatalytic activity is expected.

Conclusions
In summary, the ternary TiO2/Ag/SnO2 heterostructure composites were successfully prepared by a facile 
one-step reduction approach using SnCl2 as both SnO2 precursor and reducing agent. The Ag+ was first adsorbed 
on TiO2 surface and then reduced by the surrounding Sn2+ species, resulting in the formation of the TiO2/Ag/
SnO2 composite. The obtained TiO2/Ag/SnO2 heterostructure exhibited enhanced photocatalytic activity toward 
MB degradation under visible light irradiation as compared to individual TiO2 or the binary composite (TiO2/
Ag or TiO2/SnO2). The significantly improved photocatalytic activity should be attributed to the SPR effect of Ag 
NPs and also the fast charge separation by the formation of tightly connected interface of TiO2/Ag and SnO2/
Ag. Moreover, the TiO2/Ag/SnO2 composite exhibited good visible-light photocatalytic stability and reusability.

References
 1. Girija, K., Thirumalairajan, S., Mastelaro, V. R. & Mangalaraj, D. Photocatalytic degradation of organic pollutants by shape selective 

synthesis of beta-Ga2O3 microspheres constituted by nanospheres for environmental remediation. J. Mater. Chem. A 3, 2617–2627 
(2015).

 2. Xue, C., Wang, T., Yang, G. D., Yang, B. L. & Ding, S. J. A facile strategy for the synthesis of hierarchical TiO2/CdS hollow sphere 
heterostructures with excellent visible light activity. J. Mater. Chem. A 2, 7674–7679 (2014).

 3. Douglas, J. J., Sevrin, M. J. & Stephenson, C. R. J. Visible light photocatalysis: applications and new disconnections in the synthesis 
of pharmaceutical agents. Org. Process Res. Dev. 20, 1134–1147 (2016).

 4. Zhou, P., Le, Z., Xie, Y., Fang, J. & Xu, J. Studies on facile synthesis and properties of mesoporous CdS/TiO2 composite for 
photocatalysis applications. J. Alloy Compd. 692, 170–177 (2017).

 5. Park, J. H., Kim, S. & Bard, A. J. Novel carbon-doped TiO2 nanotube arrays with high aspect ratios for efficient solar water splitting. 
Nano Lett 6, 24–28 (2006).

 6. Kumar, S., Surendar, T., Kumar, B., Baruah, A. & Shanker, V. Synthesis of magnetically separable and recyclable g-C3N4–Fe3O4 hybrid 
nanocomposites with enhanced photocatalytic performance under visible-light irradiation. J. Phys. Chem. C 117, 26135–26143 
(2013).

 7. Chen, M. et al. Controllable synthesis of core–shell Bi@amorphous Bi2O3 nanospheres with tunable optical and photocatalytic 
activity for NO removal. Ind. Eng. Chem. Res. 56, 10251–10258 (2017).

 8. Zhao, W. R. et al. Synthesis, characterization, and photocatalytic properties of SnO2/rutile TiO2/anatase TiO2 heterojunctions 
modified by Pt. J. Phys. Chem. C 118, 23117–23125 (2014).

 9. Zhu, Z. et al. Fabrication of magnetically recoverable photocatalysts using g-C3N4 for effective separation of charge carriers through 
like-Z-scheme mechanism with Fe3O4 mediator. Chem. Eng. J. 331, 615–625 (2018).

 10. Cai, Z. et al. Enhanced visible light photocatalytic performance of g-C3N4/CuS p-n heterojunctions for degradation of organic dyes. 
J.Photoch. Photobio. A: Chem. 348, 168–178 (2017).

 11. Wang, M., Ioccozia, J., Sun, L., Lin, C. & Lin, Z. Inorganic-modified semiconductor TiO2 nanotube arrays for photocatalysis. Energ. 
Environ. Sci. 7, 2182–2202 (2014).

 12. Wang, L. et al. Piezotronic effect enhanced photocatalysis in strained anisotropic ZnO/TiO2 nanoplatelets via thermal stress. ACS 
Nano 10, 2636–2643 (2016).

 13. Acayanka, E. et al. Synthesis, characterization and photocatalytic application of TiO2/SnO2 nanocomposite obtained under non-
thermal plasma condition at atmospheric pressure. Plasma Chem. Plasma P. 36, 799–811 (2016).

 14. Wu, L., Yan, H., Li, X. & Wang, X. Characterization and photocatalytic properties of SnO2–TiO2 nanocomposites prepared through 
gaseous detonation method. Ceram. Int. 43, 1517–1521 (2017).

 15. Xu, X. et al. Fabrication of one-dimensional heterostructured TiO2@SnO2 with enhanced photocatalytic activity. J. Mater. Chem. A 
2, 116–122 (2014).

 16. Madhumitha, A., Preethi, V. & Kanmani, S. Photocatalytic hydrogen production using TiO2 coated iron-oxide core shell particles. 
Int. J. Hydrogen Energ. 43, 3946–3956 (2018).

 17. Ramasamy, E. & Lee, J. Ordered mesoporous SnO2−based photoanodes for high-performance dye-sensitized solar cells. J. Phys. 
Chem. C 114, 22032–22037 (2010).

 18. Gu, Q. et al. Ternary Pt/SnOx/TiO2 photocatalysts for hydrogen production: consequence of Pt sites for synergy of dual co-catalysts. 
Phys. Chem. Chem. Phys. 16, 12521–12534 (2014).

 19. Yuan, J. et al. TiO2/SnO2 double-shelled hollow spheres-highly efficient photocatalyst for the degradation of rhodamine B. Catal. 
Commun. 60, 129–133 (2015).

 20. Liu, B. et al. Influence of dimensionality and crystallization on visible-light hydrogen production of Au@TiO2 core-shell 
photocatalysts based on localized surface plasmon resonance. Catal. Sci. Technol. 8, 1094–1103 (2018).

 21. Low, J., Qiu, S., Xu, D., Jiang, C. & Cheng, B. Direct evidence and enhancement of surface plasmon resonance effect on Ag-loaded 
TiO2 nanotube arrays for photocatalytic CO2 reduction. Appl. Surf. Sci. 434, 423–432 (2018).

 22. Kochuveedu, S. T., Kim, D.-P. & Kim, D. H. Surface-plasmon-induced visible light photocatalytic activity of TiO2 nanospheres 
decorated by Au nanoparticles with controlled configuration. J. Phys. Chem. C 116, 2500–2506 (2012).

 23. Cai, J. et al. Synergistic effect of double-shelled and sandwiched TiO2@Au@C hollow spheres with enhanced visible-light-driven 
photocatalytic activity. ACS Appl. Mater. Interf. 7, 3764–3772 (2015).

 24. Tahir, M., Tahir, B. & Amin, N. A. S. Synergistic effect in plasmonic Au/Ag alloy NPs co-coated TiO2 NWs toward visible-light 
enhanced CO2 photoreduction to fuels. Appl. Cataly. B: Environ. 204, 548–560 (2017).



www.nature.com/scientificreports/

1 0Scientific REPORTS |  (2018) 8:10532  | DOI:10.1038/s41598-018-28832-w

 25. Wang, Y. et al. The role of electronic metal-support interactions and its temperature dependence: CO adsorption and CO oxidation 
on Au/TiO2 catalysts in the presence of TiO2 bulk defects. J. Catal. 354, 46–60 (2017).

 26. Sui, Y. et al. Atomically dispersed Pt on specific TiO2 facets for photocatalytic H2 evolution. J. Catal. 353, 250–255 (2017).
 27. Dong, Z., Wu, M., Wu, J., Ma, Y. & Ma, Z. In situ synthesis of TiO2/SnOx-Au ternary heterostructures effectively promoting visible-

light photocatalysis. Dalton Trans. 44, 11901–11910 (2015).
 28. Wang, Z., Xie, C., Luo, F., Li, P. & Xiao, X. P25 nanoparticles decorated on titania nanotubes arrays as effective drug delivery system 

for ibuprofen. Appl. Surf. Sci. 324, 621–626 (2015).
 29. Masai, H., Matsumoto, S., Ueda, Y. & Koreeda, A. Correlation between valence state of tin and elastic modulus of Sn-doped Li2O-

B2O3-SiO2 glasses. J. Appl. Phys. 119, 185104 (2016).
 30. Bacsa, R. R. & Kiwi, J. Effect of rutile phase on the photocatalytic properties of nanocrystalline titania during the degradation of 

p-coumaric acid. Appl. Catal. B: Environ. 16, 19–29 (1998).
 31. Ding, J., Zhang, L., Liu, Q., Dai, W. L. & Guan, G. Synergistic effects of electronic structure of WO3 nanorods with the dominant 

{001} exposed facets combined with silver size-dependent on the visible-light photocatalytic activity. Appl. Cataly. B: Environ. 203, 
335–342 (2017).

 32. Zhang, X. et al. Anatase TiO2 sheet-assisted synthesis of Ti3+ self-doped mixed phase TiO2 sheet with superior visible-light 
photocatalytic performance: roles of anatase TiO2 sheet. J. Colloid Interf. Sci. 490, 774–782 (2017).

 33. Zheng, J. et al. In situ loading of gold nanoparticles on Fe3O4@SiO2 magnetic nanocomposites and their high catalytic activity. 
Nanoscale 5, 4894–4901 (2013).

 34. Liu, X. et al. Electrodeposition preparation of Ag nanoparticles loaded TiO2 nanotube arrays with enhanced photocatalytic 
performance. Appl. Surf. Sci. 288, 513–517 (2014).

 35. Chen, H. W., Ku, Y. & Kuo, Y. L. Photodegradation of o-Cresol with Ag deposited on TiO2 under visible and UV light irradiation. 
Chem. Eng. Technol. 30, 1242–1247 (2007).

 36. Zhang, Z. et al. A highly reactive and magnetic recyclable catalytic system based on AuPt nanoalloys supported on ellipsoidal Fe@
SiO2. J. Mater. Chem. A 3, 4642–4651 (2015).

 37. Li, M. et al. Heterostructured ZnO/SnO2−x nanoparticles for efficient photocatalytic hydrogen production. Chem. Commun. 50, 
4341–4343 (2014).

 38. Wang, H. et al. Photochemical growth of nanoporous SnO2 at the air-water interface and its high photocatalytic activity. J. Mater. 
Chem. 20, 5641–5645 (2010).

 39. Zhang, J. M. et al. In situ loading of gold nanoparticles on Fe3O4@SiO2 magnetic nanocomposites and their high catalytic activity. 
Nanoscale 5, 4894–4901 (2013).

 40. Feng, M., Wang, S., Yang, J. & Zhang, B. Core-shell rGO/SnO2@CF with wrinkled surface used as structural anode material: high 
tensile strength and electrochemical stability. J. Mater. Chem. A 4, 18524–18531 (2016).

 41. Zhang, X., Liu, Y., Lee, S. T., Yang, S. H. & Kang, Z. H. Coupling surface plasmon resonance of gold nanoparticles with slow-photon-
effect of TiO2 photonic crystals for synergistically enhanced photoelectrochemical water splitting. Energ. Environ. Sci. 7, 1409–1419 
(2014).

 42. Chen, X. B., Liu, L., Yu, P. Y. & Mao, S. S. Increasing solar absorption for photocatalysis with black hydrogenated titanium dioxide 
nanocrystals. Science 331, 746–750 (2011).

 43. Chan-Navarro, R. et al. Luminescent sensing of volatile organic compounds Using a Zn-based coordination polymer with tunable 
morphology. J. Inorg. Organomet. P. 27, 467–473 (2017).

 44. Chen, F. et al. Synergistic effect of CeO2 modified TiO2 photocatalyst on the enhancement of visible light photocatalytic performance. 
J. Alloy. Comp. 714, 560–566 (2017).

 45. Zhang, C. et al. In situ doping of Pt active sites via Sn in double-shelled TiO2 hollow nanospheres with enhanced photocatalytic H2 
production efficiency. New J. Chem. 41, 11089–11096 (2017).

 46. Kennedy, J. et al. Photocatalytic hydrogen production by reforming of methanol using Au/TiO2, Ag/TiO2 and Au-Ag/TiO2catalysts. 
Catal. Struct. React. 1, 35–43 (2015).

 47. Leong, K. H., Gan, B. L., Ibrahim, S. & Saravanan, P. Synthesis of surface plasmon resonance (SPR) triggered Ag/TiO2 photocatalyst 
for degradation of endocrine disturbing compounds. Appl. Surf. Sci. 319, 128–135 (2014).

 48. Zhao, S. et al. Reactable polyelectrolyte-assisted synthesis of BiOCl with enhanced photocatalytic activity. ACS Sustain. Chem. Eng. 
5, 1416–1424 (2017).

 49. Ma, S., Xue, J., Zhou, Y. & Zhang, Z. Photochemical synthesis of ZnO/Ag2O heterostructures with enhanced ultraviolet and visible 
photocatalytic activity. J. Mater. Chem. A 2, 7272–7280 (2014).

 50. Zhou, N. et al. TiO2 coated Au/Ag nanorods with enhanced photocatalytic activity under visible light irradiation. Nanoscale 5, 
4236–4241 (2013).

 51. Whang, T. J., Hsieh, M. T. & Chen, H. H. Visible-light photocatalytic degradation of methylene blue with laser-induced Ag/ZnO 
nanoparticles. Appl. Surf. Sci. 258, 2796–2801 (2012).

 52. Shen, C. C. et al. Plasmon enhanced visible light photocatalytic activity of ternary Ag2Mo2O7@AgBr-Ag rod-like heterostructures. J. 
Mater. Chem. A 3, 14661–14668 (2015).

Acknowledgements
The authors are grateful to the financial supports of National Natural Science Foundation of China (Grant Nos 
21603101, 61705101, 51604155), Natural Science Foundation of Jiangsu (Grant No. BK20160774, BK20170761), 
the Introducing Talents Fund of Nanjing Institute of Technology (YKJ201505), the Opening Project of Jiangsu 
Key Laboratory of Advanced Structural Materials and Application Technology (ASMA201611, ASMA201604), 
Natural Science Fund for Colleges and Universities in Jiangsu Province (17KJB430017),and the Outstanding 
Scientific and Technological Innovation Team in Colleges and Universities of Jiangsu Province.

Author Contributions
Z.W. Zhang and Z. Dong designed the research project and edited and revised manuscript; Y.H. Ma performed 
experiments, X.H. Bu and Z.S. Hang prepared figures and analyzed data; Q. Wu and X.H. Wu drafted manuscript.

Additional Information
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.



www.nature.com/scientificreports/

1 1Scientific REPORTS |  (2018) 8:10532  | DOI:10.1038/s41598-018-28832-w

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://creativecommons.org/licenses/by/4.0/

	Facile one-step synthesis of TiO2/Ag/SnO2 ternary heterostructures with enhanced visible light photocatalytic activity
	Experiment
	Synthesis of TiO2/Ag/SnO2 composites. 
	Characterization. 
	Evaluation of photocatalytic performance. 

	Results and Discussion
	Visble-light photocatalytic activity. 

	Conclusions
	Acknowledgements
	Figure 1 Methodology used for the preparation of the TiO2/Ag/SnO2 photocatalysts.
	Figure 2 TEM images of as-prepared TiO2/Ag/SnO2 photocatlaysts with different Ag contents: (a) 1 wt%, (b) 2 wt% and (c) 5 wt%.
	Figure 3 TOP: EDX analysis of (a) TiO2/Ag/SnO2(1 wt%) and (b) TiO2/Ag/SnO2(5 wt%).
	Figure 4 XRD patterns for (a)TiO2/SnO2, (b) TiO2/Ag/SnO2(1 wt%), (c) TiO2/Ag/SnO2(2 wt%) and (d) TiO2/Ag/SnO2(5 wt%).
	Figure 5 XPS patterns of (a) TiO2/Ag/SnO2(1 wt%), (b) TiO2/Ag/SnO2(2 wt%) and (c) TiO2/Ag/SnO2(5 wt%).
	Figure 6 N2 adsorption-desorption isotherm and corresponding pore size distribution curve (inset) of (a) TiO2/Ag/SnO2(1 wt%), and (b) TiO2/Ag/SnO2(5 wt%).
	Figure 7 (i) UV-vis diffuse reflectance spectra and (ii) the corresponding Tauc plot of (a) original TiO2, (b) TiO2/SnO2, (c) TiO2/Ag/SnO2(1 wt%) and (d) TiO2/Ag/SnO2(2 wt%).
	Figure 8 Photocatalytic activities (i) and kinetics (ii) of the different catalysts.
	Figure 9 (a) Conversion of 4-NP in 4 successive cycles of reduction using TiO2/Ag/SnO2(2 wt%) as photocatalyst, (b) XRD pattern of the TiO2/Ag/SnO2(2 wt%) catalyst after reaction, (c) Effects of a series of scavengers on the degradation efficiency of MB b
	Figure 10 Proposed photocatalytic mechanism for degradation of MB by TiO2/Ag/SnO2 nanocomposites under visible light irradiation.
	Table 1 Comparison of rate constant for the photodegration of MB using catalysts containing Ag nanoparticles.




