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Abstract 

One-dimension semiconductor heterostructures with unique properties are suited to the application 

in photocatalysis field. In this study, rational designed SnO2@TiO2 porous nanowire-nanosheet 

heterostructures were realized by a facile hydrothermal method via loading TiO2 nanosheets onto 

SnO2 porous nanowires. One-dimension porous heterostructures formed via the self-assembly 

process. Due to the improved photon absorption ability and more active sites, the special 

heterostructures showed enhanced photocatalytic property under mixed light, nearly 2.5 times faster 

than that of SnO2 porous nanowires. Our results suggest that the SnO2@TiO2 porous 

nanowire-nanosheet heterostructures were considered for promising photocatalyst.  

Keywords: Tin dioxide, titanium dioxide, heterojunction, photocatalytic activity.  

Page 1 of 23 CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



 

 

Introduction: 

As a representative and the most widely used semiconductor photocatalyst, titanium dioxide (TiO2) 

has received more interests due to its strong UV light absorption, powerful oxidation property, 

nontoxicity and excellent photostability.[1-5] However, the photocatalytic performance of TiO2 is 

encountered by two intrinsic drawbacks, the first one is the relatively wide band gap (~ 3.2 eV), 

which limits its application to visible region, the other is the fast recombination of photo-generated 

electron/hole (e-/h+), which reduces the quantum efficiency of photo-induced redox reaction. 

Therefore, the study on how to improve the absorptivity in the visible region and the quantum 

efficiency of TiO2 attracts more attentions. 

In order to overcome these drawbacks, several strategies have been developed in the previous 

studies. Such as changing the morphology and phase of TiO2,
[2, 6-8] loading the noble metal 

nanoparticles on the surface of TiO2,
[9-11] constructing the semiconductor/TiO2 heterostructures[12-15].  

Particularly, constructing heterostructures is an effective and feasible method because of the special 

band alignment could improve the photon absorption[16] and promote the separation of the 

electron/hole pairs.[17] Recent years, various semiconductor heterostructures based on TiO2 have 

been developed, such as SnO2/TiO2, 
[18-20] Fe2O3/TiO2,

[21, 22] CdS/TiO2,
[15, 23] Fe3O4/TiO2,

[24] 

Cu2O/TiO2
[25] . 

 Using 1D photocatalysts could overcome the drawbacks simultaneously as these special 

structures provide a continuous long carrier transfer path as compared with nanoparticles. 

Meanwhile, 1D photocatalysts can be separated and recycled easily because of their large length to 

diameter ratio.[26, 27]  Among the many varieties of 1D nanostructures, porous nanowires are 

particularly interesting, not only for the unique porous structural and physical chemical properties 
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relative to their bulk counterparts, but also for their outstanding performance in optic and electronic 

fields.[28] Furthermore, it has been proven that the porous structure effectively promotes the direct 

growth of secondary nanostructures due to their porous surface and large surface area.
[29]

 Moreover, 

the synergistic effect between two structures could improve the photocatalytic performance 

efficiently.[27] Hence, 1D porous SnO2 nanowires were used as the framework to direct growth the 

TiO2 nanosheets.  

Based on the above discussion, we rationally designed the SnO2@TiO2 porous 

nanowire-nanosheet heterostructures by a self-assembly process. The proposed photodegradation 

mechanism of the SnO2@TiO2 heterostructures was shown in Scheme 1.The growth mechanism of 

the heterostractures, which combines with porous nanowires and nanosheets, was systematically 

studied. Furthermore, the morphology evolution and photocatalytic properties of SnO2@TiO2 

heterostructures were also deeply investigated. 

Experimental Sections 

Materials Synthesis 

Synthesis of porous SnO2 nanowires 

Porous SnO2 nanowires (SnO2 NWs) were fabricated according to a modified method.[30] Briefly, 

3.5 g oxalic acid dehydrate (Sinopharm Chemical Reagent Co., AR) was dispersed completely in 5 

mL absolute ethanol, then 50 mL polyethylene glycol-400 (PEG400, Sinopharm Chemical Reagent 

Co.) was added under vigorous stirring. After several minutes stirring, a certain amount of 

SnCl2·2H2O (Guangdong Guanghua Sci-Tech Co., AR) mixed within ethylene glycol (EG, 

Sinopharm Chemical Reagent Co.) was added to the above solution, and continuously stirred for 
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another 15 mins. When the SnCl2·2H2O was dissolved completely, 10 mL deionized water was 

dropwise added into the solution, yielding a white suspension immediately. After stirring for another 

half an hour, the as-prepared precipitation (SnC2O4 precursor) was separated by centrifugation, 

washed several times alternately with absolute ethanol and deionized water and dried in vacuum 

oven at 90 ˚C. Then the as-prepared SnC2O4 precursor was calcined at 650 ˚C for 3 h under air to 

obtained porous SnO2 nanowires. 

Synthesis of SnO2@TiO2 porous nanowire-nanosheet heterostructures 

SnO2@TiO2 porous nanowire-nanosheet heterostructures were synthesized by a hydrothermal 

method.[31] Firstly, a certain amount of as-obtained SnO2 NWs was dispersed into 50 mL absolute 

ethanol under ultrasonic, then 0.5 mL Diethylenetriamine (DETA, Aladdin Industrial Co., AR) was 

added under stirring. Several minutes late, 2 mL tetrabutyl titanate (Ti(OtBu)4, Aladdin Industrial Co., 

AR) was injected into the solution. To deposit TiO2 nanosheets on SnO2  nanowires, the solution 

was transferred into a 100 mL Teflon-lined stainless steel autoclave, followed by heating at 200 ˚C 

for 20 h in an electric oven. After heating, the autoclave was cooled naturally to room temperature. 

The light yellow precipitate was separated and washed with deionized water several times by 

centrifugation, then dried at 110 ˚C in vacuum oven overnight. 

Characterization 

The transmission electron microscopy (TEM) images and high-resolution transmission electron 

microscopy (HRTEM) analysis were performed with a JEOL JEM-2100F. The scanning electron 

microscopy (SEM) images were obtained by using a high resolution field emission SEM (FEI 

Nova-400). Powder X-ray diffraction (XRD) patterns of the samples were collected using a 

D/ruax2550PC (Japan, Cu Kα radiation (λ = 0.1542 nm) under a scan rate of 5° 2θ S-1. The specific 
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surface area of the samples was measured using a BET analyzer (ASAP 2020M) at 77 K. 

Photocatalytic Tests 

The photocatalytic activities of the as-prepared samples (pure SnO2 nanowires and SnO2@TiO2 

heterostructures) were studied by photodegrading rhodamine B (RhB) in simulated wastewater. In 

the photocatalytic experiments under mixed light, 5 mg of the products were re-dispersed in 10 mL 

of the RhB solution (10 mg·L-1) . Prior to illumination, the mixed solution was stored for 30 mins in 

the dark with magnetic stirring to achieve adsorption/desorption equilibrium. Then, a mercury lamp 

(300 W) was used to illuminate the solutions. The reaction solutions were withdrawn from the 

reactor at 15 mins illumination intervals and centrifuged to separate the photocatalyst. After that, to 

monitor the progress of the degradation of RhB, the corresponding UV-visible spectra (measured in 

the range of 450 to 650 nm, the maximum absorption wavelength of RhB is about 550 nm.) were 

recorded by a Shimadzu 2550 UV-visible spectrophotometer (as a control, 10 mg·L-1 RhB was 

subjected to the same illumination without photocatalyst). The mixed light source came from a 

mercury lamp of BL-GHX-V apparatus.  

Results and discussion  

The hydrothermal method has been widely used for the synthesis of TiO2 nanostructures.[32-34] In 

this work, TiO2 nanosheets have been self-assembled on the porous SnO2 nanowires with the 

hydrothermal method by the solution of Ti(O
t
Bu)4, DETA and absolute ethanol.  

The synthetic process is illustrated in Scheme 2. Firstly, porous SnO2 nanowires were 

prefabricated by calcining the SnC2O4 precursor in the air. Then, the TiO2 nanosheets self-assemble 

directly on the porous SnO2 nanowires, formed SnO2@TiO2 porous nanowire-nanosheet 
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heterostructures. After being calcined at 500 ˚C in air, the highly crystalline SnO2@TiO2 porous 

nanowire-nanosheet heterostructures were successfully obtained. Fig. 1 shows the SEM and TEM 

images of the SnC2O4 precursor, the porous SnO2 nanowires and the SnO2@TiO2 heterostructures. It 

can be seen that the SnC2O4 precursor is about 100 nm in diameter, and has smooth surface (Fig. 1a). 

The morphology of the SnO2 porous nanowires doesn’t change tremendously and many holes can be 

obviously seen, as shown in Fig. 1b. From the SEM image (Fig. 1c) and TEM image (Fig. 1d) of the 

SnO2@TiO2 porous nanowire-nanosheet heterostructures, it revealed that the porous structure and 

the diameter of the SnO2 nanowires also doesn’t change during the hydrothermal process. Prior to 

the calcined treatment, the length of the TiO2 nanosheets is about 50 nm (Fig. 1d). Selected area 

electron diffraction (SEAD) patterns insets in Fig. 1b and Fig. 1d reveals that SnO2 nanowires and 

TiO2 nanosheets are crystalline. After being calcined, TiO2 nanosheets with a length of about 50 nm 

are identified which are slightly recrystallized due to curly tail (Fig. 1e). Fig. 1f shows the 

High-resolution TEM image of the SnO2@TiO2 porous nanowire-nanosheet heterostructures after 

being calcined. As is shown, clear lattice fringes can be observed. The spacing of the 

crystallographic planes are 0.264 nm and 0.335 nm, respectively, corresponding to the (101) and 

(110) planes of the rutile-structured SnO2 crystal, which suggest that SnO2 nanowires have no 

preferred growth orientation. Moreover, lattice fringes of TiO2 nanosheets are measured to be 0.167 

nm and 0.352 nm, corresponding to the (211) and (101) planes of anatase crystal structure TiO2, 

respectively. To make sure that fringes are real atomic planes but Moire fringes, another clearer 

HRTEM image was shown in Fig. S2. These results reveal that the SnO2@TiO2 porous 

nanowire-nanosheet heterostructures were successfully fabricated in this work. 

The growth mechanism of the SnO2@TiO2 porous nanowire-nanosheet heterostructures was 

clearly revealed from the Fig. 2. At the beginning of self-assemble process, nucleation occurs at the 
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grain boundary of SnO2 since the alcoholysis of Ti(OtBu)4 (Fig. 2a). With the time prolonging, 

hydrated titanium oxides grow slowly (Fig. 2b, 2c). 16 hours later, the length of the TiO2 nanosheets 

is about 30 nm. After being reacted 24 h, the length of the TiO2 nanosheets increases to about 50 nm 

(Fig. 2d). Fig. 3 shows the morphology of the SnO2@TiO2 porous heterostructures without (Fig. 3a) 

or with (Fig. 3b) assisted catalyst DETA. Firstly and most important, the TiO2 nanosheets 

self-assemble onto the SnO2 porous nanowires because of the DETA, which catalyze the alcoholysis 

of Ti(OtBu)4 to form TiO2 nanosheets and assist the self-assembly of the as-formed TiO2 nanosheets 

through electrostatic interactions
[27, 35]

 and stereo-hindrance effect.
[36]

 Secondly, the hydrated 

titanium oxides prefer to grow independently rather than form a continuous coated layer may 

attribute to lattice compatibility.[37, 38] To see the calcining treatment influences the morphology of 

SnO2@TiO2. The heterostructures were calcined at 500 ˚C for 2 h in the air 

The chemical composition of the different samples was characterized by X-ray diffraction. Fig. 4 

shows the XRD patterns of the as-prepared SnO2 nanowires and the SnO2@TiO2 porous 

nanowire-nanosheet heterostructures before and after calcining treatment. The all peaks 

corresponding to both TiO2 and SnO2, which can be assigned to rutile SnO2 (JCPDS card 

No.41-1445) and anatase TiO2 (JCPDS card no. 21-1272), respectively. Furthermore, after being 

calcined at 500 ˚C in air for 2 h, the degree of crystallinity of the as-prepared SnO2@TiO2 

heterostructures increased immensely. Particularly, the peak (101) of TiO2 nanosheets was obtained 

due to the calcining treatment.  

Fig. 5 shows the UV-Vis optical absorption spectra. SnO2 porous nanowires show a gradually 

increasing curve with no obvious absorption edge, which corresponds to the special porous structure 

of SnO2 nanowires. The porous structure improves the photon absorption efficiency during the 
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visible light region. On the contrary, SnO2@TiO2 porous nanowire-nanosheet heterostructures show 

an obvious red shift of ca. 50 ~ 70 nm. The SnO2@TiO2 porous nanowire-nanosheet heterostructures 

show considerable increase of absorption in the spectrum regime of 330 ~ 700 nm, compared to pure 

SnO2 porous nanowires. This enhancement of the light harvesting is mainly attributed to the TiO2 

nanosheets coating layer. 

Fig. 6 shows the degradation profiles of the RhB under mixed light (UV and Visible light) with 

different photocatalysts. After being exposed to light for a specific time, the remaining RhB 

concentration (%) was estimated by the following equation: 

%RhB concentration = It/I0 × 100 % 

where It is the intensity of the characteristic peak of RhB at the illumination time t min and I0 is the 

initial intensity (that is, after the dark adsorption equilibrium, t = 0 min). Fig. 6a, b shows the 

UV-Vis spectra evolution of RhB. Among the two as-prepared samples, the pseudo first-order 

equation was adopted to describe the experimental data due to the very low initial concentrations of 

the substrates as follows: 

-ln(C/C0) = kt 

where k is a reaction rate constant. As is shown in Fig. 6c, the order of the k values, which is derived 

from the plots of -ln(C/C0) versus irradiation time (t), is summarized as follows: the reaction rate 

constant of SnO2@TiO2 heterostructures is 2.5 times larger than the SnO2 porous nanowires. This 

result is in good agreement with our goals: to improve the photocatalytic efficiency, we assemble the 

structure of the heterostructure that rutile SnO2 nanowires loaded with anatase TiO2 to form many 

interfaces which are similar to the P25. The results demonstrated that the SnO2@TiO2 

Page 8 of 23CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



 

 

heterostructures obtained in this work possess excellent properties in photodegradation reactions. 

The contrast shows that RhB self-degraded slowly (Fig. 6d) when it was exposed to mixed light. So, 

the photodegradation process of the RhB can be mainly attributed to the SnO2@TiO2 photocatalysts. 

As is shown, the degradation of RhB by the pure SnO2 porous nanowires is less significant than the 

other catalysts, and only 78.7 % of RhB was degraded after being illuminated for 90 min. On the one 

hand, pure SnO2 porous nanowires has low excitation efficiency of e-/h+ pairs due to the wide band 

gap (~ 3.6 eV) of SnO2, which leads to a limited absorption of photons; On the other hand, pure 

SnO2 porous nanowires has low quantum efficiency because of the recombination of 

photo-generated electron/hole (e-/h+) pairs. Compare to pure SnO2, the SnO2@TiO2 porous 

nanowire-nanosheet heterostructures exhibit higher photocatalytic activity, with a degradation rate of 

98.1 % for RhB, respectively. The improved photocatalytic activity can be assigned to the 

contribution of the synergistic effect of SnO2 (rutile phase) and TiO2 (anatase phase). The TiO2 sheets 

with narrow band gap (~ 3.2 eV) enhance the photon absorption and the SnO2 nanowires provides 

continuous path for the faster transfer of carrier. 

The reasons for the high photocatalytic performance of SnO2@TiO2 porous nanowire-nanosheet 

heterostructures could be explained in details as follows: (I) As a advantage of nano-materials, the 

larger specific surface areas (~ 47 m2/g, see Fig. S1) offer more active sites and absorb more photons, 

which leads to a higher photocatalytic performance.
[19, 39]

 (II) Considering the band alignment 

between SnO2 and probability within both SnO2 and TiO2, the band alignment between SnO2 and 

TiO2 is generally classified as a type II structure (staggered band alignment between these two 

different materials). In this band-gap configuration, when photogenerated e-/h+ pairs are generated in 

SnO2 nanowires and TiO2 nanosheets, the electrons on the TiO2 sheets surface transfer swiftly to the 

conduction band of SnO2 via interfaces; similarly, the holes on the SnO2 surface migrate to TiO2 
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owing to the different valence band edge[19, 39, 40]. (III) As an advantage of our synthetic method, the 

TiO2 nanosheets grow directly on the surface of SnO2 porous nanowires, which improves the 

negative charge injection from TiO2 to SnO2 and promotes the separation of hole-electron pairs at 

the interface.[41] Moreover, the one-dimensional long structure of SnO2 porous nanowires promote 

charge transfer;[42] the high porosity and large surface area of  the SnO2@TiO2 enhance the mass 

transfer of RhB and the independence of TiO2 nanosheets impede the recombination of 

photo-generated electrons and holes at the same time[43]. Moreover, the nanosheets/nanowires-type 

structure possesses a large interfacial region, owing much structure defects, which can improve the 

charge carrier separation to a great degree.[44, 45] (IV) The TiO2@SnO2 heterostructures improve the 

photon utilization efficiency due to their special structure shown in Fig. 5. The TiO2@SnO2 

heterostructures has an obvious red shift of ca. 50 ~ 70 nm in the absorption edge, compared with the 

pure SnO2 nanowires. This larger absorption edge would lead to the enhancement of the 

photocatalytic performance of the SnO2@TiO2 heterostructures.
[46, 47]

 When conventional 

TiO2@SnO2 (sosoloid or core/shell) heterostructures was irradiated with mixed light, part of the 

incident photons were directly absorbed by SnO2 and TiO2, the others were reflected and scattered by 

SnO2 nanowires or TiO2 nanosheets. As to porous TiO2@SnO2 porous nanowire-nanosheet 

heterostructures, the photon-matter interaction rates increased vastly because of the effective optical 

path length was increased due to the special porous structure,
[48, 49]

 which leading to a higher light 

harvesting based on the Beer-Lambert Law. (V) The SnO2@TiO2 heterostructures has a special 

interface structure that was similar to P25, which offer lots of highly distorted, tetrahedral Ti4+ sites 

at the interface of rutile SnO2 nanowires and anatase TiO2 nanosheets. These tetrahedral Ti4+ sites 

own higher photocatalytic activity than conventional Ti4+ sites.[50] 
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Conclusions 

In summary, rationally designed SnO2@TiO2 porous nanowire-nanosheet heterostructures have 

been successfully synthesized through a self-assembly process. In the presence of DETA, TiO2 

formed through the alcoholysis of Ti(OtBu)4, and then self-assemble to form SnO2@TiO2 porous 

nanowire-nanosheet heterostructures . In comparison with the uncoated porous SnO2 nanowires, the 

SnO2@TiO2 heterostructures exhibited the better photocatalytic performance，more than nearly 2.5 

times faster，than that of SnO2 porous nanowires for the photodegradation of RhB. In particular, 

SnO2@TiO2 heterostructures processed several excellent properties including a continuous carrier 

transfer path for fast transfering carrier, suitable band engineering for charge carriers separation, 

interface for supplying abundant active sites and unique heterostructures for resistance to photo 

induced electron/hole pairs agglomeration. We assumed that the synergistic effects of the 

aforementioned factors contributed to the enhanced photocatalytic performance of the SnO2@TiO2 

heterostructures. 
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Figure Captions 

Scheme 1 Schematic of the photodegrade mechanism of the SnO2@TiO2 porous 

nanowire-nanosheet heterostructures 

Scheme 2 The schematic of the synthetic procedures of SnO2@TiO2 porous nanowire-naosheet 

heterostructures. 

Figure 1 TEM images (a) of SnC2O4 precursor, (b) porous SnO2 nanowires, respectively, (c) SEM 

image and (d, e, f) TEM images of SnO2@TiO2 heterostructures. 

Figure 2 The formation process of the SnO2@TiO2 heterostructures (a,1 h; b, 4 h; c,8 h; d,16 h;) 

Figure 3 TEM image of the SnO2@TiO2 heterostructures without (a) and with (b) assisted DETA. 

Figure 4 XRD patterns of the SnC2O4 precursor, SnO2 porous nanowires and SnO2@TiO2 

heterostructures. 

Figure 5 UV-Vis optical absorption spectra of SnO2 porous nanowires and SnO2@TiO2 

heterostructures. 

Figure 6 The Degradation plots ( a: SnO2, b: SnO2@TiO2), degradation rate of the samples of SnO2 

porous nanowires, SnO2@TiO2 nanowire heterostructures and for the degradation of RhB solution 

urder the irradiation of mixed light (c, d). 
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Figure 4 
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Figure 6  
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