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TiO2/SnO2 composites have attracted considerable attention

for their application in photocatalysis, fuel cells and sensors.

Structural, morphological, optical and surface features play a

pivotal role in photoelectrochemical applications and are

critically related to the synthetic route. Most of the reported

synthetic procedures require high-temperature treatments in

order to tailor the sample crystallinity, usually at the expense of

surface hydroxylation and morphology. In this work, we

investigate the role of a treatment in an autoclave at a low

temperature (1008C) on the sample properties and photocatalytic

performance. With respect to samples calcined at 4008C, the

milder crystallization treatment promotes anatase phase,

mesoporosity and water chemi/physisorption, while reducing

the incorporation of heteroatoms within the TiO2 lattice. The

role of Sn content was also investigated, showing a marked

influence, especially on the structural properties. Notably, at a

high content, Sn favours the formation of rutile TiO2 at very

low reaction temperatures (1008C), thanks to the structural

compatibility with cassiterite SnO2. Selected samples were tested

towards the photocatalytic degradation of tetracycline in water

under UV light. Overall, the low-temperature treatment enables

to tune the TiO2 phase composition while maintaining its

surface hydrophilicity and gives rise to well-dispersed SnO2 at

the TiO2 surface.
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1. Introduction

TiO2/SnO2 composites find application in numerous cutting-edge fields, such as fuel cells [1], gas

sensors [2,3] and photocatalysis [4,5]. Owing to the near isomorphism [6] of rutile TiO2 (P42/mnm,

a ¼ 4.5937 Å, c ¼ 2.9587 Å) and cassiterite SnO2 (P42/mnm, a ¼ 4.7382 Å, c ¼ 3.1871 Å), TiO2/SnO2

composites can form stable heterojunctions exhibiting improved rate capacity and cycling stability

as anodes in photoelectrochemical applications [7]. Moreover, the different work functions of

the two oxides (4.9 and 4.2 eV for SnO2 and TiO2, respectively [8]) favour the occurrence of

electron transfer from the TiO2 conduction band to the SnO2 one, giving rise to a contact potential

at the interface [9]. This phenomenon is highly desirable in photoelectrochemical applications,

such as photocatalysis [10], as it enhances charge carrier separation and, as a result, the device

efficiency.

Numerous synthetic approaches have been reported for the synthesis of TiO2/SnO2 composites,

including sol–gel [5,11], topotactic synthesis [12], chemical vapour deposition [13], impregnation [14],

hydrothermal methods [15,16] and electrochemical deposition [17]. However, most of these synthetic

procedures involve a final high-temperature treatment to promote crystallinity [3,5,11–14]. Also in the

case of hydrothermal/solvothermal treatments, most of the reported procedures involve high

temperatures (180–2258C) and, consequently, very high pressures [18–21]. The use of milder

treatments and their role on the materials properties has been by far less investigated. Low-

temperature crystal growths require less energy and can be performed in situ on a broad range of

process-compatible materials, including heat-sensitive materials such as polymers. Moreover, such

mild treatments can enhance the final properties of the prepared materials like the structural

composition, morphology and surface hydroxylation. In particular, a higher degree of water chemi/

physisorption at the oxide surface can result in a better stability of photocatalyst suspensions, which is

beneficial for applications such as water pollutant remediation [22,23] as well as hydrogen production

[24]. Moreover, surface hydroxyl groups can trap holes and hinder charge recombination [25].

In this work, we investigated the role played by a prolonged treatment (170 h) at a mild temperature

(1008C) in an autoclave on the structural, morphological, optical and surface properties of TiO2/SnO2

composites prepared by a sol–gel procedure. In the literature, TiO2 growth by hydro/solvothermal

methods requires shorter treatments (24–72 h) but in much harsher conditions [18–21], whereas flash

treatments (up to few hours) are used only when crystalline TiO2 seeds are adopted [15,16]. Here, a

prolonged autoclave treatment enabled to promote a slow crystal growth in less demanding

conditions, hence without the need of expensive instrumentation and with much lower safety

concerns. Samples prepared by this procedure will be compared to analogues obtained by a

conventional calcination step at a high temperature. For the sake of comparability, both post-

treatments were performed on the same purified xerogels; this solvent removal technique was selected

due to its simplicity and widespread usage.
2. Material and methods
2.1. Sample preparation
Analytical grade reagents and solvents were purchased from Sigma-Aldrich and used without further

purification. Doubly distilled water, passed through a Milli-Q apparatus, was used throughout the work.

Titanium(IV) isopropoxide (10.7 g) and 2-propanol (11.3 g) were mixed for 15 min at 608C. In the case

of Sn-promoted samples, SnCl4.5H2O was added to the mixture in the appropriate amounts. Then, 65 ml

of 0.29 M NH4OH aqueous solution was dripped into the reactor while stirring vigorously. The reaction

mixture was then stirred for 90 min. The resulting precipitate was washed several times by

centrifugation-resuspension cycles and later dried at 808C overnight. Fractions (1.5 g) of the dried

xerogel were suspended in 50 ml of water, transferred into a 100 ml Teflon-lined stainless-steel

autoclave and treated for 170 h at 1008C.

The pristine and Sn-promoted samples were, respectively, labelled as Ti and TiSnx, where x
represents the Sn/Ti molar ratio (5–20%). For the sake of comparison, a reference sample, named

TiSn5_400, will also be presented: this sample was prepared by a sol–gel procedure identical to that

of TiSn5, but it was then calcined at 4008C under O2 flux for 6 h, according to a previously reported

procedure [5].
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2.2. Material characterization
Samples were characterized by X-ray powder diffraction (XRPD) using a Philips PW 3710 Bragg-

Brentano goniometer working with graphite-monochromated Cu Ka radiation (40 kV, 40 mA). The

instrument was equipped with a scintillation counter and 18 divergence slit, 0.2 mm receiving slit and

0.048 Soller slit systems. The phase quantification was performed by Rietveld refinement as

implemented by the Quanto software. The average crystallite sizes of the anatase and rutile phases

were estimated applying the Scherrer equation on the (101) and (110) peaks, respectively.

Specific surface areas were determined via N2 adsorption/desorption curves in subcritical conditions

(Coulter SA3100) by elaboration with the Brunauer–Emmett–Teller (BET) method. Pore size

distributions were determined from the desorption isotherms using the Barrett–Joyner–Halenda (BJH)

method.

Diffuse reflectance spectra (DRS) were collected on a Shimadzu UV-2600 UV–vis spectrophotometer

equipped with an integrating sphere. Spectral scans were performed in the 250–700 nm range, using

BaSO4 as a reference. The apparent band gaps of the samples, Eg, were determined according to the

Kubelka–Munk equation.

Survey and high-resolution X-ray photoelectron spectra (XPS) were acquired on a Surface Science

Instruments M-probe apparatus. The instrument employs monochromatic Al Ka radiation (1.486 keV)

with a spot size of 200 � 750 mm and a 25 eV pass energy. Spectra were referenced to C 1s at 284.8 eV

in order to correct for charge build-up.

Energy dispersive X-ray (EDX) analyses were performed on a Hitachi TM 1000 scanning electron

microscope.

Fourier-transform infrared (FTIR) spectra were collected in the 400–4000 cm21 range on a

PerkinElmer Spectrum 100 attenuated total reflectance (ATR) spectrometer.

2.3. Photocatalytic tests
The degradation of tetracycline hydrochloride (TC) in water was tested under UV irradiation (Jelosil

HG500 halogenide lamp, effective power density 30 mW cm22) on a previously reported

photocatalytic set-up [5,23] at spontaneous pH (ca 4). Reactions were carried out under O2 bubbling,

adopting a 35 ppm initial pollutant concentration and 0.5 g l21 photocatalyst content. Before

irradiation, the suspension was kept in the dark for 30 min to achieve adsorption equilibrium. Both

the pollutant disappearance and the total mineralization were monitored by UV–vis spectroscopy and

total organic carbon measurements, respectively, according to previously reported procedures [23].

Irradiation was continued for 180 min. Photolysis tests showed less than 5% mineralization in the

absence of photocatalyst under irradiation.
3. Results and discussion
Figure 1 reports the samples’ XRPD patterns. Both the Sn content and the type of crystal growth

treatment play a notable role of the phase composition. As appreciable from the peak at 2u � 30.88
characteristic of the brookite (121) reflection, the Ti sample is an anatase–brookite mixture with the

anatase polymorph in a large majority (table 1). The brookite peak almost disappears upon promotion

with 5% Sn: the brookite amount decreases from 20% to about 4% (table 1). No peaks attributable to

SnO2 phases can be detected. Interestingly, the calcined sample with the same Sn amount (TiSn5_400)

shows instead an anatase/brookite ratio 80/20. Apparently, the mild, prolonged hydrothermal

treatment in the presence of metal species favours the growth of the anatase polymorph. Wet and

hydrothermal treatments of titanium salts or oxide precursors generally promote the formation of

anatase [26,27], even in mixed solvents [28]. The formation of pure brookite by hydrothermal

procedures has been reported but requires specific conditions and post-treatments (e.g. selective

etching of anatase in HF solution) [29]. The presence of metal species during the hydrothermal

growth may further promote the anatase phase by possible insertion of saline species in the oxide

framework, as already suggested in the case of TiO2 aerogels [30].

The Rietveld refinement of XRPD lines in the case of TiSn20 is complicated by the proximity of the

most intense reflections of the three involved polymorphs (anatase TiO2 (101) at 2u ¼ 25.48; rutile TiO2

(110) at 2u ¼ 27.58; cassiterite SnO2 (110) at 2u ¼ 26.68) and by the peak broadness. The fitting

procedure yields rutile TiO2 as the most abundant phase in the presence of anatase in a ratio which
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Figure 1. XRPD patterns of samples prepared with the low-temperature treatment. For the sake of comparison, the diffractogram of
a calcined sample is reported as a reference, see [5].

Table 1. Physicochemical parameters of pristine TiO2 and TiO2/SnO2 composites: phase composition (A: anatase, B: brookite, R:
rutile) and average crystallite size of the most abundant phase, d, estimated from XRPD analyses; Sn/Ti molar ratios from EDX
analyses; specific surface area, SBET, and total pore volume, VPORES; apparent band gap values determined by Kubelka – Munk
elaboration, Eg. A calcined sample is reported as reference, see [5].

sample
phase composition
(%) d (nm)

Sn/Ti
(EDX)

SBET

(m2 g21)
VPORES

(ml g21) Eg (eV)

Ti 80A – 20B 16 — 110 0.400 3.32

TiSn5 96A – 4B 9 4 163 0.341 3.24

TiSn20 30A – 70R 7 23 163 0.322 3.31

TiSn5_400 78A – 22B 9 4 215 0.079 3.11
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can be roughly estimated to be anatase/rutile 30/70. The formation of rutile TiO2 in such mild conditions

is not usual and in the present case can be traced back to the crystalline habit similarity between rutile

TiO2 and cassiterite SnO2 (space group: P42/mnm; tetragonal structure) [6]. However, even at this high

Sn content, no crystalline segregated cassiterite SnO2 can be appreciated.

The used sol–gel approach gives rise, for both pristine [31] and Sn-promoted TiO2 [4,5], to

polycrystalline particles with nanometric crystalline domains, in good agreement with the present

XRPD findings. Previous HR-TEM investigations have shown, on the grounds of both interplanar

distances and FFT patterns, that different phases coexist on single particles [4,5,31].

With respect to the Ti sample, the presence of Sn in the synthesis invariably lowers the average

crystallite size (table 1). This is possibly the result of a prevailing surface location of the metal species,

which can inhibit the crystal growth. This occurrence, together with the lack of appreciable crystalline

phases related to Sn compounds, has prompted us to analyse the surface composition of Sn-promoted

samples by XPS.

Figure 2 reports the comparison between the Sn 3d (a) and the O 1s (b) regions of TiSn5 and the

calcined analogue, TiSn5_400. The Sn 3d region (figure 2a) of both samples presents the Sn 3d5/2 and

Sn 3d3/2 doublet at 486.2 and 494.6 eV, respectively, indicative of Sn(IV) species [32]. The Sn/Ti

atomic ratios obtained by XPS determinations (17% and 7% for TiSn5 and TiSn5_400, respectively)

were larger than the relative values obtained by EDX analysis (table 1, electronic supplementary

material, table S2); the latter were comparable to the stoichiometric amounts, within the analytical

limits of the technique (electronic supplementary material, figure S2). Owing to the surface-sensitive

nature of XPS, this observed difference supports the prevailing location of the Sn species at the

surface of the material, where they can thwart the crystallite growth. The Sn/Ti atomic ratio of sample
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Figure 2. XPS spectra of TiSn5: Sn 3d region (a) and O 1s region, with relative fitting (b). For the sake of comparison, the spectra of
TiSn5_400 are reported, see [5].
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TiSn5 is more than twice that of TiSn5_400 (electronic supplementary material, figure S1), suggesting a

much lower bulk penetration of metal species during the low-temperature growth.

XPS spectra of the O 1s region (figure 2b) show very broad peaks, supporting the presence of more

than one oxygen species. The fitting procedure of the O 1s spectral components, based on binding energy

(B.E.) values presented in the literature [33], showed the presence of three components. The main one, at

lower binding energies (529.4 eV), can be assigned to reticular O in the oxide; a second component at

530.6 eV can be attributed to surface OH groups, while the component at the highest B.E. (531.9 eV)

can be related to chemisorbed water [33]. The fitting procedure gave rise, for the two samples, to B.E.

values coinciding within the experimental error. Notably, the O 1s peak of TiSn5 presents a much

more appreciable shoulder at high B.E. with respect to the calcined analogue, which the fitting

attributes to a much larger content of chemisorbed water (components intensity ratio: H2O/Olattice ¼

0.90 and 0.21 for TiSn5 and TiSn5_400, respectively; electronic supplementary material, table S1).

Figure 3 reports the N2 adsorption–desorption isotherms in subcritical conditions of the samples,

which all show a mesoporous character (electronic supplementary material, figure S3). The shape of

the hysteresis loop varies remarkably between the metal containing samples and the Ti sample. The

Ti sample presents an H3-type hysteresis loop, characteristic of slit-shaped pores, while the loops of

the Sn-promoted samples are typical of bottleneck pores. Moreover, samples differ notably for their

pore size distributions (figure 3 inset), as shown by the shift in the hysteresis loop on the pressure

axis. By the sequence of the monolayer knee, the specific surface area is observed to increase upon

metal promotion in passing from Ti to TiSn5 (figure 3 and table 1). The calcination treatment promotes

a further increase in specific surface area (table 1), possibly due to a larger fraction of smaller pores

freed by the thermal oxidizing procedure (figure 3 inset). By comparing the morphological features of

TiSn5 and TiSn5_400, a much larger pore volume is appreciable for the former sample (table 1), as a

consequence of the larger average pore size (figure 3 inset). This is noteworthy considering that both

samples were prepared from the same xerogel and this solvent removal procedure is known to reduce

the degree of porosity due to the curvature in the concave menisci of the flooded gel network, which

provokes enhanced evaporation and ensuing pore collapse [30]. The increase in the Sn amount from 5

to 20% does not modify appreciably the surface area and total pore volume (figure 3), mainly giving

rise to a slight decrease in the average pore size (figure 3 inset).

The optical properties of the samples were investigated by DRS (figure 4). Both the Ti and the TiSnx
samples show typical profiles of bare TiO2 samples. The Sn addition does not give rise to clear trends,

also in terms of the apparent band gap (table 1, electronic supplementary material, figure S4).

Conversely, the calcined sample presents a visible light absorption at around 450–500 nm, often

reported in N-doped samples and attributed to the formation of mid-gap levels ensuing from N bulk

doping [10,34,35]. The visible absorption of the calcined sample can thus be traced back to N-doping

of the oxide lattice due to the NH4OH added during synthesis. The notable difference in the light

absorption of TiSn5 and TiSn5_400 proves that the presently adopted mild growth conditions do not

promote the formation of bulk colour centres ensuing from N species lattice incorporation. In this
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respect, FTIR determinations were performed to gain further insight into the location of N species,

deriving from the synthetic procedure, in Ti and TiSnx samples.

Figure 5 shows the ATR-FTIR spectra of the prepared materials. With the exception of the calcined

sample, all oxides exhibit components at ca 1440, 1340 and 1215 cm21 (electronic supplementary

material, figure S5), which can be ascribed to NH4
þ species coordinated to different kinds of surface

acid sites [36,37]. This evidence further confirms the preferential surface location of N species in Ti

and TiSnx samples, which can be favoured in the Sn-promoted samples by the acidic sites induced by

the presence of SnO2 dispersed at the TiO2 surface [14]. On the other hand, in the case of the calcined

sample, thanks to the high-temperature treatment, the N guest species are able to diffuse into the

oxide bulk, giving rise to the colour centres observed in DRS.

FTIR spectra (figure 5) of Ti and TiSnx samples also show a broad and intense band in the

360023000 cm21 range, characteristic of the vibrational stretching mode of surface OH groups

mutually interacting by hydrogen bonding [38], which can partially overlap with the N–H stretching

(3500–3300 cm21). The intensity of these bands goes hand in hand with that of the sharper peak
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around 1635 cm21, ascribable to the in-plane H–O–H bending mode of undissociated water [38]. By

comparing this set of samples with the calcined sample, the role of low-temperature treatment in

promoting the material surface hydroxylation is evident. The TiSn5_400 sample presents much less

intense peaks referred to OH groups and water, in full agreement with XPS O 1s findings.



8
royalsocietypublishing.org/journal/rsos

R.Soc.o

The photocatalytic activity of the samples was tested towards the degradation of tetracycline in water

under UV irradiation. Tetracycline was selected because it is considered an emerging pollutant due to its

widespread use as antibiotic and possible long-term effects such as antibiotic resistance, endocrine

disruption and toxicity on living organisms [39]. Figure 6a reports a representative example of the TC

solution UV–vis spectra as a function of irradiation time during photocatalytic tests. UV–vis spectra

show the progressive disappearance of both the peaks at 270 and 358 nm, without the accumulation

of persistent intermediates, as confirmed by the high final mineralization degrees (greater than 60%).

The photocatalytic degradation mechanism of tetracycline has been previously investigated by us

[4,5], showing comparable oxidation pathways for both pristine TiO2 and TiO2/SnO2 composites. In

both cases, the parallel disappearance of the absorption peaks at ca 358 and 270 nm was observed,

involving initial dehydroxylations, loss of the -N(CH3)2 group and formation of a carboxylic

termination [40]. Figure 6b compares the photocatalytic activity of the two 5% Sn containing samples

in terms of both molecule disappearance, as initial pseudo first-order rate constant, and final

mineralization degree. The calcined sample shows a lower performance in terms of both TC

disappearance and mineralization. The much larger anatase content and the promoted surface

hydration of the TiSn5 sample might play a beneficial role on its photocatalytic activity.
pen
sci.6:181662
4. Conclusion
A prolonged autoclave treatment at a low temperature was adopted to grow TiO2/SnO2 precursors

prepared by a sol–gel reaction. The hydrothermal conditions appear to promote an enrichment in

anatase TiO2, more so in the presence of small (5%) Sn amounts. Larger Sn contents (20%), instead,

supported the formation of rutile TiO2 as the main component, although no crystalline phases related

to Sn oxides can be appreciated in diffractograms. The surface localization of finely dispersed SnO2,

with grain sizes below the threshold of XRPD detectability, was instead supported by XPS

determinations. Furthermore, the surface of the composites becomes highly hydrophilic as apparent

from both FTIR and XPS determinations.

The possibility to tune at low temperature the TiO2 phase composition while maintaining the surface

highly hydrophilic is highly desirable in several applications of TiO2/SnO2 composites, ranging from

photocatalysis (as here reported) to more innovative applications, such as in biomaterials. In this

respect, the application of TiO2/SnO2 heterojunctions has been recently proposed in titanium bone

implants [41]: in this application, the highly hydrophilic surface would promote cell attachment and

bone mineralization.
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