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1 Experimental 

1.1 Catalyst preparation 

The layered potassium titanoniobate, KTiNbO5, was prepared by heating a 

stoichiometric mixture of K2CO3, Nb2O5 and TiO2 at 1100 � for 24 h. The 

corresponding protonic form, HTiNbO5, was obtained by reacting KTiNbO5 with 6 M 

HNO3 aqueous solution at room temperature for 3 days [1].  

The [TiNbO5]
- nanosheets were prepared as follows: 1.0 g HTiNbO5 was 

dispered in 100 mL deionized water and then 10 % of TBAOH was added until the pH 
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reached 9~10. After reaction for 5 days, the supernatant solution containing [TiNbO5]
- 

nanosheets was collected by centrifugation. [2]  

The nonmetal doping was carried out as follows: the obtained [TiNbO5]
- 

nanosheets were added with 1 mol/L HNO3 to result in the immediate aggregation and 

then mixed with thiourea at a mass ratio of 1:2. The resulted mixture was heated in air 

at 400 oC for 2 h to obtain S-doped HTiNbO5 nanosheets (noted as STN-400). For 

comparison, undoped HTiNbO5 nanosheets (HTNNS) were also heated under the 

same conditions (noted as HTNNS-400). 

The metal doping sample was prepared by using the ferric oxide hydrosol as iron 

source. The ferric oxide hydrosol was obtained by the forced hydrolysis method 

according to the literature with a little change3: Predetermined amounts of FeCl3 (3 

mol/L) and HCl (0.2 mol/L) were mixed at a volume ratio of 1:3 and then diluted to 

300 mL by deionized water. The liquid mixture was then heated at 96 oC for 1 h and 

cooled to room temperature.  

To prepare Fe-doped [TiNbO5]
- nanosheets (FTN), the ferric oxide hydrosol was 

slowly added to the above mentioned solution containing [TiNbO5]
- nanosheets under 

vigorous stirring. The flocculated product was centrifuged, washed throughly with 

distilled water and ethanol, and then dried at 60 oC. 

To prepare S and Fe co-doped [TiNbO5]
 - nanosheets (SFTN-400), 1.0 g FTN 

was finely milled with 2.0 g thiourea, and the resulted solid mixture was then heated 

in air at 400 °C for 2 h. For comparison, FTN itself alone was also directly calcinated 

at 400 °C for 2 h (FTN-400). 
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The whole preparation process is shown in Fig. S1. 

 

Fig. S1 Procedure for the formation of exfoliated and H+-restacking titanoniobate 

nanosheets and the corresponding S and Fe doping catalysts. 

 

1.2 Catalyst test 

In a typical alcoholysis reaction of styrene epoxide, 50 mg catalyst was added into a 

mixed solution of 1 mmol styrene epoxide and 2 mL of anhydrous alcohol (methanol, 

ethanol, propyl alcohol, isopropyl alcohol and butyl alcohol, respectively). The 

solution was stirred at room temperature to get the corresponding β-alkoxyalcohols. 

The reaction progress was monitored by gas chromatography (GC-122) and toluene 

(40 μL) was used as the internal standard. Chromatographic conditions: injector 

temperature 230�; detector temperature 230 �; column: a chiral β-cyclodextrin 
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capillary column (RESTEK RT-BetaDEXse, 30 m × 0.25 mm × 0.25 μm); 

temperature program: 60 � for 1 min, 60–170 �, 5 �/min, 170 �.Upon completion 

of the reaction, the catalyst was filtered off, washed thoroughly with corresponding 

alcohol, and finally calcinated with thiourea (mass ratio of 1:2) for reuse. 

2 XRD analysis 

 

Fig. S2 XRD patterns of (a) HTiNbO5, (b) HTNNS, (c) HTNNS-400 (d) FTN, (e) 

FTN-400, (f) STN-400 and (g) SFTN-400  

 

The XRD patterns of the resulted catalysts are shown in Fig. S2. The as-prepared 

HTiNbO5 exhibits a strong and sharp (002) reflection at 2θ=10.6º, indicating a 

well-ordered lamellar structure with an interlayer distance of 0.83 nm. After 

exfoliation with TBAOH and flocculation with H+ ions, the (002) reflection of the 

resulted H+- restacking titanoniobate nanosheets became rather weak and shifted to a 
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lower angle (Fig. S2b), revealing a lower crystallinity and an irregular arrangement of 

nanosheets. In addition, after calcination in air at 400 °C, the characteristic (002) 

reflection fully disappeared (Fig. S2c), suggesting the relatively lower thermostability 

of HTNNS. 

As shown in Fig. S2d, after the reaction of TBAOH-exfoliated [TiNbO5]
- 

nanosheets with ferric oxide hydrosol, the (002) diffraction peak of the resulted FTN 

is similar to that of HTNNS and the interlayer distance is increased to 1.17 nm, 

revealing the formation of a relatively disordered layered structure in which iron 

oxides were intercalated in the interlayers. After calcination at 400 °C, the resulted 

FTN-400 shows the complete absence of (002), indicating the collapse of a periodic 

layered structure. Similarly, S-doped sample STN-400 also shows no characteristic 

(002) diffraction peak of the layered structure. 

However, when S and Fe were co-doped into [TiNbO5]
 – nanosheets (SFTN-400), 

the characteristic (002) diffraction peak can be still observed at 9.0◦. The 

corresponding interlayer distance is calculated to be 0.98 nm, which is larger than that 

of the original HTiNbO5. It indicates that the layered structure is still maintained after 

calcination at 400 ºC and there is a synergetic effect between S and Fe species in the 

co-doped sample.  

Meanwhile, all samples exhibit similar characteristic diffraction peaks 

corresponding to the [TiNbO5]
- layers of HTiNbO5 at a 2θ range of 20~30◦, indicating 

that the basic structure of nanosheets is preserved.  
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3 Morphology analysis 

 

Fig. S3 SEM images of (a) HTNNS-400, (b) STN-400 and (c) FTN-400 

After exfoliation and calcination, the resulted HTNNS-400 displays a rather loosely 

structure with a number of irregularly stacked nanosheets. Similarly, disorganized 

aggregates of small nanosheets are formed in STN-400 and FTN-400 and the ordered 

layered structure is no longer observed. It indicates that the layered structures of 

undoped, S-doped and Fe-doped titanoniobate nanosheets are not thermally stable up 

to 400 oC, being consistent with XRD results. 

 

4 Surface area and porosity analysis 

 

Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013



 7

 

Fig. S4 (A) N2 adsorption–desorption isotherms and (B) pore-size distribution curves 

of (a) HTNNS-400, (b) STN-400, (c) FTN-400 and (d) SFTN-400. 

 

5 FT-IR spectra of adsorbed pyridine 

 

Fig. S5 FT-IR spectra of pyridine adsorbed on HTNNS-400, FTN-400, STN-400 and 

SFTN-400. 

 

As shown in Fig. S5, all four catalysts exhibit IR bands at 1605, 1580, 1486, 1444 and 

1438 cm-1. These bands can be assigned to the pyridine coordinated to Lewis acid 
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sites4, revealing that the acid type of the resulted catalysts is mainly Lewis acid. In 

addition, compared with undoped catalyst HTNNS-400 and FTN-400, the 

characteristic band of Lewis acid at 1444 cm-1 in STN-400 and SFTN-400 becomes 

much sharper, indicating that the doping of S is more beneficial to the enhancement of 

the catalyst surface acidity than that of Fe.  

 

6 XPS analysis 

 

 
 
Fig. S6 XPS spectra of HTiNbO5, FTN-400, STN-400 and SFTN-400. 

 

XPS measurements were performed to determine the environment and chemical states 

of S, Fe, Ti and Nb in HTiNbO5, STN-400, FTN-400 and SFTN-400. Fig. S6a 

displays S 2p XPS spectra of STN-400 and SFTN-400. There are two peaks around 
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168.5 and 169.7 eV for STN-400 sample, which could be assigned to the SO4
2− ions. [5] 

Compared with STN-400, the position of these two peaks is decreased respectively in 

SFTN-400 to about 168.3 and 169.2 eV. This result suggests that SO4
2− ions in two 

catalysts are directly anchored on iron species and titaniuniobate sheets respectively, 

based on the process of catalyst preparation. In addition, no signals were observed at 

161-162 eV and 164 eV which can be ascribed to sulfide and elemental sulfur. [6] 

Fig. S6b shows Fe 2p XPS spectra of FTN-400 and SFTN-400. For FTN-400, 

the binding energy of Fe 2p3/2 can be decomposed into 710.2 and 712.5 eV, and that 

of Fe 2p1/2 fitted into 723.4 and 726.4 eV. And each peak is accompanied with a 

shake-up satellite in the ranges of 717–721 eV and 728–734 eV, respectively. [7] From 

these values, it can be concluded that the surface iron species are trivalent and two 

different chemical enviroments of Fe3+ ions existed in FTN-400 arising from the 

presence of Fe-O-Ti and Fe-O-Ti(Nb). [8, 9] By comparison, for SFTN-400, the binding 

energies of Fe 2p main peaks are increased by 0.7 eV and 1.1 eV respectively. Such a 

positive shift should be caused by the strong interaction between the iron and sulfate 

species, which may lead to stronger Lewis acid sites.  

Ti 2p XPS spectra of FTN-400, STN-400, SFTN-400 and HTiNbO5 are shown in 

Fig. S6c. Compared with HTiNbO5, peaks of Ti 2p in FTN-400 are negatively shifted 

by 0.8 eV, implying the presence of Fe-O-Ti and Fe-O-Ti (Nb). After a further doping 

of S, the resulted SFTN-400 shows a decreased BE of Ti 2p only by 0.4 eV, being 

quite similar to the result obtained with STN-400. It indicates that SO4
2− ions are 

tightly anchored on the surface of Fe species which ultimately gives rise to a much 
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lower outer electron density of Ti and then the BE of Ti 2p increase. Compared with 

HTiNbO5, peaks of Nb 3d in three doped catalysts are negatively shifted by 0.3 eV, 

implying the presence of interaction between S or Fe and [TiNbO5]- nanosheets. 

 

7 IR analysis 

 

 

Fig. S7 FTIR spectra of (a) HTNNS-400, (b) FTN-400, (c) STN-400 and (d) 

SFTN-400. 

 

The FTIR spectra of samples are shown in Fig. S7. For two S-doped samples, there 

are two peaks at 3500–3000 cm−1 which can be attributed to the stretching vibration 

of free OH (3400 cm−1) and the vibration of adsorbed water (3200 cm−1), respectively, 

indicating the presence of hydroxyl groups on the surface of samples. [10] The IR 

absorption bands in the range of 400-1000 cm−1 are mainly arisen from vibrations of 

layered host. [11] Compared with the undoped and Fe-doped samples, two S-doped 
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samples show new peaks in the region of 1400-1000 cm−1. Concretely, the peak at 

1403 cm-1 can be attributed to the stretching vibration of O=S=O. [12] The absorption 

peaks at 1216 cm-1 and 1133 cm-1 can be attributed to the asymmetric and symmetric 

stretching vibrations of S=O, respectively, while the absorption peak at 1050 or 1060 

cm-1 can be attributed to the asymmetric stretching vibration of S-O. [12] For STN-400, 

the peaks at 1060 and 1133 cm−1 are characteristics of sulfate coordinated to metal in 

a bidentate model. But for SFTN-400, the adsorption peak of the asymmetric 

stretching vibration of S-O is shifted to a lower wavenumber at 1050 cm−1 and a new 

shoulder peak at 1216 cm−1 appears except 1133 cm−1. [12] This further suggests that 

sulfate was coordinated to different surface metals, and S-O-Fe and Fe-O-Ti (or Ti 

and Nb) bondings were formed in SFTN-400. In a word, the introduction of S results 

in the change of the surface structure of the corresponding catalysts.  

 

Table S1 Some textural parameters of HTiNbO5 and the corresponding derivatives 

Sample Interlayer 
distance (nm) 

SBET 
(m2 g-1) 

Pore volume 
(cm3g-1) 

HTiNbO5 0.83 3.7 - 
HTNNS 1.06 41.7 0.131 
FTN 1.17 73.1 0.210 
HTNNS-400 - 35.0 0.133 
FTN-400 - 106.0 0.315 
STN-400 - 55.0 0.187 
SFTN-400 0.98 94.0 0.272 
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