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Experimental Section 

Materials 

All chemicals were commercially available and used without further purification: ammonium 

metavanadate (NH4VO3, Acros organics, 99.5%), vanadium (III) chloride (VCl3, Sigma-Aldrich, 97%), 

vanadium (IV) oxide sulfate (VOSO4, Sigma-Aldrich, 97%), vanadyl acetylacetonate (VO(acac)2, 

Sigma-Aldrich, 98%), titanium (IV) isopropoxide (TIP, Sigma-Aldrich, ≥97.0 %), Pluronic® F-127 

(Sigma-Aldrich), vanadium (V) oxide (Alfa Aesar, 99.2%), Oxalic acid (Sigma-Aldrich, ≥99.0%), (–

)–Ethyl L–lactate (Sigma-Aldrich, ≥98.0%), hydrochloric acid (HCl, Sigma-Aldrich, 37% wt.%), 

sulfuric acid (H2SO4, Sigma-Aldrich, 95–98%). 

Catalyst preparation 

Synthesis of mesoporous vanadia-titania nanocrystals (meso-VTN) 

In a typical synthesis of NH4VO3@VTN catalyst, Pluronic® F-127 (4 g) was first dissolved in 200 

ml of ethanol. Then, both hydrochloric acid (HCl, 5.6 g) and sulfuric acid (0.8 g) were added 

slowly to the ethanolic solution under stirring. Next, ammonium metavanadate (NH4VO3, 0.12 g, 

1 mmol) and titanium isopropoxide (TIP, 12 g, 41 mmol) were added to the premixed solution, 

followed by vigorous stirring to get a clear solution. After that, the mixture was transferred into a 

Petri dish to evaporate the ethanol at room temperature overnight, and then drying at 100 °C for 

24 h in order to obtain a yellow membrane. Subsequently, the membranes were calcined at 650 °C 

for 2 h to remove the template, with a heating rate of 2 °C/min in a nitrogen flow. Followed by a 

second calcination treatment at 500 °C for 4 h under air to form a highly crystalline mesoporous 

vanadia-titania (denoted as NH4VO3@VTN). According to the above similar procedure, three 

other meso-VTN materials were prepared respectively using different vanadium precursors 

VOSO4, instead of NH4VO3. 
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Catalyst characterizations 

X–ray diffraction patterns (XRD) were recorded on a Rigaku Mini Flex II diffractometer instrument 

using Cu–Kα radiation (λ = 1.5406 Å) at 35 kV and 30 mA. Transmission electron microscopy (TEM) 

were carried out using a JEOL-JEM-2100F microscope operated at an accelerating voltage of 200 kV, 

equipped with a field emission gun (FEG) and an ultra-high-resolution pole-piece that provided a 

point-to-point resolution of 0.19 nm. Scanning electron micrographs (SEM) and high angle annular 

dark-field STEM (HAADF-STEM) were performed using field emission scanning electron microscope 

– FEI Verios 460. Both TEM and STEM samples were dispersed in ethanol, sonicated and sprayed on a 

carbon-coated copper grids and then allowed to air-dry. Nitrogen adsorption–desorption isotherms 

were measured on a Quantachrome Autosorb–3B instrument after evacuating the samples at 473 K for 

12 h. The specific surface areas were evaluated using the Brunauer–Emmett–Teller method and the 

pore distribution was calculated by BJH method. The vanadium loading was measured by inductively 

coupled plasma atom emission spectroscopy (ICP-AES) on a Thermo IRIS Intrepid II XSP. The X-ray 

photoelectron spectroscopy (XPS) measurements were performed on a SPECS spectrometer equipped 

with a Phoibos 100 MCD analyzer and a monochromatized X-ray Al Kα (1486.6 eV). High resolution 

spectra were taken with an energy pass of 30 eV and an energy step of 0.1 eV. An estimation of the 

intensities was done after a calculation of each peak integral, S-shaped background subtraction and 

fitting the experimental curve to a combination of a Lorentzian (30%) and Gaussian (70%) lines. 

Binding energies (BE), referenced to the C 1s line at 284. eV, have an accuracy of ± 0.1 eV. 

Temperature programmed reduction (TPR) measurements were carried out using a 1100 Series Thermo 

Electron TPDRO machine by using a stream of 5% H2/N2 and a heating rate of 10 °C min-1. In situ 

DRIFTS experiments were performed using a Bruker VERTEX 70 equipped with a Pike DiffusIR 

cell attachment. The cell window was made of ZnSe. Spectra were recorded using a MCT detector 

after 128 scans and 4cm-1 resolution. The sample was pretreated at 450°C in He for 30 min in 

order to desorb carbonates or water that might be adsorbed. At 130 °C the catalyst spectrum was 

collected and used as background for the successive recorded spectra. After, the carrier gas was 

switched to air as ethyl lactate started to be fed (0.3µL/min). Hence, the reaction was followed for 
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360min recording a spectrum every 20 minutes. The solvent was not fed to simplify the system. 

Gas chromatography (GC) analysis was collected by an Agilent 7820A instrument equipped with a 

flame ionization detector (FID), autosampler (G4513A) and a dimethylpolysiloxane capillary column 

(VB-1, 30 m × 0.32 mm × 3.00 µm).  

Catalytic testing 

In a typical reaction, ethyl lactate (8.5 mmol, 1 g), catalyst (50 mg), diethyl succinate (2 ml, solvent) 

and biphenyl (0.1 g, internal standard) were added in a 25 ml flask equipped with a dioxygen balloon. 

The reaction mixture was heated to 130 °C under magnetic stirring (800 rpm) for 4 h. After reaction, 

the flask was cooled to room temperature. Then, the product was separated by filtration and analysed 

by GC. The catalyst was washed with acetone, dried, and reused without any further activation. 

Density Functional Theory (DFT) Calculations 

DFT calculation were performed using the CP2K software package,[1] combining the Gaussian 

and Plane Wave (GPW) method.[2] The valence orbitals were described by DZVP-GTH 

Gaussian basis set. All calculations were carried out using the PBE functional with Grimme the 

D3 dispersion corrections.[3,4] The plane wave kinetic energy cutoff was set to 400 eV. We built 

a periodic model of VTN by replacing lattice Ti with V in the top layer of the (101) facet of the 

anatase TiO2 (2×2×1) supercell. The cell parameters of the simulation system are 7.57Å × 7.57 

Å×24.52 Å, including a vacuum layer of 15 Å. The adsorption energies were defined as Eads = 

Eadsorbate + Esurf – Etotal, where Eadsorbate, Esurf, and Etotal refer to the energies of the free adsorbate, 

clean surface, and adsorbed system, respectively. 
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Supplemental data 

Figure S1. The Nitrogen adsorption–desorption isotherms 

 

 

Figure S1. The Nitrogen adsorption–desorption isotherms of meso-VTN materials by 

two-step calcination treatment. (a) NH4VO3@VTN-C, NH4VO3@VTN; (b) 

VOSO4@VTN-C, VOSO4@VTN; (c) VCl3@VTN-C, VCl3@VTN; (d) 

VO(acac)2@VTN-C, VO(acac)2@VTN. 
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Figure S2. TEM image of NH4VO3@VTN 

 

 

Figure S2. (a) TEM image of NH4VO3@VTN; (b) HRTEM image of 

NH4VO3@VTN. 
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Figure S3. SEM image and corresponding EDX spectra  

 

  
 
 

 

Figure S3. SEM image and corresponding EDX spectra of meso-VTN materials 

prepared from different V precursors. (a) NH4VO3@VTN, (b) VOSO4@VTN, (c) 

VO(acac)2@VTN and (d)VCl3@VTN. 
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Figure S4. The Nitrogen adsorption–desorption isotherms of 

NH4VO3@VTN with different V loading 
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Figure S4. The Nitrogen adsorption–desorption isotherms of NH4VO3@VTN with 

different V loading. 
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Table S1. The textural parameters of NH4VO3@VTN with different V 

loading. 

 

Table S1. The textural parameters of NH4VO3@VTNs with different V concentration. 

Sample 
Rutile phase a 

(wt.%) SBET 
b (m2 g-1) VP 

b (cm3 g-1) Dp 
c(nm) 

Meso TiO2 0 120.9 0.20 7.1 

0.2%V-NH4VO3@VTN 0 91.7 0.20 6.0 

0.6%V-NH4VO3@VTN 5 111.5 0.33 7.9 

1%V-NH4VO3@VTN 13 83.8 0.29 8.8 

1.4%V-NH4VO3@VTN 25 75.3 0.28 10.0 

2%V-NH4VO3@VTN 20 42.0 0.3 26.0 

3%V-NH4VO3@VTN 3 25.3 0.21 27.0 

a The weight percentage of the rutile phase using the formula: 

WR=1/[1+0.884(AA/AR], where AA and AR represent the XRD integrated intensities 

of anatase (101) and rutile (110) diffraction peaks. 
b Calculated (based on N2 sorption at 77 K). 
c Calculated from BJH method. 
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Figure S5. Selectivity to ethyl pyruvate plotted against conversion of 

0.2%V–NH4VO3@VTN in the presence of molecular sieve-3 Å (MS-3 

Å). 

 

Figure S5. (a) Selectivity to ethyl pyruvate plotted against conversion of 0.2V%–

NH4VO3@VTN in the presence of molecular sieve-3 Å (MS-3 Å). (b) A comparison 

of the selectivity of by-products in the presence of MS-3 Å. Catalyst 50 mg, 1 atm O2, 

130 °C, ethyl lactate 8.5 mmol (1.0 g), diethyl succinate (solvent, 2 ml). 
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Figure S6. XRD patterns of NH4VO3@VTN with different V loading.  
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Figure S6. X-ray diffraction patterns NH4VO3@VTN with different V loading.  
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Figure S7. Ti2p spectra of blank–TiO2, 0.6%V/TiO2 and 0.6%V–

NH4VO3@VTN. 

 

Figure S7. XPS studies showing high resolution Ti2p spectra of blank–TiO2, 

0.6%V/TiO2 (prepared by impregnation) and 0.6%V–NH4VO3@VTN. 
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Figure S8. Hot filtration test of NH3VO4@VTN in oxidative 

dehydrogenation of ethyl lactate 

 

Figure S8. Hot filtration test of NH3VO4@VTN in the oxidation of ethyl lactate to 

ethyl pyruvate. Reaction conditions: catalysts 50mg, 130 °C, 1 atm O2, ethyl lactate 

8.5 mmol (1 g), diethyl succinate (solvent, 2 ml). 
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Figure S9. Hot filtration test of VOx/TiO2 in oxidative 

dehydrogenation of ethyl lactate  
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Figure S9. Hot filtration test of VOx/TiO2 in oxidation of ethyl lactate to ethyl 

pyruvate. Reaction conditions: catalysts: 50 mg, temperature: 130 °C, 1 atm O2, ethyl 

lactate: 8.5 mmol (1.0 g), diethyl succinate (solvent) 2 ml. 
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Figure S10. XRD patterns and TEM image of spent NH4VO3@VTN 

catalyst 

 

Figure S10. (a) X-ray diffraction patterns of fresh NH4VO3@VTN and after using in 

the reaction for 10 times. (b)TEM image of the NH4VO3@VTN after using10 times. 
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Figure S11. Possible adsorption states for ethyl lactate on the VTN 

surface 

 

  

Figure S11. Possible adsorption states for ethyl lactate on the VTN surface. 
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Table S2. Effects of adding free-radical scavengers 

 

Table S2. Effects of adding free-radical scavengers. a 

Entry Addition b 
Conversion 

(%) c 

Selectivity (%) c 

Ethyl 
pyruvate 

EtOH 
Acetald
ehyde 

Acetic 
acid 

others 

1 - 20.2 90.9 1.8 5.5 0.7 1.0 

2 BHT 16.2 89.8 5.1 2.0 0.7 2.4 

3 p-benzoquinine 17.5 91.9 3.9 1.8 0.7 1.7 

4 tert-butyl alcohol 14.7 88.0 8.9 2.0 0.1 1.0 

a Reaction conditions: 0.6%V-NH4VO3@VTN 50 mg, Temperature: 130 °C. Ethyl lactate 8.5 

mmol (1.0 g); diethyl succinate (solvent, 2 ml); Time:1h. b Additive: 5 mol% (relative to 

substrate); BHT: 2,6-di-t-butyl-4-methylphenol. c Determined by GC. 
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Figure S12. In situ DRIFT spectra recorded during anaerobic 

oxidation of ethyl lactate (without O2). 

 

 

Figure S12. In situ DRIFT spectra recorded during anaerobic oxidation of ethyl 

lactate over 0.2%–NH3VO4@VTN catalyst at elevated temperatures with helium 

atmosphere (without O2). 
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