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Fig. S1 SEM images for (a) TiO2(101), (b) TiO2(100) and (c) TiO2(001). 

 

Fig. S2 TEM images for TiO2(101). 
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Fig. S3 TEM images for TiO2(100). 

 

Fig. S4 TEM images for TiO2(001). 
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Fig. S5 Calculation of facets percentage of TiO2(101). 
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Fig. S6 Calculation of facets percentage of TiO2(100). 
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𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑜𝑓 100 =
𝑆100 × 4
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Fig. S7 Calculation of facets percentage of TiO2(001). 
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Fig. S8 X-ray diffraction patterns of spent TiO2 catalysts. Reaction conditions: T = 350 °C, Ptotal 

=101.325 kPa, Pacid = 4.0 kPa, W/F = 0.2 h, reaction time = 10 h. 
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Fig. S9 N2 adsorption and desorption isotherms (a) and BJH pore size distribution (b) on TiO2 

catalysts. 
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Fig. S10 XPS survey spectra of (a) TiO2(101), (b) TiO2(100) and (c) TiO2(001). 

 

 

Fig. S11 The estimated Lewis acid sites densities determined by pyridine thermal desorption IR 

spectra on TiO2 catalysts at 150 °C, 250 °C and 350 °C. 
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Fig. S12 Conversion of propionic acid and selectivity of 3-pentanone on the TiO2 catalysts as a 

function of temperature. Reaction conditions: Ptotal = 101.325 kPa, Pacid = 4.0 kPa, W/F = 0.05 h. 

 

Table S1 Comparison of ketonization of small carboxylic acid on different oxide catalysts. 

Entry Catalysts Reaction 

condition 

Conversion 

(%) 

Selectivity 

(%) 

Yield 

 (%) 

Reference 

1 TiO2(101) a 11.39 100 11.39 this work 

2 TiO2(100) a 7.87 100 7.87 this work 

3 TiO2(001) a 14.92 100 14.92 this work 

4 rutile b 92 95 87.4  

1 5 brookite b 56 95 53.2 

6 anatase b 10 77 7.7 

7 CeO2 c 36.3 99.7 36.1 2 

8 CeO2−P a 11.1 99.6 11.0 3 

9 CeO2−UiO-450 a 35.7 99.8 36.6 

10 CeO2−R a 65.6 >99 64.9 4 

11 Ce0.1Zr0.9O2 a 31.7 >95 30.4 5 

12 t-ZrO2 d 26 >97.5 25.4 6 

13 Ca/Zn/AlOx e 92 100 92 7 

14 Fe3O4/SiO2 f 50 59 29.5 8 

15 0.17LaxZryOz g 30 100 30 9 

16 CeFeOx h 87 100 87 10 

17 Zn-Cr (10:1) i 70 100 70 11 

a. Reaction conditions: T = 350 °C, Ptotal = 101.325 kPa, Pacid = 4.0 kPa, W/F = 0.05 h, and the 

reactant is propionic acid. 

b. Reaction conditions: T = 375 °C, Ptotal = 101.325 kPa, WHSV = 3.24 h-1, and the reactant is 

propionic acid. 

c. Reaction conditions: T = 350 °C, Ptotal = 101.325 kPa, W/F = 0.08 h, propionic acid was fed into 

the reactor at the liquid flow rate of 6.5 cm3·h−1. 
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d. Reaction conditions: T = 350 °C, Ptotal = 101.325 kPa, Pacid = 4.0 kPa, W/F = 0.05 h, and the 

reactant is propionic acid. 

e. Reaction conditions: T = 350 °C, 50 wt.% aqueous AcOH solution was pumped into the reactor 

with catalyst (100 mg) at a flow rate of 0.4 mL/h with N2 as carrier gas (10 mL/min). 

f. Reaction conditions: T = 410 °C, Ptotal = 101.325 kPa. N2 was employed as the carrier gas (50 

mL·min-1) and approximately 50 mg each of Fe3O4 and SiO2 diluted with fused silica granules was 

used. 

g. Reaction conditions: T = 295 °C, WHSV = 3.8 h-1. All of the catalysts were tested at 9800 kPa 

with a feed composed of 10 wt. % acetic acid in H2O. 

h. Reaction condition: 0.3 g catalyst, 40 mL·min−1 N2 flow rate, 0.03 mL·min−1 liquid flow rate, 

TOS = 1 h, W/F = 0.17 h. 

i. Reaction condition: 1 bar pressure, 0.2 g catalyst, 20 mL·min−1 N2 flow rate, 2 vol% propionic 

acid, 4 h time on stream, W/F = 4 h·g·mol−1, T = 350 °C. 
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Fig. S13 Thermogravimetric and differential thermogravimetric curves for spent (a) TiO2(101), (b) 

TiO2(100) and (c) TiO2(001). 
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Fig. S14 IR spectra of propionic acid saturated adsorption on (a) TiO2(101), (b) TiO2(100) and (c) 

TiO2(001) at 150 °C.  
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Fig. S15 IR spectra changes of (a) TiO2(101), (b) TiO2(100) and (c) TiO2(001) with propionic acid 

saturated adsorption after purging in Ar flow at 150 °C. 
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Fig. S16 In situ IR spectra on TiO2(101) at 150 °C-350 °C.  
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Fig. S17 In situ IR spectra on TiO2(100) at 150 °C-350 °C.  
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Fig. S18 In situ IR spectra on TiO2(001) at 150 °C-350 °C.  

 

Fig. S16-18 show curve fittings of IR spectra (the region of propionates) of TiO2 

catalysts during temperature programmed desorption of propionic acid.  Solid lines 

represent experimental data and short dash lines represent the curve fitting data. 

 

150 200 250 300 350
0

50

100

150

150 200 250 300 350
0

50

100

150

150 200 250 300 350
0

50

100

150

In
te

g
ra

te
d

 I
R

 a
b

s
o

rb
a

n
c
e

 (
a

.u
.)

Temperature (°C)

 monodentate

 bidentate

(a) TiO2(101)

Temperature (°C)

 monodentate

 bidentate

(b) TiO2(100) (c) TiO2(001)

Temperature (°C)

 monodentate

 bidentate

 
Fig. S19 Evolution of integrated bands areas of monodentate propionate and bidentate propionate 

based on surface area on (a) TiO2(101), (b) TiO2(100) and (c) TiO2(001) as a function of temperature 

from 150 °C to 350 °C.  
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Fig. S20 DFT-determined monodentate propionate on TiO2 (101), (100), and (001) surfaces at 1/2 

ML (PBE + D3). The side and top views are shown in the top and bottom rows, respectively. Light 

blue, red, gray, and white spheres are Ti, O, C, and H atoms, respectively. The distances in the figure 

are given in Å. Ti and O atoms and Ti−O bonds in the lower layers are simplified as lines.  

 

Table S2 DFT-surface energy of TiO2 (101), (100), and (001) surfaces upon adsorption of propionic 

acid. 

 Surface energy-monodentate (J/m2)  Surface energy-bidentate (J/m2) 

Acid coverage (ML) 0 1/4 1/2 1  1//4 1/2 

TiO2(101) 0.77 1.16 0.88 0.24  1.16 0.87 

TiO2(100) 0.87 1.43 1.10 0.46  1.33 0.94 

TiO2(001) 1.41 0.88 0.36 -0.21  0.87 0.33 
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Fig. S21 Correlation between oxygen vacancy concentration and the intrinsic reaction rate. 
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