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1. Computer details

All the models for the hydrogenation of acetylene to ethylene are carried out within 

the framework of the Perdew-Burke-Ernzerhof (PBE) method of generalized gradient 

approximation (GGA) in the Vienna ab initio simulation program (VASP)1, 2. Spin 

polarization is considered throughout the calculations. A 1 × 1 × 1 Monkhorst-Pack k-

point mesh was used.The vacuum layer was set to 15 Å to avoid interactions between 

neighboring surfaces. Van der Waals force interactions between molecules are 

considered. Differential charge data are processed using VESTA software3
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2. Calculation of reaction rate and apparent activation energy 
The acetylene reaction rate (r, mol∙s-1∙gcat

-1) was calculated according to the following 
equations: 

𝑟 =
𝑋 × 𝐹

𝑚
 where X = Acetylene conversion, %

F = Acetylene molar flow rate, mol∙s-1 
m = weight of catalysts, g

The ethylene production rate ( , mol∙s-1∙gcat
-1) was calculated according to the 

𝑟𝐶2𝐻4

following equations: 
𝑟𝐶2𝐻4

= 𝑟 × 𝑆𝐶2𝐻4

where  = acetylene reaction rate, mol∙s-1∙gcat
-1𝑟

 = Selectivity of ethylene, % 
𝑆𝐶2𝐻4

Carbon balance calculation：

𝑐𝑎𝑟𝑏𝑜𝑛 𝑏𝑙𝑎𝑛𝑐𝑒 =
2𝐹𝑜𝑢𝑡,  𝐶2𝐻2

+ 2𝐹𝑜𝑢𝑡,  𝐶2𝐻4
+ 2𝐹𝑜𝑢𝑡,  𝐶2𝐻6

+ 4𝐹𝑜𝑢𝑡,  𝐶4

2(𝐹𝑖𝑛,  𝐶2𝐻2
+ 𝐹𝑖𝑛,  𝐶2𝐻4

)
× 100%

Where = The rate of acetylene flow out after the reaction, mol·s-1
𝐹𝑜𝑢𝑡,  𝐶2𝐻2

= The rate of ethylene flow out after the reaction, mol·s-1
𝐹𝑜𝑢𝑡,  𝐶2𝐻4

= The rate of ethylene flow entering before the reaction, mol·s-1
𝐹𝑖𝑛,  𝐶2𝐻4

= The rate of ethane flow out after the reaction, mol·s-1
𝐹𝑜𝑢𝑡,  𝐶2𝐻6

= The rate of C4 flow out after the reaction, mol·s-1
𝐹𝑜𝑢𝑡,  𝐶4

= The rate of acetylene flow entering before the reaction, mol·s-1
𝐹𝑖𝑛,  𝐶2𝐻2

The apparent activation energy (Ea) was calculated using the Arrhenius formula under 
toluene conversion below 15%: 

𝑙𝑛𝑟 =‒
𝐸𝑎

𝑅𝑇
+ 𝑙𝑛𝐴

where R = ideal gas constant, 8.314 J∙mol-1∙K-1 
r = reaction rate of acetylene, mol∙s-1∙gcat

-1

T = reaction temperature, K
ln A = a constant 
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Finally, Ea was obtained by using the slope of the linear plot of 1000/T versus ln r.
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3. Internal and external mass transfer limitations 
3.1 Internal Diffusion

To ensure the reaction rates fall within the intrinsic kinetic regime, it is necessary 
to eliminate the effects of both external and internal diffusion. Given that TiO2 catalysts 
treated under different atmospheres exhibit varying specific surface areas (see Table 
S1), we conducted experiments to eliminate internal and external diffusion for T-600, 
T-200, T-H200, and T-H600, which have different OV contents. In a fixed-bed reactor, 
the elimination of external mass transfer effects is typically achieved by varying the 
linear flow velocity while maintaining a constant space velocity. Specifically, this 
involves simultaneously increasing the flow rate and the catalyst mass to test the 
reaction rate. When the reaction rate remains unchanged despite changes in the flow 
rate, the influence of external mass transfer can be considered negligible.4 Therefore, 
we investigated the influence of external mass transfer on T-H200, T-H600, T-200, and 
T-600 under the conditions of a space velocity of 54,000 h⁻¹, H2: C2H2 = 10:1, a reaction 
temperature of 250°C, and a reaction pressure of 101 kPa. After stabilizing the catalysts 
for 2 hours, kinetic data were collected three times for each flow rate and each catalyst, 
with the average values reported. The experimental results are shown in Fig. S1a.

Fig. S1. (a) The effect of different feed flow rates and (b) The effect of different particle 
sizes on the acetylene reaction rate over TiO2 catalysts with varying OV content was 
investigated under constant space velocity (reaction conditions: T = 250°C, Sv = 54000 
h⁻¹, H2: C2H2 = 10:1, P = 101 kPa).

Fig. S1 shows that as the feed flow rate increases from 50 to 90 mL·min⁻¹, the 
reaction rate for all TiO2 catalysts with different OV contents increases significantly, 
indicating a substantial impact of external diffusion. However, when the flow rate 
exceeds 90 mL·min⁻¹, the reaction rate increases slowly and stabilizes, demonstrating 
that external mass transfer limitations can be eliminated at flow rates above 90 
mL·min⁻¹. Therefore, to ensure accuracy, a flow rate of 140 mL·min⁻¹ was chosen for 
the subsequent kinetic experiments.

When the diffusion rate of the reactant gases within the catalyst's pore structure is 
sufficiently slow, internal diffusion becomes the rate-limiting step in the catalytic 
reaction. In this case, the catalyst's performance does not reflect its intrinsic catalytic 
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activity. The macroscopic reaction rate inferred from the results is also a composite of 
the internal diffusion rate and the reaction rate. Therefore, the impact of internal mass 
transfer on the study of intrinsic catalyst kinetics cannot be overlooked. In 
heterogeneous catalysis, internal mass transfer effects are typically investigated by 
varying the catalyst particle size.4, 5 When the reaction rate shows minimal dependence 
on particle size, it indicates that internal mass transfer effects can be considered 
negligible. To eliminate the influence of internal diffusion, we conducted experiments 
under the following conditions: a feed gas flow rate of 140 mL·min⁻¹, space velocity of 
54,000 h⁻¹, H2: C2H2 = 10:1, a reaction temperature of 250 °C, and a reaction pressure 
of 101 kPa. We evaluated the impact of internal mass transfer using five different 
particle sizes (80-140, 60-80, 40-60, 20-40, and 10-20 mesh) for the catalysts T-600, 
T-200, T-H200, and T-H600. After stabilizing the catalyst for 2 hours, we collected 
three sets of kinetic data for each particle size and catalyst. The experimental results are 
presented in Fig. S1b. as we can see, the reaction rate for TiO₂ catalysts with varying 
OV content increases as the catalyst particle size decreases. Specifically, when the 
catalyst particle size decreases from 10-20 mesh to 40-60 mesh, the reaction rate 
significantly increases. However, further reduction in particle size to 80-140 mesh 
results in minimal change in the reaction rate, indicating that internal mass transfer 
limitations can be neglected when the particle size is below 40-60 mesh. Therefore, 
using 40-60 mesh particles is sufficient for intrinsic kinetic testing. Additionally, the 
experiments to eliminate internal and external diffusion effects indicate that the T-H200 
catalyst, with an optimal amount of OV, exhibits the highest reaction rate within the 
kinetic regime, consistent with our findings under optimal reaction conditions.

3.2 External Diffusion
When considering heat transfer effects, resistance caused by interphase heat 

transfer can be excluded according to the Mears criterion6, in which the presence of the 
interphase heat transfer can be ruled out if the calculated is smaller than 0.15.

𝐶𝑀 =  | ‒ Δ𝐻𝑟𝑜𝑏𝑠𝜌𝑏𝑅𝐸

ℎ𝑇2𝑅𝑔
|

Where ∆H= heat of reaction, kJ/mol
robs= observed reaction rate, mol/(kgcat·s)
ρb = bulk density of catalyst bed, kg/m3

=  ( =porosity)(1 ‒ Φ)𝜌𝑐 Φ

R = catalyst particle radius, m
E= activation energy, kJ/mol 
h= heat transfer coefficient between gas and pellet, kJ/(m2·s·K)
Rg= gas constant, kJ/(mol·K)
T = reaction temperature, K

Before determining the heat transfer coefficient(h) for TiO2-catalyzed semi-
hydrogenation of acetylene, the Nusselt number (Nu) and Prandtl number (Pr) for the 
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catalyst system are calculated with the available value of Reynolds number (Re) 
according to the following equations:

𝑁𝑢 =
ℎ𝑑𝑝

𝑘𝑡,𝑚𝑖𝑥
 

𝑃𝑟 =
𝜇𝑚𝑖𝑥𝐶𝑝,𝑚𝑖𝑥

𝑘𝑡,𝑚𝑖𝑥
 

𝑁𝑢 = 2 + 0.6𝑅𝑒
1
2𝑃𝑟

1
3 

Where  = thermal conductivity of blended reaction gases, kJ/m·s·K,𝑘𝑡,𝑚𝑖𝑥

 = specific heat of blended reaction gases kJ·kg-1·K-1𝐶𝑝,𝑚𝑖𝑥

 = dynamic viscosity of binary reaction gases, kg·m-1·s-1𝜇𝑚𝑖𝑥

dp = average diameter of the catalyst particle, m

For example, using T-H200, the parameters are determined as follows.
∆H= -175.7 kJ/mol
robs = 1.4×10-4 mol/(kgcat·s) 
ρb = 874.73 kg/m3

R = 1.5×10-4 m 
h = 0.65 kJ/(m2·s·K) 
T = 523.15 K  
Rg= 8.314×10-3 kJ/(mol·K) 
E= 11.39 kJ/mol

 = 2.7932×10-5 kJ/(m·s·K) 𝑘𝑡,𝑚𝑖𝑥

= 1.4220 kJ/(kg·K) 𝐶𝑝,𝑚𝑖𝑥

dp = 3×10-4 m

These parameters are then substituted into the Mears equation.

𝐶𝑀 =  | ‒ Δ𝐻𝑟𝑜𝑏𝑠𝜌𝑏𝑅𝐸

ℎ𝑇2𝑅𝑔
|

= [(176,7 kJ/mol) × (1.4×10-4 mol/(kgcat·s)×(874.73 kg/m3 )×(1.5×10-4 m) × 11.39 
kJ/mol]/[( 0.65 kJ/(m2·s·K)) × (523.15 K)2×8.314×10-3 kJ/(mol·K)]
= 2.4855×10-5 < 0.15

Since the determined value is much less than the critical value of 0.15, the 
resistance due to interphase heat transfer can be neglected under our reaction 
conditions.
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Fig. S2. XRD patterns of untreated commercial titanium dioxide (T) and T-200 
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Fig. S3. EPR spectra of T, T-200, and T-400.
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Fig. S4. The (αhν)2 vs hν plots of T-400, T and T-H400, indicating the bandgap for the 

corresponding absorption spectrum of each sample. Bandgap energy is calculated from 

the extrapolated line (dashed) fitted to respective linear portions
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Fig. S5. The O 1s XPS spectra of (a) T-200, (b) T-400, (c) T-600.
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Fig. S6. Variation of the integrated intensity of the OV peak with TiO2 catalysts treated 
under different atmospheres and temperatures.
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Fig. S7. The O 1s and Ti 2p XPS spectra of Pure TiO2 without any treatment
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Fig. S8. Evaluation results of T-H200 at different temperatures (Reaction conditions: 
atmospheric pressure, H2:C2H2=10:1, GHSV=500h-1)
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Fig. S9. At low conversion rates (<15%), the conversion and selectivity of different OV 
content catalysts in the acetylene hydrogenation reaction were evaluated. (reaction 
conditions: T = 250°C, F=140 mL·min-1 Sv = 54000 h⁻¹, H2: C2H2 = 10: 1, P = 101 
kPa).
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Fig. S10. The main components of C4 are trans-2-Butene(a), cis-2-Butene(b), 1,3-
Butadiene(c) and 1-Butylene(d).
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Fig. S11: (a) Yield of TiO2 samples with different OV contents. T, T-H200, T-H400, 
T-H600, T-200, T-400, and T-600 were 75.08 %, 96.78 %, 64.47 %, 40.84 %, 71.13 %, 
43.78 %, and 20.16 %, respectively, and T-H200, which has the highest OV content, 
has the highest yield. (b) Ethylene production rate of TiO2 catalysts with varying OV 
content, determined at low conversion (<15%) to ensure the test is within the kinetic 
range. The OV contents of the TiO2 catalysts follow the order T-600 < T-400 < T-H600 
< T-200 < T-H400 < T-H200, corresponding to ethylene production rates of 4.71×10-8, 
5.82×10-8, 6.76×10-8, 9.46×10-8, 11.44×10-8, and 14.29×10-8 mol∙s⁻¹∙gcat⁻¹, respectively. 
Similar with the acetylene reaction rate, the ethylene production rate is directly 
proportional to the OV content, reaching a maximum of 14.29×10-8 mol∙s⁻¹∙gcat⁻¹ for the 
T-H200 sample.
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Fig. S12: The initial and transition states of hydrogen on TiO2 surfaces without OV 
(homolytic cleavage) and with OV (heterolytic cleavage). The red, white, grey and dark 
grey balls represent O, H, Ti and C atoms, respectively.
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Fig. S13: The semi-hydrogenation process of acetylene between the TiO2 surface 
without OV and the TiO2 surface with OV. The red, white, grey and dark grey balls 
represent O, H, Ti and C atoms, respectively.
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Fig. S14: Elemental analysis of different TiO2 samples (a) T-200, (b) T-400, (c) T-600, 
(d) T-H200, (e) T-H400 and (f) T-H600.
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Fig. S15: The initial, transition and final states of H2 dissociation on TiO2 and TiO2-OV 
surfaces.
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Figure S16: (a) XRD patterns of samples with varying OV content before the reaction 
and (b) after the reaction. (c) N2 adsorption/desorption isotherms of samples with 
varying OV content before the reaction and (d) after the reaction. (e) The O 1s XPS 
spectra of T-H200 before and after the reaction, and (f) the full spectra of T-H200 before 
and after the reaction.
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Table S1. Average crystallite size, BET surface area, proe volume and Proe diameter 

of TiO2 Samples

Catalysts
Avg. 

crystallite 
sizea (nm)

BET surface 
area (m2/g)

Proe 
volume 
(cm3/g)

Proe 
diameter 

(nm)

T-200 10.4 163.23 0.34 8.33

T-400 15.2 70.55 0.30 17.02

T-600 30.6 37.83 0.24 25.32

T-H200 10.9 214.42 0.35 6.58

T-H400 12.3     154.60 0.34 8.84

T-H600 24.5    56.46 0.23 16.25

a. Calculated using the Scherrer equation
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Table S2. The relative content of surface lattice oxygen (OL), oxygen anions near the 
oxygen vacancy sites (Ov) and hydroxyl species of surface-adsorbed water molecules 
(OOH).

O 1s

Sample

OL(%) Ov(%) OOH(%)

T 85.66 12.08 2.26

T-200 85.93 11.91 2.16

T-400 87.05 10.29 2.66

T-600 88.21 9.10 2.68

T-H200 84.22 12.84 2.94

T-H400 82.49 15.05 2.47

T-H600 79.99 16.70 3.22
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Table S3. Reaction energies (ΔE) and energy barriers (Ea) of H2 dissociation and C2H2 

hydrogenation.
H2* → O-H (Ti-H) 
+ O-H

C2H2* + OH (Ti-H) 
→ C2H3*

C2H3* + O-H → 
C2H4*

ΔE Ea ΔE Ea ΔE Ea

TiO2 0.45 1.46 1.89 2.90 4.9 5.03

TiO2-OV -0.55 0.75 -2.98 0.14 -3.13 -1.88
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Table S4: Summarized results of publications in acetylene hydrogenation

Catal
yst

Compos
itiona 
(vol%)
H2: 
C2H2

Press

ure

(MP

a)

Temper

ature
(oC)

GH
SV
(h-1)

Durab
ility
(h)

Conver

sion
(%)

Selecti

vity
(%)

reacti
on 

rates 
(mol/
g/h)

Re
f.

ceria
−VO

30: 1 0.1 200 - - 3.0 12 -

ceria
−H

30: 1 0.1 200 - - 2.4 20 -

ceria
−O

30: 1 0.1 200 - - 7.1 76 -

7

TiO2-
H600

- - 200 - - - - 2×10-

4

8

TiO2-
fresh

- - 200 - - - - 1.1×1
0-4

CeO2
-
673K
-O

- - 150 2.0 96.7 -

CeO2
-
533K
-H

- - 150 - - 1.7 94.7 -

CeO2
-
623K
-H

- - 150 - - 1.7 94.4 -

CeO2
-
673K
-H

- - 150 - - 2.7 92.4 -

9

Pd/Ti
O2-
com-
A

1.2: 1 - 40 540
0

- 59 58 - 10

T-
H200

10: 1 0.1 250 500 23 100 95 6.1×1
0-4

Th
is 
wo
rk

a: The composition refers to the hydrogen-to-acetylene ratio in the presence of excess 
ethylene.
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Table S5: Characteristic Value and Uncertainty of High-Purity Air

Component Name Standard Value (mol / mol) Relative Expanded 
Uncertainty (k = 2)

High-Purity Air 99.999 %
O2 20 %∽22 %
N2 78 %∽80 %
H2 ≤ 0.5 ppm

CH4 ≤ 0.5 ppm
CO ≤ 0.5 ppm
CO2 ≤ 0.5 ppm
H2O ≤ 3 ppm

1 %
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Table S6: Elemental quantitative results of different TiO2 samples
Sample Element Weight (%) Atom (%)

O 33.08 59.68T-200
Ti 66.92 40.32
O 33.84 60.49T-400
Ti 66.16 39.51
O 33.75 60.40T-600
Ti 66.25 39.60
O 32.37 58.89T-H200
Ti 67.63 41.11
O 34.60 61.30T-H400
Ti 65.40 38.70
O 31.72 58.18T-H600
Ti 68.28 41.82
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Table S7: The average grain size, BET surface area, proe volume, and proe diameter of 
the evaluated TiO2 samples

Catalysts
Avg. 

crystallite 
sizea (nm)

BET surface 
area (m2/g)

Proe 
volume 
(cm3/g)

Proe 
diameter 

(nm)

T-200-used 11.1 148.34 0.32 6.64

T-400-used 16.4 64.80 0.29 7.59

T-600-used 31.1 40.36 0.24 12.35

T-H200-used 11.1 166.96 0.32 6.71

T-H400-used 15.1 125.74 0.31 8.52

T-H600-used 26.4 54.51 0.19 11.82

a. Calculated using the Scherrer equation
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