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Characterization
The morphology and surface structure of catalyst samples were analyzed by scanning
electron microscope (SEM, Ultra Plus, Zeiss, Germany). Transmission electron
microscope (TEM), scanning transmission electron microscope (STEM) and highresolution transmission electron microscope (HAADF-HRTEM) images with an energy
dispersive spectrometer (EDS) are taken on Talos F200X microscope operating with an
acceleration voltage of 200 kV. X-ray diffraction (XRD) patterns are obtained on a
Bruker D8 X-Ray diffractometer using Cu Kα radiation source at 30 kV. The diffraction
patterns are taken in the 2 h range of 10°~80° at a scan speed of 5°·min-1 and a resolution
of 0.02°. The N2 adsorption-desorption experiments are performed at N2 temperature
(−196 °C) using a V-Sorb2800P (Beijing JinAiPu, China) specific surface area and pore
size analyzer. The specific surface areas are calculated from the N2 adsorption
isotherms by applying the Brunauer-Emmett-Teller (BET) equation. The actual metal
contents and chlorine elements were determined using inductively coupled plasma
Mass spectrometry (ICP–MS) with a PerkinElmer NexION 300X spectrometer (United
States of America) and ion chromatography (IC) using a Shimadzu LC–20A instrument
(Japan).
O2−Temperature programmed desorption (TPD) and H2−Temperature programmed
reduction (TPR) analysis are all conducted in a quartz U-tube reactor connected to a
FINESORB-3010 instrument. For the TPD measurements, 70 mg of catalyst sample
and O2-He, as adsorbent, are used. Adsorption is conducted using a mixture of 10
ml/min NH3 and 30 mL/min N2. After adsorption saturation, He is purged at 30 ml/min
until the TCD detector signal became stable, then, the atmosphere temperature is
increased from 100 to 600 °C in a He atmosphere (with a 30 ml/min flow) for
desorption, and recording the work curve. Prior to the TPR measurements, a sample (20
mg) is pretreated at 200 °C for 30 min in high-purity Ar (20 ml/min) and maintain for
35 minutes, then, cooling down to room temperature. H2 is introduced at a flow rate of
20 ml/min subsequently, and atmosphere temperature is raised to 800 °C at a rate of 10
°C/min for temperature-programmed reduction, the signal is collected using a TCD
detector to obtain a H2-TPR pattern.
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X-ray photoelectron spectroscopy (XPS) are performed with a Thermo Scientific KAlpha+ using Al K as the radiation source. The binding energy for Ti 2p, V 2p, O 1s,
C 1s are corrected by the energy of surface contamination C 1s peak at 284.8 eV.
In situ DRIFT (diffuse reflectance infrared Fourier transform) spectra of O2/CB
adsorption is carried out on a Nicolet6700 spectrometer (Thermo Electron Corporation,
USA), with running in the wave number rang of 1200~2000 cm-1 at a resolution of 4
cm-1 (32 scans are taken for each spectrum).
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Catalytic performance test
Catalytic activity of CB oxidation over prepared catalysts were conducted in a
continuous flow fixed-bed quartz reactor. The reactor was made of a quartz tube with
an 8 mm inner diameter using approximately 100 mg (40-60 meshes). The inlet gas
mixture contained (1000 ppm) CB, 10% O2 and N2 as balance. The gas hourly space
velocity (GHSV) was 12 000 ml·g-1·h-1. A thermocouple was set to control the reaction
temperature. Catalytic combustion experiments were carried out at atmospheric
pressure in 100~400 °C. The catalysts were stabilized for 30 min at each temperature.
The gas concentrations (CO, CO2 and O2) at the outlet were detected by flue gas
analyzer, while CB and by-products were detected by gas chromatography (GC)
equipped with FID. The feed gas is mixed to preheat in a chamber before entering the
reactor.
The Weisz−Prater Criterion is used for testing the effect of internal diffusion1:

If

Cwp =

- r'A(obs)ρcRρ2
DeCAs

<1, then internal mass transfer effects can be neglected.

- r'A(obs)= observed reaction rate, kmol/kg -cat·s
R = catalyst particle radius, m
ρc = solid catalyst density, kg/m3; [ρc, anatase = 4000 kg/m3]
DABφpσc
De = effective gas-phase diffusivity, m2/s; =

τ

where DAB = gas-phase diffusivity m2/s; 𝜑𝑝= pellet porosity; 𝜎𝑐=constriction factor;
𝜏 =tortuosity. CAs = gas concentration of A at the catalyst surface, kmol-A/m3
Cwp =

- r'A(obs)𝑟c𝑅
De𝐶𝐴𝑠

2

=

[1×10-6

kmol/kg·s]×[4×103

kg/kgm3]×[1.5×10-4

kg/kgm3]/[2.6×10-4 m2/s] [8.5×10-5 kmol/m3] = 0.416<1
Thus, the internal mass transfer effects can be neglected.
The CB conversion and CO2 selectivity for the PdxVy/TiO2 catalysts are calculated
according to the following equations:
CBConversion =

C(CB)in - C(CB)out
C(CB)in

× 100%
(1)
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CO2Selectivity =

C(CO2)𝑜𝑢𝑡 - C(CO2)𝑖𝑛
6·C(CB)in

× 100%
(2)

where, CBConversion and CO2Selectivityrepresents CB conversion, and CO2 selectivity,

( )
respectively. The C CB in represent the concentration of the inlet CB, while the
C(CB)out, and C(CO)out and C(CO2)out represent the concentration of the outlet flue
gas component CB, CO and CO2, respectively.
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Computational details
All the calculations are performed based on the first-principles density functional
theory (DFT),2 as implemented in the code Vienna ab initio simulation package
(VASP)3, 4, within the framework of the projector augmented wave (PAW) method5.
The generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerh (PBE)
of function is utilized to describe the exchange correlation interactions.6,
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Dipole

correction is adopted to describe total energy and electronic structure to eliminate
dipole moments caused by metal atom adsorption.8
During all the adsorption calculations, the kinetic energy cutoff is set to 500 eV.9 The
crystal structure of TiO2, has tetragonal symmetry with a space group of mp-390. For
transition metals and their oxide systems, there is a strong electronic correlation within
the atom. Due to the large size of the slab model (22.23 Å×14.29 Å×20.82 Å), a
Gamma-Centered 1×1×1 mesh is used for the Brillouin zone integration. The geometry
optimization has been performed with the wholead-molecule model relaxing. A 15 Å
vacuum layer in the z-direction is introduced to simulate the surfaces to ensure the
reaction can’t be influenced by the next layer, and the self-consistent charge (SCC)
convergence tolerance is set to 1.0×10−4 eV atoms. Adsorption is allowed on only one
side of the exposed surfaces, with the dipole moment corrected accordingly in the zdirection. All the adsorption reaction is carried out on the top of active center sites,
where the distance between the adsorbed gas molecule and active center atom the is
about 3.0 Å. The adsorption energy of SCR reaction gas CB and O2 on the PdV/TiO2
(101) surface are calculated using Eq.3:
Eab = Egas-structure − (Egas + Estructure)

(3)

where Eab is the total energy of the adsorbed reaction gas over PdV/TiO2 structure (101)
surface, Estructure is the total energy of the interacting PdV/TiO2 structure (101) surface,
and Egas is the energy of the isolated gas molecules in vacuum. A more negative
adsorption energy corresponds to a stronger binding of gas molecules on the surface.
Conversely, a positive adsorption energy indicates that the gas molecules cannot adsorb
on the surface of the system.
To characterize the charge redistribution behavior upon single gas molecule
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adsorption on anatase PdVTiO2 (101) surface, the charge density difference (CDD) was
inspected according to Eq.4:
Δρ = ρgas-structure – ρstructure–gas

(4)

where ρgas-structure is the total charge density of configuration after reaction gas
adsorption, ρstructure is the total charge density of the interacting PdV/TiO2 structure
(101) surface, and gas is the charge density of isolated gas molecules in vacuum.
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Fig.S1 CB conversion of TiO2, V4/TiO2, Pd0.12/TiO2 and Pd0.12V4/TiO2 catalysts.
Reaction condition: 500 ppm CB+10% Vol. O2, and GHSV = 12 000 mL·g-1·h-1.
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Table S1 Element molar ratio of Pd0.12V4/TiO2 and Used Pd0.12V4/TiO2 catalysts
Pd molar ratio

V molar ratio

Cl molar ratio

(%)

(%)

(%)

Pd0.12V4/TiO2

0.112

3.568

––

Used Pd0.12V4/TiO2

0.103

3.536

0.044

Catalyst sample
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Fig.S2 HRTEM images of Pd0.12V4/TiO2 catalyst
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Fig.S3 Nitrogen adsorption-desorption isotherms of (a) V4/TiO2, (b) Pd0.12V4/TiO2 and
(c) Used Pd0.12V4/TiO2catalyst.
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Fig.S4 SEM (a-b), EDS elemental mappings (c-e), images of V4/TiO2 catalyst.
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Fig.S5 SEM (a-b), EDS elemental mappings (c-g), images of Used Pd0.12V4/TiO2
catalyst.
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Fig.S6 Slab models of anatase-TiO2 (101) surface. (a) anatase-TiO2 unit cell, (b) side
view of anatase-TiO2 (101) surface.

S14

Fig.S7 Charge density difference (CDD) for adsorption of CB and O2 molecules on the
PdV/TiO2 (101) surface.
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Fig.S8 Removal path and energy barrier of CB on PdV/TiO2 (101) structure (CB
adsorption configuration for the main part of CB molecule is close to VOx cluster).
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Fig.S9 Configurations for Cl2 and HCl adsorption on the PdV/TiO2 (101) structure.
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Fig.S10 Schematic diagram of PdV/TiO2 (101) catalyst structure recovery.
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Fig.S11 Generated Brønsted acid sites from dissociation of surface adsorbed H2O.
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