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Text S1. Evaluation and of catalysts.

The catalyst performance was evaluated in a fixed bed glass microreactor under normal 

pressure and 180 °C. First, N2 is injected into the pipeline 30 minutes before the reaction starts 

to remove residual water and impurity gas. Subsequently, N2 was switched to HCl gas, which 

was used to activate the catalyst (3 mL) in the reactor for 30 minutes. When the temperature in 

the reactor rises to 180 °C, C2H2 gas is passed into the reaction system, and the acetylene 

hydrochlorination reaction begins. The volume ratio of HCl to C2H2 (VHCl/VC2H2) is controlled 

at = 1.15, and the gas hourly space velocity (GHSV) of acetylene was controlled at 180 h−1. 

The gaseous product was analyzed quantitatively by gas chromatography after impurity 

removal and drying. Finally, the performance of the catalyst was evaluated according to the 

calculated acetylene conversion and vinyl chloride selectivity.

Text S2. Characterization of catalysts.

Programmed Temperature Desorption (TPD) Measurements. The TPD tests were 

performed on an automated chemosorbent (Quantachrome, Chembet Pulsar TPR/TPD), 

scanned within the temperature range of 30 to 600 °C with a heating rate of 5 °C/min. For TPD 

experiments, the samples entirely adsorbed the corresponding gas prior to test.

X-ray Photoelectron Spectroscopy (XPS) Measurement. All spectra were performed on 

an energy spectrometer containing an Al-K X-ray source (Thermo Fisher, Escalab 250Xi). 

The relative data were processed on Advantage. The calibrated energy of C 1s was 248.8 eV.

Programmed Temperature Reduction (H2-TPR) Measurements. The H2-TPR tests were 

performed on an automated chemosorbent (Quantachrome, Chembet Pulsar TPR/TPD). 



Accurately weigh 0.1 g of the sample and place it in a U-shaped quartz tube, with both ends 

filled with an appropriate amount of quartz wool. The flow rate of the 10% H₂/Ar mixed gas 

was maintained at 100 mL·min⁻¹. The temperature was increased from room temperature to 900 

°C at a heating rate of 10 °C·min⁻¹, and TCD signals were recorded throughout this range. The 

position and area of the hydrogen consumption peak were analyzed to determine the valence 

state of the active metal species.

Scanning Transmission Electron Microscopy (STEM) Measurements. The separation of 

metal nanoparticles within the catalyst was examined using a transmission electron microscope 

(JEOL JEM-F200). Morphology and particle size were analyzed as follows: A small quantity 

of the sample was ground into powder and placed into a centrifuge tube. An ethanol solution 

was then added, and the mixture was placed in an ultrasonic bath for uniform dispersion. 

Subsequently, a small volume of the supernatant was dropped onto a 200/300 mesh grid. The 

grid was dried under infrared light and examined using the transmission electron microscope at 

an accelerating voltage of 200 kV.

X-ray Diffraction (XRD) Analysis. X-ray diffraction (XRD) analysis of the catalyst 

samples was conducted using a Bruker D8 ADVANCE X-ray diffractometer. The operating 

voltage and current were set at 40 kV and 40 mA, respectively, with a scanning speed of 10° 

per minute over the range of 2θ = 10-90°. Data collection aimed to analyze the variations in the 

crystal phase structure of metals present in the samples.

Thermogravimetric Analysis (TGA). Thermogravimetric experiments were carried out 

using a Netzsch STA 449 F5 thermal analyzer. Initially, approximately 10 mg of sample was 



loaded. Subsequently, under an air atmosphere with a flow rate of 50 mL/min, the temperature 

was increased gradually from 25 °C to 900 °C at a heating rate of 10 °C/min. During this 

process, thermogravimetric (TG) and derivative thermogravimetric (DTG) data were collected 

to analyze the carbon content deposited on the catalyst surface during the reaction.

Fourier transform infrared spectroscopy (FT-IR). FT-IR analysis was performed on a 

Bruker Vertex70 FT-IR spectrophotometer. A small amount of the sample was ground and then 

tablets were pressed for scanning. The wavenumber range was set from 400 to 4000 cm-1, and 

the information on the surface functional groups of the sample was obtained. In-situ diffuse 

reflection infrared Fourier transform spectroscopy (DRIFTS): The in-situ DRIFTS of catalysts 

was performed using a Bruker Vertex70 FT-IR spectrophotometer with a DTGS detector. The 

total gas flow was controlled at 5 mL/min. The volume ratio and temperature were controlled 

as same as the reaction conditions. The temperature was controlled at 180℃. The test spectrum 

was adjusted to 3000-3500 cm-1.

Text S3. Density functional theory calculation.

The density functional theory (DFT) calculations were carried out with the Materials Studio 

(MS). The structural optimization adopts the Dmol3 module in Materials Studio, The Becke-

Lee-Yang-Parr (BLYP) functional within generalized gradient approximation (GGA) was used 

to process the exchange-correlation, which was utilized to describe the expansion of the 

electronic eigenfunctions [1]. All atoms are fully relaxed until the force, displacement, energy, 

and difference are less than 0.002 Ha/Å, 0.005 Å, 10-5 Ha, respectively. Open the charge density 

preprocessing option and set the maximum value of Subspace Iterative Inverse (DIIS) to 6 to 



significantly improve self-consistent field convergence. We analyze the electron transfer 

process through three distinct approaches: calculating the atomic charge numbers, determining 

the Hamiltonian population of the crystal orbitals, and examining the projected density of states.

 

The adsorption energy (Eads) of a complex formed between two molecules, A and B, can be 

calculated using the following equation:

                                          (S1)𝐸𝑎𝑑𝑠 =  𝐸𝑐𝑜𝑚𝑝𝑙𝑒𝑥 ‒  (𝐸𝐴 +  𝐸𝐵)

where Ecomplex is the total energy of the molecular complex of A and B. EA is the energy of 

the ligand, EB is the energy of hydrogen chloride or acetylene, respectively.

The formation energy (Ef) of copper clusters can be calculated by the following formula:

            (S2)𝐸𝑓 =  𝐸𝐶𝑙𝑢𝑠𝑡𝑒𝑟 ‒  (𝐸𝐶𝑢 ∗ 𝑛𝐶𝑢 +  𝐸𝐶𝑙 ∗ 𝑛𝐶𝑙)

where ECluster is the total energy of the copper cluster, ECu is the energy of the copper atom, 

and ECl is the energy of the chlorine atom. The nCu represents the number of copper atoms, and 

nCl represents the number of chlorine atoms

Text S4. Calculations of conversion, selectivity and deactivation rate.

Four indicators, including conversion, selectivity, deactivation rate [2], in this manuscript 

were used to evaluate the catalytic performances and the detailed calculations were as follows:

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (%) =
𝐶𝑖𝑛𝑙𝑒𝑡 ‒ 𝐶𝑜𝑢𝑡𝑙𝑒𝑡

𝐶𝑖𝑛𝑙𝑒𝑡
× 100 (S3)



𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (%) =
𝐶𝐶2𝐻3𝐶𝑙

𝐶𝑖𝑛𝑙𝑒𝑡 ‒ 𝐶𝑜𝑢𝑡𝑙𝑒𝑡
× 100 (S4)

𝐷𝑒𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 (ℎ ‒ 1) =
𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛𝑚𝑎𝑥 ‒ 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛𝑡

∆𝑡1
(S5)

where Cinlet and Coutlet represent the concentration of C2H2 at the inlet and outlet of reactor, 

respectively. CC2H3Cl is the concentration of C2H3Cl at the outlet of reactor, Conversionmax is 

the maximum C2H2 conversion, Conversiont is the last C2H2 conversion in the experiment, and 

Δt1 is the time taken for conversion to decrease from maximum to residual levels. 



Figure S1. Different models of copper clusters. (The formation energy is listed beneath the 

corresponding structure)



Figure S2. Adsorption energy of acetylene on the linear configuration of CuClx model. (The 
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beneath the corresponding structure)



Figure S6. Different configurations of CuClx-PTDC species. (The formation energy is listed 

beneath the corresponding structure)
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Table S1. The content of copper species in the catalyst based on the Cu LMM region.

Cu species (%) Kinetic energy (eV)
Catalysts

Cu2+ Cu+ Cu0 Cu2+ Cu+ Cu0

Cu8PPA1/AC 68.5 19.9 11.6 915.57 910.92 918.82

Cu8BPDC1/AC 67.0 17.5 15.5 915.46 910.79 918.80

Cu8PTDC1/AC 67.6 20.9 11.5 915.37 910.82 918.67



Table S2. The adsorption capacity of different catalysts for HCl and C2H2 based on TPD 

curve.

The adsorption area for HCl The adsorption area for C2H2

Catalysts
2:1 8:1 40:1 2:1 8:1 40:1

Cu/AC 100% 100%

Cu-PPA 388% 189% 247% 70% 68% 75%

Cu-BPDC 246% 117% 147% 111% 63% 58%

Cu-PTDC 330% 328% 367% 99% 58% 63%

Note: The integrated area of the TPD profile for the reference Cu catalyst was defined as 100%, 

and the areas of all other catalysts were normalized accordingly.
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