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1.1 Characterization techniques

H2-TPR experiments of the samples were carried out on the AutoChem HP 2950 

chemisorption analyzer (Micromeritics). The samples (100 mg) were pretreated under 

Ar gas at 350 °C for 1 h and conducted with 5 vol% H2/Ar at a heating rate of 10 °C/min 

from room temperature to 800 °C.

Cu loadings and SiO2/Al2O3 ratios of all the catalysts were determined by 

inductively coupled plasma atomic emission spectroscopy (ICP-OES) on an IRIS 

Intrepid II XSP instrument (Thermo Electron Corporation).

CO in situ diffuse reflectance infrared Fourier transform spectra (CO-DRIFT) 

measurements on the reduced Cu/Beta zeolites were conducted on a spectrometer 

(Bruker vertex 70) with 64 scans at a resolution of 4 cm‒1. The self-supporting pellets 

of the catalyst samples were placed into the reaction chamber, pretreated under helium 

flowing at 250 °C for 40min, and subsequently cooled to 25 °C capture background. 

Then, CO (10% CO/90 % He) was introduced into the DRIFT cell at a gas flow rate of 

20 mL/min; The DRIFTS spectra were obtained after 5min stabilization. 

1.2 Computational details

All calculations were performed using the density functional theory (DFT) 

technique using the Vienna ab initio simulation package (VASP). Spin-polarized 

calculations were performed using the generalized gradient approximation (GGA) 

combined with the Perdew–Burke–Ernzerhof (PBE) method to determine the exchange 

and correlation energies. The projector-augmented wave (PAW) method was used to 

represent the core–valence electron interactions. The typical plane-wave cutoff energy 

was 400 eV for basis-set expansion. For geometry optimization calculations, forces 

were converged below 0.03 eV/Å. The SCF convergence energy was 1 × 10–4 Ha. A 1 

× 1 × 1 k-point mesh was used to perform all the calculations.

The binding energy (Eads) was calculated as follows:

𝐸𝑎𝑑𝑠= 𝐸𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒+ 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 ‒ 𝐸𝑠𝑢𝑟𝑓𝑎𝑐𝑒 ‒ 𝐸𝑔𝑎𝑠

where Esurface is the clean surface relaxation energy of the surface slab, Egas is the energy 

of a free gas molecule under conditions of vacuum, and Eadsorbate+surface is the energy of 

the composite system. As the calculations are performed at 0 K at a fixed cell volume, 



the differences in the Gibbs free energy should equal the differences in the total energy. 

By this definition, a negative value of Eads corresponds to exothermic and spontaneous 

adsorption processes.

1.3 Figures and Tables

Figure S1. (a): full nitrogen sorption isotherms of the Z60-10Cu, Z130-10Cu, and Si-

10Cu; (b): pore size distribution of the Z60-10Cu, Z130-10Cu, and Si-10Cu.

Figure S2. XRD patterns of the Silicalite-1, Si-10Cu, Si-10Cu-300R, Si-10Cu-H.



Figure S3. XRD patterns of the Z130, Z130-10Cu-H.

Figure S4. (a): Cu 2p XPS spectrum of Si-10Cu-300R and Si-10Cu-H; (b): Cu LMM 

XAES spectrum of Si-10Cu-300R and Si-10Cu-H;



Figure S5. The effect of reaction temperatures on ring-opening of FFA over Z60-10Cu-

300R catalyst



Figure S6. The effect of reaction pressure on ring-opening of FFA over Z60-10Cu-300R 

catalyst



Figure S7. The effect of WHSV on ring-opening of FFA over Z60-10Cu-300R catalyst



Figure S8. (a): H2-TPR profile of Z60-10Cu, Z130-10Cu, Si-10Cu; (b) CO-DRIFT 

profiles of Z60-10Cu-160℃, Z60-10Cu-200℃, Z60-10Cu-300℃, Z60-10Cu-400℃.

Note: Z60-10Cu-160℃ sample was Z60-10Cu activated by hydrogen at 160 ℃ for 0.5 

h.

The H2-TPR profile of the Z60-10Cu catalyst displayed two main peaks at 206℃ 

and 243℃, which should be ascribed to the reduction of highly dispersed CuO and the 

reduction of CuO with small size, indicating the uniformly distribution of the small Cu 

particles[1,2], and was validated by the HRTEM result. A broad signal at ~430℃ was 

observed in the Z60-10Cu, as a result of strong interaction between Cu species and 

support[3,4]. Similar reduction peaks also appear in the Z130-10Cu and Si-10Cu catalyst, 

but the reduction peak at high-temperature stage is slightly lower than Z60-10Cu, It 

may be related to the density of hydroxyl group and Si(OH)Al on the support surface. 

As we all know, hydroxyl group and Si(OH)Al can be used as anchor sites to fix the 

active metal and enhance the metal-support interaction[5,6]. Especially the MFI support 

after ammonia treatment may increase anchor sites.



The CO-DRIFT spectroscopy of different reduction temperature presented three 

characteristic bands at ~2176 cm-1, ~2147 cm-1, and ~2121 cm-1, can be ascribed to 

the symmetric and antisymmetric vibrations of Cu+−(CO)2 species and Cu+−CO 

species[7-9], respectively. Owing to the weaker interaction between Cu2+,Cu0 and CO, 

the corresponding Cu2+-CO and Cu0-CO complexes are very unstable and difficult to 

detect, particularly when they are in copresence with Cu+ sites[9].

Figure S9. The selectivity of 1,2 and 1,5-PDO after being reduced at a different 

temperature, catalysts performance test condition: 160 ℃ and 2.5 MPa of 40 ml/min 

H2, 2 wt% FFA, ETOH as solvent, 0.2 ml/min.



Figure S10. Correlation of Cu+ proportion and PDO selectivity.



Figure S11. Density of states (DOS) for (a): MFI, (b): Cu-MFI, and (c): Cu2O-MFI



Figure S12. Differential charge density diagram of Cu2O-MFI



Figure S13. Differential charge density diagram of Cu-MFI



Figure S14. The adsorption configurations of FFA on different materials (section 

view). (a): FFA-MFI, (b): FFA-Cu, and (c): FFA-Cu2O
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Table S1. The selectivity ratio of 1,5-PDO/1,2-PDO in the literature

Feed Catalyst Batch/

Flow

T 

(℃)

P

(MPa)

RTb/

WHSVc

S1,2-PDO S1,5-PDO S1,5-PDO/

S1,2-PDO

Ref

FFA Cu/Al2O3 Batch 140 8.0 8 h 48.6% 22.7% 0.47 [10]

FFA Cu/LaCoO3 Batch 140 6.0 2 h 15.2% 40.3% 2.65 [11]

FFA Cu-Co-Al Batch 160 4.0 2 h 16.1% 41.6% 2.58 [12]

FFA Cu-Mg3AlO4.5 Batch 140 6.0 24 h 51.2% 28.8% 0.56 [13]

FFA Pt/CeO2 Batch 170 1.0 1.5 h 65.0% 8.0% 0.12 [14]

FFA Pt/CeO2 Batch 165 2.0 12 h 77.0% 7.0% 0.09 [15]

FFA Pt/MgAlOx Flow 200 3.0 0.12 h-1 86.0% 5.0% 0.06 [16]

FFA Pt/Co2AlO4 Batch 140 1.5 24 h 16.2% 34.9% 2.15 [17]

FAa CuMgAlO Batch 150 6.0 6 h 55.2% 28.5% 0.52 [18]

FFA Cu/MFI Flow 160 2.5 0.19 h-1 16.0% 69.2% 4.33 This 

work

(1) aFA: furfural

(2) bRT: reaction time in batch

(3) cWHSV: Weight Hour Space Velocity, h-1



Table S2. The proportions of copper valence state calculated by XPS and XAES

catalyst Cu2+ % Cu+ % Cu0 %

Si-10Cu-300R 29.77 44.60 25.63

Si-10Cu-H 7.71 30.10 62.19

Table S3. The effect of reaction temperature on ratio of 1,5-PDO/1,2-PDO selectivity

selectivity 80℃ 100℃ 120℃ 140℃ 160℃ 180℃ 200℃ 240℃

1,5-PDO 36.1% 61.6% 69.7% 69.6% 69.2% 60.0% 56.2% 23.3%

1,2-PDO 0.20% 3.2% 9.6% 12.8% 16.0% 1.8% 1.2% 1.8%

1,5-PDO/ 1,2-PDO 180.5 19.3 7.3 5.4 4.3 33.3 46.8 12.9

Table S4. The effect of reaction pressure on ratio of 1,5-PDO/1,2-PDO selectivity

selectivity 1.0 MPa 2.0 MPa 3.0 MPa 4.0 MPa

1,5-PDO 61.6% 74.5% 73.7% 70.6%

1,2-PDO 6.0% 11.2% 11.6% 12.7%

1,5-PDO/1,2-PDO 10.3 6.7 6.4 5.6



Table S5. the bader charge of Cu-MFI 

atom bader

Cu 10.9 11

Cu 10.96 11

Cu 10.72 11

Cu 10.61 11

Table S6. the bader charge of Cu2O-MFI

atom bader

Cu 10.44 11

Cu 10.40 11

Cu 10.48 11

The bader analysis of Cu-MFI shows that the valence electrons of four Cu atoms are 

10.90,10.96,10.72,10.61, respectively. Except for the Cu atom coordinated with MFI, 

the coordination of the other three Cu atoms is closer to the zero-valence state of metal 

Cu. But in Cu2O-MFI, the valence electrons of Cu are 10.44, 10.40 and 10.48, 

respectively. It can be considered that there are 0.5 valence electrons for bonding and 

the valence state becomes +1.
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