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Experimental

Materials

Al-MCM-41 zeolite (Si/Al=25-30) was purchased from Tianjin Yuanli Chemical 

Engineering Co., Ltd. 2-Methylimidazole (2-MeIM, 98%), ZrOCl2·8H2O, Co(NO3)2·6H2O, 

fructose, 2,5-diformylfuran (DFF, 98.0%), dimethyl sulfoxide (DMSO, 99.9%), 

acetonitrile (MeCN, 99.9%), tetrahydrofuran (THF, 99.5%), ethanol (EtOH, 99.8%) 

were purchased from Macklin Biochemical Technology Co., Ltd. 5-

Hydroxymethylfurfural (HMF, 99.0%) was purchased from Shanghai Aladdin 

Biochemical Technology Co., Ltd. All reagents were used without further treatment.

Catalyst preparation

ZrCP and ZIF-67 were synthesized via room temperature precipitation approach. In a 

typical preparation of ZrCP, 1.0 g ZrOCl2·8H2O was dissolved in 10 mL methanol. Then 

the prepared methanol solution of 2-methylimidazole (0.01 g/L) was added dropwise 

into the ZrOCl2 solution under magnetic stirring at room temperature for 20 h. The 

resulting precipitant was recovered by centrifugation at 9000 ppm for 5 min and 

washed with methanol for three times. The violet sample was then dried at 80 °C 

under vacuum for 12 h to afford ZrCP. ZIF-67 was prepared by replacing ZrOCl2·8H2O 

with Co(NO3)2·6H2O using the same method. ZrNC and CoNC were prepared through 

the calcination of ZrCP and ZIF-67, respectively, at 600 ºC for 4.5 h in a tube furnace 

under N2 flow.

The CoZrNC-MCM catalyst were prepared through a cascade of methods including 

impregnation, complexation, and cation exchange. In the typical process, 1.0 g Al-

MCM-41 (Si:Al=5/6) zeolite, 1.0 g Co(NO3)2·6H2O and 1.0 g ZrOCl2·8H2O were added to 

5 mL, 10 mL and 15 mL methanol, respectively, followed by mixing and magnetic 

stirring at room temperature for 2 h. Then the prepared methanol solution of 2-

methylimidazole (0.01 g/L) was added dropwise into the above-mentioned mixed 

solution under magnetic stirring at room temperature for 20 h. Afterwards, the 

resulting solid was separated by centrifugation and washed by ultrapure water for 

three times, followed by being dried in a vacuum oven at 80 °C for 12 h. Finally, the 
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dried solid was calcined in a tube furnace under N2 atmosphere at 600 ºC for 4.5 h to 

obtain the CoZrNC-MCM catalyst. For comparison purpose, CoNC-MCM, ZrNC-MCM 

and CoxZryNC-MCM were prepared by the similar process (x and y represent the mass 

of Co(NO3)2·6H2O and ZrOCl2·8H2O in the preparation process). 

Catalyst characterizations

X-ray diffraction (XRD) patterns were obtained using a Bruker D8 Advance X-ray 

diffractometer with Cu Kα radiation from 10° to 80° at a scan speed of 8°/min. 

Scanning electron microscopy (SEM) (Hitachi S-4800) and transmission electron 

microscope (TEM) (JEM-2100) were adopted to investigate the morphology of the 

sample, and the element content of the sample was investigated by an Energy 

Dispersive Analysis of X-rays (EDAX). The specific surface area and pore size 

distribution of the catalyst was calculated by N2 adsorption–desorption isotherms 

(Micromeritics ASAP 2020 HD88) with Brunauer-Emmett-Teller (BET) as well as 

Barrett-Joyner-Halenda (BJH) methods. X-ray photoelectron spectroscopy (XPS) was 

performed using an AXIS ULTRA spectrometer equipped with an Al Kα X-ray source. 

NH3 temperature programmed desorption (NH3-TPD) data were acquired with a 

Micromeritics AutoChemII-2920 instrument connected to a mass spectrometric 

detector. In the case of NH3-TPD, a 100 mg sample was pre-treated in He gas at 300 

°C for 60 min then cooled to 50 °C and exposed to a flow of 10% NH3 in He at a rate of 

25 ml/min for 120 min. The sample was subsequently purged with He until the 

baseline stabilized and then heated to 500 °C at a rate of 10 °C min-1. A Bruker Tensor 

27 spectrometer was used to record Fourier Transform infrared spectroscopy of 

pyridine (Py-FTIR). In the Py-FTIR experiment, the samples were initially pressed in a 

self-supporting disc (D= 13 mm), and then reduced at 60 ºC for 1 h with subsequent 

vacuum treatment for 3 h. Pyridine adsorption has been performed by addition of 

pyridine doses in the cell at room temperature till full saturation of the signal.

Catalytic reactions 

HMF oxidation to DFF. The reactions were carried out in 150 mL round bottom flasks 

equipped with reflux condenser and magnetic stirrer. In a typical reaction, 0.2 g of 
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HMF, 19.8 g of DMSO and 0.08 g of catalyst were added to the flask, which was then 

heated to the desired reaction temperature in an oil bath and stirred to 500 rpm in 

the atmosphere. After the reaction, the reactor was rapidly cooled to room 

temperature and the catalyst was removed by filtration. The resulting liquid products 

were analyzed by Gas chromatography-mass spectrometry (GC-MS) using external 

standard method. HMF conversion (XHMF) and product yield (YProduct) were calculated 

by the following equations:

𝑋𝐻𝑀𝐹 (𝑚𝑜𝑙 %) = (1 ‒
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑑𝑒𝑡𝑒𝑐𝑡𝑒𝑑 𝐻𝑀𝐹
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑠𝑡𝑎𝑟𝑡𝑖𝑛𝑔 𝐻𝑀𝐹) × 100%

𝑌𝑃𝑟𝑜𝑑𝑢𝑐𝑡 (𝑚𝑜𝑙 %) =
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑑𝑒𝑡𝑒𝑐𝑡𝑒𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑠𝑡𝑎𝑟𝑡𝑖𝑛𝑔 𝐻𝑀𝐹
× 100%

One-step synthesis of DFF from fructose. The direct conversion of fructose to DFF was 

carried out in a 150 mL flask connected to a condenser to prevent solvent 

volatilization. In a typical process, 0.2 g of fructose, 0.08 g of catalyst and 19.8 g of 

DMSO were added into the flask. The flask was heated to the desired reaction 

temperature in an oil bath and stirred to 500 rpm in the atmosphere. After the 

reaction, the reactor was rapidly cooled to room temperature and the catalyst was 

removed by filtration. The resulting liquid products were diluted with deionized water 

and analyzed by high performance liquid chromatography (HPLC) using external 

standard method. Fructose conversion (XFructose), product yield (YProduct) and selectivity 

(SProduct) were calculated by the following equations:

𝑋𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑒 (𝑚𝑜𝑙 %) = (1 ‒
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑑𝑒𝑡𝑒𝑐𝑡𝑒𝑑 𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑒
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑠𝑡𝑎𝑟𝑡𝑖𝑛𝑔 𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑒) × 100%

𝑌𝑃𝑟𝑜𝑑𝑢𝑐𝑡 (𝑚𝑜𝑙 %) =
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑑𝑒𝑡𝑒𝑐𝑡𝑒𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑠𝑡𝑎𝑟𝑡𝑖𝑛𝑔 𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑒

× 100%

Computational methods 

We have employed the Vienna Ab Initio Package (VASP)1, 2 to perform all the density 

functional theory (DFT) calculations within the generalized gradient approximation 

(GGA) using the PBE3 formulation. We have chosen the projected augmented wave 

(PAW) potentials4, 5 to describe the ionic cores and take valence electrons into account 

using a plane wave basis set with a kinetic energy cutoff of 400 eV. Partial occupancies 

of the Kohn-Sham orbitals were allowed using the Gaussian smearing method and a 
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width of 0.05 eV. The electronic energy was considered self-consistent when the 

energy change was smaller than 10−5 eV. A geometry optimization was considered 

convergent when the force change was smaller than 0.02 eV/Å. Grimme’s DFT-D3 

methodology6 was used to describe the dispersion interactions.

The equilibrium lattice constant of hexagonal graphene unit cell separated by a 

vacuum layer in the depth of 15 Å was optimized, when using a 15×15×15 Monkhorst-

Pack k-point grid for Brillouin zone sampling, to be a=2.468 Å. The nitrogen doping 

models are two edged graphene models with p(5×6) periodicity in the X and Y 

directions and the edged C atoms are saturated by H atoms. Co-pyrrolic N4 model is a 

graphene cluster in a box of 20Å×20Å×15Å nd doped with 4 pyrrolic N atoms and 1 Co 

atom. The CoNC model is built in reference to the previous report.7 During structural 

optimizations, the gamma point in the Brillouin zone was used for k-point sampling, 

and all atoms were allowed to relax.

The adsorption energy (Ead) of adsorbate A was defined as

Ead = EA/surf – Esurf – EA(g)

where EA/surf, Esurf and EA(g) are the energy of adsorbate A adsorbed on the surface, 

the energy of clean surface, and the energy of isolated A molecule in a cubic periodic 

box with a side length of 20 Å and a 1×1×1 Monkhorst-Pack k-point grid for Brillouin 

zone sampling, respectively.
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Catalyst characterizations

Fig. S1 SEM images of studied catalysts

Fig. S1 SEM images of studied catalysts. (a) ZrCP, insert: XRD pattern; (b) ZrNC; (c) ZIF-

67; (d) CoNC; (e) Al-MCM-41; (f) ZrNC-MCM; (g) CoNC-MCM.
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Fig. S2 TEM images of studied catalysts

Fig. S2 TEM images of studied catalysts. (a) Al-MCM-41; (b) CoNC-MCM; (c) ZrNC-

MCM; (d) CoZrNC-MCM.



10

Fig. S3 N2 adsorption/desorption isotherms

Fig. S3 N2 adsorption/desorption isotherms. (a) Al-MCM-41; (b) CoNC-MCM; (c) 

ZrNC-MCM; (d) CoZrNC-MCM.
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Fig. S4 XPS spectra of Co 2p3/2

Fig. S4 XPS spectra of Co 2p3/2. (a) CoNC; (b) CoNC-MCM; (c) CoZrNC-MCM.

Fig. S5 XPS spectra of Zr 3d

Fig. S5 XPS spectra of Zr 3d. (a) ZrNC; (b) ZrNC-MCM; (c) CoZrNC-MCM.
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Fig. S6 XPS spectra of O 1s

Fig. S6 XPS spectra of O 1s. (a) Al-MCM-41; (b) CoNC-MCM; (c) ZrNC; (d) ZrNC-MCM; 

(e) CoZrNC-MCM. 
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Fig. S7 Composition and distribution of acid sites over the studied catalyst

Fig. S7 Composition and distribution of acid sites over the studied catalyst. (a) ZrNC-

MCM; (b) CoNC-MCM; (c) CoZrNC-MCM.
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Qualitative analysis of liquid products

Figs. S8-S11 MS patterns of DFF, AFF, dimethyl sulfide and dimethyl disulfide

Fig. S8 MS pattern of DFF.

Fig. S9 MS pattern of AFF.
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Fig. S10 MS pattern of dimethyl sulfide.

Fig. S11 MS pattern of dimethyl disulfide.
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Adsorption energy calculation and reaction mechanisms

Fig. S12 Adsorption energy calculation of O2 and DMSO

Fig. S12 Adsorption energy calculation of O2 and DMSO. (a) O2 adsorption on Co; (b) 

O2 adsorption on NC; (c) O2 adsorption on pyridinic N; (d) O2 adsorption on pyrrolic N; 

(e) DMSO adsorption on Co of Co-pyrrolic N model.

Fig. S13 O2 adsorption calculation based on Pyrrolic N model

Fig. S13 O2 adsorption calculation based on Pyrrolic N model. (a) O2 double-tooth 

adsorption on N-C site; (b) O2 single-tooth adsorption on N-C site.
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Fig. S14 Plausible reaction mechanisms for HMF oxidation to DFF over CoZrNC-MCM

Fig. S14 Plausible reaction mechanisms for HMF oxidation to DFF over CoZrNC-MCM. 

(a) O2 as the sole oxidant; (b) DMSO as the sole oxidant.
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Catalytic performance

Fig. S15 XRD patterns of fresh and spent catalysts. 

Fig. S15 XRD patterns of fresh and spent catalysts. (a) fresh CoZrNC-MCM, (b) spent 

CoZrNC-MCM after 2nd cycle; (c) spent CoZrNC-MCM after 5th cycle.

Fig. S16 Catalytic performance of CoZrNC-MCM for the direct conversion of fructose 

to DFF in the atmosphere. 

Fig. S16 Catalytic performance of CoZrNC-MCM for the direct conversion of fructose 

to DFF in the atmosphere. Effects of A) reaction temperature and B) time. Reaction 

condition: 0.2 g Fructose, 0.08 g CoZrNC-MCM, 19.8 g DMSO, 150 ºC and 8 h.



19

Control experiments

Scheme S1 Control experiments over CoZrNC-MCM catalyst

Scheme S1 Control experiments over CoZrNC-MCM catalyst. 



20

Comparative studies

Table S1 Comparative studies for DFF synthesis from HMF over non-noble catalysts.

No. Catalyst Solvent

Oxidant 
and 
pressure, 
bar

T, ºC; t, h
DFF 
yield, 
%

Productivity, 
mmol·g-1·h-1 Ref.

1 Ƴ-VOPO4 DMSO Air, 1 150; 19 41 0.4 8

2 V2O5 DMSO Air, 1 150; 13 43 0.7 8

3 VO(H2PO4) DMSO Air, 1 120; 10 84 0.8 9

4 N-doped AC 8 Ethanol Air, 1 80, 15 22 0.1 10

5 N-MnO2 Toluene O2, 1 25; 6 100 0.6 11

6 S-PANI-FeVO4 DMSO O2, 1 140; 24 >99 0.3 12

7 Mn6Fe1Ox DMF O2, 15 110; 5 95 2.4 13

8 Mn0.5-Co3O4 Toluene O2, 1 60; 6 97 0.4 14

9 Cs/MnOx DMF O2, 10 100; 12 95 1.9 15

10 Mn0.7Cu0.05Al0.25 H2O O2, 8 90; 24 78 0.7 16

11 MgO·CeO2 H2O O2, 9 110; 15 96 1.3 17

12 Cs2H2PMo11VO40 DMSO O2, 1 120; 6 99 1.1 18

13 CeCu(OH)6Mo6O18 p-chlorotoluene O2, 1 130; 8 99 0.4 19

14 HPMoV/SiO2 DMSO O2, 10 120; 8 89 1.4 20

15 SBA-Py-VO-2 Triflurotoluene O2, 1 130; 24 30 0.5 21

16 Polyaniline-VO(acac)2 4-chlorotoluene O2, 1 110; 12 86 0.7 22

17 SBA-NH2-VO2++SBA-
NH2-Cu2+ 4-chlorotoluene O2, 1 110; 12 63 0.3 23

18 HPMoV@surf (4)/CeO2 DMSO O2, 10 120; 6 95 1.9 24

19 HPMoV/CS-f DMSO O2, 8 120; 6 94 2.1 25

20 FeNx/C-900 DMF O2, 5 80; 10 97 0.2 26

21 Co0.05/N-C-800 Toluene O2, 1 100; 30 94 0.5 27

22 VO2-PANI/CNT DMSO O2, 10 120; 11 96 0.9 28

23 P-C-N-5-800 Acetonitrile O2, 10 120; 9 100 1.1 29

24 Mn(III)-salen-5 CH2Cl2 NaOCl 25; 24 89 0.001 30

25 Fe salen/SBA-15 H2O H2O2 25; 1.7 2 0.06 31

26 NaI DMSO DMSO 150; 18 7 0.09 32

27 NaCl DMSO DMSO 150; 18 10 0.3 32

28 NaBr DMSO DMSO 150; 18 85 1.5 32

29 Co2Zr1NC-MCM DMSO DMSO, air 140; 9 85.1 1.9 This 
work
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Table S2 Comparative studies for DFF synthesis from fructose using DMSO as oxygen 

source.

Catalyst Additive
T, 

ºC
t, h

DFF 

yield, %

Productivity, 

mmol·g-1·h-1

Carbon 

balance, %
Ref.

- NaBr 150 23 67 0.85 67 32

TFP-DABA KBr 100 12 65 1.00 65 33

Amberlite 120 H KBr 120 12 80 0.63 80 34

CoZrNC-MCM - 150 8 65.2 1.13 75.4 This work
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