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Preparation of Catalyst: Ag/CeO2 and CoOx−Ag/CeO2-X (X represents the molar ratio of Co/Ag) catalysts were 

prepared by a hydrothermal method as described in related literature. Typically, 3.472 g of Ce(NO3)3· 6H2O and 0.379 

g AgNO3 were dissolved in 20 mL of deionized water. The solution of 39.2 g NaOH was gradually added in the above 

solution. After stirring at room temperature for 30 min, the mixture was transferred into a Teflon-lined autoclave (100 

mL) and treated at 100 °C for 24 h. The obtained solid was separated by centrifugation, washed with deionized water 

and ethanol several times, then dried at 80 °C in air overnight and calcined at 350 °C for 4 h in air with a heating rate 

of 4 °C min−1. Then the as-formed catalyst was treated at 300 °C for 2 h in 10% H2/N2 stream (v/v) with a heating rate 

of 2 °C min−1, then added to 100 mL of deionized water with 1 mL hydrazine hydrate in the solution and stirred for 30 

min at 70 °C. The solid was taken out of solution and calcined at 400 °C for 4 h in air with a heating rate of 2 °C min−1, 

and finally treated at 150 °C for 30 min in 10% H2/N2 stream (v/v) with a heating rate of 2 °C min−1 to obtain the Ag/CeO2 

catalysts. To prepare CoOx–Ag/CeO2-X (X represents the molar ratio of Co/Ag), the same method was used, with the 

desired amounts of Co(NO3)2·6H2O in the solution of hydrazine hydrate. 

Ag/CeO2-red was prepared by the method same as Ag/CeO2, only without the step after the stirring for 30 min at 70 

°C. CoOx/CeO2 (the molar ratio of Co/Ag was set as 2) catalyst was prepared by a method similar as Ag/CeO2 catalysts. 

Typically, 3.472 g of Ce(NO3)3· 6H2O was dissolved in 20 mL of deionized water. The solution of 39.2 g NaOH was 

gradually added in the above solution. After stirring at room temperature for 30 min, the mixture was transferred into a 

Teflon-lined autoclave (100 mL) and treated at 100 °C for 24 h. The obtained solid was separated by centrifugation, 

washed with deionized water and ethanol several times, then dried at 80 °C in air overnight and calcined at 350 °C for 

4 h in air with a heating rate of 4 °C min−1. Then the as-formed catalyst was treated at 300 °C for 2 h in 10% H2/N2 

stream (v/v) with a heating rate of 2 °C min−1, added to 100 mL of deionized water with 1 mL hydrazine hydrate and 

1.29 g of Co(NO3)2·6H2O in the solution and stirred for 30 min at 70 °C. The solid was taken out of solution and calcined 
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at 400 °C for 4 h in air with a heating rate of 2 °C min−1, and finally treated at 150 °C for 30 min in 10% H2/N2 stream 

(v/v) with a heating rate of 2 °C min−1 to obtain CoOx/CeO2.

Catalyst Characterization: XRD patterns of reduced catalyst samples were measured on a Rigaku D/max 2500 

diffractometer in 2θ range of 2090°, with a scanning rate of 1°/min. XPS was measured using an Esca Lab 250Xi 

photoelectron spectrometer, and the binding energies were calibrated to the position of the C1s peak at 284.8 eV. 

Transmission electron microscope (TEM) images were obtained on a JEOL JEM-2011 high resolution transmission 

electron microscope at an operating voltage of 300 kV equipped with an EDS detector. The chemical compositions 

were determined using a NexION 1000 (ICP). The H2-TPR and O2-TPO were performed on Chemisorb 2720 

(Micrometrics) equipped with a thermal conductive detector. The catalyst sample was pretreated in flowing He at 600 

°C for 1 h. After the sample temperature drops to room temperature, the gas was switched to 10 vol% H2/Ar or 10 vol% 

O2/He (25 mL/min). After the baseline went smoothly, the sample was heated to 900 °C with a rate of 10 °C/min. O2-

TPD was also performed on Chemisorb 2720, after the same pretreatment process, the corresponding gas were 

switched to 10 vol% O2/He. After saturated, the flowing gas were switched to the corresponding inert gas. After the 

baseline is stable, the sample was heated to 950 °C with a rate of 10 °C min−1. The electron paramagnetic resonance 

(EPR) signals of spin-trapped radicals were recorded on a Bruker EMX-6/1 spectrometer to detect the active oxygen 

species in the reaction system. The ESR and Raman spectra is probed right after the full preparation, and the condition 

of ESR is similar to the reaction described below.

Catalyst Evaluation: The oxidation reaction of HMF was performed at 130 °C in a 50 mL high-pressure automatic 

stirring stainless-steel reactor. Under normal circumstances, the autoclave was loaded with 0.5 mmol HMF, 20 mL 

H2O, 2 mmol NaOH and 0.3 g catalyst. Pure oxygen was purged three times to exclude the air in the autoclave, then 
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the reactor was purged with O2 with the pressure of 2 MPa, and the temperature was raised to 130 °C and the timing 

was started at a stirring speed of 600 rpm. After the reaction, the reactor was placed in an ice water bath, and then the 

solid-liquid mixture was centrifuged, and the liquid was filtered through a 0.45-micron organic membrane to remove 

impurities. The products were analyzed using high-performance liquid chromatography (HPLC, Shimadzu UFLC-XR) 

with an Aminex HPX-87H column and a UV detector. The column temperature was 30 °C, and the mobile phase was 

H2SO4 solution (5 mmol/L) with a flow rate of 0.5 mL/min. The detection wavelengths were 280 nm for HMF and FFCA, 

and 254 nm for HMFCA and FDCA. The conversion of HMF (XHMF), the yield (YP), and selectivity (SP) are calculated 

as follows:

                                (1)

                                         (2)
P

P
HMF,initial

% = 100CY
C

（）

                             (3)
P P

P
HMF HMF,initial HMF,finial

(%)= = 100Y CS
X C C




where C represents the concentrations of different components of the reaction system.
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The reaction kinetic model: The consumption and generation rates of each substance are shown in Eqs. (4−7), where 

ki represents the rate constant of each step and Ci represents the concentration of each substance.

                     (4)HMF
1 HMF=dC k C

dt


            (5)HMFCA
1 HMF 2 HMFCA=

dC
k C k C

dt


             (6)FFCA
2 HMFCA 3 FFCA=

dC
k C k C

dt


                      (7)FDCA
3 FFCA=

dC
k C

dt
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Fig. S1 XRD patterns of the catalysts; (a) CoOx−Ag/CeO2-1, (b) CoOx−Ag/CeO2-3, (c) CoOx−Ag/CeO2-4.

Table S1 Chemical Compositions of Prepared Catalysts from ICP Analyses.

Catalysts Ag [wt%] Co [wt%]

Ag/CeO2 8.19 /

CoOx−Ag/CeO2-1 7.92 4.29

CoOx−Ag/CeO2-2 8.04 5.03

CoOx−Ag/CeO2-3 7.85 5.76

CoOx−Ag/CeO2-4 7.93 6.38
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Fig. S2 XPS spectra of Ag/CeO2-red. (A) Ag 3d, (B) Ce 3d, (C) O 1s.

Table S2 Proportion of Active Sites of Catalysts.

Catalysts Ag+/(Ag++Ag0) [%] Ce3+/(Ce3++Ce4+) [%] Ov concentration [%] Co2+/(Co2++Co3+) [%]

Ag/CeO2 31.6 34.2 10.4 /

CoOx−Ag/CeO2-1 62.5 34.9 14.5 51.7

CoOx−Ag/CeO2-2 74.7 35.7 49.3 52.4

CoOx−Ag/CeO2-3 71.8 35.1 18.8 52.0

CoOx−Ag/CeO2-4 55.9 34.3 12.1 51.5

Ag/CeO2-red 0 27.7 8.8 /

Fig.S3 Raman spectra of catalysts at 200–1000 cm-1. (a) Ag/CeO2, (b) CoOx−Ag/CeO2-1, (c) CoOx−Ag/CeO2-2, (d) 

CoOx−Ag/CeO2-3, (e) CoOx−Ag/CeO2-4.
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Fig. S4 H2-TPR patterns of the catalysts. (a) Ag/CeO2, (b) CoOx−Ag/CeO2-1, (c) CoOx−Ag/CeO2-2, (d) CoOx−Ag/CeO2-

3, (e) CoOx−Ag/CeO2-4.

Table S3 Surface oxygen reducibility According to H2-TPR Profiles.

Samples H2 consumption [μmol/g]

CeO2 12.7

Ag/CeO2 21.9

CoOx−Ag/CeO2-1 54.4

CoOx−Ag/CeO2-2 125.4

CoOx−Ag/CeO2-3 97.7

CoOx−Ag/CeO2-4 39.4

Table S4 Oxidation of HMF over Ag-based catalyst in our work and previous work.

Entry Catalyst Base [eq.] Conv (HMF) 
[%]

Yield 
(HMFCA) [%]

Yield (DFF) 
[%]

Yield (FDCA) 
[%]

Ref.

1 CoOx−Ag/CeO2-
2

NaOH (4 
eq)

100 - - 93 This 
work

2 Ag-OMS-2 Base free 99 - 99 0 20

3 Ag2O Na2CO3 (4 
eq)

100 98 - 0 21

4 Ag/ZrO2 NaOH (4 100 92 - 5 22
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eq)

5 Ag/CeO2 NaOH (4 
eq)

100 74 - 3 22

6 Ag/MgO NaOH (4 
eq)

100 60 - 1 22

7 Ag/TiO2 NaOH (4 
eq)

100 14 - 3 22

8 Ag9Au1/ZrO2 NaOH (4 
eq)

100 83 - 7 23

9 Ag-
PVP/ZrO2(1:1)

NaOH (4 
eq)

100 98 - 0 24

Table S5 Oxidation of HMF with varied concentration and types of bases. [a]

NaOH of varied concentration FDCA yield [%] Different types of bases (4 eq) FDCA yield [%]

8 eq 92.8 NaOH 92.8

4 eq 92.8 Na2CO3 88.4

2 eq 89.3 NaHCO3 83.7

[a] Reaction conditions: HMF (0.5 mmol), catalyst (0.3 g), H2O (20 mL), O2 (2 MPa), 720 min.

Table S6 Catalytic test results of varied preparation methods. [a]

Preparation methods of CoOx-Ag/CeO2 FDCA yield [%]

hydrothermal 92.8

deposition-precipitation 69.7

wetness impregnation 66.3

[a] Reaction conditions: HMF (0.5 mmol), catalyst (0.3 g), NaOH (2 mmol), H2O (20 mL), O2 (2 MPa), 720 min.

Table S7 Catalytic test results of CoOx/CeO2 and Ag/CeO2-red.[a]

Catalysts HMF conversion [%] FDCA yield [%]

CoOx/CeO2 100 24.2
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Ag/CeO2-red 100 6.9

[a] Reaction conditions: HMF (0.5 mmol), catalyst (0.3 g), NaOH (2 mmol), H2O (20 mL), O2 (2 MPa), 720 min.

Table S8 Catalyst reusability study for HMF oxidation.[a]

Catalysts reused HMF Conversion [%] FDCA yield [%]

1st run 100 92.8

2nd run 100 91.5

3rd run 100 90.6

4th run 100 90.8

5th run 100 90.1

[a] Reaction conditions: HMF (0.5 mmol), catalyst (0.3 g), NaOH (2 mmol), H2O (20 mL), O2 (2 MPa), 720 min.

Fig.S5 Catalyst leaching test. Reaction conditions: HMF (0.5 mmol), catalyst (0.3 g), NaOH (2 mmol), H2O (20 mL), O2 

(2 MPa), 720 min.

Table S9 TON of HMF Oxidation over Au-based catalyst and Ag-based catalyst in our work and previous work.

Entry Catalyst TON [mmol/h] Ref.

1 CoOx−Ag/CeO2-2 6.00 This work

2 Ag-OMS-2 2.51 1

3 Ag2O 0.75 2

4 Ag/ZrO2 3.05 3

5 Ag/CeO2 1.79 3
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6 Ag/MgO 1.53 3

7 Ag/TiO2 1.79 3

8 Ag9Au1/ZrO2 4.00 4

9 Ag-PVP/ZrO2(1:1) 1.98 5

10 Au/GC 115.63 6

11 Au-CeO2 150.00 7

12 Au/CeO2-rod 174.00 8

13 Au/Ce1−xBixO2−δ 149.93 9

14 Au/MgO 123.50 10

15 Au/Al2O3 119.76 11

16 Au/ZrO2 125.00 12

17 Au/HT 145.83 13

18 Au/CexZr1−xO2 100.00 14 

 

Fig.S6 (A) Adsorption curves of HMF and (B) O2-TPD patterns of the catalysts. (a) Ag/CeO2, (b) CoOx−Ag/CeO2-1, (c) 

CoOx−Ag/CeO2-2, (d) CoOx−Ag/CeO2-3, (e) CoOx−Ag/CeO2-4.

Table S10 Oxygen Adsorption Capacity According to O2-TPD Profiles.

Catalysts O2 adsorption capacity [μmol/g] Osur / (Osur + Olat + OBul) ratio [%]

Ag/CeO2 57.6 10.4

CoOx−Ag/CeO2-1 98.4 12.5

CoOx−Ag/CeO2-2 194.8 34.3
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CoOx−Ag/CeO2-3 134.5 19.8

CoOx−Ag/CeO2-4 114.3 12.5

Table S11 Kinetic Parameters of HMF Oxidation on Ag/CeO2 and CoOx−Ag/CeO2-X Catalysts.

Rate constant [min–1]Catalysts

k1 (HMF → HMFCA) k2 (HMFCA → FFCA) k3 (FFCA → FDCA)

Ag/CeO2 2.39 0.14 8.89

CoOx−Ag/CeO2-1 5.07 0.17 1.70

CoOx−Ag/CeO2-2 9.15 0.47 3.50

CoOx−Ag/CeO2-3 7.78 0.30 1.06

CoOx−Ag/CeO2-4 2.78 0.15 6.19

Fig. S7 HMF oxidation under base-free condition. Reaction conditions: HMF (0.05 mmol), catalyst (0.3 g), H2O (20 

mL), O2 (2 MPa), 130 °C, 12 h.

 

Fig. S8 O2-TPO patterns of the catalysts. (a) Ag/CeO2, (b) CoOx−Ag/CeO2-1, (c) CoOx−Ag/CeO2-2, (d) CoOx−Ag/CeO2-
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3, (e) CoOx−Ag/CeO2-4.

Table S12 Oxygen Activation Capacity According to O2-TPO Profiles.

Catalysts OSC [μmol/g]

Ag/CeO2 6.4

CoOx−Ag/CeO2-1 39.9

CoOx−Ag/CeO2-2 64.2

CoOx−Ag/CeO2-3 43.2

CoOx−Ag/CeO2-4 30.9
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