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1. Materials and Catalysts Preparation

Materials. Fe(NO;);[19H,O  (Sinopharm  chemical). Co(NO3),[16H,0
(Sinopharm chemical). Ni(NOs3),[16H,O (Sinopharm chemical). Cu(NOs3),[13H,0
(Sinopharm  chemical). H,PtCls[16H,0 (Aladdin) . sodium  borohydride
(Aladdin). Gallium metal (Aladdin). methanol, ethanol (Tianjin Fuyu Chemical), 5-
hydroxymethylfurfural, 2, 5-diformylfuran, 2-formyl-5-furanoic acid (Aladdin), 2,5-

furandicarboxylic acid (J&K Scientific). deionized water, (18 M Q cm)

Preparation of 1 wt.% Ga/C

Procedure of HEA/C synthesis are according to literature and appropriate
modification was made.'* In the preparation of Ga/C, initially, metallic gallium is
heated in a water bath to 40 °C to fully melt it into liquid gallium. Liquid gallium was
taken by a spatula pre-soaked in 60 °C hot water to prevent it solidification upon
cooling. 100 mg of liquid gallium and 650 puL. of dodecanethiol was added into10 ml
isopropanol. The mixture was then ultrasonic dispersion for 4 to 6 hours. The resultant
dispersion is designated as Solution A.

1 g of activated carbon (AC) powder (200 mesh) was dispersed into a mixture
containing 20 mL of deionized water and 20 ml of ethanol. The mixture is stirred at
room temperature for 20 minutes. Subsequently, 1.065 mL of Solution A is added to
the activated carbon suspension, followed by continuous stirring for 6 hours to ensure
thorough and uniform adsorption of the metallic gallium onto AC. The mixture is then
centrifuged at 10000 rpm for 15 minutes, and the resulting precipitate is washed three
times with water and ethanol subsequently. The washed product is dried in at 25 °C for
4 hours, yielding a 1% wt.% Ga/C sample. The preparation of Ga/C samples with other
mass loadings follows a similar procedure. It should be noted that during the drying
process in the air-drying oven, the surface of the gallium nanoparticles oxidizes to
gallium oxide, while the core remains as metallic gallium.

Preparation of 6 wt.% Fe;Co{Ni;Cu,;Ga,Pt,/C

40.4 mg Fe(NO;)3;-9H,0 (0.1 mmol), 29.1 mg Co(NO3),-6H,0 (0.1 mmol), 29.1

mg Ni(NO3),-6H,0 (0.1 mmol), 24.2 mg Cu(NO3),-3H,0 (0.1 mmol), and 51.8 mg



H,PtCls-:6H,0O (0.1 mmol) (element molar ratio Fe:Co:Ni:Cu:Pt = 1:1:1:1:1) were
dispersed in 60 mL deionized water and sonicated for 15 minutes to obtain a clear and
homogeneous solution. Then, 700 mg of 1% Ga/C was added to the solution and stir
for another 2 hours. The powder was separated in rotary evaporator and ground in an
agate mortar before transferred into a ceramic boat. After that, the powder was
calcinated at 650 °C for 6 hours under a flow of Ar/H, (95:5) at a rate of 25 mL/min.
The resulting sample is denoted as Fe;Co;Ni;Cu;Ga;Pt;/C. The synthesis of other
elemental ratio HEA/C catalysts follows a similar procedure.

2. Catalytic performance test of catalysts

In a typical experiment, 20 mL H,O containing 1 mol HMF was added into a 100
mL stainless steel autoclave with a Teflon vessel liner. 200 mg as-prepared HEA/C
catalyst was added into the reactor and 0.5 MPa oxygen was introduced into the reactor
after the reactor was sealed. The reactant mixture was heated to desired temperature
under vigorous stirring (800 rpm) and liquid samples were taken at pre-determined time
interval and analyze as following method. In radical quenching experiment, 1 mmol
HMF, 20 mL mixed methanol and water (with different ratio), 200 mg of catalyst were
added into the reactor and 0.5 MPa oxygen was introduced into the reactor. The reactant
mixture was heated to 100 °C and kept for 4 h before analysis the reaction mixture. In
catalyst recycle tests, the catalyst was recovered by filtration and washed with 150 mL
acetonitrile and water for three times (50 mL acetonitrile and water continuously in
each rinse) and dried in oven at 105 °C overnight before next test.

HMF conversion and products yields were determined by high-performance liquid
chromatography (HPLC, Aminex HPX-87H column from Bio-Rad Laboratories Co.,
Ltd., 0.5 mM H,SO, aqueous solution as the eluent, 0.6 mL min-! flow rate, at 35 °C).
The products were identified by comparison with known commercially pure samples.

The HMF conversion, products yields were calculated as following equations:



Nymr

HMF conversion (mol. %) =(1- NHMF) %X 100%

"

Products Yield (mol.%) —Numr x 100%

Where: the ng,rstands for HMF mole amount residues in reaction mixture;
the n, stands for detected mole amount of products (it canbe HMFCA,
DFF, FFCA and FDCA) in reaction mixture;
the Ny stands for total HMF mole amount input the reactor in the

beginning of reaction.
3. Catalyst characterizations

For the prepared catalyst, the powdered samples with grinding enough were used
for the structure characterization. X-ray diffractometer (XRD) was produced by Bruker
company in Germany, using Cu Ka radiation at 40 kV and 40 mA with a scanning
speed (20) of 20 °/min. X-ray photoelectron spectroscopy (XPS) measurements were
performed by a K-alpha XPS spectrometer using monochromatic Al Ka radiation
generated from an electron beam operated at 15 kV and 32.3 W. Samples were collected
under ultra-high vacuum (at 107 mbar) and room temperature at a pass energy of 50 eV
to avoid sample charging. In order to compensate for the charging effect, all binding
energies were referenced to the C 1s of 284.8 eV. The peak fitting was carried out by
the Avantage (Thermo Scientific) software package. The material morphologies and
microstructures were characterized by High resolution field emission transmission
electron microscope (TEM) conducting on a JEM-2100F microscope operated at 1000
kV. High-resolution TEM images (HRTEM) and electron energy dispersive
spectroscopy (EDS) mapping were taken on the same microscope. The atomic
structural characterization of the samples was determined using an aberration-corrected
FEI Titan Cubed Themis G2 microscope operated at 300 kV equipped with an X-FEG
gun and Bruker Super-X EDX detectors. The beam current was ~50 pA, the
convergence semi-angle was 30 mrad, and a collection semi-angle snap was 80-379

mrad. The STEM-EDX mapping are acquired at a beam current of ~50 pA and counts



ranging from 1k cps to 3k cps for ~15 min with a Bruker Super-X EDS four-detector.
Due to the ultrasmall nanostructure, the electron exposures used should be very low to
minimize irradiation damage during the TEM measurements. Various metal loading on
each HEA/C was determined by Inductively Coupled Plasma Atomic Emission Spectrometry
(ICP-AES) (Optima2100DV, PerkinElmer). CO,-TPD characterization were carried out on
ChemStar Chemical adsorption analyzer. Before sample testing, the sample was loaded
into the test tube and dehydrated and degassed at 150°C for 2 hours. Subsequently, the
sample was saturated with CO: gas for 1 hour at room temperature (using a mixture of
90% Ar and 10% CO: at a flow rate of 50 mL/min). The sample was then purged with
Ar (50 mL/min) at room temperature for 10 minutes. After that, a temperature-
programmed desorption (TPD) process was initiated, the sample was heated from room
temperature to 900 °C at a heating rate of 5 °C/min while collecting TCD signals. When
one test was finished, the sample was allowed to cool down to room temperature

naturally.



4. ICP analysis of prepared HEA/C

Table S1. ICP test of prepared various HEA/C materials

HEA/C Fe Co Ni Cu Pt Ga Total
(wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%)
Fe CoiNi;Cu;Ga,Pt,/C 0.54 0.66 0.68 0.67 3.51 0.67 6.73
Fe CoNi,Cu,Pt,/C 0.83 0.88 1.12 1.05 2.97 --- 6.85
Fe CoNi;Cu;Ga,Pt;/C 0.81 0.83 0.77 0.92 2.81 1.08 7.22
Fe CoNi;Cu;Ga,/C 1.31 1.38 1.44 1.36 --- 1.42 6.91

5. CO,-TPD test of various HEA/C comparison with active carbon
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Figure S1. CO,-TPD test of prepared HEA/C and comparison with
active carbon

6. XPS characterization of prepared Fe;Co;Ni;Cu,Ga,Pt,/C



Figure S2. XPS survey spectrum of prepared HEA/C

(a)

intensity (a.u.)

intensity (a.u.)

0 200

400

600

800

Binding Energy (eV)

T

—_
o,
~

intensity (a.u.)

T

1000 1200

Fe 2p spectra  Fe*2ps, (b) Co 2p spectra (C) INi 2p spectra
Fel*2py, sat. Co™2py, Ni 2pg,»(Ni(OH)5)
| Co?*2 py, Sat. Ni2p32 fiia
| o i2p;
satellite Ni 2pys2 A H; 2
—_ — (NI(OH)) ( .y satellite
g . Ngor MO itor
o E n A 4 -
VE ‘;él“
Fel'2py, sat. *4-',; =
v
Ni2pl/2 satellite
(NiO)
Multilet-split Ni2p,,(Ni0)  Multiplet-split Ni2p;»(NiO)
700 710 720 730 740 770 780 790 800  slo g 840 850 860 870 880 890
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
o Cu 2p spectra (e) Ga 2p spectra (f) Pt 4f spectra Pt4f;,
u’2ps;n
(ia”lp,_y(\\ _
= | 3
e i s
E : E
930 940 950 960 1100 1110 1120 1130 1140 1150 1160 65 70 75 80 85

Binding Energy (eV)

Binding Energy (eV)

Binding Energy (eV)

Figure S3. XPS spectra collected at the (a) Fe 2p, (b) Co 2p, (¢) Ni 2p, (d)

Cu 2p, (e) Ga 2p, (f) Pt 4f edges for the prepared Fe;Co;Ni;Cu,Ga,Pt,/C
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7. Morphology and composition between recycled and freshly

prepared Fe;Co;Ni;Cu,Ga,Pt,/C

Figure S4. HRTEM images of recycled Fe;Co;Ni;Cu;Ga;Pt,/C in catalyst

recycle tests.

Table S2. ICP test of various metal elements in freshly prepared and

recycled Fe;Co;Ni;Cu;Ga,Pt,/C

HEA/C

Fe Co Ni Cu Pt Ga Total
(Wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%)

F€1C01Ni1 Cu1 G&]Ptz/c-
fresh
F€1C01Ni1 Cu1 G&]Ptz/c-

recycled

0.54 0.66 0.68 0.67 3.51 0.67 6.73

0.51 0.71 0.58 0.71 3.32 0.62 6.45




XPS survey of recycled HEA/C
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Figure S5. XPS spectrum of recycled Fe;Co;Ni;Cu;GaPt,/C in catalyst
recycle tests.
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Figure S6. XPS spectra collected at the (a) Fe 2p, (b) Co 2p, (¢) Ni 2p, (d)
Cu 2p, (e) Ga 2p, (f) Pt 4f edges for recycled Fe;Co;Ni;Cu;Ga,Pt,/C in

catalyst recycle tests.

8. TOF value comparison between various catalysts



Table S3. Reported TOF values over various catalytic sites in literature

Entry Catalyst TOF [Ref.]
1 NC-Cu/MgAlO 238.6 h-! 7
2 Au;-Pdi@PECN 128.5 h-! 8
3 Au NPs/CNT 109.3 h-! 9
4 MnO, 0.2 h'! 10
5 Nig.9oPdo.10 65.3 h! 11
6 CeCP@Pt (4.5nm) 0.177 s°! 12
7 Au/HSAG 1195 h-! 13
8 Pd/HPGS 62 h-! 14
Au-Pd/Z0OC 24 h! 15
10 Pt/CNT 0.91 s°! 16
11 Au/CeO, 12.9 h! 17
12 1.5Au;Cu, 14.5 h'! 18
13 Au/C (WGC) 5.0 s°! 19
14 Fe;CoN1;Cu;Ga,Pt,/C 52.9 h'! This work

9. FDCA productivity comparison between various catalysts

Table S4. Summary of FDCA yield and productivity for previous studies

Substrates Catalyst-solvent Reaction Yield Productivit [Ref]
system for FDCA conditions %) y
production (mmol
gcatalyst" h1]
Fructose (0.18 g) AugPd,/HT (0.25 g), 95°C,20 h 78 0.156 20
Na,COs (0.106 g),
water (10 mL)
Glucose (0.18 g) AugPd,/HT (0.25 g), 95°C, 50 h 48 0.038 20
Na,COs (0.106 g),
water (10 mL)
Sucrose (converted to 0.3 Au/ZrO; (98 mg), 125°C,20h 29 0.044 21
mmol HMF) NaOH (2.5 M), water
(10 mL)
Fructose (0.55 mmol) Pd/CC (0.02 g), K,COs 140 °C, 30 h 64 0.587 22

(0.23 g), water (5 mL)



Fructose (1 mmol) AWHT (0.25 g), water 95°C,7h 83 0.474 23
(10 mL), Na,CO; (1

mmol)
Jerusalem artichoke (equiv.  Au/HT (0.25 g), water 95°C,7h 55 0.393 23
to 1.25 mmol fructose) (10 mL), Na,CO; (1
mmol)
Fructose derived HMF (7.5  Pt/C (5 wt %, 0.25 g), 110°C, 16 h 93 0.122 24
wt %) GVL/water (5 mL)
Fructose (10 g/L) PtBi/C (0.375 g), MIBK 80°C,70 h 25 0.026 25
(50 mL)
Fructose-derived HMF Pt/C (0.2 g), K,CO; 100°C, 10 h 78 0.39 26
(0.63 wt %) (0.276 g), water/DMSO
(20g)
Glucose (converted to 0.68 Au/HT (2.142 mg), 95°C,6h 77.9 41.217 27
mmol HMF) water (10 mL)
Hardwood chips (converted Au/HT (2.331 mg), 95°C,6h 25.7 13.598 27
to 0.74 mmol HMF) water (10 mL)
Hardwood chips (converted AuHT (3.1815 mg), 95°C,6h 65.3 34.551 27
to 1.01 mmol HMF) water (10 mL)
Fructose (0.1 mmol) Fe-Zr-0O (0.01 g), 160 °C, 24 h 46.4 0.193 28
[Bmim]Cl (1g)
Fructose (0.5 mmol) ZnFe| ¢sRug 3504 (100 130°C, 16 h 91.2 0.285 29

mg), DMSO (3 mL)

Fructose (100 mg) nano-Fe;04,~CoOy (100 80°C, 15h 59.8 0.221 30
mg), DMSO (4 mL)

Fructose (0.1 g) Co(acac);-gel (0.05 g), 160 °C, 65 min 70 7.179 31
water (6 mL)

HMF (0.25 mmol) Co-Mn mixed oxide (50 120°C, 5h 95 0.95 32
mg), NaHCO; (0.5

mmol), water (5 mL)

HMF (17.65 mmol) MnO; (10 g), NaHCO; 100°C, 24 h 86 (2.36 g) 0.063 10
(3.02 g), water (90 mL)



HMF (2 mmol)

HMF (0.126 g)

HMEF (50 mmol)

Rice straw (1.9 g, having
36.6 % cellulose)

HMF (0.794 mmol)

Whey permeate powder
(equiv. to 1.2 mmol

lactose)

HMF (1 mmol)

Ru(4%)/MnCo0,04 (0.2
g), water (20 mL)

Ni-MnOx (0.1 g),
NaHCO; (0.336 g),
H,0 (10 mL)

Mn,05 nanoflakes (150
mg), NaHCO; (3
equiv.), water (20 mL)

MnO; (0.55 g)

Mn,Fe; (2.5 mg/mL),
GVL-water (10 mL)

Mn,Fe,; (2.5 mg/mL),
GVL-water (10 mL)

FC]CO]Ni]CUlGaIPtz/C
(0.2 g) -water (20
mL)

120°C, 10 h 99.1 0.991
100°C, 28 h 93.8 0.335
100°C, 24 h >99 13.889
192.5°C, 34 min 52.1 7.176
3 h ozone, 60 6.349
130°C,2h
heating
3 h ozone, 14.6 1.402
130°C,2h
heating
4 h, 100°C > 0.5 98.6 1.248
MPa 02

33

34

35

36

37

37

This work

10.DFT study

Table S5 The average Bader charge transfer in electron kind atom in

HEA (High Entropy Alloy) model

Entry Atom Bader charge / e
1 Pt 0.72
2 Fe -0.37
3 Co -0.10
4 Ni 0.06
5 Cu 0.00
6 Ga -0.32




Pt(111) H,0*+0,*
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Figure S7. The optimal adsorption activation model for O. molecules on

Pt (111) and HEA (111) surfaces in the presence of water
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