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Experimental details:

Preparation of Nig/MnO,:

Nig/MnQO; catalyst was prepared by the impregnation method. The un-doped a-MnQO, powder
prepared by the hydrothermal method as described in the experimental part was added into the
aqueous Ni(NOj), solution (30 mL of ultrapure water, 0.104g Ni(NOs), - 6H,0) under stirring
for 1.5 h. Then the above suspension was evaporated in a water bath at 80 °C. The obtained
brown-dark solid was dried in the oven overnight and finally calcined in a muffle furnace at

300 °C for 3 h.

Preparation of Pdy/MnO, and PdNiy/MnO,

Pdy/MnO, and PdNiy/MnO, catalysts were synthesized by a one-step hydrothermal method.
The procedures were the same as that of PANi/MnQO, sample. The addition amount of Pd(NOs),
was 0.021g for Pdy/MnO,. For PdNiy/MnO,, The addition amounts of PdA(NOs3), and Ni(NO3),
were 0.007g and 0.104 g, respectively.
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Figure S1. (a and ) TEM and (c nd d) HTEM images of nn-doped MnO,.



Figure S2. (a) TEM, (b) HRTEM, and (c-d) Sub-Angstrom-resolution HAADF-STEM images
of Pd/MnO,. Red dotted circle highlights the presence of single Pd atom.
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Figure S4. XRD pattern of the prepared catalysts.






Figw re S6. (a-c) HAADF-STEM images and the corresponding ABF-STEM images of
PdNi/MnQO,. Red dotted circle highlights the presence of single Pd atom.
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Figure S7. EDS mapping image of integrated Pd and Ni elements
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Figure S8. HPLC spectra of the product distribution on MnO,.
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Figure S9. HPLC spectra of the product distribution on Pd/MnO,.
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Figure S10. HPLC spectra of the product distribution on Ni/MnO,.
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Figure S11. HPLC spectra of the product distribution on PANi/MnO,.
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Figure S12. HADDF-STEM images of PAN1/MnO, after catalytic recycle measurement. (a)
dark field image; (b) Mn signal; (c) Pd signal; (d) Ni signal.
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Figure S13. XPS results of the spent and fresh PANi/MnO, catalysts.
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Figure S14. The high-resolution XPS spectrum of O 1s for the prepared catalysts.
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Figure S15. The high-resolution XPS spectrum of Mn 2p for the prepared catalysts.
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Figure S16. The high-resolution XPS spectrum of Ni 2ps, for the prepared catalysts.
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Figure S17. The high-resolution XPS spectra of Pd 3d for the prepared catalysts.



Figure S18. HAADF-STEM images of Pdy/MnO,. The white dots highlighted with red circles
are Pd sub-nanoclusters. The figures are adopted from our previous publication J. Energy Chem.

2021, 62, 136-144.

Figure S19. HRTEM images of NiPdy/MnO, prepared by hydrothermal method.
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Figure S20. STEM image and corresponding EDS element mapping images of Ni, Pd and
Mn elements for PdNi;/MnO,.
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Figure S21. STEM image and corresponding EDS element mapping images of Ni and Mn

elements for Nig/MnO,.

AE?2 (Pd)=-0.25 eV

ads

Figure S22. The stable adsorption models of O, molecules on Pd site of PAN1/MnO,-C.
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Figure S23. The stable adsorption models of O, molecules on Mn site of PANi/MnO,-C by

(a-b) top-view and (c-d) side-view. The green circled is oxygen molecule.
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Table S1. Comparison reaction rates on different Mn, Pd, and Ru based catalysts, as well as

single atom catalyst for HMF oxidation to DFF.

En Catalyst Conv. Yield. Treaction Time  Oxidant  Pproductvity ~Refs.
try HMF DFF (°C) (h) (MPa) (mmolppge
(%) (%) )

. This

1 PdNi-MnO, 100 >99 120 1 O, 1.5 6.34
’ work

2 Au-Pd/MnO, 76.0 74.5 90 6 0,,0.1 0.84 [1]
3 1.54%Pd/HCN-900 95.6 94.6 120 6 0,,0.1 3.15 [2]
4 MnOx/P25-600-5h 33.2 322 140 2 Air,3.0 1.61 [3]
5 Ru/MnCo,04 98.3 98.3 130 3 0, 1.0 4.37 [4]
6 o-MnO, 93.2 78.6 140 4 0,,0.5 3.93 [5]
7  NizMn-LDH 82.3 75.1 100 4 0,,0.1 0.94 [6]
8  Ruy/NiO 91.1 74.1 110 2 0, 1.0 0.46 [7]
9  Ru/OMC-P0.56 100 88.0 90 4 0,,2.0 5.50 [8]
10 CoMn,04-2:3 41.6 41.6 100 2 0,,0.8 2.08 [9]
11 g-Fe,O3;@HAP-Ru 100 89.1 90 4 0,, 0.1 1.18 [10]
12 Ru/g-AlO; 99.0 96.0 120 4 0,,0.28 0.60 [11]
13 Ru/C 100 95.8 110 4 0,,2.0 5.99 [12]
14  Ag-OMS-2 99.0 99.0 165 4 Air, 1.5 0.83 [13]
15 Cs/MnOx 98.4 94.7 100 4 0, 1.0 5.92 [14]

Table S2. Surface composition of Mn and O species determined from XPS analysis.

Catalyst Binding energy Mn species O Species
(eV) (%) (%0)
Ni 2ps3p Pd 3d Mn 2p O 1s
Ni2* Ni3* Pd?* Mn3* Mn** Oads Oat
PdNi/MnO, fresh 850.4 8545 337.9 71.0 29.0 223 77.7
PdNi/MnO, spent 8504 8544 337.8 72.3 27.7 21.9 78.1




Table S3. Metal doping contents and catalytic data of Niy/MnO,, Pdy/MnO,, and

PdNig/MnO,,
Catalyst ICP ICP XPS XPS Conv. Yield (%) Productivity
(Pd%)  (Ni/%) (%) (mmolpgr.gear -0
(Pd/%) (Ni/%) DFF HMFCA Others

PdNiy/Mn 0.45 0.13 - - 100 71 4 24 4.50
0,

Pdy/MnO, 1.70 - - 51 32 6 13 2.03
Nig/MnO, - 2.61 - - 82 23 14 45 1.46

Reaction conditions: mymp/Meaalyst =0.8; 20 ml of 1, 4-dioxane; 1.5 MPa of Oy; T =120 °C; t=
1h
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