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Experimental

Materials and reagents: All the chemicals were of AR grade, which were obtained commercially
and used without further purification.

Instruments: Elemental analysis was carried out using a Leeman Plasma Spec (I) ICP-ES. IR
spectroscopy (4000-500 cm™) was recorded in KBr discs on a Nicolet Magna 560 IR spectrometer.
X-ray diffraction (XRD) patterns of the sample were collected on a Japan Rigaku Dmax 2000
X-ray diffractometer with Cu Ko radiation (A= 0.154178 nm). The measurements were obtained in
the step of 0.04° with account time of 0.5 s and in the 26 rang of 5-90 °. SEM micrographs were
recorded on a scan electron microscope (XL30 ESEM FEG 25kV). EDX spectra were obtained
using 20 kV primary electron voltages to determine the composition of the samples. The redox
potentials were measured by cyclic voltammetry (CV) on a CS Corrtest electrochemical
workstation equipped with graphite powder (SP) and liquid paraffin (4:1) as electrodes and
saturated calomel as reference electrode. Electrochemical measurements were performed in 0.1 M
sulfuric acid solution. The 3P MAS NMR spectra were obtained using a Bruker AM500
spectrometer at 202.5 MHz. The Lewis acidity was measured by IR spectra of adsorbed pyridine
(Py-IR). The samples were exposed to the pyridine vapor for 12 h under vacuum (10- Pa) at 60 °C

before testing. The quantification of acidity was calculated by Lambert-Beer equation:

Where A is the absorbance (area in cm™), ¢ is the extinction coefficient (m?/mol), w is the
sample weight (kg), c is the concentration of acid (mol/kg or mmol/g), and s is the sample disk

area (m?), respectively. The amount of L acid sites was estimated from the integrated area of the



adsorption bands at 1456 cm™, respectively, using the extinction coefficient values based on the

previous report [1].
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Fig. S1. TG and DTA of AlPMo; (left) HPMoy:Al (right).



0.20

80
——AIPMo_,-orig
704 — AIPMo,-250 016 AlPMo01,-400
60 —AIPM012-400 516 nm
"o 50 - e;g 0.124 :l
o
= s |
" 40+ [ "
E So08 |m
o 304 § [
> 20 £ 0.04- .l
___ * [ ®-= o ]
104 _‘/ [ n
0.00 l
o ! ! ! ' T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 | S S S A e
P/P Pore Diameter (nm)
80 0.20
70 HMowuAl-orig HPMo1;AI-450
60_. HPMo1;Al-250 0.16 4
"o 5p| HPMOwAI-450 2 ,,"'\I"'gs nm
o € 0124
= 1 e
mU) 40 g \
= |
O 304 2 0.08
;, ] >
(]
20 s
] o 0.04
10 .
1 L
0 U T T T 0.00
0.0 0.2 0.4 0.6 0.8 1.0 0 10 20 30 40 50 60
PIP Pore Diameter (nm)

Fig. S2. N2 sorption isotherms and the pore size distribution of AIPMo12-orig, AIPMo12-250,

A|PM012-400, HPM011A|-Orig, HPM011A|-250, HPMo1:Al-450.
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Fig. S3. SEM image of AIPMo12-400.
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Fig. S4. TGA of LPMo12 and HPMog:L catalysts. The POMs lose their crystallization water at
around 250 °C. The data are consistent with the presence of 13 molecules of H,O per LPMo1., and

10 per HPMog;L before 300 °C.
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Fig. S5. FTIR spectra of homogeneous LPMo1, and HPMoxL.
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Fig. S6. 3P MAS NMR spectra of homogeneous LPMoz.2.
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Fig. S7. 3P MAS NMR spectra of homogeneous HPMoxiL.



HPMo, Al
HPMo, Fe

M
HPMo,,Ti
HPMo, Zn

W

A B

— 77777 2 T T = T = T B T v
2000 1800 1600 1400 1200 1000 800 600 400 1200 1100 1000 900 800 700 600

Absorbance (AU)
Absorbance (AU)

Wavenumber (cm™) Wavenumber (cm'1)
Fig. S8. (A) FTIR spectra of heterogeneous LPMo. catalysts, which exhibited four characteristic

peaks at about 1057 cm* (vas P-O), 958 cm! (vas Mo=0), 873 cm™ (vas Mo-O-Mo), and 740
cm? (vas Mo-O-Mo), red shifted with respect to parent HsPMo012040 (1060, 965, 882 and 748
cm?).

(B) FTIR spectra of heterogeneous HPMoa:L, which showed bands at 1051, 1038 (shoulder) (v
(P-0)), 953 (v (M0=0), terminal), 860 (v (Mo-O-L), corner-sharing octahedra), and 774 cm™ (v
(Mo-0O-L), edge-sharing octahedra) characteristic of the a-Keggin structure similar to their parent
H3PMo012040. The splitting of v (P-O) band resulted from the decrease in the symmetry of PO4
tetrahedron being caused by the L substitution for Mo in the PMo012040* framework [2].
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Fig. S9. XRD patterns of LPMo32 (A) and HPMoa:L (B). Compared with HsPMo01204o (10.35,

14.60, 17.85, 20.68, 23.11, 25.44, 31.22, and 34.67 °), some shifts appeared because of the

replacement of proton in LPMo12 and Mo in HPMogy;L by metal ions, which confirmed the

successful synthesis of LPMo12 and HPMoasL.
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Fig. S10. 3P MAS NMR spectra of heterogeneous LPMo. catalysts. Their peaks at about -5.22
ppm with some shifts compared to H3PM012040 at -5.43 ppm.
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Fig. S11. *'P MAS NMR spectra of heterogeneous HPMoaL catalysts. They all presented one

major peak around -5.80 ppm, which was assigned to PMoy;L" [3,4], some shifts occurred as the

monosubstituted metal changed, which indicated that metal atoms were successfully inserted into

vacancy of [PMo01:039]" to form saturated POMs. No signals were observed for HPMoFe because
of the presence of P-O-Fe3* (paramagnetic species) bond in the polyoxometalate structure in

agreement with the literature [5].
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Fig. S12. FTIR spectra of pyridine adsorption of LPMo12 (a) and HPMoy;L catalysts (b).

The Lewis acidity defined by molar number of pyridine absorbed by LPMoiz, which was
measured by FT-IR spectroscopy. All the samples of LPMos2 have typical bands corresponding to
strong Lewis acid bound pyridine, at around 1450 and 1610 cm! [2]. The concentrations of Lewis
acid sites were calculated from the bands at 1456 cm* based on Lambert-Beer equation [1].



Absorbance (AU)

AlPMo,,

TiPMo

%
w

T T T T T T T T T T T T T T T T T T
2200 2000 1800 1600 1400 1200 1000 800 600 400

Wavenumber (cm")

Absorbance (AU)

HPMo, Al

W
W\/\/\/———
W
VN AL —

1200

T v T T T T T
1100 1000 900 800 700

Wavenumber (cm™)

Fig. S13. FTIR spectra of LPMo1, and HPMoyL catalysts after reaction.
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Fig. S14. 3P MAS NMR of LPMos; catalysts after reaction.
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Fig. S15. 3P NMR of HPMou;L catalysts after reaction.
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Fig. S16. XRD of LPMo1, and HPMou;L catalysts after reaction
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Fig S17. Leaching experiment of heterogeneous catalyst: AIPMoi, (A) and HPMoy Al (B).

Reaction conditions: 5 mL of 1.0 M glycerol, 4.0 mM catalyst, 60 °C, 1 MPa O, 5 h, 800 rpm.
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Scheme S1. The formation mode of mesopores and micropores.
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Table S1 Summarize of glycerol oxidation

Cat. Oxident Conditions CON. % Sel. % Ref.
Pt-Bi/charcoal air 50°C, 4h 80 DHA (80) 6
Aul/charcoal 02 60°C, 3h 56 GlyA (100 7
Pt/Chloride air 30°C, 8h 80 GlyA (56.9) 8
Bi—Pt/C air 60°C, 5h 75 DHA (50) 9
1% Pt/C 0O, 50°C, 4h 81.6 GlyA (50) 10
Au-Pt/C 0O 60°C, 1.5h 50 DHA (72) 11
5%Pt/C Air 60°C, 21h 60 GlyA (48) 12
1% Au/C 02 30°C, 20h 100 GlyA (92) 13
5%Pt-5%Bi/C 0O 60°C, 6h 915 DHA (49) 14
Pd-on-Au/C 0O, 60°C, 3h 98 GlyA (43) 15
AuPd/C 0)) 60°C, 5h 50 GlyA (84) 16
CuAlMg/C 0)) 60°C, 3h 97.3 GlyA (70) 17
Pt-Cu/C 0)) 60°C, 6h 86.2 GlyA (70.8) 18
Pt/C 0)) 60°C, 6h 50 GlyA (47.4) 19
Pt/C 0)) 6h 20.4 GlyA (45) 20
Pt-Bi/C 0)) 70°C, 8h 80 DHA (48) 21
Pd/graphite 02 50°C, 1h 90 GlyA (62) 22
Pt/MCN 0O, 60°C, 4h 63.1 GlyA (58.5) 23
Pt/CNTs 0O, 60°C, 9h 63 GlyA (37.6) 24
PVA/Au H202 50 -C 60.7 GCA (54.5) 25
Pt/ZrO; He 180°C, 24h 95 LA (84) 26
AUuPt/MCM-41 0 80°C, 0.25h 30 GCA (46) 27
Pt/ACro 02 60°C, 6h 55 GlyA (35.3) 28
PH/TiO, 0O- 90°C, 2h 10 GCA (67.2) 29
Pt-PVP+TiO; 0O- 150°C, 18h 100 LA (63) 30
Ru-Zn-Cu'/HAP 02 140°C, 12h 100 LA (82.7) 31
Pt/Sn-MFI 02 100°C, 24h 89.8 LA (80.5) 32
Pt NPs/HT 02 60°C, 6h 80 GlyA (40) 33
10%Ni/y-Al>03 5%H> 300°C, 6h 50 CH, (100) 34
Ti-Si co-gel H202 80°C, 24h 22 GCA 37) 35
CuO/Zr0O; N> 180°C, 8h 100 LA (94.6) 36
Au/MgO-Al,O3 0 80°C, 0.5h 16.4 DHA (74) 37
LDHI[Cr (SOsgsalen) ] H20, 60°C, 4h 71.3 DHA (43.5) 38
Urea-Gluconobacter 30°C, 6h 84.8 DHA (96.4) 39
H4PV1Mo011040 02 150°C, 3h 90.6 FA (41.2) 40
[LMn (u-O) H;0, 22°C, 24h 40 DHA (153) 41

3M n L]z[SiW1204o]




Table S2 Immobilization of POMs and their heterogeneous catalytic studies in different
organic transformations

Cat. Reactions Ref.
CszaosP WaOuo e nd alkytation of womates 42
CssPW120u0 conversions Osfo(;’i)lilt(())tl)iionssv z;?grcellulose into 43
AgsPW12049 intermolecular hydroamination of olefins 44
K2.2Ho.8PW 12040 esterification of 2-keto-L-gulonic acid 45
(NH4)3sPW12040 intermolecular hydroamination of olefins 44
Sny[H3-2xPW12040] benzylation of arenes with benzyl alcohol 46
20 sHoePWisOuo esterifi(.:aftior? of palmitic acid | | 47
and transesterification of waste cooking oil
BiPW12040 esterification of oleic acid with n-butanol 48
H3PW1,040/SBA-15 acid-base tandem reaction 49
H“SiMOlf]o“O/ Mesoporous silica Friedel-Crafts alkylation 50
ollow sphere
Na7H2LaW1003s/ IL-modified SiO; oxidative desulfurization 51
H3sPW12040/MIL-101(Cr) carbohydrate dehydration to HMF 52
[CuPW11030]%/ HKUST-1 detoxification of various sulfur compounds 53
PMo10V2040>/PIL poly(VMCA) esterification reactions 54
H3PM012040 (Exlés)/ Mesoporous oxidation of 1-phenylethanol with H0> 55
K12.5Na1 5[ NaPsW300110]/RGO electrolytic water oxidation 56
d/POMs/NHCSs electrochemical induction with paracetamol 57
SiPMo12/MWCNTS supercapacitor 58
PM01,@g-CaNa, PW12@g-CsNs photocatalytic deg;zds’;}ig:ocl)f methylene blue 59
AC@PMoz, supercapacitor 60
FAD-GDH/P2M01s/PMA/MWCNTSs glucose biosensor 61
POMOFs/RGO lithium ion battery 62




Table S3 The Lewis acidity and elementary analysis of LPMo1

Elementary results (calculated values in parenthesis)/wt%

Lewis acidity,

Catalysts

mmol/g P Mo L
HPMoz, 0 1.62(1.69) 63.23(63.08) -
AlIPMo3, 0.60 1.57(1.62) 60.44(60.04) 4.78(4.97)
FePMo1, 0.48 1.59(1.65) 62.36(61.30) 2.95(2.97)
CrPMoy. 0.42 1.59(1.65) 61.67(61.43) 2.74(2.77)
TiPMoy, 0.40 1.62(1.67) 62.61(61.96) 2.04(1.93)
ZnPMos2 0.25 1.58(1.61) 60.75(59.95) 5.23(5.11)

ZrPMoy, 0.19 1.61(1.64) 61.03(60.89) 3.56(3.62)




Table S4 The elementary analysis of HPMoy; L
Elementary results (calculated values in

Catalyst Lewis acidity, parenthesis)/wt%
mmol/g
P Mo M
HPMo12 0.03 1.52(1.60) 64.03(63.08) -
HPMou Al 0.52 1.74(1.78) 61.10(60.61) 1.43(1.55)
HPMoyi1Fe 0.48 1.69(1.75) 60.00(59.62) 3.04(3.15)
HPMoy1Ti 0.39 1.71(1.74) 60.01(59.32) 2.65(2.69)
HPMo1:Cr 0.28 1.69(1.75) 60.04(59.75) 2.90(2.94)
HPMo11Zn 0.15 1.70(1.74) 59.02(59.26) 3.62(3.67)

It showed that the molar ratios of P: Mo is 1:11, respectively. This indicated that the keggin
structure for HPMouL did not destroy during the introduction of Lewis metals. For HPMoyL, the
molar ratio of L: Mo as 1: 11 confirmed the formation of mono-substituted molybdophosphoric
acid.



Table S5. Oxidation of glycerol in the presence of LPMoj, catalysts

SSA, yields, %
Entry  Catalysts 5 CON, %

m-4/g DHA GCA GIyA PRA LA AcA
1 AlPMos; 12.0 93.7 2.1 1.0 3.1 12 848 3.1
2 FePMo12 115 90.0 3.2 3.2 2.0 1.3 802 1.2
3 CrPMoz1 11.0 88.2 4.0 5.3 2.2 14 731 11
4 TiPMoy2 7.5 77.0 6.3 5.1 5.1 20 56.0 0
5 ZrPMoy2 7.2 48.4 8.1 7.0 5.1 31 192 0
6 ZnPMoz 6.3 30.1 9.0 8.2 0 32 103 0

Reaction conditions: 5 mL of 1.0 M glycerol, 4.0 mM catalyst, 60 °C, 1 MPa O, 5 h, 800 rpm.



Table S6. Oxidation of glycerol in the presence of HPMoy;L catalysts

SSA CON Yields, %
Entry  Catalyst

m2/g % DHA GCA GIyA PRA LA AcA
1 HPMopsAl 201 781 112 26.1 4.2 2.1 55.0 2.1
2 HPMouFe 19.6 682 143 323 3.1 4.2 46.2 1.0
3 HPMoyTi 192 50.1 201 390 4.3 5.0 32.3 0
4 HPMouCr 194 310 251 50.2 0 9.3 16.2 0
5 HPMouZn 189 162 260 59.1 0 6.0 9.1 0

Reaction conditions: 1 M glycerol, 4 mM catalyst, 60 °C, 5 h, 1 MPa O, 800 rpm.



Table S7 The acidity mesurement of LPMo12

Brgnsted acidity

Catalysts Lewis acidity (mmol/g) (mmol/g) B/L
AIPMo1 0.60 0.05 0.1
Alos7PMo12 0.42 0.33 0.8
Alo33PMo12 0.25 0.65 2.6
FePMoa» 0.48 0.04 0.1
Feo.s7PMo12 0.34 0.31 0.9
Feo.33PMo1o 0.18 0.63 3.5
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