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S1 Experimental procedures
1.1 Materials and Instruments

The precursor KsNa,[PoW15(Ta0,)30s6]- 17H,0 was synthesized according to the procedure described in our previous report.!
PdCl, was purchased from Macklin Chemical Company. Graphene oxide (GO) (10 mg/mL) was purchased from Aladdin
Chemical Company. All the other reagents were obtained commercially and used without further purification.

FT-IR analysis in ATR mode was performed by a Perkin ElImer Spectrum 400 FT-IR/FT-FIR Spectrometer equipped with ATR
module in the range of 400-4000 cm-! at room temperature.

UV-vis was carried out in the range of 200—800 nm on a China Cary 100 Ultraviolet spectrophotometer.

Powder X-ray diffraction (pXRD) measurements were performed on a Panalytical X'Pert3 Powder diffractometer with
graphite monochromatized Cu Ka radiation (A = 0.1541 nm, 40 KV, 150 mA) at 298 K.

Elemental analyses for Na, P, Ta > W and Pd were determined with a Agilent 7800(MS) ICP atomic emission spectrometer.
Elemental analysis for C was performed on a Vario EL cube elemental analyzer.

Thermal analyses were performed on a Netzsch 449C thermal analyzer. The sample was heated to 800 °C with a heating
rate of 5 °C/min, under an N, atmosphere.

Scanning electron microscope (SEM) analysis was conducted on a ZEISS GeminiSEM 300 scanning electron microscope
equipped with a super energy-dispersive spectrometer (EDS).

High-resolution transmission electron microscopy (HRTEM) analysis was conducted on a FEI Talos F200x transmission
electron microscope equipped with mapping. TEM samples were prepared by casting several drops of a sample solution onto
copper-mesh TEM grid mounted with a holey carbon film.

Raman spectra were obtained on a LabRAMHR Evolution 4000 spectrometer with 532 nm wavelength incident laser light.

X-ray photoelectron spectroscopy (XPS) measurements were performed on Thermo Fisher Scientific ESCALAB250Xi X-
ray photoelectron spectroscopy.

In situ X-ray photoelectron spectra (in situ XPS) were recorded using an ESCALAB 250Xi spectrometer (Thermo Scientific)
with a monochromatic Al anode Ka radiation (1486.6 eV), and the charging effects were corrected by setting the C1s binding
energy of the adventitious carbon to 284.8 eV. Prior to the measurement, the sample of Pd/(C,04-POM)@rGO was kept in a
pretreatment chamber in high purity hydrogen at room temperature for 30 min. Then the sample was directly moved to the
analysis chamber without being exposed to the environment.

Nuclear magnetic resonance (NMR) spectra of 3'P, 'H and '3C were recorded on a Bruker Advance 600 MHz spectrometer.
The chemical shift of 3'P spectrum uses 85% H3PO, (5 = 0) as the internal standard, and chemical shifts were reported in
parts per million (ppm, d).

Cyclic voltammograms (CV) was recorded on an electrochemical workstation (Shanghai Chenhua Instrument Co. Ltd) at
room temperature based on a three electrodes system.

1.2 Synthesis
Synthesis of KsNay[P,W45(Ta0;);050]"17H,0

KsNas[P,W,5(Ta0,);050]"17H,0 was synthesized according to our previous report,' but with some modifications.
Kg[TagO19]-17H,02 (11 g, 5.5 mmol) was dissolved in an H,O, solution (60 mL of 30% aqueous H,O; in 800 mL of deionized
water) at room temperature. HCI (75 mL, ag. 1.0 M) was added with vigorous stirring in a single addition, followed by the
immediate addition of Najs[a-PoW45056]:18H,0% (47.5 g, 0.011 mol, dried and ground to a fine powder before use). The
resulting mixture was stirred from 30 min at room temperature and then KCI (35 g) was added. The mixture was stirred for 40
min and filtered to remove a small amount of white precipitate. Solid KCI (125 g) was added to the resulting yellow filtrate and
stirred for another 40 min. The resulting yellow precipitate was collected by filtration, washed three times with ethanol (20 mL),
and dried in air to give the product as a yellow powder (32 g, 55% yield based on Ta precursor). 3'P NMR (D,0) & = -10.5 (s),
-14.5 (s) (referenced externally to 85% H3POy).



Synthesis of Na2H3s[P8W60Ta120242(C204)4]-56H20 (C204-POM)

A sample of KsNay[P,W15(Ta03)3050]-17H,0 (0.20 g, 0.04 mmol) was dissolved in 20 mL of deionized water at 80 °C. Solid
NaHSO; (0.04 g, 0.38 mmol) was added with stirring until the yellow solution became colorless. Then, solid (NH4),C,04 (0.12
g, 0.84 mmol) was added. The pH of the resulting solution was adjusted to 3.0 with hydrochloric acid (1 M), and further stirred
at 80 °C for 40 min. After cooled to room temperature the reaction solution was filtrated and left for evaporation. Light yellow
cuboid crystal products were obtained after about one week. Yield: 0.13 g (65% based on KsNay[P,W15(Ta0,)30s0]:17H,0).
Anal. Calcd. (%): C 0.51, Na 0.24, P 1.31, Ta 11.52, W 58.78; found C 0.58, Na 0.38, P 0.88, Ta 11.51, W 59.33. IR (KBr
disks, cm™): 1608 (vw), 1405 (vw), 1078 (vw), 1012 (vw), 945 (s), 893 (s). 3'P NMR (D,0) & = -11.5 -13.6 ppm. 3C{'H} NMR
(D,0) 6 =-165.42 ppm.

Synthesis of composite Pd/(C,0,-POM)@rGO

Pd/(C,04-POM)@rGO was synthesized according to the published method*. 4 mL 10 mg/mL of GO dispersion was dispersed
in 400 mL of high purity water and ultrasonic peel for 3 h. Adjust the pH of the solution to 2.5 using 1M H,C,0, solution, then
1 mL 1.2 g/mL C,0,4,-POM was added. The mixture was stirred for 30 minutes. 4 mL 10 mM PdCI; solution was added to the
mixture and stirred for another 20 minutes. 30 mL ethanol was added and the resulting mixture was transferred to the
photoreactor, flushed with nitrogen, and irradiated with a 175 W mercury lamp for 1h. The resulting black suspension was
filtered and then washed with deionized water and ethanol three times to obtain the composite Pd/(C,0,-POM)@rGO ( 46.20
mg). The black solid material was dried in a vacuum drying oven at 100 °C for 2 h. The Pd loading amount in the composite
(for GO support) was 10.64 wt% as determined by ICP-AES, the C,04-POM loading amount in the composite (for GO support)
was 13.50 wt% as determined by ICP-AES.

Synthesis of composite of Pd@rGO

Pd@rGO was synthesized according to the reported photoreduction method®. 4 mL 10 mg/mL of GO dispersion was
dispersed in 400 mL of high purity water and ultrasonic peel for 3 h. Then 2 mL of 10 mM PdCI, solution was added. The
resulting mixtrue was stirred for 30 minutes and then transferred to the photoreactor. The photoreactor was flushed with
nitrogen and irradiated with a 175 W mercury lamp for 1 h. The black suspension was filtered and washed with deionized
water and ethanol three times to obtain the composite Pd@rGO. The black solid was dried in a vacuum drying oven at 100 °C
for 2 h. The Pd loading amount in the composite (for GO support) was 12.56 wt% as determined by ICP-AES.

S2 X-ray crystallography

Single crystal XRD analysis of C,04-POM was recorded on an Agilent SuperNova Dual diffractometer using graphite-
monochromated Mo Ka radiation, A = 0.71073 A. The linear absorption coefficients, scattering factors for the atoms, and
anomalous dispersion corrections were taken from the International Tables for X-Ray Crystallography. Empirical absorption
corrections were applied. Structures were solved using direct methods (SHELXT)® and refined by full-matrix least-squares
(SHELXL) interfaced with the program OLEX2.7 Anisotropic thermal parameters were used to refine all non-hydrogen atoms,
with the exception for a few oxygen atoms. Those hydrogen atoms attached to lattice water molecules were not located.
Crystallization water molecules were estimated by thermogravimetry and only partial of them were achieved with the X-ray
structure analysis. The crystal data and structure refinement results are summarized in Table S1. Further details on the
crystal structure investigations can be obtained free of charge from The Cambridge Crystallographic Data Centre via
https://www.ccdc.cam.ac.uk/structures/ by quoting the depository numbers CCDC-2321884 (C,04-POM).



Table S1. Crystal data and structural refinements. 2]

Compound C,0,-POM
Formula CsNaz023PsTa12Weo
Formula weight (g-mol) 18120.22
T (K) 150(10)
Wavelength (A) 1.54184
Crystal monoclinic
Space group P2:/n
a(A) 37.0584(4)
b (A) 24.8913(3)
c(A) 37.1568(4)
a(’) 90
B() 93.1020(10)
v () 90
V (A3) 34224 .4(7)
V4 4
D caic (mg m3) 3.517
U (mm-) 24.020
F (000) 31080.0

Crystal size (mm3)
Goodness-of-fit on F?
Final R indices
[/ >20(1))!

R indicest

(all data)

0.15 x 0.09 x 0.09
0.981
R4 =0.0850
wR; = 0.2057
R1=0.1431

WRy= 0.2341

B R1=Z |IFol=IFell/ZIFol; WR2 = {F[W(Fo?~Fc)?)/ X IW(Fo?)1}"



S3 Structural representations

Figure S1. Mixed polyhedral/ball-and-stick representations of the central {Ta;,04, (HC,0,)} cluster in C,04-POM.

Figure S2. Ball-and-stick representation of C,04-POM, highlighting the coordination environment of Ta1 and the p,-O (left)
and a half of C,04-POM highlighting the coordination of Ta2 and Ta3 (right).
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Figure S3. Ball-and-stick representation of 2D layer for C;04-POM.



S$4 Bond valence calculations of the C,0,-POM.

Table S2. Bond valence calculations of select O atoms of the C,04-POM.

Atom Bond Distance/A Bond Valence Bond Valence
Sum (BVS)

O1-Ta3 1035 0.960

o1 O1-Ta4 1.847 1.218 2178
02-Tal1 1.870 1.145

02 02-Tas 1.006 1.039 2183
03-Ta7 1.895 1.070

03 03-Ta8 2.017 0.769 1.839
05-Tab 1.952 0.917

05 05-Ta7 1.952 0.917 1.839
06-Tab 1.094 0.819
06-Tab 2.064 0.678

06 06-Ta7 2.044 0.715 2212
O7-Tab 2.026 0.751
O7-Ta7 2.100 0.615

o7 07-Ta9 1,972 0.869 2235
08-Ta4 1.021 0.997

08 08-Tab 1.956 0.907 1.905
09-Tad 1.936 0.958

09 09-Tab 1.901 1.053 2.010
011-Tab 1.031 0.971

o 011-Ta9 2.020 0.763 1.734
017-C6 1.331 1.205

017 017-Tab 2.134 0.561 1.766
018-C5 1.350 1.145

018 018-Tab 2.132 0.564 1.709

019 019-C6 1278 1.391 1391

020 020-C5 1.251 1.495 1,495
021-Ta2 1.966 0.883

021 021-Ta12 1.048 0.927 1.810
022-Ta2 2.044 0.715
022-Ta10 2.096 0.621

022 022-Ta12 1.967 0.881 2217
023-Ta 1.892 1.079

023 023-Ta10 2.006 0.793 1.871
024-Taf 2.024 0.755
024-Ta2 2.071 0.665

024 024-Ta10 2.006 0.793 2212
025-Ta10 1.918 1.005

025 025-Tal 1 1.085 0.839 1.844
026-Ta2 1915 1.014

026 026-Ta3 1.978 0.855 1.869
027-Taf 2417 0.587

027 027-C3 1.406 0.984 1.571
028-Ta 2.158 0.526

028 028-C4 1330 1.208 1.734

029 029-C4 1328 1.215 1215

059 059-C1 1181 1.807 1.807

089 089-C3 1235 1.562 1.562
090-Ta12 2.163 0519

090 090-C7 1.291 1.343 1.861
091-Ta12 2.207 0.436

091 091-C8 1314 1.262 1.698
007X-Ta9 2.190 0.482

007X 007X-C1 1.360 1114 1.596
006B-Ta9 2.130 0.567

0068 006B-C2 1.344 1.163 1.730

092 092-C8 1272 1413 1413

094 094-C7 1.362 1.108 1.108
096-Ta3 1.866 1157

096 096-Taf 2.000 0.806 1.963

0108 0108-C2 1.241 1537 1537




Table S3. Bond valence calculations of Ta atoms of the C,04,-POM.

Atom Bond Distance/A Bond Valence Bond Valence
Sum (BVS)
Ta1-023 1.892 1.079
Ta1-024 2.024 0.755
Ta1-027 2.117 0.587
Ta1 Ta1-028 2.158 0.526 5.258
Ta1-047 2.031 0.741
Ta1-048 2.019 0.765
Ta1-096 2.000 0.806
Ta2-021 1.966 0.883
Ta2-022 2.044 0.715
Ta2-024 2.071 0.665
Ta2 Ta2-026 1.915 1.014 5.233
Ta2-045 2.021 0.761
Ta2-046 1.947 0.930
Ta2-097 2.411 0.265
Ta3-01 1.935 0.960
Ta3-026 1.978 0.855
Ta3-043 2.022 0.759
Ta3 Ta3-044 1.986 0.837 5.129
Ta3-096 1.866 1.157
Ta3-097 2.134 0.561
Ta4-01 1.847 1.218
Ta4-08 1.921 0.997
Ta4 Ta4-09 1.936 0.958 5.204
Ta4-015 2.051 0.702
Ta4-016 2.014 0.776
Ta4-0103 2.139 0.553
Ta5-05 1.952 0.917
Ta5-06 1.994 0.819
Ta5-08 1.956 0.907
Tab Ta5-010 2.067 0.672 5.185
Ta5-014 2.029 0.745
Ta5-017 2.134 0.561
Ta5-018 2.132 0.564
Ta6-06 2.064 0.678
Ta6-07 2.026 0.751
Ta6-09 1.901 1.053
Ta6 Ta6-011 1.931 0.971 5.169
Ta6-012 1.980 0.850
Ta6-013 2.089 0.633
Ta6-0103 2.459 0.233
Ta7-03 1.895 1.070
Ta7-05 1.952 0.917
Ta7-06 2.044 0.715
Ta7 Ta7-07 2.100 0.615 5.258
Ta7-038 1.955 0.910
Ta7-039 2.004 0.797
Ta7-053 2.457 0.234
Ta8-02 1.906 1.039
Ta8-03 2.017 0.769
Ta8 Ta8-04 1.914 1.016 4.960
Ta8-040 2.018 0.767
Ta8-041 1.993 0.821
Ta8-053 2.143 0.547
Ta9-04 1.946 0.932
Ta9-07 1.972 0.869
Ta9-011 2.020 0.763
Ta9 Ta9-036 2.004 0.797 5.182
Ta9-037 2.016 0.771
Ta9-006B 2.130 0.567
Ta9-007X 2.190 0.482
Ta10-022 2.096 0.621
Ta10-023 2.006 0.793




Ta10-024 2.006 0.793
Ta10 Ta10-025 1.918 1.005 5.193
Ta10-031 1.909 1.030
Ta10-032 2.041 0.721
Ta10-0105 2.465 0.229
Ta11-02 1.870 1.145
Ta11-025 1.985 0.839
Tal1 Ta11-030 1.899 1.058 5.530
Ta11-033 2.005 0.795
Ta11-049 1.869 1.148
Ta11-0105 2.144 0.546
Ta12-021 1.948 0.927
Ta12-022 1.967 0.881
Ta12-034 1.980 0.850
Ta12 Ta12-035 1.974 0.864 5.367
Ta12-049 1.963 0.890
Ta12-090 2.163 0.519
Ta12-091 2.227 0.436

S5 Characterization of the C,0,-POM

C204-POM

NH4(C204)2

KsNag[P2W15059(Ta02)31-17H20
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Figure S4. IR spectra of C,0,-POM.

The strong signal peak of C,04-POM at 1611 cm-! can refer to the stretching vibration of lattice water and coordination water
molecules. The characteristic signal peaks of C,04-POM at 1085 cm™', 1026 cm', 951 cm™', 901 cm-'and 760 cm™ . It can be
attributed to the stretching vibration of Vas(P-0,), Vas(W-0y), Vas(W-0,-W), Vas(W-Oc-W) in Dawson type anions. 1405 cm!
and 1608 cm' are attributed to symmetric and antisymmetric stretching vibrations of C=0, respectively.
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Figure S5. The TGA curves of C;0,-POM measured in N, from 25 °C to 800 °C.
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Figure S6. Simulated (black) and as-synthesized (red) PXRD patterns of C,0,-POM.
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Figure S7. UV-vis absorption spectra of C,04-POM in acidic solution (pH = 2.5).

—— liquid state
solid state

Transmittance / %

2000 1800 1600 1400 1200 1000 800
Wavenumber (cm"I )

Figure S8. IR spectra of C,04-POM in acidic solution (pH = 2.5) and solid state.
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Figure S9. Cyclic voltammogram of C,04-POM in 0.1 M HCI (1.65 mM) at 10 mVs-'. The working electrode was glassy
carbon, counter electrode was platinum filament, and the reference electrode was Ag/AgCl.

S$6 Characterization of Pd/(C,04,-POM)@rGO
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Figure $10. IR spectra of Pd/(C,04,-POM)@rGO.
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Figure S11. Raman spectra of GO and Pd/(C,0,-POM)@rGO.
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Figure S12. XRD spectra of GO, Pd/(C,04,-POM)@rGO and Pd NPs.
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Figure $13. XPS spectra of C 1s of GO.
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Table S4. Binding energy and percentage of various components for Pd/(C,0,-POM)@rGO before and after exposure to H,
as determined by XPS analysis.

Sample Binding Energy/eV Relative Content [%]

before H, exposure

36.2

we+ 38.3 100

after H, exposure

34.7

W5+ 36.8 73.2
33.8

Wa+ 31.8 26.8

before H, exposure

335.3

Pdo 340.6 44.9
337.2

Pd2* 3424 55.1

after H, exposure

335.7

Pd° 340.9 100

before H, exposure

-OH 532.2 43.0
-OH, 535.2 5.18
Ohatt 5311 51.8

after H, exposure

-OH 531.6 87.7
-OH, 535.8 5.76
Ojatt 529.8 6.6

a Estimated based on the area of each pair of peaks
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S§7 Catalytic Hydrogenation of Olefins

Hydrogenation of Olefins : Catalysts were introduced in a reaction tube with a stirrer bar and sealed with a silicone septum.

After replacing the air with Hydrogen, the substrate (0.2 mmol) and solvent (2 mL) were introduced in the tube. The reaction
was performed at room temperature (r.t.) under Hy (1 bar). Yields were determined by GC-MS. Solid reaction products were

recovered by centrifugation and filtering to remove the catalyst, followed by rotary evaporation to remove the solvent.

Table S5. Optimization of the conditions for hydrogenation of olefins 2.

Catalyst
©/\ H, (1 bar) ©/\
Solvent, rt
Entry Catalyst Solvent Time (min) Yield (%)

1 Pd/(C,04-POM)@rGO Ethanol 40 84
2 Pd/(C,04,-POM)@rGO Acetone 40 63
3 Pd/(C,04,-POM)@rGO Toluene 40 28
4 Pd/(C,04,-POM)@rGO Tetrahydrofuran 40 80
5 Pd/(C,04,-POM)@rGO Acetonitrile 40 99

aReaction condition: 0.2 mmol substrates, room temperature, 2 mL solvent, and 1 atm H; for 40 min, 4.8 mg
Pd/(C,04-POM)@rGO catalyst (5 umol Pd), Yields Were determined by GC-MS.

100, ™ PdI(C,0,POM)@rGO
—®— Pd@rGO
Pd NPs )
80
S
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2 40 -
o
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0 10 20 30 40
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Figure S$15. Comparison of the catalytic activity and Styrene hydrogenation conversion over time for Pd/(C,04-POM)@rGO,
Pd@rGO, Pd NPs. Reaction conditions: 0.2 mmol styrene, room temperature, 2 mL CH3CN, and 1 atm H, for 40 min.

Catalyst: 4.8 mg Pd/(C,04-POM)@rGO Catalyst (5 umol Pd), 4.2 mg Pd@rGO Catalyst (5 pmol Pd), 0.53 mg Pd NPs
Catalyst (5 ymol Pd).
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Table S6 Catalytic reaction of olefins derivatives by Pd/(C,0,-POM)@rGO.

Entry Substrate Product Yield(%)
X
O,N O5N
3 o >99%
O\ O\
X
HoN HaN
X
6 >99%
=
X
7 >(©/\ >(©/\ ~99%
: O e
>99%
AN
F 7 F
F F
10 >99%
@/ ED/\/
Cl Cl
11 >99%
@/ @/
12 o >99%
F F
FF FF
=
13 :// :/\ >99%

Reaction condition: 4.8 mg Pd/(C,04,-POM)@rGO Catalyst (5 umol Pd), 0.2 mmol substrates, room temperature, 2 mL

of CH5;CN solvent, and 1 atm H, for 1 h.
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Figure $16. Recyclability of Pd/(C,04-POM)@rGO for the hydrogenation of olefins.
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Figure $17. Powder XRD patterns of Pd/(C,04-POM)@rGO before and after catalysis.
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Figure S$18. IR spectra of Pd/(C,0,-POM)@rGO before and after catalysis.

S8 Computational details

Density functional theory (DFT) calculations were performed using the Vienna ab initio package (VASP)8' in virtue of the
Perdew-Burke-Ernzerhof (PBE) formulation within the generalized gradient approximation (GGA)'2. The ion-electron
interactions were modeled using the projector-augmented wave (PAW)'3 method. A plane-wave basis was used to expand
the Kohn—Sham orbitals, truncated at a kinetic energy of 400 eV. The dispersion-corrected vdW-D3 functional was considered
to evaluate the van der Waals effect!4. The convergence criteria were set to be 104 eV and 0.03 eV/A for wavefunction and
geometry optimization, respectively. The Brillouin zone integration is performed using 2 x 2 x 1 Monkhorst-Pack k-point
sampling for a structure. Periodic images of the slab were separated by at least 15 A vacuum gap. The electronic density of
the structure was processed using VASPKIT'S, and the density derived electrostatic and chemical (DDEC) charges and bond
orders of the structure were calculated using the Chargemol software6.17.
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