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Preparation of catalysts

Au/Al,03 catalyst was prepared by the precipitation method using base according to the literature.!
Au NPs were prepared by the addition of 1 M NaOH into an aqueous solution of HAuCls (10 mM) with
maintaining pH at ca. 9. The Al,03 (JRC-ALO-7, <100 mesh powder, 1 g), which was supplied from Catalytic
Society of Japan, was then dispersed into the solution. After stirring for 1h, the Al,03 powder was filtrated,
washed, and dried at 333 K. The powder was reduced at 573 K for 2 h in the presence of 0.01 MPa of
sufficient H, to obtain Au/Al,Os. The [NbeO19]®-modified Au/Al,O3 was synthesized by the adsorption
method. The Au/Al,Os was dispersed into the aqueous solution of KsNbgO19-14H,0 (Mitsuwa Chemicals
Co. Ltd., 0.8 mM) at a ratio of [Au atoms]:[NbeO19] = 1:4, and this mixture was stirred for 10 min. After
filtration, washing with pure water, and evacuation at 333 K, [NbeO19]®-modified Au/Al03 (Nb6-
Au/Al,03) was obtained. [TasO19]3-a and [SiW11039]®-modified Au/Al,03 (Ta6-Au/Al;03 and SiW11-
Au/Al,0s, respectively) also prepared by using KsTasO19:16H,0 (Mitsuwa Chemicals Co. Ltd) and
KsSiW11039 that was prepared according to the literature,? respectively. The [NbgO19]®-absorbed Al,03
(Nb6/Al,03) was prepared by an absorption method. Al,03 was dispersed with KsNbsO19 (0.04 mmol) and
then dried up at 353 K.

Characterizations

The loading amount of Au NPs, and [NbeO15]®~ and [Tas019]% clusters were determined by ICP-AES
spectrometer (ICPS-8100, Shimadzu). The structures of the prepared catalysts were characterized by
PXRD (MiniFlex, Rigaku). The optical property was measured by UV-vis spectrometer (V-770, JASCO). The
structure of the [NbeO19)% precursor was confirmed by using a Fourier-transformed infrared spectrometer
(FT/IR-4X, JASCO) equipped with an attenuated total reflection (ATR) unit. Nb K-edge XAS spectra were
measured using BLO1B13 beamline in SPring-8 (Japan Synchrotron Radiation Research Institute). The data
reduction was carried out using xTunes software.? The particle size of the supported Au NPs was estimated
by using HAADF-STEM equipped with EDX microanalyzer operating at 300 keV (JEM-3200FS, JEOL). The
electronic states of Au NPs surface were evaluated by XP spectra (PHI5000 VersaProbe, ULVAC-PHI). The
energy calibration was performed by using the C 1s signal at 284.6 eV.

Catalytic reactions

The catalytic hydrogenation of p-nitrophenol, p-nitrobenzene, and p-nitrostyrene was performed
using an autoclave reactor in methanol solution (catalyst: 5 mg, substrate: 62.1 umol, methanol: 1 mL, Hy:
1 MPa, reaction temperature: 353 K, reaction time: 2 h). Biphenyl was used as an internal standard The
products were analyzed by GC-FID. The conversion was calculated by the decreased amount of the
substrate. The selectivity toward each product was calculated by the fraction of detected products. As a
blank test, the reaction of over Au/Al,Os3 with the addition of KsNbsO19 (1 mg) or K2CO3 (1 mg) as a base
was also carried out at the same reaction conditions. As for the reusability test, the samples were collected
by centrifugation.



Table S1 Contained amount of Au and Nb species mearured by using ICP-AES?.

Catalyst Amount  Au®  NbP  TaP Au Nb or Ta POM
(mg) (hg)  (ug)  (ug)  (wt%) (wt%) (wt%)  (umol/gcat)
Nb6-Au/Al,03 19.0 137 84.5 n.d. 0.72 0.44 0.69
Ta6-Au/Al,0O3 19.5 136 n.d. 392 0.70 2.0
Au/Al,O3 19.9 146 n.d. n.d. 0.73 -

aThe sample for ICP-AES measurement was prepared as follows; ca. 20 mg of POM-Au/Al,O3 was added
into a mixtue of HCl (Kanto Chemical Co., Inc., 35.0-37.0%, 1.2 mL), HNOs (Kanto Chemical Co., Inc.,
60.0-61.0%, 0.4 mL), and HF (Kanto Chemical Co., Inc, >46.0%, 0.4 mL) and stirred at 423 K overnight.
Then, the obtained clear solution without presipitates was diluted to the total volume of 20 mL.

Nb, and Ta were estimated by using the emission intensity at 242.8 nm,
respectively. The contained amount of those species were calculated as

bThe concentraiton of Au,
316.3 nm, and 226.2 nm,
follows;

(Contained amount) (g) = (concentraion of target element in measured solution) x (total volume

of solution)

Table S2 Reaction results for reduction of p-nitrophenol over Nb6-Au/Al,032.

NO,

AT

p-nitrophenol

HO

p-aminophenol

Entry Reaction time (h) Conversion (%)
1 2 86
2 7 95
3 18 >99

a Catalyst, 5 mg; substrate,

62.1 umol; methanol, 1 mL; Hz, 1 MPa; reaction temperature, 353 K.



Table S3 Reaction results for reduction of p-nitrostyrene (1c) over Nb6-Au/Al,032.

O O O O

p-nitrostyrene: 1c p-ethylaniline: 2c p-vinylaniline: 3¢ p-ethylnitrobenzene: 4¢
Time Conversion Selectivity (%)
Entry Catalyst

(h) (%) (2c:3c:4c)
1 Nb6-Au/Al,0s3 0.5 17 5:85:10
2 Nb6-Au/Al;0s3 1 85 33:56:11
3 Nb6-Au/Al,0s3 2 96 92:4:4
4 Au/Al,03 2 21 3:97:<1
5 Au/Al;03 4 47 <1:99:<1
6 Au/Al,03 6 98 21:73:6

@ Catalyst, 5 mg; substrate, 62.1 umol; methanol, 1 mL; H,, 1 MPa; reaction temperature, 353 K.
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Fig. S1 HAADF-STEM image and the size distribution of Au NPs of Au/Al,Os.
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Fig. S2 XRD patterns of (a) Nb6-Au/Al,03 and (b) Au/Al;Os. As references, (c) Au/Al,03 reduced
at 773 K, and (d) Al,O3 support.
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Fig. S3(A) STEM image of Au NPs and (B) the corresponding line analysis plots for the red line
that were monitored at Au Ls- and Nb Ks-edges.

K k)1 A®

— : Nb6-Au/Al, 0,

I
0 3 6 9 12
kIA"

Fig. S4 Nb K-edge EXAFS oscillations of Nb6-Au/Al>O3 (blue), an aquaeous solution of KsNbsO19
(black), and KsNbgO19:14H,0 (yellow).
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Fig. S5(A) XRD patterns of KsNbsO19:14H,0 and reference KsNbsO19:16H,0 (ICSD: 391371). (B)
FT-IR spectra of KsNbsO19-14H,0 and the aquaeous solution of KsNbsO19. The absorption bands
assinable to the streching vibration between Nb and terminal oxygen and that between Nb
and bridged oxygen retained even in an aquaeous solution.
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Fig. S6 Results for reusability test of Nb6-Au/Al,0s. Catalyst, 5 mg; substrate, 62.1 umol; methanol, 1
mL; Hy, 1 MPa; reacton remperature, 353 K; reaction time, 1 ﬁ; The samples were collected by
centrifugation for reuse.

Au 4f5;,

(@)

"\| Ta6-Au/AlLO,

Intensity (a.u.)

Nb6-Au/Al,O,

Au/AlLO,

90 88 86 84 82
Binding energy / eV

Fig. S7 XPS spectra of (a) SiW11-Au/Al;Os3 , (b) Ta6-Au/Al;0s, (c) Nb6-Au/Al,Os, and (d)
AU/A|203.
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