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Table S.1. The surface area of 0.5%Au-0.5%Pd/X catalysts, as a function of catalyst support, as
determined by BET.

Catalyst Surface Area / m2g-"
0.5%Au-0.5%Pd/Al,O4 74
Y-A|203 83
0.5%Au-0.5%Pd/CeO, 43
CeOz 36
0.5%Au-0.5%Pd/TiO, 42
TiO, (P25) 53
0.5%Au-0.5%Pd/Nb,O5 8
Nb,Os 8
0.5%Au-0.5%Pd/ZrO, 9
ZrO, 21

Note: Surface area determined from nitrogen adsorption measurements using the BET equation.
Support material used as received, with no modification prior to metal immobilisation. Catalytic samples
exposed to a reductive heat treatment (5%H,/Ar, 500 °C, 4 h, 10°C min-").
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Figure S.1.A X-ray diffractogram of the 0.5%Au-0.5%Pd/Al,O; catalyst, prepared by a wet co-
impregnation methodology. Note: Catalyst exposed to a reductive heat treatment (5%H./Ar, 4 h, 500
°C, 10 °Cmin"). Support material used as received.
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Figure S.1.B. X-ray diffractogram of the 0.5%Au-0.5%Pd/CeO, catalyst, prepared by a wet co-
impregnation methodology. Note: Catalyst exposed to a reductive heat treatment (5%H2/Ar, 4 h, 500
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°C, 10 °Cmin"). Support material used as received.



Figure S.1.C. X-ray diffractogram of the 0.5%Au-0.5%Pd/Nb,Os catalyst, prepared by a wet co-
impregnation methodology. Note: Catalyst exposed to a reductive heat treatment (5%H2/Ar, 4 h, 500

°C, 10 °Cmin"). Support material used as received.
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Figure S.1.D. X-ray diffractogram of the 0.5%Au-0.5%Pd/ZrO, catalyst, prepared by a wet co-
impregnation methodology. Note: Catalyst exposed to a reductive heat treatment (5%H,/Ar, 4 h, 500

°C, 10 °Cmin"). Support material used as received.
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Figure S.1.E. X-ray diffractogram of the 0.5%Au-0.5%Pd/TiO, catalyst, prepared by a wet co-
impregnation methodology. Note: Catalyst exposed to a reductive heat treatment (5%H2/Ar, 4 h, 500
°C, 10 °Cmin"). Support material used as received.

Table S.2.A. Actual metal loading of supported AuPd catalysts, as a function of catalyst support, as
determined by ICP-MS microwave-assisted aqua-regia digestion.

Catalyst Actual loading / wt.%
Au Pd
0.5%Au-0.5%Pd/Al,04 0.48 0.49
0.5%Au-0.5%Pd/CeO, 0.46 0.47
0.5%Au-0.5%Pd/TiO, 0.49 0.50
0.5%Au-0.5%Pd/Nb,0O5 0.45 0.48
0.5%Au-0.5%Pd/ZrO, 0.47 0.49

Note: Digestion and analysis carried out on as-prepared dried catalysts.

Table S.2.B. Actual metal loading of 1%AuPd/Al,O; catalysts, as a function of Au: Pd ratio, as
determined by ICP-MS microwave-assisted aqua-regia digestion.

Catalyst Actual loading / wt.%
Au Pd
1%Au/Al; O3 0.98 -
0.75%Au-0.25%Pd/Al,O; 0.75 0.23
0.5%Au-0.5%Pd/Al,04 0.48 0.49
0.25%Au-0.75%Pd/Al,O3 0.23 0.74

1%Pd/Al,O4 - 0.99




Note: Digestion and analysis carried out on as-prepared dried catalysts.

Table S.3. Activity of AuPd catalysts towards the oxidation of benzyl alcohol via in-situ H,O, synthesis,
as a function of catalyst support.

Catalyst Benzyl Benzaldehyde Benzoic H, Conv. H, Sel. Residual

alcohol Sel. 1 % acid Sel. | % I % H,0,

Conv./ % | % | wt.%

0.5%Au-0.5%Pd/Al,O4 22.7 98.2 1.8 71 76 0.04
0.5%Au-0.5%Pd/CeO, 2.7 100 0 12 55 0.03
0.5%Au-0.5%Pd/TiO, 3.0 100 0 71 10 0.04
0.5%Au-0.5%Pd/Nb,Os 0.4 100 0 10 9 0.4
0.5%Au-0.5%Pd/ZrO, 1.2 100 0 8 35 0.03

In-situ oxidation of benzyl alcohol reaction conditions: Catalyst (0.01 g), benzyl alcohol (1.04 g,
9.62 mmol), MeOH (7.1 g), 5%H,/CO, (420 psi), 25%0,/CO, (160 psi), 50 °C, 0.5 h, 1200 rpm. Note:
H, selectivity determined, based on the mol of H, utilised in the formation of benzaldehyde.

Table S.4. Activity of AuPd catalysts towards the oxidation of benzyl alcohol via in-situ H,O, synthesis,
as a function of catalyst support.

Catalyst Benzyl Benzaldehyde Benzoic H, Conv. H, Sel. Residual
alcohol Sel. I % acid Sel. I % | % H,0,
Conv. /% | % | wt.%
1%Au/Al,O4 0 0 0 B.D.L - 0
0.75%Au- 6.6 100 0 49 33 0.07
0.25%Pd/Al,0O4
0.5%Au- 22.7 98.2 1.8 71 76 0.04
0.5%Pd/Al,O4
0.25%Au- 25.5 98.8 1.2 76 81 0.03
0.75%Pd/Al,O4
1%Pd/Al,O4 16.7 100 0 65 63 0.12
0.5%Pd/Al,0O; 12.6 100 0 46 67 0.10

In-situ oxidation of benzyl alcohol reaction conditions: Catalyst (0.01 g), benzyl alcohol (1.04 g,
9.62 mmol), MeOH (7.1 g), 5%H,/CO, (420 psi), 25%0,/CO, (160 psi), 50 °C, 0.5 h, 1200 rpm. Note:

H, selectivity determined, based on the mol of H; utilised in the formation of benzaldehyde. B.D.L.:
Below detection limit.
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Figure S.2. CO-DRIFTS spectra for 1%AuPd/Al,O; catalysts as a function of Au: Pd ratio. (A)
1%Pd/Al,O3 (B) 0.25%Au-0.75%Pd/Al,O3 (C) 0.5%Au-0.5%Pd/Al,0O3 (D) 0.75%Au-0.25%Pd/Al,O; (E)
1%Au/Al,O3. Note: All catalysts exposed to a reductive heat treatment (5%H,/Ar, 4 h, 500 °C, 10 °Cmin-
1),

Supplementary Note for Figure S.2.
With the exception of the 1%Au/Al,O; formulation, the CO-DRIFTS spectra of the AuPd

catalysts can be seen to be dominated by Pd—CO bands. In the case of the monometallic Au
the lack of an observable signal is attributed to the transient nature of the Au-CO interaction
at ambient temperature. It is possible to attribute the peaks within the lower wavenumber
region of the spectra (approx. 2000-1800 cm') to the multi-fold adsorption of CO on extended
Pd domains (i.e., CO adsorbed in a bidentate or tridentate manner), while those within the
higher wavenumber region of the spectra (> 2000 cm-') are attributed to CO linearly adsorbed
to low coordination Pd sites (i.e., edges or corners). Upon the alloying of Pd with Au a general
blueshift, towards higher wavenumbers, was observed in both regions, which can be related

to the transfer of electron density from Au to Pd." 2
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Figure S.3. X-ray photoelectron spectroscopic analysis of the as-prepared (A) 1%Pd/Al,O; (B)
0.75%Pd-0.25%Au/Al,O3, (C) 0.5%Pd-0.5%Au/Al,O3 (D) 0.25%Pd-0.75%Au/Al,05 and (E) 1%Au/Al,O5
catalysts. Key: Pd° (blue), Pd?* (purple), Au (4d) (green). Note: All catalysts exposed to a reductive heat
treatment (5%H./Ar, 4 h, 500 °C, 10 °Cmin").
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Figure S.4. Representative bright field transmission electron micrographs and corresponding particle
size histograms of as-prepared 1%AuPd/Al,O; catalysts (A) 1%Au/Al,O3 (B) 0.75%Au-0.25%Pd/Al,O;
(C) 0.5%Au-0.5%Pd/Al,O3 (D) 0.25%Au-0.75%Pd/Al,O3 (E) 1%Pd/Al,O;. Note: Catalyst exposed to a
reductive heat treatment (5%H./Ar, 4 h, 500 °C, 10 °Cmin-").
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Figure S.5. Catalyst efficacy towards the oxidation of benzyl alcohol as a function of gaseous reagent
and H,O, source. (A) 1%Pd/Al,O; (B) 0.5%Pd-0.5%Au/Al,O; (C) 0.5%Pd-0.5%Fe/Al,O; Key:
benzaldehyde (black bars) benzoic acid (red bars) toluene (green bars). Reaction conditions: Mass
of catalyst (0.01 g), benzyl alcohol (1.04 g, 9.62 mmol), MeOH (7.1 g), 5%H,/CO, (420 psi), 25%0,/CO,
(160 psi), 0.5 h, 50 °C, 1200 rpm. Note 1: The concentration of commercial H,O, used is comparable
to that produced if all H, in a standard reaction is converted to H,O,. CO, in parentheses is indicative
of the gaseous atmosphere (580 psi). Note 2: For experiments carried out using H, or O, only, a
gaseous mixture of 5%H,/CO, (420 psi) or 25%0,/CO, (150 psi) was used, with the total pressure being
maintained at 580 psi using CO,.



Table S.5.A. Catalytic activity of the 1%Pd/Al,O; catalyst towards the in-situ oxidation of benzyl
alcohol, as a function of reaction time.

Reaction Benzyl Benzaldehyde Benzoic H, H, Residual
time / min alcohol Conv. Sel. I % acidSel./% Conv. Sel. H,O,
| % I % I % | wt.%
15 9.6 100 0 34 69 0.09
30 16.7 100 0 65 63 0.12
45 18.3 100 0 83 54 0.08
60 19.0 100 0 91 51 0.07
90 19.0 100 0 93 50 0.06

In-situ oxidation of benzyl alcohol reaction conditions: Catalyst (0.01 g), benzyl alcohol (1.04 g,
9.62 mmol), MeOH (7.1 g), 5%H,/CO, (420 psi), 25%0,/CO, (160 psi), 50 °C, 1200 rpm. Note: H,
selectivity determined, based on the mol of H, utilised in the formation of benzaldehyde.

Table S.5.B. Catalytic activity of the 0.5%Au-0.5%Pd/Al,O; catalyst towards the in-situ oxidation of
benzyl alcohol, as a function of reaction time.

Reaction Benzyl Benzaldehyde Benzoic H, H, Residual
time / min alcohol Conv. Sel. | % acidSel./% Conv. Sel. H,0,
| % I % 1 % I wt.%
15 14.5 100 0 45 78 0.03
30 22.7 98.2 1.8 71 76 0.04
45 261 97.8 22 85 73 0.04
60 27.0 97.8 22 90 71 0.03
90 271 97.4 26 93 69 0.01

In-situ oxidation of benzyl alcohol reaction conditions: Catalyst (0.01 g), benzyl alcohol (1.04 g,
9.62 mmol), MeOH (7.1 g), 5%H./CO, (420 psi), 25%0,/CO, (160 psi), 50 °C, 1200 rpm. Note: H,
selectivity determined, based on the mol of H, utilised in the formation of benzaldehyde.

Table S.6. Catalyst stability as a function of reaction time, as determined by ICP analysis of post-in-
situ benzyl alcohol oxidation reaction solutions.

0.5%Au-0.5%Pd/Al,O; 1%Pd/Al,O,

Reaction Au/ % Pd/ % Pd/ %
time / min

15 0.0 0.02 0.06

30 0.0 0.03 0.09

45 0.0 0.05 0.14

60 0.0 0.06 0.21

90 0.0 0.08 0.33

In-situ oxidation of benzyl alcohol reaction conditions: Catalyst (0.01 g), benzyl alcohol (1.04 g,
9.62 mmol), MeOH (7.1 g), 5%H,/CO, (420 psi), 25%0,/CO, (160 psi), 50 °C, 1200 rpm.



Table S.7. Catalytic performance towards the in-situ oxidation of benzyl alcohol over sequential

reactions.

Catalyst Reaction Benzyl Product distribution / % Residual

number alcohol Conv. H.0,

| % | wt.%

Benzaldehyde Benzoic Toluene
Acid

1%Pd/Al,O3 1 16.7 100 0 0 0.12

2 24.2 98.7 1.3 0 0.1

3 29.1 98.7 1.3 0 0.11

4 32.8 98.5 1.5 0 0.10

0.5%Au-0.5%Pd/Al,O4 1 22.7 98.2 1.8 0 0.04

2 39.2 98.2 1.8 0 0.03

3 49.9 98.4 1.6 0 0.03

4 62.4 98.4 1.6 0 0.02

In-situ oxidation of benzyl alcohol reaction conditions: Catalyst (0.01 g), benzyl alcohol (1.04 g,
9.62 mmol), MeOH (7.1 g), 5%H>/CO, (420 psi), 25%0,/CO, (160 psi), 50 °C, 1200 rpm.



Table S.8. Comparison of catalytic activity towards the oxidation of benzyl alcohol via in-situ H,O, synthesis.

Catalyst Solvent  Temperature Reaction Benzyl Benzaldehyde H; Conv. H; Sel. Reaction rate / Reference
/°C time/h alcohol Sel. | % 1 % 1 % MmOl gendydeMMOletal”
Conv./% 1h-
0.8%Pd- H,O 60 6 95.0 90 N.D N.D 4.0 x 102 3
0.2%Au/C-H
0.1%Pd@HTS-1- H,O/MeOH 50 0.5 46.0 100 N.D N.D 4.54 x 102 4
OR
1.25%Au- H,O/MeOH 30 0.5 7.0 93 N.D N.D 1.65 x 102 5
1.25%Pd/TS-1
1%Pd/TiO, MeOH 50 0.5 1.8 100 72 9 3.69 x 102 6
0.5%Pd-0.5%Au/ MeOH 50 0.5 2.8 100 72 16 7.44 x 102 6
TiO,
0.5%Pd-0.5%Fe/ MeOH 50 0.5 5.8 96 71 33 7.85 x 102 6
TiO,
2.5%Au- MeOH 50 0.5 6.0 90 N.D N.D 2.81x102 7
2.5%Pd/TiO,
0.5%Pd-0.5%Au/ MeOH 50 0.5 11.0 100 50 77 2.92x103 8
Al,O3
0.5%Pd-0.5%Fe/ MeOH 50 0.5 10.3 97 38 92 1.41x103 8
Al,O;
1%Pd/Al,O3 MeOH 50 0.5 16.7 100 65 63 3.42 x 103 This work
0.5%Pd-0.5%Au/ MeOH 50 0.5 22.7 98.2 71 76 5.93 x 103 This work
Al,O3

N.D: Not determined.



Catalyst Solvent Oxidant Conv./ Benzaldehyde Rate / Reference

Temp. / Reaction (pressure/psi) % Sel. | % MMOlaigehyde/MMOIetaith
°C time/h
0.5%Au+0.5%Pd/TiO, None 120 0.5 0, (150) 61.2 69.2 450 x 104 9
0.5%Au+0.5%Pd/C None 120 0.5 0, (150) 81.1 55 4,74 x 104 9
4%Au-0.5%Pd/SBA-15 None 80 2 0, (14.7) 20.5 98 9.66 x 100 10
2.5%Au-2.5%Pd/A;,03 None 100 8 0, (29) 83.3 86.6 1.45x 104 11
2.5%Au-2.5%Pd/TiO, None 100 8 0, (29) 74.5 91.6 1.37 x 104 11
2.5%Au-2.5%Pd/SiO, None 100 8 0, (29) 35.7 88 6.29 x 103 11
2.5%Au-2.5%Pd/Fe,03 None 100 8 0, (29) 63.4 66.4 8.43 x 108 11
2.5%Au-2.5%Pd/C None 100 8 0, (29) 69.2 46.4 6.43 x 103 11
1% (1Au-3Pd)/CSI None 120 6 0, (150) 94.7 67 1.05x 103 12
0.33%Au-0.87%Pd/CeO, None 160 0.13 0, (145) 95 80.7 5.16 x 10" 13
1%Pd/Al,O4 MeOH 50 0.5 H, (21) + O, (40) 16.7 100 3.42 x 103 This Work
0.5%Pd-0.5%Au/ Al,O4 MeOH 50 0.5 H. (21) + O, (40) 22.7 98.2 5.93 x 103 This Work

Table S.9. A Comparison of catalytic activity towards the oxidation of benzyl alcohol via aerobic oxidation and in-situ H,O, synthesis.
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Figure S.6. Comparison of catalytic stability towards the selective oxidation of benzyl alcohol via in-situ
H,O, synthesis over the (A) 1%Pd/Al,O; and (B) 0.5%Au-0.5%Pd/Al,O; catalysts. Reaction
conditions: Mass of catalyst (0.01 g), benzyl alcohol (1.04 g, 9.62 mmol), MeOH (7.1 g),
5%H,/CO, (420 psi), 25%0,/CO, (160 psi), 50 °C, 1200 rpm. Note: H, selectivity is determined based
on the mol of H, utilised in the formation of benzaldehyde.



Table S.10. Catalyst stability over multiple uses in the in-situ benzyl alcohol oxidation reaction, as
determined by ICP-MS analysis of post-reaction solutions.

Catalyst Metal leached / %
Use 1 Use 2 Use 3
Au Pd Au Pd Au Pd
0.5%Au- 0.0 0.03 0.0 0.08 0.0 0.09
0.5%Pd/Al,O4
1%Pd/Al,O4 N.A 0.09 N.A 0.20 N.A 0.31

Note: data reported is total cumulative metal leaching. N.A = not applicable
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Figure S.7. HAADF-STEM and correspdnding XEDS line scan analysis of the indicated nanoparticles showing the presence of both Au (black trace) and Pd (red
trace) within the immobilised nanoparticles.
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Figure S.8. HAADF-STEM and corresponding XEDS line scan analysis of the indicated nanoparticles showing the presence of both Au(black trace) and Pd (red

trace), within the immobilised nanoparticles.
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Figure S.9. Control EPR analysis, conducted in methanol over the 0.5%Au-0.5%Pd/Al,O; catalyst, in
the presence of DMPO, experimental EPR data reported in black and simulated EPR data reported in
red. (i) control experiment conducted in the absence of a catalyst showing no signal, (ii) control
experiment conducted in the absence of gaseous reagents (pressure maintained at 560 psi with CO,)
showing the presence of a DMPO-OCH; adduct, (iii) control experiment conducted in the absence of
benzyl alcohol, showing the presence of a DMPO-OCH; adduct. Reaction conditions: Mass of catalyst
(0.01 g), benzyl alcohol (1.04 g, 9.62 mmol), MeOH (7.1 g), 5%H./CO, (420 psi), 25%0,/CO, (160 psi),
50 °C, 1200 rpm.

Table S.11. The effect of radical quenchers on the oxidation of benzyl alcohol via in-situ H,O, synthesis
over the 0.5%Au-0.5%Pd/Al,O; catalyst.

Quencher Benzyl alcohol Benzaldehyde Sel. / % Benzoic acid Sel. /
Conv. /% %
None 22.7 98.2 1.8
Na,SO0; 9.2 100 0
NaNO, 2.5 100 0

In-situ oxidation of benzyl alcohol reaction conditions: Catalyst (0.01 g), benzyl alcohol (1.04 g,
9.62 mmol), Quencher (0.05 M), MeOH (7.1 g), 5%H,/CO, (420 psi), 25%0,/CO, (160 psi), 50 °C, 1200
rom.
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