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Table S.1. Reaction conditions used in this work for the synthesis of nanoparticles and molar 
elemental compositions obtained by ICP-OES analysis.
Nanoparticle
s

Metal 
Precursors

Pd:M
(precursors 
molar ratio)

TO
P
(mL
)

OLA
M
(mL)

Temperatur
e (°C)

Composition 
(molar ratio)

Pd Pd(acac)2 2 40 200 Pd1

Pd2Ga Pd(acac)2

Ga(acac)3

2:1 2 40 300 Pd0.77Ga0.23

Pd1Ga Pd(acac)2

Ga(acac)3

1:1 2 40 300 Pd0.48Ga0.52

Pd0.5Ga Pd(acac)2

Ga(acac)3

1:2 2 40 300 Pd0.38Ga0.62

Ga Ga(acac)3 2 40 330 Ga1

Pd2In Pd(acac)2

In(acac)3

2:1 2 40 300 Pd0.78In0.22

Pd1In Pd(acac)2

In(acac)3

1:1 2 40 300 Pd0.66In0.34

Pd0.5In Pd(acac)2

In(acac)3

1:2 2 40 300 Pd0.49In0.51

In In(acac)3 2 40 300 In1

Table S.2. Monometallic Pd, Ga, In and bimetallic Pd-Ga and Pd-In supported catalysts’ elemental 
composition obtained by ICP-OES analysis.

Catalysts Pd loading
(wt.%)

M loading
(wt. %)

PdM loading
(wt. %)

Composition
 (molar ratio)

Pd/TiO2 5.6 - 5.6 Pd1

Pd2Ga/TiO2 2.64 0.56 3.2 Pd0.76Ga0.24

Pd1Ga/TiO2 3.93 1.31 5.2 Pd0.66Ga0.34

Pd0.5Ga/TiO2 2.41 1.67 4.1 Pd0.49Ga0.51

Ga/TiO2 - 4.1 4.1 Ga1

Pd2In/TiO2 3.88 1.13 5.0 Pd0.78In0.22

Pd1In/TiO2 2.85 1.14 4.0 Pd0.73In0.27



Pd0.5In/TiO2 2.35 1.15 3.5 Pd0.69In0.31

In/TiO2 - 4.04 4.04 In1

Table S.3. Particle size of as-prepared, unsupported and supported Pd-Ga and Pd-In nanoparticles 
as a function of Pd : M (M= Ga,In) ratio determined by TEM.
Catalyst Particle size / nm (Standard deviation)

Unsupported 

Nanoparticles

Supported Nanoparticles

Pd/TiO2 4.8 (0.5) 4.1 (1.6)

Pd2Ga/TiO2 3.5 (0.4) 3.6 (1.9)

Pd1Ga/TiO2 4.4 (0.7) 4.3 (1.0)

Pd0.5Ga/TiO2 5.4 (0.7) 4.9 (1.1)

Pd2In/TiO2 5.7 (0.8) 3.6 (1.7)

Pd1In/TiO2 5.2 (0.9) 4.4 (1.5)

Pd0.5In/TiO2 2.9 (0.5) 2.3 (0.9)

Table S.4. Results of EXAFS analysis for Pd, Pd-Ga and Pd-In supported catalysts.

Supported 
catalysts

d Pd-O 
(Å) CN (O)

σ2 (O) 
(10-3 
Å2)

d Pd-M 
(Å)

CN 
(M)

σ2 (M) 
(10-3 
Å2) d Pd-Pd (Å) CN 

(Pd)
σ2 (Pd) 
(10-3 Å2)

δE0 
(eV) ρ 

(%)

Pd foil - - - - - - 2.737±0.002 12* 4.6±0.4 -
3.1±0.4 0.5

Pd/TiO2 1.97±0.01 3.4±1.0 8.0±4.6 - - - 2.737±0.01 3.3±1.1 6.8±1.8
-

1.9±2.9
2.9

Pd2Ga/TiO2 1.95±0.03 0.9±0.4 5.0 2.56±0.03 1.0 3.6±3.0 2.686±0.03 8.1±2.3 15.0±5.0
-

8.7±2.2
2.0

Pd1Ga/TiO2 1.98±0.02 1.5±0.3 3.0 - - - 2.736±0.018 5.3±1.1 8.5±1.7 -
2.6±1.6 2.6

Pd0.5Ga/TiO2 1.95±0.03 1.0±0.3 9.6±1.1 - - - 2.733±0.007 5.7±0.7 9.6±1.1 -
5.0±0.9 1.6

Pd2In/TiO2 - - - -** -** -** 2.740±0.01 8.9±1.7 10.7±1.4 -
3.7±1.6 1.6

Pd1In/TiO2 1.99±0.02 2.5±0.7 5.5±3.5 -** -** -** 2.748±0.01 4.1±1.0 7.8±1.5 -
0.9±1.8 1.6

Pd0.5In/TiO2 2.01±0.01 3.0±0.6 6.9±2.7 -** -** -** 2.761±0.01 3.0±0.8 8.4±1.8 1.4±1.6 1.4

*Amplitude reduction factor determined as 0.78(CAT-ACT) and 0.88 (P64)
**In has a similar scattering factor to Pd and therefore is indistinguishable from Pd during EXAFS analysis



Table S.5. Catalytic activity of TiO2 supported Pd-Ga and Pd-In catalysts towards the direct synthesis 
and subsequent degradation of H2O2

Catalyst H2 
Conversion / 

%

H2O2 
Selectivity 

/%

Productivity / 
molH2O2kgcat

-

1h-1

H2O2 
Concentratio

n / wt.%

Degradation 
/ 

molH2O2kgcat
-

1h-1

Pd/TiO2 57 24 103 0.21 1056
Pd2Ga/TiO2 49 30 111 0.22 750
Pd1Ga/TiO2 - - 104 0.21 735
Pd0.5Ga/TiO

2

- - 86 0.17 436

Ga/TiO2 - - 0 0 13
Pd2In/TiO2 40 34 98 0.20 786
Pd1In/TiO2 - - 93 0.19 636

Pd0.5In/TiO2 - - 66 0.16 520
In/TiO2 - - 0 0 5

H2O2 direct synthesis reaction conditions:  Catalyst (0.01 g), H2O (2.9 g), MeOH (5.6 g), 5% H2 / 
CO2 (420 psi), 25% O2 / CO2 (160 psi), 0.5 h, 2 °C, 1200 rpm. H2O2 degradation reaction 
conditions: Catalyst (0.01 g), H2O2 (50 wt. % 0.68 g) H2O (2.22 g), MeOH (5.6 g), 5% H2 / CO2 (420 
psi), 0.5 h, 2 °C, 1200 rpm.

Table S.6.  Comparison of the catalytic selectivity of bi-metallic Pd catalysts towards H2O2 as a 
function of secondary metal. 
Reference Catalyst Reactor 

Type

Temp 

/

Pressure 

/ bar

Time 

/ h

Solvent Promotor H2O2 

Selectivity 

/ %

This work Pd/TiO2 Batch 2 40 0.5 H2O/MeOH - 24

Pd2Ga/TiO2 Batch 2 40 0.5 H2O/MeOH - 30

Pd2In/TiO2 Batch 2 40 0.5 H2O/MeOH - 34

Freakley1 1%Pd-

4%Sn/SiO2

Batch 2 40 0.5 H2O/MeOH - 95

3%Pd-

2%Sn/TiO2

Batch 2 40 0.5 H2O/MeOH - 96

Ding2 3%Pd/TiO2 Semi-

batch

10 1 0.25 EtOH+H2SO4 0.12M 

H2SO4

54

Pd50Sb/TiO2 Semi-

batch

10 1 0.25 EtOH+H2SO4 0.12M 

H2SO4

73

Tian3 3%Pd/TiO2 Semi- 10 1 0.17 EtOH+H2SO4 0.12M 65



batch H2SO4

Pd100Te1/TiO2 Semi-

batch

10 1 0.17 EtOH+H2SO4 0.12M 

H2SO4

100

Table S.7. Leaching of Pd, In and Ga from supported catalysts in solvent after H2O2 synthesis 
reaction as determined by ICP-MS.

Catalyst Pd / (wt. %) Ga (wt. %) In (wt. %)

Pd/TiO2 0.02 - -

Pd2Ga/TiO2 0.2 0.4 -

Pd1Ga/TiO2 0.02 0.1 -

Pd0.5Ga/TiO2 0.1 0.1 -

Pd2In/TiO2 0.1 - 0.06

Pd1In/TiO2 0.01 - 0.001

Pd0.5In/TiO2 0.1 - 0.002

H2O2 direct synthesis reaction conditions:  Catalyst (0.01 g), H2O (2.9 g), MeOH (5.6 g), 5% H2 / 
CO2 (420 psi), 25% O2 / CO2 (160 psi), 0.5 h, 2 °C, 1200 rpm
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Figure S. 1. XRD patterns of TiO2 supported Pd, Ga, In, Pd-Ga and Pd-In catalysts.
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Figure S.2. A) STEM-HAADF image of Pd2Ga/TiO2 and corresponding EDX spectra in B) area 1, C) 
area 2, and D) area 3. E) STEM-HAADF image of Pd2Ga/TiO2 and corresponding EDX spectrum for 
a single Pd2Ga nanoparticle in F) point 1. In general, the overall EDX signal intensity of the Pd2Ga 
nanoparticles is very low (i.e. low Pd signal intensity while Ga could not be detected by EDX 

A B

C D

E F



analysis). (EDX spectra are enlarged for the 1.9-25 eV energy range; Cu is due to supporting TEM 
grid; Fe/Co refer to the pole shoe of the TEM).
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Figure S.3. A) STEM-HAADF image of PdGa2/TiO2 and corresponding EDX spectrum in B) point 1. 
C) STEM-HAADF image of PdGa2/TiO2 and corresponding EDX spectrum in D) point 1. E) STEM-
HAADF image of PdGa2/s-TiO2 and corresponding EDX spectrum in F) point 1 and G) point 2 
(signals of very low intensity observed at 2.2 eV and 2.5 eV refer to P (P(octyl)3 - nanoparticle ligands) 
and S (s-TiO2), respectively). For PdGa2 nanoparticles, a Ga signal of low intensity is detected while 
there seems to be no Ga signal observed in the absence of Pd. However, it has to be noted that the 
distribution of some Ga over the support may not be completely excluded (EDX spectra are enlarged 
for the 1.9-25 eV energy range; Cu is due to supporting TEM grid; Fe/Co refers to the pole shoe of the 
TEM).

Figure S.4. EDX spectrum of PdGa2/TiO2 (Figure S.3) in point 1 (B) above) indicating the peak 

positions.
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Figure S.5. A) STEM-HAADF image of Pd2In/TiO2 and corresponding EDX spectra (enlarged for the 
1.9-25 eV energy range) in B) area 1, C) area 2 and D) area 3. E) STEM-HAADF image of Pd2In/TiO2 
and corresponding EDX spectrum in F) point 1. Overall the EDX signal of the Pd2In nanoparticles is 
of very low intensity (i.e. low Pd signal intensity; In is not detected by EDX analysis). (EDX spectra are 
enlarged for the 1.9-25 eV energy range; Cu is due to supporting TEM grid; Fe/Co refers to the pole 
shoe of the TEM).

A B

C D

E F



Figure S.6. EDX spectra of (Pd2In/s-TiO2 in Figure S.5 in area 1 (G), area 2 (H), area 3 (I) and point 
1(F) above) indicating the peak positions.
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Figure S.7. A) STEM-HAADF image of PdIn2/TiO2 and corresponding EDX spectra in B) area 1, C) 
area 2 and D) area 3. E) STEM-HAADF image of Pd2In/TiO2 and corresponding EDX spectrum in F) 
point 1. Overall the EDX signal of the PdIn2 nanoparticles is of very low intensity (i.e. low Pd signal 
intensity; In is not detected by EDX analysis). (EDX spectra are enlarged for the 1.9-25 eV energy 
range; Cu is due to supporting TEM grid; Fe/Co refers to the pole shoe of the TEM).
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Figure S.8. EDX spectra of PdIn2/TiO2 (Figure S.7 in area 1 (B) and point 1(C) above) indicating the 

peak positions.
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Figure S.9. A) k2-weighted and B) Fourier-transformed k2-weighted Pd-K edge EXAFS spectra 
(uncorrected for the phase shift) TiO2 supported Pd, Ga, In, Pd-Ga and Pd-In catalysts as well as Pd 
(multiplied by 1/2) and PdO references.
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Figure S.10. XPS spectra of Pd 3d region for A) PdGa/TiO2 and B) PdIn/TiO2 catalysts with varying 
Pd: M ratio, with the corresponding deconvoluted spectra for the Pd region seen in C) for the 
PdGa/TiO2 and D) for the PdIn/TiO2 catalysts. Figure E) show XPS spectra for In 3d and Ga 2p 
regions for the corresponding PdM/TiO2 catalysts.

For the monometallic Pd/TiO2 catalyst, the Pd(3d5/2) binding energy is found to be 334.9 eV, 

consistent with metallic Pd4, together with some Pd(II) around 337 eV. With the addition of Ga in 

Pd:Ga ratios of 2:1, 1:1 and 1:2 (Pd2Ga, Pd1Ga and Pd0.5Ga respectively), we note an initially 

higher binding energy for the metallic Pd peak, which systematically decreases with increasing Ga 

335.1 eV to 334.7 eV.  Interestingly, the Pd1Ga samples have a total of three Pd species, with binding 

energies of 334.8, 336.0 and 337.6 eV and attributed to Pd(0), PdGa intermetallic species and Pd(II) 

respectively.2 The evidence, at least from XPS, for intermetallic formation in the Pd2Ga and Pd0.5Ga 

samples, is negligible.

For all samples, the Ga(2p3/2) binding energy is also found to vary upwards as the amount of Ga 

increases (1118.1 up to 1118.5 eV), the binding energy of which is consistent with Ga oxides and a 

consequence of contact of the samples with air.3

In respect of the PdIn catalysts, all samples exhibit an In(3d5/2) binding energy of 445 eV, ca. 1 eV 

higher than the energy characteristic of indium oxide4, 5 and may be attributed to the surface oxide of a 

PdIn intermetallic species, of which there is evidence in the Pd(3d) spectra (see Figure S6 above), 

and together with prolonged X-ray exposure there is evidence of reduction of this surface species to 

reveal a smaller shoulder at 443 eV, consistent with intermetallic In phases.5, 6
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