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Herein we evaluate the promotive effect of Au and Sn incorporation into supported Pd nanoparticles for

the direct synthesis of H2O2 from molecular H2 and O2. The introduction of both secondary metal

modifiers was found to result in a significant enhancement in catalytic performance, although, in the case

of the PdSn system, it was identified that relatively large quantities of the secondary metal were required

to rival the activity observed over optimal Au-containing formulations, with the 0.25%Pd–2.25%Sn/TiO2

catalyst offering comparable H2O2 synthesis rates to the optimised 0.25%Pd–0.25%Au/TiO2 formulation.

The introduction of Sn was found to considerably improve Pd dispersion, correlating with an improvement

in selective H2 utilisation. Notably, the optimal PdSn catalyst identified in this work achieves superior H2O2

selectivities compared to the PdAu analogue and is able to rival the performance of state-of-the-art

materials.

Introduction

Hydrogen peroxide (H2O2) is a highly efficacious, environmen-
tally friendly oxidant, used widely in sectors ranging from
textile and paper manufacture, where its strong bleaching pro-
perties are sought,1 to chemical synthesis,2,3 where H2O2 is
superseding traditional reagents, such as perchlorate or per-
manganate. Indeed, the use of H2O2 in chemical valorisation
is particularly attractive, given that the only by-product of its
use is water, reducing separation costs associated with stoi-

chiometric oxidants and typically allowing for the use of lower
reaction temperatures compared to alternative aerobic
routes.4,5

The current demand for H2O2 is met almost entirely via the
anthraquinone oxidation (AO) process. Although, highly
efficient there are several concerns associated with the indus-
trial route, in particular around its atom efficiency, with the
over-hydrogenation of the anthraquinone H2 carrier necessitat-
ing its periodic replacement.6 This coupled with the overall
complexity of the process has typically precluded the pro-
duction of H2O2 at the point of final application. As such H2O2

is shipped at concentrations far greater than that required by
the end user, with the resulting dilution of the oxidant prior to
use effectively wasting the energy utilised in its distillation and
concentration before transit. Furthermore, the instability of
H2O2, with its rapid decomposition to H2O in the presence of
relatively mild temperatures or weak bases requires the use of
acidic stabilizing agents to prolong shelf-life,7 with such
species often promoting reactor corrosion and catalyst
deactivation.8

Alternatively, the direct synthesis of H2O2 from its constitu-
ent elements would allow for on-site production, at appropri-
ate concentrations, while avoiding the use of additives and the
costs associated with the transport and storage of the
oxidant.9,10 Indeed there is a growing interest in the use of
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H2O2 generated in situ for use in chemical
transformations.11–13 While Pd-based catalysts have been well
reported to offer high activity towards H2O2 production via the
direct route,14,15 limited catalytic selectivity has typically
necessitated the use of acidic or halogenated stabilising
agents.16–19 Alternatively, there has been extensive investi-
gation into the alloying of Pd with secondary metals, primarily
other precious metals20–24 to improve catalytic performance.
The alloying of Pd with Au in particular has been shown to
greatly enhance catalytic selectivity towards H2O2, through iso-
lation and electronic effects, while also avoiding the need for
the stabilising agents often required by Pd catalysts.21,25,26

In recent years numerous studies have reported that
enhancements in catalytic performance similar to those
achieved through the alloying of Pd with Au can be achieved
via the incorporation of a range of Earth-abundant metals.27–31

The use of such secondary metal modifiers for Pd represents a
key step towards an industrially viable route to the direct syn-
thesis of H2O2. In particular, the use of PdSn formulations has
received growing attention, with a number of catalyst formu-
lations reported to offer high selectivity and activity towards
H2O2.

27,32–34 With these earlier studies in mind and with the
aim of gaining further understanding of this relatively new
class of catalytic materials we now investigate the efficacy of a
series of bimetallic PdSn and PdAu catalysts for the direct syn-
thesis of H2O2.

Experimental
Catalyst preparation

Mono- and bi-metallic PdX/TiO2 (X = Au, Sn) catalysts, were
prepared on a weight basis, via a wet co-impregnation pro-
cedure, based on a methodology previously reported in the lit-
erature.35 With catalysts produced via such a procedure widely
studied for the direct synthesis of H2O2 due to the simplicity
and ease with which this approach can be scaled to meet
industrial application. The procedure to produce the 0.25%
Pd–0.25%Au/TiO2 (2 g) catalyst is detailed below, with a
similar approach utilized for all mono- and bi-metallic cata-
lysts studied, using chloride-based metal precursors in all
cases.

Aqueous PdCl2 solution (0.833 mL, [Pd] = 6 mg mL−1,
Merck) and aqueous HAuCl4·3H2O solution (0.408 mL, [Au] =
12.25 mg mL−1, Strem Chemicals) were mixed in a 50 mL
round-bottom flask and heated to 65 °C with stirring (1000
rpm) in a thermostatically controlled oil bath, with total
volume fixed to 16 mL using H2O (HPLC grade). Upon reach-
ing 65 °C, TiO2 (1.98 g, Degussa, P25) was added over the
course of 5 minutes, with constant stirring. The resulting
slurry was stirred at 65 °C for a further 15 minutes, following
this the temperature was raised to 95 °C for 16 h to allow for
complete evaporation of water. The resulting solid was ground
prior to an oxidative heat treatment (static air, 400 °C, 3 h,
10 °C min−1).

In the case of the PdSn/TiO2 catalyst series SnCl4·5H2O
([Sn] = 5.0 mgmL−1, Merck) was utilised as the Sn precursor.

The surface area of key catalysts studied, as determined by
5-point BET analysis is reported in Table S.1.†

Catalyst testing

Note 1: The reaction conditions used within this study operate
under the flammability limits of gaseous mixtures of H2 and
O2.

36

Note 2: The conditions used within this work for H2O2 syn-
thesis and degradation have previously been investigated, with
the presence of CO2 as a diluent for reactant gases and a
methanol co-solvent identified as key to maintaining high
catalytic efficacy towards H2O2 production.37 In particular the
CO2 gaseous diluent, has been found to act as an in situ pro-
moter of H2O2 stability through dissolution in the reaction
medium and the formation of carbonic acid. We have pre-
viously reported that the use of the CO2 diluent has a compar-
able promotive effect to that observed when acidifying the
reaction solution to a pH of 4 using HNO3.

38

Direct synthesis of H2O2

Hydrogen peroxide synthesis was evaluated using a Parr
Instruments stainless steel autoclave with a nominal volume of
50 mL, equipped with a PTFE liner (so that the total volume is
reduced to 33 mL), and a maximum working pressure of
2000 psi. To test each catalyst for H2O2 synthesis, the autoclave
liner was charged with catalyst (0.01 g) and solvent (methanol
(5.6 g, HPLC grade, Fischer Scientific) and H2O (2.9 g, HPLC
grade, Fischer Scientific)). The charged autoclave was then
purged three times with 5%H2/CO2 (100 psi) before filling with
5%H2/CO2 to a pressure of 420 psi, followed by the addition of
25%O2/CO2 (160 psi), with the pressure of 5%H2/CO2 and 25%
O2/CO2 given as gauge pressures. The reaction was conducted
at a temperature of 20 °C for 0.5 h with stirring (1200 rpm).
H2O2 productivity was determined by titrating aliquots of the
final solution after reaction with acidified Ce(SO4)2 (0.0085 M)
in the presence of ferroin indicator. Catalyst productivities are
reported as molH2O2

kgcat
−1 h−1.

The catalytic conversion of H2 and selectivity towards H2O2

were determined using a Varian 3800 GC fitted with TCD and
equipped with a Porapak Q column.

H2 conversion (eqn (1)) and H2O2 selectivity (eqn (2)) are
defined as follows:

H2Conversionð%Þ ¼ mmolH2ðtð0ÞÞ �mmolH2ðtð1ÞÞ
mmolH2ðtð0ÞÞ

� 100 ð1Þ

H2O2 Selectivity ð%Þ ¼ H2O2detectedðmmolÞ
H2 consumed ðmmolÞ � 100: ð2Þ

The total autoclave capacity was determined via water dis-
placement to allow for accurate determination of H2 conver-
sion and H2O2 selectivity.
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Gas replacement experiments for the direct synthesis of H2O2

An identical procedure to that outlined above for the direct
synthesis reaction was followed for a reaction time of 0.5 h.
After this, stirring was stopped and the reactant gas mixture
was vented prior to replacement with the standard pressures
of 5%H2/CO2 (420 psi) and 25%O2/CO2 (160 psi). The reaction
mixture was then stirred (1200 rpm) for a further 0.5 h. To
collect a series of data points, as in the case of Fig. 3, it should
be noted that individual experiments were carried out and the
reactant mixture was not sampled on-line.

Degradation of H2O2

Catalytic activity towards H2O2 degradation was determined in
a similar manner to the direct synthesis activity of a catalyst.
The autoclave liner was charged with solvent (methanol (5.6 g,
HPLC grade, Fischer Scientific) and H2O (2.22 g, HPLC grade,
Fischer Scientific)) and H2O2 (50 wt% 0.68 g, Sigma Aldrich),
with the solvent composition equivalent to a 4 wt% H2O2 solu-
tion. From the solution, two 0.05 g aliquots were removed and
titrated with acidified Ce(SO4)2 solution using ferroin as an
indicator to determine an accurate concentration of H2O2 at
the start of the reaction. Subsequently catalyst (0.01 g) was
added to the reaction media and the autoclave was purged
with 5%H2/CO2 (100 psi) prior to being pressurised with 5%
H2/CO2 (420 psi). The reaction medium was conducted at a
temperature of 20 °C and stirred at 1200 rpm for 0.5 h. After
the reaction was complete the catalyst was removed from the
reaction mixture and two 0.05 g aliquots were titrated against
the acidified Ce(SO4)2 solution using ferroin as an indicator.
The degradation activity is reported as molH2O2

kgcat
−1 h−1.

Catalyst reusability in the direct synthesis and degradation of
H2O2

To determine catalyst reusability, a similar procedure to that
outlined above for the direct synthesis of H2O2 is followed uti-
lising 0.05 g of catalyst. Following the initial test, the catalyst
was recovered by filtration and dried (30 °C, 16 h, under
vacuum); from the recovered catalyst sample 0.01 g was used
to conduct a standard H2O2 synthesis or degradation test.

Note 3: In all cases, the reactor temperature was controlled
using a HAAKE K50 bath/circulator using an appropriate
coolant.

Note 4: In all cases, reactions were run multiple times, over
multiple batches of catalyst, with the data being presented as
an average of these experiments.

Characterisation

X-ray photoelectron spectroscopy (XPS) analyses were made on
a Kratos Axis Ultra DLD spectrometer. Samples were mounted
using double-sided adhesive tape and binding energies were
referenced to the C(1s) binding energy of adventitious carbon
contamination that was taken to be 284.8 eV. Monochromatic
AlKα radiation was used for all measurements; an analyser
pass energy of 160 eV was used for survey scans, while 40 eV
was employed for more detailed regional scans. The intensities
of the Au(4f), Pt(4f ) and Pd(3d) features were used to derive
the Pd/Pt and Au/Pt surface composition ratios.

Aberration-corrected scanning transmission electron
microscopy (AC-STEM) was performed using a probe-corrected
Hitachi HF5000 S/TEM, operating at 200 kV. The instrument
was equipped with bright field (BF) and annular dark field
(ADF) detectors for high spatial resolution STEM imaging
experiments. This microscope was also equipped with dual
Oxford Instruments XEDS detectors (2 × 100 mm2) having a
total collection angle of 2.02 sr. Additional AC-STEM was per-
formed using a probe-corrected ThermoFisher Scientific
SPECTRA 200 operating at 200 kV and a JEOL ARM200F operat-
ing at 200 kV. In all cases, the samples were prepared by dry
dispersion of the powder over 300 mesh holey carbon film
copper grids.

Total metal leaching from the supported catalyst was quan-
tified via inductively coupled plasma mass spectrometry
(ICP-MS). Post-reaction solutions were analysed using an
Agilent 7900 ICP-MS equipped with I-AS auto-sampler. All
samples were diluted by a factor of 10 using HPLC grade H2O
(1%HNO3 and 0.5% HCl matrix). All calibrants were matrix-
matched and measured against a five-point calibration using
certified reference materials purchased from PerkinElmer and
certified internal standards acquired from Agilent.

Table 1 Catalytic activity of supported 0.5%PdAu/TiO2 catalysts towards the direct synthesis and degradation of H2O2, as a function of Pd : Au ratio

Catalyst
Productivity/molH2O2

kgcat
−1 h−1

H2O2 Conc. /
wt. %

H2
Conv.%

H2O2
Selectivity/%

Rate of reaction/mmolH2O2

mmolmetal
−1 h−1

Degradation/molH2O2

kgcat
−1 h−1

0.5%Pd/TiO2 68 0.140 57 44 1.49 × 103 0
0.375%Pd–0.125%Au/TiO2 80 0.170 61 50 2.02 × 103 110
0.25%Pd–0.25%Au/TiO2 90 0.180 53 59 2.49 × 103 119
0.125%Pd–0.375%Au/TiO2 74 0.150 40 76 2.43 × 103 108
0.5%%Au/TiO2 3 0.010 BDL BDL 1.06 × 102 0
0.25%Pd/TiO2 58 0.120 31 69 2.47 × 103 0
TiO2* 0 — — — 0 0

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, 20° 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,
20 °C 1200 rpm. BDL: below the accurate detection limit. *TiO2 used as received. Note: reaction rates are based on theoretical metal loading.
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Brunauer–Emmett–Teller (BET) surface area measurements
were conducted using a Quadrasorb surface area analyzer. A
five-point isotherm of each material was measured using N2 as
the adsorbate gas. Samples were degassed at 250 °C for 2 h
prior to the surface area being determined by five-point N2

adsorption at −196 °C, and data were analyzed using the BET
method.

Results and discussion

Our initial studies investigated the efficacy of bimetallic PdAu
and PdSn catalysts, prepared by a wet co-impregnation pro-
cedure, towards the direct synthesis and subsequent degra-
dation of H2O2 (Tables 1 and 2), under conditions considered
detrimental towards the stability of the desired product,
namely through the use of ambient reaction temperatures.37

In keeping with a large body of literature20,21,26,39 the alloying
of Pd with Au resulted in a significant enhancement in H2O2

synthesis activity (Table 1). Investigation of the role of Pd : Au
ratio on catalytic performance, identified an optimal formu-
lation of 0.25%Pd–0.25%Au/TiO2, with rates of H2O2 synthesis
(90 molH2O2

kgcat
−1 h−1), particularly noteworthy given the rela-

tively low total metal loading utilised and the use of ambient
reaction temperatures. Indeed the activity of the 0.25%Pd–
0.25%Au/TiO2 catalyst significantly exceeds that previously
reported for analogous formulations consisting of ten times
the total metal loading used in this study, when evaluated
under conditions more conducive to H2O2 stability.

40

While the enhanced H2O2 synthesis activity of the PdAu for-
mulation, compared to the Pd-only analogue, may have been
expected based on numerous previous studies, the inability of
the 0.5%Pd/TiO2 catalyst to degrade H2O2 is perhaps surpris-
ing and may lead to the inference that this material is highly
selective towards H2O2. However, it is important to note that
the determination of H2O2 selectivity under direct synthesis
conditions contradicts this assumption. While the selectivity
of the 0.25%Pd–0.25%Au/TiO2 catalyst (59%) is significantly
improved compared to the Pd-only analogue (44%), this metric
is far from the total selectivity implied by our degradation
studies. Notably, such selectivity comparisons were made at
relatively similar rates of H2 conversion (53 and 57% for the

0.25%Pd–0.25%Au/TiO2 and 0.5%Pd/TiO2 catalysts respect-
ively). Such a discrepancy between H2O2 degradation rates and
H2O2 selectivity, during H2O2 synthesis, may be associated
with the relatively high concentration of preformed oxidant
used to conduct the H2O2 degradation experiments (4 wt%),
and the potential for metallic Pd species to be oxidised under
such conditions. Indeed, the high H2O2 selectivity of PdO, in
comparison to Pd0 species, has been well reported.41 While
the requirement to use such high concentrations of H2O2 is
evident, allowing for differences in catalytic activity to be more

Fig. 1 XPS spectra of Pd(3d) regions of the as-prepared (A) 0.25%Pd–
0.25%Sn/TiO2, (B) 0.25%Pd–0.25%Au/TiO2 and (C) 0.5%Pd/TiO2 cata-
lysts. Key: Pd0 (green) Pd2+ (blue).

Table 2 Catalytic activity of supported 0.5%PdSn/TiO2 catalysts towards the direct synthesis and degradation of H2O2, as a function of Pd : Sn ratio

Catalyst
Productivity/molH2O2

kgcat
−1 h−1

H2O2 Conc. /
wt. %

H2
Conv.%

H2O2
selectivity/%

Rate of reaction/mmolH2O2

mmolmetal
−1 h−1

Degradation/molH2O2

kgcat
−1 h−1

0.5%Pd/TiO2 68 0.14 57 44 1.49 × 103 0
0.375%Pd–0.125%Sn/TiO2 64 0.13 46 50 1.40 × 103 0
0.25%Pd–0.25%Sn/TiO2 62 0.12 31 71 1.35 × 103 0
0.125%Pd–0.375%Sn/TiO2 22 0.08 16 89 9.23 × 102 0
0.5%Sn/TiO2 0 — — — — 0
0.25%Pd/TiO2 58 0.12 31 69 2.47 × 103 0
TiO2* 0 — — — 0 0

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, 20° 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,
20 °C 1200 rpm. *TiO2 used as received. Note: reaction rates are based on theoretical metal loading.
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easily discerned, we consider that these observations highlight
the need for the determination of H2O2 selectivities under
direct synthesis conditions in order to achieve a comprehen-
sive understanding of catalytic performance.

By comparison to PdAu formulations, the application of PdSn
based catalysts for the direct synthesis of H2O2 has only recently
begun to receive attention in the literature,27,31,33 although it is

clear that such catalysts can rival the performance of state-of-the-
art materials.27 Investigation into the Pd : Sn ratio revealed that,
unlike the PdAu system, the introduction of small quantities of
the secondary metal did not significantly improve catalytic per-
formance compared to the 0.5%Pd/TiO2 catalyst (68 molH2O2

kgcat
−1 h−1) (Table 2). A comparison of the 0.25%Pd/TiO2 and

0.25%Pd–0.25%Sn/TiO2 catalysts (i.e. formulations with an equi-
valent Pd loading), further indicates that the introduction of low
concentrations of Sn does not result in a meaningful enhance-
ment in catalytic performance, compared to Pd-analogues.
Indeed, the performance of the 0.25%Pd/TiO2 (58 molH2O2

kgcat
−1

h−1 and 69% H2O2 selectivity) and 0.25%Pd–0.25%Sn/TiO2

(62 molH2O2
kgcat

−1 h−1 and 71% H2O2 selectivity) catalysts were
found to be nearly identical.

We were subsequently motivated to investigate a subset of
catalyst formulations, namely the 0.5%Pd/TiO2, 0.25%Pd–
0.25%Au/TiO2 and 0.25%Pd–0.25%Sn/TiO2 catalysts, in order
to gain further insight into these materials.

The activity of Pd-based catalysts towards H2O2 production
is well known to be highly influenced by Pd oxidation state. In
particular, the presence of PdO has been reported to aid the

Table 3 A comparison of initial H2O2 synthesis rates over various TiO2

supported catalysts

Catalyst

Rate of reaction/mmolH2O2

mmolmetal
−1 h−1

5 min 30 min

0.5%Pd/TiO2 4.21 × 103 1.49 × 103

0.25%Pd–0.25%Au/TiO2 5.87 × 103 2.49 × 103

0.25%Pd–0.25%Sn/TiO2 5.21 × 103 1.35 × 103

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), 20 °C 1200
rpm. Note: reaction rates are based on theoretical metal loading.

Fig. 2 Comparison of catalytic activity towards the direct synthesis of H2O2, as a function of reaction time. (A) Catalytic activity based on net H2O2

concentration. Determination of H2 conversion and H2O2 selectivity for the (B) 0.5%Pd/TiO2 (C) 0.25%Pd–0.25%Au/TiO2 and (D) 0.25%Pd–0.25%Sn/
TiO2 catalysts Key: 0.5%Pd/TiO2 (black squares), 0.25%Pd–0.25%Au/TiO2 (red circles), 0.25%Pd–0.25%Sn/TiO2 catalysts (blue triangles) H2 conversion
(purple inverted triangles), H2O2 selectivity (green diamonds). 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), 20 °C, 1200 rpm.

Paper Green Chemistry

10440 | Green Chem., 2023, 25, 10436–10446 This journal is © The Royal Society of Chemistry 2023

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
N

ov
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 1

0/
29

/2
02

5 
3:

21
:1

0 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3gc03706a


suppression of O–O bond dissociation and the unselective for-
mation of H2O, in addition to promoting the rapid desorption
of H2O2 from catalytic surfaces, with both factors resulting in
improved catalytic selectivity.42 While the identity of the true
active site for H2O2 synthesis is still debated, there is a consen-
sus that a proportion of the Pd must exist in the reduced state
to form H2O2. However, it is not clear if the active sites that
bind and selectively reduce O2 to H2O2 are fully or partially
reduced or indeed fully oxidized Pd atoms, for a detailed dis-
cussion of this we direct the reader to the excellent review on
the topic by D.W. Flaherty.14 Analysis of the as-prepared
materials by X-ray photoelectron spectroscopy (XPS) is reported
in Fig. 1 and reveals clear differences in Pd speciation across
the catalytic series. Despite exposure to a high-temperature oxi-
dative heat treatment (static air, 400 °C, 3 h, 10 °C min−1), all
catalysts were found to consist of mixed Pd oxidation states
(i.e. Pd2+ and Pd0). However, the introduction of Au and Sn
was found to significantly shift Pd speciation towards Pd2+.
Notably, our observations align well with earlier works which
have identified the ability of both metals to modify the elec-
tronic state of Pd which, at least in the case of the PdAu cata-

lyst, may be partly responsible for the improved catalytic
activity, when compared to the Pd-only analogue.33,43 Although
it should be noted that the Pd oxidation state of the as-pre-
pared materials may not be fully representative of that under
reaction conditions.

A comparison of the initial rate of reaction, determined at a
reaction time of 5 minutes, where the contribution of competi-
tive H2O2 degradation pathways can be considered to be negli-
gible, is reported in Table 3 and further reveals the enhanced
activity of the 0.25%Pd–0.25%Au/TiO2 catalyst.

Time-on-line studies comparing H2O2 synthesis rates over
the catalytic series are reported in Fig. 2. The enhanced activity
of the 0.25%Pd–0.25%Au/TiO2 catalyst is again apparent, par-
ticularly at extended reaction times, with the concentration of
H2O2 (0.21 wt%) significantly greater than that achieved by
either the 0.25%Pd–0.25%Sn/TiO2 (0.15 wt%) or 0.5%Pd/TiO2

(0.12 wt%) analogues. Comparison of catalytic selectivity
towards H2O2, at near iso-conversion further identifies the
greater efficacy of the PdAu formulation, particularly at rela-
tively high rates of H2 conversion (Table S.2†). However, the
improved selectivity of the 0.25%Pd–0.25%Sn/TiO2 catalyst
(91%) at relatively low rates of H2 conversion (approx. 15%), is
notable, outperforming both the 0.25%Pd–0.25%Au/TiO2

(83% selectivity at 14% H2 conversion) and 0.5%Pd/TiO2 (78%
selectivity at 16% H2 conversion) analogues. Assessment of the
catalysts by XPS, over the course of the H2O2 synthesis reac-
tion, reveals a clear shift in Pd oxidation state, towards Pd0,
which may be expected given the reductive atmosphere used
and correlates well with the observed loss of selectivity over all
three formulations on-stream, with the lower selectivity of Pd0

towards H2O2, compared to Pd2+ species well reported
(Fig. S.1†).44 Notably, in the case of the 0.25%Pd–0.25%Sn/
TiO2 catalyst our XPS analysis reveals a significant reduction of
Pd2+ at extended reaction times (Fig. S.1†), which aligns well
with the observed loss of selectivity.

Evaluation of catalytic performance over successive H2O2

synthesis experiments, where the gaseous reagents were
replenished at 30-minute intervals, was subsequently con-
ducted (Fig. 3). After five consecutive H2O2 reactions the
improved performance of the 0.25%Pd–0.25%Au/TiO2 catalyst
is again clear (0.52 wt%). However, based on catalytic activity
measurements over our standard reaction time (0.5 h), one
may not have expected the relatively high H2O2 concentration

Fig. 3 Comparison of catalytic activity, over sequential H2O2 synthesis
reactions. Key: 0.5%Pd/TiO2 (black squares), 0.25%Pd–0.25%Au/TiO2

(red circles), 0.25%Pd–0.25%Sn/TiO2 catalysts (blue triangles) 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, 20 °C, 1200
rpm.

Table 4 Catalyst re-usability towards the direct synthesis and subsequent degradation of H2O2

Catalyst

Productivity/
molH2O2

kgcat
−1 h−1 H2 Conv. /%

H2O2 selectivity/
%

Degradation/
molH2O2

kgcat
−1 h−1 Metal leaching/%

Use 1 Use 2 Use 1 Use 2 Use 1 Use 2 Use 1 Use 2 Pd Au Sn

0.5%Pd/TiO2 68 44 57 62 44 25 0 321 1.90 — —
0.25%Pd–0.25%Au/TiO2 90 53 53 60 59 32 100 148 1.57 0 —
0.25%Pd–0.25%Sn/TiO2 62 34 31 39 71 30 0 88 1.45 — 1.26

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, 20 °C,
1200 rpm.
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achieved by the 0.25%Pd–0.25%Sn/TiO2 catalyst (0.49 wt%).
Indeed, the similar performance of the two bimetallic catalysts
is striking, with both catalysts achieving concentrations of
H2O2 comparable to that we have previously reported using a
near 100% selective 3%Pd–2%Sn/TiO2 catalyst,27 this is
despite the less conducive reaction conditions and signifi-

cantly lower active metals loading of the catalysts reported
within this work.

With the requirement to successfully reuse a catalyst at the
heart of green chemistry, we next evaluated catalytic activity
towards H2O2 synthesis and H2O2 degradation pathways, upon
re-use (Table 4). It was found that for all formulations studied,

Table 5 The effect of secondary metal loading on the activity of the 0.25%Pd/TiO2 catalyst towards the direct synthesis and subsequent degra-
dation of H2O2

Catalyst
Productivity/molH2O2

kgcat
−1 h−1

H2O2 Conc. /
wt. %

H2
Conv.%

H2O2
selectivity/%

Rate of reaction/mmolH2O2

mmolmetal
−1 h−1

Degradation/molH2O2

kgcat
−1 h−1

0.25%Pd/TiO2 58 0.120 31 69 2.55 × 103 0
0.25%Pd–0.25%Au/TiO2 90 0.180 53 59 2.71 × 103 119
0.25%Pd–0.5%Au/TiO2 70 0.140 38 65 1.42 × 103 90
0.25%Pd–0.75%Au/TiO2 65 0.130 33 70 1.05 × 103 79
0.25%Pd–1.5%Au/TiO2 52 0.110 24 78 5.26 × 102 40
0.25%Pd–2.25%Au/TiO2 44 0.080 18 83 3.05 × 102 6
0.25%Pd–0.25%Sn/TiO2 62 0.120 31 71 1.35 × 103 0
0.25%Pd–0.5% Sn /TiO2 75 0.150 31 84 1.11 × 103 0
0.25%Pd–0.75% Sn /TiO2 83 0.160 32 90 9.22 × 102 0
0.25%Pd–1.5% Sn/TiO2 88 0.180 34 93 5.93 × 102 0
0.25%Pd–2.25% Sn /TiO2 92 0.185 35 94 4.34 × 102 0

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, 20° 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,
20 °C 1200 rpm.

Fig. 4 Aberration corrected STEM images of 0.25%Pd–0.25%Au/TiO2 and 0.25%Pd–2.25%Sn/TiO2 catalysts. (A) HAADF image of the 0.25%Pd–
0.25%Au/TiO2 catalyst showing larger Au–Pd alloyed particles and (B) HAADF image of the 0.25%Pd–0.25%Au/TiO2 catalyst showing smaller <1 nm
Pd-rich clusters. (C) HAADF image of the 0.25%Pd–2.25%Sn/TiO2 catalyst showing islands of SnOx over the TiO2 support surface and (D) HAADF
image of 0.25%Pd–2.25%Sn/TiO2 showing smaller <3 nm Pd particles along with (inset) magnified image of highlighted area showing atomically dis-
persed Pd. Note: In all cases, active metallic species are identified by high Z-contrast (i.e. brighter regions of the micrograph).
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catalytic activity towards H2O2 production decreased consider-
ably upon second use. Determination of metal leaching during
the direct synthesis reaction via ICP-MS analysis of post-reac-
tion solutions is also reported in Table 4, a degree of metal
leaching was observed for all catalysts, although we should
highlight no Au leaching was detected, and in all cases the
degree of metal leaching is relatively low (<2%). As such it is
considered that the loss in catalytic performance upon reuse
does not result from the leaching of active metals. Rather, we
consider that changes in catalytic selectivity explain the
observed variation in catalytic performance between first and
second use. For all catalysts studied, H2O2 degradation rates
were found to increase considerably upon reuse. This is par-
ticularly noteworthy for the 0.5%Pd/TiO2 (321 molH2O2

kgcat
−1

h−1) and 0.25%Pd–0.25%Sn/TiO2 (88 molH2O2
kgcat

−1 h−1) cata-
lysts given that neither offered any activity towards H2O2 degra-
dation upon initial use (Tables 1 and 2). Our analysis of the
catalysts after use in the direct synthesis of H2O2 via XPS
(Fig. S.2†) revealed a clear shift towards Pd0 for all formu-
lations. With the enhanced activity of Pd0 species towards
H2O2 degradation well known44 it is possible to, at least in
part, attribute the decreased H2O2 selectivity of these catalysts
to the in situ reduction of Pd2+ to Pd0 species.

We have previously demonstrated that the introduction of
large quantities of base metals (including Sn, Ni, Ga, In, Zn
and Co) into a supported Pd catalyst can significantly improve

catalyst performance towards H2O2 production.27,28 Notably,
while all formulations were found to be highly selective
towards H2O2, the reactivity of the optimal PdSn catalyst was
two to three times greater than analogous materials containing
alternative transition metals.27 Motivated by these earlier
works we subsequently investigated the effect of varying Au
and Sn loading on catalytic reactivity and selectivity, while
maintaining Pd content at 0.25 wt% (Table 5).

As discussed above, the introduction of relatively small
quantities of Au (Pd : Au = 1 (wt/wt)), led to a considerable
increase in the rate of H2O2 production (90 molH2O2

kgcat
−1

h−1). However, increasing Au content further resulted in a sig-
nificant loss in catalytic performance, with the activity of the
0.25%Pd–2.25%Au/TiO2 catalyst (44 molH2O2

kgcat
−1 h−1 and

18% H2 conversion) less than half that observed over the
optimal 0.25%Pd–0.25%Au/TiO2 formulation (90 molH2O2

kgcat
−1 h−1 and 53% H2 conversion). In contrast to the PdAu

system, the introduction of high loadings of Sn was found to
significantly enhance catalytic activity, with the H2O2 synthesis
rate of the 0.25%Pd–2.25%Sn/TiO2 catalyst (92 molH2O2

kgcat
−1

h−1) 1.6 times greater than the 0.25%Pd/TiO2 analogue
(58 molH2O2

kgcat
−1 h−1) and comparable to that offered by the

optimal 0.25%Pd–0.25%Au/TiO2 formulation (90 molH2O2

kgcat
−1 h−1). Notably, we did not extend our study beyond a

Pd : Sn ratio of 1 : 10 and so further improvements may be
obtained through further optimisation of metal loading.

Fig. 5 HAADF-STEM and XEDS maps of (A) 0.25%Pd–0.25%Au/TiO2 showing the formation of AuPd alloys in the larger particles and (B) 0.25%Pd–
2.25%Sn/TiO2 showing the presence of SnOx islands and well dispersed Pd species. Note: In all cases, active metallic species are identified by high
Z-contrast (i.e. brighter regions of the micrograph).
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Interestingly, the observed catalytic improvement upon the
introduction of high concentrations of Sn was found to
result from an increase in the selective utilisation of H2,
rather than an increase in the rate of H2O2 production, as
indicated by H2 conversion measurements, with this metric
varying little across the catalytic series. Indeed, the H2O2

selectivity of the 0.25%Pd–2.25%Sn/TiO2 catalyst (94%), was
found to be comparable to that offered by state-of-the-art
formulations.

Focussing on the 0.25%Pd–2.25%Sn/TiO2 catalyst and in an
attempt to improve the net concentration of H2O2, we con-
ducted a series of sequential H2O2 direct synthesis experi-
ments (Fig. S.3†). After five consecutive reactions, the net con-
centration of H2O2 increased to a value of 0.69 wt%, which is
far superior to the yields of H2O2 achieved over the 0.5%Pd/
TiO2 (0.38 wt% H2O2), 0.25%Pd–0.25%Au/TiO2 (0.52 wt%
H2O2) or 0.25%Pd–0.25%Sn/TiO2 (0.49 wt% H2O2) catalysts
over the same number of reactions (Fig. 3).

HAADF/ADF-STEM (Fig. 4) and corresponding EDX (Fig. 5)
analysis of optimal PdAu and PdSn formulations (i.e. the
0.25%Pd–0.25%Au/TiO2 and 0.25%Pd–2.25%Sn/TiO2 cata-
lysts), in addition to the parent 0.25%Pd/TiO2 catalyst
(Fig. S.4†), was conducted in order to gain further insight
into underlying cause for the promotive effect observed
through secondary metal introduction. A considerable vari-
ation in nanoparticle size across the catalytic series was
observed. Perhaps as expected given the low metal loading of
the 0.25%Pd/TiO2 catalyst Pd was found to be present pri-
marily as sub-nanometre clusters, with a very limited
number of nanoparticles in the 3–5 nm range also observed
(Fig. S.4†). The alloying of Pd with Au resulted in the bifur-
cation of particle size, with a proportion of larger
(10–15 nm) nanoparticles observed in addition to smaller
clusters (Fig. 4A and B). Subsequent STEM-XEDS mapping of
individual nanoparticles, as presented in Fig. 5A, confirmed
that the larger particles consisted of random alloys of Pd
and Au, while the smaller clusters were found to consist of a
mixture of Pd-only and AuPd alloys (Fig. S.5†), which is in
keeping with our previous investigations into similar
materials.45 By comparison the introduction of large quan-
tities of Sn resulted in an improved dispersion of Pd and the
formation of single atoms of Pd, surrounded by Sn/SnOx

domains (Fig. 4C and D, with additional data reported in
Fig. S.6†). Notably, our analysis of the PdSn catalytic series
by XPS (Fig. S.7†) indicated that, regardless of Sn content,
Pd speciation remained broadly similar for all formulations.
As such, it is possible to conclude that the improved catalytic
performance of the 0.25%Pd–2.25%Sn/TiO2 catalyst is not a
result of the electronic modification of Pd species. Rather,
we consider that the primary cause for the enhanced activity
is a result of the improved dispersion of Pd species with the
introduction of Sn. Such observations would align well with
the numerous studies that have demonstrated the depen-
dency of catalytic performance on nanoparticle size, and that
in particular highly dispersed Pd species can offer excep-
tional selectivity towards H2O2.

46–48

Conclusions

The efficacy of a series of PdAu and PdSn catalysts prepared by
a wet co-impregnation methodology for the direct synthesis of
H2O2 has been compared, with the introduction of both Au
and Sn into supported Pd nanoparticles found to result in an
improved catalytic performance. While the introduction of
relatively low concentrations of Au resulted in a considerable
synergistic enhancement in catalyst activity (Pd : Au = 1 : 1 (wt/
wt)), significantly larger Sn loadings were required to rival the
H2O2 synthesis rates offered by the optimal PdAu formulation
(Pd : Sn = 1 : 10 (wt/wt)). A 0.25%Pd–2.25%Sn/TiO2 catalyst was
found to be highly selective towards H2O2, with this metric
comparable to that offered by state-of-the-art materials, due to
improved Pd dispersion. While we consider that these catalysts
represent a promising basis for further exploration, additional
efforts are required to improve catalyst stability if they are to
fully rival leading formulations.
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