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Nanostructured supports with tubular morphologies can
impose one dimensional external constraints to supported
metal nanoparticles affording small sizes (<2 nm) with high
dispersion. Specifically, the curvature and chemical environ-
ment of the external nanotube surface appears to play a key
role in determining the morphology and stability of the sup-
ported Au�Pd nanoparticles. This strategy is presented as an
alternative nanoparticle stabilisation approach rather than en-
capsulation within porous structures or the use of organic cap-
ping agents with associated diffusional limitations. Here, we
report the enhancement achieved in the Au�Pd alloy reactivity
for the direct synthesis of hydrogen peroxide when supported
on titanate nanotubes (Ti-NT) with a productivity above
11 600 molH2O2

kgmetal
�1 h�1 afforded by the high metal–support

interaction.

Hydrogen peroxide (H2O2) has the potential to become a feasi-
ble green alternative to the use of stoichiometric oxidants in
the chemical industry for a wide range of synthetic reactions
such as oxidation,[1] epoxidation,[2] and hydroxylation.[3] Over
the past two decades, there has been a major scientific effort
to develop a system for the direct synthesis of hydrogen per-
oxide to overcome the limitations associated with its large
scale production via the anthraquinone autoxidation process,
specifically, waste water production and safe transport and
storage of concentrated H2O2 solutions.[4] The relatively low
concentration of H2O2 achieved during the direct synthesis

process (1–3 wt %), may be advantageous since this concentra-
tion is typically that required for oxidation reactions.

The direct synthesis of hydrogen peroxide from H2 and O2

using palladium catalysts has been extensively studied by both
academic researchers[5] and industry.[6] However, the process
has not yet been commercialised, owing to the overall lack of
productivity when using H2 and O2 mixtures outside the explo-
sive range. The use of bimetallic alloys has been a focus of re-
search in recent years, leading to a particularly significant en-
hancement of the activity when gold is added to palladium[7]

although other bimetallic catalysts such as Pd�Pt[8] have also
been studied. The effect of the support on the metal activi-
ty[7a, 9] has also been identified as a key factor in determining
the catalyst activity and selectivity. These advances have in-
spired this work exploiting nanostructured supports for Au�Pd
alloy catalysts, specifically tubular supports with diameters of
15–30 nm, in which the morphology creates physical one di-
mensional (1D) external constraints on the metal nanoparticles
leading to small sizes (<2 nm) with high dispersion. Herein we
report the enhancement achieved in the reactivity of Au�Pd
for the direct synthesis of hydrogen peroxide when supported
on titanate nanotubes (Ti-NT). The morphology and chemical
environment of the external nanotube surface is shown to de-
termine the morphology and stability of the supported Au�Pd
nanoparticles.

Au�Pd alloy nanoparticles supported on nanostructured tita-
nate nanotubes exhibit an extraordinary activity towards the
direct synthesis of hydrogen peroxide from non-explosive mix-
tures of molecular hydrogen and oxygen (1:2 volumetric ratio).
A productivity of 11 670 molH2O2

kgmetal
�1 h�1 (174.9 molH2O2

kgcat
�1 h�1) is obtained at moderate gas pressures (3 bar PH2

+

PO2
, 1 bar = 0.1 MPa) with a turnover frequency above

1200 h�1. To compare these results with other reported Au�Pd
catalytic systems using ceramic oxide support materials such
as TiO2, Al2O3 and SiO2

[7a, 9b,c] under the same reaction condi-
tions, commercial oxides have been used as supports for gold–
palladium nanoparticles whose activity has been tested for the
direct synthesis of hydrogen peroxide in the same catalytic re-
actor system (Table 1).

Pre-reduction of the titanate nanotubes catalysts increases
their activity compared to their unreduced counterparts and at
the same time, inhibits the leaching of the metals into the
acidified solution. By way of contrast, a decrease of the activity
by reduction is observed in the cases of Au�Pd nanoparticles
supported on titanium dioxide and silica, most likely due to
metal agglomeration at the reduction temperature of 200 8C.
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During reduction of the metals, a structural rearrangement is
likely to take place,[10] which is strongly influenced by the sup-
port. In the case of titanate nanotubes, the surface curvature
(radius of curvature �10 nm[11]) in combination with a strong
metal–support interaction creates physical and chemical con-
straints respectively that impart a degree of metal stabilisation,
affording a high dispersion of small, even sub-nanometre,
metal nanoparticles.

Energy dispersive X-ray spectroscopy (see below) confirmed
alloy formation in the bimetallic Au�Pd/Ti-NT catalyst, which is
known to impart a synergetic effect.[12] Alloy formation also
takes place in Au�Pd systems supported on TiO2, Al2O3 and
SiO2 as shown by a shift of the gold diffraction peaks on the X-
Ray diffraction spectra (see Supporting Information, Figure S1).
However, in the Au�Pd/Ti-NT case, the XRD spectrum only
shows diffraction peaks characteristic of the tri-titanate phase
(H2Ti3O7) with 2 q values of 9.8, 24.6, 28.7 and 48.58.[13] No dif-
fraction peaks corresponding to the metal were observed indi-
cating extremely small (i.e. sub-3 nm) metal particle sizes.

The titanate nanotube morphology was investigated by con-
ventional bright field TEM imaging, Figure 1 A,B. The titanate
nanotubes are typically 15–30 nm in diameter, 0.5–1.0 mm in
length, and have a strong tendency to agglomerate into
aligned bundles. Very few metallic nanoparticles could be ob-
served supported on the nanotubes in the TEM imaging mode.
High angle annular dark field (HAADF) images taken in an
aberration corrected STEM proved to be the most effective
way of revealing the size and spatial distribution of the metal
particles by virtue of their higher atomic number relative to
the titanate support material.

Shown in Figure 1 C,D are typical images of the un-reduced
bimetallic Au�Pd/Ti-NT catalysts in which the majority of the
metal is present as very small (mean value 1.5 nm) particles
(Figure 1 E). However, single atoms decorating the support sur-
face were also seen. Energy dispersive X-ray spectroscopy
(STEM-XEDS) confirmed that the supported particles were Au�

Pd alloys, and that the larger
particles were usually Au-rich,
which implies that the very small
particles were Pd-rich.

Pre-reduction under H2 flow
at 200 8C for 1.5 h was required
to improve the hydrogen perox-
ide productivity of the Au�Pd/Ti-
NT catalyst (Table 1). It might be
expected that the metal nano-
particles would coarsen during
such a reduction process. How-
ever, a very similar particle size
distribution and morphology
was observed before (Figure 1 C–
D,E) and after the H2 reduction
treatment (Figure 2 A–D,E). Inter-
estingly, it is noted that many of
the larger metal nanoparticles,
which represent relatively

Table 1. Direct synthesis of H2O2 from molecular O2 and H2 using supported Au�Pd catalysts.[a]

Catalyst[b] Pre- Metal H2O2 H2O2 H2O2 TOF[f] H2O2

reduced[c] size formation productivity productivity decomp[f]

[nm] [mmol] [molH2O2
kgcat

�1 h�1] [molH2O2
kgmetal

�1 h�1] [h�1] [%]

0.4Au �1.1Pd/Ti-NT No 1.5 0.247 9.9 660 69 n.a
0.4 Au-1.1Pd/Ti-NT Yes 1.6[d] 4.372 174.9 11 600 1233 22.5
1.5Au-1.5Pd/TiO2 No n.a 0.683 27.3 910 127 n.a
1.5Au-1.5Pd/TiO2 Yes 6.4[e] 0.323 12.9 430 60 19.7
1.5Au-1.5Pd/SiO2 No n.a 0.588 23.5 784 109 n.a
1.5Au-1.5Pd/SiO2 Yes 25.3[e] 0.215 8.6 287 40 2.5
1.5Au-1.5Pd/Al2O3 No n.a 0.578 23.1 770 107 n.a
1.5Au-1.5Pd/Al2O3 Yes 24.4[e] 2.681 107.2 3575 498 6.8

[a] Typical reaction conditions: time: 40 min, 5 8C, total pressure: 20 bar H2/O2/Ar (5:10:85 %), stirring rate:
1000 rpm, catalyst: 75 mg, reaction volume: 75 mL, methanol, 0.04 m HCl. [b] Metal loading expressed as %wt.
Calculated by ICP after digesting the catalysts in a HNO3 :HCl mixture in the AuPd/Ti-NT catalysts. [c] Catalysts
were pre-reduced under H2 flow at 200 8C for 1.5 h. [d] Calculated from analysis of HAADF STEM images.
[e] Calculated by analysis of XRD data using the Scherrer equation. [f] Calculated as moles(H2O2)/moles(metal)·h.
[f] Decomposition reaction conditions: time: 90 min, atmospheric pressure, stirring rate: 800 rpm, catalyst:
10 mg, reaction volume: 50 mL, methanol, 0.04 m HCl, [H2O2]initial : 1.5 m.

Figure 1. BF TEM images showing the morphology of the titanate nano-
tubes at A) 0.2 mm and B) 20 nm; STEM-HAADF images of the un-reduced
bimetallic AuPd/Ti-NT catalyst at C) 20 nm and B) 5 nm; E) Particle size
distribution of the un-reduced AuPd/Ti-NT catalysts.

� 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemCatChem 2014, 6, 2531 – 2534 2532

CHEMCATCHEM
COMMUNICATIONS www.chemcatchem.org

www.chemcatchem.org


a minor fraction of the total population, are often elongated
along the length of the nanotube. Additional representative
STEM-HAADF images of such elongated particles are shown in
the Supporting Information, Figure S2. These stretched parti-
cles predominate when the nanoparticle diameter exceeds
�2 nm and they tend to have a characteristic length-to-width
aspect ratio somewhere in the range of 1.5:1 to 2.5:1. This
shape modification probably occurs to minimise the overall in-
ternal strain energy of the particles as they try to lattice match
onto the curved support surface. Less strain would be induced
in the larger crystalline metal particle if it were to elongate
along the axial direction as opposed to extending around the
highly curved circumferential direction. The ‘before’ and ‘after
use’ particle size distributions suggest that the curved nano-
tube surface imparts a high degree of structural and thermal
stability to the sub-2 nm metal nanoparticles due to the
metal–support interaction.

A high metal dispersion (48 %) and an active metal surface
area of 3.4 m2 g�1 in the AuPd/Ti-NT catalyst were quantified by
carbon monoxide pulse chemisorption. The estimated active
particle diameter considering a hemispherical shape is 2.4 nm,

which is in reasonable agreement with our STEM characterisa-
tion.

The variation in hydrogen peroxide concentration with reac-
tion time during direct synthesis over Au�Pd/Ti-NT catalyst is
shown in Figure 3. An increase in hydrogen peroxide produc-
tion is observed as the reaction pressure increases as expected,
owing to the increased gas solubility in the liquid.[14] At all
three reaction pressures, the hydrogen peroxide concentration
increases with reaction time reaching a maximum after about
40 min as a consequence of the decreasing hydrogen partial
pressure and decomposition of the product hydrogen perox-
ide. The extent of the H2O2 decomposition over the catalyst
was assessed separately using a 1.5 m H2O2 concentration
under atmospheric pressure reaction conditions and are sum-
marised in Table 1. The decomposition of hydrogen peroxide
to water and oxygen was found to present a molar ratio of 2:1
which is consistent with the overall reaction 2 H2O2!2 H2O +

O2.
[15] The first order rate constant for H2O2 decomposition over

Au�Pd/Ti-NT was determined to be 0.0031 min�1 under the
conditions used (see the Supporting Information, Figure S3).
The concentration profiles in Figure 3 can be fitted to consecu-
tive pseudo first-order reactions corresponding to synthesis
and decomposition of hydrogen peroxide (H2 + O2!H2O2!
H2O + 1=2 O2). At 20 and 7 bar the pseudo first-order rate con-
stants were 0.049 and 0.046 min�1 for synthesis and 0.0030
and 0.0031 min�1 for decomposition respectively (see Support-
ing Information, Figure S4). The rate constants for decomposi-
tion are in good agreement with the independently deter-
mined value. Measurements of the residual hydrogen concen-
tration after 90 min at 20 bar were consistent with these kinet-
ics indicating no significant direct combustion of hydrogen.
The ratio of synthesis/decomposition rate constant over Au�
Pd/Ti-NT is about 16. This H2O2 decomposition is possibly asso-
ciated with residual traces of NaOH remaining on the titanate
support after its hydrothermal synthesis. The high activity of
the Au�Pd/Ti-NT catalyst for in situ hydrogen peroxide synthe-
sis could be exploited in a tandem system (e.g. in oxidation re-
actions) to enhance further the hydrogen utilisation.

Figure 2. STEM-HAADF images of the pre-reduced AuPd/Ti-NT catalyst at
A) 10 nm, B) 5 nm, C) 1 nm, D) 2 nm; E) Particle size distribution of the pre-
reduced AuPd/Ti-NT catalyst.

Figure 3. Effect of pressure on the formation of H2O2 using Au�Pd/Ti-NT as
catalyst. Reaction conditions: H2/O2/Ar (5:10:85 %), 0.04 m HCl, methanol,
5 8C. Dashed lines show the data fitting to a consecutive reaction for 20 and
7 bar; the dashed line for 1 bar is a simulation using parameters from 20 bar
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In summary, we have shown that extremely small bi-metallic
gold-palladium clusters (<2 nm) are stabilised by titanate
nanotubes and show extraordinary catalytic properties for the
direct synthesis of hydrogen peroxide. Its activity is ascribed to
the high metal dispersion combined with strong support inter-
action.

Experimental Section

Titanate nanotubes (Ti-NT) were synthesised by a hydrothermal
method.[16] Au�Pd/Ti-NT catalysts were prepared by adsorption;[17]

Au�Pd supported on conventional oxide supports (TiO2, SiO2 and
Al2O3) were prepared by incipient wetness impregnation. HAuCl4

and PdCl2 were used as metal precursors. Full details are given in
the Supporting Information. Pre-reduction was performed in a flow
of H2 at 200 8C for 1.5 h. Hydrogen peroxide synthesis reactions
was carried out in a 250 mL Parr stainless steel autoclave reactor
using a glass liner under different pressures (below 20 bar). The re-
action temperature was controlled at 5 8C by an external cooler/
heater and a thermopar inside the reaction mixture. A four propel-
ler gas entrainment stirrer was used for agitation at a speed of
1000 rpm. The solvent (methanol with 0.04 m HCl) was purged
three times with the feed gas H2/O2/Ar (5:10:85 %) before being
filled at the desired pressure. Synthesis of hydrogen peroxide was
followed by titration of liquid aliquots with cerium sulphate at reg-
ular intervals. After reaction, the gas phase was analysed by gas
chromatography to determine hydrogen selectivity.
Decomposition reactions were carried out at atmospheric pressure
and the order of reactions were determined by measuring the ac-
cumulation of oxygen gas inside the reactor with a Dwyer
1223 M200-D u-tube manometer. Hydrogen peroxide concentra-
tion was determined at the beginning and end to confirm that the
mass balance was satisfied.
Atomic-resolution, high-angle annular dark field (HAADF) scanning
transmission electron microscopy (STEM) was carried out using
a 200 kV JEOL 2200FS TEM/STEM equipped with CEOS spherical
aberration corrector. All STEM-HAADF images were light low-pass
filtered using a 3 � 3 kernel to reduce high-frequency noise.

Keywords: gold · hydrogen peroxide · nanostructured
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