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Highly efficient benzyl alcohol valorisation via the
in situ synthesis of H2O2 and associated reactive
oxygen species†
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The selective oxidation of chemical feedstocks via in situ production of reactive oxygen species (H2O2,
•OOH, •OH, •O2

−), represents an attractive, environmentally friendly alternative to the use of stoichio-

metric oxidants. Within this contribution, we demonstrate the efficacy of the in situ approach to the selec-

tive oxidation of benzyl alcohol to the commodity chemical benzaldehyde, with the alloying of Au with

Pd shown to be key in significantly promoting catalytic performance. The immobilisation of AuPd nanoal-

loys, particularly on to a γ-Al2O3 carrier, is demonstrated to result in high selective utilisation of H2 (ca.

80%), overcoming a major hurdle that has often precluded the adoption of the in situ approach to chemi-

cal synthesis on a commercial scale, while also achieving yields of benzaldehyde in excess of 60%, over

successive experiments, representing a significant step towards competitiveness with traditional oxidative

processes reliant on stoichiometric oxidants. Evaluation of catalyst performance towards individual reac-

tion pathways (i.e. H2O2 direct synthesis and benzyl alcohol oxidation in the presence of preformed

H2O2), analysis by EPR spectroscopy and radical quenching experiments, indicates that reactive oxygen-

based species (ROS), rather than H2O2, are primarily responsible for the observed catalysis. While the

origin of these oxygen-based radicals is not fully understood, we consider that they are generated primar-

ily as reaction intermediates formed during H2O2 synthesis over active metal surfaces.

Green foundation
1. Currently the oxidative valorisation of alcohols is reliant on costly and atom-inefficient stoichiometric oxidants, which generate large quantities of
unwanted by-products. However, the in situ production of hydrogen peroxide and related oxidative species avoids these concerns and allows for significant
process intensification.
2. To date, low yields and poor H2 utilisation have prevented the adoption of an in situ approach to feedstock upgrading. This work demonstrates that
through rational catalyst design it is possible to overcome these drawbacks, with our optimised AuPd catalyst offering H2 selectivity approaching 80%, and
product yields in excess of 60% through successive reactions.
3. Further catalyst design is required in order to improve reactivity and H2 utilisation rates.
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Introduction

Primary alcohol valorisation to the corresponding aldehyde is
of significant industrial importance, representing key feed-
stocks in sectors ranging from perfumery to dyestuff and agro-
chemicals.1 Typically, the selective oxidation of these platform
chemicals on an industrial scale is reliant on the utilisation of
energy- and atom-inefficient stoichiometric oxidants, resulting
in the production of undesirable and complex product
streams.2 Such concerns have led to an interest in alternative,
aerobic approaches, with numerous reports demonstrating
that is possible to achieve high aldehyde yields when using
molecular oxygen.3 However, while the green credentials
associated with aerobic oxidation are clear, such routes typi-
cally require elevated reaction temperatures to be effective.3–6

Thus, while the use of O2 as the terminal oxidant can over-
come the atom-inefficiency concerns of current industrial
routes, reliant on stoichiometric oxidants, the utilisation of
aerobic routes may still be hampered by poor energy usage.
Alternatively, unlike O2-mediated pathways, the utilisation of
preformed H2O2 allows for relatively low reaction temperatures
to be exploited,7–10 but suffers from (i) high production costs
of the oxidant, (ii) the continual dilution of product streams
(iii) the presence of proprietary stabilising agents, which can
lead to reactor corrosion, and (iv) the need for constant moni-
toring to avoid the development of H2O2 hot spots.

Offering the potential for improved atom efficiency com-
pared to the use of alternative stoichiometric oxidants (and
preformed H2O2) and lower operating temperatures than
aerobic pathways, the in situ synthesis and subsequent utilis-
ation of H2O2 and related reactive oxygen species (ROS; •OOH,
•OH, •O2

−), in chemical feedstock valorisation is an area of sig-
nificant and growing research interest.11–13 However, while
considerable efforts have been made in this field, particularly
around propylene epoxidation,14–16 very few examples of an
in situ approach to oxidative upgrading which rival the per-

formance metrics of mature industrial processes have been
reported. In many cases, a combination of poor selective H2

utilisation, rapid catalyst deactivation, and the formation of
complex product streams, necessitating energy-intensive puri-
fication steps, have prevented development beyond the labora-
tory scale. Indeed, the presence of H2, necessary for H2O2 and
ROS production, in conjunction with effective hydrogenation
catalysts, such as Pd and Pt, which are typically used for H2O2

synthesis,17–22 are responsible for many of these
challenges.23–25

The in situ selective oxidation of benzyl alcohol to benz-
aldehyde (Scheme 1), is one such chemical transformation
that has received considerable research interest.26–28 In part,
this is due to the limited number of reaction products and the
relatively well-known pathways to their formation. However,
benzaldehyde is a valuable feedstock in its own right, finding
use in the cosmetics and pharmaceutical sectors. Indeed,
the benzaldehyde market was valued at approximately
$580 million per annum in 2024,29 so interest in the oxidative
upgrading of this feedstock chemical is not purely academic.

Supported AuPd nanoalloys have been reported to offer
exceptional activity towards the aerobic valorisation of several
platform chemicals30,31 and are also considered among the
state-of-the-art for the direct synthesis of H2O2.

32 With regard
to the latter transformation, the alloying of Pd with Au has
been demonstrated to significantly enhance catalytic perform-
ance (compared to the monometallic analogues), due to a com-
bination of electronic and isolation effects, resulting in
improved activity and selectivity towards H2O2.

33–36 In part,
this has been attributed to the weaker interaction between the
metal surface and the synthesised H2O2, when compared to
Pd-only surfaces.37 Importantly, the formation of these mixed
metal surfaces has recently been shown to favour the release of
highly reactive oxygen species, which are formed as intermedi-
ates during H2O2 synthesis.

38 The potential for such ROS to be
utilised in chemical synthesis, particularly in processes where

Scheme 1 General reaction scheme for the oxidation of benzyl alcohol.
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proton-abstraction is key, is particularly intriguing and in this
contribution, we investigate the performance of supported
AuPd nanoparticles to effectively generate H2O2 (and related
ROS), and the subsequent efficacy of these species towards the
in situ selective oxidation of benzyl alcohol to benzaldehyde.

Experimental
Catalyst synthesis

Mono- and bi-metallic 1%Au–Pd/X catalysts were prepared (on
a weight basis) by a wet co-impregnation of chloride metal pre-
cursors onto a range of common oxide supports (TiO2 (P25),
γ-Al2O3, CeO2, Nb2O5, ZrO2), based on a methodology pre-
viously reported in the literature.39 The procedure to produce
0.5% Au–0.5%Pd/Al2O3 (2 g) is outlined below, with a similar
methodology being utilised for all catalysts.

Aqueous PdCl2 solution (1.667 mL, [Pd] = 6 mg mL−1,
Merck) and aqueous HAuCl4·3H2O solution (0.8263 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 the
total volume fixed to 16 mL using H2O (HPLC grade, Fisher
Scientific). When a temperature of 65 °C was reached, γ-Al2O3

(1.98 g, Fischer Scientific) was added over the course of 5 min
with constant stirring. The resulting slurry was stirred at 65 °C
for a further 15 min, after which the temperature was raised to
95 °C for 16 h to allow for the complete evaporation of water.
The resulting solid was mechanically ground prior to heat
treatment under a reductive atmosphere (flowing 5% H2/Ar,
500 °C, 4 h, and ramp rate of 10 °C min−1).

Catalyst testing

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

Note 2: The conditions used within this work for H2O2 syn-
thesis and degradation have previously been investigated,
where the presence of CO2 as a diluent for reactant gases and
methanol as a co-solvent has been identified as key to main-
taining high catalytic efficacy towards H2O2 production.40 In
particular, the CO2 gaseous diluent has been found to act as
an in situ promoter of H2O2 stability through dissolution in
the reaction solution and the formation of carbonic acid. We
have previously reported that the use of the CO2 diluent has a
comparable promotive effect to that observed when acidifying
the reaction solution to a pH of 4 using HNO3.

41

Direct synthesis of H2O2

Hydrogen peroxide synthesis activity was evaluated using a
Parr Instruments stainless steel autoclave with a nominal
volume of 50 mL and a maximum working pressure of
2000 psi, equipped with a PTFE liner. To test each catalyst for
H2O2 synthesis, the autoclave liner was charged with catalyst
(0.01 g), solvent (5.6 g methanol, HPLC grade, Fisher
Scientific) and H2O (2.9 g, HPLC grade, Fisher 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). The
pressures of 5%H2/CO2 and 25%O2/CO2 were taken as gauge
pressures. The reaction mixture was stirred (1200 rpm) for
0.5 h, with the temperature being maintained at 20 °C. Reactor
temperature control was achieved using a HAAKE K50 bath/cir-
culator using an appropriate coolant. The reactor was not con-
tinuously supplied with gas. H2O2 productivity was determined
by titrating aliquots of the final solution after reaction with
acidified Ce(SO4)2 (0.01 M) in the presence of ferroin indicator.
Catalyst productivities are reported as molH2O2

kgcat
−1 h−1.

In all cases, reactions were run multiple times, over mul-
tiple batches of catalyst, with the data presented an average of
these experiments. Catalytic activity towards H2O2 synthesis
was found to be consistent to within ±2% based on multiple
reactions.

Degradation of H2O2

Catalytic activity towards H2O2 degradation (via hydrogenation
and decomposition pathways) was determined in a manner
similar to that used for measuring the H2O2 direct synthesis
activity of a catalyst. The autoclave liner was charged with
methanol (5.6 g, HPLC grade, Fisher Scientific), H2O2 (50 wt%
0.69 g, Merck), H2O (2.21 g, HPLC grade, Fisher Scientific) and
catalyst (0.01 g), with the solvent composition equivalent to a
4 wt% H2O2 solution. From the solution, two aliquots of 0.05 g
were removed and titrated with acidified Ce(SO4)2 solution
using ferroin as an indicator to determine an accurate concen-
tration of H2O2 at the start of the reaction. The charged auto-
clave was then purged three times with 5%H2/CO2 (100 psi)
before filling with 5%H2/CO2 (420 psi). The pressures of 5%
H2/CO2 was taken as gauge pressure. The reaction mixture was
stirred (1200 rpm) for 0.5 h, with the reaction temperature
maintained at 20 °C. After the reaction was complete, the cata-
lyst was removed from the reaction solvents via filtration and
as described previously, two aliquots of 0.05 g were titrated
against the acidified Ce(SO4)2 solution using ferroin as an indi-
cator. Catalyst degradation activity is reported as molH2O2

kgcat
−1 h−1.

In all cases, reactions were run multiple times, over mul-
tiple batches of catalyst, with the data presented an average of
these experiments. Catalytic activity towards H2O2 degradation
was found to be consistent to within ±5% based on multiple
reactions.

Benzyl alcohol oxidation via in situ production of H2O2

Note 3: Reaction conditions utilised within this study are
based on those previously identified by our laboratory for the
in situ oxidation of benzyl alcohol, they have been maintained
in this work to allow for ease of comparison to the established
literature.

The oxidation of benzyl alcohol has been investigated in a
50 mL Parr Instruments stainless steel autoclave, equipped
with PTFE liner. The autoclave liner was charged with catalyst
(0.01 g), methanol (7.13 g, HPLC grade, Fisher Scientific) and
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benzyl alcohol (1.04 g, 9.62 mmol, Merck) along with 0.5 mL
of the internal standard mesitylene (0.43 g, 3.58 mmol,
Merck). 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). The pressures of 5%H2/CO2 and 25%O2/CO2 were
taken as gauge pressures. The reactor was subsequently heated
to 50 °C, followed by stirring at 1200 rpm for 0.5 h, unless
otherwise stated. The reactor was not continuously supplied
with gas. After the reaction was complete, the reactor was
cooled in ice water to a temperature of 15 °C, after which a gas
sample was taken for analysis by gas chromatography using a
Varian CP-3380 equipped with a TCD detector and a Porapak
Q column, to allow for the determination of H2 conversion.
Once cooled to the desired temperature, the catalyst was
removed from the reaction solvents via filtration and the liquid
product yield was determined by gas chromatography using a
Varian 3200 GC, equipped with a CP Wax 42 column and FID.
The concentration of residual H2O2 was determined by titrat-
ing aliquots of the final solution after reaction with acidified
Ce(SO4)2 (0.01 M) in the presence of ferroin indicator.

Further studies were conducted in the presence of radical
quenching agents (Na2SO3 or NaNO2) at a concentration of
0.05 M.

The total capacity of the autoclave was determined via water
displacement to allow for accurate determination of H2 conver-
sion and H2 selectivity. When equipped with the PTFE liner
and liquid reagents the total available gaseous space within
the autoclave and is equivalent to 2.8 mmol of H2.

In all cases, reactions were run multiple times, over mul-
tiple batches of catalyst, with the data presented an average of
these experiments. For benzyl alcohol oxidation total product
yield was observed to be consistent to within ±4% based on
multiple reactions.

H2 conversion (eqn (1)), benzyl alcohol conversion (eqn (2)),
product yield (eqn (3)), product selectivity (eqn (4)) and H2

selectivity (eqn (5)) are defined as follows:

H2 conversion ð%Þ ¼ mmolH2ðtð0ÞÞ �mmolH2ðtð1ÞÞ
mmolH2ðtð0ÞÞ

� 100 ð1Þ

Benzyl alcohol conversion ð%Þ

¼ benzyl alcohol reacted ðmmolÞ
benzyl alcohol initial ðmmolÞ �100

ð2Þ

Product yield ð%Þ ¼ product ðmmolÞ
benzyl alcohol initial ðmmolÞ �100 ð3Þ

Product selectivity ð%Þ¼ product ðmmolÞ
benzyl alcohol converted ðmmolÞ�100

ð4Þ

H2 selectivity ¼ benzaldehyde ðmmolÞ
H2 conversion ðmmolÞ � 100 ð5Þ

Catalyst re-useability in benzyl alcohol oxidation via in situ
production of H2O2

In order to determine catalyst reusability, a similar procedure
to that outlined above for benzyl alcohol oxidation via the
in situ production of H2O2 was followed utilizing 0.3 g of cata-
lyst. Following the initial test, the catalyst was recovered by fil-
tration, washed with MeOH (5 g, HPLC grade, Fischer
Scientific) and dried (30 °C, 16 h, under vacuum). Next, 0.01 g
of material from the recovered catalyst sample was used to
conduct a standard oxidation experiment.

Gas replacement experiments for the oxidation of benzyl
alcohol via the in situ production of H2O2

An identical procedure to that outlined above for the oxidation
of benzyl alcohol 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. 4, it should
be noted that individual experiments were carried out and the
reactant mixture was not sampled online.

Benzyl alcohol upgrading using individual gaseous reagents
(H2 or O2) or commercial H2O2

An identical procedure to that outlined above for the in situ
oxidation of benzyl alcohol was followed for a reaction time of
0.5 h, with the reactor charged with either 5%H2/CO2 (420 psi)
or 25% O2/CO2 (160 psi), with total reactor pressure maintained
at 580 psi with CO2. As above, the reactor was not continually
supplied with gas. Additional experiments were conducted
using commercial H2O2 (50 wt%, Merck), at a concentration
equal to that which may be synthesised during the in situ oxi-
dation of benzyl alcohol, assuming total H2 conversion to H2O2.
In this case, the preformed H2O2 was added to the reactor prior
to the reaction commencing (i.e. not continually introduced)
and total pressure was maintained at 580 psi using CO2.

Radical trapping experiments with electron paramagnetic
resonance spectroscopy

The catalyst (0.01 g), methanol (7.13 g, HPLC grade, Fisher
Scientific) and benzyl alcohol (1.04 g, 9.6 mmol, Merck) were
added to the reactor along with 0.5 mL of the internal stan-
dard mesitylene (0.43 g, 3.58 mmol, Merck) and 5,5-dimethyl-
1-pyrroline N-oxide (12 µL, Merck). The reactor was purged
three times with 5%H2/CO2 (100 psi) and then filled with 5%
H2/CO2 (420 psi) and 25%O2/CO2 (160 psi). The reactor was
then heated to 50 °C and once the temperature was reached,
stirring (1200 rpm) was commenced for 0.5 h. Once the reac-
tion was complete, the reactor was purged with 20 bar N2 for
20 min before the catalyst was separated by filtration and the
filtered solution loaded into a 1.1 mm quartz tube for analysis
by EPR spectroscopy.

Various blank reactions were also analysed by EPR spec-
troscopy to determine any background activity.
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Continuous wave X-band EPR spectra were recorded at
298 K using a Bruker EMX Micro spectrometer equipped with
a Bruker ER 4123d dielectric resonator. Spectra were recorded
at ca. 9.75 GHz and 2 mW microwave power, with 100 kHz
field modulation frequency, 1 G field modulation amplitude, 5
× 104 receiver gain, 10.00 ms conversion time and 5.02 ms
time constant. EPR spectra were simulated using the EasySpin
toolbox42 running within the MathWorks Matlab environment.

Catalyst characterisation

A Kratos Axis Ultra DLD spectrometer was used to collect X-ray
photoelectron spectra utilising a monochromatic Al Kα X-ray
source operating at 144 W (12 mA × 12 kV). Samples for ana-
lysis were mounted by pressing into double-sided adhesive
tape attached to a microscope slide attached to a standard
Kratos sample bar assembly. Data was collected using the
Hybrid mode with a Slot aperture, yielding an analysis area of
ca. 700 × 300 μm2. The pass energies for acquisition were 40
(step size 0.1 eV) and 160 eV (step size 1 eV) for high-resolution
and survey spectra, respectively. Sample charging effects were
minimised through magnetically confined low-energy electrons
using the Kratos immersion lens system and the resulting
spectra were calibrated to the C(1s) line at 284.8 eV for all
samples, a secondary charge reference of the Al(2p) peak was
also used to confirm the suitability of the C(1s) line and found
to be 74.5 eV, typical for Al2O3. The uncertainty in binding ener-
gies is ±0.2 eV. All data was processed using CasaXPS v2.3.27.
The data was analysed typically using a Shirley background,
although a linear background was used where the signal was low
or negative. Peak areas were corrected using modified Wagner
sensitivity factors. Peak fitting where required was achieved
using line shape models derived from bulk compounds (Pd and
Au metal foils and PdO) using Voigt-like functions.

Brunauer Emmett Teller (BET) surface area measurements
were conducted using a Quadrasorb surface area analyser. A
5-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 5-point N2

adsorption at −196 °C, and data analysed using the BET
method. Surface area measurements of key samples (and
corresponding bare supports) are reported in Table S1,† with a
minor loss in surface area found to result from metal depo-
sition and thermal treatment of the catalytic samples.

The bulk structure of the catalysts was determined by
powder X-ray diffraction using a (θ–θ) PANalytical X′pert Pro
powder diffractometer using a Cu Kα radiation source, operat-
ing at 40 keV and 40 mA. Standard analysis was carried out
using a backfilled sample, between 2θ values of 10–80°. Phase
identification was carried out using the International Centre
for Diffraction Data (ICDD). XRD analysis of supported AuPd
catalysts prepared on a range of common oxide supports is
reported in Figure S1A–E,† with no clear reflections associated
with either precious metal, which may be attributed to the low
total metal loading.

Total metal loading of key catalytic samples was quantified
by digestion of as-prepared (dried only) samples via micro-

wave-assisted aqua regia digestion. Digested samples were ana-
lysed via inductively coupled plasma mass spectrometry
(ICP-MS). 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. Actual metal loadings of key
catalytic samples are provided in Table S2A and B.†

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.

DRIFTS measurements were taken on a Bruker Tensor 27
spectrometer fitted with a mercury cadmium telluride (MCT)
detector. A sample was loaded into the Praying Mantis high
temperature (HVC-DRP-4) in situ cell before exposure to N2 and
then 1% CO/N2 at a flow rate of 50 cm3 min−1. A background
spectrum was obtained using KBr, and measurements were
recorded every 1 min at room temperature. Once the CO adsorp-
tion bands in the DRIFT spectra ceased to increase in size, the
gas feed was changed back to N2 and measurements were
repeated until no change in subsequent spectra was observed.

Aberration-corrected scanning transmission electron
microscopy (AC-STEM) was performed using a probe-corrected
S/TEM instrument (Thermo Fisher, Thermis Z), operating at
300 kV. The latter instrument was equipped with a Super-X
EDS detector for high-spatial XEDS characterization.

Results and discussion

Our initial studies identified the crucial role of the support in
dictating catalytic activity towards the direct synthesis and sub-
sequent degradation of H2O2 (Table 1). In keeping with earlier
investigations43,44 into the performance of AuPd catalysts pre-
pared by a co-impregnation procedure, a strong correlation
between reactivity and the choice of nanoparticle carrier was
observed, with the high activity of the 0.5%Au–0.5%Pd/TiO2

(75 molH2O2
kgcat

−1 h−1), and 0.5%Au–0.5%Pd/Al2O3

(62 molH2O2
kgcat

−1 h−1), catalysts towards H2O2 direct syn-
thesis, in comparison to alternative oxide supported ana-
logues, clear. Numerous studies have identified the role of
catalyst support in dictating both reactivity and selectivity in
the direct synthesis of H2O2, through the control of alloy for-
mation and particle dispersion, amongst other factors. Indeed,
we have recently demonstrated the role of the particle carrier
in dictating metal speciation, particularly that of Pd, a key
factor in the production of the oxidant, and direct the reader
to these earlier works for an in-depth analysis of many of the
formulations reported in Table 1.44

The performance of the TiO2(P25) and γ-Al2O3-based formu-
lations is particularly noteworthy given the relatively challen-
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ging reaction temperatures utilised within this work and the
poor stability of H2O2 under such conditions, with sub-
ambient temperatures widely applied to inhibit competitive
H2O formation via H2O2 hydrogenation and decomposition
pathways.40

Subsequent investigation of catalytic performance towards
the in situ oxidation of benzyl alcohol (Fig. 1, with additional
data reported in Table S3†) revealed no clear correlation
between individual reaction pathways (i.e. H2O2 synthesis and
benzyl alcohol valorisation), with almost all formulations
offering similar reactivity (<3.0% product yield, 100% benz-
aldehyde selectivity), despite the relatively varied activity
towards H2O2 synthesis (Table 1). The limited reactivity of the
0.5%Au–0.5%Pd/TiO2 catalyst towards the in situ oxidation of
benzyl alcohol is particularly noteworthy given the high H2O2

synthesis activity observed over this formulation. While it is
important to highlight the variation in reaction conditions
used to probe individual reaction pathways, such observations,
particularly when considered alongside recent studies38 which

report the ability of Au to promote the desorption of oxygen-
based radical species (•OOH, •OH, •O2

−) from AuPd surfaces,
may indicate that H2O2 is not the primary species responsible
for the observed catalysis. Indeed, we have recently proposed
the key role of such radical species for the selective oxidation
of alternative chemical feedstocks.45,46

The 0.5%Au–0.5%Pd/Al2O3 catalyst was found to offer
exceptional activity towards benzyl alcohol oxidation (22.7%
product yield, 98% benzaldehyde selectivity). Indeed, the per-
formance of this formulation is particularly noteworthy given
the high selective utilisation of H2 in the valorisation of benzyl
alcohol (76%), with poor H2 efficiency a longstanding hurdle
for numerous in situ approaches to feedstock valorisation. In
particular, catalytic hydrogenation of both reagents and pro-
ducts, as well as the degradation of H2O2 to H2O via hydrogen-
ation pathways, have been identified as major contributors to
process inefficiency.23 Although here we highlight our recent
contributions centred around the in situ ammoximation of
cyclic ketones to the corresponding oxime, which has demon-
strated that such concerns may be overcome through rational
catalyst and process design.47

Together with other laboratories, we have previously identi-
fied a strong dependence between the catalytic performance of
bimetallic AuPd formulations towards the direct synthesis of
H2O2,

35,40,48,49 as well as the aerobic valorisation of a range of
chemical feedstocks (including benzyl alcohol), and the
elemental composition of active sites.50–53 In keeping with
these earlier studies, and with a focus on γ-Al2O3 supported
formulations, we subsequently established the synergistic
enhancement that results from the formation of AuPd nanoal-
loys (Table 2 and Fig. 2, with additional data reported in
Table S4†). This enhancement can, at least in part be attribu-
ted to the electronic modification of Pd species through alloy-
ing with Au, as evidenced by CO-DRIFTS (Figure S2 and ESI
Note 1†), and XPS analysis (Figure S3†), with further investi-
gation of the catalytic series by TEM (Table 3, with representa-
tive micrographs reported in Figure S4†), ruling out variation
in mean particle size, another key parameter known to dictate
catalytic activity, especially to H2O2 synthesis,

54 as a source for
the underlying promotive effect observed upon the formation
of AuPd alloys.

Again, we highlight the discrepancy in catalytic activity
towards H2O2 direct synthesis and the oxidative valorisation of

Table 1 Catalytic activity of AuPd catalysts towards the direct synthesis and the subsequent degradation of H2O2, as a function of the catalyst
support

Catalyst Productivity/molH2O2
kgcat

−1 h−1 H2O2 Conc./wt% H2 Conv./% H2O2 Sel./% Degradation/molH2O2
kgcat

−1 h−1

0.5%Au–0.5%Pd/TiO2 75 0.15 38 36 390
0.5%Au–0.5%Pd /Al2O3 62 0.12 33 34 366
0.5%Au–0.5%Pd /CeO2 30 0.06 14 40 289
0.5%Au–0.5%Pd /Nb2O5 25 0.06 11 43 255
0.5%Au–0.5%Pd /ZrO2 30 0.04 12 47 270

H2O2 direct synthesis reaction conditions: mass of 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. 1 Catalytic activity of bimetallic 0.5%Au–0.5%Pd/Al2O3 catalysts
towards the selective oxidation of benzyl alcohol via in situ H2O2 syn-
thesis, as a function of the catalyst support. Key: benzaldehyde (black
bars), benzoic acid (red bars); H2 selectivity towards benzaldehyde
(purple circles). Reaction conditions: mass of catalyst (0.01 g), benzyl
alcohol (1.04 g, 9.62 mmol), MeOH (7.1 g), 5%H2/CO2 (420 psi), 25%O2/
CO2 (160 psi), 50 °C, 0.5 h, 1200 rpm. Note: H2 selectivity was deter-
mined, based on the mol of H2 utilised in the formation of
benzaldehyde.
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benzyl alcohol over this series of catalyst formulations, which
we consider further implicates the contribution of alternative
oxidative agents in the observed catalysis. Indeed, the 0.25%
Au–0.75%Pd/Al2O3 formulation can be seen to offer a signifi-
cantly improved performance towards benzyl alcohol oxidation
compared to the 0.5%Au–0.5%Pd/Al2O3 analogue, while also
offering high H2 efficiency (81%), despite the similar rates of
H2O2 synthesis observed over both formulations, which may
indicate the potential secondary role of H2O2 in benzyl alcohol
oxidation.

With the clear enhancement in catalytic activity identified
upon the introduction of Au into supported Pd catalysts, we
were motivated to further investigate a subset of these formu-
lations (i.e. the 1%Pd/Al2O3 and 0.5%Pd–0.5%Au/Al2O3 cata-
lysts), in order to broaden our understanding of the underlying
cause for the observed trends in catalytic performance.

Further evaluation focussing on these key catalysts estab-
lished the negligible contribution of purely oxidative (using a
25%O2/CO2 atmosphere) (0.2–0.8% product yield) or reductive
(using a 5%H2/CO2 atmosphere) (0.4–1.0% product yield),
pathways towards benzyl alcohol conversion (Figure S5†).
These observations, particularly the low product yields
detected under an aerobic atmosphere, may be unsurprising
given the reaction temperatures within this study (50 °C), with
temperatures exceeding 80 °C typically required for aerobic
benzyl alcohol oxidation over AuPd surfaces.55,56 When utilis-
ing a H2-only gaseous atmosphere, relatively low concen-
trations of benzaldehyde were detected (approx. 0.1% yield),
which can be attributed to the incomplete purging of dissolved
oxygen from the reaction medium and the resulting pro-

duction of low concentrations of H2O2 and related radical
species. Notably, in the absence of exogenous O2, toluene was
also observed and indeed was found to be the major product
(0.3–0.8% yield), which can be related to the known reactivity
of Pd-based catalysts towards disproportionation pathways.1,57

Subsequent studies also indicated that a significant improve-
ment in benzyl alcohol conversion may be obtained via in situ
H2O2 production, compared to that observed when using the
preformed oxidant at a concentration identical to that which
would be obtained if all the H2 present in the in situ system
was selectively converted to H2O2. This is likely a result of the
complete addition of the ex situ generated H2O2 at the start of
the reaction, although the effect of the proprietary stabilising
agents present in commercially available H2O2 on catalytic per-
formance should also be considered. Additionally, such obser-
vations again further highlight the potential for reactive
oxygen species, rather than H2O2 itself, to be primarily respon-

Table 2 Activity of bimetallic 1%AuPd/Al2O3 catalysts towards the direct synthesis and subsequent degradation of H2O2

Catalyst Productivity/molH2O2
kgcat

−1 h−1 H2O2 Conc./wt% H2 Conv./% H2O2 Sel./% Degradation/molH2O2
kgcat

−1 h−1

1%Au/Al2O3 2 0.001 B.D.L — 22
0.75%Au–0.25%Pd/Al2O3 70 0.14 21 59 287
0.5%Au–0.5%Pd/Al2O3 62 0.12 33 34 366
0.25%Au–0.75%Pd/Al2O3 59 0.12 32 34 289
1%Pd/Al2O3 43 0.09 26 30 200
0.5%Pd/Al2O3 32 0.07 17 34 119

H2O2 direct synthesis reaction conditions: Mass of 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: mass of 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. B.D.L: below the detection limit.

Table 3 Effect of Au : Pd ratio on mean nanoparticle size of 1%AuPd/
Al2O3 catalysts

Catalyst
Mean particle size/
nm (S.D)

Reaction rate/
mmolaldehyde mmolmetal

−1 h−1

1%Au/Al2O3 28.9 (26.1) 0
0.75%Au–0.25%Pd/Al2O3 2.4 (1.4) 2.06 × 103

0.5%Au–0.5%Pd/Al2O3 3.5 (2.2) 5.92 × 103

0.25%Au–0.75%Pd/Al2O3 3.1 (1.8) 5.82 × 103

1%Pd/Al2O3 5.1 (4.8) 3.4 × 103

Catalysts exposed to a reductive heat treatment (5%H2/Ar, 500 °C, 4 h, 10 °C
min−1). Reaction rate is based on theoretical metal loading, at a reaction
time of 0.5 h.

Fig. 2 Catalytic activity of bimetallic 1%AuPd/Al2O3 catalysts towards
the selective oxidation of benzyl alcohol via in situ H2O2 synthesis, as a
function of Au : Pd ratio. Key: benzaldehyde (black bars), benzoic acid
(red bars), H2 selectivity (purple circles). Reaction conditions: mass of
catalyst (0.01 g), benzyl alcohol (1.04 g, 9.62 mmol), MeOH (7.1 g), 5%
H2/CO2 (420 psi), 25%O2/CO2 (160 psi), 50 °C, 0.5 h, 1200 rpm. Note: H2

selectivity is determined based on the mol of H2 utilised in the formation
of benzaldehyde. The 1%Au/Al2O3 offered no measurable activity
towards benzyl alcohol oxidation.
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sible for the observed catalysis. Regardless, given the relatively
high costs associated with commercial H2O2, the comparative
economic and environmental benefits of the in situ approach
are clear and we consider these will only strengthen with the
application of non-fossil derived H2 sources.

Extended reaction time studies comparing the catalytic
efficacy of key formulations are reported in Fig. 3 (additional
data are presented in Table S5A and B,† with determination of
catalyst stability, through ICP-MS analysis of post-reaction
solutions, at key time points reported in Table S6†). As over
our standard reaction time (0.5 h), the higher catalytic activity
of the 0.5%Au–0.5%Pd/Al2O3 catalyst was clear (27.1% product
yield, 97% benzaldehyde selectivity), significantly outperform-
ing the 1%Pd/Al2O3 analogue (19.0% product yield, 100%
benzaldehyde selectivity), over 1.5 h of reaction. The high

benzaldehyde selectivity offered by both formulations indi-
cates the suppression of competitive reaction pathways, and
can primarily be related to the presence of unconverted sub-
strate, with earlier works focussed on aerobic oxidation of
benzyl alcohol, revealing that the presence of benzyl alcohol
(at concentrations as low as 2%), in addition to a range of
other alcohols (although notably not methanol, the solvent
used in this study), can inhibit the overoxidation of benz-
aldehyde to the corresponding acid.58

Notably, catalytic performance was found to plateau after
relatively short reaction times (45 minutes), with minimal
additional conversion of benzyl alcohol observed beyond this

Fig. 3 Comparison of catalytic performance towards the selective oxi-
dation of benzyl alcohol via in situ H2O2 synthesis over the (A) 1%Pd/
Al2O3 and (B) 0.5%Au–0.5%Pd/Al2O3 catalysts, as a function of reaction
time. Key: benzaldehyde (black bars), benzoic acid (red bars), H2 selecti-
vity (purple circles). Reaction conditions: mass of catalyst (0.01 g),
benzyl alcohol (1.04 g, 9.62 mmol), MeOH (7.1 g), 5%H2/CO2 (420 psi),
25%O2/CO2 (160 psi), 50 °C, 1200 rpm. Note: H2 selectivity is deter-
mined based on the mol of H2 utilised in the formation of benzaldehyde.

Fig. 4 Comparison of catalytic performance towards the selective oxi-
dation of benzyl alcohol via in situ H2O2 synthesis, over the (A) 1%Pd/
Al2O3 and (B) 0.5%Au–0.5%Pd/Al2O3 catalysts, over successive reactions.
Key: benzaldehyde (black bars), benzoic acid (red bars), H2 selectivity
(purple circles). Reaction conditions: mass of catalyst (0.01 g), benzyl
alcohol (1.04 g, 9.62 mmol), MeOH (7.1 g), 5%H2/CO2 (420 psi), 25%O2/
CO2 (160 psi), 50 °C, 0.5 h, 1200 rpm.
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time point. While this may be indicative of catalyst de-
activation, it is important to highlight the relatively high rates
of H2 conversion (approx. 80%) and the potential for the reac-
tion to become limited by H2 availability, particularly given the
excess of benzyl alcohol (in comparison to H2) present in the
system. Interestingly, the 1%Pd/Al2O3 and 0.5%Au–0.5%Pd/
Al2O3 catalysts displayed similar H2 conversion rates over the
course of the reaction (Table S5A and B†), with this metric
reaching approximately 90% over 1.5 h. However, as with our
standard reaction time, the bimetallic formulation offered sig-
nificantly improved selectivity based on H2 compared to the
Pd-only analogue (69 and 50% H2 selectivity for the 0.5%Au–
0.5%Pd/Al2O3 and 1%Pd/Al2O3 catalysts respectively). Again we
consider the improved efficiency of the AuPd formulation note-
worthy given the concerns associated with selective H2 utilis-
ation during the valorisation of chemical feedstocks via in situ
H2O2 production.

13,23

Given the plateau in catalytic performance and the high
rates of H2 conversion observed for the AuPd and Pd-only for-
mulations during our time-on-line study and the potential for
the reaction to become limited by H2 availability, we next
investigated catalytic performance over sequential in situ
benzyl alcohol experiments, where gaseous reagents were
replaced at 0.5 h intervals (Fig. 4, with additional information
reported in Table S7†). For both catalysts, the yield of benz-
aldehyde increased considerably over four successive reactions,
although it should be noted that this increase was not linear,
which may suggest some loss in catalyst performance or
restructuring of catalytic sites with time. However, the influ-
ence of reagent availability, particularly in the case of the
AuPd catalyst should also be considered given the relatively
high rates of benzyl alcohol conversion observed upon sequen-
tial reactions (>40% over two successive reactions). Regardless,
the reactivity of the 0.5%Au–0.5%Pd/Al2O3 catalyst is note-

Fig. 5 Representative HAADF-STEM of the as-prepared (A and B) 1%Pd/Al2O3 and (C and D) 0.5%Au–0.5%Pd/Al2O3 catalysts, demonstrating the
bimodal distribution in particle size.
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worthy achieving a product yield of 62% (98% benzaldehyde
selectivity) over four successive reactions, significantly outper-
forming the 1%Pd/Al2O3 analogue (33% product yield, 100%
benzaldehyde selectivity) as well as previous reports in the lit-
erature (Table S8†), highlighting the potential improvements
in the in situ approach to alcohol valorisation that may be
achieved through rational catalyst design. Further comparison
to aerobic approaches benzyl alcohol oxidation over AuPd sur-
faces are reported in Table S9,† and indicate the competitive-
ness of the in situ approach, although it is clear that further
technical evaluation is required (life cycle analysis, process
safety techno-economic analysis) to fully understand the tech-
nical feasibility of the in situ approach.

Catalyst stability was subsequently evaluated through re-use
experiments (Figure S6†). While a loss in catalytic activity was
observed over both formulations, the high selectivity towards
benzaldehyde and in the case of the AuPd catalyst, selectivity
towards H2 observed upon initial use was largely retained.
Interestingly, the AuPd formulation was also found to retain a
greater proportion of its initial activity over three uses (approx.
80%) compared to the Pd-only analogue (50%). In part, this
can be attributed to the increased stability of the bimetallic
catalyst, as evidenced by ICP-MS analysis of post-reaction solu-
tions, where the presence of Au was found to considerably
inhibit Pd leaching (Table S10†), which aligns well with pre-
vious studies into AuPd-based formulations,47 although it is
likely that other factors beyond metal loss are responsible for
the variation in performance upon reuse.

Evaluation of the as-prepared catalytic materials via
STEM-HAADF (Fig. 5) imaging revealed a relatively broad par-
ticle size distribution, which is typical of the wet impregnation
route to catalyst synthesis, particularly for bimetallic AuPd-
based formulations. However, here we highlight that for both
formulations mean particle size was found to be between
approximately 3 and 5 nm (Table 3 and Figure S4†). Notably,
unlike in our earlier studies which have focussed on Pd-based
catalysts prepared by a similar wet impregnation technique,
the monometallic catalyst also displays a bimodal particle size
distribution, which may evidence the role of nanoparticle
carrier in dictating particle size, with these previous works pri-
marily focussed on the use of TiO2 as the catalyst support.27

Subsequent STEM-XEDS mapping of individual nanoparticles
within the bimetallic formulation (Fig. 6, with additional data
reported in Fig. S7 and S8†), confirmed the presence of AuPd
random alloys, regardless of particle size, although the larger
particles (>10 nm) were found to be Au-rich, again in keeping
with earlier works into analogous formulations.33

The alloying of Au with Pd has been well-reported to
improve catalytic selectivity towards H2O2 through the inhi-
bition of competitive degradation pathways that lead to the for-
mation of H2O (i.e. O–O bond dissociation), as well as promot-
ing desorption of the synthesised H2O2.

37 Recently, the ability
of AuPd surfaces to also promote the desorption of reaction
intermediates (i.e. •O2

−, •OH and •OOH) formed during H2O2

synthesis has also been described,38 with further works
demonstrating the efficacy of these highly reactive oxygen-

based species to catalyze both selective oxidation59 and total
degradation of chemical feedstocks.60 With these earlier works
in mind, we subsequently conducted a series of spin-trapping
electron paramagnetic resonance (EPR) spectroscopy measure-
ments using 5,5-dimethyl-1-pyrroline N-oxide (DMPO) as the
radical trapping agent.

Fig. 7A reports the EPR spectra obtained under in situ
benzyl alcohol oxidation reaction conditions, with control
experiments conducted in the presence of a H2O-only solvent
reported in Fig. 7B (additional blank reactions in Fig. S9†).
Over both catalyst formulations, a clear signal attributed to an
O-centred methoxy radical (CH3O

•) trapped by DMPO, forming
a DMPO-OCH3 aminoxyl radical adduct (with giso = 2.006,
aiso(

14N) = 1.559 mT and aiso(
1Hβ) = 2.260 mT), when a metha-

nol solvent was utilised. The presence of such methoxy species
is considered to result from the ability of methanol to act as a
scavenger for oxygen-based radicals generated during H2O2

synthesis or via catalytic degradation of the synthesised
H2O2.

61,62

To confirm the presence of a reactive oxygen progenitor
species further studies were conducted, utilising a H2O-only
solvent (Fig. 7B). For both catalysts, experiments conducted in
the absence of benzyl alcohol (spectra i and ii), the spectra
were dominated by a signal symptomatic of trapped oxygen-
based radicals (giso = 2.006, aiso(

14N) = 1.493 mT, and aiso(
1Hβ)

Fig. 6 HAADF-STEM and corresponding X-EDS analysis of the as-pre-
pared (A) 1%Pd/Al2O3 and (B) 0.5%Au–0.5%Pd/Al2O3 catalysts.
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= 1.493 mT). However, we were unable to distinguish between
trapped hydroxyl (•OH) and hydroperoxyl (•OOH) species due
to the short half-life of the DMPO-OOH adduct (1–4 min),
which rapidly decays to DMPO-OH in the presence of
unreacted DMPO. Unsurprisingly, in the absence of the
gaseous reagents (Fig. 7B spectra iii and iv) the signal associ-
ated with the DMPO-OH adduct decreased significantly, and
the spectra was dominated by a new signal consistent with a
DMPO-trapped C-centred species (PhCH•(OH))63 (characterised
by giso = 2.006, aiso(

14N) = 1.559 mT, and aiso(
1Hβ) = 2.260 mT),

suggesting that PhCH•(OH) is the first intermediate in the oxi-
dation of benzyl alcohol. Control experiments (Figure S6†) in
the absence of the catalyst revealed no signal from either
trapped O- or C-centred radical species, indicating that the
generation of such reactive species is a catalytic process, with

additional experiments further identifying the presence of the
DMPO-OCH3 nitroxide radical.

To support our EPR studies, we subsequently investigated
the effect of radical quenching agents (Na2SO3 and NaNO2 sep-
arately and at a concentration of 0.05 M), on catalytic perform-
ance towards in situ benzyl alcohol oxidation (Table S11†).
A substantial decrease in benzyl alcohol conversion was
observed, further indicating the role of radical species in the
reaction mechanism. Notably, when taken together with our
EPR investigations, these experiments indicate that the
oxygen-centred radicals are the primary species responsible for
the observed catalysis. The non-innocent nature of the metha-
nol solvent is also indicated. However, the role of the solvent-
based radicals is unclear, that is we were unable to determine
if the methanol simply acts as a radical propagating agent or if
there is also involvement in the reaction mechanism, possibly
through the promotion of H-abstraction from the alcohol
moiety, which is considered key in the formation of the
aldehyde.64,65 Furthermore, we recognise the direct role of the
solvent in the synthesis of H2O2 and associated ROS, as out-
lined by Flaherty and co-workers;66 as such, there is clearly a
need to develop a detailed understanding of solvent involve-
ment in the reaction mechanism.

Conclusions and future perspectives

The in situ synthesis and efficient utilisation of H2O2 (and
associated reactive oxygen species), over AuPd nanoalloys has
been demonstrated to offer high efficacy in the selective oxi-
dation of benzyl alcohol to the corresponding aldehyde,
offering improved performance compared to the use of pre-
formed H2O2 or aerobic oxidative pathways. In particular, the
role of the support was found to be crucial in dictating cata-
lytic performance towards benzyl alcohol valorisation, with the
γ-Al2O3 supported formulation outperforming analogous cata-
lysts prepared on a range of other common oxides by a factor
of 10, despite the increased activity of alternative formulations
towards H2O2 direct synthesis. Such observations suggest that
H2O2 itself is not the primary species responsible for the
observed catalysis, with further detailed analysis by electron
paramagnetic spectroscopy indicating the role of both reactive
oxygen species (e.g. •OOH, •OH, and •O2

− generated as inter-
mediates during H2O2 synthesis, via H2O2 decomposition or a
combination of both processes) and methoxy-based (•CH3O)
radicals (resulting from the radical scavenging ability of the
methanol solvent) within the reaction mechanism. Although
the extent to which these methoxy-based species contribute
directly to the observed catalysis is not fully understood, one
can hypothesise that they contribute to the initial proton-
abstraction from the alcohol moiety (PhCH2OH) or may act as
a propagating agent for subsequent ROS formation. However,
with the known ability of the solvent to play a crucial role in
the formation of H2O2 (and associated ROS), as well as in the
inhibition of benzaldehyde overoxidation, there is clear poten-
tial for the solvent to be involved in numerous mechanistic

Fig. 7 Experimental (black) and simulated (red) EPR spectra of DMPO-
radical adducts formed during the in situ oxidation of benzyl alcohol. (A)
Reactions conducted in methanol at 50 °C, with benzyl alcohol
(9.62 mmol), 5% H2/CO2 (420 psi), and 25% O2/CO2 (160 psi) in the pres-
ence of DMPO and the (i) 1%Pd/Al2O3 or (ii) 0.5%Au–0.5%Pd/Al2O3 cata-
lysts. (B) Control reactions conducted in water at 50 °C, in the presence
of DMPO and (i) 1%Pd/Al2O3 or (ii) 0.5%Au–0.5%Pd/Al2O3 under in situ
conditions and the absence of benzyl alcohol, with analogous experi-
ments over the (iii) 1%Pd/Al2O3 and (iv) 0.5%Au–0.5%Pd/Al2O3 catalysts
under in situ conditions and in the presence of benzyl alcohol.
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steps, which must be fully understood if this approach to
chemical synthesis is to be fully developed.

The alloying of Pd with Au was found to considerably
enhance the selective utilisation of H2, overcoming a key
hurdle which has limited the adoption of the in situ approach
for the oxidative valorisation of many chemical feedstocks and
the resulting AuPd/Al2O3 catalyst was found to significantly
outperform previous examples reported in the literature,
achieving yields of benzaldehyde in excess of 60%, with near
total selectivity. However, there is still scope for further
improvements in catalytic design in order to improve H2 utilis-
ation rates and catalyst stability.

Our observation of relatively large concentrations of
residual H2O2 within benzyl alcohol oxidation product streams
and the demonstration that H2O2 itself it not the primary oxi-
dative species in benzyl alcohol valorisation also indicates that
there is scope for further improvement in catalyst design, to
shift selectivity away from H2O2 and towards ROS formation.
However, there is a need to ensure effective utilisation of the
radical flux and minimise competitive termination reactions,
which lead to the unselective utilisation of H2.

There are now a growing number of reports which outline
the potential benefits of the in situ approach to chemical syn-
thesis, particularly for oxime manufacture and the valorisation
of methane. Indeed, such chemistry may find particular appli-
cation in the production of low-value/high-volume commodity
chemicals, such as adipic acid, cyclohexanone, cyclohexanol
and phenol, as well as other benzyl alcohol derivatives, where
the high cost of pre-formed H2O2, relative to that of the
desired product, has prevented progression to industrial pro-
duction, despite promising results at the laboratory scale.
However, it is clear that in many cases, concerns around cata-
lytic selectivity and deactivation, often resulting from the pres-
ence of H2, required to generate the oxidant in situ, must be
addressed.

While the potential of the in situ technology is particularly
exciting, it is important to note that several hurdles must first
be overcome if it is to rival industrially operated processes.
From a safety perspective, it is imperative that explosive mix-
tures of H2/O2 are avoided. Additionally, as with industrial pro-
cesses that currently utilise preformed H2O2 (e.g. cyclohexa-
none ammoximation and propylene oxide manufacture), there
is a need to ensure hot-spots of H2O2 are avoided, both from a
safety aspect and process efficiency standpoint. There is clearly
also a need to further enhance catalyst stability to ensure life-
times required for industrial application are met.
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