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Enhancing the Chemo-Enzymatic One-Pot Oxidation of Cyclohexane
via In Situ H2O2 Production over Supported Pd-Based Catalysts
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ABSTRACT: The combination of an evolved unspecific perox-
ygenase (UPO), from Agrocybe aegerita (PaDa-I variant) and
bimetallic Pd-based catalysts, is demonstrated to be highly effective
for the one-pot oxidative valorization of cyclohexane to cyclo-
hexanol and cyclohexanone (collectively KA oil), via the in situ
formation of H2O2 from the elements. The alloying of Pd with Zn
in particular is found to significantly enhance catalytic performance
compared to bimetallic PdAu or monometallic Pd analogues. The
improved activity of the PdZn/TiO2/PaDa-I system is attributed to the facile formation of PdZn alloys and the resulting electronic
modification of Pd, which results in an inhibition of competitive chemo-catalyzed H2O2 degradation reactions and the total
suppression of the overoxidation of cyclohexanol. By comparison, the large population of Pd-only clusters present in both the PdAu
and monometallic Pd catalysts is considered to be responsible for the promotion of further oxidation products and the unselective
conversion of H2O2 to H2O, which hampers overall process efficiency. Notably, given the susceptibility of the enzyme to deactivation
at moderate H2O2 concentrations, the continual supply of low levels of the oxidant via in situ production represents a highly
attractive alternative to the continuous addition of preformed H2O2 or co-enzyme-based systems.

KEYWORDS: palladium−zinc, hydrogen peroxide, peroxygenase, oxidation, cascade

■ INTRODUCTION

Selective oxidation of cyclohexane to KA oil (cyclohexanol and
cyclohexanone) is a key industrial process in the manufacture
of caprolactam and adipic acid, which are in turn utilized in the
production of Nylon-6 and Nylon-6,6. The conventional route
to KA oil via an aerobic oxidative process typically utilizes
relatively high reaction temperatures (140−180 °C) and
homogeneous transition-metal catalysts,1−3 with rates of
substrate conversion typically limited to ∼5% to inhibit
overoxidation of the desired products. Indeed, even at
moderate rates of conversion, a substantial concentration of
ring-opened byproducts, such as 6-hydroxyhexanoic and
glucaric acids, may be produced.4

The high energy costs associated with the use of elevated
reaction temperatures and the added complexity related to the
separation of homogeneous species from product streams have
led to increasing interest in the use of heterogeneous
alternatives to aerobic cyclohexane oxidation. The replacement
of molecular oxygen with alternative oxidants including tert-
butylhydroperoxide (TBHP)5 and H2O2 (either preformed6,7

or generated in situ8,9) has been shown to allow for the
utilization of significantly reduced reaction temperatures.
However, particularly in the case of the in situ oxidative
approach, rates of conversion are still much lower than those of
the aerobic route, which is itself deliberately limited.

Alternatively, enzymatic approaches are highly attractive for
selective C−H bond activation.10 In particular, unspecific
peroxygenases (UPOs), which are heme-thiolate enzymes of
fungal origin, are able to utilize H2O2 for the functionalization
of C−H bonds with high stereo- and chemoselectivities.11,12

While UPOs do not rely on sacrificial redox co-factors and
auxiliary flavoproteins, which have limited the utilization of
alternative heme-containing enzymes, such as P450 mono-
oxygenases, their application on an industrial scale has been
somewhat limited by their high sensitivity toward H2O2

concentrations.13 A range of approaches have been developed
to supply H2O2 to UPOs, including the use of enzymatic
cascades, such as those based around glucose oxidase (GOx),
formate oxidase (FOx), or choline oxidase (ChOx).14−17

However, the generation of H2O2 via enzymatic cascades has
so far been hampered by poor atom efficiency and the
production of undesirable side products, such as gluconic acid
in the case of the GOx system. While concerns associated with
byproduct formation have been overcome through the
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development of the FOx/UPO route, there is a need to
continually maintain reaction solution pH via acid titration,
which may limit adoption on an industrial scale.18 Alter-
natively, the supply of H2O2 via photocatalytic systems has
been described, with these approaches limited by a
combination of enzyme deactivation through exposure to UV
radiation and reactive oxygen species including •OH and •O2

−,
in addition to the elevated costs related to the upscaling of
photocatalytic transformations.19

Recently, we have reported the coupling of in situ H2O2

generation, over immobilized PdAu nanoparticles, which are
well known to offer high activity toward H2O2,

20 with the
laboratory-evolved UPO from Agrocybe aegerita, referred to as
PaDa-I, to achieve selective C−H bond activation.21 Indeed,
there are many efficiency benefits of an in situ approach,
including the avoidance of side product formation, which
typically results from co-enzyme-based systems or the dilution
of product streams, which can result from the use of preformed
H2O2. However, similarly to the direct synthesis of H2O2, there
is clearly a concern associated with the direct mixing of gaseous
mixtures of H2 and O2 and the use of reagent mixtures outside
of the explosive regime and ideally below the lower
flammability limit would be preferable, particularly for
application at scale.

For the chemo-catalytic/enzymatic cascade approach to rival
the current approach to C−H bond activation, further
advances with respect to the inhibition of chemo-catalyzed
competitive reactions are necessary, in particular given the
need for highly pure product streams and the ability of active
metals to also promote H2O2 degradation pathways, which in
turn limits selective H2 utilization. With this in mind, we now
investigate a range of Pd-based chemo-catalysts, focusing on
nonprecious secondary metals to improve economic viability,
for the selective oxidation of cyclohexane to KA oil, when used
in conjunction with PaDa-I.

■ EXPERIMENTAL SECTION

Mono- and bi-metallic 1%Pd-X/TiO2 catalysts (where Pd/X =
1:1 (wt/wt) and X = Au, Pt, Fe, Ni, Zn, In, Co, and Cu) have
been prepared via an excess chloride co-impregnation
procedure, based on a methodology previously reported in
the literature,22 which has been shown to improve dispersion
of metal species, particularly Au. In all cases, chloride-based
metal precursors have been utilized, with the requisite amount
of metal precursors used for the synthesis of the mono- and bi-
metallic catalysts reported in Table S1. The procedure to
produce 0.5%Pd−0.5%Au/TiO2 (2 g) is outlined below, with a
similar methodology utilized for all catalysts.

Aqueous acidified PdCl2 solution (1.667 mL, 0.58 M HCl,
[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 total volume fixed to 16 mL using
H2O (HPLC grade, Fischer Scientific). Upon reaching 65 °C,
TiO2 (1.98 g, Degussa, P25) was added over the course of 5
min with constant stirring. The resulting slurry was stirred at
65 °C for a further 15 min, 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 a reductive heat
treatment (5% H2/Ar, 400 °C, 4 h, 10 °C min−1).

Surface area measurements of key catalytic materials, as
determined by five-point N2 adsorption are reported in Table

S2. The corresponding analysis by X-ray diffraction is reported
in Figure S1A,B, with no reflections associated with
immobilized metals observed, which may be indicative of the
high dispersion of metal species.
Unspecific Peroxygenase Preparation. Evolved AaeU-

PO (PaDa-I variant) designed in Saccharomyces cerevisiae was
overproduced in Pichia pastoris in a bioreactor and purified to
homogeneity (Reinheitszahl value [Rz] [A418/A280] ∼2.4).
Enzyme activities were determined using ABTS as substrate.
Reactions were done in triplicate. 20 μL PaDa-I was added to
180 μL ABTS reaction mixture (100 mM sodium citrate−

phosphate pH 4.4 with 0.3 mM ABTS and 2 mM H2O2) and
substrate conversion was followed by measuring the absorption
at 418 nm (ε418 = 36 000 M−1 cm−1). The PaDa-I
concentration was appropriately diluted to give rise to linear
enzyme kinetics. One unit is defined as the amount of enzyme
that converts 1 μmol of substrate in 1 min.
Catalyst Testing. Note 1: in all cases, reactions were run

multiple times, over multiple batches of catalyst, with the data
being presented as an average of these experiments. Catalytic
activity was found to be consistent to within ±3% on the basis
of multiple reactions.

Note 2: reaction conditions used within this study operate
outside the flammability limits of gaseous mixtures of H2 and
O2.

23

Note 3: the conditions used within this work for H2O2

synthesis and degradation using high-pressure batch conditions
have previously been investigated, with the presence of CO2 as
a diluent for reactant gases and a methanol co-solvent in the
case of the high-pressure experiments identified as key to
maintaining high catalytic efficacy toward H2O2 production.22

Direct Synthesis of H2O2 from H2 and O2, Under High-
Pressure Batch Conditions. Hydrogen peroxide synthesis
was evaluated using a Parr Instruments stainless steel autoclave
with a nominal volume of 100 mL, equipped with a PTFE liner
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 HPLC-grade solvents (5.6 g of
methanol and 2.9 g of H2O, both 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).
Pressures of 5%H2/CO2 and 25%O2/CO2 are given as gauge
pressures and reactant gasses were not continually supplied.
The reaction was conducted at a temperature of 2 °C, for 0.5 h
with stirring (1200 rpm), with the reactor temperature
controlled using a HAAKE K50 bath/circulator using an
appropriate coolant.

H2O2 productivity and H2O2 concentrations (wt %) were
determined by titrating aliquots of the final solution after
reaction with acidified Ce(SO4)2 (0.0085 M) in the presence
of a ferroin indicator. Catalyst productivities are reported as
molHd2Od2

kgcat
−1 h−1.

Total autoclave capacity was determined via water displace-
ment to allow for accurate determination of H2 conversion and
H2O2 selectivity. When equipped with a PTFE liner, the total
volume of an unfilled autoclave was determined to be 93 mL,
which includes all available gaseous space within the autoclave.

Catalytic conversion of H2 and selectivity toward H2O2 were
determined using a Varian 3800 GC fitted with TCD and
equipped with a Porapak Q column.
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H2 conversion (eq 1) and H2O2 selectivity (eq 2) are
defined as follows

H conversion (%)
mmol mmol

mmol
100

t t

t

2

H ( (0)) H ( (1))

H ( (0))

2 2

2

= ×

(1)

H O selectivity (%)
H O detected (mmol)

H consumed (mmol)
1002 2

2 2

2

= ×

(2)

Degradation of H2O2, Under High-Pressure Batch
Conditions. Catalytic activity toward H2O2 degradation (via
hydrogenation and decomposition pathways) was determined
in a similar manner to that used to measure the direct synthesis
activity of a catalyst. The autoclave liner was charged with
methanol (5.6 g, HPLC standard, Fischer Scientific), H2O2 (50
wt %, 0.69 g, Merck), H2O (2.21 g, HPLC standard, Fischer
Scientific), and catalyst (0.01 g), with the solvent composition
equivalent to a 4 wt % H2O2 solution. From the solution, prior
to the addition of the catalyst, 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. The autoclave was purged
three times with 5%H2/CO2 (100 psi) before filling with 5%
H2/CO2 to a gauge pressure of 420 psi. The reaction was
conducted at a temperature of 2 °C, for 0.5 h with stirring
(1200 rpm). After the reaction was complete, the catalyst was
removed from the reaction mixture by filtration 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 molH d2O d2

kgcat
−1 h−1.

Direct Synthesis of H2O2 from H2 and O2, Under Low-
Pressure Batch Conditions. Reactions were carried out in
50 mL gas-tight round-bottom flasks rated to 60 psi and stirred
using a Radleys 6 Plus Carousel equipped with a gas
distribution system. The catalyst (0.001 g) was weighed
directly into the glass flasks. To this was added potassium
phosphate buffer (10 mL, 100 mM, pH 6.0) prepared with
KH2PO4 and K2HPO4 (both obtained from Merck).
Subsequently, the flask was sealed, purged, and pressurized
to 29 psi with H2 (23 psi) and air (6 psi) to give a reaction
atmosphere containing 80% H2 and 20% air. The reaction
mixtures were stirred (250 rpm) at ambient temperature (20
°C) for 2 h, unless otherwise stated. After the desired reaction
time, the vessel was depressurized and the H2O2 concentration
was determined by UV−vis spectroscopy. To determine H2O2

concentration an aliquot (1.5 mL) of the post-reaction solution
was combined with potassium titanium oxalate dihydrate
solution acidified with 30% H2SO4 (0.02 M, 1.5 mL) resulting
in the formation of an orange pertitanic acid complex. This
resulting solution was analyzed spectrophotometrically using
an Agilent Cary 60 UV−vis spectrophotometer at 400 nm by
comparison to a calibration curve by taking aliquots of H2O2 in
the buffer solution (1.5 mL) and adding acidified potassium
titanium oxalate dihydrate solution (1.5 mL).
Degradation of H2O2, Under Low-Pressure Batch

Conditions. Catalytic activity toward H2O2 degradation (via
hydrogenation and decomposition pathways) was determined
in a similar manner to that used to measure the direct synthesis
activity of a catalyst, under low-pressure conditions. The
potassium phosphate buffer (10 mL, 100 mM, pH 6.0)
prepared with KH2PO4 and K2HPO4 (both obtained from

Merck) and H2O2 (2000 ppm, Merck) were added into the 50
mL gas-tight round-bottom flask. From the solution, prior to
the addition of the catalyst, two 0.05 g aliquots were removed
to allow for the quantification of the initial H2O2 concentration
via UV−vis spectroscopy. Subsequently, the catalyst (0.001 g)
was added to the flask, which was then sealed, purged, and
pressurized to 29 psi with H2 (23 psi) and N2 (6 psi) to give a
reaction atmosphere containing 80% H2 and 20% N2. The
reaction mixtures were stirred (250 rpm) at ambient
temperature (20 °C) for 2 h. After the desired reaction time,
the vessel was depressurized, the catalyst was removed via
filtration, and the remaining H2O2 was quantified by UV−vis
spectroscopy.
Metal Leaching Studies. To provide an indication of the

extent of metal leaching during the in situ cyclohexane
oxidation reaction, indicative model studies were conducted in
the absence of the enzyme and substrate (i.e., under low-
pressure H2O2 direct synthesis conditions) utilizing 0.01 g of
the heterogeneous catalyst (i.e., 10 times that utilized for the
cyclohexane oxidation reaction), with all other conditions as
outlined as above.
Catalytic Testing of the Tandem Chemo-Bio System

for Cyclohexane Oxidation. The role of the chemo-
catalyst/enzyme ratio has previously been identified to be
crucial in optimizing the overall efficiency of a number of
processes.24,25 Given the susceptibility of the enzyme to
deactivate in the presence of even mild concentrations of H2O2

and the role of the chemo-catalyst in promoting competitive
H2O2 degradation pathways, it is clear that optimizing this
parameter is crucial for achieving maximum process efficiency.
As such, and with a focus on key catalyst formulations, a series
of cyclohexane oxidation experiments were conducted using a
fixed mass of chemo-catalyst (0.001 g) and varied concen-
tration of enzyme (15−45 U mLRM

−1) (Figure S2 and
associated supplementary note), with an optimal PaDa-I
concentration of 15 U mLRM

−1 identified.
Reactions were carried out in a 50 mL gas-tight round-

bottom flask rated to 60 psi and stirred using a Radleys 6 Plus
Carousel equipped with a gas distribution system. Typically,
the reaction mixtures contained 15 U mLRM

−1 PaDa-I (23 μL),
0.1 mg mLRM

−1 of the metal catalyst (0.001 g) in potassium
phosphate buffer (10 mL, 100 mM, pH 6) and cyclohexane
(10 mM). The catalysts were weighed directly into the glass
vessels followed by the additon of the buffer solution.
Immediately before starting the reactions, the enzyme and
substrate were added. The sealed reaction vessels were
pressurized to 29 psi with H2 (23 psi) and air (6 psi) to
give a reaction atmosphere containing 80% H2 and 20% air.
The reactions were stirred with a magnetic stirrer bar at 250
rpm at ambient temperature (20 °C) for 2 h unless otherwise
stated. After the desired reaction time, product formation was
monitored by extracting with 2 × 5 mL ethyl acetate
containing 1-decanol (2 mM) as the internal standard and
subjecting aliquots of the organic layer to GC analysis (Agilent
model 7658 equipped with a CP Wax 52 CB column).
Additionally, residual H2O2 concentration was determined by
UV−vis spectroscopic analysis of the aqueous layer, as outlined
above.

Cyclohexane conversion (eq 3) and product (cyclohexanol
or cyclohexanone) selectivity (eq 4) were determined as
follows
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cyclohexane conversion (%)

mmol mmol

mmol
100

t t

t

cyclo ( (0)) cyclo ( (1))

cyclo ( (0))

= ×

(3)

product selectivity (%)

mmol

mmol mmol
100

t

t t

product ( (1))

cyclo ( (0)) cyclo ( (1))

= ×

(4)

Further in situ oxidation studies were carried out to
determine the efficacy of using, preformed H2O2 at levels
identical to those achieved if all of the H2 in the system was
converted to H2O2 and also identical to net H2O2

concentrations achieved over a 2 h direct synthesis study (50
ppm), under identical conditions. Notably, for these low
concentration studies, we have investigated both commercially
supplied H2O2 (Merck) (i.e., in the presence of stabilizers) and
that generated in our autoclave system (i.e., in the absence of
stabilizers and utilizing the aqueous buffered solution used for
the enzymatic reactions). Additional studies were conducted
under individual gaseous reagents (H2 and O2 as air). In the
case of those experiments conducted using commercial
H2O2total reaction pressure was fixed to 29 psi using N2.
For experiments using either H2 or air alone, total pressure was
also maintained at 29 psi using N2 in addition to the reagent
gas.

Additional cyclohexanol oxidation studies were conducted in
the presence of the PaDa-I enzyme, and homogeneous metals
at a concentration comparable to that leached from the
heterogeneous catalyst during a standard tandem reaction (i.e.,
using 0.001 g of catalyst), as informed by our model leaching
studies. Such studies were conducted under an inert
atmosphere (N2, 29 psi) in the presence of preformed H2O2

(50 ppm, Merck) for 2 h, with all other conditions as outlined
above.

Note 4: operating the in situ cyclohexane and cyclohexanol
oxidation reactions using a reaction solution pH of 6 was
considered to represent a compromise between H2O2 and
enzyme stability.26

Evaluating Efficacy toward the Oxidation of Cyclo-
hexanol. The separate efficacy of the PaDa-I enzyme or the
heterogeneous catalysts toward the oxidation of cyclohexanol
was determined in a similar manner to that used to determine
the activity of the chemo-enzymatic system toward cyclo-
hexane oxidation, as outlined above.

The reaction mixtures contained 15 U mLRM
−1 PaDa-I (23

μL) or 0.1 mg mLRM
−1 of the metal catalyst (0.001 g) in

potassium phosphate buffer (10 mL, 100 mM, pH 6) and
cyclohexanol (10 mM). When using the heterogeneous
catalyst, the materials were weighed out directly into the
glass vessels followed by the buffer solution and substrate. The
sealed reaction vessels were pressurized to 29 psi with H2 (23
psi) and air (6 psi) to give a reaction atmosphere containing
80% H2 and 20% air. The reactions were stirred (250 rpm) at
ambient temperature (20 °C) for 2 h. After the desired
reaction time, product formation was monitored by extracting
with 2 × 5 mL ethyl acetate containing 1-decanol (2 mM) as
the internal standard and subjecting aliquots of the organic
layer to GC analysis (Agilent model 7658 equipped with a CP
Wax 52 CB column).

A similar procedure to that outlined above was utilized when
investigating the efficacy of the enzyme alone. However, in

addition to the phosphate buffer and substrate, preformed
H2O2 (Merck) was also added, at a concentration comparable
to that generated by the heterogeneous catalysts over a 2 h in
situ reaction (50 ppm). The sealed reaction vessels were
pressurized to 29 psi with N2 prior to stirring with a magnetic
stirrer bar at 250 rpm at ambient temperature (20 °C) for 2 h.
After the desired reaction time, product formation was
monitored by extracting with 2 × 5 mL ethyl acetate
containing 1-decanol (2 mM) as the internal standard and
subjecting aliquots of the organic layer to GC analysis (Agilent
model 7658 equipped with a CP Wax 52 CB column).
Catalyst Characterization. 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, operating at 40 keV and 40 mA.
Standard analysis was carried out using a 40 min run with a
back-filled sample, between 2θ values of 10−80°. Phase
identification was carried out using the International Centre
for Diffraction Data (ICDD).

Brunauer−Emmett−Teller (BET) surface area measure-
ments 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.

A Thermo Scientific K-Alpha+ photoelectron spectrometer
was used to collect XP spectra utilizing a micro-focused
monochromatic Al Kα X-ray source operating at 72 W. Data
were collected over an elliptical area of ∼400 μm2 at pass
energies of 40 and 150 eV for high-resolution and survey
spectra, respectively. Sample charging effects were minimized
through a combination of low-energy electrons and Ar+ ions;
consequently, this resulted in a C (1s) line at 284.8 eV for all
samples. All data were processed using CasaXPS v2.3.24 using
a Shirley background, Scofield sensitivity factors,27 and an
electron energy dependence of −0.6 as recommended by the
manufacturer.

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 measure-
ments were recorded every 1 min at room temperature. Once
the CO adsorption 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 micros-
copy (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 a
secondary electron detector and dual Oxford Instruments
XEDS detectors (2 × 100 mm2) having a total collection angle
of 2.02 sr.

Metal leaching was quantified using an Agilent 7900 ICP-
MS equipped with an I-AS auto-sampler using a five-point
calibration using certified reference materials from PerkinElm-
er and certified internal standard from Agilent. All calibrants
were matrix-matched.
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■ RESULTS AND DISCUSSION

Our initial investigations established the efficacy of a range of
Pd-based catalysts, synthesized via an excess chloride co-
impregnation methodology,28 toward the direct synthesis and
subsequent degradation of H2O2 (Figure 1, with catalytic

selectivity toward H2O2 and H2 conversion rates reported in
Table S3). These experiments were carried out under high-
pressure batch reaction conditions, which have previously been
optimized for H2O2 stability, namely, through the presence of
an alcohol co-solvent and gaseous diluent (CO2), which both
contribute to the inhibition of H2O2 degradation pathways.22

While these conditions are clearly not suitable for the chemo-
enzymatic approach to cyclohexane oxidation, they are
considered to allow for variation in catalytic performance
toward H2O2 production to be better discerned.

In keeping with previous reports,29−31 the alloying of Au
with Pd was found to enhance catalytic efficiency, with
selectivity toward H2O2 (54%) and rates of H2O2 degradation
(180 molH d2Od2

kgcat
−1 h−1), significantly improved compared to

the analogous 1%Pd/TiO2 catalyst (38% and 413 molH d2O d2

kgcat
−1 h−1, respectively). However, this improvement in

catalyst selectivity did not result in a concurrent increase in
H2O2 synthesis rates, with the 0.5%Pd−0.5%Au/TiO2 (85
molHd2Od2

kgcat
−1 h−1) and 1%Pd/TiO2 (88 molH d2Od2

kgcat
−1 h−1)

catalysts offering comparable activities. While this may not
have been expected given the large number of studies into
PdAu systems, which have typically reported a significant
improvement in H2O2 synthesis upon formation of the alloy,32

this observation aligns well with our previous studies into
identically prepared catalysts and is attributed to the
application of a reductive heat treatment during catalyst
preparation, and the resulting formation of nanoparticles
consisting of a random alloy composition.33 Indeed, in many
earlier studies, the use of an oxidative heat treatment, and the
resulting formation of Au-core, Pd(oxide)-shell nanoparticle
morphologies has been shown to be key in achieving enhanced
selectivity toward H2O2.

34,35 It is noteworthy that while the

activity of the 0.5%Pd−0.5%Au/TiO2 catalyst toward H2O2

synthesis did not exceed that of the 1%Pd/TiO2 catalyst, there
was a considerable improvement compared to the 0.5%Pd/
TiO2 analogue (68 molH d2Od2

kgcat
−1 h−1), which consists of an

identical Pd loading. When considering the known limited
activity of the Au component toward H2O2 production, it is,
therefore, reasonable to conclude that there is indeed a
synergistic enhancement from alloying the two metals.

The high catalytic performance of PdAu alloys toward H2O2

production has been extensively reported.36,37 However, recent
focus has shifted toward the introduction of a range of readily
abundant metals into supported Pd nanoparticles,38,39 this
includes but is not limited to: Pb,40 Co,41 Cu,42 Sn,43 Ag,44

Zn,45 Ni,46,47 In,48 Fe49 and Te.50 Typically, the improved
selectivity of the resulting bimetallic catalysts has been
attributed to a combination of Pd oxidation state modification
and a reduction of contiguous Pd ensembles, with extended
domains of Pd0 known to promote H2O2 degradation to
H2O.30,36 In keeping with earlier studies, we also observe the
enhanced catalytic efficacy that can be achieved through the
alloying of Pd with a range of transition metals (Au, Fe, Co, Ni,
Cu, Pt, Zn, In) (Figure 1), with a clear reduction in H2O2

degradation rate and a concurrent improvement in H2O2

selectivity also observed (Table S3). However, unlike with
the PdAu formulation, the majority of these bimetallic catalysts
were unable to achieve H2O2 synthesis rates greater than the
0.5%Pd/TiO2 analogue, although the H2O2 synthesis activity
of the 0.5%Pd−0.5%Co/TiO2 catalyst (76 molHd2Od2

kgcat
−1 h−1)

is notable. Indeed, the incorporation of a number of secondary
metals significantly reduced the H2O2 synthesis rate with the
introduction of Cu in particular found to have a substantial
deleterious effect on catalytic activity toward both the direct
synthesis and subsequent degradation of H2O2. This is in
keeping with previous experimental studies into precious-metal
catalysts, which contain large quantities of Cu for the direct
synthesis of H2O2

51 and theoretical investigations,52 which
have determined that the formation of the intermediate species
is thermodynamically unfavorable over Cu-containing pre-
cious-metal surfaces. Although notably, we have recently
reported the beneficial effect on catalytic performance toward
H2O2 production achieved upon the introduction of low
concentrations of Cu into PdAu nanoalloys.42

We next evaluated the catalytic activity of the supported 1%
PdX/TiO2 catalysts toward H2O2 production, under reaction
conditions suitable for C−H bond activation when utilizing the
chemo-enzymatic cascade system,21 namely, at ambient
temperature, low pressure (29 psi), and using a phosphate-
buffered reaction medium (pH 6), with catalytic performance
over a 2 h reaction time reported in Figure 2 (a comparison of
catalytic activity toward H2O2 degradation, under identical
reaction conditions, is reported in Figure S3, and associated
supplementary note).

Unlike with our studies using a high-pressure batch system
(Figure 1), differences in catalyst performance were found to
be much reduced, with all catalysts synthesizing fairly
comparable concentrations of H2O2, with the clear exception
of the PdCu and PdPt catalysts. While the limited performance
of the former material has been discussed, the seemingly low
activity of the latter is noteworthy, particularly given the
numerous studies into the application of PdPt catalysts for
H2O2 synthesis and the relatively high rates of H2O2 synthesis
observed under conditions optimized for H2O2 stability

Figure 1. Catalytic activity of supported bimetallic catalysts toward
the direct synthesis and degradation of H2O2, under high-pressure
batch conditions. H2O2 direct synthesis reaction conditions: catalyst
(0.01 g), H2O (2.9 g), MeOH (5.6 g), 5% H2/CO2 (420 psi), 25%
O2/CO2 (160 psi), 0.5 h, 2 °C, 1200 rpm. H2O2 degradation reaction
conditions: catalyst (0.01 g), H2O2 (50 wt % 0.68 g) H2O (2.22 g),
MeOH (5.6 g), 5% H2/CO2 (420 psi), 0.5 h, 2 °C, 1200 rpm.
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(Figure 1).53,54 However, given the high partial pressures of H2

used in this system, it is possible to attribute the limited H2O2

synthesis activity of the PdPt catalyst to the increased rates of
H2O2 degradation, particularly through hydrogenation path-
ways.55 Notably, under these reaction conditions, the 1%Pd/
TiO2 catalyst was found to synthesize somewhat less H2O2 (42
ppm) than many of the bimetallic catalysts and the 0.5%Pd/
TiO2 analogue (51 ppm), with this attributed in-part to the
lower selectivity of this catalyst toward H2O2, as evidenced
under conditions both optimized for H2O2 formation (Figure 1
and Table S3) and those utilized for the chemo-catalytic/
enzymatic transformations (Figure S3).

With a focus on the 0.5%Pd−0.5%Au/TiO2/PaDa-I system,
we next established the significant improvement in cyclohexane
oxidation activity achieved in the presence of H2 and O2, in
comparison to that when either gaseous reagent (H2 and O2

(as air)) was used separately (Table S4). Indeed, the
concentration of KA oil generated through in situ production
of H2O2 was also found to be significantly greater than that
observed when using preformed H2O2 both at elevated
concentrations, identical to that if all of the H2 in the system
was converted to H2O2, or at concentrations comparable to
that detected after a standard 2 h H2O2 direct synthesis
experiment (50 ppm) (Table S4). It is noteworthy that in the
case of this latter investigation, both commercially available
H2O2 (i.e., in the presence of propriety stabilizers), and that
generated in our high-pressure autoclave system, using an
identical aqueous media to that used for the low-pressure
studies and in the absence of stabilizers, was utilized.
Interestingly, significantly higher rates of cyclohexane con-
version were achieved via the in situ production of H2O2

(22.4%) compared to that obtained when using the preformed
oxidant (∼3.5%) at comparable concentrations, and this can be
understood to be related in part to the complete addition of
the oxidant at the start of the reaction and the susceptibility of
the PaDa-I enzyme to high concentrations of H2O2.

14

Additionally, while the possible detrimental effects of the
stabilizing agents present in commercial H2O2 on enzyme

stability and the added complexity of product streams that
would result from the use of the preformed oxidant should also
be considered, particularly for application at scale, our studies
do not suggest the presence of stabilizing agents has a
detrimental effect, at least over the time scale studied.

Subsequently, we investigated the efficacy of the chemo-
catalytic series, when used in conjunction with PaDa-I, for the
selective oxidation of cyclohexane to the corresponding alcohol
and ketone (KA oil) via in situ H2O2 production (Figure 3,

with a comparison of reaction rates reported in Table S5).
Perhaps expectedly given the observed synergy often reported
through the alloying of Pd with Au56 and the higher rates of
H2O2 production observed over the bimetallic catalyst under
identical reaction conditions (Figure 2), the 0.5%Pd−0.5%Au/
TiO2 catalyst was observed to offer higher activity toward
cyclohexane oxidation (22.4% cyclohexane conversion) than
the 1%Pd/TiO2 analogue (15.5% cyclohexane conversion).
Notably, the incorporation of Co (19.5% cyclohexane
conversion), Pt (32.4% cyclohexane conversion), Zn (30.8%
cyclohexane conversion), and In (25.7% cyclohexane con-
version) was also found to improve cyclohexane conversion
considerably compared to that observed over the monometallic
Pd catalyst. Indeed, the latter three catalysts also outperformed
the PdAu analogue, although a minor loss in selectivity toward
cyclohexanol was observed over the 0.5%Pd−0.5%Pt/TiO2

catalyst (86.7% cyclohexanol selectivity).
While the observed catalytic trends toward H2O2 production

(Figure 2) may have led to the assumption that many of the
chemo-catalysts studied would offer comparable activity
toward cyclohexane oxidation, it is important to consider
that in the presence of the PaDa-I enzyme any H2O2 generated
by the heterogeneous catalyst will be readily utilized in the
oxidation of cyclohexane, although the role of competitive
chemo-catalytic-driven reactions, which result in the formation
of H2O, should also be considered. As such a comparison of
initial reaction rates of H2O2 synthesis, where the contribution

Figure 2. Catalytic activity of supported bimetallic catalysts toward
the direct synthesis of H2O2, under low-pressure batch conditions.
H2O2 direct synthesis reaction conditions: catalyst (0.001 g),
phosphate buffer (100 mM, 10 mL, pH 6.0), using a gas mixture of
80% H2/air H2 (23 psi) and air (6 psi), 2 h, 20 °C, 250 rpm.

Figure 3. Catalytic activity of supported Pd-based catalysts toward the
selective oxidation of cyclohexane in conjunction with PaDa-I. Key:
cyclohexanol (red), cyclohexanone (blue). Cyclohexane oxidation
reaction conditions: catalyst (0.001 g), cyclohexane (10 mM), PaDa-I
(15 U mLRM

−1), phosphate buffer (100 mM, 10 mL, pH 6.0), using a
gas mixture of 80% H2/air H2 (23 psi) and air (6 psi), 2 h, 20 °C, 250
rpm.
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of H2O2 degradation pathways can be assumed to be
negligible, may be considered a more accurate indication of
the chemo-catalytic/enzymatic cascade system toward cyclo-
hexane oxidation. Initial rates of H2O2 synthesis, in the absence
of PaDa-I, are reported in Table 1, with catalytic performance
toward H2O2 as a function of reaction time reported in Figure
S4A,B.

While initial reaction rates toward H2O2 production can be
seen to partially correlate with performance toward cyclo-
hexane oxidation and certainly would identify the PdAu, PdZn,
and PdIn formulations as choice candidates for use in the
cascade reaction, the use of this metric alone to predict high
efficacy toward the formation of KA oil is not entirely suitable,
at least over the time frame studied. Indeed, based on initial
H2O2 synthesis rates alone one would not expect the high
cyclohexane conversion rates observed when utilizing the PdPt
catalyst in conjunction with PaDa-I. These observed
discrepancies are likely a result of variation in catalytic
performance toward competitive H2O2 degradation reactions
and in turn selectivity toward H2O2 over the course of the
reaction. However, these investigations do possibly identify the
need to balance the rate of H2O2 synthesis (over the chemo-
catalyst) and its subsequent utilization (by the enzyme) to
achieve optimal C−H bond activation.

With an aim to investigate the efficacy of the chemo-catalyst
formulations, in conjunction with the PaDa-I enzyme, for the
in situ cyclohexane oxidation, and with a concern around the
role of leached metal species on the long-term performance
and stability of the enzymatic component subsequent model
studies determined the extent of leaching during the
cyclohexane oxidation reaction (Table S6). Such studies
were conducted at catalyst loadings (0.01 g) 10 times greater
than that utilized for our low-pressure H2O2 direct synthesis
studies, to allow for accurate determination of the extent of
metal leaching. Notably, for all chemo-catalysts studied, the
extent of Pd leaching is particularly low (<20 ppb in all cases).
However, that of the secondary metals is typically greater than
that observed for Pd and this is particularly so in the case of the
PdCo and PdNi formulations.

With the potential loss of metal species via leaching
processes identified under model reaction conditions (Table
S6) and extrapolating to levels of homogeneous metal likely to

be present under reaction conditions utilized for cyclohexane
oxidation, we next set out to investigate the role of these
species (as metal chlorides) on the efficiency of cyclohexane
upgrading, when using preformed H2O2 (50 ppm) (Figure S5).
For many of the metal species studied, the effect on overall
performance was found to be negligible, with rates of
cyclohexane conversion reached which were comparable to
that observed when using PaDa-I alone. However, over a
subset of the metals studied (Pd, Au, Pt, and In), cyclohexane
conversion was somewhat reduced. While such observations
may indicate the deleterious effect of homogeneous metals on
the activity/stability of the enzyme, it is considered that this
loss of performance results from the contribution of
competitive H2O2 degradation, in particular given the reported
activity of colloidal metals to promote such pathways.57

The selectivity of supported Pd-based catalysts toward H2O2

is known to depend on Pd oxidation state, with Pd0 species
typically more active toward undesirable competitive reaction
pathways that lead to H2O2 degradation compared to Pd2+

analogous.58−60 Although numerous studies have recently
highlighted the enhanced efficacy of domains of mixed
oxidation state (Pd0

−Pd2+), compared to Pd0- or Pd2+-rich
species.61 Analysis of the Pd-based catalysts by XPS (Figure 4)
indicates that Pd is present predominantly as Pd0 in the case of
the 1%Pd/TiO2 catalyst. However, upon the introduction of all
secondary metals, a significant shift, toward Pd2+ was observed,
this is despite the application of a reductive heat treatment (5%
H2/Ar, 400 °C, 4 h) and clearly highlights the modification in
Pd speciation that can be achieved through the formation of
bimetallic alloys. It is therefore possible, at least in part, to
correlate the enhanced activity of many of the bimetallic
formulations with the formation of species consisting of mixed
Pd oxidation states and an inhibition of competitive H2O2

degradation pathways (Figure 1), although it should be noted
that the Pd speciation of the as-prepared materials is likely to
not be fully representative of those present under reaction
conditions.

With synergistic effects well known to result from the
formation of PdAu alloys and the clear enhancement in
performance as a result of the introduction of Zn into
supported Pd nanoparticles, we were subsequently motivated
to gain further insight into the underlying cause for the
differences observed in catalytic reactivity and selectivity.

Extended reaction time studies comparing the efficacy of key
catalysts toward cyclohexane oxidation can be seen in Figure 5.
Given the total selectivity of the PdIn and PdCo formulations
in addition to the relatively high rates of cyclohexane
conversion, these formulations were also evaluated, with
time-on-line data presented in Figure S6. As with standard
reaction time (2 h) studies, the improved activity of the 0.5%
Pd−0.5%Zn/TiO2 catalyst is again clear, with rates of
cyclohexane conversion (55.7%) far greater than that of either
0.5%Pd−0.5%Au/TiO2 (42.0%) or 1%Pd/TiO2 (30.5%)
catalysts, over extended reaction times (8 h). It is noteworthy
that while the formation of cyclohexanone was observed at
extended reaction times over both the PdAu and PdZn
catalysts, cyclohexanol selectivity was retained to a greater
extent over the latter (93.7%) compared to the former
(88.9%), despite the far higher rate of cyclohexane conversion
observed over the PdZn formulation.

The high selectivity of the PdZn catalyst was further
evidenced through a comparison of the catalytic series at iso-
conversion (Figure 6). All three catalysts were observed to

Table 1. Comparison of H2O2 Direct Synthesis Reaction
Rate over Supported PdX/TiO2 Catalysts

a

rate of H2O2 synthesis
(mmolH d2O d2

/mmolmetal/h)

catalyst 5 min 120 min

0.5%Pd/TiO2 3.05 × 102 1.61 × 102

1%Pd/TiO2 1.91 × 102 5.54 × 101

0.5%Pd−0.5%Au/TiO2 4.46 × 102 9.25 × 101

0.5%Pd−0.5%Fe/TiO2 2.63 × 101 3.05 × 101

0.5%Pd−0.5%Co/TiO2 2.99 × 102 5.64 × 101

0.5%Pd−0.5%Ni/TiO2 1.90 × 102 4.95 × 101

0.5%Pd−0.5%Cu/TiO2 1.14 × 102 9.47 × 100

0.5%Pd−0.5%Pt/TiO2 2.47 × 102 6.15 × 100

0.5%Pd−0.5%Zn/TiO2 3.48 × 102 5.3 × 100

0.5%Pd−0.5%In/TiO2 3.56 × 102 8.38 × 101

aH2O2 direct synthesis reaction conditions: catalyst (0.001 g),
phosphate buffer (100 mM, 10 mL, pH 6.0), using a gas mixture of
80% H2/air (23 psi H2, 6 psi air), 20 °C, 250 rpm.
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offer total selectivity toward cyclohexanol at relatively low rates
of cyclohexane conversion (≤ 30%). However, in keeping with
our time-on-line study (Figure 5), the 0.5%Pd−0.5%Zn/TiO2

catalyst was found to retain its total selectivity toward
cyclohexanol at much higher rates of cyclohexane conversion
(100% selectivity to cyclohexanol at 40% conversion), whereas
some cyclohexanone was detected in the presence of the 0.5%
Pd−0.5%Au/TiO2 catalyst, at identical rates of substrate
conversion (90% selectivity to cyclohexanol at 40% con-
version). It should be noted that in the case of the 0.5%Pd−

0.5%Zn/TiO2 catalyst, this measure of catalytic performance
was observed to decrease somewhat at even higher rates of
conversion (94% selectivity to cyclohexanol at 55% con-
version), although this metric was still higher than that
observed over the PdAu analogue (90% selectivity to
cyclohexanol at 55% conversion). Notably, the Pd-only catalyst
was unable to attain such high rates of cyclohexane conversion
to allow for comparison.

We subsequently set out to establish the contribution of this
subset of catalysts toward the oxidation of cyclohexanol to the
corresponding ketone (Figure S7), over a standard 2 h reaction
time. Both an enzymatic and chemo-catalytic route to
cyclohexanone formation were observed, although is clear
that the former is the dominant pathway. Interestingly, it was
found that the 0.5%Pd−0.5%Zn/TiO2 catalyst alone was

unable to catalyze the overoxidation of cyclohexanol over the
timeframe investigated, whereas both the 1%Pd/TiO2 and
0.5%Pd−0.5%Au/TiO2 catalysts were indeed able to promote
the formation of cyclohexanone. Although notably, the extent
of overoxidation is far less than that observed over the PaDa-I
enzyme, when supplied with a comparable concentration of
preformed H2O2 to that synthesized by the heterogeneous
catalysts (50 ppm). These observations are in keeping with our
earlier findings, where the PdZn catalyst demonstrated
improved selectivity to cyclohexanol compared to either the
PdAu or Pd-only analogues (Figures 5 and 6).

Further investigation of the Pd-based catalysts via STEM-
HAADF imaging revealed a considerable variation in mean
nanoparticle size with catalyst composition. In keeping with
previous studies,53 the monometallic Pd catalyst was found to
consist of small clusters in the sub-nano range with an absence
of any larger (>3 nm) particles (Figure 7A,B). The alloying of
Pd with Au resulted in the bifurcation of particle size, with a
proportion of larger (5−20 nm) nanoparticles observed in
addition to smaller clusters (Figure 7C). Subsequent STEM-
XEDS mapping of individual nanoparticles, as presented in
Figure 7D (additional analysis reported in Figures S8 and S9),
confirmed that the larger particles consisted of random alloys
of Pd and Au, while the smaller clusters were found to consist

Figure 4. Surface atomic compositions of as-prepared Pd-based catalysts, prepared via an excess chloride co-impregnation procedure, as a function
of secondary metal modifier, as determined by XPS using Pd (3d) regions. Key: Au0 (pink), Pd0 (green), Pd2+ i.e., PdO (blue), PdClx (orange), Pt
(yellow).
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of Pd only, which is again in keeping with our previous
investigations into comparable materials.9

In a similar manner to the PdAu catalyst, the 0.5%Pd−0.5%
Zn/TiO2 analogue was also found to display a relatively wide
particle size range, consisting of small clusters, nanoparticles
(1−5 nm), and some larger agglomerates (Figure 8A,B).
Although it should be noted that the agglomerates were few in
number and well distributed over the support. XEDS elemental
mapping revealed that the nanoparticles were alloys of Pd and
Zn (Figure 8D). Additional evaluation of the clusters revealed
a strong bimetallic interaction (Figure S10), contrary to that
observed in the PdAu material. While it should be noted that
such observations are not wholly definitive of the formation of
bimetallic PdZn alloys, they are in keeping with investigations
by Kozlov et al., and others who have shown that, unlike for
PdAu materials, PdZn species readily alloy, with no significant
dependency between particle size and elemental composi-
tion.62,63

With analysis by XPS revealing that the alloying of Pd with
secondary metals results in a modification in Pd speciation
(Figure 4), we subsequently probed the subset of key catalysts
via CO-DRIFTS (Figure 9). Perhaps as expected, the DRIFTS
spectra of the monometallic Pd and bimetallic PdAu and PdZn
catalysts were dominated by Pd−CO bands. With a focus on
the 1%Pd/TiO2 catalyst, it is possible to attribute the peak
observed at 2086 cm−1 to CO bonded to low-coordination Pd
sites (i.e., corner and edge sites), while the peaks centered at
1944 and 1870 cm−1 represent the multifold adsorption of CO
on extended Pd domains. The alloying of Pd with Au was
found to result in a definite blueshift in the bands related to
bridging CO species. Such a shift is in keeping with
observations made by Wilson et al.64 and can be attributed
to the formation of PdAu alloys (as observed by our STEM-
XEDS analysis) and in particular the segregation of Pd within
the alloy structure corresponding to the occupation of lower

Figure 5. Comparison of the catalytic activity of (A) 1%Pd/TiO2, (B)
0.5%Pd−0.5%Au/TiO2, and (C) 0.5%Pd−0.5%Zn/TiO2 when used
in conjunction with PaDa-I toward the selective oxidation of
cyclohexane, as a function of reaction time. Key: cyclohexanol
(red), cyclohexanone (blue). Cyclohexane oxidation reaction
conditions: catalyst (0.001 g), cyclohexane, PaDa-I (15 U mLRM

−1),
phosphate buffer (100 mM, 10 mL, pH 6.0), using a gas mixture of
80% H2/air H2 (23 psi) and air (6 psi), 20 °C, 250 rpm.

Figure 6. Comparison of catalytic selectivity of supported Pd-based
catalysts when used in conjunction with PaDa-I, toward the selective
oxidation of cyclohexane at iso-conversion. Key: 1%Pd/TiO2 (red),
0.5%Pd−0.5%Au/TiO2 (blue), 0.5%Pd−0.5%Zn/TiO2 (green).
Cyclohexane oxidation reaction conditions: catalyst (0.001 g),
cyclohexane (10 mM), PaDa-I (15 U mLRM

−1), phosphate buffer
(100 mM, 10 mL, pH 6.0), 80% H2/air (H2 (23 psi) and air (6 psi)),
20 °C, 250 rpm. Note: the 1%Pd/TiO2/PaDa-I system was unable to
exceed 30% conversion.
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coordination sites. Upon the alloying of Pd with Zn, a similar
blueshift was observed to that detected upon the introduction
of Au, from 1870 cm−1 in the case of the 1%Pd/TiO2 catalyst
to 1880 cm−1 for the PdZn analogue. As previously reported by
both Wang et al.45 and Bahruji et al.65 a near-total loss in the
intensity of the band centered at 1944 cm−1 was detected upon
formation of the PdZn alloy, with such observations character-
istic of a substantial modification of Pd surface structures.
Perhaps of more interest is the apparent blueshift observed in
the band associated with CO bonded to low-coordination Pd
sites upon Zn introduction. Such a shift can be considered to
indicate the presence of a strong Pd−Zn interaction in the
smaller metal clusters, in addition to the larger Pd domains,
and is supportive of our prior STEM-XEDS analysis (Figure
S10).

As such, we consider that the enhanced performance of the
0.5%Pd−0.5%Zn/TiO2 catalyst in comparison to PdAu and
Pd-only analogues can be related, at least in part, to a
combination of enhanced PdZn interaction and subsequent
electronic modification of Pd species.

■ CONCLUSIONS

We have demonstrated that through a tandem chemo-
enzymatic process, it is possible to selectively oxidize
cyclohexane to the corresponding alcohol and ketone
(collectively known as KA oil), via in situ H2O2 production.
This is achieved under reaction conditions where limited
activity is observed using preformed H2O2 and represents an
attractive alternative to current co-enzymatic systems or the
continual introduction of preformed oxidant. The incorpo-
ration of Zn into Pd nanoparticles is seen to considerably
improve catalytic activity compared to Pd-only or PdAu
analogues, while also offering improved selectivity to cyclo-
hexanol. The enhanced performance of the 0.5%Pd−0.5%Zn/
TiO2/PaDa-I system is attributed to the facile formation of
PdZn alloys, with the significant population of Pd clusters
present in both the PdAu and monometallic catalysts
considered to be primarily responsible for promoting
competitive side reactions. We consider that the materials
developed within this study represent a promising basis for
further investigation, for a range of chemical transformations
which may utilize in situ generated H2O2, in particular given

Figure 7. HAADF-STEM and X-EDS imaging of as-prepared Pd and PdAu catalyst. (A) Lower magnification of 1%Pd/TiO2 showing the absence
of larger particles, (B) high-magnification images of 1%Pd/TiO2 from areas indicated showing small 1−2 nm Pd clusters on TiO2 surface, (C)
analysis of the 0.5%Pd−0.5%Au/TiO2 catalyst showing both small (1−2 nm) and larger (5−20 nm) nanoparticles, and (D) Pd and Au XEDS maps
of area in (C) showing the higher concentration of Pd in the smaller particles and alloying and Au-rich larger particles.
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the high selectivity to desirable products, which can be
achieved through the alloying of Pd with earth-abundant
metals.
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