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ABSTRACT: The control over both the dispersion and the particle size
distribution of supported precious metal nanoparticles used in
heterogeneous catalysts is of paramount importance. Here, we
demonstrate the successful formation of highly accessible and well
dispersed gold—palladium nanoparticles, stabilized with two-dimensional
graphene oxide, that itself is dispersed by intercalated titania particles to
form ternary hybrid catalysts. In this application, graphene oxide acts as an
effective substitute for the more conventional polymer ligands that are
used to stabilize nanoparticles in a sol-immobilization procedure. The
particle size distribution can be adjusted by varying the graphene oxide-to-
metal mass ratio. The addition of titania efficiently hinders the stacking
and agglomeration of the supported metal on graphene oxide sheets,
facilitating diffusion of oxygen and reactants to the catalyst surface. This
gold—palladium/graphene oxide/titania “ternary” catalyst has been tested
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for the selective oxidation of a range of alcohols. The resulting optimized catalyst exhibits a comparable activity to a sol-
immobilized derived catalyst where the metal nanoparticles are stabilized by poly(vinyl alcohol) ligands, with the graphene oxide-
stabilized hybrid catalyst having enhanced stability. We consider that the novel strategy of supporting metal nanoparticles
described here can also be adopted to synthesize a wide range of high activity, stable heterogeneous catalysts for other reactions.

KEYWORDS: graphene oxide/titania catalyst composites, graphene oxide nanoparticle stabilizer, gold—palladium nanoalloy,

bimetallic nanoparticles, selective alcohol oxidation

H eterogeneous catalysis is a key process in the manufacture

of a wide range of chemicals and is at the heart of green
chemical processes. Au nanoparticles (NPs) have been shown
to be effective for the oxidation of alkenes'™ and alcohols,™®
the oxidation of CO at low temperatures,” and for the direct
synthesis of hydrogen peroxide (H,0,).*’ Furthermore, it has
been demonstrated that alloying Au with Pd results in a
significant enhancement in activity for alcohol oxidation'’ and
also markedly improves the yield of H,O, in the direct
synthesis reaction.'”'" Usually, these metal NPs are immobi-
lized on inorganic supports such as refractory metal oxides,
(e.g, TiO,), and a variety of carbon supports (e.g., activated
carbon, graphite, carbon nanotubes (CNTs)), to reduce the
cost of the catalysts and improve the catalytic activity and

exploitable electronic,'” optical,"” and other physical proper-
15" Graphene oxide (GO) has primarily been used as a
precursor in the production of graphene and other function-
alized graphene structures.'®~'* However, GO is now
beginning to gain interest in its own right, due to its own
particular chemical and electronic characteristics. Tuning the
ratio of sp? and sp® hybridized carbon atoms in GO provides
the possibility of tailoring optical and electronic properties,'”
while the array of possible oxygen containing functional groups
that can associate with GO has been found to catalyze certain
oxidation and hydration reactions.”””" These functional groups
also allow for attachment and decoration of GO with various
metal NPs for a range of electronic, charge storage, sensor and
catalysis applications.”” Specifically Au or Pd NPs supported on

ties.

stability. GO have been explored as catalysts for Suzuki—Miyaura
Since the seminal work of Geim and co-workers on the
preparation of single layer graphene,12 immense scientific Received: March 6, 2015

excitement has ensued, with graphene and modified graphene
structures being shown to have notable and potentially
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coupling reactions>~>° and Fe based Fischer—Tropsch
catalysts,”® while Pt and Pt—Pd NPs supported on GO have
been studied for methanol electro-oxidation.””** Further to
this, magnetic iron oxide (up 30 wt %) has been incorporated
into a Pd/graphene Suzuki—Miyaura coupling catalyst to
enhance recyclability after reaction by utilizing its magnetic
properties to separate the catalyst from the reaction products.”’

GO has not only hydrophilic (i.e., hydroxyl and carboxyl)
groups, allowing it to be dispersed in water,” but also
comprises hydrophobic nanographene domains on the basal
plane (see Supporting Information, Figure S1). Thus, GO is a
flexible amphiphile with surfactant-like properties.”’ Sol-
immobilization using metal sols prepared with organic
surfactants such as poly(vinyl alcohol) (PVA) or polyvinylpyr-
rolidone (PVP) is a highly successful technique for making
supported Au and Au—Pd catalysts that gives a high degree of
control over particle size distribution (PSD) and morphol-
ogy.”>~** However, the presence of organic surfactants ligands
on the supported sol-derived metal NPs frequently, but not
universally, decreases the activity of the catalysts because of the
blocking of active sites. Consequently, treatments for removing
the organic ligands are often necessary, including thermal and
oxidative approaches, which not only result in significant
changes in the size and shape of NPs but also limit the choice
of supports.”>*® Recently, we reported that ~20% of the PVA
stabilizing ligand in supported sol-derived metal NPs could be
removed by a simple treatment involving refluxing with hot
water,”” which improves the surface exposure of the metal NPs
and enhances their catalytic activity for a range of reactions.
More recently, by adopting a convenient excess anion
modification and postreduction step, supported bimetallic
Au—Pd NPs with a narrow PSD were also successfully prepared
without the complication of having organic surfactant
molecules adsorbed on the active metal NP surface.*®

In this paper we show that Au—Pd alloy NPs can be
stabilized using exfoliated flexible GO sheets in place of organic
surfactants, such as PVA and PVP (see Supporting Information,
Figure S2). These GO sheets decorated with metal NPs were
then intimately dispersed with TiO, particles and utilized as a
highly efficient, stable, recyclable catalyst for solvent-free
oxidation of alcohols with molecular oxygen. These AuPd/
GO/TiO, materials often showed superior catalytic properties
to the more conventional PVA-stabilized sol immobilized
materials. The dispersion of AuPd/GO with TiO, was
investigated in an attempt to inhibit efficient stacking of the
GO layers, due to 7—z bonding interactions, thus promoting
the diffusion of alcohols and oxygen molecules between
adjacent GO sheets. The combination of TiO, intercalation
between GO sheets and uncoated Au—Pd NPs improves the
surface exposure of the catalytic active sites and significantly
enhances the catalytic activity.

B RESULTS AND DISCUSSION

Catalyst Preparation and Structural Characterization.
The purpose of this study was the preparation and testing of Au
and Au—Pd catalysts immobilized onto GO without the use of
surfactant molecules such as PVA. For the purposes of
understanding the motivation and progression of the work,
we will highlight certain features and parameters of the catalyst
preparation method, but for an in-depth description of catalyst
preparation protocols, please refer to the Methods section. An
illustration of the preparation protocol for generating GO
stabilized Au—Pd NPs on TiO, (AuPd—GO/Ti0,) is shown in

3576

Scheme 1. Water dispersed GO prepared from graphitic oxide
(GTO), synthesized according to the method of Hummers and

Scheme 1. Illustration of the Method Used for Preparing GO
Stabilized Au—Pd NPs on TiO, (AuPd—GO/TiO,) Using a
“Ligand-free” Sol-Immobilization-Type Approach
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Offeman,*” was introduced into a HAuCl, and PdCl, solution.
Subsequently, the metals were reduced using NaBH,, without
the addition of a surfactant, to form Au—Pd NPs stabilized
solely by GO (denoted hereafter as AuPd—GO). This material
was then characterized and tested for a range of catalytic
reactions, to provide an understanding of the binary metal-GO
system. To form the AuPd—GO/TiO, ternary material, TiO,
was added to the AuPd—GO suspension. For comparison, PVA
sol-immobilized Au—Pd NPs supported on TiO, (denoted
AuPd—PVA/TiO,) were also prepared using a similar method.

Transmission electron microscopy (TEM) images (Figure
la) demonstrate that GO was successfully exfoliated in water
with the corresponding selected area diffraction (SAD) pattern
(inset, Figure 1a) confirming the identity of GO (also see
Supporting Information, Table S1). The individual GO sheets
had lateral dimensions ranging between 50 nm and 1 ym. TEM
analysis of the resulting AuPd—GO assemblies retrieved from
the suspension confirmed the successful loading of Au—Pd NPs
onto the GO sheets. A representative high-magnification TEM
image of a 1:4 AuPd:GO assembly, displayed in Figure 1b,
reveals that the GO-stabilized Au—Pd NPs range between 1
and 7 nm in size, and the corresponding particle size
distribution (Figure 1c) indicates that the mean particle size
is 2.8 nm. Unlike a PVA or PVP stabilized NPs where the
polymer provides a 3-dimensional encapsulation, the AuPd:GO
would act as a 2-dimensional stabilizer (as visualized in Scheme
1).

TiO, would then be added to the suspended AuPd—GO
material to form the final ternary 1 wt % AuPd—GO/TiO,
catalyst. The contribution of metal (AuPd) within all catalysts
was fixed at 1 wt %, with the GO:TiO, ratio being altered to
give GO compositions between 1 and 9 wt %. Therefore, the
metal: GO ratio would significantly alter between 1 wt %
AuPd—1 wt % GO/TiO, and 1 wt % AuPd/9 wt % GO/TiO,.
The corresponding metal:GO weight ratios would vary from
1:1 to 1:9 between the 1 wt % AuPd—1 wt % GO/TiO, and 1
wt % AuPd—9 wt % GO/TiO, materials. For example, the 1:4
ratio of metal:GO in the sample shown in Figure 1b, would be
required to make a final 1 wt % AuPd—4 wt % GO/95 wt %
TiO, hybrid catalyst. The metal:GO weight ratios for all the
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Figure 1. (a) Representative TEM image of the exfoliated GO sheet with the corresponding SAD pattern inset; (b) Au—Pd alloy NPs stabilized by
the GO sheet (AuPd:GO of 1:4) along with (c) a particle size distribution (PSD) for the Au—Pd NPs (100 particles counted) .
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Figure 2. Representative BF-TEM micrograph and corresponding PSD of the 1 wt % AuPd—PVA/TiO, sample (100 particles counted).

binary AuPd/GO compositions investigated in this work are
summarized in Table S2. The ability to disperse such high
metal weight loadings, while still retaining such a small particle
size, demonstrates the efficacy of GO in stabilizing Au—Pd NPs,
due to its high number of potential anchoring sites.

In common with the sol-immobilization route using PVA
stabilized AuPd particles, the AuPd—GO entities were also
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immobilized by supporting them on TiO,. The resultant
AuPd—PVA/TiO, and AuPd—GO/TiO, counterpart materials
were further characterized and compared. Elemental analysis,
determined by microwave plasma-atomic emission spectrosco-
py, revealed that all the AuPd—GO/TiO, composite materials
had close to their target 1:1 molar Au:Pd ratios with weight
loadings of ca. 0.8 wt % (i.e,, slightly lower than the expected
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Figure 3. Representative BF-TEM micrograph of the AuPd—9% GO/TiO, sample. (inset) Corresponding Au—Pd particle size distribution (PSD)

(100 particles counted).
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Figure 4. Simultaneously acquired (a) HAADF-STEM and (b) BF-STEM micrographs of AuPd—4% GO/TiO,. (c) Complementary O K, Ti Ky,
C Ky, Pd L, and Au L,; XEDS elemental maps obtained from the region shown in the HAADF-STEM image on the far left.

nominal 1 wt % loading) (see Table S3). Both the Au and Pd
components present in the AuPd—PVA/TiO, and AuPd—GO/
TiO, catalysts were found to be in a metallic state from XPS
analysis (Figure S3). Bright field (BF) TEM analysis of the
conventional 1 wt %AuPd—PVA/TiO, sample showed that the
alloyed metal nanoparticles have a mean size of 5.2 nm and are
in close contact with the TiO, support particles (see Figure 2)
as was noted in previously published work.*” Comparable BF-
TEM analysis of the AuPd—GO/TiO, materials showed that
they were a highly mixed composite structure comprising TiO,
particles, GO sheets, and small AuPd NPs (Figure 3). As with
the binary AuPd—GO material, Au—Pd NPs were predom-
inantly associated with the GO sheets, although some fraction
of these NPs may well have direct physical contact with the
TiO,. The GO sheets, whose identity was confirmed by
electron diffraction analysis (Figure S4), are dispersed among
the TiO, particles, which serve to hinder GO aggregation into
lower surface area structures. Representative high angle annular
dark field (HAADF) and BF-STEM images of the AuPd—4%
GO/TiO, sample are shown in Figures 4a and 4b, respectively.
X-ray energy dispersive (XEDS) mapping (Figure 4c) confirms
the that the metal NPs in the materials are indeed AuPd alloys

and also suggests that the GO sheets are intimately mixed with
the TiO, particles in the composite support.

Powder X-ray diffraction shows that GTO exfoliation in the
presence of TiO, inhibited GO sheet agglomeration, with the
reflection of the basal [001] plane indicative of ordered
graphitic oxide (GTO), being no longer observable in a 6 wt %
GO/TiO, composite support material (Figure S). This loss of
order has previously been attributed to the reduction of GO.*
This is not possible for the 6 wt % GO/TiO, composite as
there was no addition of reducing agent; the loss of the [001]
plane can only be due to TiO, preventing the long-range
stacking of GO. We hypothesized that these mixed GO/TiO,
support structures, with their inherent frustrated GO stacking,
when used as a support for Au—Pd NP’s could potentially
increase the accessibility of reactants to the Au—Pd NPs. This
intriguing possibility is explored and discussed further in
subsequent sections.

The AuPd particle size distributions (PSDs) for all the
AuPd—GO/TiO, catalysts studied, as derived from analysis of
BF-TEM images (see Supporting Information, Figure SS), are
presented in Figure 6 and summarized in Table 1. With the
conventional PVA surfactant, the median Au—Pd particle size
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Figure 5. XRD patterns of (below) graphite oxide (GTO) and (above)
6 wt % GO/TiO,. The XRD pattern of GTO shows a reflection
characteristic of the GTO (001) plane. By exfoliating the GTO in
water by ultrasonication in the presence of TiO,, the resulting 6 wt %
GO/TiO, composite supports exhibit no reflections associated with
graphene oxide, indicating that the TiO, nanoparticles successfully
inhibit the aggregation of graphene sheets. The A and R notation
indicates reflections characteristic of the anatase and rutile polymorphs
of TiO,, respectively.

when supported on TiO, was 5.2 nm with a PSD comparable
to values reported previously (see Figure 2).* In the absence of
any protective surfactant (AuPd/TiO,), the median particle size
was slightly lower at 4.7 nm (Supporting Information, Figure
S6). For the AuPd—GO/TiO, series of materials, the mean
AuPd particle size progressively decreases from 4.6 to 3.4 nm
on increasing the GO content from 1 to 4 wt %. Above 4 wt %
GO, the particle size, within experimental error, remained
constant. In conjunction with decreasing the mean particle size,
the width of the PSDs also narrowed on increasing the GO
content. The change in GO concentration must be considered
in the context of the composition of the corresponding initial
AuPd/GO binary materials. As discussed previously, the 1%
AuPd/4% GO/TiO, catalyst material was formed from a 1:4
AuPd:GO material with the required amount of TiO, being
added to give the ternary catalyst. Consequently, the 1% AuPd/
1% GO/TiO, catalyst would have a significantly higher relative
loading of AuPd on GO (1:1 AuPd:GO) before the TiO, was
added, resulting in a far more heavily decorated GO surface and
consequently larger metal particles. As the GO concentration
increases in the ternary catalysts, the related binary AuPd/GO
system has lower metal content. Hence the observed particle
size effects are ascribed to the fact that there are a greater
number of possible nucleation sites with increasing GO content
which generates a greater number of particles with a smaller
mean size. In addition, at lower GO contents, the higher
fraction, and possibly even saturation, of stabilization sites on
the GO surface by AuPd particles would increase the possibility
of direct metal NP—TiO, interactions.

Raman spectroscopy was performed to investigate the effect
of the catalyst preparation procedure on the structure of the
GO (see Figure 7). Both the GTO precursor and the AuPd—
GO/TiO, catalysts exhibit prominent G (~1595 cm™) and D
(~1360 cm™) bands, which are caused by the active Epy
phonon (in-plane optical mode) of sp® carbon and the
symmetric A;, mode, respectively. The relative signal strength
of these bands depends strongly on the amount of disorder in
graphitic materials. Both GTO and AuPd—GO/TiO, have
similar values for the peak frequency and full-width-half-
maximum (fwhm) of the D band, as well as the D to G band
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maximum intensity ratio (Table SS), indicating that the
structure of GO sheets was essentially retained during the
preparation of AuPd—GO/TiO, catalysts.”® This markedly
differs from several metal/GO catalyst preparations, where the
GO is significantly reduced and the subsequent defects are
reported to provide sites for metal particle nucleation and
growth.”®

Catalysis Using Supported Au—Pd NPs. It has previously
been demonstrated that supported AuPd alloy NPs are highly
active catalysts for redox reactions.”'"*"** We initially
investigated ambient CO oxidation with monometallic Au
catalysts (Figure 8), as this reaction is known to be highly
sensitive to both NP size and also to the identity of the support
used.”® The activity for the sol-immobilized Au—PVA/TiO,
catalysts was found to be stable at ca. 9.5 X 107> min™"
(molco converted MOly, ' min™"') which is a relatively low activity
value for an Au/TiO, catalyst. This poor activity is thought to
be due to PVA ligands inhibiting AuPd active sites, and it is
now known that the removal of PVA results in a significant
improvement in CO conversion.”” The inhibiting effect of PVA
is further inferred by the doubling of activity measured for an
Au/TiO, catalyst prepared by the sol-immobilization technique,
but without the addition of PVA or GO. Addition of GO to the
Au/TiO, system can be seen to have a progressively
detrimental effect on activity, with the addition of 1% GO
having slightly higher activity than the Au—PVA/TiO, catalyst
and 6% GO rendering the catalyst almost inactive. The effect of
absolute GO content on catalyst activity, although in itself
detrimental for the oxidation of CO, clearly shows that there is
a metal—GO interaction occurring that is more apparent with
the higher GO loadings. The detrimental effect of GO on the
activity toward CO oxidation is not surprising as it is well-
known that carbon supports are not best suited to this
reaction,** while TiO, is considered to be more viable. So while
CO oxidation has provided an insight into the strong metal—
GO interactions in this system, other more suitable reactions
for carbon supported catalysts have been investigated.

The solvent-free selective oxidation of benzyl alcohol to
benzaldehyde has been frequently used as a model oxidation
reaction and provides an ideal probe for the behavior of AuPd—
GO/TiO, catalysts. The benzyl alcohol conversion, selectivity
to benzaldehyde, turnover number (TON), and benzaldehyde
productivity after a 2 h reaction time for the series of AuPd—
GO/TiO, catalysts and reference catalysts are provided in
Table 1.

As a point of reference, the conventional AuPd—PVA/TiO,
sol-immobilized catalyst exhibited 72.5% benzyl alcohol
conversion and a benzaldehyde productivity of 233 mol kg,
h™ at 2 h reaction time, which is consistent with previous
reports for this type of material.*> The AuPd—1% GO/TiO,
catalyst was found to give a relatively low conversion with a
benzaldehyde productivity of 162 mol kg, ™' h™". Increasing
the GO content up to 4 wt % resulted in a significant
enhancement in conversion while maintaining the selectivity
toward benzaldehyde. Increasing the GO content beyond 4%
did not lead to any further improvement. It should be noted
that AuPd—GO/TiO, catalysts with >2 wt % GO content all
gave higher benzyl alcohol conversions at 2 h than the standard
AuPd—PVA/TiO, material. It is also noteworthy that
comparable variations in the PVA stabilizer content (0.65—
4.0 wt %) for the conventional sol-immobilized catalyst were
found to have no substantial effect on catalytic performance
(Supporting Information, Figure S7). Using a fixed GO content
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Figure 6. AuPd PSDs for AuPd—GO/TiO, catalysts having (a) 1%, (b) 2%, (c) 4%, (d) 6%, and (e) 9% GO respectively (100 particles counted).

of 6 wt %, monometallic Au-GO/TiO, and Pd-GO/TiO,
catalysts were also tested for benzyl alcohol oxidation. The
conversion level for both Au—GO/TiO, and Pd—GO/TiO,
was substantially lower than that for the bimetallic AuPd—GO/
TiO, system (Supporting Information, Figure S8) confirming
the strong synergistic effect that has already been seen with
Au—Pd alloy catalysts prepared using other more conventional
synthesis routes.

The selectivity toward benzaldehyde was found to be
essentially the same (ca. 70%) for both the AuPd—PVA/TiO,
and AuPd—GO/TiO, catalysts. The observed selectivity toward
toluene can be attributed to a benzyl alcohol disproportionation
pathway in addition to oxidative dehydrogenation of benzyl
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alcohol.” The facilitation of the disproportionation mechanism

with the AuPd—GO/TiO, series of catalysts was inferred from
the observation of equimolar toluene and benzaldehyde
production under anaerobic conditions (Supporting Informa-
tion, Table S6).

GO alone has been previously demonstrated to be active for
benzyl alcohol oxidation with a observed TON of 0.016,”
which is four orders lower than that measured for our AuPd—4
wt % GO/TiO, catalysts, at ca. 82 (Table 1). Under the same
conditions used to test the AuPd—GO/TiO, catalysts, the 1—9
wt % GO/TiO, materials gave <0.3% conversion (Supporting
Information, Table S7), demonstrating that the primary active
component in the composite AuPd—GO/TiO, catalysts was
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Table 1. Particle Size Data and Benzyl Alcohol Oxidation Activity for the Various Supported AuPd Catalysts”

product selectivity (%)

catalyst median (nm) mean (nm) conversion (%) TON* benzaldehyde toluene benzaldehyde productivityd
AuPd—PVA/TiO, 5.2 54 72.5 67 69.6 30.1 233
AuPd—PVA/GO 69.5 64 60.7 38.2 195
AuPd/TiO, 4.7 5.0 55.7 52 76.4 23.1 196
AuPd—1% GO/TiO, 4.6 5.3 S1.1 47 68.8 30.1 162
AuPd—2% GO/TiO, 4.1 4.8 81.9 76 69.9 29.8 264
AuPd—4% GO/TiO, 34 4.0 88.7 82 70.8 28.9 290
AuPd—-6% GO/TiO, 33 4.1 88.9 82 69.0 30.6 283
used AuPd—6% GO/TiOZ” 3.4 42 86.4 81 70.6 282 282
AuPd—9% GO/TiO, 3.6 3.8 87.3 81 704 27.0 284
AuPd/GO 57.3 53 60.1 39.3 159
AuPd/GO + TiOz" 56.9 53 60.9 384 160
AuPd/TiO, + AuPd/GO° 56.9 53 67.6 31.9 161

“Reaction conditions: benzyl alcohol to metal molar ratio = 14 000; O, pressure = 1 bar; 120 °C; 1000 rpm; 2 h. "After four usage cycles. “Moles of
benzyl alcohol reacted per gram AuPd. “Moles of benzaldehyde formed per kilogram catalyst hour. “AuPd/GO:TiO, = 1:1 (mass ratio). JAuPd/

Ti0,:AuPd/GO = 1:1 (mass ratio).
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Figure 7. Raman spectra of (a) graphitic oxide (GTO) and a selection
of AuPd—GO/TiO, materials having GO contents of (b) 1%, (c) 2%,
(d) 4%, and (e) 6%.

the Au—Pd NPs. Interestingly, when GO was used as a support
without the addition of TiO,, the activity of the catalyst was
substantially less than that of AuPd—GO/TiO, catalysts with
>2 wt % GO. Although AuPd—GO would have good
accessibility of reactants to actives sites, due to the 2-
dimensional nature of the NP—GO stabilizer, the lower activity
can be explained by the agglomeration of GO sheets into large
flakes, due to zm—r stacking, thus lowering the accessibility of
active sites.”® As discussed previously the intercalation of TiO,
particles inhibited stacking and agglomeration of the AuPd—
GO sheets allowing for faster diffusion of oxygen and alcohols.

Time-online data (Figure 9) for the reference sol-
immobilized AuPd—PVA/TiO, material, the AuPd-—GO
catalyst, and AuPd—6% GO/TiO, catalyst clearly illustrates
the improved activity when GO and TiO, are combined in the
catalyst formulation. While magnetic iron oxide has been
previously added to graphene catalysts to enhance recover-
ability, an observed improvement in catalytic activity was not
noted.” The current study directly shows that the addition of
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Figure 8. Ambient carbon monoxide (CO) oxidation using Au/TiO, (@), Au—PVA/TiO, (®), and Au/GO/TiO, catalysts: 1 wt % GO (O), 2 wt

% GO (A), 4 wt % GO (<), and 6 wt % GO (O).
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Figure 9. Conversion of benzyl alcohol for AuPd/GO (e); AuPd—
PVA/TiO, (@®); AuPd—6% GO/TiO, (A). Reaction conditions:
benzyl alcohol to metal molar ratio = 14 000; O, pressure = 1 bar; 120
°C; 1000 rpm; 2 h.

the TiO, metal oxide component significantly improves the
activity. However, the improvement in conversion between
AuPd-6% GO/TiO, and AuPd—PVA/TiO, at 2 h is not
observed in the initial rate of the reactions, with both catalysts
having the same activity at 0.5 h (TOF of 10300 h™' for
AuPd—PVA/TiO, and 10400 h™ for AuPd—6% GO/TiO,).
Therefore, while these two catalysts have the same initial
activity, the AuPd—6 wt % GO/TiO, is far more stable under
reaction conditions compared to AuPd—PVA/TiO,.

Stability is a very important attribute for any heterogeneous
catalyst to have for practical applications. Previous studies on
AuPd—PVA/TiO, catalyst reuse have shown a mild deactiva-
tion on repeated usage, although this was considered to be
within the error of the analysis."” Direct comparison of the
deactivation of AuPd—6 wt % GO/TiO, and AuPd—PVA/TiO,
over four batch catalytic cycles, without a regeneration step
(ie, without washing of catalyst or heat treatment between
runs), is shown in Figure 10. The AuPd—6 wt % GO/TiO,
catalyst was shown to be catalytically stable with minimal loss in
activity over the four usage cycles, indicating that the catalyst

80 -

70 A

30 A

20 A

Percentage deactivation (%)

N

3rd re-use

1st re-use 2nd re-use

Figure 10. Deactivation, expressed as a percentage of initial activity, of
AuPd—6 wt % GO/TiO, (solid black) and AuPd—PVA/TiO,
(dashed) catalysts over three benzyl alcohol oxidation reuse tests.
Each reaction was run under our standard conditions of benzyl alcohol
to metal molar ratio = 14 000; O, pressure = 1 bar; 120 °C; 1000 rpm;
2 h. Initial 2 h conversions are given in Table 1.
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was highly stable under reaction conditions. However, the
AuPd—PVA/TiO, catalyst suffered significant deactivation over
the four reaction cycles. BE-TEM analysis indicated that the
particle size of Au—Pd NPs for both the recovered AuPd—6 wt
% GO/TiO, and AuPd—PVA/TiO, catalysts was unchanged
after four reaction cycles (Table 1 and Supporting Information,
Figures S9 and S10).

If the AuPd NP size growth is not the cause of the marked
deactivation noted for AuPd—PVA/TiO, then two other
mechanisms are plausible. The first is metal leaching from the
support, which has previously been shown not to occur for sol-
immobilized catalysts in the benzyl alcohol oxidation reaction.””
Lack of metal leaching was also demonstrated for the AuPd—6
wt % GO/TiO, catalyst by stopping a reaction at 1 h, removing
the catalyst by centrifugation and continuing the reaction with
the supernatant, with no further reaction being observed in the
absence of catalyst (Figure 11).

100+ .
/./
80+
S .
= 604
k)
2 404
o after removing the catalyst
I
<}
O 204
04
0 1 2 3 4
Time (h)

Figure 11. Test to determine homogeneous catalysis contribution in
benzyl alcohol oxidation for AuPd—6% GO/TiO,. The line connecting
blue squares shows the dependence of benzyl alcohol conversion on
the reaction time in the presence of AuPd—6% GO/TiO,. The line
connecting red stars indicates the dependence of the benzyl alcohol
conversion on reaction time after the catalyst was removed at 1 h.

The second potential cause for deactivation is product
inhibition, i.e. the blocking of active sites by products of the
benzyl alcohol oxidation reaction. Previously we have shown
from diffuse reflectance infrared Fourier transform spectrosco-
py (DRIFTS) studies that benzoate and benzoic acid species
are strongly bound to AuPd—PVA/TiO, catalysts, even after
heating to 280 °C.*" It is considered that these compounds
could block active sites, so a product inhibition study was
carried out where 5 mol % of benzoic acid were added at the
beginning of the reaction. Interestingly, it was found that the
initial turnover frequency (TOF), taken at 0.5 h reaction time,
for the standard AuPd—PVA/TiO, catalyst decreased from
10 300 to 9540 h™' on the addition of benzoic acid. No such
decrease in initial turnover frequency was observed for the
AuPd—6 wt % GO/TiO, catalyst, when the reaction mixture
was doped with benzoic acid. The adsorption of benzoate
species blocking sites on the AuPd—PVA/TiO, catalyst may
not have been observed in previous reuse studies, as a washing
step with acetone could have removed these species.”” The
current reuse study did not include a regenerative washing step,
resulting in a steady buildup of species capable of blocking
active sites.

The decreased level of deactivation observed with the
inclusion of GO in the catalyst formulation was further
investigated by a temperature-programmed desorption study
with DRIFTS (Figure 12 and full band assignment in Table 2),
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Figure 12. Representative DRIFTS scans of the AuPd—6% GO/TiO,
catalyst dosed with benzyl alcohol and heat treated under N, to 280
°C. (a) Fresh catalyst, (b) dosed catalyst at 100 °C, (c) dosed catalyst
at 180 °C, (d) dosed catalyst at 200 °C, and (e) dosed catalyst after
280 °C heat treatment. The vibrational bands associated with AuPd—
6% GO/TiO, are not labeled.

as previously reported for the AuPd—PVA/TiO, catalyst.**
Heating the catalyst dosed with benzyl alcohol resulted in the
loss of bands associated with benzyl alcohol and benzaldehyde
by 180 °C. Bands previously assigned to benzoic acid (v(C=
0) at 1654 cm™ and 6(C—H) + v(C=C) bands at 1452
cm™"') were observed but became progressively less intense on
heating and were no longer observable above 200 °C. In
comparison, associated bands were still observed after 280 °C
heat treatment in the parallel study of the AuPd—PVA/TiO,
catalyst. This suggests that the possible reaction inhibiting
products are less strongly bound on the AuPd—GO/TiO,
catalyst, explaining the greater resistance of these GO
containing materials to deactivation.

Raman spectroscopy analysis of the recovered AuPd—6 wt %
GO/TiO, catalyst showed a significant change in the integrated
area under the D band after a single catalyst run, with the I/I¢
ratio going from 0.87 to 1.26, in addition to a red shift of ~44
cm™ and a change in the fwhm of the D band (Figure 13). No
further change in GO structure was observed after subsequent
reuse tests. This measured variation in relative D band intensity
and position correlates with the chemical reduction of GO and
is indicative of a decrease in the average size of the sp’
domains.'® As no observable change in catalytic activity was
measured between successive reuse tests, it is likely that either
the activity is not sensitive to the GO structure or that
reduction occurs very rapidly during initial testing and that the
participating form of GO is in fact the reduced state. Changes

in the I/I; ratio and fwhm of the D-band, when correlated
with the time-online data for the benzyl alcohol oxidation
reaction (Figure 13), show that the reduction of GO starts
immediately and is almost complete after 15 min. Further
Raman spectroscopy investigation (Supporting Information,
Figures S11—14) indicated that the GO component was being
reduced by benzyl alcohol as has been previously reported
under comparable reaction conditions.*” It is worth noting that
the I,/I; ratio (1.27) for the AuPd—6 wt % GO/TiO, catalysts
after 30 min reaction time was significantly greater than the
0.91 Ip/Ig ratio observed for pure GTO after 30 min reaction
time, implying that the Au—Pd NPs present on the GO sheets
may also accelerate the reduction of GO (Supporting
Information, Figure S14).

Oxidation of a range of alcohol substrates was also performed
to investigate the general applicability of AuPd NPs on
composite GO/TiO, catalyst supports (Table 3). The
AuPd—6% GO/TiO, catalyst displays superior or comparable
initial turnoverfrequencies (TOFs, MOy aicohol converted MO-
Ipa ' h7Y, calculated at 0.5 h) compared to the sol-
immobilized AuPd—PVA/TiO, catalyst, demonstrating the
general applicability of these new AuPd—GO/TiO, catalysts
in selective alcohol oxidation.

B CONCLUSIONS

We have shown that Au—Pd alloy NPs can be stabilized on GO
and GO/TiO, supports and used as catalysts for the selective
oxidation of alcohols. TEM observations confirmed that the
supported Au—Pd NPs have narrow particle size distributions,
that can be fine-tuned by varying the mass ratio of GO-to-AuPd
used during the preparation of AuPd—GO suspension. The GO
acts as a two-dimensional stabilizer for the AuPd NPs, unlike
the total three-dimensional encapsulation observed with the
PVA stabilizer. The addition of TiO, significantly improves the
activity for the oxidation of benzyl alcohol compared to a pure
AuPd—GO composite, as the TiO, inhibits regular stacking and
excessive agglomeration of the AuPd—GO sheets, to allow for
fast diffusion of oxygen and reactants. The ternary AuPd—GO/
TiO, catalyst was optimized and was demonstrated to have
comparable initial activity relative to PVA stabilized Au—Pd
NPs supported on TiO,. Importantly, the AuPd—GO/TiO,
catalyst is highly stable, with greater time-online stability than
the analogous PVA stabilized catalyst, and can be reused for
three cycles without any observed loss of activity. The high
catalytic activity observed for AuPd—GO/TiO, materials may
be related to the favorable metal—graphene interaction and the
absence of PVA protective ligands on the Au—Pd NP surface
permitting improved access to more exposed active metal sites.
These studies suggest the very important role of the relatively
disordered GO/TiO, hybrid nanostructure in enhancing the
catalytic activity and stability of the AuPd catalyst. The novel

Table 2. Vibrational Mode Assignment (between 1800 and 1300 cm™") for the AuPd—6% GO/TiO, Sample That Had Been

Dosed with Benzyl Alcohol

benzyl AwPd—PVA/TiO, N,  AuPd—6 wt % GO/TiO, N,
alcohol benzaldehyde® toluene” benzoic acid” flow” flow assignment
1700 1685 1702, 1654 1703, 1649 »(C=0)
1607, 1586 1599, 1584 1604 1603, 1584 1598, 1584 1604, 1583 ¥(C=C) + 6(C—H)
1496, 1454 1454, 1424 1495,1458, 1379 1497, 1454, 1424 1496, 1454, 1391 1496, 1450 §(C-H) + v(C=C)
1369 5(0—H)

“Data from the literature.™®
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Figure 13. Raman spectroscopy characterization of the AuPd—6 wt % GO/TiO, catalyst after benzyl alcohol oxidation for various reaction times: (a)
Raman spectra; (b) I/I; intensity ratios; and (c) fwhm of the D band.

Table 3. Alcohol Oxidation Activity for the Various Supported AuPd Catalysts Using Different Substrate Molecules”

-1
Substrate Catalyst TOF (b))
AuPd-PVA/TIO, 10300
Benzyl alcohol
o AuPd-6%GO/TiO, 10400
~° AuPd-PVA/TIO 12800
4-Methoxybenzyl alcohol 2
o AuPd-6%GO/TiO, 15000
F
AuPd-PVA/TIO. 825
4-Fluorobenzyl alcohol™ \O\/ - 2
o AuPd-6%GO/TiO, 1100
ci 1 alcohol AuPd-PVA/TIO, 3360
innamyl alcoho! on -
Z AuPd-6%GO/TiO, 4070
@\( AuPd-PVA/TIO, 6000
1-Phenylethanol
o AuPd-6%GO/TiO, 6390
T - AuPd-PVA/TiO, 4130
yclohexano
AuPd-6%GO/TiO, 4700
AuPd-PVA/TIO. 207
~ [e] P U P /)
1-Octanol o AuPd-6%GO/TiO, 228

“Calculated at 0.5 h MOlenyl alcohol converted TOLA pa ' h7l. “Reaction conditions: substrate, 1 g; catalyst, 10 mg; 120 °C; 0.5 h; O, pressure, 1 bar

(relative); 1000 rpm, unless stated specifically. 160 °C; 2 h. €150 °C; 2 h.

design of this particular composite catalyst support can in
principle also be adapted to synthesize a wide range of highly
active and stable heterogeneous catalysts for other reactions.

B METHODS

Catalyst Preparation. Starting Materials. For the
preparation of supported Au—Pd alloy catalysts, an aqueous
solution containing PdCl, and HAuCl, with the desired
concentration (typically 0.06 M) was prepared. Fresh solutions
of poly vinyl alcohol (PVA) (1 wt % aqueous solution, Aldrich,
MW = 10 000, 80% hydrolyzed) and NaBH, (0.1 M) were also
prepared. Graphitic oxide (GTO) was dispersed in water (0.9
mg/mL) and sonicated to form thin GO sheets in solution.*
The amount of NaBH, solution added was calculated to give a
NaBH,:total metal loading molar ratio of 5:1 in order fully to
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reduce the Au and Pd precursors. The molar ratio of Au to Pd
was 1:1 in all Au—Pd catalysts and the total metal loading was
fixed at 1 wt %.

Immobilization of PVA-Stabilized Au—Pd Nanopatrticles
on TiO, (AuPd—PVA/TiO;). The PVA stabilized AuPd nano-
particles were supported on TiO, (Degussa P25) using a sol-
immobilization method.** The required amount of PVA
solution was added to aqueous solutions of PdCl, and
HAuCl, of the desired concentration. A freshly prepared
solution of NaBH, was then added to form a dark-brown sol
under vigorous stirring. After 30 min of sol generation, the
colloid was immobilized by adding TiO, (acidified to pH 1 with
0.1 M of sulfuric acid). After 1 h, the slurry was filtered and the
catalyst was washed thoroughly with a large quantity of distilled
water and dried at 120 °C overnight.
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Preparation of GO-Stabilized Au—Pd Nanopatrticles on
TiO, (AuPd—GO/TiO,). A freshly prepared NaBH, solution was
added, with vigorous stirring, to a premixed aqueous solution of
PdCl,, HAuCl,, and GO having the desired relative
concentrations. A systematic set of samples were prepared
with different amounts of GO to give final catalysts containing
1,2, 4, 6, and 9 wt % of GO. After stirring for 30 min, TiO, was
added to the GO stabilized Au—Pd NP suspension. After
another 1 h of stirring, the catalyst was filtered, washed with a
large quantity of distilled water, and dried at 120 °C overnight.
Monometallic Au- and Pd-catalysts were also prepared using a
similar methodology on the same composite GO/TiO,
supports.

Preparation of Au—Pd Nanoparticles on GO (1% AuPd/
GO). A freshly prepared NaBH, solution was added, with
vigorous stirring, to a premixed aqueous solution of PdCl,,
HAuCl,, and GO having the desired relative concentrations.
After stirring for 1 h, the catalyst was recovered by
centrifugation (13000 rpm for S min), washed with water,
centrifuged a further three times, and then dried at 120 °C
overnight. The as-dried material resembles free-supported
graphene paper because the GO sheets easily restack together
due to the 7—7 stacking interaction that exists between them.

Catalyst Testing. Carbon Monoxide Oxidation. The
catalysts were tested for CO oxidation using a fixed-bed
microreactor. The reaction temperature was maintained at 30
°C by immersing the U-shaped reactor tube in a thermostati-
cally controlled water bath. 5000 vppm of CO in air
(containing ca. 1000 ppm of H,0) and a gas hourly space
velocity of 12000 h™" (50 mg catalyst, flow rate of 21 mL
min~') was used. The reactor temperature was maintained
isothermally at 30 °C using a water bath. Analysis of reactants
and products was performed using online gas chromatography
(Varian CP-3800).

Alcohol Oxidation. Alcohol oxidation was performed under
solvent free conditions in a 50 mL glass round-bottom flask on
a Radleys carousel. Typically, the alcohol and the catalyst were
charged into the reactor which was then purged three times
with oxygen. The reactor was sealed and the pressure was
maintained at 1 bar (relative pressure). During the reaction, the
pressure was monitored via a pressure gauge to ensure that
there were no pressure fluctuations. The glass reactor
containing the reaction mixture was loaded into a preheated
heating block, which was maintained at 120 °C with a stirring
speed of 1000 rpm. After a specific reaction period, the reactor
was quickly cooled in an ice bath and held there for 10 min.
The reactor was then opened and the contents centrifuged. An
aliquot of the clear supernatant reaction mixture (0.5 mL) was
then diluted with mesitylene (0.5 mL) for GC analysis. It was
verified that no reaction occurred in the absence of the Au—Pd
NPs or in the presence of the catalyst support alone. This
experimental method is identical to the standard reaction
protocols for the solvent-free oxidation of benzyl alcohol that
have been reported elsewhere.'*

Metal Leaching Tests. It is sometimes possible for active
components of a heterogeneous catalyst system to leach into
the reaction mixture during the reaction, resulting in the
formation of an active homogeneous catalyst or the
deactivation/decrease in activity of the heterogeneous catalyst.
To confirm that the observed oxidation catalysis of benzyl
alcohol is truly caused by the heterogeneous GO stabilized
AuPd/TiO, catalyst the following experiment was performed.
The oxidation of benzyl alcohol was carried out using AuPd—
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6% GO/TiO, material at 120 °C. After 1 h, the catalyst was
removed by centrifugation. The clean supernatant was returned
to the reactor and no increase of benzyl alcohol conversion was
observed during the subsequent 3 h of reaction, indicating that
the solution phase did not include any catalytically active
homogeneous species.

Catalyst Reuse Studies. To check if the catalyst was capable
of retaining its original activity after the reaction, a series of
reuse experiments were carried out. A 10 mg portion of the
AuPd—6% GO/TiO, material was used for benzyl alcohol
oxidation for 2 h. The reaction mixture was centrifuged to
separate out the catalyst, and the residual clean supernatant was
then analyzed by GC. Next, fresh benzyl alcohol was then
added to the flask containing this recovered, unwashed catalyst
and a new benzyl alcohol oxidation was performed for 2 h
duration. The catalyst was recovered and used again for a third
time without any evident loss of catalytic activity.

Catalyst Characterization. Raman Spectroscopy. Sam-
ples were mounted on an aluminum slide and analyzed using a
Renishaw in-via Ramascope with an excitation laser wavelength
of 514 nm and a laser intensity of 10%. The sample was
scanned using an attenuation time of 5 and 50 sequential scans
were carried out to generate a spectrum.

Transmission Electron Microscopy (TEM) Analyses. Sam-
ples were prepared for electron microscopy examination by
dispersing the catalyst powder in ultrahigh purity ethanol. A
drop of the suspension was then allowed to evaporate on a
carbon microgrid supported by a 300 mesh copper grid.
Samples were examined in a JEOL JEM 2100F transmission
electron microscope operating at an accelerating voltage of 200
kV. This instrument was also fitted with an Oxford Instruments
energy-dispersive X-ray spectrometer (XEDS) for composi-
tional analysis.

Scanning Electron Microscopy (SEM) Analyses. The
morphology of the catalysts was observed by scanning electron
microscopy (SEM) using on an FEI field emission Magellan
400 SEM equipped with an Oxford Instruments XEDS system.
The sample was dispersed in ultrahigh purity ethanol, and then
a drop of the suspension was dropped onto a carbon micro grid
supported by a 300 mesh copper grid. SEM images of the
recovered catalyst are presented in the Supporting Information.

X-ray Photoelectron Spectroscopy (XPS). XPS measure-
ments were recorded on a VG Escalab 220i spectrometer,
using a standard Al Ka X-ray source (300 W) and analyzer pass
energy of 20 eV. Samples were mounted using double-sided
adhesive tape and binding energies are referenced to the carbon
(1s) binding energy of adventitious carbon taken to be 284.7
eV.

X-ray Diffraction (XRD). Powder X-ray diffraction (XRD)
patterns were recorded using a Panalytical X’pert Pro
diffractometer using Ni filtered Cu Ka radiation (operating at
40 kV, 40 mA). The XRD patterns of GTO and 6 wt % GO/
TiO, are shown in the Supporting Information.

Elemental Analysis. The Au and Pd content in the
composites were analyzed using an Agilent 4100 microwave
plasma-atomic emission spectrometer.

Diffuse Reflectance Infrared Fourier Transform Spectros-
copy. DRIFTS studies were performed using a Bruker Tensor
27 spectrometer fitted with a HgCdTe (MCT) detector and a
Harrick Praying Mantis HVC-DRP-4 cell equipped with ZnSe
windows. Samples were mixed with benzyl alcohol and added
to the cell. After an initial scan at room temperature, the sample
was heated to 280 °C at 1 °C min™" under an atmosphere of
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flowing N, (20 mL min™") or O, (20 mL min™") with flow
rates regulated by Bronkhorst mass flow meters. Spectra were
run in the range of 4000—600 cm™!, with 64 accumulation
scans, every 10 °C.
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