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ABSTRACT: The spatial separation of Au and Pd nanoparticles supported on
carbon has been demonstrated to be highly effective in facilitating aqueous-phase
alcohol oxidation reactions, wherein OH− is the oxidant terminal for the oxidative
dehydrogenation reaction. However, the application of this methodology in
nonaqueous environments has not yet been explored. Supported alloyed Au−Pd
nanoparticles are known to be highly active in the solvent-free oxidation of benzyl
alcohol with oxygen as the terminal oxidant, leading to benzaldehyde by direct
oxidation and toluene by disproportionation. Here, we show that by physically
separating Au and Pd nanoparticles supported on carbon, the reaction rate for
solvent-free benzyl alcohol oxidation can be further enhanced by coupling the
oxidation and disproportionation reactions via H-transfer from Pd to Au.
KEYWORDS: Au−Pd separation, carbon nanotubes, solvent-free alcohol oxidation, coupling effect, H-transfer,
cooperative redox enhancement

■ INTRODUCTION
The cooperative redox enhancement (CORE) effect describes
the catalytic enhancement observed when two spatially
separated metals supported on a conducting support are
combined to catalyze redox reactions. We have previously
shown that the CORE effect operates in a similar manner to an
electrochemical fuel cell, where each component metal
catalyzes one of the individual half-reactions that make up
the full redox process.1 We demonstrated that in aerobic
alcohol oxidation over Au and Pd, each metal can separately
catalyze the two crucial mechanistic steps, i.e., oxidative
dehydrogenation (ODH) and oxygen reduction (ORR). The
properties of the support material are considered to be
critically important in facilitating the CORE effect, providing a
pathway for electrons to be shuttled between the metal active
sites. We have since observed that the physicochemical
properties and molar ratio of the two (coupled) metals can
also have a significant impact on the magnitude of the CORE
effect.2

Recently, we established that the origin of this enhancement
is derived from the electrochemical polarization of component
metal sites. This, in essence, reduces the activation barriers for
each half-reaction, enabling the primary ODH transformation
to proceed at a significantly enhanced rate. We also
demonstrated that these effects are not strictly limited to Au
and Pd, and through combined electrochemical and
thermochemical testing, we have been able to provide a clear
set of conditions that need to be met to observe the CORE

effect in a given reaction.1−5 The discovery of this novel effect
will provide the scientific community with a completely new
avenue for catalyst and process design. There are several
reports in which researchers have suggested that component
ODH and ORR half-reactions can be catalyzed independently
over monometallic Au and Pt catalysts.6,7 Furthermore, more
recently, it has been demonstrated that hydrogen oxidation and
nitrophenol reduction can also be electrochemically coupled
but in a thermochemical setting.8 Collectively, these studies
demonstrate that the CORE effect is likely to be an extremely
general phenomenon that, if harnessed effectively, could have a
significant impact on catalysis science moving forward.
One feature that, until now, has appeared to be necessary to

facilitate CORE is the presence of an electrolyte. In previous
examples, we used NaHCO3 (0.4 M) and typically operated
our thermocatalytic reactions at pH = 8.7. In the CORE
mechanism, the electrolytes and collision among catalytic
grains enable the transfer of charges within the system. This
movement of ions maintains electrical neutrality in the solution
and completes the circuit for electron flow between the metals.
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We consider that this proceeds via a Grotthuss-type
mechanism and thus the independent rates of the two half-
reactions are not limited by ionic charge transfer.9 To support
this hypothesis, we aim to investigate whether CORE effects
can be observed in nonaqueous media, which may still
accommodate this chemistry. As the solvent-free aerobic
oxidation of benzyl alcohol (BA) can be catalyzed by
carbon-supported Au−Pd alloy nanoparticles, we consider
this reaction to be an ideal probe for this investigation.10

The use of supported noble metal materials as catalysts for
the solvent-free oxidation of BA is a well-established area of
research.11,12 The reaction network is relatively complex
(Scheme S1) but has been considered by many researchers
as an ideal model reaction to study selective redox
catalysis.10,13 In the presence of a catalyst, BA can be
converted to products through two competitive pathways:

either through direct ODH, which leads to the formation of
benzaldehyde (BZALD), or through a disproportionation
reaction, in which the two molecules of BA react to form
stoichiometric quantities of BZALD and toluene (TOL).
Under aerobic conditions, it is widely agreed that these
transformations are nonradical processes.14,15 In contrast, the
sequential oxidation of BZALD to benzoic acid (BZA) is
considered to be a radical process. As such, only small
quantities of BZA are observed when unreacted BA is still
present in the reaction mixture as it can serve as an effective
radical scavenger.15

Given that selective ODH of alcohols underpins many
important transformations in several sectors, significant
emphasis has been placed on the development of catalysts,
which can effectively catalyze BA ODH and, in doing so,
suppress the nondesired disproportionation reaction.16 One

Figure 1. Solvent-free BA oxidation using Au- and Pd-based catalysts. (a) Catalytic performance of monometallic Au and Pd catalysts with
corresponding alloyed and physical mixture catalysts (dots represent carbon balance). (b) Reaction with monometallic Au or Pd catalyst for 1 h by
the addition of the counterpart catalyst. Reaction conditions: 15 mL BA, 120 °C, and 3 bar O2; all Au and Pd weights are kept the same in each of the
reactions. The associated error bars correspond to mean ± standard deviation (n = 3). (c) The addition of increasing amounts of Au/CNT (X = 0,
25, 50, 75, and 100) to the physical mixture catalysts of Au/CNT + Pd/CNT for their performance on BA conversion; reaction time: 0.5 h. (d)
Reaction performance of benzyl alcohol oxidation by using the bare CNTs as a blank reaction. The only observed product is BZALD. Reaction
conditions: 15 mL benzyl alcohol, 120 °C, 3 bar O2, and reaction time: 0.5 and 1 h.
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particularly effective method of doing this is to employ a basic
support for metal nanoparticles, such as MgO or ZnO.17 These
approaches are very effective, with extremely high BZALD
selectivities often reported (>95%), albeit at a relatively lower
rate of BA conversion compared to carbon-supported nano-
particle catalysts.16,18

Herein, using the aerobic solvent-free oxidation of BA as our
model reaction, we assess the extension of the CORE effect to
nonaqueous media and, in so doing, aim to gain a deeper
insight into the role of the electrolyte in the CORE
mechanism. For continuity, we used model catalysts similar
to those adopted in our initial studies, which are comprised of
monometallic and bimetallic catalysts containing Au and Pd.1,2

■ RESULTS AND DISCUSSION
Catalyst Synthesis and Characterization. Monometallic

Au and Pd (0.5 wt %, respectively) and analogous Au−Pd (1.0
wt %) bimetallic alloy catalysts supported on carbon nanotubes
(CNTs, inner diameter 4−8 nm and outer diameter 10−20
nm) were prepared by the sol-immobilization method.19 The
textural properties of the catalysts (Table S1) demonstrate that
the immobilization of the metal species onto the CNTs has
very little impact on the N2 sorption isotherms (Figure S1). In
addition, the BET surface areas (∼300 m2 g−1), mean pore
volumes (∼1.3 cm3 g−1), and mean pore sizes (∼17.3 nm) of
the fresh supported metal catalysts are all comparable to those
of the bare CNT material.
The X-ray photoelectron spectroscopy (XPS) Au 4f and Pd

3d spectra of the materials are shown in Figure S2a−f. The
binding energies (BEs) of the Au 4f5/2 (∼87.7 eV) and Au 4f7/2
(∼84 eV) peaks exhibited by the Au/CNT before and after the
reaction (Figure S2a,c) and Au−Pd/CNT alloy catalysts
(Figure S2e) are indicative of metallic Au.1,3 In contrast, the
Pd 3d region of the XPS spectra indicates that both Pd/CNT
and Au−Pd/CNT catalysts exhibit a proportion of Pd2+,
especially for the postreaction sample of Pd/CNT from its
physical mixture with Au/CNT. The Pd surface is largely
oxidized. Through the deconvolution of the Pd2+ (∼336.9 eV)
and Pd0 (∼335.2 eV) components, the proportion of each
species among the three catalysts was determined (Table S2).
Notably, a downfield shift in BE is observed in the Pd 3d5/2
region of the as-prepared Au−Pd/CNT and a postreaction
sample of the Au/CNT + Pd/CNT physical mixture in their
XPS spectrum, which could be a characteristic of Au and Pd
interactions.19 Further evidence of Au−Pd alloying in the as-
prepared Au−Pd/CNT catalyst was acquired from energy-
dispersive X-ray (EDX) analysis of scanning transmission
electron microscopy (STEM) micrographs of the Au−Pd/
CNT material (Figure S3). High-angle annular dark-field
(HAADF) STEM images of the Au−Pd/CNT material
(Figure S3) identified a mean (and narrow) particle size
distribution (PSD) of 3.0 nm (standard deviation, SD = 0.7),
which is slightly lower than that of the PSD of the analogous
Au/CNT and Pd/CNT materials, 3.7 nm (SD = 0.7) and 3.6
nm (SD = 0.8), respectively (Figure S4).

Solvent-Free Benzyl Alcohol Oxidation. The prepared
materials were employed for the aerobic solvent-free oxidation
of BA. Each catalyst was used independently, and its
performance was compared with that of a physical mixture of
Au/CNT and Pd/CNT (denoted as Au/CNT + Pd/CNT).
Note that the total amount of Au and Pd used in each reaction
was consistent: 2.54 × 10−6 and 4.70 × 10−6 mol, respectively;
and the total weight loading (1.0 wt %) of Au and Pd was kept

constant for each experiment. The monometallic Au/CNT
catalyst exhibited no activity over reaction durations of 0.5 and
1 h (Figure 1a). Nevertheless, the BA conversion over a
physical mixture of the two monometallic catalysts (57.5% at 1
h) was far greater than the sum of the conversions of the
monometallic Au/CNT and Pd/CNT catalysts (46% at 1 h),
indicating that there is a clear enhancement effect between the
physically mixed monometallic Au/CNT and Pd/CNT
catalysts. Strikingly, the rate of BA conversion in the presence
of the Au/CNT and Pd/CNT physical mixture (k = 1.55 mM·
s−1) was greater than that observed over the Au−Pd/CNT
alloy (k = 1.23 mM·s−1), which was prepared by the same
method, emphasizing again the significant effect when Au and
Pd metal nanoparticles are spatially separated in the solvent-
free oxidation reaction. Apart from the BA oxidation for 0.5
and 1.0 h, the conversion and selectivity toward BZALD and
toluene in BA oxidation for a longer reaction time of 6 h are
summarized in Table S3. These reactivity trends over the series
of Au and Pd catalysts are similar to those previously reported
in the aqueous alcohol oxidation using Au and Pd metal
nanoparticles as the catalysts supported on carbon (XC-72R),
where OH− serves as the oxidant for the ODH reaction.1

Under aqueous conditions, it has been demonstrated that Pd
operates as an electron scavenger through the oxygen
reduction reaction (O2 + 2H2O + 4e− → 4OH−).1,2 However,
in this work, such a reaction mechanism cannot be in
operation; therefore, a modified reaction mechanism is
proposed as the oxidation of BA proceeds in the absence of
water, and molecular O2 is used as the terminal oxidant.
The rate enhancement observed in the physical mixture of

Au/CNT and Pd/CNT is further confirmed by first carrying
out BA oxidation using one of the monometallic Pd/CNT or
Au/CNT catalysts, followed by 1 h after the addition of the
second monometallic catalyst. As shown in Figure 1b, the
addition of Au/CNT to the reaction media over Pd/CNT
increased the reaction rate from 0.87 to 1.4 mM·s−1, compared
to the reaction using Pd/CNT in the absence of added Au/
CNT. The same promotive effect is also observed when the
order of catalyst mixing is reversed. In addition, we designed
another experiment by performing BA oxidation using a fixed
amount of Pd/CNT (50 mg) with the addition of increasing
amounts of Au/CNT to the reaction mixture. The results
presented in Figure 1c show that the conversion of BA
increased linearly as the additional amount of Au/CNT
increased; however, when a large amount of Au/CNT (100
mg) was added, the BA conversion decreased due to, possibly,
mass transfer limitations. To exclude the influence of the blank
reaction, we also carried out BA oxidation using bare CNTs
with the same mass as that used for the catalytic experiments,
where minimal conversions of 0.8 and 2.4% were observed at
reaction times of 0.5 and 1 h, respectively (Figure 1d). This
indicates that BA undergoes an autooxidation reaction, but this
contribution is relatively minor compared to that observed
over the metal-loaded catalysts. To confirm this, BA oxidation
without any catalytic component was also conducted under the
same reaction conditions, where similar conversions of 1.0%
and 2.6% were observed at 0.5 and 1 h respectively (Figure
S5). The above experiments demonstrate that Au/CNT + Pd/
CNT exhibits a significant rate enhancement in the solvent-
free oxidation of BA compared to that observed for the
individual catalytic components.
High-resolution scanning transmission electron microscopy

images (Figure 2a,b) show the characterization of the Au−Pd/
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CNT alloy catalyst before the reaction and the physical
mixture of Au/CNT + Pd/CNT after a reaction time of 0.5 h
(Figure 2c−f). For the physical mixture, Au/CNT + Pd/CNT
exhibited a high dispersion after the reaction (see Figure 2c),
and we observed some migration of Pd, leading to small
clusters of Pd situated on the surface of Au nanoparticles,
forming a minority species of Janus-type nanoparticles,
although inductively coupled plasma mass spectroscopy
(ICP-MS) showed no leaching of either Au or Pd in the
postreaction solution likely due to the sequestration of the
physical mixture by the carbon. The Janus-type nanoparticles
are shown in Figure 2e,f together with the corresponding
elemental mapping characterization, showing that the nano-
particles comprise two metal phases (Au- and Pd-rich). This is
also evidenced by a comparison with micrographs of the Au/
CNT catalyst (Figure S4) and is distinctly different from the
nanoparticles present in the alloyed Au−Pd/CNT catalyst
(Figure 2b). The migration of Pd to Au could result from the
high temperature (120 °C) and solvent-free reaction
conditions and also dissolved O2, which is known to promote
either Ostwald ripening or particle agglomeration.20 This result

is consistent with the XPS characterization results for the Au/
CNT + Pd/CNT physical mixture after the reaction, where the
shift in binding energy indicates a stronger interaction between
Au and Pd. Additional images are shown in Figure S6 to
confirm this observation. To further investigate the transfer
between Au and Pd nanoparticles, we characterized the
physical mixture of Au/CNT and Pd/CNT after it was used
in solvent-free BA oxidation under N2, with all other reaction
conditions remaining the same. As shown in Figure S7, when
the reaction was carried out in an inert N2 environment, the Au
and Pd nanoparticles remained distinctly separated without
forming alloyed or Janus-like particles. This suggests the
critical role of O2 during the selective oxidation of BA, as the
higher likelihood of PdO formation and subsequent leaching
due to the in situ formed water from DH and the reaction of
Pd−H with O2. This observation is consistent with the results
shown in Figure S5b in the Supporting Information, where
minor activity was observed when solvent-free BA oxidation
was conducted under N2.
We subsequently examined the stability of the Au/CNT +

Pd/CNT catalysts when used as a physical mixture in solvent-

Figure 2. High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) of Au−Pd/CNT (a, b) and the physical
mixture of the Au/CNT + Pd/CNT catalysts after 0.5 h of reaction (c−f) with the corresponding elemental mapping images in (f). The arrows in e
and f indicate that part of the monometallic nanoparticles tend to generate a Janus-like alloyed Au−Pd structure from the postreaction sample,
where the two metal phases are affiliated with each other surfaces. The insets shown in (b and e) depict the EDS spectra of the corresponding
particles, revealing peaks of Au M (about 2.1 keV) and Pd L (about 2.8 keV).
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free BA oxidation. Figure 3 shows that the system is relatively
stable for at least three reaction cycles with BA conversions of
25.0, 23.2, and 22.4% in each cycle (without changing the
product selectivities). The decreased activity could be related
to the migration of Pd to the Au nanoparticles during the
reaction at 120 °C, where some Au−Pd Janus nanoparticles are
observed after the reaction (Figures 2 and S6). Moreover, the
catalytic activities observed for these Janus particles are still
higher compared with those of the as-prepared Au−Pd alloy
catalyst (BA conversion of 19.4% at 0.5 h). Furthermore, we
tested the recyclability of the alloyed Au−Pd/CNT catalyst
(Figure S8). Similarly, we observe a more severe decrease in
activity in terms of BA conversion, where the number
decreased by almost 30% compared to the first and third
cycles. This indicates that, in addition to the alloying process,
other factors, such as particle size distribution or leaching. may
also affect the catalytic performance in solvent-free BA
oxidation.
To distinguish the CORE effect in aqueous alcohol

oxidation reactions from the rate enhancement observed in
the solvent-free BA oxidation, we performed BA oxidation
reactions using a physical mixture of Au/CNT + Pd/CNT
with the addition of TiO2 or graphene into the reaction

mixture. The goal was to either retard or strengthen the
electron transfer process during the reaction through the
addition of a semiconductor (TiO2 type p25) or an electron
conductor (graphene) respectively (the conductivity among
these support materials follows an order of CNTs > graphene
≫ TiO2).

21,22 We have previously reported that electron
transfer plays an important role in coupling the ODH of the
alcohol and the oxygen reduction reaction (ORR). Figure 4a
shows a similar conversion between the solvent-free oxidation
of BA with or without the addition of TiO2 and graphene,
indicating that the electron transfer step is not the rate-
determining step in solvent-free BA oxidation, while the added
supports showed very minor activities on themselves as a blank
reaction (Figure 4b). Therefore, it is likely that a different
reaction mechanism is responsible for the observed rate
enhancement effect in the present system.
BA oxidation is known to have two reaction pathways:

namely BA dehydrogenation (DH) to BZALD and the parallel
reaction of disproportionation with the product of toluene.23

To understand the correlation between these two reaction
routes, especially for the physical mixture catalyst, we have
plotted the rates of disproportionation and DH over the
monometallic Pd, and its combination with Au as an alloy and

Figure 3. Solvent-free oxidation of BA over a physical mixture of Au/CNT + Pd/CNT for 3 cycles: (a) conversion and (b) product selectivity.
Reaction conditions: 15 mL BA, 120 °C, 3 bar O2, and reaction time of 0.5 h.

Figure 4. Solvent-free oxidation of BA over a physical mixture of Au/CNT + Pd/CNT as a catalyst with the addition of TiO2 and graphene (a) and
the corresponding blank reaction using different bare supports for 1 h reaction (b). Reaction conditions: 15 mL BA, 120 °C, and 3 bar O2.
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the physical mixture with different carbon supports (i.e.,
CNTs, XC-72R carbon black, and Super P Li (TIMCAL) with
its blank reaction performed, as shown in Figure 4b).
Interestingly, Table 1 shows that for all catalysts prepared on
each of the carbon support materials, a physical mixture of
monometallic catalysts exhibits a higher activity than the
corresponding alloy catalyst. More interestingly, the physical
mixture system is always more selective with respect to the
reaction route of disproportionation (a lower rate of
dehydrogenation/disproportionation, defined as DH/Dis in
Table 1). Thus, a higher yield of toluene is obtained. It is
worth noting that for the CNT-supported Au−Pd catalysts,
whether the Pd is alloyed or physically mixed with Au as a
bimetallic catalyst, the selectivity toward the disproportiona-
tion product can be greatly enhanced, especially for the
physical mixture catalyst, where the disproportionation
improved almost 3 times compared to the monometallic Pd
catalyst; however, the monometallic Au catalyst did not show
any activity. The activity trend toward the disproportionation
direction follows the order Au/Pd physical mixture > Au−Pd
alloy > Pd ≫ Au. That is to say, the addition of Au to the Pd
catalyst during the reaction can drive the selectivity toward C−
O bond activation in BA, resulting in higher productivity of the
toluene product.24,25 This is consistent with our previous
studies, where we observed that the hydrogenolysis of the C−
O bond in BA resulted from the presence of H on the Au
surface, and this Au−H species facilitates toluene forma-
tion.26,27 However, regarding the Au−Pd alloy, the electro-

chemical potential is a compromise between the two metals,
indicating that although the disproportionation step can be
improved in the alloy, the DH activity is usually limited. To
confirm this, we examined the literature and some previous
studies performed by our group. As summarized in Table 1, we
found that most catalysts containing alloyed Au−Pd nano-
particles often show a high rate of the DH step to form
BZALD, indicating a higher rate of DH/Dis. Furthermore,
when we compare the same catalysts prepared on TiO2 and
carbon (see the rows with identical marked color in Table S4
in the supporting information), it normally shows a higher
selectivity toward the reaction route of disproportionation,
indicating that the carbon support facilitates the H species
transfer during BA oxidation, which enhances the rate of
disproportionation (Dis).28,29 In our work, this phenomenon is
more obvious for the physical mixture catalysts between Au/
CNT and Pd/CNT. Here, the Pd−H species are formed via
the DH pathway of benzyl alcohol and can react with O2 to
form benzaldehyde (BZALD) and H2O. Meanwhile, owing to
the strong collision between Au/CNT and Pd/CNT, a portion
of the -H species on Pd partially transfers to the Au site via
migration on the CNT and further reacts with benzyl alcohol
to form toluene in the Dis pathway. We suggest that this
additional pathway of H removal due to the transfer from Pd
to Au results in an overall higher rate of benzyl alcohol
consumption. Furthermore, we performed H2-temperature-
programmed desorption (TPD) studies to gain a deeper
understanding of this process.

Table 1. Catalytic Performance of a Series of Carbon-Supported Au−Pd Catalysts in Solvent-Free BA Oxidationa

selectivity (%) DH rate (mol·h−1)

carbon-supported Au and Pd catalysts conversion (%) BZALD TOL Dis rate (mol·h−1) DH/Dis ratio

Pd/CNT 8.6 78.6 13.4 0.0162 0.0033 4.9
Au−Pd/CNT 24.1 70.6 28.5 0.0292 0.0198 1.48
Au/CNTs + Pd/CNTs 29.4 68.3 30.5 0.0320 0.0259 1.24
Pd/XC-72 53.1 60.2 39.3 0.0342 0.0642 0.53
Au−Pd/XC-72 54.1 58.4 41.3 0.0285 0.0688 0.41
Au/XC-72 + Pd/XC-72 58.3 57.9 41.6 0.0292 0.0746 0.39
Au−Pd/Super P Li 31.89 79 20.7 0.0536 0.0190 2.82
Au/Super P Li + Pd/Super P Li 35.47 76.1 23.6 0.0537 0.0242 2.22

aReaction conditions: 15 mL BA, 120 °C, 3 bar O2, and 0.5 h. Note: the DH and Dis rates were calculated based on the given conversion and
product selectivity.

Figure 5. Hydrogen temperature-programmed desorption (H2-TPD) profiles of (a) Au/CNT (25 mg), Pd/CNT(25 mg), and the bare CNT
support (50 mg). (b) A physical mixture of Au/CNT + Pd/CNT (25 mg +25 mg) and the as-prepared alloyed Au−Pd/CNT (25 mg).
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As shown in Figure 5, the H2-TPD profiles of Au/CNT, Pd/
CNT, bare CNT, and the physical mixture of Au/CNT and
Pd/CNT were compared. The same mass (50 mg) of the
samples was measured for all; in the case of the physical
mixture system, 25 mg of each monometallic catalyst was
mixed. To assign desorption peaks, the H2-TPD profiles of
monometallic catalysts and the bare support were analyzed
first, displaying three major peaks, marked as α, β, and γ in
Figure 5a. The α- and γ-peaks of bare CNTs can be assigned to
the desorption of H species that are either weakly or strongly
chemisorbed, respectively, with the latter signifying the C−H
covalent bond formation.30−33 The rate-determining step of H2
desorption from the C−H bond in CNTs is assumed to be the
association between two H species; meanwhile, H2 desorption
from an Au or Pd surface is much easier than from CNT.32,34

Therefore, the β-peak, newly evolved in the samples containing
metal nanoparticles at a temperature lower than that for the γ-
peak, can be assigned to facilitate the desorption of H species
by transfer from CNTs to the surface of metal nanoparticles.

Notably, H2 desorption on Au/CNT occurs at a lower
temperature than that on Pd/CNT, implying that the
activation energy for the transfer of H species from the
CNTs to the Au surface is smaller than that from the CNTs to
the Pd surface. This supports our hypothesis that H species can
transfer from the Pd surface to the Au surface through CNTs
because of the strong collision between catalyst particles in our
slurry-like system, resulting from the addition of a large
amount of carbon-based catalyst (100 mg) to 15 mL of BA
substrate (Figure S9). In this case, the CNT surface is most
likely to act as a carrier material, providing an environment for
the migration of −H species and the interaction between Au
and Pd.28,35 Next, to confirm if additional H2 desorption routes
are generated by physically mixing Au/CNT and Pd/CNT, the
desorption curve of the physical mixture was compared with
the sum of the desorption curves of the two monometallic
catalysts, as shown in Figure 5b. The two curves should be
analogous to each other if Au/CNT and Pd/CNT are
independent, without any interaction between them. In

Figure 6. Electrochemical performance of linear sweep voltammetry (LSV) using Au/CNT and Pd/CNT in the hydrogen evolution reaction
(HER) with or without benzyl alcohol (a) and the corresponding Tafel plots (b). Reaction conditions: the working electrode is the coated catalyst
on a glassy carbon electrode, the counter electrode is the carbon rod, and 30 mL of 1 M KCl electrolyte in N2, under stirring at a scan rate of 5 mV·
s−1.

Scheme 1. Proposed Reaction Route of Solvent-Free Oxidation of BA over the Pd Catalyst and its Combination with Au as a
Physical Mixture Catalyst
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contrast, the β- and γ-peaks of the physical mixture are larger
than the sum of the desorption curves. This may imply that
additional H2 was dissociatively adsorbed to the surface of a Pd
nanoparticle and then transferred to Au/CNT physically
contacting the Pd/CNT, given that H2 dissociative adsorption
is more facile on the Pd surface than on the Au surface and
carbon materials.34,36 Furthermore, the β-peak of the alloyed
Au−Pd/CNT catalyst showed even smaller desorption of H2,
which was likely to have an alloyed structure whose surface was
rich in Au; hence, this catalyst was unable to adsorb a large
amount of H2.

37 When the desorption procedure begins, these
additional H species may finally be desorbed from Au/CNT.
To provide further evidence of this, we have also tried to

understand the interaction between Au−H and Pd−H
electrochemically by observing the electrochemical hydrogen
evolution reaction (HER) using Au/CNT and Pd/CNT,
respectively, with or without the presence of BA. Figure 6
shows that Pd/CNT exhibits higher activity in the HER (∼0.2
V potential gap at a current density of 10 mA.cm−2) than Au/
CNT in an electrolyte without the addition of BA, suggesting
that the Pd surface is a good catalytic site to interact with the
surface H species dehydrogenated from BA.38 However, once
BA was added to the electrolyte, the HER activity over Pd/
CNT decreased quickly, whereas Au/CNT remained quite
stable. This indicates that the Pd surface is largely affected by
the competitive adsorption between the surface H, H2O, and
BA, whereas Au is relatively inert to these species.39

Comparatively, in terms of the thermochemical DH of BA, it
is recognized that the binding energy of surface H on Au is
weak, and hence these surface H species can more easily react
with BA, leading to the C−O bond hydrogenolysis to form
toluene instead of reducing O2 to H2O, the final step of DH
process in light of a negligible activity of O2 dissociation on
pure gold.40 We, therefore, propose the reaction route
preference in solvent-free oxidation of BA over the Pd catalyst
and its combination with Au as a physical mixture catalyst, as
shown in Scheme 1. Here, we consider that the addition of Au
strengthens the coupling effect between the DH and
disproportionation processes in the solvent-free oxidation of
BA via surface H spillover from Pd to Au. Transferring the
surface H species from Pd to Au enables dissociation of the
C−O bond, which is known to be more challenging than the
C−H bond activation.41−43

■ CONCLUSIONS
The rate enhancement observed in solvent-free BA oxidation
when using a physical mixture of Au/CNT and Pd/CNT can
be ascribed to the coupling of the BA DH and disproportio-
nation reactions. This is different from the origin of the rate
enhancement observed in an aqueous base, which is the
coupling of the ODH and ORR reactions responsible for the
observed CORE effect. However, it is clear that coupling the
two processes can lead to significant rate enhancement if the
two metallic sites responsible for the two separate processes
can be spatially separated. Furthermore, we consider that the
observation of effective coupling between BA DH and
disproportionation can provide new insights into the design
of multicomponent heterogeneous catalysts.

■ METHODS
Chemicals. The chemical reagents, including BA, BZALD,

BZA, and toluene used in the experiments, were purchased

from Aladdin Company (China) and used without further
purification: BA (99.8%, purity); multiwalled carbon nano-
tubes (CNTs) (99% purity; Chendu Organic Chemicals);
Super P Li carbon black (TIMCAL Super P Conductive
Carbon Black has numerous battery applications as a
conductive additive; Shenzhen Tianchenghe Technology Co.,
Ltd., Shenzhen, China); PdCl2 (99.999% metal basis); NaBH4
(98%, metal basis); HAuCl4·3H2O (≥99.9% trace metal basis);
poly(vinyl alcohol) (Sigma-Aldrich, Mw 9000−10,000, 80%
hydrolyzed); sulfuric acid (H2SO4; Fisher Scientific, ≥95%);
deionized water (DI water, Millipore; 18.2 MΩ·cm at 25 °C);
Carbon Vulcan XC-72R (Cabot Corporation); titanium
dioxide (TiO2, Degussa P25); O2 (99.999% purity; Taiyuan
Iron and Steel Corporation). All used electrodes were supplied
by Gaossunion Photoelectric Technology.

Material Preparation. Synthesis of 0.5 wt % Au/CNT and
0.5 wt % Pd/CNT Catalysts by Sol Immobilization. 1.0 mL of
HAuCl4 solution (5 mg Au/mL) or 1.0 mL of PdCl2 solution
(5 mg Pd/mL) were added to 300 mL of deionized (DI) water
and the mixed solution was stirred at room temperature for 15
min. The PVA solution was subsequently added at a mass ratio
of PVA to Au or Pd of 1:1. Then, the required amount of
freshly prepared NaBH4 solution at a molar ratio of NaBH4 to
Au or Pd of 5:1 was added to the above-mixed solution to form
a dark red or brown solution, respectively. After stirring for 30
min, 0.995 g of CNT was added, and the pH of the mixed
solution was adjusted to 1 with H2SO4. After 1 h, the products
were filtered, washed with deionized water, and dried at 110
°C for 18 h in an oven.

Synthesis of the Alloyed 1.0 wt % Au−Pd/CNT Catalyst by
Sol Immobilization. The steps for the synthesis of the 1 wt %
Au−Pd/CNT catalyst were similar to the above procedure. 5
mg of Au and 5 mg of the Pd precursor were added at the same
time to the solution, and the weight of the CNT was changed
from 0.995 to 0.99 g.

Synthesis of 1.0 wt % Au/XC-72 and 1.0 wt % Pd/XC-72
Catalysts by Sol Immobilization. The XC-72R-supported
monometallic Au and Pd catalysts were prepared using a
method similar to the above procedure. Typically, 0.909 mL of
the HAuCl4 precursor solution (11 mg/mL) or 1.0 mL of the
PdCl2 precursor solution (10 mg/mL) was added to 140 mL of
DI water at room temperature. The required amount of PVA
(PVA/metal = 1/1 (w/w)) was added to the above solution,
followed by the addition of NaBH4 leading to the sudden color
changes to dark red or brown, indicating the formation of Au
or Pd colloid. After 30 min of stirring, 0.99 g of XC-72R
carbon was added and the slurry was further stirred for another
30 min. The catalysts are denoted as Au/XC-72 and Pd/XC-
72. The resulting catalyst was washed with 1 L DI water,
filtered, and dried at 110 °C for 16 h.

Synthesis of 1 wt % Au/Super P Li and 1 wt % Pd/Super P
Li catalysts by Sol Immobilization. The Super P Li carbon
black-supported monometallic Au and Pd catalysts were
prepared using a methodology similar to that described
above. The only difference is the use of Super P Li as the
support.

Benzyl Alcohol Oxidation. Testing of Catalysts in
Solvent-Free BA Oxidation Reaction. Solvent-free aerobic
oxidation of BA using the molecular oxidant O2 was conducted
in a glass reactor (50 mL) fitted with a magnetic stirrer. First,
the glass reactor was charged with benzyl alcohol (15 mL) and
the catalyst (50 mg, for example, 50 mg 0.5% Au/CNT + 50
mg 0.5% Pd/CNT as a physical mixture; 50 mg monometallic
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0.5% Pd/CNT; 50 mg monometallic 0.5% Au/CNT; and 50
mg alloyed 1.0% Au−Pd/CNT) before it was purged five times
with oxygen. Subsequently, the reactor was pressurized to 0.3
MPa with O2 at 25 °C. The reaction mixture was heated to the
required temperature at 1000 rpm. The reactor was also
connected to an oxygen reservoir for the purpose of
replenishing the oxygen consumed during the reaction. The
reaction products were analyzed by GC (FuLi GC9790,
China) equipped with a flame ionization detector (FID) and
DM-5 column (30 m × 0.25 mm × 0.25 lm). The
electrochemical reaction of hydrogen evolution was conducted
in a single-cell reactor using a potentiostat (ChenHua,
CHI760E). The working electrode was prepared by dispersing
5 mg of the catalyst into 1 mL (900 μL H2O + 100 μL Nafion)
solution under sonication for 5 min, followed by dropping 5
μL solution onto a glassy carbon electrode (with a diameter of
3 mm) and drying under atmospheric conditions. A carbon rod
was used as the counter electrode, and a saturated calomel
electrode (SCE) was used as the reference electrode. The
reaction was performed under N2, and the obtained potential
numbers were converted using a reversible hydrogen electrode
(RHE) via E(RHE) = E(SCE) + 0.0591 pH + 0.24.

Catalyst Characterization. Atomic-resolution HAADF-
STEM images and EDX mappings were collected by an FEI
Titan Cubed Themis G2 300 (Thermo Fischer Scientific) and
JEM-ARM300F2. Inductively coupled plasma-atomic emission
spectroscopy was measured at the spectral range ranging from
167 to 782 nm (242.79 nm for Au and 340.46 nm for Pd)
using an argon plasma source on an OPTIMA 8300
(PerkinElmer) with a detection limit of 10 ppb. X-ray
photoelectron spectra (XPS) were collected using a Kratos
AXIS ULTRA DLD system (Shimadzu, Japan) with an Al Ka
source (1486.6 eV), and the C1 s peak at 284.8 eV was used as
a reference for calibration. An ASAP2020 instrument (Micro-
meritics) was used to analyze the BET surface area, pore
diameter, and pore volume of the prepared samples. BET and
t-plot methods were used to obtain the specific area and
micropore volume. H2-TPD was performed according to the
following program: step 1: 50 mg catalyst was dried under Ar
for 1 h at 120 °C; step 2: cooling the temperature down to
room temperature and switching the gas to H2 (20 mL.min−1)
for 1 h; step 3: switching back to Ar for a further 15 min before
recording the TPD signal, the system was set to 900 °C with a
ramp of 20 °C.min−1.
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