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reactions, respectively.’ Given suitable band positions, this

ABSTRACT: Transitioning energy-intensive and environ- process can split water into H, and O,.” As such, photocatalytic
mentally intensive processes toward sustainable conditions H, production is of enormous value, given the potential to
is necessary in light of the current global condition. To this generate significant energy sources using available resources
end, photocatalytic processes represent new approaches and sunlight. Moreover, this sustainably produced H, could
for H, generation; however, their application toward find other important uses in catalytic reactions such as
tandem catalytic reactivity remains challenging. Here, we hydrogenation and hydrodehalogenation, given the scale at
demonstrate that metal oxide materials decorated with which these reactions are performed. Decorating the metal
noble metal nanoparticles advance visible light photo- oxide with noble metal nanocatalysts could result in a tandem
catalytic activity toward new reactions not typically driven catalytic system for reactions that are not traditionally driven by
by light. For this, Pd nanoparticles were deposited onto light. As such, this approach could transition unsustainable
Cu,0 cubes to generate a composite structure. Once catalytic processes toward more sustainable, light-driven
characterized, their hydrodehalogenation activity was methods.

studied via the reductive dechlorination of polychlorinated Here we describe the production of multicomponent tandem
biphenyls. To this end, tandem catalytic reactivity was nanocatalysts that exploit light for multistep reactivity (Scheme
observed with H, generation via H,O reduction at the 1). In this regard, Cu,O cubes are generated, where addition of
Cu,O surface, followed by dehalogenation at the Pd using

the in situ generated H,. Such results present methods to Scheme 1. Fabrication and Activity of Cu,O/Pd Tandem
achieve sustainable catalytic technologies by advancing Catalysts for Light-Driven Hydrodehalogenation

photocatalytic approaches toward new reaction systems.

Cu,0 Cu,O/Pd
Pdz+ 2Cu2*

Catalytic technologies must be redesigned for optimal

reactivity under sustainable conditions with minimal to no galvanic

energy input. Nanotechnology provides new avenues to achieve M =
such sustainability goals without compromising the reactivity.” y C'? J
Furthermore, nanomaterial syntheses have recently matured to H,0 N
allow for the production of highly refined particles with control |
of the size, shape, and morphology of the structure;® however, =
the ability to design multicomponent nanosystems remains
challenging. Such systems are likely to be highly important, Pd** salts results in oxide surface decoration with Pd°
especially for tandem catalytic reactions that require multiple nanoparticles via galvanic exchange. Once characterized, the
catalysts interfaced into a single system. materials were used for the hydrodehalogenation of poly-

Nano- and microscale metal oxides have been the focus of chlorinated biphenyls (PCBs), where quantitative reactivity to
research due to their photoinduced electrical properties.* This produce biphenyl was observed using just an aqueous solution
phenomenon can be exploited for important photocatalytic and light. For this tandem catalytic system, the Cu,O
reactions that drive redox-based chemical processes,” which participates in H, production via photocatalysis that is
arise from the semiconductor band gap; upon irradiation of the subsequently activated on the Pd surface to drive hydro-
material with photons of appropriate energy, electron excitation dehalogenation. These results are important for two key
from the valence to conduction band occurs, where the holes
remain in the valence band. These electrons and holes then Received: October 11, 2013
travel to the oxide surface to drive reduction and oxidation Published: December 24, 2013
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reasons. First, they demonstrate a simple and aqueous-based
method for the production of multicomponent tandem
catalysts. Such catalytic systems can require surface immobiliza-
tion to generate the appropriate structures,® thus increasing
their synthetic complexity. Second, the materials are reactive
using light as an energy source for reactions typically driven by
an external H, source. As such, the adaptation of critically
important sustainable approaches toward energy- and/or
material-intensive processes is demonstrated.

The Pd-decorated Cu,O (Cu,O/Pd) materials were
generated using a simple aqueous approach. To prepare the
cubic Cu,0O component, a hydrothermal method was
employed.” For this, 2.0 g of polyvinylpyrrolidone (PVP;
25000 g/mol) was added to 100 mL of a 0.035 mM aqueous
Cu,SO, solution. The mixture was stirred for 15 min, after
which 100 mL of a solution of 0.07 mM sodium citrate and 0.12
mM Na,CO; was added dropwise to hydrolyze the Cu,SO, to
Cu(OH),. Once prepared, the Cu(OH), was then reduced to
Cu,0 by the addition of 50 mL of 0.14 mM L,p-glucose.
Following glucose addition, the system was heated at 80 °C for
2.0 h. The dark orange precipitate was filtered through a 200
nm track-etched polycarbonate membrane and dried at 60 °C
overnight. The dried Cu,O was then weighed and dispersed in
EtOH, to which sufficient Pd(O,CCHj;), was added to reach 3
wt% Pd based upon the mass of Cu,O. Due to the reduction
potentials,lo surface Cu' is oxidized to reduce the Pd** to Pd’,
resulting in the galvanostatic deposition of Pd nanoparticles
onto the Cu,O surface. The materials were left to react
overnight, after which they were purified by filtration.

Once the multicomponent materials were fabricated, they
were characterized using a variety of techniques. Initially, they
were analyzed using powder X-ray diffraction (XRD) and X-ray
photoelectron spectroscopy (XPS) (Figure 1). The XRD
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Figure 1. Cu,0/Pd characterization: (a) X-ray diffraction pattern of
the composite materials; (b) X-ray photoelectron spectrum of the
structures. High-resolution XPS analysis of the materials at the (c) Cu
and (d) Pd regions is also presented.

pattern (Figure la) was consistent with the cubic phase of
Cu,O, displaying reflections at 27.9, 35.1, 42.2, 50.1, and 61.4°
20, corresponding to the (110), (111), (200), (211), and (220)
lattices in Cu,O, respectively. Furthermore, no reflections
arising from either CuO or Pd were observed. Such results
suggest that Cu,O is the dominant material present in the
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sample. Additionally, the lack of Pd diffraction peaks suggests
that this component is likely to be quite small in size and/or in
significantly lower quantities as compared to the oxide. The
XRD data are corroborated by the XPS spectrum of the
composite materials (Figure 1b—d). The complete spectrum of
the Cu,O/Pd structures (Figure 1b) indicated that both Cu
and Pd were present in the sample. High-resolution analysis of
the Cu binding energy region (Figure 1c) demonstrated a peak
at 932.2 eV for Cu 2p;,,, which is consistent with values for
Cu".!! XPS peak fitting (Supporting Information, Figure S1)
indicated that the surface of the Cu component was comprised
of 86.1% Cu*, 12.8% Cu®*, and 1.1% Cu®. This was consistent
with the XRD study indicating a negligible quantity of Cu** and
Cu’ impurities. Analysis of the Pd binding energy region
(Figure 1d) demonstrated two peaks at 335 and 340.8 eV,
corresponding to Pd 3d;, and 3d;), respectively.'* These
peaks were attributed to Pd’, and no peaks associated with
unreduced Pd** or PO were evident.

Further characterization of the Cu,O/Pd materials was
conducted using both scanning and transmission electron
microscopy (SEM and TEM, respectively). Figure 2a presents

il

Figure 2. EM characterization: (ab) SEM images and (c,d) TEM
images of the Cu,O cubes before (a,c) and after (b,d) Pd deposition.

the morphology of the bare Cu,O materials. From this, well-
defined cubic structures were generated with an edge length of
700 + 120 nm, as determined from at least 100 particles. SEM
analysis of the materials after Pd deposition is presented in
Figure 2b. For these structures, the incorporation of Pd
particles did not significantly alter the size of the materials (690
+ 110 nm). As anticipated, the Pd component on the faces of
the cubes could not be observed using SEM, likely due to their
small size. Energy-dispersive spectroscopy (EDS) analysis
(Supporting Information, Figure S2) confirmed the Pd content
of 3.0 wt%, consistent with the synthesis. Finally, TEM imaging
of the Cu,0 and Cu,O/Pd materials was also conducted. These
images focus on the edge of the cubes to observe the difference
in surface morphology arising from Pd incorporation. Figure 2¢
presents the TEM image of bare Cu,O cubes, while Figure 2d
displays Cu,O/Pd structures. Here, Pd nanoparticles (16.1 +
5.0 nm) are evident along the edge of the structure. Additional
images are presented in the Supporting Information, Figure S3.

Due to the thickness of the Cu,O, lattice-resolved imaging of
the composite was not possible, especially along the cube faces.
To confirm the location of the Cu and Pd regions of the Cu,0/
Pd structures, EDS mapping of the materials was conducted
using annular dark-field scanning TEM (ADE-STEM)
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Figure 3. Compositional EDS mapping of the Cu,O/Pd structures
using STEM: (a) annular dark-field image of the materials; (b,c) the
Cu and Pd maps, respectively; and (d) composite overlay of the Pd
and Cu maps, demonstrating the Pd-decorated Cu,O structure.

equipped with an EDS detector; Cu was detected at 8.04 keV
and Pd at 2.84 keV. Figure 3 presents the elemental map and
overlay for the composite structures. The images confirm that
the Pd component was deposited along the surface of the Cu,O
cubes, forming the Cu,O/Pd. This design is likely to enhance
the catalytically reactive surface area due to the morphology at
the interface between the two components. Indeed, based upon
BET surface analysis, the area of the bare Cu,O cubes was 0.99
m?*/g, which increased to 1.82 m’/g after Pd nanoparticle
deposition. Such an increase is important to efficiently expose
the reactive materials for catalysis; however, this value is still
somewhat low.

Once the structure of the Cu,O/Pd materials was confirmed,
their catalytic activity for light-driven hydrodehalogenation was
processed. In this sense, a tandem catalytic reaction is
anticipated (Scheme 1). First, H, generation should occur via
H,O reduction by the Cu,0O, driven by light. Next, this H, will
be activated on the Pd, where hydrodehalogenation can occur.
For this, the dechlorination of PCBs to generate biphenyl and
Cl™ was examined (Figure 4 and Supporting Information,
Tables S1 and S2). Such solution reactions are highly important
for both organic synthesis and environmental decontamina-
tion."? Although metal oxides such as TiO, have been used for
PCB breakdown,'* this oxidative approach leads to the
formation of hydroxylated PCBs that are more reactive with
cell components,15 as well as dioxins and furans that are
significantly more toxic than the parent compounds.'
Conversely, reductive dechlorination ultimately produces
biphenyl that is less toxic than the parent PCB.'® Such
reductive methods typically require a separate H, source, which
is introduced either via Fe corrosion or through exogenous
sources.'” Both approaches are energy intensive and limited
due to catalyst consumption; thus, new methods are required.

To demonstrate the tandem catalysis, reductive dechlorina-
tion of 3-chlorobiphenyl (PCB2) was examined using the
Cu,0/Pd structures (Figure 4a,b). For this reaction, 100 mg of
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Figure 4. Tandem catalytic analysis for the light-driven dehalogenation
reaction: (a) the mechanism, and reaction analysis as a function of
time for (b) PCB2 and (c) PCB77.

the Cu,O/Pd materials was added to 50 mL of a 25 mM PCB2
solution, resulting in a 2 mg/mL material concentration. The
reaction was tightly sealed and then irradiated using a 450 W
medium pressure mercury-vapor lamp in a light box. Aliquots
were extracted at selected time points and quantitated using
standard GC-MS methods to monitor reaction progress in
triplicate.'”'® Under these conditions, ~95% of the PCB2 was
fully dechlorinated to biphenyl within 15 h, while quantitative
product formation was observed at 30 h. In this system, no
evidence of oxidative dechlorination was noted. As anticipated,
when the same reaction was conducted in the dark, no
dechlorination of PCB2 was observed.

To confirm that the reactivity arose from the tandem
catalytic reductive hydrodehalogenation process, a set of
controls was completed. First, when PCB2 was irradiated in
the absence of Cu,O/Pd, no dechlorination was evident after
48 h. Second, when the reaction was conducted with bare Cu,O
cubes (no Pd particles), again no dechlorination was observed.
Third, in the standard tandem system, the PCB2 substrate was
substituted with biphenyl to observe any potential breakdown
of the final product. After 100 h of reaction, no change in the
biphenyl concentration was noted. Fourth, when the Cu,0/Pd
reaction concentration was decreased by half, reactivity was
retained; however, slower substrate conversion was observed
(Supporting Information, Figure S4). Finally, when the reaction
was performed using a physical mixture of Cu,O cubes and
separate Pd nanoparticles, no dechlorination was evident
(Figure 4b). Note that the Pd nanoparticles were reactive for
dechlorination using an exogenous H, source. Taken together,
these results suggest that dechlorination driven by the Cu,O/
Pd materials follows a reductive pathway. For this, the Cu,O
facilitates H, generation via H,O reduction, while the Pd
controls PCB dechlorination using the in situ generated H,.
Note that EtOH was present in the system to increase PCB
solubility, thus serving as a sacrificial reagent to prevent Cu,O
photocorrosion.

This unique architecture provides the Cu,O/Pd materials
with advantages over the individual components. For instance,
photoinduced charge separation within the Cu,O provides an
electron for H, generation, which is then used to perform
hydrodechlorination on the Pd. The close proximity of Cu,O to
Pd is advantageous to minimize diffusion effects that could limit
or inhibit reactivity. Furthermore, as the Fermi level of Pd is
lower than the conduction band (CB) of Cu,O, photoexcited
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electrons are shuttled from the CB of the oxide to the Fermi
level of the metal."”"” Such charge transfer greatly decreases
the likelihood of electron—hole recombination to enhance the
photocatalytic activity, as shown previously for TiO,/metal
particle systems.”® Moreover, the surface Pd could also facilitate
the reduction of protons to form H, using the electron
originating from the CB of the Cu,0.”* As such, H, production
could occur from both the Cu,0O and Pd surfaces. Taken
together, the ensemble of the Pd particles on the Cu,O cubes
simultaneously provides localized catalytic sites for the
hydrodehalogenation reaction in the vicinity of the photo-
generated H,.

To further investigate the reactivity of the Cu,O/Pd
materials, they were used for the dechlorination of 3,3'4,4'-
tetrachlorobiphenyl (PCB77). Identical reaction conditions
were employed as compared to the PCB2 system; however,
longer reaction times were monitored due to the greater
number of chlorine groups. In this case, the reductive
dechlorination pathway of PCB77 follows a stepwise removal
of a single chlorine from the rings, where lower chlorinated
derivatives can be measured during the course of the reaction.
As shown in Figure 4c, complete removal of a single chlorine
from PCB77 was achieved in 8 h to generate a PCB with three
chlorine substituents. In this regard, a mixture of three-chlorine
PCB congeners was observed that are combined to form the
3Cl PCB curve. As the photodriven reaction proceeded, a
stepwise pattern representing the reductive dechlorination of
PCB77 was noted, where biphenyl was the ultimate product.
Nearly quantitative yields (90.5 + 1.5%) of biphenyl were
observed after 156 h; however, a small amount of 1Cl PCBs
remained (9.5 = 2.3%). As such, the materials are highly
reactive for long-term dechlorination, as evidenced by their
reactivity for the polychlorinated reagent.

In summary, we have demonstrated the generation of a
multicomponent tandem nanocatalyst based upon Pd-deco-
rated Cu,O materials. These structures were fabricated using a
facile electroless method, where the Pd particles are deposited
on the surface of the Cu,O cubes. This architecture provides
advantages for light-activated tandem catalytic reactions that are
dependent upon H, as a reagent. The Cu,O/Pd materials
demonstrated significant tandem catalytic functionality for the
dechlorination of PCBs, which occurred via a reductive process,
generating no toxic oxidation products. It is anticipated that this
unique light-activated system could establish the foundation for
the development of a new class of materials for sustainable
reactivity that is dependent upon the use of H,.
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