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ABSTRACT: The direct synthesis of hydrogen peroxide
(DSHP) from H, and O, is conceptually the most ideal and
straightforward reaction for producing H,O, in industry.
However, precisely tailored catalysts are still in progress for
large scale production. Here, we report highly efficient and
industrially relevant catalysts for the direct synthesis of H,O,
from H, and O, prepared by the immobilization of Pd
nanocatalysts onto a functionalized resin. The continuous
production of 8.9 wt % H,0, and high productivity (180 g of

| K2621 | Pd/PAH-
1 | K2621

“Leach-proof” supported Pd catalysts

Pd nanocatalysts

H,0, (g of Pd)™ h™") is achieved under intrinsically safe and less-corrosive conditions without any loss of activity. We expect
this approach is a substantial improvement of nanocatalysts for direct synthesis of hydrogen peroxide from hydrogen and oxygen
and will greatly accelerate the industrially relevant process of on site production of hydrogen peroxide soon.
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Bl INTRODUCTION

The direct synthesis of hydrogen peroxide (DSHP) from
hydrogen and oxygen has drawn attention from its infancy
because of the simple reaction scheme involved and because
water is the only byproduct. Contrary to the simple reaction
scheme, unfortunately, the reaction remains one of the most
challenging reactions from a catalysis perspective." The DSHP
can be explosive when operated within flammability/explosion
limits (mixing ratio of H,/O, in the range from 4% to 94%
H,).> On account of these serious problems, the direct process
has not yet been put into practice. Thus, in order to be out of
the explosive region, the mixtures of H, and O, should contain
less than about 4% H,. Although continuous efforts are
underway to improve catalyst and reactor designs and to
optimize process parameters for this reaction,® ® both the
efficiency of the catalysts and the concomitant intrinsic
problems that involve thermodynamic free energies in the
reaction pathway remain unsatisfactory.

Recently, research along these lines has been rejuvenated by
important contributions from leading research groups.
Hutchin%s and colleagues have focused on Au—Pd bimetallic
catalysts,”'* while Lunsford et al. have opened a new avenue
of catalyst design by introducing supported Pd nanoparticle
catalysts.'" Especially, Fierro’s group gives important contribu-
tions on the basis of palladium-loaded sulfonic acid polystyrene
resin catalysts.'>~'° Huilin et al. has demonstrated the relatively
safe DSHP operation in the absence of any acid and halide
promoter under the atmosphere pressure.m In industrial fields,
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Evonik Industries (formerly Degussa-Headwaters) have made
efforts to implement the DSHP process with their proprietary
“phase-controlled” nanoparticle-based catalysts.'”'® By virtue of
these pioneering contributions, expectations for the successful
development of the DSHP process are high. From an industrial
viewpoint, however, the reaction is still considered an elusive
goal. Because the development of the process has been
hampered by critical issues such as low selectivity, low
productivity of H,0,, and corrosion/leaching problems caused
by caustic reaction media, it is extremely difficult to meet the
industrial target of continuous production of 8—10 wt % H,O,
under industrially relevant conditions. These challenges may
account for the few commercial implementations of this
reaction.

As a preliminary step to achieving the elusive goal of the
continuous production of 8—10 wt % H,O,, we have previously
proposed an efficient catalyst design based on the encapsulation
of Pd nanoparticles in polyelectrolyte multilayers (PEMs)
constructed on an ion-exchange resin.'” This approach has
shown that the H,O, yield is sufficiently high to meet the
industrial target under intrinsically safe and less-corrosive
conditions without any loss of activity. However, the amount of
Pd nanoparticles near the surface of the catalyst is relatively
small because the nanoparticles are intercalated and distributed
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Scheme 1. Formation of Pd Nanocatalysts onto Sulfonated Resin: (a) Pd-DDS Synthesis; (b) Ligand Exchange of Pd-DDS with
Water-Soluble MAA; (c) Immobilization of Pd-MAA onto Functionalized Resin
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throughout the entire thin film of PEMs. The “encapsulated”
nature of the Pd nanoparticles may result in a decreased
utilization efficiency of the metal and therefore lead to
decreased productivity of the catalyst.

Herein, we present a highly efficient and industrially relevant
catalyst design for the direct synthesis of H,O, from H, and O,.
The new catalyst is prepared through the stable immobilization
of ready-made Pd nanoparticles onto the outermost surface of
sulfonated polystyrene resin coated with a positively charged
polymer. The Pd nanoparticles are deposited at the periphery
of the catalyst such that most of the active sites are always
exposed to the reaction mixture and are easily accessible to
migrating reactants. In addition, the use of polyelectrolyte
enables the highly stable anchoring of nanoparticles onto the
support. These characteristic features, or a combination of these
advantages, may satisfy most of the requirements for the
commercial application of hydrogen peroxide synthesis from
hydrogen and oxygen.

The preparation of the catalyst is summarized in Scheme 1.
We first synthesize monodispersed Pd nanoparticles through
the thermal decomposition of palladium acetate in the presence
of dodecyl sulfide (DDS) as a ligand to prevent aggregation of
the nanoparticles. The one-step pyrolysis procedure is typically
performed in toluene at 95 °C for 1 h. After the decomposition
and reduction of the palladium acetate, the color of the reaction
medium turns from yellow to black, which indicates the
successful formation of colloidal Pd nanoparticles. For the
efficient anchoring of the Pd nanoparticles onto sulfonated
polystyrene (PS) resin (K2621, Lewatit (Bayer AG),
Leverkusen, North Rhine-Westphalia, Germany), the hydro-
phobic DDS ligand of the Pd nanoparticles is exchanged with
the water-soluble ligand mercaptoacetic acid (MAA). The
surface of the sulfonated PS resin is also decorated with
positively charged poly(allylamine hydrochloride) (PAH) or
alternating stacking of PAH and negatively charged polystyrene
sulfonate (PSS). Thus, the negatively charged MAA can easily
interact with positively charged PAH through an electrostatic
interaction force in aqueous solutions.

B RESULTS AND DISCUSSION

TEM and XRD Analysis for Characterization of Pd
Nanoparticles and Immobilized Pd Nanoparticles. The
synthetically prepared Pd nanoparticles are examined using
transmission electron microscopy (TEM) and X-ray diffraction
(XRD) for the analysis of size, interplanar spacing, mono-
dispersity, and crystallinity (Figure 1). Particle size distributions
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of the Pd nanoparticles show high monodispersity with low
variation (0.2 nm) (Figure lad), which confirms that the
synthesis-and-modification route is efficient for the production
of uniform Pd nanoparticles, although no size-selective process
is performed. The interplanar spacing of the highly crystalline
synthetic Pd-DDS nanoparticles is 0.23 nm, which agrees well
with the (111) lattice plane of face-centered cubic (fcc) Pd
metal (Figure 1b).%°

The electron diffraction patterns of the Pd-DDS particles
show four sharp diffused rings, which are assigned to the
diffractions from the (111), (200), (220), and (311) planes of a
fcc Pd phase, as shown in Figure lc. The X-ray diffraction
(XRD) pattern of the Pd-DDS particles also shows the
characteristic peaks of a fcc structure (Figure 1g). In addition,
the crystal size of the Pd samples calculated from the line
broadening of the (111) reflection using the Scherrer formula®'
is 2 nm, in good agreement with the size of the particles (2.3
nm) as shown in Figure 1b. After the hydrophobic DDS ligands
of the Pd nanoparticles are exchanged with water-soluble
ligands (MAA), the HRTEM images, XRD pattern, and
electron diffraction pattern of the Pd-MAA samples (Figure
1d, e, f, and g) show an unclear lattice edge, distortion of the
domain boundary, and blurred rings, which indicates that the
atoms in the crystalline particles are not perfectly stacked. The
observed crystallinity change on ligand exchange between DDS
and MAA seems to indicate that the chemical nature of the
ligand has effect on the Pd nanoparticle structure and
crystallinity.”>">* While detailed mechanism remains elusive,
MAA is essential for attaining the change of Pd nanoparticle’s
crystallinity in solution. As shown in Figure la, the Pd
nanoparticles show significant volume changes during the
ligand exchange, with increase of 200% from Pd-DDS (2.3 nm
diameter) to Pd-MAA (2.9 nm diameter) nanoparticles. Thus,
the substantial volumetric expansion cause the imperfect
stacking of the atoms in the crystalline particles and a large
number of defects such as vacancy in the particles, which might
be essential for changing the crystallinity of Pd nanoparticles.
On the basis of this evidence, it is reasonable to conclude that
most of the Pd-MAA particles are amorphous.

With regard to the stability of the catalyst to metal leaching,
our previous catalyst design may offer strong advantages
because the nanoparticles tend not to escape from the ionically
cross-linked architecture of PEMs. The Pd nanoparticles closely
encapsulated in an entire thin film, however, may be
unfavorable for migrating reactants to access the active sites.
The catalytic activity of Pd nanoparticles embedded in a thin
charged film can be decreased because of diffusion limitations
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Figure 1. TEM images of (a) Pd-DDS and (d) Pd-MAA nanoparticles;
the insets indicate the size distribution. The average particle size and
distribution of Pd nanoparticles are determined using the Image]
software program. Magnified HRTEM images of (b) Pd-DDS and (e)
Pd-MAA nanoparticles. Electron diffraction patterns of (c) Pd-DDS
and (f) Pd-MAA nanoparticles. (g) X-ray diffraction patterns of Pd-
DDS and Pd-MAA. (h) Cryo-TEM image of Pd-MAA nanoparticles
immobilized onto PAH coated on sulfonated resin.

or the mass transfer of reactants from the reaction
medium.**~*° In this regard, the anchoring of the nanoparticles
onto the outermost surface of the support is a more favorable
immobilization method.*® For the efficient immobilization of
negatively charged Pd-MAA onto the surface of the support,
the outermost surface of the sulfonated resin is tailored with
positively charged PAH polymer. The Pd-MAA is subsequently
easily anchored onto the PAH-decorated sulfonated resin by
electrostatic interactions. After immobilization of the Pd
nanoparticles, cryo-TEM analysis is performed without any
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separation or washing processes, which clearly demonstrates
that the particles are uniformly distributed (Figure 1h). The
anchoring position indicates that the Pd nanoparticles are
properly immobilized onto only the outersurface of the PS
resin. Furthermore, no surface aggregation of the Pd nano-
particles is observed, and no nanoparticles are contained in the
core region of the resin. The anchored Pd nanoparticles are
well distributed and exist as particulates, although polymeric
macroporous resins can shrink during the drying process. This
arrangement confirms the efficient immobilization of Pd
nanoparticles onto the surface of the resin (Figure 1h).
These results indicate that the beneficial effect of electrostatic
interactions among the negatively charged sulfonated resin, the
polyelectrolyte, and the negatively charged Pd nanoparticles
results in Pd nanoparticles that are well dispersed across the
sulfonated resin.

Furthermore, the architectures of Pd nanoparticles on thin
films are more extensively developed by the alternating
deposition of cationic PAH and anionic poly(styrene sulfonate)
(PSS) onto a sulfonated resin when the uppermost layer of the
PAH provides a positively charged surface for the subsequent
self-assembly of the Pd-MAA nanoparticles. The immobiliza-
tion of the nanoparticles onto the functionalized resin strongly
depends on the number of polyelectrolyte layers (Figure 2a).

Interestingly, the immobilization yield of the Pd nano-
particles has decreased as the number of deposited layers is
increased. Although the differences in immobilization yield of
the Pd nanoparticles at each modified layer are difficult to
explain completely, the tendency of the yields to decrease may
be attributable to an increase in the repulsive force due to the
increased number of free negatively charged sulfonate groups in
PSS relative to the increased number of layers. The loading
amount at a monolayer of the PAH coating corresponded to a
maximum immobilization yield of 91%, which indicates that the
immobilization method is highly efficient for the preparation of
supported Pd nanocatalysts (Figure 2a).

XPS measurements are performed on the Pd-DDS
(crystalline nanoparticles), the Pd-MAA (amorphous nano-
particles), and the immobilized Pd-MAA at different layers of
the polymeric thin film (Figure 2b,c; Figure S1, Supporting
Information). Overall, the XPS spectra of the two kinds of
particles (free Pd-DDS/Pd-MAA and the immobilized samples)
show distinctive peaks (Figure 2b,c; Figure S1, Supporting
Information). In general, the reduced Pd peaks for the
Pd(3ds/,) and Pd(3d;;,) spin—orbit doublet occur at
approximately 335 and 340 eV, respectively.””*' The XPS
spectra of the free Pd-DDS and Pd-MAA nanoparticles indicate
that the samples contain metallic Pd. After the Pd-MAA
nanoparticles are immobilized onto the sulfonated resin with
different numbers of coating layers, the XPS spectra showed
binding energies of 337 and 342 eV, which correspond to P4
In addition, the spectra collected before and after the
immobilization indicate that most of the Pd nanoparticles are
oxidized from Pd° to Pd" upon immobilization and that the Pd"
state is retained, irrespective of the involvement of the reaction
(Figures 2b,c). Furthermore, S 2p XPS data show that the
reduction of Pd might result from the oxidation of sulfur in the
ligand during the immobilization of Pd-MAA onto PAH-K2621
(Figure S1, Table S1, Supporting Information).

Examination of Catalytic Activities for the Direct
Synthesis of Hydrogen Peroxide. To evaluate the catalytic
performance for the DSHP reaction, various catalysts are
examined under intrinsically safe and less-corrosive reaction
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Figure 2. (a) Effect of the number of PEL layers on the immobilization efficiency of Pd-MAA on sulfonated resin, and the XPS spectra of the Pd 3d

region of catalysts (b) before and (c) after the reaction.

Table 1. Catalytic Activities of Supported Pd Nanocatalysts for the Direct Synthesis of H,0, from H, and O,

entry catalyst Pd (wt%) TOS (h) H,0, conc (wt %)
1 Pd/PAH-K2621 0.24 100 8.9
2 PEM’(Pd)/K2621° 0.49 100 7.7
3 Pd/PEM>-K2621¢ 0.14 100 1.8
4 Pd/PEM’-K2621¢ 0.06 100 02
S Pd/K2621°¢ 0.72 50 6.1

H, conv (%)

H, selectivity (%)  productivity (g of H,0, (g of Pd)™ h™")

80 73 180
69 73 32
58 19 14
45 13 S
65 60 17

“Reaction conditions: catalyst loading 20 cc; N,/H,/0, (vol %) = 50/3/47 (50 bar); total gas flow rate = 800 mL min™'; liquid flow rate = 0.25 mL
min~"; gas/liquid rate ratio = 3200; methanol solvent (1.47 X 10~* M HBr); 30 °C. Reference 19. “Five layers of PEM (PAH/PSS). “Nine layers of
PEM (PAH/PSS). “Commercial Pd-doped sulfonated resin (K263S, Lanxess).

conditions (Table 1). The reaction performance of each
catalyst is significantly changed by the characteristics of the
applied catalyst, and it is clear that the use of the PAH linker for
the immobilization of the palladium nanoparticles is advanta-
geous for the preparation of an eflicient catalyst to promote the
DSHP reaction (entry 1). The productivity (180 g of H,0, (g
of Pd)™' h™!) of the Pd/PAH-K2621 catalyst confirms its high
catalytic activity, and the produced H,O, concentration (8.9 wt
%) is sufficient to satisfy the previously discussed industrial
target. Compared with our previous catalyst design based on
the encapsulation of Pd nanoparticles in PEMs (entry 2), the
Pd/PAH-K2621 catalyst shows an obvious improvement in
H,0, concentration and H, conversion. In particular, the H,O,
productivity of the new catalyst (entry 1) is six times higher
than that of the previous catalyst (entry 2), and the high
production of H,O, implies that the utilization efficiency of the
active sites in the catalysts can be greatly enhanced by the
arrangement of Pd nanoparticles at the periphery, where the
reactant mixture can more easily access the active sites. In the
case of the Pd nanoparticles encapsulated in PEMs (entry 2),
large amounts of Pd nanoparticles exist throughout the
electrostatically cross-linked architecture of the PEM thin
films. The closely packed or intercalated nature of the Pd
nanoparticles may be unfavorable for the accessibility of the
active sites and thus lead to a decrease in the efficiency of the
catalyst. The Pd catalysts encapsulated in the PEMs therefore
result in a sharp decrease in the production of H,0,, although a
large amount of Pd nanoparticles (0.49 wt %) is loaded and
exists at the external surface of the support. In the case of the
use of PEMs as a linker, the poor catalytic performances are
attributed to the dramatic decrease in both H, conversion and
selectivity (entries 3 and 4). In addition, an increase in the
number of PEM layers from S to 9 also led to a further
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reduction in the immobilization yield of the Pd nanoparticles.
The observed trend in the reaction performances with regard to
the applied linkers is consistent with the immobilization
efficiency of the Pd nanoparticles onto the support.
Considering that the presence of a large amount of sulfonate
groups in the macroporous resin matrix may significantly
influence the pH of the reaction medium, the catalytic activity is
expected to be strongly affected by the macroenvironment.
However, the change in the reaction performance with respect
to the immobilization linkers clearly suggests that elegant
control of microenvironment of the catalyst, especially around
nanoparticles, is critical to the elucidation of a salient design for
an eflicient catalyst for the DSHP reaction. In this study, the
use of the PAH linker is highly favorable compared with
stacking of the PEMs on a sulfonated resin by the alternating
adsorption of polycationic and polyanionic polyelectrolytes.
However, the stacking of PEMs on the support is not always
detrimental to the reaction because palladium nanoparticles
encapsulated in the closely packed PAH/PSS multilayer exhibit
reasonably good catalytic activity (entry 2). Although it is
difficult to explain the differences in the reaction performance
of PEM-applied catalysts at this stage, the minute change of the
environment around the Pd nanoparticles by PEMs may be
closely related to the catalytic activity. The commercially
available Pd-doped sulfonated resin catalyst shows a poor H,O,
production as low as 17 g of H,0, (g of Pd)™" h™', which is
approximately one-tenth that of Pd/PAH-K2621 (entry S). The
poor H,0, production implies not only that the accessibility
from the reaction medium toward active sites of the Pd
catalysts in the resin matrix is limited but also that relatively
larger and irregular Pd particle sizes may result in reduced
reaction performance, although the amount of Pd doping is
greater than that of other catalysts. These facts suggest that fine
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control of the microenvironment with the selection of a suitable
linker, the arrangement of the active sites at the external
surface, or a combination of these factors is important to realize
an eflicient and industrially relevant catalyst design.
Investigation of Decomposition of Hydrogen Per-
oxide. One of the critical challenges in DSHP reaction is the
control of byproduct formation pathways because the Pd
catalysts promote both the production and the decomposition
of H,0,. Therefore, minimizing the H,0, decomposition is a
prerequisite to achieving a high yield of H,0O,. In this respect,
the investigation of H,0, decomposition by various catalysts is
performed under similar reaction conditions. Interestingly,
H,0, decomposition is also remarkably dependent upon the
immobilization method, as observed in both the nanoparticle
immobilization efficiency and the reaction performance, as
shown in Figure 3. Whereas almost no H,O, decomposition

H,0, concentration / wt %

9 12 15 18 21 24
t/h

0 3 6

Figure 3. Investigation of H,O, decomposition over various catalysts:
natural decomposition (O), K2621 (V), Pd/PAH-K2621 (A), Pd/
PEMS5-K2621 (M), and Pd/PEM9-K2621 (4@). The reaction is
performed using H,0, decomposition reaction medium (10 wt %
H,0,, 147 X 107* M HBr in MeOH) in a shaking incubator (300
rpm) at a reaction temperature of 30 °C with Pd 0.6 mg/mL (Pd
amount/reaction volume).

occurred without the catalyst, a small amount of H,0,
decomposed in the presence of the sulfonated resin (K2621).
When PAH or PEMs are used as immobilization linkers in the
catalysts, the decomposition rates of H,O, were accelerated as
the number of PEM layers was increased.

Indeed, the reaction performance strongly depends on the
immobilization methods under real reaction conditions.
Although it is difficult to directly relate the order of H,0,
decomposition with the catalytic activity, compared with the
sulfonated resin itself, the high yield of H,0, and the
productivity of the Pd/PAH-K2621 catalyst indicate that the
decomposition of the produced H,0, to H,O is not significant
to reduce the catalytic performance. In the case of the Pd/
PEM-K2621 catalysts, a relatively faster decomposition rate of
H,0,, combined with low H, conversion, has resulted in poor
reaction performance. These results show that the immobiliza-
tion method closely affects the decomposition rate of H,O, and
consequently exhibits a strong influence on both the H,
selectivity and the H,0O, production.

In addition to the excellent catalytic performance, industrially
available catalysts should have strong resistance against leaching
from the support. To confirm the stability of the catalysts, we
performed leaching tests in the reaction medium (methanol
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that contained 1.47 X 10™* M HBr) at room temperature for 24
h. In the case of commercial Pd-doped resins (K2635; Pd"/
K2621), the leaching of palladium from the K263S$ is obvious
because a color change is observed after 1 day (Figure 4). This

Figure 4. Images of Pd leaching from commercial Pd-doped K263S,
K2621, and Pd/PAH-K2621. The catalysts are examined in the
reaction medium (MeOH containing 1.47 X 10™* M HBr) at 30 °C for
24 h.

result indicates that hydrogen peroxide, which is a strong
oxidizer, attacks the resin matrix and results in the breakdown
of the cross-linked matrix.** ICP analysis showed that the total
concentration of Pd in the solution is approximately 0.45 wt %,
which reveals that 37.5% of the palladium was eroded from the
K263S support after only 24 h. However, the Pd/PAH-K2621
catalyst exhibits no color changes, and no palladium is detected
in the analysis of the resulting liquid, which indicates that the
Pd/PAH-K2621 catalyst is highly stable under the reaction
conditions. This result is consistent with that of the real
reaction-product analysis. The “leach-proof” nature is un-
doubtedly advantageous because the resulting nonacidic and
metal-free H,O,/methanol solution can be directly used as an
oxidant in an oxidation reaction, for example, propylene
epoxidation, without unfavorable neutralization, purification,
or concentration processes; these advantages greatly improve
the efficiency and cost-effectiveness of the entire process.

H CONCLUSION

In summary, we have presented the successful development of a
highly efficient and industrially relevant catalyst for the direct
synthesis of hydrogen peroxide from hydrogen and oxygen.
The unique catalyst design, including the arrangement of Pd
nanoparticles at the periphery of the support, the use of a PAH
linker, and the use of sulfonated resin, makes it possible, for the
first time, to meet industrial targets under intrinsically safe and
less-corrosive conditions without any loss of activity throughout
the course of the reaction. The immobilization efficiency of the
nanoparticles on the outermost surface, as well as the reaction
performance and “leach-proof” stability of the catalysts, are
remarkably dependent upon the linker between the macro-
porous resin matrix and the Pd nanoparticles. This fact suggests
that the favorable tuning of the microenvironment induced by
the use of an appropriate linker is a critical factor for the
catalyst design. A detailed linker screening and a study of the
microenvironment and its detailed control are currently in
progress.

dx.doi.org/10.1021/cs300090h | ACS Catal. 2012, 2, 1042—-1048
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B EXPERIMENTAL SECTION

Materials. Palladium(Pd) acetate (Pd(OAc),), n-dodecyl sulfide
(DDS), mercaptoacetic acid (MAA), toluene, poly(allylamine hydro-
chloride) (PAH, M, 56000), poly(4-styrenesulfonate, ammonium
salt) (PSS, M,, 70 000), cerium(IV) sulfate standard solution (0.25 N
in 1—4 N sulfuric acid), and ferroin indicator (0.1 wt % solution in
water) were purchased from Sigma-Aldrich and used without further
purification. Polystyrene resin (K2621 (SO;7)) and K2635 (Pd-doped
K2621) were kindly provided by Lanxess.

HRTEM and Cryo-TEM. Analysis of high-resolution transmission
electron microscopy (HRTEM) was performed using a transmission
electron microscope (Philips, Tecnai(FEI), F20, Hillsboro, OR, USA).
The TEM samples were prepared by placing one drop of the Pd
dispersion onto a holey-carbon-film-coated 400 mesh copper grid. To
demonstrate the proper immobilization and uniformly distributed Pd
nanoparticles on the functionalized PS resin, cryo-TEM (JEOL-JEM
2100F FE-TEM, JEOL Ltd., Tokyo, Japan) was used. The specimens
were prepared by cryogenic microtoming after high-pressure freezing
of the catalyst.

XRD and XPS Analyses. X-ray diffraction measurements were
performed on a Bruker-AXS D8 Advance instrument (Karlsruhe,
bundesland, Germany) equipped with a Cu Ka radiation (4 = 1.5406
A) source. Binding energies of Pd in the catalyst were measured using
XPS (MultiLab 2000, MultiLab 2000, Thermo VG Scientific, UK,
England). Data were acquired with a pass energy of S0 eV, a step
increment of 1 eV, and an Al anode. XPS peak positions are referenced
to the carbon (1 s) peak at 284.6 eV.

ICP Analysis. Pd content and immobilization yield were obtained
by ICP-AES analysis using a Perkin-Elmer OPTIMA 3300 DV
(Norwalk, CT, USA).

Synthesis of Pd Nanoparticle. Monodisperse Pd nanoparticles
(Pd-DDS) were synthesized using the procedure reported by Obare et
al** Briefly, palladium acetate (0.60 g, 2.63 mmol) and n-dodecyl
sulfide (4.88 g, 13.15 mmol) were added to SO mL of toluene. The
resulting solution was heated to 95 °C with vigorous stirring under a
N, atmosphere and aged at this temperature for 1 h. The solvent was
removed under vacuum, and the Pd nanoparticles were redispersed in
acetone. The excess DDS ligand was removed by three repeated cycles
of centrifugation (20 000 X g), washing with acetone, and redispersion.
Finally, the Pd nanoparticles were redispersed in toluene (S0 mL).

Ligand Exchange of Pd-DDS with MAA. The ligand exchange of
n-dodecyl sulfide (DDS) with mercaptoacetic acid (MAA) was
performed based on the method of Nie and Chan*® Briefly, MAA
(13.35 mmol, 912 L) was added into the Pd nanoparticles (Pd-
DDS). This mixture was heated to 60 °C and stirred for 12 h The
residual DDS in the MAA-substituted Pd nanoparticle dispersion was
removed by three repeated cycles of centrifugation (20000 X g),
washing with toluene, and redispersion in DI water. For further
purification, the Pd-MAA dispersion was filtered with a centrifugal
concentrator (Vivaspin 20(SkD); polyethersulfone membranes; VWR
International Ltd., Leicestershire, England) by centrifugation. Finally,
the Pd-MAA dispersion was adjusted to pH 6 with 0.1 M HCl or 0.1
M NaOH.

Polyelectrolyte (PEL) Coating on Polystyrene (PS) Resin.
PAH solution was prepared at 2 X 107> M (based on the repeat-unit
molecular weight), and PSS solution was prepared at 6 X 107> M
individually in DI water and adjusted to pH 9 with 0.1 M HCl or 0.1
M NaOH.

PS resins coated with polyelectrolyte multilayers (PEMs) were
prepared by alternate adsorption of PAH (2 X 107> M, pH 9) and PSS
(6 X 107> M, pH 9). PS resin (10 g, dried) was washed three times
with DI water. The PEMs were subsequently formed by repeated
exposure of the PS resin to PAH and PSS solution for 20 min. In each
step, the nonadsorbed PAH and PSS were removed by washing three
times with DI water before the next layer was coated. This procedure
was repeated until the desired PEMs were formed (PAH, PEMS,
PEM’) on the PS resin individually. The water used in all experiments
exhibits a resistivity greater than 18.2 MQ2-cm and is obtained from a
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Millipore Mill-Q academic Al0 system (Millipore, Bedford, MA,
USA).

Pd-MAA Immobilization onto Functionalized PS Resin. The
catalyst, Pd-MAA nanoparticles immobilized on the functionalized PS
resin, was prepared by electrostatic immobilization. Three milliliters of
a Pd-MAA (0.36 wt %) dispersion was added to the three different
types of functionalized PS resin (PAH, PEM®, PEM’-K2621, prepared
using a PEL coating process) for Pd-MAA nanoparticle immobilization
by lightly shaking for 24 h. The residue was then removed, and the
catalysts were washed five times with DI water. Finally, the three
different catalysts (Pd/PAH-K2621, Pd/ PEM®-K2621, Pd/PEM’-
K2621) were obtained.

Investigation of Catalytic Activities for DSHP. Catalytic
activity tests were performed in an upflow fixed-bed reactor (10 mm
ID X 300 mm L) equipped with cooling jacket. In a typical run, 20 cc
of catalyst loaded in a reactor was rinsed with pure methanol for 3 h at
30 °C. After the pressure was increased to SO bar with nitrogen,
methanol feed-in was stopped, and a liquid feed that consisted of
methanol mixed with 1.47 X 10™* M HBr was fed to the reactor at
total rate of 15 mL/h. The reaction was started by changing the feed
from nitrogen to a gas feed mixture that contained 3% hydrogen, 47%
oxygen, and 50% nitrogen.

The gas hourly space velocity (GHSV) of the reactions was 2400
h™!, and the gas-to-liquid ratio was 3200. During a reaction, liquid
product and off-gas were periodically withdrawn from the reactor for
analyses. The H,0, content was measured by titration using
cerium(IV) sulfate standard solution (0.25 N in 1—4 N sulfuric
acid) and ferroin indicator (0.1 wt % solution in water). The off-gas
was analyzed by gas chromatography for hydrogen concentration.

H,0, Decomposition. The investigation of the retardation of
H,0, decomposition using different types of catalysts (Pd/PAH-
K2621, Pd/PEM3-K2621, Pd/ PEM9-1Q621) was performed in batch
reactors that contained K2621 and three types of catalysts (having
identical amounts of Pd) in 10 mL of reaction medium (10 wt %
H,0,, 1.47 X 10~* M HBr in MeOH). The reaction was performed
with shaking (300 rpm), and the reaction temperature was kept
constant (30 °C) in a shaking incubator (VS-8480 SF, Vision
Scientific, Co. Ltd., Republic of Korea). The H,0, decomposition was
measured as a function of time by titration of the sampled solutions.

B ASSOCIATED CONTENT
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Assignment of the different components of the S 2p signal at
each Pd particle, change of composition of catalyst before and
after DSHP reaction, and sulfur 2p spectra of Pd-DDS, Pd-
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