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Abstract−Highly monodisperse carbon-supported palladium nanoparticles with controllable size (3 nm, 6.5 nm, 9.5

nm) were prepared using a simple colloidal method, and the size dependence of the catalytic performance for the direct

synthesis of hydrogen peroxide from hydrogen and oxygen was studied. Smaller-sized supported palladium nanoparti-

cles showed both higher conversion of hydrogen and selectivity for hydrogen peroxide, compared to larger-sized sup-

ported particles. Among the catalysts tested, 3-nm Pd nanoparticles supported on carbon showed the highest yield for

hydrogen peroxide because of the small size and high crystallinity.
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INTRODUCTION

Hydrogen peroxide (H2O2) is a clean and strong oxidizing agent

commonly used as a pulp/paper bleaching agent, which is of high

industrial importance [1]. For example, more than 50% of H2O2 is

used as a pulp/paper bleaching agent among the 2.2 metric tons of

the annual production [2,3]. In addition to the pulp/paper bleaching,

H2O2 has been used in wide range of applications such as textile

bleaching, wastewater treatment, and desulfurization [1,4]. It is ex-

pected that the demand for H2O2 would have increased due to the

increasing demand in new applications such as propylene oxide syn-

thesis, in addition to the demand in conventional applications, in-

cluding bleaching [3].

H2O2 has been conventionally produced by the so-called anthra-

quinone process, which was first developed by Riedl and Pfleiderer

[5]. Over than 95% of the H2O2 has been produced by the anthra-

qunone process since the high-yield production of H2O2 is possible

at mild temperatures without direct contact of hydrogen and oxy-

gen gases [1]. Despite these advantages, however, the demand for

a new method has increased because anthraquinone process suffers

from the large amount of byproducts in wastewater and high energy

consumption in the distillation of H2O2 [3].

Direct synthesis of H2O2 from H2 and O2 has been emerging as

an alternative route, replacing the anthraquinone process [1,3]. This

method is advantageous because it does not give large amount of

wastewater compared to anthraquinone process, and it also does

not need a bulky hydrogen carrier [6]. The direct route, therefore,

is a much greener method for synthesis of H2O2. However, for in-

dustrial use there are two main obstacles to achieving direct syn-

thesis of H2O2. First, mixtures of hydrogen and oxygen are explosive

over a large range of concentration. Precise control of stoichiometry

of reactant gases is necessary, in addition to dilution of gases by

nitrogen, argon, or carbon dioxide [1]. Thanks to the extensive re-

search on direct synthesis of H2O2, the safe conditions without ex-

plosion have been found in many patents [3]. Second, achieving

high selectivity for hydrogen peroxide is very difficult because active

catalysts for the direct synthesis of H2O2 have high activity for the

combustion of hydrogen to water and further decomposition and

hydrogenation of hydrogen peroxide [6,7].

Supported palladium (Pd) nanoparticles (NPs) have been found

to be the most selective catalysts for direct synthesis of H2O2 [3].

The general strategies for improving the selectivity for hydrogen

peroxide are alloying with Au or Pt [8-10], controlling the shape of

NPs with desired exposed facets [11,12]. Although high selectivity

over than 90% has been achieved with these methods [8,12], the

origin of the high selectivity is still unclear. Identifying which factors

might enhance the H2O2 selectivity has significant importance in

design of highly selective catalysts.

The effect of particle size on selectivity in various catalytic reac-

tions is critical in catalysis because important properties of particles

in catalytic reactions such as exposed facets and surface-to-volume

ratio are highly dependent on particle size [13-16]. Despite the sig-

nificance of the study on the size dependent H2O2 selectivity, only

a few studies have been reported [17]. The most probable reason is

the difficulty of the synthesis of uniform Pd nanoparticles with con-

trollable size. The recent advances in synthesis of nanoparticles have

made it possible to control the size of nanoparticles with very high

mono-dispersity [18-20]. Achieving high selectivity via using small

and uniform-sized Pd nanoparticles was recently reported with the

help of the development in monodispersed nanoparticle synthetic
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techniques employing colloidal method [21].

In this paper, the size effect of Pd nanoparticles on direct synthe-

sis of H2O2 was studied. Three different-sized Pd nanoparticles with

high monodispersity were synthesized through the colloidal syn-

thetic method. Direct synthesis of H2O2 was performed over 3-nm,

6.5-nm, 9.5-nm Pd nanoparticles supported on carbon black (Pd/

C), and 3-nm Pd/C exhibited both the highest yield and selectivity

for H2O2 among three catalysts. We expect that these results will

provide insights into the design of highly active and selective cata-

lysts for direct synthesis of H2O2.

EXPERIMENTAL SECTION

1. Materials

Palladium acetylacetonate (Pd(acac)2, 99%), trioctylphosphine

(TOP, tech. 90%), oleylamine (OAm, tech. 70%), toluene (99.8%)

and ethanol (absolute, >99.8%) were purchased from Sigma-Ald-

rich. All chemicals were used without further purification.

2. Catalyst Preparation and Characterization

For the preparation of the Pd/C catalysts, we first synthesized

Pd NPs [22] and they were deposited on carbon black [21] follow-

ing previous reported methods.

2-1. 3-nm, 6.5-nm, 9.5-nm Pd NP Synthesis

For 3-nm Pd synthesis, we first prepared the Pd-trioctylphosphine

(Pd-TOP) complex by dissolving 0.1 g of Pd(acac)2 in 1 ml of TOP,

and this solution was injected into the 9 ml of TOP. The mixed so-

lution was heated to 300 oC for 30 min at 3 oC/min. All the proce-

dures were performed under Ar atmosphere. After cooling to room

temperature (RT), the black product was centrifuged down after

adding absolute ethanol. The NPs were then redispersed in toluene

for further use and characterization.

To obtain 6.5-nm Pd NPs, the solution of 0.1 g of Pd(acac)2 dis-

solved in TOP 1 ml was injected into the 10 ml of oleylamine (OAm).

The mixed solution was heated to 250 oC for 30 min at 3 oC/min.

All the procedures were performed under Ar atmosphere. After the

solution was cooled to RT, the 6 nm NPs were centrifuged down

and redispersed in toluene.

For 9.5-nm Pd NP synthesis, we followed the same procedure

for 6.5-nm Pd NP synthesis, except that TOP 0.15 ml was used for

preparing Pd-TOP complex.

2-2. Preparation of Pd/C Catalysts

To prepare Pd/C catalysts, the desired amount of Pd NP was add-

ed into dispersed carbon black (Vulcan XC-72) in toluene and stirred

for 24 h. The resultant Pd/C catalysts were collected by centrifuga-

tion. Total amount of deposited Pd NPs was characterized by ICP-

AES technique.

2-3. Material Characterization

Transmission electron microscopy (TEM) images were taken

on a JEOL JEM 1011 microscope. High-resolution TEM (HRTEM)

images were taken on a JEOL JEM 2200 FS microscope with Image

Cs-corrector.

3. Direct Synthesis of Hydrogen Peroxide

For the direct synthesis of hydrogen peroxide from hydrogen and

oxygen, 1.0 g of each Pd/C catalyst and 80 ml of methanol were

charged into the autoclave reactor. Sulfuric acid and sodium bro-

mide were added as additives, and the concentrations of additives

were 500ppm of H2O4 and 100 ppm of NaBr, respectively. The mixed

solution was vigorously stirred (1,000 rpm) with the bubbling of

H2/N2 (25 mol% H2) gas and O2/N2 (50 mol% O2) gas. Total feed

rate was maintained at 44 ml/min, while the H2/O2 ratio was fixed

at 0.4. Catalytic reaction was carried out at 28 oC of temperature

and 10 atm of pressure for 6 h. After the reaction, gas chromato-

graph (Younglin, ACME 6000) equipped with a TCD was used for

an analysis of unreacted species, and iodometric titration method

was used for determining the concentration of hydrogen peroxide.

H2 conversion, H2O2 selectivity and H2O2 yield were calculated using

following equations.

H2 conversion (%)=

H2O2 selectivity (%)=

H2O2 yield (%)=(H2 conversion)×(H2O2 selectivity)

RESULTS AND DISCUSSION

1. Catalyst Characterization

To see the Pd size effect on direct synthesis of H2O2 from H2 and

O2 clearly, we adopted the method for synthesis of highly uniform

H2 reacted mol( )

H2 supplied mol( )
-------------------------------------------

H2O2 formed mol( )

H2 reacted mol( )
----------------------------------------------

Fig. 1. TEM images of Pd NPs with the average size of (a) 3 nm,
(b) 6.5 nm, and (c) 9.5 nm, respectively, and those of (d) 3-
nm Pd/C, (e) 6.5-nm Pd/C, (f) 9.5-nm Pd/C. Insets in (a)-(c)
indicate the high resolution TEM images. In (c), arrows in-
dicate the irregular shaped Pd NPs.
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Pd NPs [22]. Synthesis of monodisperse NPs allows us to analyze

the size effect more accurately, in contrast to the analysis of that

effect using NPs with high polydispersity. As shown in Fig. 1(a)-(c),

TEM images of as-synthesized NPs revealed that highly uniform

Pd NPs were obtained. The size distribution obtained by measuring

the size of 100 particles for each sample also confirmed that Pd NPs

were nearly monodisperse, except the 9.5-nm Pd NPs. Standard

deviations were 11.7%, 6.1%, and 20.5% for NPs with the diame-

ters of 3, 6.5, 9.5 nm, respectively.

For further investigation, HRTEM images were obtained (Fig.1(a)-

(c)). HRTEM images revealed that 3-nm and 6.5-nm Pd NPs have

relatively higher crystallinity to show polycrystalline nature of Pd

NPs. As opposed to the 3-nm and 6.5-nm NPs, 9.5-nm Pd NPs have

oval shape and the surface is smooth to show relatively lower crystal-

linity.

3-nm Pd NPs were synthesized via thermal decomposition of a Pd-

TOP complex in TOP (Fig. 1(a)). The sizes of Pd NPs were modu-

lated by using the different binding strength of TOP and OAm. Since

the binding strength of TOP is higher than OAm [22,23], 6.5-nm

Pd NPs were synthesized when Pd-TOP complex was decomposed

in OAm (Fig. 1(b)). If smaller amount of TOP was used to form

Pd-TOP complex, 9.5-nm Pd NPs were obtained (Fig. 1(c)). In con-

trast to the 3-nm and 6.5-nm Pd NPs, 9.5-nm Pd NPs showed rela-

tively broad size distribution with the larger standard deviation (20.5%),

and irregular shaped NPs were also found. The broad size distribution

of 9.5-nm Pd NPs is due to the relatively weaker binding strength

of OAm than that of TOP. As the TOP ligands on Pd NPs are ex-

changed with OAm during the thermal decomposition, the reaction

would give irregular shaped Pd NPs with broad size distribution.

To be used as catalysts for direct synthesis of H
2O2, as-synthe-

sized Pd NPs were deposited on carbon black (Vulcan XC-72). Pd

NPs were easily impregnated on carbon by mixing the solution con-

taining Pd NPs and carbon black [21]. TEM images of Pd/C revealed

that Pd NPs were well-dispersed on carbon black without agglom-

eration. The Pd loadings were 0.35 wt% for 3-nm Pd/C, 0.73 wt%

for 6.5-nm Pd/C, and 0.40 wt% for 9.5-nm Pd/C, respectively. The

amount of Pd loading was intentionally kept low to avoid transport

limitations [21]. This method is suitable for studying the size effect of

Pd NPs due to the simplicity of catalysts preparation without affect-

ing the size distributions of as-synthesized Pd NPs.

2. Direct Synthesis of H2O2

As noted in the introduction, the sizes of Pd NPs have a signifi-

cant effect on the catalytic behavior of Pd/C catalysts in the direct

formation of H2O2 from H2 and O2. Bromide ions and H2SO4 were

added as additives to increase the productivity and selectivity for

H2O2. It has been well known that addition of acid additives sup-

presses the decomposition of H2O2, thus leading to the increase in

H2O2 selectivity [24]. In addition, bromide ions have been typically

added in the reaction, mainly due to the increased productivity of

H2O2 in the presence of halide ions [3]. Since the focus of this work

is to study the Pd size effect for H2O2 synthesis, reaction conditions

were kept the same for all experiments. The catalytic performance

of Pd/C catalysts, after 6 hours of reaction, is shown in Fig. 2. As

the size of Pd NPs decreases, H2 conversion, H2O2 selectivity, and

H2O2 yield increase. H2O2 yields over prepared catalysts were 16.2%

for 3-nm Pd/C, 11.0% for 6.5-nm Pd/C, and 1.8% for 9.5-nm Pd/

C, respectively. It is remarkable that 9.5-nm Pd/C catalysts showed

extremely low yield of H2O2 due to the very poor H2 conversion

over 9.5-nm Pd/C catalysts, compared to those of 3-nm and 6.5-

nm Pd/C catalysts. Poor dispersion due to the relatively larger parti-

cle size of 9.5-nm Pd/C catalysts might be the reason for such a low

H2 conversion. In addition, 9.5-nm Pd/C catalysts showed the low-

est H2O2 selectivity, which would be due to the irregular shape of

catalysts (Fig. 1(c)). For selective catalysts in direct route to H2O2,

Pd NPs should have regular shape without many defects because

highly energetic sites including steps, kinks, and corners promote

not only the formation of H2O instead of H2O2 but also the decom-

position of H2O2 [25,26]. From this point of view, the highest H2

conversion and H2O2 selectivity over 3-nm Pd/C catalysts seem rea-

sonable. It is noteworthy that 3.6-nm Pd NPs used in a previous

report and 3-nm Pd NPs used in this work were both synthesized

using the TOP ligands. On the other hand, 6.5-nm Pd NPs and 9.5-

nm Pd NPs used in this work were synthesized using both TOP and

OAm ligands. Therefore, use of only the TOP ligand might also be

attributed to the high H2 conversion and high H2O2 selectivity of 3-

nm Pd/C.

The result obtained from the experiment is consistent with previ-

ous observation that the monodisperse 3.6-nm Pd NPs supported

on carbon are more active in the formation of H2O2 compared to

the larger Pd/C with the broader size distribution [21]. They insisted

that high exposure of the (110) planes of 3.6-nm Pd NPs might pro-

mote the dissociative adsorption of H2 and suppress the dissocia-

tion of O2 and thus direct formation of H2O2 over 3.6-nm Pd NP/C

is more facilitated.

This result, however, is opposed to the report by Centi et al. that

8-nm Pd NPs are most active among the 4-nm Pd NPs, 8-nm Pd

NPs, and 16-nm Pd NPs supported on carbon-coated membranes

[17]. They used H2 reduction method to synthesize Pd NPs on mem-

branes. According to them, either smaller (4-5 nm) or larger (15-

16 nm) particles are not suitable as catalysts for direct synthesis of

H2O2 because, as discussed above, they have highly energetic sites

facilitating the formation of H2O and decomposition of H2O2. Since

the work reported by Centi et al. used Pd NPs synthesized by the

H2 reduction method, optimum size would be different from the

work studied with Pd NPs synthesized by colloidal methods. It is

Fig. 2. Catalytic performance for direct synthesis of H2O2 from H2

and O2 over the Pd/C catalysts.
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reasonable to assume that optimum size discrepancy between our

work and work by Centi et al. can be attributed to the different syn-

thetic condition.

The previous reports, despite these inconsistencies, give clear

insights into the roles of size effect of Pd NPs on the direct synthe-

sis of H2O2 from H2 and O2 [3]. Small (<4 nm) Pd NPs with high

crystallinity without many defects can be synthesized using the colloi-

dal methods, which is difficult to be obtained by H2 reduction. Small

Pd NPs synthesized by H2 reduction might have many defects, thus

causing the decrease of the H2O2 selectivity. On the other hand, mono-

disperse small Pd NPs with high crystallinity give the high H2O2

selectivity because of the small size and large surface-to-volume

ratio. Therefore, to synthesize the small Pd NPs with high crystal-

linity would be the effective way to design the highly selective Pd

catalysts in direct synthesis of H2O2 from H2 and O2.

CONCLUSIONS

A simple method for synthesizing highly monodisperse Pd NPs

was adopted to study the size effect of Pd NPs in direct synthesis

of H2O2 from H2 and O2. With this method, 3-nm, 6.5-nm, and 9.5-

nm Pd/C with narrow size distributions have been synthesized suc-

cessfully, and the size effect on direct formation of H2O2 was studied.

Our results suggest that the synthesis of the smaller Pd catalysts

with high crystallinity would be the key factor to increase the H2O2

selectivity. We expect that these results can be applied to the design

of highly selective catalysts for direct synthesis of H2O2.
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