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Abstract The catalytic activity of Pd core–porous SiO2

shell catalysts (Pd@SiO2) with different Pd particle size

was evaluated for the direct synthesis of hydrogen peroxide

from hydrogen and oxygen. In the synthesis of palladium

nanoparticles, the Pd particle size increased with the

decrease of the ratio of polyvinylpyrrolidone (PVP) to Pd.

Among the prepared Pd@SiO2 catalysts, Pd@SiO2_PVP2

(Pd loading = 1.02 wt%; PVP to Pd precursor molar

ratio = 2) had the largest Pd particle size (4.2 nm) and

showed the highest hydrogen peroxide production rate

(330 mmol H2O2/gPd�h). The production rate of hydrogen

peroxide decreased along with the decrease in Pd particle

size. As the Pd nanoparticles became smaller, energetic

sites (defects, edges, and corners) where the O–O bond is

dissociated and the formation of water is promoted were

more exposed on the surface. Thus, fewer energetic sites on

the Pd surface are favored for synthesizing hydrogen per-

oxide, which was the major reason for Pd@SiO2_PVP2

being the most active among the prepared Pd@SiO2

catalysts.
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1 Introduction

Hydrogen peroxide is a chemical widely used in industrial

applications such as pulp and textile bleaching, waste water

treatment, and semiconductor cleaning [1]. Also, it is

applied as an oxidant for high-value partial oxidation

reactions such as benzene to phenol [2] and propylene to

propylene oxide [3]. Hydrogen peroxide is a clean and

efficient oxidant with 47 wt% O2 per molecule, which is

the highest among commercial oxidants (for example,

HNO3, which is the oxidant for adipic acid synthesis, has

25 wt% O2 per molecule). Moreover, it is converted to

water after reaction and does not produce any byproduct of

environmental concern.

Hydrogen peroxide is commercially produced by the

anthraquinone auto-oxidation process (AO process). The

AO process is composed of sequential hydrogenation and

oxidation of anthraquinone and is economically viable for

large-scale production (4–6 tons/year) [4]. However, the

AO process not only generates environmentally harmful

wastes, but also consumes a significant amount of energy

[5]. An alternative process is the direct synthesis of

hydrogen peroxide from hydrogen and oxygen (Fig. 1),

which uses little or no organic solvents and consumes less

energy [1].

However, the direct hydrogen peroxide synthesis usually

results in a low hydrogen peroxide production rate because of

difficulties in controlling undesired water-forming reactions

such as direct synthesis of water (Route II in Fig. 1) and

hydrogenation (Route III in Fig. 1) or decomposition (Route
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IV in Fig. 1) of synthesized hydrogen peroxide (into water).

To suppress the undesired side reactions (water-forming

reactions), acids and halide ions are introduced to the reac-

tion media [6, 7], or acidic support materials are applied to

the catalysts [8, 9].

Pd-supported catalysts have been mostly used in studies

on direct hydrogen peroxide synthesis. The reaction addi-

tives (acids and halides) are used to elevate the activity of a

catalyst, but the physicochemical state of Pd plays a pivotal

role in determining the production rate of hydrogen per-

oxide. For example, alloying Pd with Au or Pt enhances

hydrogen peroxide selectivity, and it has been proven that

the enhancement effect of alloying is based on the modi-

fication of the physical or electronic state of Pd [10, 11]. It

is known that energetic sites such as defects, corners, and

edges on the Pd surface promote water formation and are

undesirable for the hydrogen peroxide selectivity [12]. It

has also been suggested that the Pd (110) plane has a more

proper atomic configuration for synthesizing hydrogen

peroxide than those of the (100) and (111) planes [13].

Recently, fcc noble metals (Pt, Pd, and Au) have been

synthesized at the nano scale with uniform size and shape

using the colloidal method [14, 15]. The morphology-

controlled nanoparticles are applied as catalysts for various

gas-phase, liquid-phase, or electrocatalytic reactions, most

of which showed good activities by increasing the surface-

to-volume ratio or exposing a specific facet favored in the

reaction [16–18]. The nanoparticles can be used directly as

a catalyst, but recovering colloid nanoparticles is incon-

venient (especially in liquid-phase reactions), which is not

desirable if considering a commercial catalytic process. In

our previous work, Pd nanoparticles with uniform size

were synthesized, which showed an enhanced activity for

the direct synthesis of hydrogen peroxide compared to

conventional impregnated Pd particles [19]. Moreover, the

recovery problem was solved by encapsulating Pd nano-

particles inside silica shells by applying a Pd core–porous

SiO2 shell structure.

We have since extended that study to examine the

influences of the size of Pd nanoparticles on the direct

hydrogen peroxide synthesis activity of Pd core–porous

SiO2 shell catalysts. The Pd nanoparticles could be syn-

thesized with different particle size by varying the ratio of

polyvinylpyrrolidone (PVP) to Pd precursors in a colloidal

preparation method. In this study, we investigated the

influences of the PVP-to-Pd precursor ratio on the dimen-

sion of Pd nanoparticles and textural properties of entire

catalysts, and tried to find their relationships to the activity

of the catalyst.

2 Experimental

2.1 Catalyst Preparation

The synthesis of Pd core–porous SiO2 shell catalyst was

composed of two steps: (1) the synthesis of colloidal Pd

nanoparticles and (2) the encapsulation of Pd nanoparticles

in silica. Palladium nanoparticles were synthesized by a

colloidal method. First, 0.141 g of Pd(NO3)2�H2O (Sigma-

Aldrich) and a specific amount of PVP (MW: 55000;

Sigma-Aldrich) were dissolved in 12 mL of deionized

water (DI water). The amount of PVP was determined to

meet the PVP-to-Pd precursor weight ratio (0, 2, 4, or 8). A

150-lL aliquot of formaldehyde (37 wt% in H2O, Sigma-

Aldrich) and 0.04 g of sodium hydroxide (Sigma-Aldrich)

were introduced to the prepared solution. Then, the mixture

was stirred for 2 h at room temperature. The formation of

Pd nanoparticles was confirmed by a color change from

brown to dark black. Acetone was added to the slurry,

which was centrifuged at 13,000 rpm for 10 min to sepa-

rate the PVP-stabilized Pd particle slurry from the aqueous

solution. The prepared Pd nanoparticle slurry was denoted

as ‘‘Pd_PVPX,’’ where X implies the weight ratio of PVP

to Pd precursor (X = 0, 2, 4, or 8).

The Stöber method was introduced to immobilize the Pd

nanoparticles inside porous silica [19]. The PVP-stabilized

Pd nanoparticle slurry was re-dispersed in 200 mL of

ethanol. 18 mL of DI water, 10 mL of NH4OH

(37–39 wt% in H2O, Sigma-Aldrich), and 20 mL of tetra-

ethyl orthosilicate (TEOS; Sigma-Aldrich) were added one

by one, and the solution was stirred for 24 h at room

temperature. The Pd-encapsulated silica was filtered and

washed with ethanol several times. The filtered cake was

dried overnight at 60 �C in a vacuum. Prepared catalysts

were then calcined at 500 �C for 3 h and reduced by 10

vol% H2/N2 gas at 350 �C for 1 h. The catalysts were

denoted as ‘‘Pd@SiO2_PVPX,’’ implying that Pd_PVPX is

encapsulated by silica.

2.2 Catalyst Characterization

The morphology and size of catalysts were examined by

transmission electron microscopy (TEM: Tecnai F20, FEI).

The crystalline structure was analyzed by X-ray diffraction

(XRD: D/MAX-2500/PC, Rigaku). The specific surface area

and pore volume were calculated from N2 physisorption (at

Fig. 1 The reactions involved in the direct synthesis of hydrogen

peroxide from hydrogen and oxygen
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77 K) data obtained from a BET instrument (ASAP2010,

Micromeritics). The Pd content was measured by inductively

coupled plasma atomic emission spectroscopy (ICP-AES:

JY Ultima2C, Jobin–Yvon). The metal surface area was

measured by CO chemisorption (ASAP 2010,

Micromeritics).

2.3 Reaction Test

The catalytic reaction for the direct synthesis of hydrogen

peroxide from hydrogen and oxygen was performed in a

double jacket glass reactor. The reaction tests were carried

out at 20 �C and atmospheric pressure for 3 h while agi-

tating the reactor at 1,200 rpm. The catalyst loading was

0.2 g. A 150-mL amount of solution (20 vol% ethanol in

DI water) was used as the reaction medium. Potassium

bromide (0.9 mM) and phosphoric acid (0.03 M) were

added to suppress the conversion of the hydrogen peroxide.

The total flow rate of gaseous reactants was 22 mL/min,

and the hydrogen-to-oxygen ratio was 1/10. The hydrogen

peroxide concentration was measured through iodometric

titration [19], and the hydrogen concentration was mea-

sured with gas chromatography for calculating the hydro-

gen conversion (Younglin, ACME6000).

3 Results and Discussion

3.1 Characterization of Pd Nanoparticle and Pd Core–

Porous SiO2 Shell Catalyst

TEM images of the Pd nanoparticles synthesized without

PVP (i.e., Pd_PVP0) and Pd_PVP0 immobilized in silica

(i.e., Pd@SiO2_PVP0) are shown in Fig. 2. Figure 2a

shows that the Pd particles in Pd_PVP0 were severely

aggregated. The attempt to encapsulate the Pd particles

inside silica was not successful. It was found that most of

the silica spheres were formed extraneously from the Pd

particles (Fig. 2b).

TEM images of the Pd particles synthesized with PVP

(Pd_PVP2, 4, and 8) are presented in Fig. 3, each of which

was paired with the corresponding size distribution of Pd

particles. Compared to Pd_PVP0, the Pd_PVP2, 4, and 8

consisted of nano-scale Pd particles, and the shapes of

particles were uniform. As the PVP-to-Pd precursor ratio

increased from 2 to 8, the average Pd particle size

decreased from 4.1 to 3.5 nm. It is known that the carbonyl

groups of PVP coordinates to the Pd atoms and influences

the growth rate of Pd particles [20]. Yan et al. made a

similar claim about the synthesis of Ru nanoparticles that

the PVP protects and stabilizes the Ru colloids, and an

increase of the PVP/Ru ratio resulted in smaller Ru nano-

particles [21].

The prepared PVP-stabilized Pd nanoparticle slurry was

encapsulated with silica using the Stöber method. Then,

pores were formed over the silica shell with combusting

PVP molecules through calcination, and the final form of

the catalyst was obtained after hydrogenation, through

which the Pd particles that had been oxidized during cal-

cination were reduced back to their metallic states. TEM

images of the encapsulated Pd catalysts (Pd@SiO2_PVP2,

4, and 8) are presented in Fig. 4, which shows well-formed

Pd core–SiO2 shell structures. The mean size of Pd parti-

cles entrapped in the silica shell was measured from the

Fig. 2 TEM images of a Pd synthesized without PVP (i.e., Pd_PVP0)

and b Pd@SiO2_PVP0
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TEM images, and the results are listed in Table 1. Even

though the catalysts experienced a series of high-temper-

ature treatments (calcination and reduction), the dimension

of pristine Pd particles (4.1, 3.8, and 3.5 nm, in Fig. 3) was

well retained. It was supposed that the silica shell acted as a

barrier to the migration and agglomeration of Pd particles

during high-temperature treatments.

The textural properties of Pd@SiO2_PVP2, 4, and 8 are

summarized in Table 2. Pd@SiO2_PVP2, 4, and 8 showed

well-developed micro- and meso-size pore structures. The

increase in the PVP-to-Pd precursor ratio led to a higher

BET surface area and pore volume. In contrast,

Pd@SiO2_PVP0 was almost non-porous (not shown here)

because it was synthesized in the absence of PVP.

XRD patterns of Pd@SiO2 catalysts are presented in

Fig. 5. Pd@SiO2_PVP0 showed only a broad diffraction

pattern of silica (2h = 21�, JCPDS #862364), and none of

the Pd-related signal was detected, because most of the Pd

particles, which we had failed to encapsulate with silica

shells, were lost during the washing procedure. The XRD

patterns of Pd@SiO2_PVP4 and PVP8 did not include a Pd

peak either, but it might be due to the nano-size of Pd

Fig. 3 TEM images and

particle size distribution of Pd

nanoparticles: a Pd_PVP2,

b Pd_PVP4, and c Pd_PVP8
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particles and their high dispersion over the silica shell.

Meanwhile, Pd@SiO2_PVP2, which had a bigger particle

size than Pd@SiO2_PVP4 and PVP8, showed a slight peak

at 2h = 39�, which corresponded to the typical (111) peak

of an fcc Pd metal (JCPDS #870645).

The Pd loading and metal dispersion of the Pd@SiO2

catalysts are presented in Table 3. For all the samples, the Pd

loading was close to the theoretical value of 1 wt%. The

metallic surface areas of Pd@SiO2_PVP2 and Pd@SiO2_

PVP4 were approximately 60 m2/g. Pd@SiO2_PVP8
Fig. 4 TEM images of Pd@SiO2 after calcination and reduction:

a Pd@SiO2_PVP2, b Pd@SiO2_PVP4, and c Pd@SiO2_PVP8

Table 1 Particle size of Pd nanoparticles in Pd@SiO2

Catalyst Mean particle size (nm) SD (nm)

Pd@SiO2_PVP2 4.2 1.5

Pd@SiO2_PVP4 3.7 1.5

Pd@SiO2_PVP8 3.4 1.1

Table 2 Textural properties (BET surface area and pore properties)

of Pd@SiO2

Catalyst BET

surface

area (m2/

g)

Micropore

surface

areaa (m2/

g)

Mesopore

Volumeb

(cm3/g)

Micropore

volumea

(cm3/g)

Pd@SiO2_PVP2 169 108 0.099 0.042

Pd@SiO2_PVP4 320 205 0.351 0.082

Pd@SiO2_PVP8 323 211 0.402 0.086

a Obtained using t-plot method
b Obtained using BJH desorption cumulative pore volume analysis

Fig. 5 XRD patterns of Pd@SiO2 after calcination and reduction:

a Pd@SiO2_PVP0, b Pd@SiO2_PVP2, c Pd@SiO2_PVP4 and

d Pd@SiO2_PVP8
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showed a slightly high value (76 m2/g), as it contained Pd

particles which were smaller than those of the prior two

samples.

3.2 Activity Test for Direct Synthesis of Hydrogen

Peroxide

The activity test results of Pd@SiO2 are presented in

Fig. 6. Pd@SiO2_PVP0 showed very low hydrogen con-

version (less than 3 %) and an undetectably low production

rate of hydrogen peroxide, which might be mainly due to

the deficiency of Pd particles and the non-porous silica

structure. The hydrogen conversion of Pd@SiO2_PVP2,

PVP4, and PVP8 was much higher (12, 13, and 14 %,

respectively) than that of Pd@SiO2_PVP0. It implies that

the pores formed via the thermal decomposition of PVP

functioned as paths for diffusion of the reactants and pro-

ducts between the pore entrance and Pd particle surface.

However, the hydrogen conversion, hydrogen peroxide

selectivity, and production rate decreased with the increase

of the PVP-to-Pd precursor ratio, (i.e., the increase of BET

area and total pore volume), implying that there was no

significant correlation between the textural properties and

activity. Interestingly, Pd@SiO2_PVP2, which had the

lowest BET surface area and pore volume and the largest

mean Pd particle size, showed the highest hydrogen per-

oxide production rate of 310 mmol/gPd�h. It also had the

highest hydrogen conversion (14.8 %) and hydrogen per-

oxide selectivity (78.4 %).

To obtain high hydrogen peroxide selectivity, the proper

control of O–O bond cleavage is important. The cleavages

of O–O bonds in molecular oxygen and hydrogen peroxide

are elementary steps that lead to the formation of water,

which reduces the hydrogen peroxide selectivity and yield

[10, 22].

It is well known that the structure of a metal surface

determines the degree of dissociation of adsorbed mole-

cules [23, 24]. Deguchi and Iwamoto performed a density-

functional theory (DFT) study of direct hydrogen peroxide

synthesis on a Pd surface, and claimed that the formation of

water and decomposition of hydrogen peroxide would be

preferred on coordinatively unsaturated sites such as cor-

ners and edges [25]. Menegazzo et al. and Ghedini et al.

similarly claimed that the dissociation of molecular oxygen

and water formation are favored on the defects, corners,

and edges on a Pd surface [12, 26], and such energetic sites

become abundant as the mean particle size of Pd decreases

[27]. Therefore, it was supposed that the decrease of the

H2O2 production rate with the increase of the PVP-to-Pd

precursor ratio could be related to the decrease of the Pd

particle size, which would promote O–O bond cleavages in

oxygen and hydrogen peroxide, leading to by-product

(water) formation.

4 Conclusion

Pd core–porous SiO2 shell catalysts with different sizes of

Pd nanoparticles were synthesized using colloidal nano-

particle synthesis and Stöber encapsulation methods. The

mean Pd particle size decreased with the increase of the

PVP-to-Pd precursor ratio. PVP-stabilized Pd particles

were well encapsulated by silica shells, and the Pd particle

sizes of the core–shell catalysts were similar to those of

pristine Pd particles, even though the catalysts had expe-

rienced high-temperature thermal treatments. In activity

tests, the production rate of hydrogen peroxide increased

with the Pd particle size, so Pd@SiO2_PVP2, which had

Table 3 Pd loading and (exposed) Pd surface area of Pd@SiO2

Catalyst Pd loading (wt%) Pd surface area (m2/g)

Pd@SiO2_PVP2 1.02 62

Pd@SiO2_PVP4 0.98 60

Pd@SiO2_PVP8 0.88 76

Fig. 6 Catalytic activity of Pd@SiO2_PVPX (X = 0, 2, 4, and 8) in

the direct synthesis of hydrogen peroxide: a hydrogen conversion and

hydrogen peroxide selectivity, b production rate of hydrogen peroxide
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the largest Pd particles, showed the highest production rate

among the tested catalysts. It was supposed that the highest

activity of Pd@SiO2_PVP2 is related to its smallest num-

ber of surface energetic sites (defects, corners, and edges),

where by-product (water) formation was promoted via O–

O bond cleavage reactions.
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