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AbstractAlthough various Pd/C catalysts have been applied in the direct synthesis of H2O2, unsatisfactory H2O2
yields have been achieved. We systematically investigated the effect of heat treatment on the physicochemical proper-
ties of Pd/C catalyst, and thereby on the catalytic performance in the direct synthesis of H2O2. Pd/C catalysts prepared
by the incipient wetness method were subjected to different heat treatments and applied in H2O2 synthesis. The calci-
nation temperature was found to have a key role in determining the Pd nanoparticle (NP) size; calcination at 523 K
yielded highly oxidized and small Pd NPs corresponding to the sub-nano domain (1.4-2.5 nm). This Pd/C catalyst is
superior not only in promoting H2O2 formation, but also in suppressing the subsequent unfavorable H2O2 decomposi-
tion and hydrogenation, which explains its excellent H2O2 productivity (as high as 4,443 mmol H2O2/g Pd·h) and selec-
tivity (94.5%). On the other hand, the reaction performance of the Pd/C catalysts calcined at a higher temperature
(673 K) or reduced under hydrogen was sharply reduced owing to the formation of larger Pd NPs or the enhancement
of the metallic nature of Pd, respectively. The amount of residual Cl ion on Pd/C catalyst after heat treatment also had
an impact on the catalytic activity as it affected the pH of reaction solution. These results clearly demonstrate that an
efficient Pd/C catalyst can be realized by fine tuning the conditions of heat treatment during catalyst preparation.
Keywords: Direct Synthesis of H2O2, Pd/C, Incipient Wetness, Heat Treatment, Nanoparticle

INTRODUCTION

Industrial manufacture of H2O2 dates back more than a century.
Nowadays, the H2O2 production method prevailing worldwide is
the anthraquinone oxidation process (AO process) [1,2]. Unfortu-
nately, this method is not attractive environmentally or economically;
it is a complicated and high energy-demanding process, requires an
excessive use of toxic organic solvents and generates undesirable
wastes, and necessitates intensive concentration after production [3,4].
In this context, many efforts have been made to develop an alterna-
tive process that can overcome the drawbacks of the AO process.

Direct synthesis of H2O2 from H2 and O2 (DSHP) is one such
promising alternative strategy by virtue of its simple and highly effi-
cient reaction scheme in terms of atom economy. In the past decades,
researchers have intensively explored the possibility of DSHP over-
coming the drawbacks of the currently prevailing AO process and
initiating a new environmentally-benign paradigm of H2O2 produc-
tion. The realization of DSHP is especially highly anticipated in the
chemical industry because the direct use of in situ generated H2O2

in selective oxidation processes, such as the epoxidation of propyl-
ene or partial oxidation of methane, will be advantageous in terms
of securing process economy [5,6].

Unfortunately, DSHP is a very challenging reaction in terms of
the potentially dangerous H2/O2 mixing issue and unfavorable ther-
modynamics. Therefore, numerous researchers have sought to design

efficient catalysts for this transformation [7-21]. Among the vari-
ous kinds of catalysts developed to date, palladium/activated car-
bon (Pd/C) catalysts have been most extensively studied because
carbon materials have advantages such as low cost, availability, inert-
ness, and stability in the presence of caustic additives. However, be-
cause simple Pd/C catalysts generally show low H2O2 yields, diverse
strategies such as bimetallization [22-24], surface modification by
acid treatments [25,26], or use of well-defined carbon supports [27-
29] have been tested to improve the selectivity for H2O2 forma-
tion. An efficient Pd/C catalyst has also been prepared by selective
adsorption deposition or sequential ligand exchange method [30,31].

In this work, Pd/C catalysts were prepared by the incipient wet-
ness impregnation method followed by different heat treatments.
While a number of Pd/C catalysts have been prepared in a solu-
tion via adsorption-reduction methods, systematic investigation for
the effect of post-heat treatments on the catalytic activity has been
limited because active metal adsorption and its reduction occurred
simultaneously in the solution-based preparation method. As will
be discussed, the reaction performance of the Pd/C catalyst for the
DSHP reaction is highly dependent on the heat treatment condi-
tions during catalyst preparation. Systematic characterization and
test reactions revealed the critical role of the heat treatment condi-
tions in determining the physicochemical properties of the cata-
lyst and therefore its activity.

EXPERIMENTAL

1. Chemicals
Activated carbon was obtained from Cabot Corporation (Norit,
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catalyst carrier grade). Palladium chloride (PdCl2, 99.9%) and Fer-
roin indicator (0.1 wt% in H2O) were purchased from Strem and
Sigma-Aldrich, respectively. Cerium(IV) sulfate (Ce(SO4)2, 0.1 N
standardized solution) was obtained from Merck Millipore. Hydro-
gen peroxide (H2O2, 34.5%), methanol (CH3OH, 99.9%), and hy-
drochloric acid (HCl, 35-37%) were purchased from Samchun
Chemicals, Korea. All chemicals were used as received without fur-
ther purification.
2. Catalyst Preparation

Pd/C catalyst was prepared by incipient wetness impregnation
method. For the preparation of the palladium precursor solution,
PdCl2 was dissolved in 0.5 M HCl solution. After stirring for 3 h for
complete dissolution, the H2PdCl4 solution was kept away from light
to prevent decomposition. Before impregnation, the pore volume
of the activated carbon support was measured, and a correspond-
ing volume of the H2PdCl4 solution was slowly added dropwise
with thorough mixing to 1 g of activated carbon (Pd intake 2 wt%).
After being stored at room temperature for 12 h, the Pd supported
activated carbon was dried at 393 K for 4 h. Next, the dried sam-
ple was exposed under air to different temperatures ranging from
423 to 673K for 3h at a heating rate of 5K/min. Additional reduc-
tion of the catalyst was performed in the presence of mixed N2/H2

gas (50 mol% H2, 100 mL/min) at 473 K for 3 h (heating rate=5 K/
min). Recalcination of the catalyst was at 525 K for 3 h under air.
3. Characterization

Powder X-ray diffraction (PXRD) analysis of the prepared sam-
ples was performed using a Malvern Panalytical Empyrean high-
resolution X-ray diffractometer. X-ray photoelectron spectroscopy
(XPS) analysis was carried out to investigate the binding energies
of Pd in the samples using a Thermo VG Scientific MultiLab 2000
apparatus with an Al anode and 30 eV of pass energy (step in-
crement=0.1eV). The size of the Pd NPs and their distribution were
determined by analyzing the transmission electron microscopy
(TEM) images obtained using a Philips Tecnai G2 F30 transmis-
sion electron microscope. High-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) images were
obtained using a Jeol JEM 2200FS field emission transmission micro-
scope. Residual Cl content on the surface of the Pd/C catalyst was
examined by energy-dispersive X-ray spectroscopy (EDS, HORIBA
7953-H).
4. Direct Synthesis of H2O2

The DSHP reaction was performed as previously described in
the absence of any additives [30,31]. Typically, 20 mg of the catalyst
and 25 g of methanol/water mixture (80 wt% MeOH) were added
into a 100 mL jacketed high-pressure reactor (Büchi Picoclave,
Switzerland) connected to a circulator (Julabo F25-HE, Germany).
To maximize gas-liquid contact during a reaction, a turbine type
impeller connected to a gassing stirrer shaft was used. After sweep-
ing the residual gases, the reactor was filled with the mixed reac-
tant gases (H2/O2/N2 (vol%)=3.8/5.0/91.2) and pressurized to 30
bar using mass flow controllers. After the reactor pressure was sta-
bilized at 275 K, the reaction was initiated with vigorous stirring
(1,200 rpm) using a magnetically-driven stirrer. The reaction was
maintained for 1 h or extended to 2-4 h. During the reaction, the
total flow rate of the mixed gases was maintained at 40 mL/min.
To investigate the change in H2 concentration during the reaction,

the off-gas was analyzed using an Agilent 6890 gas chromatograph
(GC) equipped with a Carboxen-1010 PLOT capillary column and
thermal conductivity detector (TCD). The H2O2 content was meas-
ured by titration using an acidic cerium(IV) sulfate solution and
ferroin indicator. H2 conversion and H2O2 selectivity were calcu-
lated based on the H2O2 and H2 concentrations determined by the
volumetric titration and GC analysis, respectively. The H2O2 pro-
ductivity is defined as the amount of H2O2 produced per hour
divided by the Pd content (mmol H2O2/g Pd·h).

5. H2O2 Decomposition and Hydrogenation
H2O2 decomposition and hydrogenation tests were performed

at 275 K under atmospheric pressure using the prepared catalyst
(20 mg) and 1 wt% H2O2 in a methanol/water mixed solution in the
presence of nitrogen or hydrogen gas (10mL/min), respectively. Dur-
ing the experiment, the liquid sample was periodically extracted
and titrated to monitor changes in the H2O2 concentration.

RESULTS AND DISCUSSION

1. Catalyst Preparation and Characterization
The effect of heat treatment conditions on the performance of

Pd/C catalysts for DSHP was studied using five catalysts. The Pd/
C catalysts calcined at 423, 523, and 673 K were designated as Pd/
C1, Pd/C2, and Pd/C3, respectively. The Pd/C2R catalyst was pre-
pared by reduction of Pd/C2 under hydrogen, and Pd/C2RC was
obtained by recalcination of Pd/C2R. The Pd/C catalysts prepared
in this study are listed in Table 1.

Fig. 1 shows the high-angle annular dark field scanning trans-
mission electron microscope (HAADF-STEM) images of the Pd/
C catalysts, and changes in the Pd NP size distribution depending
on the heat treatment conditions. It was found that the calcination
temperature played a crucial role in determining not only the aver-
age Pd NP size but also its distribution. In the case of Pd/C2 calcined
at 523 K, smaller and narrowly distributed Pd NPs were formed
(2.5±1.0 nm) compared to those of Pd/C1 calcined at 423 K (5.2±
1.8 nm). On the other hand, the formation of very large and poly-
disperse Pd NPs (22.5±3.4 nm) on Pd/C3 indicated that unwanted
sintering had occurred between Pd NPs at the high temperature
(673 K). The Pd NP size of Pd/C2 was slightly increased by subse-
quent reduction and reduction-recalcination (as large as 5.1±1.6

H2 Conversion %   
Moles of H2 reacted

Moles of H2 supplied
--------------------------------------------------- 100

H2O2 Selectivity %    
Moles of H2O2 produced

Moles of H2 reacted
------------------------------------------------------------ 100

Table 1. Catalyst index based on heat treatment conditions

Catalyst Heat treatment conditions, atmosphere
(temperature, K)

Pd/C1 Air (423)
Pd/C2 Air (523)
Pd/C3 Air (673)
Pd/C2R Air (523) - H2 (473)
Pd/C2RC Air (523) - H2 (473) - Air (523)
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nm (for Pd/C2R) and 6.2±1.0 nm (for Pd/C2RC), respectively).
The powder X-ray diffraction (PXRD) patterns of Pd/C catalysts

presented in Fig. 2 indicate that there was little change in the crys-
tallinity of Pd on altering the heat treatment conditions. However,
the enhanced intensity of the PdO [101] peak at 36o (2) for Pd/
C3 suggested that the PdO crystal could grow in the [101] direc-
tion as the temperature increased. Moreover, the strong PdO [103]
peak of Pd/C2RC suggested that palladium was oxidized again upon
re-calcination.

The changes in the oxidation state of Pd on reduction and recalci-

nation were investigated by XPS analysis (Fig. 3). In the case of Pd/
C2, the strong Pd 3d5/2 peak at 337.6 eV and Pd 3d3/2 peak at 342.8
eV corresponding to Pd2+ indicated that most Pd existed as Pd2+ or
PdO after calcination at 523K [32,33]. After reduction (Pd/C2R),
however, the characteristic peaks for Pd2+ completely disappeared
and new peaks for Pd0 (336 eV for Pd 3d5/2 and 340.2 eV for Pd
3d3/2) could be observed, suggesting that the metallic nature of Pd
was greatly enhanced on H2 reduction. On the other hand, reap-
pearance of the peaks corresponding to Pd2+ in the XPS analysis of
Pd/C2RC implied that the metallic Pd on Pd/C2R catalyst could
be fully re-oxidized by recalcination, although the Pd NP size was

Fig. 1. HAADF-STEM images of Pd/C catalysts and Pd nanoparticle size distributions incorporated on the activated carbon support.

Fig. 2. PXRD patterns of Pd/C catalysts. Fig. 3. Pd 3d XPS spectra of Pd/C catalysts.
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slightly increased (see Fig. 1).
2. Direct Synthesis, Decomposition, and Hydrogenation Reac-
tion of H2O2

The DSHP reaction was performed in the presence of a series
of Pd/C catalysts calcined at different temperatures. As presented
in Fig. 4, the calcination temperature had a considerable influence
on the catalytic activity of Pd/C. The volcano-type changes ob-
served in H2O2 productivity and selectivity strongly suggested that
fine-tuning of the calcination temperature was of prime impor-
tance in realizing an efficient Pd/C catalyst for the DSHP reaction.
It was found that the Pd/C2 catalyst calcined at 523K showed supe-
rior activity, and the initial H2O2 productivity and selectivity reached
as high as 4,443 mmol H2O2/g Pd.h and 94.5%, respectively. How-
ever, H2O2 productivity and selectivity were sharply reduced in the
presence of Pd/C3 catalyst calcined at 673 K. Further, H2 conver-
sion gradually decreased as the calcination temperature increased.

Fig. 5 clearly indicates that not only H2O2 productivity but also
selectivity decreased with increasing Pd NP size in the Pd/C cata-
lysts. The inverse relationship between the Pd NP size and H2O2

productivity/selectivity implied that smaller Pd NPs were superior

and enhanced the formation of H2O2. However, highly dispersed
Pd or smaller Pd NP size are not always beneficial for the DSHP
reaction. Han and coworkers reported that there is an optimal range
of Pd NP sizes in which a certain palladium phase that is selective
for H2O2 formation is preferentially exposed [34,35]. According to
their classification, Pd NP sizes ranging from 1.4 to 2.5 nm (sub-
nano domain) were particularly advantageous for selective H2O2

formation. Too small Pd NPs or single site Pd with sizes below the
sub-nano domain were less effective in improving H2O2 yield. On
the other hand, within the nano domain (Pd NP size >5 nm), the
effect of Pd NP size on the formation of H2O2 became non-negli-
gible. Similar particle size effects on catalytic performances have
been reported elsewhere [30,36].

In this context, the excellent reaction performance of the Pd/C2
catalyst can be understood in terms of the Pd NP size. That is, the
Pd NP size of Pd/C2 catalyst corresponding to the sub-nano domain
played a role in maximizing H2O2 formation. Considering that the
Pd NP sizes of both Pd/C1 and Pd/C3 catalysts were in the nano
domain, the poor reaction performance of the Pd/C3 catalyst implies
that there was another factor that influenced the catalysis. While it
is reasonable to consider that the electronic nature of Pd could also
affect the catalytic activity, XPS analysis of the Pd/Cx catalysts (where
x=1-3) indicated that most Pd existed as Pd2+ regardless of the cal-
cination temperature (Fig. 3).

To investigate the effect of the electronic nature of Pd on the
reaction performance, the Pd/C2 catalyst was reduced, and the cat-
alytic activity of the resulting Pd/C2R catalyst was evaluated. As
shown in Fig. 6, the additional reduction increased H2 conversion
at the expense of a steep reduction in H2O2 selectivity. This result
strongly suggests that the electronic nature of Pd NP is as import-
ant as its size in determining the catalytic activity of Pd/C for the
DSHP reaction, and the considerably decreased H2O2 yield was at-
tributed to the enhanced metallic nature of Pd by H2 reduction. The
slightly enlarged Pd NPs of the Pd/C2R catalyst were also unfavor-
able for the formation of H2O2. Rebounded H2O2 selectivity in the
presence of the re-calcined Pd/C2RC catalyst confirmed that oxi-
dized Pd increased H2O2 yield. However, although the metallic Pd
was easily re-oxidized by recalcination (Fig. 3), the activity of Pd/
C2 catalyst was hardly recovered. The inferior activity of the Pd/

Fig. 4. Effect of calcination temperature on the reaction performance
of Pd/C catalyst in the direct synthesis of H2O2.

Fig. 5. Effect of Pd nanoparticle size of Pd/C catalyst on H2O2 pro-
ductivity and selectivity.

Fig. 6. Changes in the reaction performances of Pd/C catalyst de-
pending on the post heat treatment conditions.
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C2RC might be due to the enlarged Pd NP size after recalcination
(6.2±1.0 nm) compared to that of Pd/C2 (2.5±1.0 nm), which also
indicated the important role of Pd NP size on the catalytic perfor-
mance.

Fig. 7 shows the time-dependent changes in H2O2 productivity,
H2 conversion, and H2O2 selectivity during the DSHP reaction in
the presence of the Pd/C2 catalyst. Both H2O2 productivity and
selectivity significantly decreased with increasing reaction time. The
gradual decrease in the H2O2 yield during the reaction indicated
that the active metal Pd not only catalyzed the formation of H2O2

but also the subsequent H2O2 decomposition and hydrogenation
reaction, and the non-selective oxidation of H2 to H2O, as described
in Scheme 1. Thus, the increase in H2 conversion with time could
be explained by the additional participation of H2 in the H2O2 hy-
drogenation reaction, as well as in the direct synthesis of H2O2.

Moreover, the reduced reaction performance of the Pd/C2 cata-
lyst in the extended run might also be ascribed to the gradual de-
crease in the catalyst stability caused by the changes in the oxida-
tion state of Pd. In the absence of a second metal capable of induc-
ing a permanent oxidation of Pd, Pd might have been gradually
reduced under the relatively low oxygen partial pressure, which re-

sulted in the loss of activity. Improvement of catalyst stability under
excessive oxygen condition was also reported elsewhere [37,38].

Because all the reaction pathways shown in Scheme 1 are ther-
modynamically favorable and can be promoted by Pd, the reac-
tion performance of a catalyst for the DSHP may be determined
by the combination of not only the H2O2 formation activity but also
the subsequent H2O2 decomposition and hydrogenation activities.
Thus, H2O2 decomposition and hydrogenation were carried out in
the presence of the synthesized Pd/C catalysts. As shown in Fig. 8,
the heat treatment conditions during catalyst preparation exerted a
crucial effect on the degree of H2O2 decomposition and hydroge-
nation. Compared to Pd/C1 and Pd/C2, the Pd/C3 catalyst accel-
erated both H2O2 decomposition and hydrogenation rates, which
indicated that larger Pd NPs preferentially promoted the undesir-
able side-reactions and resulted in poor H2O2 yield in the DSHP
reaction [26,30,34]. The higher H2O2 decomposition and hydroge-
nation rates in the presence of Pd/C2R also indicated that the en-
hanced metallic nature of Pd was responsible for the reduced H2O2

yield in the DSHP reaction. The suppression of the unfavorable
side-reactions by recalcination closely matched the partially recov-
ered H2O2 selectivity in the DSHP reaction using the recalcined
Pd/C2RC catalyst (see Fig. 6).
3. Effect of Residual Cl on the Catalytic Activity

Since the palladium precursor (PdCl2) contains chloride ions that
may affect the catalytic activity by suppressing H2O2 decomposi-
tion and by poisoning unselective sites of Pd [3], the variations in
the amount of residual Cl ion and pH of the reaction solution due
to changes in the heat treatment conditions were investigated. As

Fig. 7. Changes in time-dependent activity of the Pd/C2 catalyst in
the direct synthesis of H2O2.

Scheme 1. Reaction pathways related to the direct synthesis of H2O2
from H2 and O2: (a) H2 oxidation, (b) H2O2 decomposi-
tion, and (c) H2O2 hydrogenation.

Fig. 8. (a) H2O2 decomposition and (b) H2O2 hydrogenation over Pd/C catalysts.
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revealed in Fig. 9, the residual Cl content decreased as the calcina-
tion temperature increased, and subsequent heat treatments were
performed. The high Cl content of Pd/C1 (~1.25 at%) indicated that
the calcination temperature (423 K) was too low to efficiently de-
compose the Cl ion. While its concentration decreased consider-
ably after calcination above 523K, residual Cl ion was found regard-
less of the heat treatment conditions.

The pH of the reaction solution decreased with increasing Cl
ion content in the catalyst, indicating that the residual Cl ions were
responsible for increasing the concentration of protons in the reac-
tion solution. The increase in proton concentration was clearly ef-
ficient in suppressing the undesirable H2O2 decomposition to HO2



and H+ [3,4]. Therefore, the superior reaction performance of Pd/
C2 catalyst might be partially attributed to the increased proton
concentration in the reaction solution by the residual Cl ion. On
the other hand, the higher pH of the reaction solution after reduc-
tion suggests that the amount of Cl ions enabling proton genera-
tion decreased upon reduction. These results clearly imply that the
heat treatment conditions played a crucial role in determining the
reaction performance of the Pd/C catalyst by affecting the pH of
the reaction solution and changing the physicochemical proper-
ties of the Pd NPs.

CONCLUSION

Pd/C catalysts were prepared by the incipient wetness impreg-
nation method, and the effect of heat treatment conditions on the
catalytic activity in the direct synthesis of H2O2 was investigated.
The heat treatment conditions exerted considerable influence not
only on the H2O2 formation activity but also on the subsequent
H2O2 decomposition and hydrogenation activity of the Pd/C cata-
lyst by affecting the nanoparticle size and the electronic nature of
Pd. Furthermore, the lower pH of the reaction solution with increas-
ing Cl content on the Pd/C catalyst implied that the residual Cl
ion affected the catalytic activity by increasing the proton concen-
tration in the reaction solution. The Pd/C catalyst calcined at 523 K
achieved promising H2O2 productivity of 4,443mmol H2O2/g Pd·h
with 94.5% selectivity, which was attributed to the formation of

highly oxidized, small Pd NPs (sub-nano sizes of 1.4-2.5 nm). This
promising activity clearly demonstrates that the reaction perfor-
mance of the Pd/C catalysts can be maximized by fine tuning of
the heat treatment conditions during catalyst preparation.
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