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Direct Production of Hydrogen Peroxide from H, and O, over Highly Dispersed Au catalysts
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Highly dispersed Au catalysts were active for the direct for-
mation of HyO, form H, and O,. Especially, the rate of H,O,
production greatly increased when Au nanoparticles were de-
posited onto SiO,, MCM-41 and active carbon supports.

It is well known that H,O, is a highly selective oxidant in
the industrial process and is an environment-friendly agent. The
current process for the commercial production of H,0O, is a se-
quential hydrogenation and oxidation of an alkyl anthraqui-
none. However, this process has the disadvantages of organic
solvent contamination toward aqueous peroxide solution and
the periodic replacement of anthraquinone due to hydrogena-
tion. In the aim to explore less expensive and environmentally
friendly route, studies have been focused onto the direct produc-
tion of H,O, from H, and O, over a supported noble metal cat-
alyst. Supported Pd catalysts have been studied over the last two
decades.”™ On the other hand, Sellers and co-workers proposed
that Au was one of the favorable materials for the production of
HZOZ.(’ Lately, HO, syntheses over Au and Pd—Au catalysts
were reportedj’9 However, the detail investigation of the cata-
lytic properties of Au catalysts, such as support effect, size ef-
fect of deposited Au nano-particles is not carried out.

In this work, deposition-precipitation (DP) and gas-phase
grafting (GG) methods are used for depositing Au on several
supports. The detail of the preparation conditions and the exper-
imental setup were described elsewhere.'15 As Au precursors
for DP and GG methods, HAuCly and
(CH3),Au(CH3COCHCOCH;3), abbreviated to Mej;Au(acac),
were used, respectively. All the initial loading of Au was adjust-
ed to be 1wt %. The support used are MgO (UBE Co. Ltd.,
140m?/g), Al,O3 (a reference sample of the Catalysis Society
of Japan, JRC-ALO7,180 m? /), SiO, (Merck, silica gel 60 ex-
tra pure, 400m?/g), TiO, (Degussa, P-25, 56m?/g), ZrO,
(JRC-ZRO-3, 94.4m?/g), Active carbon (Kansai coke and
Chemicals Co. Ltd., Maxsorb., 2000 m? /2), Si0,-Al,03
(JRC-SAH-1, 240m?/g), and MCM-41 (mesopore widths;
2.7nm, ca. 1000 m?/g).

Catalytic activity measurements were carried out using a
TAIATSU Co. Ltd. hard glass autoclave with polycarbonate
cylinder. Water was used for the solvent and the pH of the sol-
vent was adjusted by use of NaOH or HCl solutions. Its nominal
volume is 100mL and its maximum working pressure is
2.0 MPa. The autoclave was stirred with a magnetic stirrer.
The reaction temperature was ranging from 278 to 298 K and
the induced pressure was ranging from 0.0 to 1.0 MPa. The gas-
es, oxygen and hydrogen (molar ratio; 3:7, SV = 8000 mL/g-
cat. h™!), were allowed to flow through a fine glass frit at the

bottom of the reactor. The reaction time was 2 h. Small aliquots
of reaction mixture were withdrawn with syringe to be analyzed
by colorimetry after complexation with a TiOSO,4/H,SO, re-
agent.

Table 1. Formation of H,O, from the reaction H, and O, over
Au/catalysts

Sample® Prep. Pressure® R[H,0,]¢
Method /MPa /mmol (g-cat.)~' h~!
Au/MgO DP 0.1 0.000
Au/TiO, DP 0.1 0.152
0.5 0.593
1.0 0.798
Au/AlL, 04 DP 0.1 0.147
0.5 0.342
1.0 0.418
Au/ZrO, DP 0.1 0.147
Au/SiO, GG 0.1 0.265
0.5 0.854
1.0 1.601
Au/SAY GG 0.1 0.044

Calcined at 673K for 4h in air. ®PAbsolute pressure. ‘reaction
temperature was 288 K. dAu/SiOZ—Aleg.

H,O, production from H, and O, over Au deposited on
several type of metal oxide were examined. The results were
summarized in Table 1. All the pH of solvents was 6. The rates
of H,O, formation over Au/MgO and Au/SiO,-Al,0; were
extremely low. As MgO and SiO,-Al,0; are typical basic
and acidic metal oxides, respectively, it suggests that the basic
and acidic metal oxides are not suitable for the support of Au
catalysts in H,O, formation. On the other hand, it was found
that Au/SiO, showed the highest rate of H;O, formation than
those of the other Au catalysts while the H,O, conversions from
H, under 0.1, 0.5, and 1.0 MPa conditions were 0.11, 0.34,
0.64%, respectively. Additionally, it was found that the rate
of H,O, production over Au/SiO, was decreased in both more
acidic and basic conditions. It is well known that the catalytic
activity of Au catalysts is greatly dependent on the selection
of the support and the size of Au nanoparticles deposited. Espe-
cially, the support, such as TiO,, which have strong metal-sup-
port interaction, exhibits extremely high CO oxidation catalytic
activity at below room temperature. However, the rate of H,O,
formation over highly dispersed Au/TiO, catalyst was not so
high. This suggested that the competition between H,O, forma-
tion and H,O, decomposition took place. From the H,O, de-
composition experiments, it was confirmed that the decomposi-
tion rate of HyO, over Au/TiO, was increased with a decrease
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of the mean diameter of Au deposited on TiO,. This is probably
because the perimeter between Au and TiO, that is an active
site in oxidative reactions decomposes H,O, and activates oxy-
gen strongly and produces water from H, and O,. This means
that the inert support which has relatively weak Au-support in-
teraction is suitable for this reaction. Therefore, we concluded
that SiO, was favorable for the metal oxide support of Au cat-
alyst in H,O, production. It was also found that Au/SiO,
showed higher rate of H,O, formation under the pressurized
condition.

Next the H,O, productions over Au/MCM-41 and Au/
SiO; catalysts with different mean diameter of Au nanoparticles
deposited were examined in order to elucidate the size effect of
Au nanoparticles in HyO, production. The obtained results were
listed in Table 2. It was found that the rate of H,O, formation
was decreased with an increase of the mean diameter of Au
nanoparticles. This tendency was also confirmed by the experi-
mental result that Au/SiO, prepared by IMP method whose
mean diameter of Au particles was about 30 nm produced no
H,0,. Thus, it is obvious that the high dispersion of Au nano-
particles onto the support is essential to presenting high catalyt-
ic activity in H,O, formation over Au catalysts.

Table 2. Formation of H,O, from the reaction H, and O, over
Au/SiO; and Au/MCM-41 prepared by GG at different calcina-
tions temperatures

Support Method Calc. temp.® Dy,’ R[H,0,]¢
/K /nm /mmol (g-cat. h)™!
Au/MCM-41 GG 400 5.0+£2.0 0.451
Au/SiO, GG 400 92+33 0.265
600 10.34+3.3 0.223
800 11.6 £3.6 0.214
IMP 400 309 0.000

Calcined for 4h in air. "TEM observation. XRD. 9Reaction tem-
perature was 288 K.

Table 3. Formation of H,O, from the reaction H, and O, over
Au/AC and Au/MCM-41 prepared by GG

Sample* Prep. Pressure” R[H,0,]¢
Method /MPa /mmol (g-cat.)~! h™!
Au/AC GG 0.1 0.270
0.5 1.261
1.0 1.907
IMP 0.1 0.0
Au/MCM-41 GG 0.1 0.451
0.5 1.350
1.0 2.113

Calcined at 673K for 4 h in air. "Absolute pressure. “Reaction
temperature was 288 K.

From these experiments, it was found that the size of Au
particles deposited and the selection of the inert support were
the important factors to achieve the high yield of H,O, forma-
tion form H, and O, over Au catalysts. As active carbon (AC) is
the one of the inert supports, the highly dispersed Au/AC cata-
lyst could be an active catalyst in HO, production. In the next,
Au/AC catalysts prepared by IMP and GG methods were exam-
ined. As shown in Figure 1, Au nanoparticles with a diameter
less than 10nm were highly dispersed on the surface of AC
by GG method. The obtained experimental results were listed
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in Table 3. The rate of H,O, formation at ambient condition
over Au/AC prepared by GG is as much as that over Au/SiO,
prepared by GG. On the other hand, Au/AC prepared by IMP
was much less active than Au/AC prepared by GG. This is
due to the low dispersion of Au particles deposited on AC.
Therefore, the importance of the above mentioned factors were
reconfirmed in these experiments.

Figure 1. TEM image of Au/AC prepared by GG and cal-
cined in air at 673 K for 4 h.

In conclusion, this communication reports that the Au/AC,
Au/MCM-41, and Au/SiO; catalysts prepared by GG are very
active for direct production of H,O, from H, and O,. It is con-
cluded that the two factors that the size of Au nanoparticles de-
posited on the support and the selection of the inert support,
such as AC, MCM-41, and SiO,, are indispensable to obtain ac-
tive Au catalysts in HyO, production.
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