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The direct synthesis of hydrogen peroxide fromafd Q using a range of alumina supported Au, Pd,
and Au—Pd metal catalysts is described and discussed in detail for both fresh catalysts and materials that
have been aged in storage. The conditions previously identified as being optimal for hydrogen peroxide
synthesis (i.e., low temperatures?@) and short reaction residence times) are employed, and the effect
of catalyst composition and preparation was investigated in detail for the fresh catalysts. The addition of
Pd to the Au catalyst increases the rate of hydrogen peroxide synthesis as well as the concentration of
hydrogen peroxide formed. Interestingly, the addition of relatively small amounts of Pd to the;Bg/Al
catalyst, replacing up to 20% of the Au, significantly increases the formation of hydrogen peroxide. The
microstructure of the catalysts was studied using transmission electron microscopy and X-ray photoelectron
spectroscopy for both the fresh and the aged catalyst, and the supported bimetallic particles were found
to be of core-shell morphology with a Pd-rich surface. Hence, relatively little Pd is needed to induce
the enhanced catalytic formation of hydrogen peroxide. Calcination at@08ads to the formation of
stable reusable catalysts, whereas lower temperature pretreatments generate unstable catalysts that leach
both Au and Pd into solution. Catalysts that have been aged in storage give an increase in activity for
hydrogen peroxide synthesis by a factor of ca 3, and the relationship between the catalyst structure and
this activity is discussed. The catalysts were also investigated for CO oxidation°&t, 2&d all were
found to be inactive or almost inactive; similarly, catalysts that are very effective for low-temperature
CO oxidation were found to be totally inactive for, léxidation to HO,. This suggests an inverse
correlation between catalysts that are active for either COoadtlvation, and this is commented on
with respect to the mechanism.

Introduction process that is only economic at a large scale. In contrast,
_ ) ) most uses of hydrogen peroxide require relatively small
The direct synthesis of hydrogen peroxide from the amounts. Hence, there is a significant mismatch between the
oxidation of molecular hydrogen by molecular oxygen is cyrent scales of production and usage. The direct small scale
considered to be of immense current interest. Hydrogen proquction of hydrogen peroxide at the site where it is used
peroxide is a noted green oxidant that is useful in many large yoy|d offer many advantages, least of all that this will negate
scale processes such as bleaching and as a disinfectant. It§,e need to transport concentrated solutions of hydrogen
use in the fine chemical industry accounts for a much lower peroxide. At present, no commercial process exists for the
consumption, but since it is viewed as a green oxidant with gjrect formation of HO,, but there has been significant
water being the only byproduct, it is recognized to have interest in this reaction in industrial laboratories for over 90
significant potential in chemical synthesis, particularly in the years® Until very recently, the catalysts used in these
production of propene oxide using the microporous redox investigations have been based on Pd, and since many
catalyst titanium silicalite TS-12 In addition, it is probable researchers have concluded that it is important to try to
that hydrogen peroxide can replace stoichiometric (i.e., achieve the highest rate of product formation, most of these
noncatalytic) oxygen donors in a number of processes. At garlier studies used 0, mixtures in the explosive region:
present, hydrogen peroxide is produced by the sequentialso|ytions of over 35 wt % hydrogen peroxide have been made
hydrogenation and oxidation of an alkyl anthraquinéme,  py reacting H/O, over Pd catalysts at elevated presséres.
However, operating in the explosive region withy/6,
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reaction with dilute HO, mixtures well away from the  at a total pressure of 3.7 MPa at'€. Stirring (1200 rpm unless
explosive regiort:’ otherwise stated) began when the desired temperature was reached,

In our preceding papers concerning the direct synthesisand experiments were run for 30 min unless otherwise stat€a. H
of H,0,, We have shown that catalysts based on—Rd yield was determined by titration of aliquots of the final filtered

I ted lumi . th ianificant solution with acidified Ce(Sg€), (7 x 1073 mol/L). Ce(SQ).
alloys supported on alumina can give rather signicant o, jons were standardized against ()He(SQ),-6H,O using

Improvements in the rate of hydrogen peroxide formation ferroin as indicator. The rate of hydrogen peroxide formation was
when compared with the Pd-only catalj8tRecently, we  getermined for all catalysts at 30 min and is expressed as mol of
have shown that Tigand FgO; can also be used as supports, H,0, produced per unit mass of catalyst per unit time, and this is
and with these catalysts, the optimum formulation for used to compare catalyst effectiveness.
hydrogen peroxide synthesis is 2.5 wt % Au and 2.5 wt %  The catalytic activity for CO oxidation was determined in a fixed
Pd coimpregnated onto the supp®rt! In this paper, we  bed quartz microreactor, operated at atmospheric pressure. The feed
extend our initial studies using the alumina supported consisted of CO/@N; with a molar ratio of 0.5/19.9/79.6. The
catalysts and show that only a relatively small amount of combined flow rate was maintained at 22.5 mL minand a
palladium is required to achieve a significant enhancement constant catalyst loading of 50 mg was employed. The catalyst
in the rate of hydrogen peroxide synthesis with this support, [€MPerature was maintained at'5 by immersing the quartz bed
Furthermore, we demonstrate that aging of the AuPGA ina thgrmostatlcally con.trolled water bgth. Catalysts.were tested
S SN for a minimum of 500 min, and analysis of the reaction product
material increases the catalyst activity significantly, and we

X was carried out on-line using gas chromatography. Conversion was
show the structural features of the catalysts responsible for 4 culated on the basis of G@oncentration in the effluent, and

this effect. carbon balances were 100 2%.
Catalyst Characterization. Au and Pd concentrations were
Experimental Procedures determined using atomic absorption spectroscopy (AAS). AAS was
performed with a Perkin-Elmer 2100 atomic absorption spectrom-
Catalyst Preparation. 5 wt % Pd/AbOs, 5 wt % Au/Al,Os, and eter using an airacetylene flame. Gold/palladium samples were

a range of Au-Pd/Al,O; catalysts were prepared by impregnation  ryn at wavelengths of 242.8 nm (Au) and 247.6 nm (Pd). Samples
of y-Al20; (Condea SCF-140) via an incipient wetness method for analysis were prepared by dissolving 0.1 g of the dried catalyst
using aqueous solutions of Pd@lohnson Matthey) and/or HAUEI in an aqua regia solution followed by the addition of 250 mL of

3H0 (Johnson Matthey). For the 2.5 wt % AQ.5 wt % Pd/A}O, deionized water to dilute the sample. AAS was used to determine
catalyst, the detailed procedure was as follows: an agueous solutionhe weight % of the metal incorporated into the support after
(10 mL) of HAUCL-3Hz0O (5 g in 250 mL of water) and an aqueous  jmpregnation and also the concentration (ppm) of Au or Pd that
PdC} solution (4.15 mL of a solutionfal g in 25 mL of water) had leached out into solution during reaction by determining the

were simultaneously added tealumina (3.8 g). The paste formed Ay and Pd content of the used catalyst and comparing it to the
was ground and dried at 12 for 16 h and finally calcined in fresh catalyst.

static air at 400C for 3 h. Other Au-Pd ratios were prepared by Samples for scanning transmission electron microscopy (STEM)
varying the amounts of reagents_gccordlng_ly. The c_atal_ysts WEr€ examination were prepared by dispersing the catalyst powder in
pretreated using a range of conditions: drying at80in air for high-purity ethanol, then allowing a drop of the suspension to evapo-

3 h, calcination in static air at 400C for 3 h, and reduction in rate on a holey carbon film supported by a 300 mesh copper TEM

flowing H, (5 wt % H, in Ar) at 500°C. Catalysts were used fresh  rig. Samples were subjected to chemical microanalysis and annular

(i.e., within a few hours of synthesis). A sample of the 2.5 wt %  dark-field STEM imaging in a VG systems HB603 STEM operating

Au—2.5 wt % Pd/ALO; catalyst was stored in a sealed container  at 300 kv fitted with an Oxford Instruments INCA TEM 300 system

for 12 months prior to retesting. for energy-dispersive X-ray (EDS) analysis. The effective electron
Catalyst Testing. Hydrogen peroxide synthesis was performed probe size and dwell time used in STEM-XEDS mapping experi-

using a Parr Instruments stainless steel autoclave with a nominalments was 1.5 nm and 200 ms per pixel, respectively.

volume of 50 mL and a maximum working pressure of 14 MPa.  X-ray photoelectron spectra were recorded on a VG Escalab

The autoclave was equipped with an overhead stirre2( 0 rpm) 220i spectrometer, using a standard Ak K-ray source (300 W)

and provision for measurement of temperature and pressure.and an analyzer pass energy of 20 eV. Samples were mounted using

Typically, the autoclave was charged with catalyst (0.05 g unless double-sided adhesive tape, and binding energies are referenced to

otherwise stated) and solvent (5.6 g of MeOH and 2.9 g #)H the C(1s) binding energy of adventitious carbon contamination taken

purged 3 times with C®(3 MPa), and then filled with 5% to be 284.7 eV.

CO; and 25% Q/CO;, to give a hydrogen-to-oxygen ratio of 1:2,

Results and Discussion
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Table 1. Hydrogen Peroxide Synthesis Using Catalysts Prepared by Impregnatidn

productivity
catalyst calcination treatment (mol of HoO2/h/Kgcay H20; (wt %) CO conversion (%)
5%Au/Al;,Oz air 400°C 2.6 0.0026 <1
4.2%Au0.8%Pd/AlO3 air 400°C 17 0.017 <1
2.5%Au2.5%Pd/AIOs air 400°C 15 0.015 <1
5%Pd/AbO3 air 400°C 9 0.009 <1
5%Au/Al;,Oz air 400°C + H, 500°C 1 0.001 <1
4.2%Au0.8%Pd/AIO3 air 400°C + H, 500°C 21 0.021 <1
2.5%Au2.5%Pd/AIOs air 400°C + H, 500°C 9.3 0.093 <1
5%Pd/AbO3 air 400°C + H, 500°C 6 0.006 <1

a50 mg of catalyst was used in all experiments.
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Figure 1. Effect of addition of Au to supported Pd/AD; catalysts for the
synthesis of hydrogen peroxide. Catalysts calcined at°@ih air Q) or

calcined in air at 400C and reduced at 500 with hydrogen M). Mass
of catalyst= 50 mg.

addition of Pd to Au significantly enhances the catalytic
performance for the synthesis ob®, and moreover, it is
interesting to note that there is an optimun-2di composi-
tion (Pd/Au~ 1:5) where the rate of ¥, production is
much higher than for the pure Pd catalyst, which in itself is
significantly more active than pure gold. It is apparent that
the addition of Pd to Au also enhances the selectivity to
H,0,, and the enhanced rate 0f®} synthesis is achieved
at lower H conversion.

A series of Au-Pd/Al,O; catalysts was prepared using
the impregnation method, calcined at 400, and then
reduced in H at 500°C. This is similar to the method of

Table 2. Influence of the Calcination Temperature on Leaching of
Gold and Palladium in 2.5%Au2.5%Pd/Al,O3 Catalysts after

Reaction
loss of Au loss of Pd  productivity
pretreatment run (%)2 (%)2 (mol/kg/h)
air, 25°C, 1 75 79 65
2 80 85 41
air, 400°C, 3 h 1 0 0 22
2 0 0 22

2 (Gold or palladium present in the fresh catalysold or palladium
after runs 1 or 2)/(gold or palladium present in the fresh catabyst)00.

catalysts, an experiment was carried out using a 2.5 wt %
Au—2.5 wt % Pd/A}O; catalyst (calcined at 4080C), and

the yield of HO, was determined. Following this reaction,
the catalyst was removed by careful filtration, and the
solution was used for a second experiment usigH® No
further HO, was generated, and this indicates that the
formation of hydrogen peroxide involves gold acting as a
wholly heterogeneous catalyst. Indeed, the catalysts that had
been calcined at 400C could be reused without loss of
performance (Table 2), and AAS analyses confirmed that
there was no loss of Au or Pd from the sample during use.
In contrast, the uncalcined AtPd/ALO; catalysts were
particularly unstable and could not be reused effectively
(Table 2). AAS analysis showed that for the uncalcined
catalyst, almost all the Au and Pd was lost during the initial
usage giving rise to a decrease in activity during a second
use. It should be noted that proportionately, the loss of metals
by leaching is much larger than the decrease in productivity
for hydrogen peroxide formation. This suggests that more
effective catalysts may be produced for this reaction by
careful control of the catalyst preparation methodology. At

catalyst preparation that was used in our initial studies with present, effective catalysts have been prepared using co-

Au—Pd/ALLO3 catalyst$® The results (Figure 1) show that
reduction following calcination increases the rate ok
synthesis for the optimum AtPd composition but decreases
the rate for all other compositions. A large number of

impregnation of the metal salts directly onto the support.
Interestingly, as yet we have not been able to produce
effective catalysts using coprecipitation or deposition pre-
cipitation, and this preparative aspect is clearly an area for

formulations were investigated, and the results confirm that further investigation.

a composition of 4.2 wt % At0.8 wt % Pd gives the highest
catalytic performance.
We have also investigated the effect of treating the

Catalyst Characterization of Fresh Catalysts.To de-
termine the nature of the alumina supported Au/Pd catalysts,
a detailed investigation of freshly prepared catalysts was

catalysts at lower temperatures prior to use, and this can leactarried out using electron microscopy and X-ray photoelec-

to improved catalytic performance. However, a key consid-

tron spectroscopy. In our previous study, we initially explored

eration for heterogeneous catalysts operating in three phasehe microstructure of the calcined and reduced samples and
systems is whether active components leach into the reactiordemonstrated that the addition of Pd to Au produces-Au
mixture; this may lead to catalyst deactivation or, in the most Pd alloys over the whole range of particle sizes obse#ed.

extreme case, may lead to the formation of an active

homogeneous catalystTo demonstrate that the supported

gold/palladium catalysts functioned as wholly heterogeneous

(12) Sheldon, R. A.; Arends, I. W. C. E.; ten Brink, G.-J.; Dijksman, A.
Acc. Chem. Re002 35, 774.
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Figure 2. Au(4d) and Pd(3d) spectra for two AuWPd/ALO; catalysts
(compositions as shown) (a) dried at 120 and (b) calcined at 408C.

Table 3. Comparison of Measured (XPS) and Expected Pd/Au

Ratios for Two Au—Pd/Al,O3 Catalysts

composition

Pd/Au molar ratio

theoretically expected
(for random

4.2% Au-0.8% Pd dried 120C

2.5% Au—2.5% Pd dried 120C

heat treatment measured solid solution)
0.23 0.35
calcined 400C 0.50 0.35
1.65 1.86
calcined 400C 3.06 1.86

Solsona et al.

majority being at the lower end of the size range. Detailed
STEM and EDS analysis showed that the particles all were
comprised of both Au and Pd and that the ratio of Au/Pd
was ca. 1:1 with a slight enrichment of Pd in the larger
particles. Very few particles over 10 nm in diameter were
observed in the fresh catalyst

Catalyst Characterization of Aged Catalysts.We de-
cided to study the effect of storage on catalyst activity as,
typically, catalyst performance declines with storage for
many catalysts. We stored a sample of the most active 2.5
wt % Au—2.5 wt % Pd/A}O; catalyst, which had been
previously calcined at 40€C, in a sealed container in the
dark for 12 months at ambient conditions. Reevaluation of
the catalytic performance of this catalyst showed that under
the standard reaction conditions, the activity of the sample
had increased from 15 mol of B./h/kg.; (Table 1) to 52
mol of HO./h/kge, representing a dramatic increase in
productivity, and this is similar to the activity we have
previously observed with TiQsupported catalysf8.It has
been reported elsewhere that the impregnation process does
not produce a very strong bond between metal particle and
oxide support* If the atomic mobilities of the gold and
palladium were sufficient, then the atoms would be able to
agglomerate and grow over time, producing ever largetr Au
Pd particles. To investigate this, we reexamined the stored
catalyst using annular dark field (ADF) STEM imaging. It
was found (Figure 3a) that the sample now exhibited a
bimodal size distribution. The smallest particles once again
fell into the 3-10 nm size range (mean diamete3.6 nm),
but also present were some considerably larger particles that
ranged in size from 35 to 50 nm (mean diameteB8 nm).

The time lapse between these two studies may suggest that
a time-dependent growth process is occurring. STEM-XEDS
analyses of this AaPd catalyst were also performed, and
typical chemical maps shown in Figure 3b,c show the
existence of a Au-Pd alloy as well as occasional very small
Pd-only particles. It was found that nearly all of the particles

We now investigate the nature of the structure of these activetended to be Au-Pd alloys and that the composition of the
catalysts further.

The Au(4d)-Pd(3d) XPS spectra for the two most active particle, the more Pd-rich and Au-deficient the particle
Au—Pd/Al,O; catalysts (with compositions of 4.2 wt % Au

0.8 wt % Pd and 2.5 wt % Aud2.5 wt % Pd) are shown in
Figure 2 for the uncalcined and calcined (4@) samples.
Because of the overlap between the Au(#dnd the Pd(3d)

particles was size-dependent. In general, the smaller the

becomes. No pure gold particles were detected.

Closer inspection of one of the larger alloy particles
(Figure 4a) suggests that a slight discrepancy exists between
the spatial extent of the Pd,land the Au M signals (Figure

signals, to estimate the Au/Pd molar ratios, we must first 4b,c) (i.e., the Pd X-ray signal seems to originate from a
calculate the intensity of the former using the Au{4doeak
intensity and the known intensity ratio of the spiorbit
components. This is then subtracted from the measuredwhich shows a predominance of the Pd (blue) signal at the

Pd(3d) peak intensity and the Pd(3d)/Au{gdatio corrected
using the sensitivity factors of Wagngto obtain the surface

larger area than the gold signal). This is most clearly
observed in the digitally colored RGB image (Figure 4d),

perimeter of the particle. These data imply that there is a
tendency for Pd surface segregation to occur in the calcined

Pd/Au molar ratio. For both samples, the uncalcined catalystsalloy particles, as was also indicated by the XPS data for
exhibit a Pd/Au ratio lower than that expected from the the fresh sample and has also been found for-Rd
known composition (assuming a random solid solution), but bimetallic catalysts supported on T#®and FgOs.!! The
calcination in air at 400C apparently leads to a surface formation of such Au-Pd core-shell structures has been
enrichment in Pd (Table 3).

STEM and XEDS results for the fresh calcined 2.5 wt %

Au—2.5 wt % Pd/A}Os catalyst reported previouslghowed

that this sample is comprised of well-dispersed fcc metal
particles with a size range of between 2 and 10 nm with the

reported previously for ligand-stabilized bimetallic ARd

(13) Wagner, C. D.; Davis, L. E.; Zeller, M. V.; Taylor, J. A.; Raymond,
R. M.; Gale, L. H.Surf. Interface Anal1981, 3, 211.

(14) Poole, C. P., Jr.; Owens, F.ldtroduction to Nanotechnologylohn
Wiley & Sons: New York, 2003.
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Figure 3. Montage of STEM data from the calcined 2.5 wt %-A25 wt % Pd/AbO; sample. (a) ADF image and corresponding XEDS maps using (b)
Au My, (c) Pd L, (d) Al Ka, and (e) Cl K, signals.

colloids}® and in the preparation of bimetallic nanoparticles shell*¢*”Hence, we now consider that our observations are
by the sonochemical reduction of solutions containing gold consistent with these previous studies and that the stable Au
and palladium ion&® These coreshell particles exhibited  Pd/AlL,O; catalysts prepared by calcination at 480 are
superior catalytic activity as compared with ARd alloy comprised of Au-Pd alloys in which the surface of the
particles, which had the same overall Au/Pd atom r&tio. nanoparticles is Pd-rich. In this way, it appears that Au
Detailed 1/Au Mo6ssbauer studies confirmed the presence electronically promotes Pd for the direct oxidation reaction,
of a pure Au core, and there was also evidence for a thinand this leads to the enhanced activity and selectivity
alloy region at the interface between the Au core and the Pdobserved with our supported AdPd alloyed catalyst. In

(15) Lee, A. F.; Baddeley, C. J.; Hardacre, C.; Ormerod, M. R.; Lambert, (16) Takatani, H.; Kago, H.; Kobayashi, Y.; Hori, F.; Oshima,TRans.
R. M.; Schmid, G.; West, H. Phys. Chem1995 99, 6096. Mater. Res. Soc. Jpi2003 28, 871.
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a.) ADF-STEM

Figure 4. Montage of STEM data from a 25 nm patrticle in the calcined 2.5 wt %25 wt % Pd/AbOs sample. (&) ADF image with corresponding
XEDS maps of (b) Pd 4, (c) Au My, and (d) reconstructed RGB (red Al, green= Au, and Pd= blue) image showing preferential surface enrichment
of Pd.

addition, the increase in the size distribution of the-/ARd Our results from this study suggest that larger (zel0
nanoparticles appears to be associated with a dramaticnm diameter) Au-Pd particles with a coreshell structure
increase in the catalytic performance for hydrogen peroxide may be the most effective catalysts foe®4 production,
synthesis. Interestingly, we note that the most effective thereby accounting for the differences in activity associated
catalysts for the synthesis of hydrogen peroxide are inactive with the aged and fresh catalysts observed with this support.
for CO oxidation, indicating that the active sites for these
two reactions may be different. CO oxidation is considered
to proceed best with catalysts that comprise relatively small  In a detailed study of alumina supported-ARd catalysts

Au nanoparticles (ca 25 nm), but there may also be for the direct oxidation of Kwith O, to produce HO,, it is
involvement of cationic gold in the reaction mechanim. apparent that stable and reusable catalysts require calcination
An alternative explanation for the inverse relationship at 400°C. Catalysts pretreated at lower temperatures are
between catalysts that promote CO oxidation and those thatunstable and leach Au and Pd into solution, although they
can synthesize #D; is the existence of residual chlorine in still retain considerable activity. Reduction in; Hbrior

the catalysts made by impregnation. The GIKTEM-XEDS to use increases the activity further for the optimum
map shown in Figure 3d shows that there is clearly a strong Au—Pd composition. STEM-XEDS analysis indicates that
spatial correlation between chlorine and many of the-Au the alloy particles in the selective catalysts have a-eore
Pd alloy particles. This is not surprising since the precursors shell structure with a Pd-rich shell, and this is consistent with
for both Pd and Au used during impregnation were chloride- an XPS analysis of the surface chemistry. Storage of the
based (i.e., HAuGI3H,O and PdG)). It is generally agreed  catalyst leads to an increase in the average particle size, and
that residual chloride can adversely affect CO oxidation this is associated with a significant enhancement in catalyst
activity. activity.

Conclusion
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