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Abstract

The direct synthesis of $#D, at low temperature (2C) from H, and & using TiQ-supported Au, Pd, and Au—Pd catalysts is discussed.
The Au—Pd catalysts performed significantly better than the pure Pg&ni@ Au/TiQ, materials. Au—Pd particles were found with a core—shell
structure, with Pd concentrated on the surface. The highest yields@j iWere observed with uncalcined catalysts, but these were particularly
unstable, losing both metals during use. In contrast, samples calcined &€ 4@€re stable and could be reused several times without loss of
performance. These catalysts exhibited low activity for CO oxidation &C2%onversely, catalysts effective for low-temperature CO oxidation
were inactive for H oxidation to HO». This anticorrelation is explored in terms of the mechanism by which the catalysts function and the design
of catalysts for the selective oxidation of one of these substrates in the presence of the other.

0 2005 Elsevier Inc. All rights reserved.
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1. Introduction few processes are operating using & the oxidant. Indeed,
many processes use bulky stoichiometric oxygen donors (e.qg.,

Oxidation is a key process that can be used either to funcSodium perborate, sodium percarbonate, metallic peroxides, or-
tionalise molecules using selective or partial oxidation or todanic hydroperoxides, percarboxylic acids), which inherently
remove pollutants using nonselective or total oxidation. In-exhibit poor atom efficienc{8-6]. One problem is that dioxy-
creasing attention is being given to green chemical reaction§€n has a triplet ground state, whereas the organic substrates
which focuses interest on the design of chemical processes thiPically have singlet ground states; consequently, activation of
are atom-efficient. This is particularly true in the fine chemicalsthe substrate is required, and often the temperatures required to
industry, where many reactions are operated with low atom efachieve this are excessive for the reactions of interest in the syn-
ficiency. In this respect, oxidation reactions exhibit significantthesis of fine chemicals. From a green chemistry perspective,
problems, because stoichiometric (i.e., noncatalytic) processé&ydrogen peroxide is the next most preferred oxidant, because
are often used with a range of oxygen donfirs Molecular ~ water is the byproduct after oxygen donation. In view of this,
oxygen is the preferred oxidaff], but to date, although well there is significant interest in using hydrogen peroxide as an

exploited in the bulk and petrochemical industries, remarkabl@Xygen source, which has brought renewed efforts in both the
synthesis and use of hydrogen peroxide. In this paper we ad-

dress the use of highly efficient gold-based catalysts for the
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as bleachind7] and disinfecting. Such uses account for theconversion based on hydrogen, such that these materials can be

majority of the BO, material manufactured. Its use in the considered as the starting point for commercialisation.

fine chemical industry accounts for a much lower fraction of

its consumption (e.g., epoxidised oils, catechol, hydroquinone?. Experimental

peracetic acid, caprolactone) and tends to require only small

amounts. The discovery of the titanium silicalite T$8]l and ~ 2.1. Catalyst preparation

its application for the oxidation of propene to propene oxide

and the ammoxidation of cyclohexanone to its oxime using hy- Here 5 wt% Pd/TiQ, 5 wt% Au/TiO,, and a range of Au—

drogen peroxide has triggered more interest in using hydrogeRd/TiO, catalysts were prepared by impregnation of 7{De-

peroxide for the synthesis of chemical intermediates. gussa P25, mainly anatase) via an incipient wetness method
At present, hydrogen peroxide is produced by the sequertSing aqueous solutions of PgQUohnson Matthey) and/or

tial hydrogenation and oxidation of an alkyl anthraquing@je ~ HAUCIl4-3HO (Johnson Matthey). For the 2.5% Au/2.5%

However, there are problems associated with the anthraquinof/TiOz catalyst, the detailed procedure was as follows. An

route, including the cost of the quinone solvent system and th@dueous solution of HAUGI3H20 [10 ml, 5 g dissolved in wa-

requirement for periodic replacement of anthraquinone due t" (250 ml)] and an aqueous solution of Pg(4.15 ml, 1 g

hydrogenation. In addition, the process is economically viabld" Water (25 ml)] were simultaneously added to i(3.8 g).

only on a relatively large scale (46 10* TPa). This necessi- 1h€ paste formed was ground and dried at@dor 16 h and

tates the transportation and storage of concentrated solutions &ficined in static air, typically at 40 for 3 h, although other
hydrogen peroxide when required for use in the fine chemical@€at treatment conditions have been investigated. Other Au—Pd

industry, because only relatively small amounts are required 4fi0S were prepared by varying the amounts of starting reagents

any one time. Hence the development of a new, highly efficien2ccordingly.

and smaller-scale manufacturing process feO}lis of signif- . An additional se(rjles O:; Cata'_V_StS containing 5 wit% Au cz)n
icant commercial interest. TiO, were prepared by deposition precipitation. For 5 wt%

The identification of a direct route for the synthesis of hy—AUITioz an aqueous solution of HAUEGBH,0 [20 ml, 5 g dis-

drogen peroxide from the reaction of dioxygen and hydroger’?‘c’l\/ed in water (250 mi)] was added to a solution of %0

would be highly beneficial, because this presents the tantalizinWater (3.9 g, 150 ml). This solution was stirred at room tem-

possibility of small-scale-distributed synthesis. At present, nogerature for 10 min, and then_ a soIL_mon of NaOH in Wa_ter
g : . g, 25 ml) was added dropwise until the pH of the solution
commercial process exists for the direct process, even thou n

there has been significant interest in this reaction in industria(l5 ached 9. The solution was stirred and maintained at pH 9 for

laboratories for more than 90 ye4t9-28] Until very recently, 880rg|?O.rTlréehcatalyst was then washed, filtered, and dried at

the catalysts used in these investigations have been based gnThe catalysts prepared by impregnation or deposition—preci-
. : . itation were pretreated using a range of conditions: drying at
of product formation, most of these earlier studies usgiDy 120°C in air, calcination in static air at 20 for 3 h, calcina-

mixtures in thg explosive region, and solutions>d}5 wt% hy- tion in static air at 400C for 3 h, and reduction in flowing
drogen peroxide have been made by reactipihiover Pd cat- (5 Wt% Hp in Ar) at 500°C.

alysts at elevated pressuif@®]. However, operating commer-

cially in the explosive region would be considered extremely, 5 Catalyst testing

dangerous, and thus more recent studies have concentrated on

carrying out the reaction with diluteg#0, mixtures wellaway 55 1 Hydrogen peroxide synthesis

from the explosive regimg9,22] _ _ Catalyst testing was performed using a stainless steel au-
In earlier papers concerning the direct synthesis 80H  toclave (Parr Instruments) with a nominal volume of 50 ml
we showed that catalysts based on Au-Pd alloys supported hq a maximum working pressure of 14 MPa. The autoclave
alumina can provide a significantly improved rate of hydro-yag equipped with an overhead stirrer (02000 rpm) and pro-
gen peroxide formation compared with the Pd-only catdB&t  yisjons for measuring temperature and pressure. Typically, the
29]. However, in common with pure Pd catalysts, thesgO3t  autoclave was charged with the catalyst (0.01 g unless other-
supported Au—Pd alloys gave low selectivity based enFhis  wise stated) and solvent (5.6 g MeOH and 2.9 purged
represents the key problem that remains to be solved, becaugfee times with C@ (3 MPa), and then filled with 5% $CO
the conditions that are required to produce hydrogen peroxidgnd 25% Q/CO, to give a hydrogen-to-oxygen ratio of 1:2 at
also promote (i) its decomposition to oxygen and water, (ii) itsa total pressure of 3.7 MPa. Stirring (1200 rpm unless other-
hydrogenation to water, or (iii) the direct nonselective forma-wise stated) was started after reaching the desired temperature
tion of water. (2°C), and experiments were carried out for 30 min unless
In this paper we extend our initial studig®8,29] and re-  otherwise stated. Gas analysis fos Bhd @ was performed
port a detailed investigation of Au-Pd catalysts supported oy gas chromatography using a thermal conductivity detector
TiO», using dilute H/O2 mixtures below the lower explosion and a CP—Carboplot P7 column (25 m, 0.53 mm i.d.). Con-
limit. With these catalysts, we can now obtain high rates of hywversion of B was calculated by gas analysis before and after
drogen peroxide formation combined with high selectivity andreaction. HO, yield was determined by titration of aliquots
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of the final filtered solution with acidified Ce(S® (7 x ing the Au and Pd content of the used catalyst and comparing
103 moll~1). Ce(SQ), solutions were standardised againstwith to the fresh catalyst.
(NH4)2Fe(SQ)2-6H20 using ferroin as an indicator. Samples for examination by scanning transmission electron
Methanol was chosen as the solvent because it ajdsoH ~ microscopy (STEM) were prepared by dispersing the catalyst
ubility but does not form peroxides, unlike the higher alcohols powder in high-purity ethanol, then allowing a drop of the sus-
Moreover, the reaction with water alone was found to be lespension to evaporate on a holey carbon film supported by a
effective. CQ was used as the inert gas because the explosiv800-mesh copper grid. Samples were then subjected to chemi-
region for H/O, mixtures is much narrower than for other inert cal microanalysis and annular dark-field imaging in a VG Sys-

gases. tems HB603 STEM operating at 300 kV equipped with a Nion
Cs corrector. The instrument was also fitted with an Oxford In-
222 CO oxidation struments INCA TEM 300 system for energy-dispersive X-ray

The catalytic activity for CO oxidation was determined in (XEDS) analysis.
a fixed-bed quartz microreactor, operated at atmospheric pres- X-R@y photoelectron spectroscopy (XPS) was performed us-

sure. The feed consisted of @O,/N, with a molar ratio "9 @ VG Escalab 220i spectrometer, using a standard Al-K
of 0.5/19.9/79.6. The combined flow rate was maintained atX"ray source (300 W) and an analyser pass energy of 20 eV.
22.5 mimirr?, and a constant catalyst loading of 50 mg WaSS'arn.ples were mounted using double-sided adhgsw_e tape, and
used. The catalyst temperature was maintained €28/ im- binding energies were referen(_:ed_to the C 1s binding energy
mersing the quartz bed in a thermostatically controlled wateP! adventitious carbon contamination, which was taken to be
bath. Catalysts were tested for a minimum of 500 min, and84-7 eV.

analysis of the reaction product was carried out using on-line
gas chromatography. Conversion was calculated on the basis %f

CO, concentration in the effluent, and carbon balances Wergl. Evaluation of AWTiO, Au-Pd/TiO,, and PA/TIO,
100+ 2%. .
calcined catalysts

Results

2.3. Catalyst characterisation Titania-supported Au, Pd, and Au—Pd catalysts prepared us-
ing impregnation and deposition—precipitation methods were
Catalysts were characterised by powder X-ray diffractionevaluated for the synthesis of;8, and the oxidation of CO
(XRD) using an Enraf Nonius PSD120 diffractometer with aafter the catalysts were calcined at 4@ The results, given
monochromatic Cu-f source operated at 40 keV and 30 mA. in Table 1 demonstrate that deposition—precipitation is the pre-
Phases were identified by matching experimental patterns witferred method of preparation of active catalysts for CO oxida-
the JCPDS powder diffraction file. tion, whereas the best catalysts for® synthesis are prepared
Atomic absorption spectroscopy (AAS) was performed withby impregnation.
a Perkin—Elmer 2100 Atomic Absorption spectrometer using For the catalysts calcined at 400 prepared by impregna-
an air—acetylene flame. Gold/palladium samples were run afon, the pure Au catalysts all generateg®3, but at low rates.
wavelengths 242.8 nm (Au) and 247.6 nm (Pd). Samples foThe addition of Pd to Au significantly enhanced the catalytic
analysis were prepared by dissolving 0.1 g of the dried catalygierformance for the synthesis 0b8,, and it is interesting to
in an aqua regia solution, followed by the addition of 250 minote that there was an optimum Pd—Au composition in which
deionised water to dilute the sample. AAS was used to detetthe rate of HO, production was much higher than that for the
mine the wt% of the metal incorporated into the support aftepure Pd catalyst, which in itself was significantly more active
impregnation, as well as the concentration (ppm) of Au or Pdhan pure gold. The highest rates are observed for the 2.5 wt%
that had leached out into solution during reaction, by determinAu/2.5 wt% Pd/TiQ catalyst. Furthermore, the rates of hydro-

Table 1
Comparison of hydrogen peroxide productivity and CO conversion for catalysts prepared by deposition—precipitation (DP) and impregnation (1)
Catalyst Preparation Pre-treatment Productivity Hy0o CO conversion
method (molhy,0, N~ kgez) (Wt%) (%)
5%Au/TiOx2 DP Air, 25°C 0.229 Q002 85
5%AUu/TiO? DP Air, 120°C 0.482 Q005 76
5%Au/TiIO2 DP Air, 400°C 0.388 Q004 40
5%AU/TiO% | Air, 400°C 7.1 0.014 <1
4%Au/1%Pd/Tin | Air, 400°C 28 Q057 <1
2.5%Au/2.5%Pd/Ti(Qb | Air, 400°C 64 Q128 <1
5%Pd/TiC§b | Air, 400°C 31 Q061 <1

Reaction conditions as described in text; reaction time fgdyisynthesis 30 min; reaction time for CO oxidation following achievement of steady state: 1-6 h.
Mass of catalyst for KO, synthesis:

2 50 mg,

b 10 mg.
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Fig. 1. Effect of (a) reaction time (catalyst mass, 20 mg), and (b) catalyst mass (reaction time, 30 min) on the synthesis of hydrogen peroxidewsSinga/ 2.
2.5 wt% Pd/TIiQ catalyst calcined at 400C in air.

Table 2 ble 2. For the 2.5% Au/2.5% Pd/Ticalcined at 400C, the
The influence of reaction time on the conversion gfdthd selectivity to hydro-  jnitial rate after a 5-min reaction time was100 mol kQ_alt h—1
gen peroxide synthedis with a hydrogen selectivity of 90%; consequently, if the hy-
Reaction  Productivity Hz conver-  HyOo H202 drogen peroxide could be selectively transferred to a substrate,
time (min) (moky,0, h~*kgcar) _sion (%) selectivity (%) yield (%) then this process would be exceptionally efficient.

5 114 8 93 7 The effect of increasing the amount of catalyst in the au-
12?) ig gg gg 2% toclave is shown irFig. 1b for the 2.5% Au/2.5% Pd/Ti©

. . : calcined at 400C. It is apparent that the yield of 4@ in-
% 2.5% Au-2.5% Pd/Tig catalyst (20 mg) calcined at 40C. creased as the amount of catalyst was increased. However, the

rate of O, synthesis was highest at lower catalyst masses, and

gen peroxide formation with the Tiasupported catalysts were ajthough the rate was linear for catalyst masses up to 20 mg, un-
generally a factor of three higher than the correspondin®4d  der our reaction conditions, a catalyst mass of 10 mg provided a
supported catalys{&8,29] demonstrating that the nature of the reasonable compromise between rate and overall yield®bH
support plays an important role in the direct oxidation reactionjt js worth noting, however, that catalyst masses of 20 mg can

The reaction time and amount of catalyst used are importamie used effectively, and in cases where the rate is extremely low,
variables in the direct synthesis reaction, because there arew& have used a catalyst mass of 50 mg.
number of competing processes that lead to the decomposition
of hydrogen peroxide, even af€. The effect of increasing re- 3.2. Effect of calcination and reduction
action time in the autoclave is shown lig. 1a for the 2.5%
Au/2.5% PdITIQ catalyst calcined at 40T. Separate exper-  The effect of calcination and reduction on the optimum com-
iments were conducted for each reaction time, and so the dafsition of the TiQ-supported catalyst was investigated; the
indicate the amount of 40, formed as an average over the re- resylts are presented Fable 3 It is apparent that calcination
action period. Itis apparent that as the yield of4 increased  eijther by itself or followed by reduction in Hed to a signif-
steadily with reaction time, the rate of formation decreasedicant decrease in the rate 0b&, synthesis, determined as an
and we concluded that under our reaction conditions, a reactioferage over the 30-min reaction period. An extensive study of
time of 30 min provided a reasonable compromise between raige effect of calcination of the 2.5% Au/2.5% Pd/pi€atalyst
and overall yield of HO, for comparing the catalytic perfor- showed that the rate of 4@, synthesisFig. 2a) and H selec-
mance of these catalysts. Of course, the optimal conditions willivity (as measured by the yield of4@,) were both particularly
vary with other conditions, such as temperature and pressurgensitive to this preparation parameféig( 2b). In addition, the
and so it can be reasonably anticipated that at higher temperduration of catalyst drying can also significantly affect perfor-
tures and reaction pressures, much shorter reaction times withance Fig. 3a).
be preferred. This means that the direct synthesis method using The uncalcined sample (i.e., a sample dried only &5
diluted reactants, which avoids the potential for explosion hazgave the highest rate of 2, synthesis (202 mglo, h~*
ards, will produce only relatively dilute solutions, and hence thekggalt), Hy conversion (46%), and #D» selectivity (89%). This
methodology may be better suited to in situ utilisation in chemi+epresents the highest rate based on catalyst mass observed to
cal syntheses in which theJB- is used as soon as it is formed. date with any Au- or Pd-based catalyst for the direct synthe-
In this scenario, optimum use can be made of the very higlsis of H,O,. The selectivity is notably higher than the values
initial rates of BHO, formation displayed by the catalystfaf  that we have reported previougB8,29]for Au—Pd/ALO3 cat-
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Table 3
The effect of catalyst calcination and/or reduction treatment g@4tynthesi8
Catalyst Pretreatment Productivity Hy0o H» conversion H»>0Os selectivity
(Mol4,0, ™" KGcar) (%) (%) (%)
2.5% Pd/TiQ Air, 25°C 90 Q0180 38 48
5% PdITIQ Air, 25°C 173 0346 86 40
2.5% Au-2.5% Pd/TiQ Air, 25°C 202 0404 46 89
5% PdITIQ Air, 200°C, 3 h 99 0198 42 47
2.5% Au-2.5% Pd/TiQ Air, 200°C, 3 h 124 48 34 73
2.5% Pd/TIQ Air, 400°C, 3 h 24 0048 19 25
5% PdITIQ Air, 400°C, 3 h 31 0062 29 21
2.5% Au-2.5% Pd/TiQ Air, 400°C, 3 h 64 0128 21 61
2.5% Au-2.5% Pd/TiQ Air, 400°C, 3 h+ H» 500°C 32 Q064 nd nd

2 Reaction time 30 min; mass of catalyst 10 mg; nd, not determined.
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Fig. 2. (a) Influence of the calcination temperature of 2.5 wt% Au-2.5 wt% Pg/d@atalysts on the productivity to hydrogen peroxide. Reaction time is 30 min, and

reaction conditions are as described in the text. (pbhversion l, ®, A) and HO, yield (O, O, A) obtained for Au, Au—Pd and Pd/TiCratalysts. Symbols:
uncalcined M, ), calcined in air at 200C (®, O) and calcined in air at 400C (A, A).
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Fig. 3. (a) Influence of the drying time of 2.5 wt% Au-2.5 wt% Pd/Fi€atalysts prior to calcination on the productivity te®p. Symbols: B) dried for 3 h,
(O) dried for 16 h. Reaction conditions as described in the text. (b) The effect of the number of uses on the productivigfdorkhation for a series of
2.5 wt% Au-2.5 wt% Pd/TiQ catalysts. Symbols: uncalcinell), calcined in air at 200C (®) and calcined in air at 400C (A).

alysts, and also for Pd catalysts. For example, Choudhary &3. Catalyst stability

al. [30,31] obtained selectivities to 4D, of 85 and 72% at bl

conversions of 21 and 9% using Pdf®@g and Pd/H-ZSM-5 A key factor that must be considered for heterogeneous cata-
catalysts, respectively. lysts operating in three-phase systems is the possibility that ac-
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Pd(3d)
Table 4
Leaching of gold and palladium in 2.5% Au-2.5% Pd/Fiatalysts after re- ‘
action
Pre-treatment Run Loss of A{%) Loss of P& (%)
Air, 25°C 1 80 90
2 92 95
Air, 200°C, 3 h 1 11 0 (c)
2 13 0 2 -
Air, 400°C, 3 h 1 0 0 S
2 0 0 E
& ((Au or Pd in fresh catalyst)- (Au or Pd after run 1 or 2)Au or Pd in (®)
fresh catalyst)x 100. 1 Au(4d\
/
tive components can leach into the reaction mixture, leading to
catalyst deactivation or, in the worst case, to the formationofan (@)
active homogeneous cataly3®2]. The high-activity uncalcined - . - T : T - . - T
370 360 350 340 330 320

Au-Pd/TiQ catalysts were, unfortunately, particularly unsta- o
ble and deactivated significantly with successive usas @o). binding energy (eV)

AAS analysis revealed that almost all of the Au and Pd were qugig_ 4. Au 4d and Pd 3d spectra for a 2.5 wt% Au-2.5 wi% PajTeatalyst
during the initial useTable 4shows the loss of palladium and after different heat treatments: (a) uncalcined, (b) calcined af @0 air,

gold by leaching after catalytic testing for the following 2.5% (c) calcined at 400C in air and 500 C in hydrogen.

Au/2.5% Pd/TiQ catalysts: uncalcined, calcined at 2@ and

calcined at 400C. The catalyst calcined at 40CQ did notleach Ay 4d components. This was best achieved by subtracting out
either Au or Pd within the limits of detection, and did not de- the Pd 3d contribution, using a suitably scaled and shifted refer-
activate with reuseHig. 3). However, the catalysts that were ence spectrum. Although the calcined and reduced sample can
either uncalcined or calcined at 200 lost both gold and palla-  provide such a standard in principle, it is clear from a visual in-
dium after reactionTable 4 and showed a consequent decreasepection that the FWHM of the Pd 3d peak was much greater

in activity in subsequent reuse tessy. ). It should be noted i the uncalcined spectrum; this may be due in part to the fact
that the loss of metals by leaching was proportionately muchinat palladium was present as both Au-Pd alloy particles and
larger than the expected decrease in productivity for hydrogegyre pd particles, as observed in the TEM measurements (qv.
peroxide formation. Thg absence of leaching of_e|therAu or P?)ost). In fact, a suitable Pd reference spectrum is provided by
from the catalysts calcined at 673 K, as determined by AA and,., ncalcined Au (1 Wt%)—Pd (4 wt%)/#Ds sample, which
XPS, suggests that these materials function as wholly heteroggs <t own inFig. 5 together with the Au 4+ Pd 3d spectrum

neous catalysts. for the uncalcined 2.5 wt% Au/2.5 wt% Pd/TiGample and

the Au 4d spectrum obtained by subtraction of the scaled Pd 3d
spectrum. From the resulting Au 4d and Pd 3d peak areas, and
To determine the nature of the supported Au—Pd catalystsmakmg use of the se.n3|t|V|t_y factors .prowded t_)y Wagisa, .
a detailed structural and chemical characterisation was carrie"éfe calculated th_e P_c_:I.Au rattio to b? 1:2.9 by we|ght,_ suggesting,
out using STEM and XPS. The catalysts all had total BET syrOn average, a S|gn|f|caﬂtnrfa_10e enrichment by gold n the un-
face areas in the range 35—43 g1, and this was not consid- calcined sample. AAS confirmed awerall Au:Pd rat|_O of 1:1,
ered an important factor with respect to activity. The catalystﬁ_‘ltholjgh as the TEM results showed (qv. post), this simple ra-

were also characterised using powder XRD; these spectra af@ Masks a very complex microstructure. The spectra observed
provided as supplementary data. for the uncalcined sample after reactidiig. 6) were consistent

with the substantial leaching of metal into solution observed in
3.4.1. XPS characterisation the catalytic studies, demonstrating weak Pd features and no

Fig. 4 shows the combined Au 4d and Pd 3d spectra for letectible gold intensity.

2.5 Wt% Au/2.5 Wt% Pd/TiQ catalyst after different heat treat- [N dramatic contrast to the uncalcined sample, the catalyst
ments. For the uncalcined sample, which exhibited the highe$@lcined at 200C exhibited a PdAu ratio (by weight) of 5.1:1
rate of O, production that we have observed to date for affom XPS analysis. Because AAS and XEDS analysis showed
titania-supported catalyst, there were clear spectral contrioithe composition of the catalysts were as was expected from the
tions from both Au and Pd, leading to severe overlap of peakgreparation, viz. a ratio of 1:1 by weight, the XPS results are
After heat treatment at 20@, there was a dramatic decreaseconsistent with the development of a core—shell structure for
in the intensity of the Au 4d peaks, and after calcination in airthe metal particles (gold core—palladium shell) on the catalyst
at 400°C followed by reduction in Kl at 500°C, the intensity ~ after heat treatment. The photoelectron flux emitted from the
of the Au 4> feature was below detection limits. To quantify gold atoms in the core was strongly attenuated due to inelastic
the surface composition of the uncalcined catalyst, we needestattering of the electrons during transport through the Pd shell,
to deconstruct the spectral envelope into its respective Pd 3d aheading to a significantly reduced Au signal intensity compared

3.4. Catalyst characterisation
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identified in STEM-XEDS after calcination (qv. post) are not

i Au(4d) relevant in this context, because the Pd atoms that form these
‘ particles must have been present on the uncalcined sample and

l l thus contributed to the observed Pd signal in both cases. The

large observed increase in the /Ad ratio is consistent with
W%M the attenuation of the Au signal by Pd overlayers.
© The formation of Au-Pd core—shell structures has been re-
M ported previously for ligand-stabilized bimetallic Au—Pd col-
(b) loids [35] and in the preparation of bimetallic nanoparticles by
the sonochemical reduction of solutions containing gold and
U @ palladium ions[36]. Such core—shell particles were found to

exhibit superior catalytic activity compared with Au—Pd alloy

Intensity (arb. units)

Pd(3d) particles exhibiting the same overall ARd ratio[36]. Detailed
. . : . : . : . : . , 197Au Méssbauer measurements have confirmed the presence
870 360 850 840 830 320 of a pure Au core and also identified a thin alloy region at the
binding energy (eV) interface between the Au core and the Pd g}361|37] Inverted

, , _Pd core/Au shell particles may be prepared, but with difficulty
Fig. 5. Extraction of the Au 4d components (curve (c)) from the comp05|te[38]_ even if Au is denosited on alreadv-formed Pd particles. Au
Au—Pd spectrum (b), for a fresh uncalcined 2.5 wt% Au—2.5 wt% Pg/Ti&d- ! P y p !

alyst, by subtracting a reference Pd 3d spectrum (a) recorded for an uncalciné®re/Pd S_he” structures are form@d]. Interestingly, the core—
Au (1.0 wt%)—Pd (4.0 wt%)/Al0O3 sample. shell particles reported in our study are stable at temperatures

up to at least 500C, in contrast to core—shell nanoparticles
prepared ultrasonically in a porous silica support, where trans-
Pd(3d) formation to a random alloy was observed at 304440].
The transformation of the Pd 3d peak shapes from broad and
symmetric in the sample calcined in air at 2@to sharp but
4 (b) asymmetric in the sample calcined in air at 400then reduced
in Hy at 500°C, together with a shift to lower binding energy
by 0.8 eV, is consistent with the reduction ofPdo P.

intensity

3.5. STEM characterisation

Annular dark field (ADF) STEM images of the uncalcined
@ Au-PdITIO» (2.5% Au/2.5% Pd) catalyst revealed a bimodal

Au(4d) metal particle size distribution. The smaller particles ranged

from approximately 1 to 8 nm, with most of the particles at

a0 30 s 340 330 320 the lower end of this range. In contrast, the larger particles
binding energy (eV) ranged from 40 to 70 nm in diameter but were definitely the

minority phase. STEM-XEDS mapping analysis revealed the
Fig. 6. Au 4d and Pd 3d spectra for an uncalcined 2.5 wt% Au-2.5 wt% Pg/TiO coexistence of at least three types of metal particles, as shown
catalyst (a) before and (b) after reaction. in Fig. 7.

Most of the smaller particles were pure Au; only a very small
with Pd. A similar enrichment has been obser{@4] for bulk  fraction was pure Pd. In contrast, all of the larger particles were
Pd-Au alloys heated in oxygen at temperatuse800°C, in  Au—Pd alloys, as evidenced by the spatial coincidence of the
which the surface layer is known to consist of PdO. Thermogold and palladium X-ray maps. A minority of the smaller parti-
dynamically, this is a consequence of the exothermic heat dfles also contained both gold and palladium, as shov#gns.
formation of PdO compared with the endothermic heat of for-Also of note in this image is the presence of very small metal
mation of AOs. Interestingly, it was also found that hydrogen particles 1 nm) that were not identified by XEDS because
treatment at 356C resulted in the complete reduction of the of the extremely poor X-ray signal that they emitted but were
oxide without re-equilibration of the surface composition toclearly resolved via z-contrast HAADF imaging.
that of the bulk{34], as was also observed in the present study For the calcined Au-Pd/Ti®sample, a similar bimodal
(Fig. 4). metal particle size distribution was found. In this case, how-

Both the high PdAu ratio and the dramatic decrease in theever, the smaller particle size distribution was slightly larger
Au signal on calcination at 673 K are indicative of core—shellthan that in the uncalcined sample (2-10 nm), whereas most
particles. This phenomenon may be partly explained by the lossf the larger particles were 35-80 nm in size. A few isolated
of small Au particles as revealed by STEM-XEDS (qv. post),particles even exceeded 120 nm in diameter. Chemical micro-
but there is no evidence of the development of massive Aanalysis via STEM-XEDS of the calcined sample once again
particles after calcination. The presence of small Pd particlesevealed that the larger particles all consisted of Au—Pd alloys
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f 200nm ! f 200nm !

200nm

Fig. 7. HAADF image (left) of 2.5 wt% Au-2.5 wt% Pd/Tiuncalcined sample and corresponding XEDS maps of Autééntre) and Pd-L (right); note the
presence of pure-Au, pure-Pd, and larger Au-Pd alloy particles.

definite discrepancy between the spatial extent of the Au and
Pd signals; that is, the Pd X-ray signal always originated from a
larger area than the corresponding gold signal. This suggests a
tendency for Pd surface segregation in these alloy particles, as
indicated by the XPS analysis (qv.).

A morphological feature unique to the calcined titania cata-
lystis shown inFig. 11 In addition to the large, rounded Au—Pd
alloy particles, a few metal particles with a nanorod morphol-
ogy were also found. STEM-XEDS mapping showed that these
nanorods have a similar alloy composition to the other more
spherical particles and also characteristically had a Pd-signal
originating from a larger spatial area than the Au-signal, due
Fig. 8. ADF-STEM image showing small alloy particle in uncalcined 2.5 wt% gnce again to Pd surface segregation.

Au-2.5 wt% Pd/TIQ sample (left); reduced raster Auap (top right), and Comparing the calcined and uncalcined catalysts, the most
Pd-L; map (lower right); the arrow indicates a group of even smaller particles .~ . . .
which could not be identified by XEDS. striking difference was the composition of the smaller parti-
clesin each. Although both contained small palladium particles,

(Fig. 9). However, in marked contrast to the uncalcined cata®nly the uncalcined sample exhibited any pure gold particles.
lyst, all of the smaller particles observed consisted entirely ofndeed, we did not find pure gold particles in our previous stud-
pure Pd Eig. 10). ies of the alumina-supported catalygt8,29] This observation

No pure Au particles or small alloy particles were observedsuggests that the chemical composition of the metal particles
in this calcined catalyst. XEDS maps of the larger particledn these catalysts is strongly influenced by the heat treatment
showed that the Au-M(9.712 keV) and the PdL(2.838 keV)  process used. Itis also interesting to note the presence of a very
signals were spatially coincident, indicating that the metaffew large &70 nm) metal particles in this uncalcined sample
nanoparticles in the field of view were in fact Au—Pd alloys. (seeFig. 7). This suggests that either these large particles are a
Closer inspection of the larger alloy particlefing. 9shows a  direct byproduct of the impregnation synthesis process or they

Z0nm

f 80nm ! ! ainm 1

Bonm

Fig. 9. STEM-ADF image of 2.5 wt% Au-2.5 wt% Pd/TiQ@atalyst calcined at 400C, showing large alloy particle (left), Au-MSTEM-XEDS map (centre),
Pd-L; STEM-XEDS map (right); note that the Pd signal appears to originate from a larger area than that of the Au signal.
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50 nm

Fig. 10. HAADF images showing small Pd particles in the calcined 2.5 wt% Au—2.5 wt% Pgd(lef), reduced scan area Au-Mnap (centre), and PdiLmap
(right).
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Fig. 12. Melting point as a function of particle size for palladium and gold; note
that in the 5 nm range the melting point of gol)(is significantly lower than
that of palladium #).

It is a well-established phenomenon that as the radius of
metal particles is reduced to approximately 10 nm, the melt-
ing point of that metal is lowered significantly below the value
exhibited by the bulk metal. Using the equation developed by
Buffat et al.[41], a plot can be drawn for the melting point of
gold and palladium as a function of particle size, as shown in
Fig. 11. ADF image (top left) of 2.5 wt% Au—2.5 wt% Pd/BiGample and  Fig. 12 Clearly, the drying temperature (120) and the calci-
C_OLFeSpondiEg X:DS maps Iof Au (top right), Pd (?Ottoml left), and Ti I(bottonr: nation temperature (40C) were both a much higher fraction
S o e 58 g, 2 #2214 20%2 8 the meling poin of gold than that of pallaium i the re-

gion where the particle radius wass nm. This may explain
tr]e presence of pure Pd and the lack of pure Au particles in the

form over time even in the absence of elevated-temperature cal-~ "
cination calcined sample, because the less refractory Pg(bulk) =

Our observations suggest that on heat treatment, the smaligps/ K) would have a significantly higher atomic mobility than
pure-Au particles sinter and combined with palladium to formthat of the PdTm(bulk) = 1828 K). The increased mobility of
the large alloy particles discussed earlier. The origin of the largé€ gold relative to the palladium would result in it being incor-
population of small pure-Pd particles after this heat treatmerfforated into the larger particles (as we have observed), whereas
remains unclear. One possible explanation is that there wastBe palladium would need significantly more time to sinter to
significant concentration of palladium in the uncalcined samhis same degree. The presence of gold nanoparticles in the
ple that was atomically dispersed (and was not detected b{20°C dried sample and the possible retention of atomically
the STEM investigation) and that aggregated to larger partidispersed palladium could also be explained by this strong dif-
cles on heat treatment. Another possibility is that the smalference in mobility between the Au and Pd nanoclusters at this
palladium particles already existed in the uncalcined catalygirying temperature.
but did not bind well to the titania particles and were leached The strong tendency for palladium surface segregation, ob-
off during wet preparation of the STEM sample using etha-served in this study and for bulk alloy34], was not expected.
nol. This was presumably brought about by the preferential forma-
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tion of Pd—-O bonds at the alloy surface, because palladiurhave been rapidly deposited onto the autoclave and stirrer. Nu-
oxidizes more readily than gold in this temperature range.  merous blank experiments have shown that this deposited form
of metal is inactive. Lunsfor42,43] showed that colloidal Pd
3.6. XRD results is very active for HO, synthesis and indeed can play a role in
many of the previous Pd-catalysed reactions. Hence it is pos-
sible that the high activities that we observed with uncalcined

The XRD results (Fig. 2 in theupporting informatiopare _ : :
in agreement with the XPS and STEM data. XRD analysis ofatalysts may be due to the generation of colloidal metallic par-

the uncalcined catalyst showed no Au signal, in keeping witHicles that are both highly efficient catalysts and short-lived.

the STEM conclusion that the gold was present mainly as Smahlloreover, it is clear from our characterisation studies that the

particles. Calcination led to the development of large alloy parUncaicined samples are the most complex structurally.
The nature of the active site for the direct synthesis g

ticles, as evidenced in the XRD results by the appearance of a : i X
signal characteristic of Au/Au-Pd species. is clearly different from the active site for low-temperature CO

oxidation, as evidenced by the data that we have presented
showing that the catalysts that are effective faiQOd synthe-
sis are inactive for CO oxidation, and vice versa. We have

) made a more extensive study of this inverse relationship and
The results that we present here for Au-PdAla@talysts for - haye found that it holds for all of the supports we have inves-

the direct synthesis of #D, are the most significant reported to tigated to date (Ti@, Al,Os, SiOy, F&0s, and C). This is an
date for this important reaction. In particular, the initial ratesimportant observation, because the reaction gfrepresents
determined after a short reaction time in the autoclave for thg selective, or partial, oxidation, whereas the reaction of CO
Au-Pd/TiG, catalyst Ca|Ci”91d at 40T are the highestyetpub- ¢an he considered a total oxidation process. The mechanism
lished (114 mak,0, h™*kgeat, Hz conversion 8%, and #02  of CO oxidation on supported Au catalysts also remains the
selectivity 93%) for a stable heterogeneous catalyst. The unsypject of intense interest, the catalysis having been variously
calcined sample (i.e., a sample dried at’@9 gives a much  attributed to gold nanoclusters with size-dependent electronic
higher rate at comparable selectivity at 30 min reaction timeproperties[44] and chemical propertidg5,46] compared with
(202 mok,0, K=t kgeay, Ha conversion 45.5%, and 402 se-  pylk gold, low-coordinated gold atoms in nanoclusfé, and
lectivity 89%), but unfortunately this catalyst rapidly loses gold g rface defects of the suppd48]. Recently, evidence for the
and palladium into solution and cannot be effectively reused. Ifgje of gold cations in the water gas shift reaction was pro-
contrast, the calcined catalyst can be reused many times withoyided by Flytzani—Stephanopoulpt9] and Guzman and Gates
loss of performance. [50]. Furthermore, in an elegant model study of high activity
We have obtained these results using a stirred autoclave a§,/Tio, model catalysts, Goodmgf1] proposed that activ-
the reactor. However, we believe that the results show considty in this system is associated solely with metallic gold atoms.
erable promise in that, using an appropriately designed flowyowever, as noted by Harufa2], the evidence with respect to
reactor, these Au—Pd catalysts should be able to prodw@ H the mechanism for real highly dispersed gold catalysts tends to
at rates and selectivities appropriate for commercialisation. TW@oint toward the importance of cationic gold species, perhaps
scenarios can be envisaged. First, the stable calcined catalysfsthe peripheral sites where the gold nanoparticles come in di-
could be used at short contact time in a suitable flow reactor teect contact with the support and the gaseous reactant species.
generate HO; at high selectivity (based onz) which could  The situation is therefore complex, and as yet there is no con-
either be captured by absorption or reacted in situ with approsensus except that small gold nanoclusters, possibly comprising
priate substrates. We are currently investigating this strategy astionic gold, are probably associated with the high activity. In
part of our studies. Second, the higher rates obtained with higthe case of the calcined Au/Ti@atalysts prepared by impreg-
selectivity for the uncalcined material are intriguing. Itis possi-nation and used in the present study, the gold particles were
ble that these uncalcined catalysts can form the basis for a gésger than is considered optimal for CO oxidation, and con-
phase process operated at low temperature, because leachingefjuently we consider that relatively large Au nanocrystals are
Au and Pd might be eliminated when using gas phase reactantsétive for the selective oxidation ofaHInterestingly, we have
we will be investigating this possibility. also observed that large Au nanocrystals (ca. 25 nm) are very
The origin of the catalytic activity is not yet clear from our selective for the oxidation of glycerol to glycerd&8,54]and
studies with the uncalcined materials. It could arise from a numthe preferential oxidation of CO in the presence of [45].
ber of possibilities, including (a) active surface-bound metallicHence selective oxidations with Au catalysts require a signifi-
particles that are subsequently dissolved, with an inactive saantly different microstructure than the catalysts that are most
lution species; (b) release of small colloidal particles into theactive for CO oxidation.
solvent that display high activity; and/or (c) the solution form  Inthe present study, a synergistic effect was clearly observed
of the leached metal being the active component. We have nébr the addition of Pd to Au for the Ti@supported catalysts
been able to distinguish between these three mechanisms; itvat was similar in magnitude to that observed with@d as a
deed, all three may be operative, because at the end of tlsipport[28,29] The active catalysts contained relatively large
experiment in the autoclave no gold or palladium remained iralloy particles with a Au core surrounded by a Pd-rich shell,
solution, and so the colloidal particles or soluble species musdlthough we cannot determine at this stage whether all or part

4. Discussion
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