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Activity, selectivity, and long-term stability of different metal oxide
supported gold catalysts for the preferential CO oxidation
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A comparative study of the catalytic performance and long-term stability of various metal oxide supported gold catalysts during prefer-
ential CO oxidation at 80C in a Hy-containing atmosphere (PROX) reveals significant support effects. Comparedté\Ri@3, where
the support is believed to behave neutrally in the reaction process, catalysts supported on reducible transition metal oxides,Gygch as Fe
CeQ, or TiOy, exhibit a CO oxidation activity of up to one magnitude higher at comparable gold particle sizes. The selectivity is also
found to strongly depend on the employed metal oxide, amourgigg,up to 75% for Au/Cg0O4 and down to 35% over Au/SnO The
deactivation, which is observed for all samples with increasing time on stream, except foARID3, is related to the build-up of surface
carbonate species. The long-term stability of the investigated catalysts in simulated methanol reformate depends crucially on the ability to
form such by-products, with magnesia andzOg supported catalysts being most negatively affected. Overall, AW@®@, in particular,
Au/a-FeO3 represent the best compromise under the applied reaction conditions, especially due to the superior activity and the easily
reversible deactivation of the latter catalyst.

KEY WORDS: selective CO oxidation; PROX; gold catalysts; preparation of Au/MesDpport effects; long-term stability; deactivation;
formation of carbonates; thermogravimetric measurements

1. Introduction material for different Au/Me@ catalysts and under identi-
cal conditions, exist only for the pure CO oxidation reaction
Oxide supported Au catalysts (Au/MgD have been (e.g.[8-11]). For the envisaged employment as PROX cata-
shown to exhibit an outstanding activity already at low tenlysts, not only the CO oxidation activity, but also the selec-
peratures for several hydrogenation and oxidation reactiotisity S (S = r©©/[r¢° + rH2], with »* being the rates for
in particular for CO oxidation (see,g [1,2] and references CO and H oxidation, respectively) and the long-term stabil-
therein). Consequently, gold catalysts, such as Au/MiBD ity (approximately 5000 h lifetime are commonly assumed
or Aula-Fe0Os [4,5], were also suggested as suitable cafer mobile applications) are important key features.
didates for the selective (preferential) CO oxidation it H  Here we present results of a comparative study on the
rich gases (PROX) at low temperatures. The latter reazatalytic properties of various supported gold catalysts for
tion is employed for the purification of feed gas streams féhe PROX reaction in simulated methanol reformate. Cat-
PEM (polymer electrolyte membrane) fuel cells producealysts include Auwt-FeO3, Au/TiO2, Au/CoQ;, Au/NiOy,
via methanol steam reforming, the so-called reformate gasi/Mg(OH),, Au/CeQ, Au/SnG, Au/MnO,, and Auj -
(e.g [6]). Al>03. The first two represent the most frequently investi-
In previous comparative studies it was shown that the agated systems for pure CO oxidation (seay [9,15-19));
tivity of Au/MeOQ, catalysts depends sensitively on the supku/CoO,, Au/NiO,, and Au/Mg(OH) were proposed as
port material [7—11]. It was suggested that the high activityighly active systems for the same reaction in preceding
observed on Au/MeQcatalysts with easily reducible oxidestudies [2,20]. Ce®and SnQ are well established as ac-
supports results from cooperative effects of the support miéve supports for CO oxidation over platinum metals (see,
terial,i.e., its propensity for facile adsorption and storage ad.g [21,22]), and therefore may also be expected to enhance
oxygen €.g [7,9,12-14]), which would result in a Mars—varnthe activity of attached gold particles. Au/Mp@as specif-
Krevelen type reaction mechanism. So far, however, sygally suggested as a potential catalyst for the PROX reaction
tematic, comparative studies on the influence of the supp@ttH,-rich gas [3]. Finally, Aup-Al»Os is included as a ref-
* Present address: BASF AG, Chemicals Research & Engineering (Cat%r-e_nce material, since the latter support can be _congldered
ysis Research), D-67056 Ludwigshafen, Germany. as inert at the low reaction temperature of°80which is
** To whom correspondence should be addressed. employed here. Specifically, it is not expected to enhance
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the CO oxidation ratgia support related oxygen storage oR.1.1. Coprecipitation (Ad/-Fe;O3, Au/NpOs,
dissociation processes. Au/Mg(OH), and Au/MgO)

The Au/MeQ:; catalysts were prepared along individual, These catalysts (CP catalysts) were prepared in close
optimized routesi(e., most samples are representative of accordance to the procedure described in [23]: aque-
larger group of similar Au/MeQ catalysts) and tested forous solutions (each 1 M) of the respective metal nitrates
their CO oxidation rate, selectivity, and long-term stabilityFe(NG;),-9H,0, Ni(NO3)2-6H,0, Mg(NQOs),-6H,0; all
under identical conditions in simulated reformate. The catjyka, p.a.) containing HAuGI3H,O (Merck, p.a.) and
alytic measurements will demonstrate that the support mgrNa,CO; (Fluka, p.a.) or NaOH (Merck, p.a.) for the Mg-
terial significantly affects both the activity as well as the sgntaining supports, respectively, were added over 30 min to
lectivity of a catalyst, and also its long-term stability, withca 300 ml water at 66C and at a constant pH value. Stirring
the Au/CeQ, and in particular the Au/R@s systems repre- a5 continued for 30 min before the suspension was cooled
senting the best compromise under the applied reaction c@flyqom temperature. The resulting precipitate was filtered

ditions. and then washed and redispersed in watar40°C) several

A brief description of the catalys_t preparation "’_md_pr%l'mes in order to eliminate chlorine and sodium residuals.
treatment procedures and the experimental set-up is g'verf:'iﬂally the samples were dried in air at 8D and pulver-
section 2. Conversion measurements determining the aCt|i2’éd in,an electric mill (only Aui-Fe,Os)
ity and selectivity as a function of time (over 1000 min) are y 8-
presented in section 3.1, followed by the gravimetric expeé; . s
iments on the deactivation process and a discussion of %2 Deposition—precipitation (Au/Fe;0s, Au/CeQ,

combined deactivation results in section 3.2. Finally, the re- and AuMnQ) ) .
sulting conclusions are summarized. For Aule-FeO3, the support component was first precip-

itated in the same way as for the CP catalysts, but without ad-

dition of HAuCly, similar to the route described in [24]. Sub-

sequently, the Au-containing solution (0.15 M) was added,

together with a NgCOs buffer solution; within 5 min X-ray

diffraction (XRD) and thermogravimetric (TGA) measure-

ments showed that different from [24], none of the precur-
The Au/MeQ, catalysts were generally prepang stan- sors for Auk-FeO3 contained goethite. For Au/C@ch_e .

dard methods, namely coprecipitation, deposition—precipit@—étfree) support precursor was prepared by precipitation

tion or impregnation, which were optimized for the respe@ CeQ from a 1 M aqueous solution of Ce(N}2(NOs)s

tive systems by varying the preparation parameters. The ptbluka, p.a.) with 1 M NaCQs. Before adding the Au-

cedures are briefly summarized below. Further experimeffntaining solution (see above), residual NMas removed

tal parameters and characteristics such as precursor phaRggepeated filtration, redispersion and heating td@0For

pH values for precipitation, or precipitation temperature atBe preparation of Au/Mng first NaMnQ-H20 (Fluka, pu-

given in table 1. The reproducibility of rates which was deum) was reduced to Mngoy conc. HCI [25]. Subsequent

termined for samples prepared on identical routes was foutigatment with 1 M HNQyielded the HMnO,_, precursor,

to be4+30% for Auk-FeoO3z and much better for most otherwhich was impregnated with a solution of HAuQD.1 M)

2. Experimental

2.1. Preparation and pretreatment of catalysts

samples. at 60°C and a pH value of 2 (buffered by LiOH).
Table 1
Preparation/characterization of Au/Mg@atalysts.
Au or@ Meth. Precursor Torecip  PHprecip AuP  BET?
(°C) (ato%) (n?/g)
a-Fe03(l) DP FeHOg4H,0 + a-Fe,05 80/60 7.8-8.2/8.3-8.1 0.94 63
a-Fe03 () CP FesHOg-4H,0 60 8.5 110 55
Ni»O3° CP NiCO;-Ni(OH); 60 8.5 172 67
Co304 IMP Coz04 60 7.1-7.8 0.44 49
Mg(OH), CP Mg(OH) 60 8.5 096 74
MgO cP Mg(OH) 60 8.5 0.96 105
CeO DP CeQ 60 6.5-7.0 2.24 105
MnO,4 DP MnO; g7-1.3H,0 60 1.9-2.2 092 134
TiOy IMP Degussa P25 60 5.0-5.5 1.77 56
y-Alo03 IMP Degussa 213 60 7.5-8.0 1.72 107
SnG;y IMP SnG 60 5.3-5.9 0.39 8

aAfter calcination at 400C (300°C for Mg(OH)).

bwith reference to the oxide’s metal.

¢Ni,O3 surface composition found by XPS; XRD indicates NiO for bulk.
d Containing 6.3 at% Li.
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Table 2
Particle sizes after calcination, rate and selectivity (after 2 h) for the selective CO oxidation in idealized reformate (1 kPa
CO, 1 kPa @, 75 kPa H, balance M), and bulk phases, determined by XRD after 3 days in “more realistic” reformate
(48.3 kPa H, 13.8 kPa C®, and 18.1 kPa blO, balance M) at 80°C.

Au or? dox®P dp,@Pcd D® r S Bulk transf.
(nm) (nm) %)  x10%molco/(gau9) (%) (XRD)
a-Fe03 (1) 16.5 23+08 42 61 64 FgO4 + FeCQy
a-Fey03 (I1) 15.4 31+08 33 46 63 FgO4 + FeCQ
NiyOg 9.0 32410 30 20 56 -
Co304 17.0 34414 24 22 75 -
Mg(OH), 9.3-18.5 <4 13 67 -
MgO 5.3 58+ 26 14 3.8 64 -
CceQ 5.1 22+06 47 45 58 -
MnO, 7.4 33+13 26 1.4 ~70 MnCQ;
TiOy 21f 24407 42 33 48 -
TiOyY 51 53 -
y-Al,03 5.3-11.5 44 K 6.0 59 -
SnG 38.4 42+16 22 14 32 -

aAfter calcination at 400C (300°C for Mg(OH)).
bXRD (via the Scherrer equation).
CAl,03: Au(311).
Average patrticle size, determined by TEM.
€Via number-averaged particle size.
929 anatase; 8% rutilel (= 26 nm).
9 After additional pretreatment ingat 250°C (20 Nml/min; 30 min).
h (Hemi-)spherical particles assumed [35].

All three samples were further stirred for 30 min, filterednost active and selective gold catalysts for PROX [27]. For

and dried, as described above. the Au/Mg(OH) sample a lower calcination temperature of
300°C had to be used, since pretreatment at4Dgielded

2.1.3. Impregnation (Au/G®4, Au/TiOQp, Auly-Al,0O3, and  the corresponding Au/MgO sample. BET areas and the sup-

Au/SnQ) port phases after calcination as determined by XRD and

For Au/Cx0Q4, the oxidic support was prepared by therX-ray photoelectron spectroscopy (XPS) are listed in table 1.
mal treatment of CoOOH in air at 40C. Previously, The resulting average crystallite/particle sizes of the metal
CoOOH was obtained by oxidation of Co(QHat 90°C  oxide support and of the gold particles after calcination, re-
with air, according to [26]; Co(OH)by precipitation from spectively, are included in table 2. It should be noted that no
an aqueous solution of Co(N®-6H,O (Fluka, p.a.) with significant changes in the size distribution of the metal parti-
NaOH. For the Au/Sn@catalyst, Sn@was prepared by ox- cles were observed on the time-scale of the thermogravimet-
idation of Sn (Heraeus, 99.999%) with concentrated HN@ic experiments in a simulated PROX atmosphere which are
and subsequent calcination of the resulting oxide at°@10 presented in the following.
(2 h). Finally, for Au/Ti® and Au/AbOs, commercially Particle sizes were determined by TEM, except for Au/
available support materials (Degussa P25 and Degussa 2Mg8(OH). and Auf/-Al203. For the latter they were cal-
respectively) were employed. culated from XRD, using the Au(311) line. Since the gold

The pulverized oxides were suspended in 200 ml watgarticles on Au/Mg(OH) were too small to be resolved by
(60°C) and a solution of HAuGl was added (withirca. TEM or XRD, a dispersion of 50% was assumed for a rough
5 min), together with a N&COs buffer solution. The fur- estimate of the TOF (the latter may be considered as an up-
ther processing of all samples (stirring, filtering and wastper limit).
ing) was identical to that described above.

After preparation, the samples were stored in closed veg2. Experimental arrangement
sels at ambient conditions. All bright colored catalyst sam-
ples €.g, Au/Al>O3 or Au/TiOy) were stored in darknessin  Activity measurements were carried out in a tubular
order to prevent light-induced reduction of the gold precuguartz reactor (ID 4 mm) which contained approximately
sor, which, based on XRD measurements, leads to larger ADO mg of catalyst powder, fixed by quartz wool plugs. In
crystallites. order to guarantee differential conditions, the catalysts were

Prior to the experiments, the catalysts were calcinetiluted with «-Al2O3. The gas mixture leaving the reactor
for 30 min in synthetic air for gravimetric measurementtibe was analyzed by a GC (Chrompack CP9001), equipped
(120 Nml/min) or in 10 kPa @in N2 (20 Nml/min) at 400C  with wide-bore capillary columns (Poraplot U and Molsieve
for conversion measurements. This pretreatment, which &A; Chrompack) and thermal conductivity detectors. The
duces the Au to its metallic state, was found to produce theass-normalized rates (moljgs)) and the metal surface-
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Figure 1. Rates (top) and selectivities (bottom) over different Au/Me@talysts during selective CO oxidation in idealized reformate as a function of

time on stream (1 kPa CO, 75 kPa tbalance nitrogen) and 1 kPg@t 80°C. Left side: Auk-FeOs3 (1) (O), Aula-FeO3 (Il) (®), Au/Coz04 (V),

Au/NioO3 (@), Au/Mg(OH), (O), Au/MgO @); right side: Au/TIQ () and after additional reductive pretreatment at 260Au/TiO, (),
Au/CeG, (), Au/SnG (@), Auly-Al203 (A), Au/MnO; (@).

normalized turnover frequencies (TOF ) were deter- scope. The gold dispersions were calculated via the number-
mined in an atmosphere containing 1 kPa CO, 75 kPa Haveraged particle size, evaluating typically several hundred
and balance bl(denoted as “idealized reformate” in the fol-particles.

lowing) at ambient pressures. 1 kPa ®Was added for ox-

idation & = 2). Preceding measurements showed that the ) )

data acquired in such a simplified atmosphere which enabfedResults and discussion

a facile gas analysis by GC (and/or FTIR) are fairly we
representative of the activity/selectivity in more realistic re

ormate gas feeds, which additionally contain large quantities The activity/selectivity of the different Au/MeQcata-
of CO; and water [4,7,27]. lysts for the PROX reaction in idealized reformate and its
The gravimetric long-term stability measurements weig,olution with time on stream (1000 min) is shown in fig-
performed in a thermogravimetric micro balance appargre 1. The CO oxidation rate¢°) is displayed in the up-
tus (Shimadzu TA-50), equipped with a heated four-popler windows, the corresponding selectivity is shown below.
valve which allowed for fast switching between the differenthe rates and selectivities, with the rates being normalized
gases. Since realistic reformate contains significant amoutgshe metal mass in the catalyst and the data taken after 2 h
of CO, and HO, typically around 20-25% and 10-15%pn stream, are also included in table 2. In order to rule out
respectively, a mixture of 48.3 kPaH13.8 kPa CQ and effects from a different metal dispersion in the different cat-
18.1 kPa water, balance;Nvas employed (110 Nml/min) alysts, due to varying particle sizes, the corresponding TOFs
for these experiments, which will be denoted as “more realrere determined as well, both at the beginning of the reac-
istic” reformate in the following. (Unfortunately, CO couldtion, i.e., after 15 min, and after 1000 min on stream. These
not be included due to security restrictions. The latter, howire shown in figure 2.
ever, is expected to exhibit only minor effects on the gravi- Based on their TOFs, three different groups of catalysts
metric results.) can be distinguished. The group with the highest activ-
The X-ray diffraction (XRD) measurements were pelity (i.e., a TOF larger than 173) includes Auk-FeyOs,
formed on a Siemens D5000 spectrometer using the @u/Coz04, Au/CeQ, Au/SnG, Au/TiO2, and, having the
Kq line. For peak fitting, pseudo-Voigt functions were aplowest activity within that group, Au/ND3. For Auk-
plied. Au and support crystallite sizes were determined §e,03, which exhibits the highest activities, both prepa-
the Scherrer equation. Transmission electron microscomtion methods (CP and DP) yielded samples of similar
(TEM) images were acquired on a Philips CM 20 micropatrticle sizes/particle size distributions and of comparable

tl,%.l. Comparison of the catalytic activity/selectivity
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: these two systems deviate significantly with much larger
[ B afier |5 min | (Au/MgO 5.8 nm average particle size) and much smaller
i after 1000 min” | 1 (Au/Mg(OH), amorphous in XRD and TEM) Au particle
3T ] sizes. Based on TOFs, their activities are rather similar. The
o ] two MgO-based catalyst are also similar with respect to their
2, § N 1 rapid deactivation, which was so pronounced that at the end
m 2T § § N ] of the 1000 min runs their activity was significantly less (in
E [ § § . § TOFs) than that of the AwlAl>Os3 reference sample. Pos-
s § § § § sible effects underlying the rapid deactivation are discussed
LT § N N \ § N below.
R § N § \ § The last group includes catalysts whose TOFs were
[ § § § N ks § § § ] clearly below 1 s1. These are the AytAl 03 reference
0 ™ sample and Au/Mng which showed by far the lowest ac-
£ & EEE EE E T EEE tivity in this study. The latter was surprising, since Mni®
E g NZ S of = g = g g- E % a further representative of a reducible transition metal oxide
% % £ o 2 © o s o support, and therefore was expected to show a performance
é é & ;. similar to the samples in the most active group. Several other
e £ preparation routes and different pretreatment procedures

were tested, but no better Au/MpQatalyst could be ob-
F ig(‘;re f2 Tu;novlelr(;re%lgn;igi;ve;bdilffenrent A“’f’:’éﬁﬁtﬁ'ysm it”ggfg" tained. The measured rates, however, are in good agreement
1Z! r rm . = H
af?er fsominaaié 1008 min‘ on str:’;mrzte:a gze?)lg min foraA(ua/ge@and with the activity determmgd by '.rqr.res Sancteta. [3]. .
rates after 1000 min for Au/Tig Au/SnGy, and AuMNG, respectively, The sequence of relative activities for the PROX reaction
were estimated by extrapolation of the data in figure 1). found in our experiments agrees fairly well with the trend
reported by Harutet al. for the temperature of half conver-
activity and selectivity. Based on the initial activity, thesion for pure CO oxidation, however, in absence of hydro-
Au/Co304 catalyst is closest to AufFeOs, but it deac- gen [8,9]. The only exception is Au/Mg(Obl)which was
tivates much faster. On the other hand, Ay, which identified as one of the most active catalysts in the latter stud-
is initially less active, was much more stable against dées. A probable explanation for this apparent discrepancy are
activation. As was expected from previous studies of Cfhe extremely small gold particles of the Au/Mg(QHam-
oxidation on platinum metal catalysts, the Snéhd CeQ ples being used in those studies (around 1.2 nm [20]). Such
supports, which are known to be effective oxygen suppkmall particles feature numerous undercoordinated edge and
ers €.9.[21,22,28,29]), yielded highly active samples akink sites which were suggested to favor the direct oxygen
well. The Au/TiG catalyst turned out to be especially activelissociation on the metal [32]. This would increase the rate
when additionally prereduced at 250 in flowing hydrogen and TOF if the support is not or only barely involved in
(20 Nml/min, 30 min) after calcination, which was previthe oxygen supply for the CO oxidation reaction. Our re-
ously suggested as an effective pretreatment procedure dalts are also consistent with a study by Yustnal. on a
this catalyst [30,31]. The positive effect of the prereductioseries of supported gold catalysts, prepared by impregnation
step is most likely related to an extensive formation of Oldf the corresponding hydroxides with phosphine-stabilized
groups on the support surface, which is supported also byAa-complexes, where.g, the CO oxidation started at much
distinct weight increase during reduction found in gravimetewer temperatures on samples like Fe(@Hi(OH),, and
ric experiments. This hydroxylation is apparently benefici@o(OH), than on a Au/Al(OH} sample (also hydrogen-free
for the CO oxidation reaction. Other effects, such as a patmosphere [10]).
tial reduction of the support material may further contribute The observed activity differences were suggested to arise
to the observed activity enhancement, however. The adtirgely from the different abilities of the various support
tional activation effect, however, diminishes with increasinmaterials to supply the oxygen for the CO oxidation reac-
time on stream so that the PROX rate slowly approaches tiien [7,9,12,13]. The most active support materials, all of
level of the unreduced sample. which are easily reducible metal oxides, are well known for
The next group comprises Au/Mg(Ofand Au/MgO. their ability to adsorb and store oxygen and this way supply
These two catalysts are clearly less active than the fithie oxygen required for the oxidation reactia a second
group (initial TOFs around 178), but still significantly path, independent of direct (dissociative) oxygen adsorption
more active as compared to the AudAl,O3 reference cat- on the Au particles. In a preceding study, this reaction path
alyst. The apparent difference between the Au/Mg(®HWwas exemplary demonstrated for the PROX reaction over a
and Au/MgO catalysts in figure 1, indicated by the mucAu/a-FeO3 catalyst [7]. In contrast, “inert” support mate-
lower mass-normalized activity of the latter one (about 30%als such as MgO or, in particular, D3, where this ad-
of that on Au/Mg(OH}), mainly results from the very dif- ditional oxygen supply is not possible, are much lower in
ferent particles sizes of these two catalysts. While most tife activity scale. The variations within the latter group are
the Au/MeQ:; catalysts exhibit particle sizes around 3 nrmpossibly due to different Au particle shapes growing on the
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Figure 3. Mass evolution of selected Au/Mg@atalyst samples during reaction in “more realistic” reformate (48.3 kiRd 818 kPa CQ, and 18.1 kPa
H>0, balance M) at 80°C, followed by gravimetric analysis.

different support materials (leading to an altered number a€tivation in figure 1, though a direct correlation between
exposed, undercoordinated sites). both phenomena is not obvious. The difference in deacti-
The good agreement of the activity and activity order, deation is the subject of the next section, where we followed
termined here for selective CO oxidation in idealized refothe long-term evolution of the composition of some selected
mate, with that obtained for pure CO oxidation in a nitrogecatalyst samples by gravimetric measurements.
background underlines that the presence of hydrogen has lit-
tle effect on the CO oxidation reaction over such catalyst3,2. Long-term stability (gravimetric experiments)
similar to our findings in previous mechanistic studies of the
PROX reaction over Aw/-Fe;O3 [4,5]. In detailed, previous DRIFTS (diffuse reflectance FTIR)
If we now consider the selectivities of the differenstudies on the PROX reaction over AufFe,O3 catalysts
Au/MeO; catalysts in idealized reformate, distinct differit was shown that increasing amounts of (surface) carbon-
ences exist as well (figure 1, lower windows). The highate (CG™) and carboxylate (CP) species evolve with pro-
est selectivities were observed for AuFe0z (60—65%), gressing time on stream, which were made responsible for
Au/MgO, and Mg(OH), with 65-70%, respectively, and,the decreasing activity [27]. The gravimetric measurements
in particular, for Au/CgOs (75-80%). A second group, in the “more realistic” reformate at 8@ performed here,
comprising Au/NpOz, Au/y-Al 203, and Au/Ce®, exhibits Support these conclusions, as evidenced by the weight evo-
selectivities of roughly 55-60%. Over Au/Tig45-50%), lution of the Auk-Fe;Oz (I) sample with progressing time
and especially over Au/Snd30-35%), the selectivities areOn stream (figure 3). After a first, rapid increase due to
significantly smaller. A possible explanation may be affie adsorption of water and/or Gn the surface, in a
additional, direct catalysis of the competing H O, re- Second stage the weight decreases slightly, which based
action on these support material& a redox mechanism. ©n XRD measurements is attributed to the transformation
This hypothesis is corroborated by the even lower selecti@f the «-Fe&Os support into FeO, (the latter represents
ity (ca. 20%) observed for a Au/CeGsample which addi- the stable steady state of this support under PROX condi-
tionally contained vanadia, which is well known for readilyions). Subsequently, aftera. 2 h, a steady increase of
changing its oxidation state [27]. Nevertheless, a convincitige mass sets in again, which is now related to the pro-
and general explanation for the different selectivities do&£€SSing transformation of the support oxide into carbonate
not yet exist. Note that the selectivity for Au/MaGhould SPecies. Correspondingly, XRD measurements performed
be compared with reservation due to the exceptionally IcAfter this treatment re\(ealed strong re'flexes of a S|d.er|te
reaction rate, causing large experimental errocsof-15%. phase (FeCg). Interestlngly, the formation of the siderite
Our results prove that the support material critically influPh@se was suppressed in the presence of small amounts of
ences the selectivity. According to their (decreasing) sele®¥ygen (0.3 kPa), as present in the PROX reaction, while
tivity in the PROX reaction under the present reaction cof2RIFTS experiments still showed the formation of surface
ditions the different oxide support materials can be order&grbonates. Hence, it is the latter species which are deci-

in the following sequence: sive for the deactivation during the PROX reaction/CO ox-
idation reaction. Consistently, for the Au#@s catalyst,
C304 > Mg(OH),, MgO, a-Fe03 which shows very little deactivation, only a very slow weight
> -Al203, CeOy, Ni2O3 > TiO2 > SnGp. increase is recognized during time on stream, equivalent to

a less pronounced tendency for carbonate formation. For the
Unfortunately, those Au/MeQcatalysts which exhibit the Au/a-Fe03 sample the deactivation was shown to be eas-
highest selectivity are also those that show the strongest dgreversible by flushing the catalyst bed with pure nitrogen
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a CO-containing atmosphere (semg [33]), this interpre-
tation seemed to be ruled out by subsequent XRD measure-
e ments, which showed no carbonate related reflexes. How-
ever, this apparent contradiction can be resolved if the car-
bonate is formed in a rather thin, compact layer only, which
protects the bulk from further transformation and does not
show up in XRD, but nevertheless impairs the CO oxida-
1 tion reaction significantly. The formation of surface car-
= bonates was also observed in recent DRIFTS measurements
during CO oxidation on Au/MgO in idealized reformate,
where large absorption bands in the region between 1200
and 1700 cm? were rapidly growing [34]. An analogous
explanation, formation of a thin surface layer of carbonates,

; : : s is also assumed for Au/G@4, where only a small weight
0 500 1000 1500 2000 increase (compared te,g, Aula-Fe0Os) was observed in
the “more realistic” reformate, contrasting the very strong
deactivation (figure 1). Since MgO belongs most likely to
Figure 4. Activity (upper window) and selectivity (bottom) of AuFe,O3 _the group of “inert” support _mate”al$ which are not dlreCt_Iy
(I) at 80°C in idealized reformate before and after intermediate purginfjvolved into the CO oxidation reaction, the strong negative
with 135 Nml/min of pure N for 60 min after approximately 1200 min impact of carbonate formation must be solely attributed to

(dashed line). The lower initial activity of this run which was recorde¢ghe physical covering of the Au particles by the produced
several months after the measurement in figure 1 is mainly related %&rbonate layer

slowly progressing coarsening of the Au particles during storage, as shown -
yprog 9 b?, XRD [27]_p 9 9 As a consequence, the long-term stability of a Au/MeO

catalyst for the selective CO oxidation seems to be governed

at the reaction temperature of 8D (figure 4; here, 1 h of by its tendency to form surface carbonates under reaction
flushing — 15 min, however, were also sufficient in other exconditions as well as by the stability of these layers. The
periments). In parallel DRIFTS measurements it was shoermation of XRD detectable bulk carbonates by progress-
that this procedure is accompanied by a significant decreasg transformation of the support oxide material is not re-
of previously accumulated surface carbonate species, cguired for the deactivation and is only a secondary effect.
roborating the above proposed model [27]. From this point of view, Au/TiQ and Auj-Al,03, where

A temporal evolution of the catalyst weight very simisurface carbonates form only very slowly — for the latter,
lar to that of the Auk-FeO3 catalyst is observed also forvirtually no bands between 1200 and 1700 ¢mvere ob-
Au/MnO,. Following the initial HO and CQ uptake, the served in DRIFTS measurements during selective CO oxi-
subsequent weight loss indicates the reduction ta®4n dation in idealized reformate — would be the best candidates
coinciding with an increase of activity in figure 1. Obvi-for long-term stable catalysts, if the activity and selectivity
ously, the latter phase supports the CO oxidation better thasre considered only secondary.
the initially prepared Mn@ phase. In the following pe-  For all catalysts investigated, the selectivity does not
riod, however, the oxide is rapidly transformed into Mg Ochange with time on stream, in contrast to the CO oxidation
(strong increase of mass in figure 3), coinciding with the aeactivity. Consequently, under present reaction conditions the
tivity decrease occurring aftea. 200 min (figure 1). Note two competing reactions, CO oxidation and bixidation,
that for the latter sample the formation of bulk carbonatege affected to a similar extent by the carbonate formation.
could not be suppressed by the addition of oxygen to tiTis also supports a mechanistic interpretation according
CO-free reformate, reflecting the higher thermodynamic st which carbonate formation restricts the oxygen supply,
bility of MNCOg3. This fast formation of carbonates, whichwhich is equally required for both reactions. For catalysts
in severe cases even physically covered the Au particles,sa@ported on “inert” oxides, where oxygen supply from the
evidenced by a strongly decreasing DRIFTS signal of&Osupport plays no role, one would correspondingly expect no
adsorbed on the gold particles during reaction for some sagtlittle carbonate induced deactivation, in accord with find-
ples [27], is mainly held responsible for the surprisingly podhgs for Auk/-Al>0s, except if carbonate formation occurs
PROX performance of the Au/Mnsample. to an extent that the gold particles are physically blocked.

For the strongly deactivating Au/Mg(Obklsample (the
Au/MgO catalyst is not included in the figure, but exhibits
a qualitatively similar behavior), we noticed a rapid increase Conclusions
of mass at the very beginning, followed by a further steady
increase. This type of mass increase is predominantly at-The different Au/MeQ catalysts investigated exhibit sig-
tributed to the physisorption of water and gGimilar to nificant differences in the CO oxidation activity in ideal ref-
the assignment for the first stage on AtFe,O3. Despite ormate gas, with about one order of magnitude between the
the known tendency of MgO to readily form carbonates imost active sample, AufFe;O3, and the reference sample,
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Au/y-Al203. Since the gold particle sizes on the varioudunge Generation. We are also grateful for a fellowship by
samples are rather similar, particle size effects cannot the Deutsche Forschungsgemeinschaft for MMS, within the
held responsible for these effects. Consequently, the diff@raduiertenkolleg Molekulare Organisation und Dynamik
ences are related to the different support materials, with eas+ Grenz- und Oberflachen.

ily reducible metal oxides, such asJ®, CeQ, or TiOy,
yielding the most active samples.

The PROX selectivity is strongly affected by the choic&eferences

of the support material as well. It ranges between 35% for
Au/SnG and 75% for Au/CgO4 under the applied condi- E}
tions. Consequently, the individual CO and bixidation |5
reactions are affected to a different extent by the choice of
the support oxide. The origin of those differences, howevef4]
is still unclear and requires further investigations. 5]
The variations in long-term stability are related to the dif-
ferent tendencies of the various support oxides to form su 7]
face carbonates, which impairs both the CO andokida-
tion reactions, in a similar way. This is in agreement with[8]
a mechanistic interpretation according to which surface car-
bonate formation reduces the supply of oxygen required f%]
both reactions. In particular the magnesia and@osup-
ported samples are strongly affected. [10]
With respect to their suitability as long-term stable cat-
alyst for the PROX reaction in (simulated) methanol refof!
mate, Auk-Fe,Os represents the best compromise, due EQZ]
its high activity in combination with a high selectivity. The
still significant deactivation admittedly represents a dravz3]
back, since it requires loading the reactor with an initial ex-
cess of catalyst. However, even after 1000 min on stred#il
Au/a-FeyOs is still the most active catalyst. Moreover, th
complete reversibility of the deactivation over &uFe>O3
after a simple flushing of the catalyst bed with an inert gasr
suggests the use of regeneration cycles for practical appli-
cations. Au/Ce® comes closest to AutFe;Os in its per- 18]
formance under the current reaction conditions and the 5
fore represents an interesting alternative; especially, sincgf
allows for a much simpler preparation of formed catalysts,
e.g, pellets. [21]
Finally, it should be noted that not only the proper choicg?!

16]

of the support oxide is important in order to prepare a highty
active gold catalyst. Recent results on various Au/gatt 54
Au/SnG catalysts suggest that the ratio between Au and ox-
ide support particle sizelay : dveo,, may affect the perfor- [25]
mance as well [27]. This is currently under investigation. 26]
[27]
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