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the best available industrial catalysts are totally inactive
Pt/Ce alloys treated with O2, N2O, or CO/H2 yield Pt/ceria (1, 4). In the majority of cases, the onset of high activity

catalysts that are active for CO oxidation. The most active is found to coincide with the emergence of small transition-
catalysts are produced by N2O treatment of Pt3Ce7 at 720 K, metal particles detectable by X-ray diffraction (XRD). In
which leads to the highest dispersion of both the Pt and ceria the case of methanol and ammonia synthesis catalysts pro-
phases. This reflects the smaller exotherm, which occurs with duced from alloy precursors, it was concluded that the
N2O, apparently a critical requirement for production of a transition-metal was the active phase. However, Nix et
highly active catalyst. The performance of these Pt3Ce7-derived

al. (1) showed that there was little correlation betweencatalysts is comparable with that of the best, recently an-
observed particle size and catalytic activity. Much of thenounced, materials prepared by wet chemical techniques. In
active phase was XRD invisible, implying the presence ofall cases, most of the active material is invisible to X-ray diffrac-
particles with diameters less than p25 Å; the activity wastion and the catalysts exhibit very low CO-titratable Pt area
therefore ascribed to both visible and ‘‘invisible’’ transi-(,0.05 CO/Pt). Prereduction in H2 at 570 K greatly enhances

the reactivity of a given catalyst. CO TPR shows that highest tion-metal particles.
activity correlates with a reduction state at p510 K, suggesting Here we report the CO oxidation activity of a series of
metal-promoted CO oxidation by the ceria. It seems possible Pt/ceria catalysts derived from Pt2Ce and Pt3Ce7 alloys
that this high activity is associated with ceria spillover onto using a variety of activation procedures. It is found that
Pt, the spillover being facilitated by atomic-level mixing of Pt the material produced by oxidation of Pt3Ce7 with N2O is
and Ce in the alloy precursor.  1996 Academic Press, Inc. very active and outperforms Pt/ceria catalysts prepared by

wet impregnation.

INTRODUCTION EXPERIMENTAL

Highly active catalysts may be produced from crystalline The alloy samples were prepared by rf induction heating:
rare-earth/transition-metal alloys by appropriate treat- repeated melting and solidification ensured that the com-
ment of the precursor alloy with reactive gases. This results ponents were sufficiently mixed. Samples were crushed
in phase separation to yield ultradispersed transition-metal and sieved to yield a particle size between 50 and 250
particles in intimate contact with a rare-earth oxide (or em and p0.1 g of the alloy precursor was used in each
hydride) phase. It seems likely that charge transfer be- experiment. Precursor activation and ultimate catalytic
tween the solid phases and the production of a high density performance were examined over a range of conditions
of lattice defects in the oxide component can endow these using in situ XRD in a single pass reactor with gas chro-
materials with exceptional catalytic properties. Examples matographic detection. The experimental arrangement has
of such catalysts produced from alloy precursors include been described in detail elsewhere (1). The XRD/reactor
those for methanol synthesis (1–4), ammonia synthesis (5– cell was mounted on a Siemens D500 diffractometer with
8), alkene hydrogenation (9–13), and methane production a position sensitive detector for measurements with CuKa
(14–21). By way of illustration, we note that Cu/Nd2O3 radiation. Correlated observations of solid phases and the
catalysts produced in this way are very active for methanol associated chemical behaviour can provide a powerful
synthesis at temperatures as low as 350 K, at which point means of identifying catalytically significant effects. Analy-

sis of the XRD data was performed by fitting Cauchy,
pseudo-Voigt, or Split Pearson functions to the peaks.1 Present address: Chemistry Department, Queen’s University, Belfast,
From these fits an estimate of the amount of X-ray visibleBT9 5AJ, Northern Ireland.

2 To whom correspondence should be addressed. material was obtained by reference to standards prepared
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from Pt and CeO2 . The Scherrer equation was used to
obtain an average particle size; in general, the peak shapes
indicated a wide distribution of particle size in the final
active catalysts.

Catalyst testing was achieved by ramping the tempera-
ture of the catalyst in a 1%/0.5% CO/O2 mix (balance
N2); conversion of CO to CO2 was monitored in the gas
chromatograph. For purposes of comparison, the tempera-
ture for 50% conversion (T 50%; light off ) was taken as
a measure of the absolute activity: a decrease in T (50%)
indicating an increase in activity. This conversion corre-
sponds to a CO2 production rate of p(3.4 3 1027 mol/
(s-gram of catalyst). In all cases a catalyst charge of p0.1
g was used with a total flow rate of p10 cm3/min. The
typical space velocity was 5000/h. Following activation, the
alloy-derived catalysts were tested as made, i.e., raw, and
also after reduction in 1 bar H2 at 570 K for 1 h, i.e., prere-
duced.

TPR catalyst characterisation was performed in flowing
FIG. 1. In situ XRD traces following the activation of Pt2Ce in 50

10% H2/Ar mix (p5 cm3/min), whilst ramping the tempera- bar CO/H2 at 720 K: (a) as received, (b) 6 h activation, (c) 10 h activation,
ture from 300 to 1100 K at p12 K/min. Hydrogen consump- and (d) 14 h activation. (s) CeO2 and (1) Pt peaks.
tion was measured with a katharometer by comparing the
thermal conductivities of the gas from the reactor with that
of a reference stream. The exit gas was passed through a precursor activation in various gas atmospheres are shown
cryogenic trap ahead of the katharometer to remove water in Figs. 1–4. In the case of the Pt2Ce samples, all the XRD
formed by this reduction process. Due to the high sensitiv- patterns exhibit small peaks present at 2u p 438 due to
ity of the apparatus, small sample charges were used, typi- the cell. All features in the XRD patterns of the Pt2Ce
cally p10 mg. To reduce weighing errors the samples were and Pt3Ce7 precursors correspond well with previously re-
diluted using silica powder. The latter is stable below 1070 ported crystal structures for these alloys (24, 25).
K and our technique is based on the procedure of Robert-
son et al. (22).

Temperature-programmed CO reduction (TPCOR)
traces were obtained on passing a 2.5%CO/He mix at p30
cm3/min over the samples, whilst ramping the temperature
from 300 to 820 K at 10 K/min. Exit gases were analysed
using a VG Q7 quadrupole mass spectrometer. By moni-
toring CO1 (28 amu) and CO1

2 (44 amu), the formation
of CO2 due to CO reduction of the sample could be fol-
lowed. The apparatus has been fully described elsewhere
(23), and it was also used for CO surface area measure-
ments by adsorption frontal chromatography. Research
grade gases were used throughout the work. Temperatures
and Pt particle sizes were measured to an accuracy of 658C
and 620%, respectively.

RESULTS

Activation of the Alloy Precursors

Two different Pt–Ce alloys were studied (Pt2Ce and
Pt3Ce7) and these produced catalysts with significantly dif-
ferent structural and reactive properties. In every case

FIG. 2. Comparison of in situ XRD traces following the activation
except that of treatment in pure H2, activation led to the of Pt2Ce in (a) as received, (b) 50 bar H2 at 720 K, (c) 50 bar H2 at 720
formation of CeO2. In the case of Pt3Ce7, XRD-visible K plus 8 bar O2 at 720 K, and (d) 8 bar O2 at 720 K. (*) CeH21x , (s)

CeO2 peaks.Pt was also produced. In situ XRD data acquired during
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TABLE 1

CO Oxidation Activity of Pt2Ce-Derived Catalysts and ‘‘Wet
Route’’ Catalysts

T (50%)(K) Pt
Activation particle
procedure Raw Prereduced size(Å)

None 400 395 —
Hydrogen at

720 K, 50 bar 410 — 52
N2O/O2 at 720 K,

8 bar 450 395 —
CO/H2 at 720 K,

50 bar ,5% at 570 K ,5% at 570 K 125
Hydride 1 N2O/O2

at 520 K, 8 bar 450 400 —
Hydride 1 CO/H2

at 520 K, 8 bar 450 450 —
0.9% wt Pt/75% wt

Al2 O3–25% wt
CeO2 catalyst

FIG. 3. In situ XRD traces following the activation of Pt3Ce7 in 50 prepared by wet
bar H2 at (a) 300 K, showing the alloy phase, (b) 520 K, showing the impregnation 490 390 —
intermetallic hydride, and (c) 720 K, showing the formation of CeH21x . 0.9% wt Pt/CeO2

catalyst prepared
co-precipitation 400 335 —

Activation in 1/2 CO/H2 was studied because earlier
Note. Pt particle sizes calculated using the Scherrer equation.

work showed (1, 4) that this treatment leads to the produc-
tion of extremely active methanol synthesis catalysts from
Cu/rare-earth alloys. For the same reason, we investigated

provide a low-temperature route to very small metal parti-the effects of prehydrogenating the alloy because subse-
cles (1). Activation of both alloys in CO/H2 at 50 bar ledquent oxidation of the resulting intermetallic hydrides can
to formation of XRD-visible Pt particles and CeO2, with
complete disappearance of the alloy diffraction features
by 720 K. Pt particle size data are summarised in Table 1
for Pt2Ce and in Table 2 for Pt3Ce7. The Pt2Ce alloy was
much the less reactive of the two: even at 720 K, complete
transformation of the alloy occurring required 14 h of acti-
vation, compared to 1 h for Pt3Ce7. In the former case, the
small invariant feature at 2u p 278 does not correspond
to any diffraction features due to the alloy, CeOx or Pt. It
is due to a change in background intensity and is an artefact
associated with a change in catalyst texture (and possibly
a shift in sample position).

The two alloys differed in their reactivity towards hydro-
gen. In the case of Pt2Ce, reaction with H2 at 50 bar and
720 K led to formation of the nonstoichiometric hydride
CeH2-x , although complete transformation of the alloy
phase was not possible, even after prolonged treatment at
this temperature. CeH2-x was also produced upon activa-
tion of Pt3Ce7 under the same conditions. However, in this
case it was formed via an intermediate phase, thought to be
an intermetallic Pt/Ce hydride. The intermetallic hydride is

FIG. 4. Comparison of in situ XRD traces following the activation characterised by a 6% expansion in the alloy lattice andof Pt3Ce7 in (a) as received, (b) 8 bar N2O at 720 K, (c) 50 bar H2 at
the complete absence of any other phase. In both cases,520 K plus 8 bar N2O at 300 K, and (d) 50 bar H2 at 520 K plus 8 bar

O2 at 300 K. (1) CeH21x , and (s) CeO2 peaks. subsequent oxidation of CeH2-x in N2O or O2 at 370–430
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TABLE 2 case of the Pt3Ce7 alloy was XRD-visible Pt detected after
activation, and there was little difference between theCO Oxidation Activity of Pt3Ce7-Derived Catalysts
XRD patterns resulting from O2 and N2O activation. How-

T (50%)(K) Pt ever, with both alloy precursors, much of the Pt- and Ce-
Activation particle containing material in the activated catalyst remained
procedure Raw Prereduced size(Å) XRD invisible even after complete transformation of the

starting alloy.None 490 490 —
Hydrogen at 520 K,

Catalyst Testing50 bar 390 390 —
Hydrogen at 720 K,

Each alloy-derived catalyst was tested for activity to-50 bar 460 440 —
wards CO oxidation. In addition, for purposes of compari-N2O at 720 K,

8 bar 395 355 35 son, two Pt/ceria catalysts prepared by wet chemical meth-
O2 at 720 K, ods were tested under exactly the same conditions.

8 bar 450 400 35 Catalyst A was prepared by impregnation using chloropla-
CO/H2 at 720 K,

tinic acid to give a loading of 0.9% wt Pt on 75% wt Al2O3–50 bar 450 415 29
25% CeO2. Catalyst B was a very active material preparedIntermetallic 1 N2O

at 520 K, 8 bar 480 425 11 by coprecipitation using chloroplatinic acid and Ce
Intermetallic 1 O2 at (NO3)3 ? 6H2O exactly according to a recently published

520 K, 8 bar ,5% at 520 K ,5% at 520 K 160 patent (26), again resulting in a loading of 0.9% wt Pt on
Intermetallic 1 CO/

CeO2. Both catalysts were dried at 380 K and then calcinedH2 at 520 K, 8 bar 520 520 30
at 570 K. T (50%) light-off temperature data are presentedHydride 1 N2O at

520 K, 8 bar 490 490 11 in Table 1 for Pt2Ce-derived catalysts, along with compari-
Hydride 1 O2 at son data for catalysts A and B. Table 2 shows correspond-

520 K, 8 bar 490 490 23 ing data for Pt3Ce7-derived catalysts. Interestingly, precur-
Hydride 1 CO/H2 at

sors activated solely in an oxidising gas always resulted in520 K, 8 bar 520 520 30
the highest activity. Prehydrogenation had a detrimental

Note. Pt particle sizes calculated using the Scherrer equation. effect, and, in contrast with methanol synthesis catalysts
prepared from Cu/rare-earth alloys (1, 4), CO/H2 treat-
ment produced less active catalysts compared with N2O
and O2 activation. It is also striking that the Pt-rich alloy

K was rapid, forming CeO2 and, in the case of Pt3Ce7,
XRD-visible Pt.

Oxidative reaction of the intermetallic hydride was much
more dramatic: O2 at 300 K led to complete transformation
of the whole sample to Pt and CeO2 with quantitative
conversion of all the starting alloy. Reaction was accompa-
nied by a substantial exotherm, yielding large particles of
both ceria and Pt. In this case an apparent 408C tempera-
ture rise was observed; the actual temperature rise of the
catalyst is not known but is likely to have been significantly
higher due to the heat capacity of the thermocouple and
cell components in thermal contact with the sample. The
occurrence of such a large temperature excursion is
strongly suggested by the observed sintering of the catalyst,
as detected by XRD. This is to be contrasted with the
results of all the other procedures which generated cata-
lysts consisting mainly of XRD-invisible material, indicat-
ing either particle sizes ,25 Å or a high degree of disorder.
With N2O and CO/H2 activation, the intermetallic hydride
did not give a detectable exotherm and the resulting cata-
lysts consisted of much smaller particles.

Direct oxidation of both Pt2Ce and Pt3Ce7 alloys in 8
bar of N2O or O2 led to CeO2 formation at 470 K with FIG. 5. H2 TPR traces following activation of Pt2Ce at 720 K in 8

bar of N2O and O2 .complete transformation occurring at 720 K. Only in the
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for the catalysts prepared by impregnation and coprecipita-
tion are also shown in Fig. 7.

CO Surface Area Measurements

The CO-titratable surface area of all the alloy-derived
catalysts was ,0.05 CO/Pt both before and after reduction
in H2 at 570 K.

DISCUSSION

As with methanol (1–4) and ammonia (5–8) catalysts,
activation of rare-earth alloys provides a route for the
synthesis of highly active CO oxidation catalysts. However,
in the present case, activation in CO/H2 and prehydrogena-
tion are not useful strategies. In both these cases it is
possible that the water produced during oxidation of the
hydride or intermetallic hydride to CeO2 results in poison-
ing of the oxide, possibly by formation of a stable surface
hydroxide. Such poisoning could inhibit oxygen storage by

FIG. 6. H2 TPR traces following activation of Pt3Ce7 at 720 K in 8 the ceria component, which is thought to play an important
bar of N2O and O2 . role in oxidation catalysis (27, 28).

(Pt2Ce) systematically produced less active catalysts than
Pt3Ce7. In every case, reduction at 570 K in 1 bar H2

for 1 h after activation increased catalytic activity, but
produced no change in the XRD. Inspection of the activity
data makes it is clear that XRD does not show the whole
picture: for example, there are few structural differences
between the Pt3Ce7-derived catalysts following activation
in N2O and O2, yet the activity is very different in the
two cases.

TPR Characteristics

TPR profiles were recorded using both CO and H2 as
reducing agents following activation of both alloys in spe-
cific environments. Figures 5 and 6 show the results ob-
tained following activation in N2O and O2. Both alloys
show significant reduction states above 670 K during H2

TPR. There are also states at 370 and 470 K following N2O
or O2 activation of Pt3Ce7 and after N2O activation Pt2Ce,
respectively. For each alloy, the relative efficacy of the
activation procedures may be estimated by normalising
the reduction peak areas to sample weight. This procedure
reveals a trend in which N2O activation increases the
number of reducible sites in comparison with O2 activation.
The corresponding TPCOR results are shown in Fig. 7.
Little reduction was found for catalysts derived from both

FIG. 7. CO TPR traces following activation of (a) Pt2Ce and (b)alloys following activation in O2, whereas in both cases
Pt3Ce7 at 720 K in 8 bar of O2 , (c) Pt2Ce and (d) Pt3Ce7 at 720 K in 8

substantial reduction was observed after activation in N2O. bar of N2O, (e) the 0.9% wt Pt/75% wt Al2O3–25% wt CeO2 catalyst
The most noteworthy features are the reduction peaks prepared by wet impregnation, and (f) the 0.9% wt Pt/CeO2 catalyst

prepared coprecipitation.between 500 and 620 K. For comparison, CO TPR profiles
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The most interesting behaviour was observed after acti- are absent. This indicates that either no such interaction
exists, or, more likely, that the corresponding reductionvation in either N2O or O2 alone. XRD indicates that the

structure of the various activated catalysts is similar, yet state is below 300 K. Such TPR states below 300 K are
indeed observed for the very active Pt/CeO2 catalyst pro-their CO oxidation activities differ significantly. We there-

fore conclude that the activity for CO oxidation is due to duced by coprecipitation (32), and they are not observed
with the conventionally prepared catalyst. The TPCORXRD-invisible material: indeed Pt2Ce-derived catalysts

are active even though no Pt is detected by XRD. However, data show the presence of a state that correlates with high
activity for CO oxidation. The most active catalyst (N2O-the TPR results are revealing in this respect.

The hydrogen TPR data provide some indication as to activated Pt3Ce7) exhibits a reduction state at 510 K which
is not assignable to the reduction of either oxide: Pt oxidethe dispersion of the Pt and ceria phases. This is important

because in many of the cases described above, much of reduces at 370–470 K and CeO2 above 670 K. Given that
the CO oxidation activity of the N2O-activated Pt3Ce7-the material in the final catalyst was invisible to XRD due

to either small particle size or disorder: in such circum- derived catalyst is significantly superior to that of ostensibly
similar catalysts made by conventional wet impregnationstances the observed X-ray line broadening is not a useful

guide to dispersion. methods and comparable with that of the catalyst prepared
by coprecipitation, it seems likely that the p510 K TPCORHydrogen TPR states above 670 K are due to reduction

of ceria: Yu Yao et al. (27, 29) have assigned the state at feature is due to a metal–support interaction; a similar
feature appears upon reduction of the coprecipitated cata-p750 K to reaction with ‘‘capping’’ oxygen, whereas states

above 820 K are due to the formation of Ce2O3. Reduction lyst, but not on reduction of the less active catalyst pre-
pared by impregnation. Thus the ease of reducibility bystates above 920 K are attributed to bulk reduction of ceria.

The intensity of states below 920 K gives an indication CO is consistent with CO oxidation taking place via a
redox mechanism in which the enthalpy for O vacancyof the ceria particle size—smaller particles giving rise to

increased intensity. In the case of N2O activation of both creation in the ceria is lowered by the metal–support inter-
action as discused below (33, 34).alloys, the greater intensity of reduction features at temper-

atures below 920 K, relative to O2 activation, indicates that Why does N2O-activated Pt3Ce7 alloy produce the most
active catalyst? There appear to be two closely relatedN2O activation always generates smaller oxide particles.

The reduction states below 490 K are interesting and in reasons. First, N2O reacts with both alloys far less vigor-
ously than O2 which should result in a smaller exotherm,good accord with the information provided by XRD. All

these states may be assigned to reduction of platinum oxide hence yielding smaller particles. Different temperature ex-
cursions were not detectable for activation in N2O or O2(30). It has been shown that the exact reduction tempera-

ture depends on the degree of crystallinity of the Pt ox- alone, due to the finite heat capacity of the system in
contact with the sample. However, such differences wereide—the lower the temperature the more crystalline the

oxide. With Pt2Ce, no XRD-visible Pt was detected on readily detected on oxidising the intermetallic hydride
formed from the Pt3Ce7 alloy; a 408 exotherm in the case ofactivation in either O2 or N2O. The corresponding TPR

data show a peak at p470 K, indicating the presence of O2 activation versus no temperature rise with N2O. Second,
Pt3Ce7 is more readily oxidised than Pt2Ce (reaction at 570amorphous Pt oxide. However, with Pt3Ce7, the activated

catalyst did contain XRD-visible Pt and this was accompa- and 720 K, respectively). Both effects work in the same
direction—Pt3Ce7 undergoes oxidation by N2O at a rela-nied by a TPR peak at 370 K—indicating the presence of

crystalline Pt oxide. We may therefore infer that amor- tively low temperature and with a small exotherm: sintering
is minimised and the Pt–CeO2 interaction increased.phous Pt oxide forms poorly crystalline or very highly

dispersed, XRD-invisible Pt upon reduction, whereas crys- Traditionally, CO-titratable metal surface area has been
used as a measure of metal dispersion, high dispersionstalline Pt oxide yields larger, crystalline, XRD-detectable

Pt particles. It then follows that there is XRD-invisible Pt being associated with high activity. In the present case,
and with the coprecipitated Pt–CeO2 catalysts (31), thein the catalyst produced by N2O activation of Pt3Ce7 alloy-

derived catalyst, as denoted by the p470 K shoulder pres- CO-titratable surface area is small. Nevertheless, the activ-
ity for CO oxidation is very high. This implies either lowent in the TPR data.

N2O activation of both alloys led to increased intensity dispersion (unlikely) or spillover of the support (ceria)
onto the metal (Pt). The second explanation seems moreof the Pt oxide reduction states as compared with O2 activa-

tion: N2O produces smaller metal particles. This improved plausible and gains support from recent spectroscopic and
kinetic studies (35) carried out with model Pt(111)/CeO2dispersion of both the ceria and Pt phases in the final

catalyst results in the highest activity, found in the Pt3Ce7- catalysts. These indicated that the fully CeO2-encapsulated
single crystal (with no CO titratable Pt area) was a muchderived catalysts. Comparison with published hydrogen

TPR data for Pt/CeO2 catalysts (31) shows that in the better CO oxidation catalyst than clean Pt (111), and we
discussed a model for promotion of the oxide by the metalpresent case peaks indicative of metal–support interaction
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