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Microstructural changes in the surface crystallinity of supported platinum with
time in aging were examined by means of microfocused X-ray diffraction technique.
Two typical commercially available platinum catalysts in pellet form, 0.5% Pt-AlOs,
were served for automotive exhaust oxidation under nonleaded engine dynamometer
driving condition. It was revealed that the platinum-dispersed alumina. layer on the
support, extending approximately 100-200 pm deep from the surface, possessed a
disordered ecrystalline arrangement distinguishable from the usual form of platinum
and from the internal alumina matrix. The initial adherent form of platinum with
rather well crystalline character exhibited a higher activity of CO and HC (hydro-
carbons) oxidation, than the one with amorphous form of platinum. It has been
shown that deactivation of catalyst under nonleaded condition is closcly associated
with alteration in ecrystalline orientation of this characteristic thin zone of the

catalyst surface.

InTRODUCTION

There are many complex causes of deac-
tivation of working catalysts in commercial
processes (1). However, it is generally
recognized that these causes would fall into
two categories, one, chemical, and the other
physical, factors. In the case of catalysts
tried for automotive exhaust conversion ap-
plication, deactivation phenomena with
time in use can also be considered from
these two aspects.

As a representative chemical factor, lead
severely decreases the activity of platinum
catalyst (2, 3). An example of the chem-
ically attacked surface of a supported
platinum pellet exposed to leaded automo-
tive exhaust is illustrated in Fig. 1, which
was readily examined by means of electron
probe microanalysis (4)}. The line profiles
scanned in the arrowed directions across
the radially sectioned catalyst tablets in-
dicated that the surface zone wag strongly
contaminated with lead after use (Fig. 11).
The lead occupied the platinum layer as
well as diffused in the subsurface of alu-
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mina supports to the depth of approxi-
mately 100-130 gm.

In other words, from a chemical point of
view, microstructural change can be evi-
dently visualized by use of a microanalyt-
ical tool as being one of the poisoning fac-
tors relating loss in activity of catalyst.

Another factor to be taken into account
for is definitely the effect of physical fac-
tors. With a catalyst of base metal oxides,
such as manganesc—copper oxides, silver
oxide-barium peroxide, and copper-pro-
moted iron oxide, the result of inspection
on the bulk of the material by powder
X-ray diffraction method was reported in
a previous paper (5) that the catalyst
would undergo phasce changes during use
at an elevated temperature.

However, to date, there scems to be very
little information available regarding the
phase change which might take place in the
surface zone itself, apart from the averaged
one obscrvable with the entire body of
catalyst pellets. This is especially true
when one discusses deactivation of a sup-
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FiG. 1. Electron probe microanalysis of radial cross-sections of a Pt-AlLOs catalyst before and after use in
leaded automotive exhaust. (I, top row), before use; (II, bottom row), after use; (a), backscattered electron
image; (b), and (c), line profiles of Ka rays of Pt and Pb scanned in the arrowed direction.

ported platinum under nonleaded condi-
tions. A microstructural physical change, if
any, occurring in a minor amount of the
active material, usually less than 1%, might
not emerge with a meaningful picture in
the conventional powder X-ray diffraction
chart. Platinum is generally considered to
more readily withstand high temperatures
than most of the base metals. However, it
is also known that the noble metal cata-
lyst does lose its activity gradually even
with no lead to chemically attack the sur-
face. A structural rearrangement is most
likely to occur in the surface zone consist-
ing of platinum layer dispersed in the
alumina matrix.

Thus, when one defines the surface zone
to be the platinum dispersed in alumina,
extending as thin as in the order of 100 um
deep from the surface, no clear understand-
ing has ever been established in the past
as for alteration of physical microstructure
in the surface zone during nonleaded auto-
motive exhaust aging.

In recent years, a newly developed tech-
nique of a nondestructive X-ray diffraction
with microfocused X-ray beam has been

increasingly used in such fields as metal-
lurgy and ceramic sciences in determining
the processes of crystal recovery, reerystal-
lization, and grain growth (6). The prin-
ciple 1s that monochromatic X-rays gen-
erated from mini-sized target are collimated
into a microbeam less than 200 ym in diam-
eter and focused onto selected area of
specimen under investigation (7).

In the present study, two typical com-
mereially available Pt—-Al, O, catalysts were
subjected to engine dynamometer aging
with nonleaded gasoline, and have been
inspected with this tool focusing the micro-
beam of X-rays onto thin areas of surface
zone of the catalysts. The purpose here is
to determine if a microstructural physical
change has occurred in platinum-alumina
thin zone accompanying loss in activity
during the catalyst aging.

ExPERIMENTAL METHODS

Materials and Procedures

Two typical supported platinum cata-
lysts, catalyst A and B of 0.5% Pt-ALOQO,,
respectively, which were commercially
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available in pelict form, were subjected to
dynamometer aging. The catalysts were
exposed to hot exhaust gas of a 1600 cc
engine to work for oxidation of CO and
HC (hydrocarbons) contained in the 420-
440°C inlet under an accelerating driving
condition as follows:

Engine driving, 2000 rpm; boost,
— 100 mm Hg; fuel, nonleaded gasoline
(94 RON) ; residual Ph content of the
nonleaded gasoline, 0.0125 g/liter; ex-
haust gas composition, CO 1.9-2.2%,
HC 50-100 ppm, NO, 1400-1600 ppm,
0, 2.0-21%, CO, 12.5-13.0%, balance
N, and H,0, added secondary air, 80-
90 liter/min; space velocity, 45000
hrt; and quantity of catalyst, 1.4 liter
per batch.

The catalyst samples were removed with
time at 0, 100, and 200 hr aging, and the
following measurements were carried out.

(1) Specific activity of CO and HC con-
versions retained with the aged samples,
and

(2) Microfocused X-ray diffraction ex-
amination on surface layer with radially
seetioned specimens.

Apparatuses

Specific activity test. A portion of the
dynamometer aged samples was transferred
to a minireactor with a bed volume of 10
ml to study the decline of the specifie
activity due to aging. For the feedstream
to the minireactor, another set of a 1600 cc
engine bench was driven and the waste
gas was fed together with added sccondary
air. This engine was constantly run under
a lightload condition and the waste gas
was used as a feed for general purpose
activity test. Typical analysis of the inlet
was as follows: 2.8-3.2% CO, 100-120 ppm
HC, 49-51% 0., 90-92% CO., 1-2%
H.O, and 79-82% N,. The H.O content of
the feed to the minireactor was lower than
as was exhausted in the engine manifold,
since the water was partially condensed in
the distributing piping on the way from the
engine bench to the minireactor scction.
The temperature of the inlet was controlled
by a preheater, and no external heating
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was applicd to the reactor zone containing
the catalyst sample. When oxidation com-
menced, the temperature of the bed rose
above that of the inlet gas stream. Increase
of inlet temperature by 50-100°C corre-
sponded to an increasc of bed temperature
by more than 200°C. Therefore, readout
of temperature was more conveniently done
from the bed than from the inlet gas. This
also avoided a possible erroneous effect due
to heat radiation from the preheater to the
inlet.

Comparafive activity curves in terms of
CO and HC conversion rates versus bed
temperatures were obtained with the cata-
lyst samples taken before and after aging.
Nondispersive infrared analyzers and as-
sociated instruments were used to measure
the CO and HC concentrations of inlet
and outlet of the minireactor bed.

Microfocused X-ray diffraction examina-
tion of catalyst. Each aged sample was
mixed with an epoxy resin and molded
into a button approximately 2 em in diam-
cter and 1 e¢m thick. The button was sec-
tioned across the pellet in order to expose
the radially transversed area of the catalyst
and the facet of the button was well pol-
ished. The polished specimen was mounted
to a microfocused X-ray diffraction device
so that the scctioned tablet was facing the
X-ray microbeam source. The X-ray micro-
beam, collimated to approximately 100 um
in diamcter, was focused onto a selected
area of the transversed seetion correspond-
ing to the surface zone of the original
tablet. This procedure was done with an
ald of optical system to permit viewing
the arca to be irradiated. A simple version
of the instrument is shown in Fig. 2. One
commercial unit was used. A typical ex-
ample of optical picture showing how the
X-ray microbeam is positioned onto the
thin surface zone is illustrated in Fig. 3.

Due to limitation of the space provided
by the device, the largest allowable size of
film to be installed was 4 X 4 em. The film
was placed as close as possible to the facet
of the mounted specimen producing the
backscattered X-rays, leaving a space of
5 mm. Either a copper, chromium or iron
target was employed to obtain the X-ray
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Fic. 2. Schematic diagram of microfocused X-ray
diffraction reflection instrument. (A), cross-sectioned
catalyst tablet; (B), X-ray source; (C), collimator;
(D), detector; (E), resin mount; (F), film; (G),
mirror; and (H), optical microscope.
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diffraction reflection rings on the film.
Under these conditions, an upper limit ob-
servable for the value of crystal lattice
spacings (d) was 1.183 A for (311) of
platinum, and 1.395 A for (440) of gamma
alumina, respectively.

REsuLTs AND DiscUssioN

A typical microprobe scan of the pellet
used with nonleaded gasoline is shown in
Fig. 4. It is illustrated with the line pro-
files of Pt (Fig. 4a) and of Pb (Fig. 4b)
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that there was no appreciable amount of
lead adhered to the platinum zone on the
surface which was examined after a 200-hr
engine dynamometer aging.

Figure 5 shows that initially the rise of
slope of curves for CO oxidation com-
menced at a bed temperature of 100°C with
catalyst A, and around 150°C with cata-
lyst B. Catalyst A achieved conversion
rate of almost 99% for CO at a bed tem-
perature of 350°C, and catalyst B, nearly
98% at 430°C. However, as the aging pro-
ceeded deactivation noticeably took place.
The ignition temperature characterized by
the rise of the curves has shifted to higher
regions of temperature, around 150°C with
catalyst A and to more than 220°C with
catalyst B. At this stage the maximum
attainable conversion rates were also
shifted to higher temperature zones such
as 380°C for catalyst A giving 98%, while
440°C for catalyst B giving 97%, respec-
tively. Both catalysts were further deacti-
vated at 200- than at 100-hr aging. Totally,
however, catalyst A suffered a larger loss
in activity than catalyst B. These observa-
tions are somewhat more discernible in
activity measurement for HC oxidation
rates shown in Fig. 6. Both catalyst sam-
ples required higher ignition temperatures,
and showed much lower levels of attain-
able oxidation rates. The two catalysts
exhibited a same type of pattern of loss

Fia. 3. Positioning of X-ray microbeam, 100 um in diameter, onto platinum-dispersed alumina layer of

a transversed catalyst tablet.
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Fia. 4. Typical line profiles of Pt (a}, and Pb (b) K« rays scanned in the diametrical direction of eatalyst
pellet used with nonleaded gasoline, showing that no appreciable lead is adhered to the surface zone after use.

in HC oxidation aectivity as seen in CO
oxidation due to the aging procedure.

Many investigators pointed out for the
noble metal catalysts that the activity of
a freshly prepared catalyst almost invari-
ably changes with time In use (8), and
studies of sintering of Pt—-Al,Q, catalysts
in air reported that there was a steady
decline in activity and in surface area
related to the sintering time (9). Mean-
while, some experimental results elsewhere
observed no straightforward relationship
hetween catalyst activity and the surface
area (10).

Table 1 shows the BET surface arca
measurement earried out with tablet sam-
ples of catalysts A and B before and after
the aging operation. Although the initial
activity of catalyst A was superior to B
(see Figs. 5 and 6), no appreciable differ-
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Fie. 5. Changes in CO oxidation rates versus bed
temperature of catalysts A and B with aging time.

TABLE 1
BET SurrFacr Area oF CATALYST SAMPLES
Brrork aNp AFTER AGING PROCEDURE

Samples 0 hr 100 hr 200 hr
Catalyst A 96 m?g 73 73
Catalyst B 05 85 85

ence in surface areas was seen for initial
state of the catalysts. Furthermore, the
decrease in the surface area is not parallel
to the extent of deactivation seen in the
two catalysts. This will simply support
that the surface area is not always the
governing factor in this particular case,
and there should be another factor to be
taken into account in describing surface
characteristies of a catalyst.

Table 2 shows the microfocused X-ray
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Fig. 6. Changes in HC oxidation rates versus bed
temperature of catalysts A and B with aging time.
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TABLE 2
Microrocusep X-Ray DIFFRACTION REFLECTION FROM CROSS-SECTIONED SURFACE ZONE OF
CaraLyst A Brrork ENGINE IDYNAMOMETER AGING

Platinum Gamma alumina
ASTM data Observed data ASTM data Observed data

d (&) I/, hkl d(&) 1/I, hkl d(&) 1/I,  hkl d &) I/I, hkl
1.387 31 (220) 1.395 100  (440) 1.389 b (440)
1.1826 33 <311)( Not aboreciable 1.140 20 (444)(

1.1325 12 (222)‘ appre 1.027 10 (731) Not appreciable
0. 9808 6  (400). 0.989 10 (SOO)S

0.9000 32 (331) 0.9081 «  (331)  0.884 10 (840) 0.883 «  (840)
0.8773 20 (420) 0.8717 «  (420)  0.804 20 (844) Not appreciable
e Weak.
> Broad.

diffraction observations of catalyst A sur-
face carried out before aging, while Table
3, the ones after aging. In Table 2, the
experimental data of crystal lattice spac-
ings are listed together with the correspond-
ing values cited from ASTM Cards for
platinum and gamma alumina. Figure 7
1s a typical example showing how the
diffraction rings have been chserved using
copper (a) and chromium radiation (b).
The patterns are considerably broad due
to the fineness of platinum dispersion and
lower crystallinity of the transition alu-
mina. It is interesting to note that (331)
and (420) planes for platinum and (440)
and (840) planes for gamma alumina are
observable in the initial catalyst A surface.

In order to check whether a given diffrac-
tion line belongs to platinum or alumina
of the two-component system, the incident
X-ray microbeam can be moved another
100 pm deep to a position where a platinum
layer no longer exists. If this ring dis-
appears by doing so, it can be unequivo-
cally attributed to platinum; and if it
does not disappear on the contrary, it will
belong to alumina. For example, with
regard to the outermost line corresponding
to y-ALO; (440) or Pt (220) spacing, it
was found that the ring was retained by
this procedure, indicating that the source
of this ring was apparently alumina. This
procedure was tentatively termed as a
“background” technique.

TABLE 3
Microrocused X-Ray DirFrRacTION REFLECTION FROM CROSS-SECTIONED SURFACE ZONE OF
CataLyst A Arrer Encing DYNAMOMETER AGING

100-hr aging

200-hr aging

Platinum (Gamma alumina Platinum Gamma alumina
d &) 1/I,  hkl dA) I/Iy bkl d@&) I/I, hkl d@A) I/I, hkl
NA« 1.380 ¢ (440) NA 1.394 <4 (440)
0.9015 be  (331) NA NA NA
NA 0.883 ¢ (840)  0.877 <4  (420) NA
« Not appreciable.
5 Sharp.
< Weak.

4 Broad.
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Fic. 7. Typical example of microfocused X-ray diffraction reflection rings from the thin section of the sur-
face zone of catalyst A, obtained with (a) copper radiation and with (b), chromium radiation, respectively.

In Table 4 is shown that catalyst B
exhibited no definite diffraction ring of
platinum and emerged with a very weak
ring of alumina corresponding to (440) for
the initial state of surface zone. A broad and
indefinite (420) plane of platinum began
to appear at 100 hr as seen in Table 5
and this phase settled to be present during
another 100 hr. As for alumina, a weak
(440) ring was present before aging and
this was retained after 200-hr service, while
a broad (840) pattern temporarily ap-
peared at 100 hr and this phase was not
observed at 200 hr. Repetition of the ASTM
data is omitted in Tables 4 and 5.

There were some differences of opinion
in the past regarding platinum if it crystal-
lizes or it forms aggregates on the surface
of the support (11). Figure 8 1s the con-
ventional powder X-ray diffraction charts
obtained with disintegrated samples of

TABLE 4
Microrocusip X-Ray DIFFracCTION REFLECTION
FroM CROSS-SECTIONED SURFACE ZONE OF
Caravyst B Berore ENGINE
DYNAMOMETER AGING

Platinum Gamma alumina
d Ay I/I, hkl d(A) I/I, hkl
NA~ 1.387 (440)

NA NA?

NA NA

s Not appreciable.
b Very weak.

catalysts A and B, before and after aging,
which gives only the pattern of transition
alumina providing no information regarding
platinum because of its minor amount.
However, from the observations of Tables
2-5, it is indicated that there can be both
types of platinum phase present for the
active surface; a rather crystalline char-
acter like catalyst A on one hand, and
rather amorphous nature like catalyst B,
on the other. Even with the former type
of catalyst, it is apparent that platinum
in active adherent form on alumina sup-
ports will not possess a well developed
erystallinity like one seen in the usual form
of the metal. For instance, the absence of
(311) and (222) lines in catalyst A, which
intensities should normally be comparable
to (331) or (420) planes according to the
ASTM data, is particularly interesting
(Table 2). In this connection, the activity
data in Figs. 5 and 6 may suggest that
specific combination of erystalline phases
of platinum and transition alumina, ie.,
(331) and (420) planes of platinum with
(440) and (840) plancs of alumina fur-
nished by catalyst A (Table 2), will be
preferred for initial catalytic activity to
another type of combination such as amor-
phous platinum plus (440) plane of alu-
mina in catalyst B (Table 4). It is inter-
esting to note that in the surface zone of
both catalysts A and B, the phases pres-
ent after ultimate 200-hr service have
become a similar pattern, bringing about
(420) for platinum and (440) for gamma
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TABLE 5
Microrocusep X-Ray DIrFrFracTION REFLECTION FrROM CROSS-SECTIONED SURFACE ZONE OF
Cararyst B ArTer ENGINE DYNAMOMETER AGING

100-hr aging

200-hr aging

Platinum Gamma alumina Platinum Gamma alumina
d (&) I/I,  hkl d(A) I/I, hkl d@) I/I, bkl d (&) I/I, hkl
NA« 1.388 b (440) NA 1.388 bd (440)
NA NA NA NA
0.8550 b (420) 0.883 b (840) 0.8790 ° (420) NA
o Not appreciable.
b Broad.
¢ Sharp.
4 Weak.

alumina, under the particular aging condi-
tion employed (Tables 3 and 5).

As for the innermost line having the
d value around 0.88 A, however, it is un-
certain whether this is attributed to (840)
of a transition alumina modification or to
the platinum phases having 0.85-0.88 A, or
to both. This ring was faintly maintained

after the “background” technique. The con-
ventional powder X-ray diffraction charts
in Fig. 8 provide no information about
this particular problem as to what micro-
struetural phase changes took place on the
surface. In Fig. 8 no diffraction peaks exist
at a higher diffraction angle of 122-124°
of 20 (CuKea) that corresponds to these

a ii : ohr
~_~ N\
100 hr
AN
200 hr
L AN
h 0 hr
NN
100 hr
200 hr
2‘0 3,0 4JO SJO LS'O 710 8L0 9lO 1 OIO 1 110 1 2‘0 E'O
26(), CuKx

Fie. 8. Typical diffraction patterns obtained by the conventional powder X-ray method, using disinte-
grated Pt-ALQO; catalyst tablets before and after aging. (a), Catalyst A; and (b), catalyst B.



MICROFOCUSED X-RAY ON PLATINUM

rings, at any stage of aging. It follows,
therefore, that the oceurrence of the altera-
tion in phases observed before and after
the deactivation process did not take place
on the entire tablet body basis, but has
been locally produced in the surface zone.
Being different from the characteristics
of internal bulk, the unusual behavior of
the surface crystallinity observed here
offers some analogy with the case of dis-
ordered naturc of the surface compositions
exhibited by some alloy catalysts such
as Cu-Ni, Cu-Pd, and Au-Pd for hydro-
genation reactions (12). It is Implied, based
on the above experimental ohservations,
that the platinum-dispersed alumina layer
on the alumina support may constitute an
independent “alloyed” zone of platinum
and alumina, though in not strictly a
metallurgical sense, but in a sense that it
possesses a disordered crystalline arrange-
ment distinguishable from the usual form
of platinum as well as from the internal
alumina substrate. This alloyed thin arca
will play an important role on manifesta-
tion of the catalyst aetivity. However,
under present geometriec condition cm-
ployed for film installation, the scope of
observable X-ray diffraction reflection
from the specimen is rather limited to al-
low a significant extension of discvssion on
crystal orlentation of the active surface.
However, 1t has been shown that deacti-
vation 1s closely associated with alteration
in erystalline orientation of the thin zone
of the ecatalyst surface. The platinum-
dispersed a'lumina layer of only 100-200
pm deep or so is no doubt an cssential
part of the entirc body of a catalyst tablet.
Deactivation phenomena, from the physical

BEC
L)

point of view, could be attributed to redis-
tribution of the phases present in the active
thin zone deelining to a stabilized orienta-
tion of the constituents with time in use.
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