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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 commcreially available platinum catalysts in pellet form, 0.5% Pt-ALO,, 
were served for aut.omotive exhaust oxidat,ion under nonleaded engine dynamometer 
driving condition. It was revealed that the platinum-dispersed alumina layer on the 
support, extending approximately 100-200 em deep from the surface, possessed a 
disordered crystalline 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 Gth amorphous form of platinum. It has been 
shown that deactivation of catalyst under nonleadcd condition is closrly associated 
with alteration in crystalline orientation of this characteristic thin zonr of tllr 
catalyst surfacr. 

Thcrc arc many com~~lex causes of dcac- 
tivation of working catalysts in commercial 
l)rocesscs (1). However, it is generally 
recognized that these causes would fall into 
two categories, one, chemical, and the other 
l,hysical, 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 rel)resentative chemical factor, lead 
severely decreases the activity of 1)latinum 
catalyst (2, 3). An example of the chem- 
ically attacked surface of a supported 
ljlatinum pellet exposed to leaded automo- 
tive exhaust is illustrated in Fig. 1, which 
n-as readily examined by means of electron 
I,robe microanalysis (4). The lino profiles 
scanned in the arrowed directions across 
the radially sectioned catalyst tablets in- 
dicated that the surface zone way strongly 
contaminated with lead after use (Fig. If). 
The lead occupied the platinum layer as 
well as diffused in the subsurface> of ulu- 

mina sul,ports to the depth of approxi- 
matcIy 100-I 30 pm. 

In other words, from a chemical point of 
view, microstructural change can be evi- 
dcntly visualized by use of a microanalyt- 
ical tool as being one of the poisoning fac- 
tors relating loss in activit’y 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 manganese-copper oxides, silver 
oxide-barium peroxide, and copper-pro- 
moted iron oxide, t.hc result of inspect.ion 
on the bulk of the material by powder 
X-ray diff’raction method was reported in 
a previous I)al)er 15) that the catalyst 
would undergo phase! changes during use 
at an elcratcd temperature. 

However, to date, there seems to be very 
little information available regarding the 
l)hase change which might takr I)lace in the 
surface zone itself, apart from the averaged 
one observable 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-Al&, 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), hue profiles of h’a rays of Pt and Pb scailrted in the art-owed direction. 

ported p!atinum under nonleaded condi- 
tions. A microstructural physical change, if 
any, occurring in a minor amount of the 
active material, usually less than 1 ‘$z, 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 t’hat 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 pm 
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, recrystal- 
lization, and grain growth (6). The prin- 
ciple is that monochromatic X-rays gen- 
erated from mini-sized target are collimated 
into a microbeam less than 200 pm in diam- 
eter and focused onto selected area of 
specimen under investigation (7). 

In the present study, two typical com- 
mercially 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-ALO,, 
respectively, which were commercially 
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available in pellet form, were subjected to 
dynamometer aging. The catalysts were 
cxposcd 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 
194 ROT\;‘) ; residual Pb 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, 2.0-2.1%. CO, 12.5-13.0%, balance 
N, and H,O, added secondary air, 80- 
90 liter/min; space velocity, 45 000 
Iirl; and quantity of catalyst, 1.4 liter 
per batch. 

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

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

(2) filicrofocused S-ray diffraction cx- 
nmination on surface layer with radially 
sectioned specimens. 

Specific activity test. A portion of the 
dynamrnneter aged samples was transferred 
to a minireactor with a bed volume of 10 
ml to study the decline of the specific 
activity due to aging. For the feedstream 
to the minircactor, another set of a 1600 cc 
engine bench was driven and the waste 
gas was fed tog&her with added secondary 
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%3.2% CO, loo-120 ppm 
HC, 4.9-5.1s O,, g&9.2% CO?, l-270 
H,C), and 79-82s 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 tlistributing piping on the way from the 
cnginc hench to the minireactor section. 
The temperature of the inlet was controlled 
by a preheater, and no external heating 

was aplilicd to the reactor zone containing 
the catalyst, sample. When oxidation com- 
menced, the tcmpcraturc of the bed rose 

above that of the inlet gas stream. Increase 
of inlet tcmporaturc by 50-100°C corrc- 
sponded to an increase of bed temperature 
by more than 200°C. Thcrrforc, readout 
of tcmperaturc was more conrenient’ly done 
from the hcd than from the inlet gas. This 
also avoided a possible erroneous effect due 
to heat radiation from the preheater to the 
inlet. 

Comparative act.ivity curves in terms of 
CO and HC conversion rates versus bed 
tcmpcraturcs 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 nlq~roximately 2 cm in diam- 
etcr and I cm 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 mirrofocusctl X-ray diffraction device 
so that the sectioned tablet’ was facing the 
S-ray microbeam source. The X-ray mirro- 
beam, collimated to approximately 100 pm 
in diameter, was focused onto a selected 
area of the transverscd section correspond- 
ing to the surface zone of the original 
tablet. This procedure was done with an 
aid 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 
S-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 t.o be installed was 4 X 4 cm. The film 
was placed as close as possible to the facet 
of the mounted specimen producing the 
hackscatt.ered X-rays, leaving a space of 
5 mm. Either a copper, chromium or iron 
target was employed to oht,ain the X-ray 
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Figure 5 shows that initially the rise of 
0 

i 

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 35O”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 

FIG. 2. Schematic diagram of microfocused X-ra3 regions of temperature, around 150°C with 

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. 

diffraction reflection instrument. (A), cross-sectioned 
catalyst tablet; (B), X-ray source; (C), collimator; 
(D), detect,or; (E), resin mount; (F), film: (G), 
mirror; and (H), optical microscope. 

diffraction reflection rings on the film. 
Under these conditions, an upper limit ob- 
servable for the value of crystal lattice 
spacings (d) was 1.183A for (311) of 
platinum, and 1.395 A for (440) of gamma 
alumina, respectively. 

RESULTS AND DISCUSSION 

catalyst -4 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 97oJ0, rcspec- 
tively. Both catalysts were further deacti- 
vated at 200- than at IOO-hr aging. TotaIly, 
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- 

A typical microprobe scan of the pellet ples required higher ignition temperatures, 
used with nonleaded gasoline is shown in and showed much lower levels of attain- 
Fig. 4. It is illustrated with the line pro- able oxidation rates. The two catalysts 
files of Pt (Fig. 4a) and of Pb (Fig. 4b) exhibited a same type of pattern of loss 

FIG. 3. Positioning of X-ray micmbeurn, 100 pm in diameter, onto pl:tl ilrum-dispersed alumina layer of 
a transversed catalyst tablet. 



I~Ic,. 4. Typical line profiles of Pt (a), and Pb (b) K cy rays scanned in the diametrical direction of catalyst 
pellet Itsed with nonleaded gasoline, showillg that 110 appreciable lead is adhered to the surface zone after use. 

in HC oxidation activity as scan in CC) 
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- 
al)ly changes &h time in use (81, and 
studies of sintering of Pt-Al,O, catalysts 
in air reported that there was a steady 
tlecline in activity and in surface area 
rrlated to the sintcring time (9). Mcan- 
wliilr, some experimental results clsewhcre 
ohserved no straightforward relationship 
hctwcen catalyst activity and the surface 
area (IO). 

Table 1 shows the BET surface arca 
mcasuremcnt carried 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 diffcr- 

100 7 

801 
x I 

B 

Bed temperature, ‘C 

FIG. 5. Changes in CO oxidat,ion rates verslls bed 
temperature of catalysts A and B with aging time. 

Catalysts A 96 m2;g 7:: 7:i 
C?hlyst 13 !):i s.5 S5 

tnce 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 
characteristics 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 t,ime. 
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TABLE 2 
MICROFOCUSED X-RAY DIFFRACTION REFLECTION FROM CROSS-SECTIONED SURFACE ZONE OF 

CATALYST A BEFORE ENGINE DYNAMOMETER AGING 

Platinum Gamma alumina 

ASTM data Observed data ASTM data Observed data 
__~ 

d CA, f/IO hkl d cd, I, la hkl d (A, Z,‘lu hkl d (I%) I/la hkl 

1.387 
1.1826 
1.1325 
0.9808 
0.9000 
0.8773 

31 (220) 1.395 100 (440) 1.389 * (440) 
33 (311, 
12 (222) Not appreciable 

1.140 20 (444) 
1.027 10 (731) Not appreciable 

6 (400) 0.989 10 (x00)! 
32 (331 ) 0.90x1 (1 (331 ) 0.884 10 (840) 0.883 0 (840) 
20 (420) 0.8717 (( (420) 0 804 20 (844) Not. appreciable 

a Weak. 
* Broad. 

diffraction observations of catalyst A sur- In order to check whether a given diffrac- 
face carried out before aging, while Table tion line belongs to platinum or alumina 
3, the ones after aging. In Table 2, the of the two-component system, the incident 
experimental data of crystal lattice spac- X-ray microbeam can be moved another 
ings are listed together with the correspond- 100 pm deep to a position where a platinum 
ing values cited from ASTM Cards for layer no longer exists. If this ring dis- 
platinum and gamma alumina. Figure 7 appears by doing so, it can be unequivo- 
is a typical example showing how the cally attributed to platinum; and if it 
diffraction rings have been observed using does not disappear on the contrary, it will 
copper (a) and chromium radiation (b) . belong to alumina. For example, with 
The patterns are considerably broad due regard to the outermost line corresponding 
to the fineness of platinum dispersion and to y-ALO, (440) or Pt (220) spacing, it 
lower crystallinity of the transition alu- was found that the ring was retained by 
mina. It is interesting to note that (331) this procedure, indicating that the source 
and (420) planes for platinum and (440) of this ring was apparently alumina. This 
and (840) planes for gamma alumina are procedure was tentatively termed as a 
observable in the initial catalyst A surface. “background” technique. 

TABLE 3 
MICROFOCUSED X-R.\Y DIFFHGTION REFLECTION FKOM CROSS-SECTIONED SURFACI;. ZONK: OF 

C.*T.\LYST A AFTER ENGINE DYNAMOMETER AGING 

I 00-hr aging 200-hr aging 

Platinum Gamma alumina Platinrlm Gamma alumina 

d 6, I/To hkl d (d) Z/I, hkl d (A) Z/Z” hkl d (Ai, I/lo hkl 

NAfl 1.389 d (440) NA 1.394 cd (440) 
0.901.5 6c (331) NA NA N.4 

NA 0.883 d (840) 0.877 rd (420) NA 

n Not appreciable. 
b Sharp. 
e Weak. 
d Broad. 
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FIG. 7. Typical example of microfocllsed X-ray diffraction reflection rings from the thin sect,ion of the SW- 
face zone of catalyst il, obtained with (a) copper radiation and with (b), chromium radiat~ion, 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 correqonding to (4401 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 AST;11 
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 is the con- 
ventional powder X-ray diffraction charts 
obtained with disintegrated samples of 

TABLE 4 
MICROFOC~~IXI X-li.iY TIIFFIX,ICTIO~Y I<EFLI<:CTION 

FROM CROSS-SIKTIONED RUILF~ICIG ZONK OF 

C.\T.ILYST B BI<FORI~ ENGIMT 
DYN.IMOMKTF:R AGINV I 

Plntinrun (+amma allm~in!* 

(1 (ii) I/IO hkl d Lb I/To hkl 
- 

N& 1 ,387 (440) 
NA NA” 
XA x.4 

o Not appreciable. 
* 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 t’here 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 ot,her. Even with the former type 
of catalyst, it is apparent that. platinum 
in active adherent form on alumina sup- 
ports m-ill not possess a well developed 
crystallinity 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 intere&ng 
(Table 2). In this connection, the activity 
data in Figs. 5 and 6 may suggest that 
specific combination of crystalline phases 
of platinum and transition alumina, i.e., 
1331) and (420) planes of platinum with 
(440) and (840) planes 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 
MICROFOCUSED X-&Y I)IFFR.WTION RIGFL~CTION FROM CROSS-SECTIONICD SURFACE Zop~l~ OF 

CATALYST B AFTER ENGINF: DYNAMOMETER AGING 

lOO-hr aging 200-hr aging 

Plat.inum Gamma alumina Platinum Gamma alumina 

d 6, I/IO hkl d (ii, I/I, hkl d L‘b I/I, hkl d 6, III, hkl 

Nk 1.388 b (440) NA 1.388 bd (440) 
NA NA NA NA 

0.8550 6 (420) 0.8F3 h (X40) 0.8790 c (420) NA 

D Not appreciable. 
b Broad. 
c Sharp. 
d Weak. 

alumina, under the particular aging condi- after the “background” technique. The con- 
tion employed (Tables 3 and 5). ventional powder X-ray diffraction charts 

As for the innermost line having the in Fig. 8 provide no information about 
d value around 0.88 A, however, it is un- this particular problem as to what micro- 
certain whether this is attributed to (840) structural phase changes took place on the 
of a transition alumina modification or to surface. In Fig. 8 no diffraction peaks exist 
the platinum phases having 0.85-0.88& or at a higher diffraction angle of 122-124” 
to both. This ring was faintly maintained of 20 (C&L) that corresponds to these 

loohr I 

200 hr 

o hr 

100hr 

200 hr 

FIG. 8. Typical diffraction patterns obtained by the conventional powder X-ray method, using disinte- 
grated Pt-Alz03 catalyst tablets before and after aging. (a), Catalyst A; and (b), catalyst B. 
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rings, at, any stage of aging. It follows, 
therefore, that the occurrence 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 crystnllinity obserx-ed here 
offers some analogy with the case of dis- 
ordered nature of the surface compositions 
cshibited by some alloy catalysts such 
a:: Cu-Xi, Cu-Pd, and Au-Pd for hydro- 
genation reactions i 12) It is implied, based 
on the above expcrimentnl ohyervations, 
that the platinum-dispersed alumina layer 
on the alumina support may constitute an 
indepcndcnt “alloyed” zone of platinum 
and alumina, though in not strictly a 
metallurgical sent, but in a sense that it 
Ijossesses a disordered crystalline arrange- 
ment distinguishab!e from tl:c usual form 
of platinum as well as from the internal 
alumina substrate. This alloyed thin arca 
will play an import,ant role on manifesta- 
tion of the catalyst activity. Howcrcr! 
under present gcomctric condition cm- 
~jloycd for film installation, the scope of 
observable T( 1 -ray diffraction r&&ion 
from the specimen is rather limited to al- 
low a significant cxtcnsion of disc\~ssion on 
crystal orientation of the active surface. 

However, it has been shown that deacti- 
vation is closely nssociatcd with alt.eration 
in crystalline orientation of the thin zone 
of the catalyst surface. The platinum- 
tlispcrsed a!umina layer of only 100-200 
1~111 deep or so is no doubt an essential 
I):lrt of the entire body of a catalyst tablet. 
Deactivation phenomena, from the physical 

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