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Effects of Up, Nf, HzO, and Cl, atmospheres on sintering rates and morphologies of Pt on 
amorphous SiOZ were studied by observation with transmission electron microscopy following 
heat treatment in flowing gases at 1 atm. An initial Pt film 10 to 20 k thick produced crys- 
tallites 10 to 200 d in diameter when heated to 400 to 700°C. The average crystallite size 
was larger by a factor of up to 2 in air than in NP, and Hz0 in these gases significantly inhibited 
particle growth. No crystallite migration was observed in any gases at any temperature. 
Atomic diffusion is therefore the exclusive sintering mechanism even though the size dis- 
tribution exhibited a “tail” on the large diameter side which had been predicted by the particle 
coalescence model. Oxygen enhancement could occur through vapor transport as PtOz or 
through surface diffusion, although it is suggested that the latter is more plausible. Tilt ex- 
periments showed that all particles were three dimensional. Bright- and dark-field microscopy 
revealed that at least 20% of the particles heated to 600°C exhibited twinning, and multiple 
twins were observed in at least 2% of the particles. Good correspondence is observed between 
these results and behavior of supported catalysts. 

INTRODUCTION 

The loss of surface area due to crystallite 
growth is a major problem in design and 
use of supported metal catalysts. Because 
the crystallite size of interest is less than 
100 hi, these processes are difficult to 
characterize, and the only direct studies 
have been by transmission electron micros- 
copy (TEM). Crystallites have been ob- 
served on sectioned samples of porous sup- 
ports such as carbon (1, 2), alumina (S-7), 
and silica (7-9) using bright- and dark-field 
microscopy, but more definitive studies of 
these processes have been obtained using 
prot,otype supports consisting of thin planar 
substrates of materials such as A1203 (IO, 
11). Sintering is strongly influenced by the 

i Partially supported by NSF under Grant 
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presence of gases, and this has been 
examined either by transfer of the specimen 
into the microscope following heat treat- 
ment in gases (10) or by in situ observation 
in a controlled-atmosphere hot stage inside 
the microscope (II). 

Two mechanisms of sintering have been 
identified: atom diffusion (12-19) and 
crystallite migration (20-23). Both predict 
that the surface area S should vary with 
time as 

(So,‘S)” = 1 + kt, (1) 

where So is the initial area, k is a constant, 
and n is an integer which depends upon the 
model. Experimental values of n have been 
in the range of 1 to 14, although the atomic 
diffusion model predicted n values between 
2 and 4 depending on the rate-limiting step 
assumed (12, 16, 17). Recently Wynblatt 
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and Gjostein (18, 19) calculated higher and 
time-dependent n values assuming a growt’h 
limited by nucleation of new metal layers 
on crystallite facets. Crystallite migration 
and coalescence were considered by 
Ruckenstein and Pulvermacher (20-23) 
who, assuming Brownian motion of par- 
ticles with coalescence upon collision, ob- 
tained n values of 1 to 7 wit)h various 
assumptions. Evidence for bot*h growth 
mechanisms has been inferred from n values 
obtained using metal surface-area measure- 
ment, X-ray line broadening, electron 
microscopy, etc. Sintering of Pt on graph- 
itized carbon black in Hz and S2 was studied 
by Bett et al. (2) who found results that 
could be fit with n = 4 which they inter- 
preted as indicating crystallite migration. 
The mobility of Pt, Ag, Au, etc. on graphite 
and amorphous carbon has also been 
reported (%-SO) by direct observation of 
the motion of metal crystallites inside t’he 
electron microscope under various condi- 
tions. Pt supported on A1,03 has been 
studied extensively for both porous (31-35) 
and thin planar supports (10, 11, 36). Re- 
sults show that growth rates are consider- 
ably higher in O2 than in inert atmospheres 
with typical n values of 1 in air (31) and 
5 to 7 in Hz (32, 33) for Pt on porous 
alumina. Baker et al. (11) and Wynblatt 
and Gjostein (10) examined sintering in 
some detail by depositing Pt on a thin 
-r-A1203 support. Baker et al. (11) used 
controlled-atmosphere electron microscopy 
and found that Pt crystallites larger than 
25 A were immobile on the surface of Al203 
up to 920°C in 2 Torr of O2 and Nz. 
Wynblatt, and Gjostein (10, 19) found that 
their results in O2 could be fit wit,h the 
atomic diffusion model assuming nuclcation- 
controlled growth with PtO, the transport 
species. 

In t,his paper we examine sintcring rates 
and growth mc>cha,nisms of Pt on amorphous 
Sic)?. This system has been studied mainly 
in porous supports (9, 3YS9). Darling et al. 

(37, 38) observed the influcncc of various 

methods of catalyst preparation and sinter- 
ing conditions on cryst’allitc size. Platinum 
on silica catalysts prepared by ion exchange 
were found t,o have better initial dispersion 
and higher resistance to sintering than those 
prepared by impregnation (9, 38, 39). HOW- 
ever, from past studies, the relative im- 
portance of atomic diffusion versus crystal- 
litc migration and effects of gases in growth 
processes cannot be assessed. 

In most experiments Pt was vacuum 
deposited on amorphous SiOZ which had 
been prepared by oxidizing a thin disk of Si. 
Specimens wcrc heated in flowing gases at 
1 atm in a furnace for specified t’ime and 
temperature and were then transferred to 
the electron microscope for observation. A 
single specimen was typically heated and 
examined rcpeatcdly to observe effects of 
time and temperature on a particular 
region. 

Thin-film sections of silicon wrrc pre- 
pared by cutting a specimen of (lll)- 
oriented single-cryst’al Si (resistivity 1000 
to 3000 Q-cm) into a disk with a t’hickness 
of -0.5 mm and a diameter of 3 mm, then 
chemical etching in a HNO, and HF solu- 
tion jet to a thickness of about 2000 A. The 
disk was then ion micromillcd in an Ar ion 
discharge until a pinhole at the center of 
the disk was observed (40). Samples with 
regions near the pinhole sufficiently thin for 
microscopy ( s500 A) wtrc then thermally 
oxidized in air in a quartz furnace at 
1100°C for 1.5 hr. This procedure would 
produce an amorphous layer of SiOZ about 
1000 A thick (41). Electron diffraction in 
the microscope confirmed that, no spot pat- 
tern characteristic of silicon remained and 
that only the diffuse ring of amorphous 
SiO, was present. A thin film of Pt was 
then deposited on one side of the support 
in :t vacuum evaporator. l’t thicknesses 
wcrc estimated from the size of Pt particles 
assuming a hcmisphcrical shape: after hcat- 
ing the sample above 350°C. When soveral 
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specimens of identical Pt loading were 
desired, Pt was deposited simultaneously 
onto several SiOZ supports. 

Samples were heated in a quartz tube 
3 cm in diameter and 90 cm long through 
which gases were made to flow at a total 
rate of -0.5 cm3/sec. Cylinder gases 
(purity at least 99.9%) were used without 
further purification. Temperatures were 
measured with a thermocouple inside the 
quartz tube. Specimens were examined in 
a RCA-4U transmission electron microscope 
with resolution of about 15 A for measuring 
the size distribution and average Pt particle 
size. A JEM-100C scanning transmission 
microscope (STEM) with a resolution of 
3.4 A was also used to observe the mor- 
phology and internal structure of crystal- 
lites. 

Samples were not exposed to aqueous 
environments after oxidation of the Si, and 
the SiOZ substrates were self-supporting to 
eliminate possible contamjnation from 
grids. However, exposure of specimens to 
laboratory air at various stages of prepara- 
tion and treatment may of course produce 
contamination. We do not believe that this 
affected results significantly because experi- 
ence in this laboratory suggests that such 
treatment does not produce gross con- 
tamination of Pt and because analyses of 
several specimens by scanning Auger micro- 
analysis (SAM) and by X-ray fluorescence 
in the STEM system indicated negligible 
contamination. X-Ray fluorescence showed 
only Si and Pt peaks while SAM showed 
Si, Pt, 0, and less than monolayer of C. 
No other impurities were detected within 
the sensitivity limits of the techniques. 

Contamination and damage could also 
arise during electron microscopy. Carbon 
contamination was kept low by maintaining 
the pressure of the specimen chamber of the 
microscope in the lo-‘- to lOAs-Torr range. 
Most experiments were duplicated with 
both low and high electron fluxes to show 
that no bombardment effects were evident. 
For results reported here the specimen 
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FIG. 1. Comparison of sixe distribution histograms 
for sintering in dry air and in dry NP at 700°C. 

irradiation was maintained at a level much 
below that where any electron bombard- 
ment effects were noted. 

RESULTS 

Gas and Temperature Dependences 

A set of samples wit,h an identical 
platinum film thickness of about 10 A was 
heated in different gas environments for 
1 h at various temperatures. Crystallite size 
distributions were obtained by counting 
the Pt particles on the same area of t’he 
substrate after each heat treatment. Ap- 
proximately 300 particles were counted at 
6OO”C, although the number depended on 
the stage of sintering. The histograms in 
Fig. 1 compare size distribution between 
sintering in air and in Nz. For treatment 
in Nz the size distribution is narrow and 
nearly symmetric, while in air the distribu- 
tion is broader and more asymmetric. 
Figure 2 shows smoothed size distribut.ions 
at various temperatures for sintering in air. 
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Frc. 2. Smoothed histograms of size distrihlrtion 
at various temperatures for sintering in dry air. 

Figure 3 shows the average Pt crystallite 
diameter d versus t’cmperaturc in the gases 
indicated. From Fig. 3 it is clear that the 
crystallite growt)h rate is higher for sintcring 
in air than in K,. Similar behavior has also 
been reported by others for Pt supported 
on h1x03 (10, 11) [Figure 2 of Ref. (11) 
contains an error which indicates a higher 
rate in K, than in air]. The average crystal- 
litc size is observed to decrease upon hcat- 
ing in air above 730°C. This is probably 
due to the formation of volatile oxides and 
their cscapc at higher temperatures. To 
investigate water vapor effects, the gases 
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FIG. 3. Average Pt crystallite diameter (1 verslu sintering tempcraturr for gas environments 
indicated for an initial Pt film thickness of 10 b. Histograms for dry air are shown in Fig. 2. 

were bubbled through distilled water which 
was maintained at 90°C. Figure 3 also 
shows that water vapor significantly in- 
hibits the growth rate of the Pt crystallites 
in both X2 and air. 

Result’s of another set of experiments 
with higher I? loading (init’ial film thick- 
ness -15 A) on SiOZ are shown in Fig. 4. 
The effect’s of O2 and water vapor on the 
growth rate are essentially ident’ical to 
those just described. Similar experiments 
were repeated on many SiO, substrates 
with various I’t loadings. In no cases did 
results differ significantly from those shown 
in Figs. 1 to 4. 

The morphology of l’t crystallitcs after 
sintering was also rxamined in the JEM- 
1OOC STEM. Figure 5 shows the diffcrencc 
in morphology following treatment of 
crystallites in wet air and wet Ns at tem- 
peratures up to S30 and 105O”C, respcc- 
tively. (The heating histories of thcsc two 
samples correspond to curves a and c of 
Fig. 4.) Electron diffraction showed only 
rings of face-centered cubic (fee) Pt and 
amorphous SiOs. Most crystallitcs had 
roughly hexagonal shapes after heating in 
NY at a temperature of 1050°C. However, 
some of the l’t crystallit8cs exhibited 
irregular shapes when sintercd in air. They 
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also showed more complicated contrast 
while only a few particles sintered in Nz 
exhibit this contrast. Water vapor did not 
produce any apparent change in morphol- 
ogy or shape of the particle size dist’ribution. 

The heights of the particles were csti- 
mated by tilting the specimen inside t’hc 
microscope by 45’. The ratios of mcasurcd 
particle diameter with 45” tilt, dA5, to the 
diameter without tilt, da, were then mea- 
sured. Figure 6 shows the ratio diJd, versus 
particle diameter d+ The measurements 
indicate that the particles were three 
dimensional and that the ratios were nearly 
independent of particle size and of gas 
atmosphere. 

A series of experiments was also run with 
10% CIZ in NZ and in air. After heating 
t’o 65O”C, no platinum particles rcmaincd 
on the substrate in either gas mixture. This 
is believed due to the formation of volatile 
platinum chlorides which escape from the 
substrate. Analysis of the sample which had 
been heated in Cl, and air mixture revealed 
only the Si peak. iYo Cl or Pt remained on 
this surface. (Oxygen is not detectable with 
this technique.) In the absence of 02, Cl2 
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reduced the SiO, substrate to SiCl, at 
650°C * . 

Experiments were also performed with 
1% deposited by argon ion sputtering and 
also from H&C16 solution. Argon ion 
bombardment of a high-purity l’t target 
was used to deposit I’t onto the SiOa sub- 
st’rate inside the high-vacuum microscope 
stage with an argon pressure of -6 X lob6 
Torr. (The vacuum before sputtering was 
-5 X 10d8 Torr.) For 1% prepared from 
chloroplatinic acid, a drop of 0.12% 
HzPtCls solution was placed on the SiOz 
and then dried at 100°C. Platinum prepared 
by both of these techniques yielded crystal- 
lite sizes and morphologies indistinguishable 
from those prepared by vacuum evapora- 
t’ion in that heating in air produced larger 
sized particles than in Ka for comparable 
temperatures. 

Time Dependence 

In this set’ of experiments, samples wit’h 
the same initial Pt film thickness of about 
15 A were heat’ed at a fixed temperature of 
650°C for various t,imcs in air and in N,. 
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FIG. 4. Average Pt crystallite diameter d versus sintering temperature for gas environments 
indicated for an initial Pt film thickness of 15 B. 
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Growth curves arc shown in Fig. 7. Plots of fixed-time, varying-temperature 
log 2 versus log t gave n = 6 and 10 for 

experi- 
ment’s, However, Pt particles sintercd in N, 

heating in air and in Nz, rospectivcly. The at relatively low temperature (650°C) did 
morphology after heating for 8 hr in air and not attain a hexagonal shape after an 8-hr 
in Nz is also illustrated in Fig. 8. The Pt treatment. About 20% of the Pt particles 
particles sintered in air after 8 hr at 650°C showed various kinds of cont’rast variations 
have essentially the same morphology as on the electron micrograph. These contrast 
those obtained by heating in air under variations arise from diffraction contrast, 
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FIG. 6. Estimation of the height of Pt crystallites on SiOz after sintering (a) in wet air at 830°C 
and (b) in wet Nz at 1050°C. Points shown are ratio of diameter at 45” to the electron-beam 
axis to the diameter at normal incidence. All particles appear to be three dimensional with a 
thickness approximately + of the diameter. 



&\IORPIIOI,OGY BND SINTERING OF Pt CRYSTALIJT~S 355 

300 -~~~ 

280 - 

260 - 

240 - 

80 

60 

40 - 

20 

0 0 

log t (min.) 

4 5 6 7 8 9 II 

time (hours) 

FIG. 7. Effect of sintering time on the growth of Pt crystallites at 650°C in air and in NP. Inset 
shows a log-log plot which gives exponents 12 of 6 and 10, respectively. 

and they indicate t,hese crystallitcs arc 
actually bicrystals, probably twins (42). 
An attempt was made t#o compare the frac- 
tion of bicryst,als by heating samples in air 
and in IX2 at tcmpcrature GOO”C for 1 hr. 
Again a broader particle size dist’ribution 
was obtained by sintering in air than in Ns, 
but the morphology and contrast variation 
of IV particles were similar, and the fraction 
of Pt particles with contrast variations was 
nearly the same (-20%) for treatment in 
these two gases. Particles with mult’iply 
twinned structure (43-46) were observed 
in about 2y0 of total particles, similar to 
results reported by Avery and Sanders (47). 

Crystallite Motion 

The possible motion of particles was 
examined in a number of experiments by 
observing the same area of t’hc sample 
between various heat trcatment’s. Figure 9 
illustrates the growth processes of 1% 
crystallites sintcrcd in air for a heating 
time at each temperature of 1 h. Since 
cvcry crystallite remaining on Si02 main- 
tained its position while some particles 

exhibited size variation, it is clear that the 
growt’h is completely by atom diffusion 
rather than particle migration. The mini- 
mum sized particle which could be shown 
to remain in its position was about 15 A. 
The only instances of coalescence occurred 
when two or more nearby particles grew 
until they made contact. Under this 
situation the size of the resulting particle 
was sometimes smaller than t)he sum of the 
initial diameters as shown in Figs. 9b and c. 

Mechanisms of Enhanced Growth ad 
k’vaporation 

Oxygen produces an enhancement of the 
particle growth rate above 500°C and a 
decrease in size due to volatization above 
700°C. Chlorine produces significant vola- 
tization below 600°C. Water in either air 
or Se significantly reduces the growth rate. 
Similar effects of O2 on the growth of 1% 
have been noted on A1203 also (10, 11). 

Metal loss almost certainly occurs 
through l’tOe and PtCl,, respectively, but 
growth could proceed through cit’her vapor 
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FIG. 8. The morphology of Pt crystallites on SiOz at 650°C after 8 h of sintering (a) in air and 
(b) in N2. Diffraction pattern in inset in (b) shows only the fee rings of Pt and the broad ring 
of amorphous SiOz. 
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FIG. 9. The growth of Pt crystallites on SiOt in air at (a) 6OO”C, (11) 65O”C, and (c) 685°C 
for 1 h at each temperature. The growth mechanisms are exclusively through atom diffusion 
rather than crystallite migration shown in regions A and I>, although some regions such as B 
and C show that when two crystallitrs touch, they coaksrc~ to give :t sizr smallrr than t,he sum 
of the irritiltl diameters. 
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transport of PtOz or through surface diffu- 
sion. As discussed by Wynblatt (16-l@, 
there are several possible rate-limiting steps 
in particle growth. The vapor pressure of 
Pt is only lo-‘” Torr even at 105O”C, and 
therefore the growth mechanism in the 
absence of 02 must be surface diffusion of 
Pt on t’he SiOZ substrate. The inhibition by 
Hz0 in either air or Nz is probably caused 
by a reduced Pt surface diffusion coefficient 
on SiOZ, possibly associated wit’h adsorbed 
Hz0 and OH groups adsorbed on the SiOZ 
surface. 

In oxygen at 0.2 atm, the vapor pressure 
of PtOz is 2 X 10mg Torr at 500°C and 
4 X 10U7 Torr at 700°C. These represent 
maximum evaporation fluxes of 10M4 and 
0.02 monolayer/s, respectively. Since the 
observed rates of disappearance of Pt are 
in the range of a few monolayers per hour, 
these values would be consistent with 
maximum fluxes. However, the question 
of volatile oxide transport is complicated 
by the existence of a stagnant boundary 
layer when the specimen is heated in flowing 
air. Flow in these experiments is laminar, 
and we estimate the boundary layer thick- 
ness to be between 0.1 and 1 mm. The rate 
of transport between particles and the rate 
of evaporation must be calculated by 
solving the diffusion equation in this layer 
for a particular geometry. A simple model 
assuming particles 100 A in diameter from 
which evaporation is occurring onto par- 
ticles 100 A away and through a boundary 
layer yields a rate of deposition on adjacent 
particles between 10 and 100 times lower 
than the flux calculated from the vapor 
pressure of PtOa. The evaporation rate is 
in turn lower by a factor of -1000 than 
the flux calculated from the vapor pressure 
of ptoz. 

These estimations lead to vapor trans- 
port rates significantly below t’he growth 
rates observed experimentally. However it 
is difficult to describe the boundary layer 
accurately, and the geometry, thermo- 
dynamics, and nucleation properties of 

small particles are not well characterized. 
Thcrcfore it is not possible to entirely 
eliminate vapor transport as a growth 
mechanism. 

It appears more likely, however, that 
oxygen enhances the sintering rate of Pt 
by increasing the mobility of Pt atoms over 
the surface. This mechanism also provides a 
rationale for the inhibition of sintering by 
HzO. It is difficult to visualize how Hz0 
could alter the vapor transport processes 
of Pt significantly, but it could alter the 
surface diffusion coefficient of Pt on SiO?. 

Comparison with Pt Supported on Porous 
SiO2 Catalysts 

While the gas environments and tempera- 
tures in these experiments are close to those 
encountered in preparation and operation 
of metals on porous oxide supports, it 
should not be expected that an exact corrc- 
spondence exists between t’hese results on 
a planar SiOZ substrate and processes on 
porous SiOZ. Both substrates are amor- 
phous, although porous SiOZ contains Hz0 
in the structure as well as on the surface, 
while planar substrate prepared by air 
oxidation of Si can probably only adsorb 
a limited amount of H20. 

The sintering process within the pores of 
a porous catalyst involves a more tortuous 
transport path, and particle shrinkage and 
growth can occur with negligible evapora- 
tion from the porous matrix. The sintering 
behavior of Pt on SiO, (9, 37-39) has been 
less extensively studied than that of Pt on 
on ALO (10, 11, 31-36). However, a fairly 
good agreement is noted between our results 
and those reported by Dorling et al. (37,38). 
They reported that for Pt supported on 
silica, sintering in air had a detrimental 
effect on dispersion for catalysts prepared 
by both impregnation and adsorption 
methods. Furthermore, their Pt particle 
size versus sintcring temperature curve 
shows the same behavior as ours in that the 
average size increases with temperatures 
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up to 7OO”C, and th(l siz(: and amount of 1% 
d(>crc>asc,s duck to volatization of l’t oxide 
upon heating abovcl 700°C. While processcxs 
on our substrate are ccrt’ainly simpler than 
t#hosc on porous SiO, and the loadings of 
Pt’ are not directly comparable, the particle 
sizes versus tcmpcraturc and gas environ- 
ment’ agree reasonably well. Recently. 
Sashital et al. (48) used X-ray diffract’ion 
methods to study the Pt,‘silica system. 
Their results also showed that Pt particles 
arc three dimensional and exhibit twin 
boundary defects for crystallit’e diameters 
of -120 A. 

It is known that I3 sinters more readily 
on Si02 than on hl,O, cat’alyst supports. 
The diffcrcnce in growth rate of I’t particles 
on planar supports of amorphous SiOa and 
y-&O3 could bc obtained by comparing 
our results with those reported by Wynblatt 
and Gjostcin (10) under similar cxpcri- 
mental condit,ions. In air WC obtained 
average particle diam&rs of 140 and 200 A 
at 650°C after 1 and S hr, rcspcctivcly, 
while they rclported 85 and 120 A at 700°C 
after the same time periods. In both sys- 
tems, the avcragc particle diameters in- 
crease by a factor of -1.4 bctwechn 1 and 
X hr, while the sintering temperature is 
50°C lower for 1% on SiOZ. Thus sintrring 
appears to bc enhanced on both planar and 
porous SiOZ compared to A1203. 

It is usually found that HZ0 decreases 
t’hc sintering rate of metals on oxide cata- 
lyst supports (49). Howcvcr Darling et al. 
(58) noted cnhanccd sint’cring only if the 
R/silica catalysts preparc>d by the im- 
pregnation method had not been thoroughly 
dried prior to the hydrogen reduction step. 
Thus it is possible that under some condi- 
tions HZ0 may inhibit sintering of Pt cata- 
lysts just as it does on planar substrates. 

Sintering rates of Pt on planar SiOZ sur- 
faces arc markedly enhanced by the 
prosc’nce of 02, while they are inhibited by 

HiO, anal WV suggclst that this may b(l duch 
to th(t cJfl’c,cts of thcsc gascls on surface 
diffusion of l’t on the SiO, surface rather 
than vapor transport of PtOr. 

Particles are crystalline down to diamc- 
tcrs of at lcsst, 20 A, although there is a 
high incidence of single and multiple twins 
cvcn for small particles. There is no 
cvidencc for solid platinum oxide formation 
upon heating in O2 in t’hat diffraction 
showed no oxide crystalline phases and 
diffraction peak widths indicated crystal 
sizes comparable to geometric sizes. Gases 
do not appear to enhance twin formations 
because there is a comparable incidence of 
twins in the 500 to 700°C range both in air 
and in N,. No evidence of variations of 
radii of edges or corners of particles was 
noted in different gas environments. 

In a future pap(lr, we will show that’ a 
separate oxide phase can be formed upon 
heating E’t-Pd alloy on SiO, in air and that 
upon decomposition or reduction of t,he 
oxide quite different morphologics can be 
obtained. 
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