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The morphology and chemical composition of Pt, Rh, and Pd particles on amorphous SiOr were 
examined using X-ray photoelectron spectroscopy (XPS) and transmission electron microscopy 
(TEM) following their sequential treatment in Hz, H#, 02, and SO*. All metals form sulfides (PtS, 
Rh,S, , and PdS) readily upon heating in -70 Torr of H#. XPS indicates that surface sulfidation is 
essentially complete by 300°C for metals, and TEM shows that lOO-A-diameter particles are com- 
pletely converted to sulfide by 600°C. Considerable neutral sulfur is also formed on all metals. 
Treatment of sulfided particles in air produces oxides, sulfates, and metal. All sulfur is removed 
from Pd below 300°C to form PdO. Pt is converted mainly to PtO which decomposes to Pt metal 
above 450°C. Rh is converted to RhZOS and Rhz(SO& by 3OO”C, and some sulfate persists to above 
500°C. Heating metals in SO2 produces only sulfides for Rh and Pd, and sulfide, sulfate, and sulfur 
for Pt. Heating in an SO1 and O2 mixture produces sulfate on all metals. Rh particles exhibit 
evidence of melting when heated above 500°C in HrS. 

INTRODUCTION 

The desirable properties of the Group 
VIII noble metal catalysts (1) are associ- 
ated largely with their nobility (inertness to- 
ward compound formation in reactive 
gases) along with unfilled d electrons. Sul- 
fur is the major common element which 
readily forms compounds with these 
metals, and most catalytic processes on 
them must take place at extremely low lev- 
els of sulfur contamination. These catalysts 
are sometimes regenerated by heating in 02 
to oxidize any sulfides to volatile SO* or 
S03. On the other hand, they are some- 
times “presulfided” to reduce activity for 
undesired reactions. 

The interactions of sulfur with noble 
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metal catalysts is therefore an important is- 
sue in catalyst activity and stability. Prop- 
erties of bulk sulfides are well known, but 
their sulfates are noncrystalline and poorly 
characterized. Since catalytic properties 
are associated with surface properties, sur- 
face rather than bulk structures determine 
behavior. Table 1 summarizes bulk oxides 
and sulfides of Pt, Rh, and Pd (2, 3). Pt and 
Rh sulfides are seen to be much more stable 
than oxides, although PdO is more stable 
than PdS. 

Sulfur adsorption on macroscopic Pt 
(4-6) and Pd ( 7) surfaces has been charac- 
terized using a variety of surface analytical 
techniques, and its effect on adsorbates has 
been examined (4). The influence of sulfur 
on reactivities of noble metal catalysts has 
been studied by several investigators 
(8-10). 

In this work we examine the morpholo- 
gies, crystalline phases, and surface chemi- 
cal composition and oxidation states of 
small particles of Pt, Rh, and Pd on amor- 
phous SiOZ following their treatment in 
H2S, SO*, 02, and Hz. The combination of 
transmission electron microscopy (TEM) 
and X-ray photoelectron spectroscopy 
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TABLE 1 

Properties of Metal Oxides and Sulfides0 

Metal Oxide Sulfide TLtb 
(“Cl 

Pt PtOr(orth) 450 PtSr(hex) 350 
PtO(tetrag) 507 PtS(tetrag) 800 

Rh Rh,Os(orth) 1100 Rh,S,(orth) 1900 
RhOr(tetrag) 1400 RhS,(cubic) - 

Pd PdO(tetrag) 870 PdS(tetrag) 600 

D Data taken from Refs. (2, 3). 
b Decomposition temperatures in O2 at 1 atm or in 

pnz = &s. 

(XPS) on the same samples provides defini- 
tive and semiquantitative information about 
these systems, although obviously many 
aspects remain to be elucidated. The results 
and their interpretation will be presented 
together, and in the Discussion and Sum- 
mary we shall attempt to generalize the pro- 
cesses involved and speculate on how they 
might interpret catalyst morphological 
changes. 

EXPERIMENTAL 

The apparatus and procedures are similar 
to those described in studies of oxidation 
and reduction of these metals (II, 12). 
Metal particles approximately -100 A in 
diameter were prepared by vacuum depos- 
iting -10-A films of metal on planar amor- 
phous SiOz and heating in HZ to 600°C. The 
SiOZ was prepared by air oxidizing high-pu- 
rity Si(l11) wafers to form 1000-A amor- 
phous SiOZ films over their surfaces. For 
XPS a 5 x 5-mm area was examined, and 
TEM images were obtained through a 500- 
A flake of SiOZ placed over a hole in the 
wafer. In most experiments different but 
identically prepared samples were used for 
XPS and TEM to avoid contamination dur- 
ing examination. 

Samples were heated for 2 h in high-pu- 
rity flowing gases at a pressure of 1 atm in a 
heated quartz tube. Except where noted, 
the same sample was examined sequen- 
tially following various gas and temperature 

treatments. Tests were repeated on several 
samples with all results consistent with 
those shown here. 

A JEOL JEMlOOCX with 3.5-A resolu- 
tion was used for TEM and a Perkin-Elmer 
physical electronics model 555 was used for 
XPS. Most XPS spectra were acquired in 
approximately 20 min for a peak resolution 
of 1.2 eV. Relative amounts of elements 
were obtained from peak areas using pub- 
lished sensitivity calibrations (12) without 
corrections for depth sensitivities. Peak en- 
ergies were calibrated against the Si(2p) 
peak at 103.4 eV. Sample charging was 
never more than 2 eV. After correction the 
relative peak positions for all elements on 
all samples were within 0.2 eV of published 
values and calibrations obtained in this lab- 
oratory on metals and metal oxides. Oxida- 
tion states of sulfur were obtained by com- 
puter deconvolution of the S(2p) states 
using published peak positions (1.3) for sul- 
fide, elemental sulfur, and sulfate. 

SULFIDATION OF METAL PARTICLES 

Figure 1 shows typical XPS survey spec- 
tra of Si02 and of Pt particles on SiO;? fol- 
lowing treatment in 10% H2S in N2 at 1 atm 

-1, 

SiOe 

b) 
I I I 1 I I 

3 -800 -600 -400 -2w 0 
BINDING ENERGY (~‘4 

FIG. 1. Typical XPS survey spectra of (a) planar 
amorphous SiOr and (b) the same sample after vacuum 
deposition of 10 A of Pt. Both samples were heated in 
10% H2S in N2 at 1 atm for 2 h at 608°C. No contamina- 
tion is observed on either sample except for traces of 
carbon. The S(2p), O(ls), and Pt(4f) lines are shown 
at higher resolution in following figures for various 
heat and gas treatments. 
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at 600°C. No sulfur is deposited on Si02 
alone by this treatment, and all peaks can 
be identified as XPS or X-ray Auger lines of 
Si and 0. However, with Pt on Si02 the 
sulfur 2s and 2p peaks are evident along 
with the Pt(3d) and Pt(4f) peaks. This 
shows that no sulfur is deposited on SiOz by 
HzS exposure at these temperatures, and 
therefore the sulfur is associated exclu- 
sively with metal particles. The only con- 
taminant observed in any XPS spectrum 
was carbon. We believe that carbon is in- 
troduced in transfer between the reactor 
and the XPS instrument because the carbon 
peak was typically a monolayer (referenced 
to CO saturation coverage on clean Pt) and 
it exhibited no systematic variations with 
heat or gas treatment. In all succeeding fig- 
ures we shall show only high-resolution 
XPS spectra of S, 0, and metals. 

Figures 2,3, and 4 show the O(ls), S(2p), 
and metal lines for Pt, Rh, and Pd, respec- 
tively. The vertical lines are at energies cor- 
responding to O(1 s) from SiOz at 532.6 eV, 
the S(2p) line of elemental sulfur at 164.0 
eV, the Pt(4f7,2) line of metallic Pt at 70.9 
eV, the Rh(3&) line of metallic Rh at 
307.0 eV, and the Pd(3&) line of metallic 
Pd at 334.5 eV. 

OM2(Si02) S” 

Sulfidation begins upon exposure to H2S 
at 25°C for all metals, and sulfur peak areas 
reach their ultimate values at -300°C. Fig- 
ure 5 shows a plot of S(2p)/M ratios for all 
three metals. It is evident that the major S 
peak is that of sulfide (S2-) with considera- 
ble neutral S forming at higher tempera- 
tures. Metal peaks shift upon sulfidation 
with shifts yielding Pt2+, Rh3+, and Pd2+, 
respectively. Figure 6 shows a plot of mea- 
sured metal peak shifts versus treatment, 
gas, and temperature. While little literature 
exists on metal peak positions for these sul- 
fides, all are close to those of the corre- 
sponding oxides of these valences. Some 
double metal peaks are observed for situa- 
tions where both metal and cation appear to 
exist, but shifts were too small for accurate 
curve fitting. 

For Rh and Pd samples, small 0(1 s) 
peaks at a lower binding energy than that of 
O(1 s) from Si02 are observed after treat- 
ment at 25°C; these arise from monolayer 
amounts of Rh203 and PdO which form 
upon room-temperature exposure of the 
metals to air as noted previously (II). The 
0( 1 s) peaks do not appear on the sulfided 
particles; this shows that the metal sulfides 
do not pick up oxygen upon low-tempera- 

Pto 
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FIG. 2. XPS spectra of 0, S, and Pt following treatment in 10% H,S for 2 h at increasing tempera- 
tures shown in the figure. Sulfide and sulfur (vertical line at 164.0 eV) are observed and Pt metal 
(vertical line at 70.8 eV) is converted to Pt2+ (72.2 eV) by this treatment. 
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Ob2(Si02) Rh” 

Binding EnergykV) 

FIG. 3. XPS spectra of 0, S, and Rh metal following treatment in 10% H2S for 2 h at increasing 
temperatures shown in the figure. Sulfide and sulfur (vertical line at 164.0 eV) are observed and Rh 
metal (vertical line at 307.0 eV) is converted to Rh3+ (308.1 eV) by this treatment. 

ture exposure to air. The measured S/M 
atomic ratios of Fig. 5 (1.0 for Pt, 2.0 for 
Rh, and 1.0 for Pd) are fairly close to the 
stoichiometries expected for the most sta- 
ble sulfides, PtS, Rh& , and PdS, although 
neutral sulfur is included in measured ra- 
tios. Also, the metal peak positions show 
that all metal is ionized with charges ex- 
pected for these compounds. Therefore, we 
conclude that, upon treatment in H2S, at 

least the top lo-20 A (the nominal depth 
sensitivity of XPS) of all particles is con- 
verted completely to sulfides with these va- 
lences and approximately these stoichiome- 
tries. 

AIR TREATMENT OF SULFIDED METALS 

Figures 7, 8, and 9 show O(ls), S(2p), 
and metal XPS peaks after heating the sul- 
fided metals (Figs. 2-4) in air at succes- 

Pd” 
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-538 -536~53.532.5% -528 -110 -96 -166 -164 -162 44 454 -341-344 -341 -338 -335 -332 -323 
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FIG. 4. XPS spectra of 0, S, and Pd following treatment in 10% H2S for 2 h at increasing tempera- 
tures shown in the figure. Sulfide and sulfur (vertical line at 164.0 eV) are observed and Pd metal 
(vertical line at 334.9 eV) is converted to Pd*+ (336.5 eV) by this treatment. 
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TREATMENT 4 

FIG. 5. Plot of sulfur-to-metal atomic ratio (obtained 
from XPS peak areas) versus treatment in H&S and 
then air at temperatures shown. Data are taken from 
spectra of Figs. 2 through 4 and 7 through 9. 

sively higher temperatures indicated in the 
figures. 

After heating to 100°C only slight 
changes are noted, but by 300°C large 
changes in S and 0 peaks are evident. For 
Pt the sulfur decreases noticeably at 300°C 
and almost completely disappears by 
500°C. For Rh, S*- is replaced by S6+ by 
3OO”C, and for Pd all sulfur has disappeared 
by 300°C. 

Figures 5 and 6 summarize the S/M peak 
area ratios and metal peak positions after 
heating sulfided metals in air at tempera- 

Om2(Si0,) S” 

m O(ls) I 

FIG. 6. Plot of metal XPS peak positions versus 
treatment in HrS and then air at temperatures shown. 
Data are taken from Figs. 2 through 4 and 7 through 9. 

tures shown. It is evident that sulfur disap- 
pears rapidly on Pd but remains to above 
500°C on Rh. Chemical shifts show that 
Rh& transforms to Rh203 and Rh#O& 
upon heating in air and that PtS transforms 
to PtSO4 and PtO at low temperatures. We 
do not observe any PdS04 except by heat- 
ing in air an SO2 and 02 mixture as de- 
scribed in the next section. 

After treatment of the sulfided particles 
in air, all metals exhibit O( 1 s) XPS lines at 

-538 33534 -82-530-521 -110 -11 -166 -164 -162 -160 
Binding Energy (eV) 

PtO 

s (2p) 

x20 

FIG. 7. XPS spectra of 0, S, and Pt following treatment of sulfided particles in air at temperatures 
shown. PtO and PtSO, are observed to form as sulfide is removed. 
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Om2(Si02) Rh“ 

Binding Energy (eV) 

FIG. 8. XPS spectra of 0, S, and Rh following treatment of sulfided particles in air at temperatures 
shown. Rh203 and Rh2(S04), are observed to form as sulfide is removed. 

-530 eV which are characteristic of metal 
oxides as shown in Figs. 7-9. The O(1 s) 
lines of metal sulfates (12) occur at -532 
eV which causes the peak to be undetect- 
able because it occurs at the same energy as 
0(1 s) from SiOs. The peak identified as 
metal oxide also does not correlate with the 
S6+ peak as would be expected if it were a 
sulfate. The formation of this 0( 1 s) peak 
and the disappearance of sulfur on Pd and 
Pt show that these metals are transformed 
from sulfides to oxides by this treatment. 

Relative amounts of sulfide, oxide, sul- 
fate, and metal were estimated from XPS 
peak areas and positions as shown in Table 
2. The sulfate-to-sulfide ratio was obtained 
from the S6+/S2- area ratio, and the metal- 
to-cation ratio was obtained assuming a lin- 
ear shift in peak position with amount oxi- 
dized. The amount of oxide was obtained 
from the 0( 1 s) peak area at 530 eV, assum- 
ing that sulfate and silica gave 0( 1 s) signals 
at -532 eV. Percentages were generally 
consistent between methods, but values in 

o-%lO,) 

ow 
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FIG. 9. XPS spectra of 0, S, and Pd following treatment of sulfided particles in air at temperatures 
shown. All sulfur is removed by 300°C and particles are converted entirely to PdO. 
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TABLE 2 

Composition of Sulfided Particle Surfaces following 
Air Treatment 

metal is formed above 500°C; oxygen can 
also cause a reduction of the Rh as will be 
discussed later. 

Metal Compound Percentage metal at: 

300°C 400°C 500°C 

Pt Ptso4 9 8 7 
Pt.3 29 5 0 
PtO 41 82 25 
Pt 20 5 68 

Rh RMS04), 14 20 15 
Rh2S3 1 0 0 
Rho3 58 80 85 
Rh 27 0 0 

Pd PdS04 0 0 0 
PdS 0 0 0 
PdO 96 100 100 
Pd 4 0 0 

Table 2 should be taken only as rough esti- 
mates of amounts of phases present. No 
corrections were made for metal dilution in 
compound formation, sensitivity variations 
with depth, backscattering variations, etc. 

However, it seems clear from inspection 
of Table 2 and from the spectra that sulfates 
are formed on Rh and Pt while none occurs 
on Pd. Also, upon treatment of sulfides in 
air, Rh metal is formed at -300°C and Pt 

Om2(Si02) S” 

SULFUR DIOXIDE TREATMENT OF METALS 

A series of experiments was conducted in 
which the reduced metals were heated in 
10% SO2 in N2 and in 10% SO2 in air. 

Sulfur dioxide alone at 500°C (Fig. IO) 
produced sulfide and neutral sulfur on all 
three metals with some sulfate observed on 
Pt. Chemical shifts of metals are again char- 
acteristic of Pt2+, Rh3+, and Pd*+. Oxida- 
tion states of metals and sulfur are nearly 
indistinguishable from those observed after 
treatment in H2S alone. 

When metals are heated to 500°C in a 
mixture of SO2 and 02 (Fig. ll), the metal 
oxidation states are unchanged but the oxi- 
dation state of sulfur now is primarily S6+. 
This shows that metals are converted to 
sulfates by heating in an SO2 and 02 mix- 
ture. Figure 11 shows that Pd is converted 
mostly to PdO with some PdS04. This 
treatment causes Pt to transform largely to 
PtSOJ . 

PARTICLE MORPHOLOGIES 

Particles were examined by TEM at vari- 

Pto 
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-53 -536 -534 -532 -530 -528 -cm -163 -166 -184 -162 -160 -320 -311 -314 -311 -3011 -305 -302 

Binding Energy (eV) 

FIG. 10. XPS spectra of 0, S, and metals following treatment of metal particles in SO2 at 500°C. On 
Rh and Pd sulfide and sulfur are observed while Pt also forms sulfate. 
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6?SiO, 1 Pt” 
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FIG. 11. XPS spectra of 0, S, and metals following treatment of metal particles in a 10% SO*, 90% O2 
mixture at 500°C. Sulfur is present mainly as sulfate on Pt and Rh while Pd is converted mostly to PdO. 

ous stages of sulfidation, oxidation, and re- 
duction. Bright-field imaging, electron dif- 
fraction, and dark-field imaging were used 
to determine morphologies and relative 
amounts and locations of crystalline 
phases. 

Figure 12 shows a sulfidation sequence 
for Pt particles. Figure 12a shows the origi- 
nal sample after annealing in H2 at 6OO”C, 
Figs. 12b-d are following H2S treatment at 
300, 500, and 600°C respectively, while 
Fig. 12e is after air oxidation of the sulfided 
particles at 300°C. Treatment of Pt in H2S 
causes particles to expand parallel to the 
surface. The flat facets which are typical of 
metal are also transformed into irregularly 
shaped edges, and small crystallites appear 
to form near the edges of the original parti- 
cle. Electron diffraction showed that te- 
tragonal PtS was first detected after heating 
to 300°C and complete transformation to 
sulfide (no fee lines) occurred at 600°C. Fig- 
ure 12f shows the electron diffraction pat- 
tern of the sample from Fig. 12~. All dif- 
fraction lines can be identified with 
tetragonal PtS; no fee metal or hexagonal 
PtS2 lines were observed. Several nearby 
pairs of particles are also observed to be 
pulled closer together upon sulfidation be- 
low 500°C. We observed a similar low-tem- 
perature process upon oxidation of Ir (10). 

Evidently the formation of a compound 
“bridge” between particles produces a 
force which draws them together, but we 
have no detailed explanation for this effect. 

Figure 13 is a similar sequence of micro- 
graphs showing sulfidation of Rh particles. 
Figure 13a shows Rh metal particles after 
heating in H2 at 600°C; only fee diffraction 
lines are observed. Figures 13b, c, and d 
show the same particles after heating in 
10% HZS. At 300°C particle cores retain 
their metallic character with the same twin 
configurations as in Fig. 13a. However, all 
particles are surrounded by a lower-con- 
trast shell of Rh& between 10 and 30 A 
wide. After heating to 500°C (Fig. 13~) the 
particles appear more ragged, although 
many of the original metal twins are still 
evident. Electron diffraction indicates both 
metal and Rh& are present at 500°C. 

After heating to 600°C the sulfided parti- 
cles have distinctly different morphologies, 
and electron diffraction indicates Rh& as 
the major crystalline phase (Fig. 13d). Sev- 
eral faint lines were observed upon high- 
temperature sulfidation which indicates 
traces of another phase, probably another 
sulfide (3). Several low-contrast particles 
30 to 100 %i in diameter grow from each 
parent particle. These particles have dis- 
tinct curved edges, and boundaries between 
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parent and daughter particles are also quite 
sharp. We suggest that the structures 
formed by sulfiding Rh2S3 above 500°C indi- 
cate melting of the particles as will be dis- 
cussed later. 

Figure 13e shows the same sulfided parti- 

cles after heating in air at 300°C. Particles 
now appear visually to be more crystalline 
than sulfides, with multiple twins occurring 
frequently. However, particle outlines are 
less distinct than those for sulfided parti- 
cles. Electron diffraction of this surface 

FIG. 12. Electron micrographs of Pt particles on planar SiOz following sequential heat treatments in 
H$ and then air: (a) after heating in H2 at 6OlK to form metal particles; (b) after heating (a) in H2S at 
300°C; (c) after heating (a) in H2S at 500°C; (d) after heating (a) in H2S at 600°C; (e) oxidized in air at 
300°C; (f) electron diBraction pattern of PtS corresponding to micrograph (d). The letter “a” indicates 
the identical location on each micrograph. 
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FIG. 13. Electron micrographs of Rh particles on planar SiOz following sequential heat treatments in 
H2S and then air: (a) after heating in Hz at 600°C to form metal particles; (b) after heating in HZS at 
300°C; (c) after heating in HIS at WY; (d) after heating in H2S at 600°C; (e) oxidized in air at 300°C; 
(f) electron diffraction pattern of Rh& corresponding to micrograph (d). Letters “A, B, and C” 
indicate locations on each micrograph. 

gave lines characteristic of a mixture of Nz. Complete loss of Pt occurred if heated 
Rhz03 and Rh& . above 100°C. At -75°C we observed only 

HEATING IN Cl2 
Pt2+ along with Cl- XPS lines, indicating 
that solid PtC12 can be formed at low tem- 

Several experiments were carried out in peratures. However, the chlorides are suffi- 
which Pt particles were heated in 1% Cl2 in ciently volatile that they evaporate at low 
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temperatures and are thus difficult to study 
on planar substrates. Chlorine is more ef- 
fective than sulfur in oxidizing these 
metals, but formation of volatile products 
interferes with experiments comparable to 
those using sulfur. 

DISCUSSION 

Reactions 

a subject of active investigation with little 
consensus of data from electrochemistry, 
gas exposure, and catalysis. In the present 
situation we believe we form PtO by ioniza- 
tion of Pt” by HzS to Pt2+ followed by re- 
placement of S2- by 02- in the lattice. We 
observe a similar process in Pt foils. We 
shall describe these experiments and their 
interpretation in a later paper. 

Sulfides and neutral sulfur readily form 
on all of these metals when they are heated 
in H#. These transformations can be re- 
garded as the reactions 

and 

M + xH# ---* MS, + xH2 (1) 

H2S% S + HZ. (2) 

Sulfide and sulfur are detected at room tem- 
perature, surface sulfidation is complete at 
-3OO”C, and 100-A particles are completely 
converted to sulfide by 500°C. A single 
crystalline sulfide and a single metal oxida- 
tion state are observed on each metal. 

None of these results appears to be in- 
consistent with literature values of thermo- 
dynamic properties (2, 3) in that no phases 
are stable above their decomposition tem- 
peratures as listed in Table 1. Sulfate 
should not be stable (reaction (4)) compared 
to oxide (reaction (3)) since no gaseous 
form of sulfur is available to stabilize the 
sulfates. Sulfate must therefore be formed 
by a solid-state reaction of O2 with MS,. It 
should also be noted that SO2 alone is not a 
particularly efficient way to make sulfate 
(Fig. 10). On all metals, the metal is trans- 
formed mainly to sulfide by heating in S02. 
The process may be written as 

Treatment of the sulfides in air produces 
oxides, sulfates, and metal. These transfor- 
mations can be written as the reactions 

M + 3xS02 + MS, + 2xS03 

or a similar reaction which reduces S4+ to 
S2-. 

MS, + (3x/2) O2 + MO, + xSOz, (3) 

and 

MS, + 2x02 + M(SO&, (4) 

MS, + x0* + M + xSOZ. (5) 

PdS is transformed completely to oxide, 
while Rh& and PtS are transformed to ox- 
ide and sulfate. 

In contrast to SO2 alone, a mixture of 
SO2 and 02 readily produces sulfates on Rh 
and Pt but mostly forms oxide on Pd (Fig. 
11). These metals are excellent catalysts for 
SO2 oxidation; this gas mixture should 
therefore become a source of SO3 for sul- 
fate formation. 

While reactions (3) and (4) represent oxi- 
dation of sulfur from S2- to S4+ and S6+, 
respectively, reaction (5) represents reduc- 
tion of Rh3+ to Rho (Fig. 8,300”C in air) and 
of Pt2+ to Pt” (500°C in air). In the case of 
Rh oxygen evidently oxidizes the sulfide 
(perhaps to sulfate) which reduces Rh3+ 
ions in a solid-state reaction (probably 
forming volatile SO*). 

Comparison of Morphologies of Sulfide, 
Oxide, and Sulfate 

Oxides on Rh and Pd are completely 
crystalline (9) at all temperatures. On Rh 
particles the oxide forms as a film of rather 
uniform thickness over the metals below 
5OO”C, while crystals nucleate and grow 
above this temperature. I-9 forms no detect- 
able oxide by heating in air at 1 atm. 

Formation of PtO by reaction (3) pro- Sulfides form at comparable or lower 
duces a surface phase rather than the more temperatures than do oxides, and sulfides 
stable PtOz . Surface oxides of Pt have been are also at least partially crystalline. Both 
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oxides and sulfides are observed to spread 
over the SiOZ upon heating to high tempera- 
tures. 

Morphologies of sulfides and oxides ap- 
pear microscopically to be quite different. 
Sulfides seem to form smaller crystallites 
than do oxides as seen by dark-field imag- 
ing of the respective compounds. While 
some sulfide is always observed by electron 
diffraction, it is possible that amorphous 
sulfide also exists. Sulfide is always accom- 
panied by neutral sulfur which is presum- 
ably amorphous. The morphological differ- 
ences may therefore be associated with the 
sulfur phase. It should be noted that a sul- 
fur phase should be nearly invisible in elec- 
tron microscopy because electron scatter- 
ing from sulfur is very weak compared to 
that from the higher-atomic-number metals. 

Sulfate morphologies are more difficult to 
characterize because they are completely 
noncrystalline and are detectable only by 
the S6+ XPS line. Also, sulfate always oc- 
curs along with oxide and/or sulfide which 
makes identification even more difficult. 

The distinctly different morphologies of 
oxide compared with sulfide or sulfate may 
thus arise from the poorer crystallinity of 
the latter or because they occur in the pres- 
ence of multiple phases. The nucleation and 
growth processes of the different phases 
could also be quite different even if thermo- 
dynamic properties were comparable. 

Particle Melting 

When Rh& is heated above 5OO“C, a dis- 
tinctive morphology is observed (Fig. 12d) 
which we have never observed after heat- 
ing Pt, Rh, Pd, or Ir in air (9) or in H2S. The 
multiple particles emanating from each par- 
ent crystallite with sharp but curved out- 
lines have an appearance which one would 
expect if a liquid phase had existed. Such 
morphologies appear to be unique in the 
transformations of small particles. The ox- 
ides all decompose far below their melting 
points (2), and none of the Rh sulfides is 
reported to have a low melting point (3). 

Thus, we believe that in all situations ex- 

cept that for Rh& above 500°C all pro- 
cesses are consistent with solid-state trans- 
formations. All observations of Rh& 
particles suggest that Rh& melts between 
500 and 600°C. It should be noted that sul- 
fur and metal are present, and these could 
form a eutectic which melts below the melt- 
ing points of any pure components. We 
only identify Rh3+ compounds in XPS while 
RhS2 is also reported to exist. Because of 
the Rh(3d) doublet in XPS, it is difficult to 
identify small amounts of another state so 
that some mixed-valence compounds of Rh 
may also be present in the sulfide. 

There has been considerable speculation 
in the literature regarding the possibility of 
particle melting (mostly for metals) with the 
main evidence for this being a high mobility 
of particles above a certain temperature 
(the Tamman temperature). However, we 
(I) have never observed any particle mo- 
tion on SiO2 or A1203 supports except when 
phase transformations are taking place, and 
we regard atomic migration as the only im- 
portant mechanism of metal particle sinter- 
ing, at least on these supports. 

We suggest that either Rh2S3 or a eutectic 
mixture melts and forms several blobs of 
liquid from each original particle. Examina- 
tion of Fig. 13 and other micrographs of this 
system shows that only some particles 
melt. A variable melting point would be 2x- 
petted from a mixture because of composi- 
tion variations between particles. 

Reaction exothermicity should not be 
significant in causing melting because the 
rate of heat generation in solid-state trans- 
formations is slow, and only the SO* and O2 
system could generate sufficient reaction 
heat to increase particle temperatures. 

SUMMARY 

Even relatively simple systems of noble 
metals on planar silica supports exhibit 
compositions and morphologies in reactive 
gases which are quite complex. The struc- 
tures formed depend strongly on the tem- 
perature-time-gas history of the system in 
ways that appear to be unpredictable from 
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thermodynamic data or intuition. For real 
high-area supported oxide catalysts, the 
complications of additional species and the 
multiple-step preparation and calcining pro- 
cesses should be expected to produce 
structures much more complex than those 
observed here. 

Nevertheless, relative thermodynamic 
stabilities appear to correlate qualitative 
features of phases observed in metals, ox- 
ides, sulfides, and sulfates. Transformation 
processes in formation of oxides and sul- 
fides seem to follow a film growth mecha- 
nism at low temperatures, crystallite nucle- 
ation and growth at higher temperatures, 
and spreading over the substrate at even 
higher temperatures. These are roughly as 
intuition would predict. 

Transformations associated with melting 
have seldom been observed with pure sys- 
tems, and they may be associated with de- 
creased and variable melting points of parti- 
cles having multiple phases present 
simultaneously. This situation should be 
expected more commonly with real cata- 
lysts than with simplified laboratory proto- 
types. 

Finally, we note that transformations of 
catalyst particles should in general be sig- 
nificant in determining the surface proper- 
ties of supported catalysts. Surface areas, 
elements present at the surface, surface 
phases, crystal planes, and surface defects 
should clearly depend upon treatment con- 
ditions. Such phenomena are certainly re- 

sponsible for some instances of poor repro- 
ducibility of catalyst properties. In a later 
publication we shall describe more detailed 
electron microscopy of microstructures in 
the Rh system in the presence of H$S and 
air. 
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