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The interphase transport of adsorbed species is referred to as spillover. A technique was devel- 
oped to quantify the rate of surface diffusion across silica after spillover from platinum. The source 
of spillover is isolated on the accepting silica surface and the concentration of spiltover deuterium 
is measured as a function of time and distance from the source. The rate of surface diffusion of 
hydrogen across silica is rapid and is detected 1 cm from the source within a few minutes. Spillover 
and not surface diffusion seems the controlling rate in the combined spillover and diffusion pro- 
cesses. The transport seems to be facilitated by “associated” hydroxyls on the surface. Only a 
limited number of sites are involved and the rate of transport decreases as saturation is ap- 
proached. 0 1987 Academic Press, IX 

INTRODUCTION 

The transport of a species adsorbed on 
one surface (e.g., a metal) onto another 
(e.g., an oxide or carbon support) has been 
described as “spillover. ” Hydrogen spill- 
over is a well-documented phenomenon 
and has been reported to occur with a vari- 
ety of combinations of metals and supports. 
Conner et al. (I) have recently reviewed 
the current understanding of the phenom- 
ena associated with spillover. To determine 
the potential significance of spillover, it is 
necessary to quantify the extent and rela- 
tive rate of the processes associated with 
spillover. In this research we studied hy- 
drogen spillover with a novel technique that 
allows us to follow surface migration across 
an oxide surface (silica) as a function of 
time and distance from the metal source of 
spiltover hydrogen. The motivation was to 
develop a more direct technique to quantify 
the surface diffusion of spiltover species 
and to discern the mechanism of migration. 

Most prior calculations of the diffusion 
coefficient for spiltover hydrogen were 
done by indirect volumetric adsorption 
studies (2-9). Moreover, the calculations 

are done assuming that the migration on the 
surface is the rate-determining step as con- 
trasted with assuming that spillover was 
rate controlling. When data are constrained 
in this way the effective diffusion coeffi- 
cient becomes a “lumped parameter” de- 
pendent on the system. As a result the esti- 
mated values vary from 10m3 to IO-l4 cm2/s. 

An experiment was designed that takes 
advantage of the unique property of spill- 
over, i.e., that the source of spillover can 
be the only pathway for access to a surface. 
By isolating the source of spillover as a sin- 
gle point (effectively) on a surface it might 
be possible to more directly measure the 
rate by which adsorbed species are trans- 
ported across the accepting surface. A 
schematic of the experiment is presented in 
Fig. 1. Deuterium from the gas phase is ad- 
sorbed onto the platinum source of spill- 
over present in the center of a pure silica 
wafer. The D2 may be dissociatively ad- 
sorbed onto the Pt. It may then spill over 
onto the silica surface in contact with the Pt 
and subsequently migrate away from the 
source. Once on the surface, the spiltover 
deuterium exchanges readily with the sur- 
face hydroxyl groups present on the silica 
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Radial Distance 

FIG. 1. Schematic of the experiment wherein a small 
FTIR beam is scanned across a l-in. wafer of pressed 
silica containing a <i-mm “spot” of Pt. The [ODj 
concentration measured in the IR is recorded vs time 
and position. 

to form deuteroxyl groups. The migration 
of spiltover deuterium can be followed by 
monitoring the appearance and growth of 
the IR adsorption band corresponding to 
surface deuteroxyl groups. The integral of 
the absorption of the IR band is directly 
proportional to concentration; thus, con- 
centration profiles can be generated, pro- 

vided that the collection time is fast when 
compared with the time scale of the experi- 
ment and that the radius of the IR beam is 
small when compared with the radius of the 
sample. In this paper the technique is de- 
scribed in detail. A second paper will dis- 
cuss the implications of the results in the 
understanding of the mechanism of hydro- 
gen spillover (10). 

EXPERIMENTAL 

A schematic of the experimental appa- 
ratus is shown in Fig. 2. The system can be 
divided into five areas: gas storage, vacuum 
pumps, gas circulation and purification, in- 
frared cell, and support equipment. 

The whole system can be evacuated with 
the help of a Duo-Seal vacuum pump to 
10U3 Torr. Lower pressures can be 
achieved by using two oil diffusion pumps. 
The pumps were modified to operate in se- 
ries and obtain pressures in the order of 
10e7 Torr, when operated with liquid nitro- 
gen traps. Pressure is monitored from 760 
to lOpi by using a pressure transducer and 
an ionization gauge. 

The gases in the circulation area can be 
introduced to the infrared cell through two 
cold traps. This ensures that the gases are 
free from water and any condensables such 
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transducer 
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FIG. 2. Schematic of the reaction system used to pretreat and to circulate gases over 
contained in the IR ceil. 

the sample 
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as stopcock grease. The last two valves be- 
fore the IR cell are metal, high vacuum, 
greaseless valves. 

A gas purification system can be attached 
to the vent valve on the gas manifold. The 
gases used were ultrahigh purity hydrogen, 
deuterium, and helium. They are passed 
through a liquid nitrogen trap to a heatable 
diffusion thimble which is connected to the 
manifold. The diffusion tubes were made of 
palladium for hydrogen and deuterium puri- 
fication and of quartz for helium. 

The infrared cell is the product of several 
attempts to design a high vacuum, high 
temperature, in situ cell of reduced dead 
volume and sufficiently small to fit in the IR 
chamber mounted on a translation stage. It 
was designed in collaboration with Hat-rick 
Scientific Co. 

The cell is depicted in Fig. 3. It consists 
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FIG. 3. Diagram of the cross section of the IR cell 
designed for these studies. Total dimensions of the 
cylindrical cell are 4.7%in. diameter and 4-in. length. 
The sample holder and mask are depicted in the lower 
portion of the figure and are slipped into the center of 
the cell. 

of a stainless steel core with space to ac- 
commodate a cylindrical metal sleeve with 
a sample wafer 2.5 cm in diameter. The 
core is heated with three cartridge heaters. 
Temperatures up to 500°C can be achieved 
on the core when the cell is under vacuum. 
The outer drum is equipped with two cool- 
ing rings and two vacuum ports that con- 
nect the cell to the gas handling system via 
stainless flexible tubing. The calcium fluo- 
ride windows have a transmission rating of 
better than 90%, starting at 1500 cm-‘. Two 
thermocouple wells permit measurement of 
temperature at the steel core and in the gas 
phase near the center of the wafer. 

The sample in the form of a wafer is 
placed in a stainless steel holder. It consists 
of a sleeve and two thermal masks. The 
masks provide an even distribution of heat 
across the sample. They are mounted 
around 0.5 mm from the sample surface and 
have a 5-mm-wide slit cut diametrically that 
permits the IR beam to scan the surface of 
the wafer. 

The samples used were Degussa Aerosils 
pressed to form wafers 2.5 cm in diameter 
and less than 1 mm in thickness. In the cen- 
ter of the wafer a small pellet of Pt/alumina 
catalyst is pressed to provide the “port- 
hole” for spillover. The catalysts were pro- 
vided by UOP and were made by impregna- 
tion of gamma-alumina with chloroplatinic 
acid. They were prereduced and contained 
0.05% Pt and 0.39% Cl. 

Pretreatment was done by heating under 
vacuum. Typically samples were heated at 
100°C overnight to remove any physically 
adsorbed water from the surface of silica. 
The temperature was then increased as high 
as 500°C in the core of the cell. The samples 
were maintained at their highest pretreat- 
ment temperature for at least 2 h. 

A Nicolet 7199 Fourier transform infra- 
red spectrometer was used to determine the 
transmission infrared spectra at different 
positions on the disk. The small infrared 
beam diameter, -2 mm using a l-mm de- 
tector element, combined with high spec- 
tral resolution and fast data collection per- 
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mitted us to scan the surface of the wafer as 
functions of time and position. 

RESULTS AND DISCUSSION 

The results for a typical experiment are 
described in detail. The sample was a 164- 
mg wafer of Aerosil 300 with a 2-mg Pti 
alumina catalyst pellet in the middle. It was 
pretreated under vacuum at 200°C for 6 h, 
after which the temperature was raised to 
414°C for 1 h. Finally, the sample was kept 
under a helium atmosphere at 285°C for 5 h. 
The exchange experiment was conducted at 
205°C for 100 min. Spectra were collected 
at l-, 5-, and 9-mm distances from the plati- 
num source. 

Figure 4 depicts absorbance spectra 1 
mm away from the source; these were ra- 
tioed against the background. The OH band 
appears at 3755 cm-‘, whereas the OD band 
appears at 2755 cm-‘. Examination of the 
spectra shows that changes as a function of 
time, both for OH and OD, occur not only 
on the sharp OD-OH bands, but on the 
low-frequency shoulder at the right of the 
sharp bands. The sharp peaks are related to 
the freely vibrating OH-OD groups, i.e., 
isolated, whereas the shoulders are related 
to the associated groups. In Fig. 5 the 
growth of the OD band is depicted as a 
function of time and position. The spectra 
are ratioed against that of silica before the 
beginning of the experiment. The depen- 
dence of surface exchange with radial dis- 
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FIG. 4. Spectra depicting the increase in the OD 
bands, to the right, and decrease in the OH bands, to 
the left, as a function of increasing time, to the back- 
ground. Spectra measured 1 mm from the Pt source of 
spiltover deuterium. 

FIG. 5. Infrared spectral data showing the OD bands 
at distances of 1 mm (left), 5 mm (center), and 9 mm 
(right) from the Pt source of spiltover deuterium. As 
time progresses the changing spectra are shown in the 
background after the introduction of deuterium. 

tance is very clear. It can also be seen that 
the associated deuteroxyl groups change at 
a different rate when compared to the free 
deuteroxyls. 

In Figs. 6 and 7 the results for this experi- 
ment are shown in a quantitative fashion. In 
Fig. 6 the maximum absorption of the OD 
band as a function of time is plotted for the 
three radial distances. The results show 
that the concentration of free OD groups 
increases in an almost linear fashion for this 
case; no saturation is evident even after 100 
min. In Fig. 7 the plots show the total area 
under the OD bands, including the associ- 
ated deuteroxyls. In this case the curves 
show an approach to saturation; i.e., the 
integrated absorption approach an asymp- 
totic value. Most of the area under the bands 
corresponds to the broad shoulder; thus, 
the results in Figs. 6 and 7 confirm the qual- 
itative observation that the hydrogen 
bonded deuteroxyls grow at a different rate 
than the isolated deuteroxyls. 

The measured approaches to limited par- 
tial exchange of the surface hydroxyls by 
deuterium at first appear unusual. Why 
doesn’t the exchange continue until all of 
the hydroxyls are exchanged? Two aspects 
of the spillover and surface diffusion phe- 
nomena may provide an explanation for 
these observations. There are only a limited 
number of surface sites able to accept 
spiltover hydrogen on silica or alumina sur- 
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FIG. 6. Plot of the maximum absorbance (peak 
height) of the OD band at three positions in time after 
the introduction of deuterium. 

faces (I). First, as saturation of these sites 
is approached, the rate of surface transport 
will decrease. Secondly, due to the limited 
number of spiltover deuteriums (on the or- 
der of lOl*/cm*) compared to the hydroxyls 
(10i3-10i4/cm2) only a fraction of the hy- 
droxyls exchange with the initial saturation 
of the surface with spiltover deuteriums; 
further, exchange is effectively a dilution 
experiment. Surface transport of the ex- 
changed spiltover species is encumbered as 
the “open” sites accepting the “diffusing” 
species are limited. To understand this na- 
ture of the processes it is relevant to deter- 
mine if the experiment is reversible. 

Reexchange of the surface deuteroxyls 
with hydrogen was attempted for several 
samples. Saturation of the surface was 
more clearly seen with Mox-80 and Aerosil 
130 silicas. Both are low surface area aero- 
geis, with approximately 80 and 130 m*/g, 
respectively. Mox-80, however, has a 
higher content of impu~ties, specifically 
alumina. A sample was considered satu- 
rated when absorption of the OD band has 
ceased to increase as a function of time. At 
this point D2 can be evacuated from the gas 
phase, helium is then circulated through the 
liquid N2 traps for a short time to assure 
dryness and introduced in the cell. Finally 
hydrogen is introduced into the system af- 
ter being precirculated through the traps. 
Infrared spectra can be taken during the in- 
termediate pretreatment and as a function 
of time after hydrogen is introduced. 

The most interesting results were ob- 
tained with Mox-80. The sample was pre- 
treated under vacuum for several hours at 
temperatures up to 460°C. Exchange with 
the surface was then carried in the usual 
way at 300°C. After 71 min the sample was 
evacuated and isolated for 15 min while he- 
lium was dried. The temperature was raised 
to 340°C until helium was introduced to the 
cell. After drying for 15 min hydrogen was 
circulated in the IR cell and spectra were 
collected for 1 h. After the reexchange was 
finished deuterium exchange was again at- 
tempted with the same procedure. 

Figure 8 shows spectra for different times 
at a fixed position. The first spectra taken 
after saturation are under a helium atmo- 
sphere. Note that the shape of the OD 
band, specifically the shoulder, has already 
changed. After 50 min a substantial amount 
of the OD band has been eliminated. When 
Hz is evacuated and D2 is reintroduced, the 
OD band grows much like it did in the be- 
ginning of the experiment. This cyclical be- 
havior is better illustrated in Figs. 9 and 10, 
where the maximum of absorption and the 
integral of the absorption are for the OD 
band are plotted as a function of time. 

The results of reexchange in the Aerosils 
were very different from those obtained 
with Mox-80. A sample of Aerosil 300 was 
pretreated under similar conditions as the 
Mox-80 (above). The exchange with deute- 
rium was performed at 285°C for 95 min, 
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FIG. 7. Plot of the integrated absorbance of the OD 
band(s) at three positions as a function of time after the 
introduction of deuterium. 
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FIG. 8. Infrared spectra on MOX-80 1 mm from the source of spillover as a function of time depicting 
the OD (to the right) and OH (to the left) bands. During the experiment deuterium is first exchanged 
followed by hydrogen reexchange, and finally deuterium is reintroduced. 

after evacuation the temperature rose about 
40°C until dried He was introduced in the 
IR cell. Reexchange with H2 was attempted 
for about 50 min at 160°C. 

The results of this experiment appear in 
Fig. Il. It is apparent that the amount reex- 
changed in this case is comparatively small 
when compared to Mox-80. Moreover, the 

spectra taken immediately after evacuation 
show that the concentration of OD on the 
surface was still increasing even when no 
deuterium was present in the gas phase. It 
is apparent that the desorption of spiltover 
hydrogen/deuterium is slower on the A-se- 
ries Aerosils compared to the MOX series. 
This may be due to the ability of alumina 
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FIG. 9. Maximum absorbance of the OD bands for MOX-80 at I, 5, and 9 mm from the source of 
spillover during a reexchange experiment (i.e., Dz exchange followed by Hz reexchange followed by Dz 
reintroduction). 
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FIG. 10. Integrated absorbance of the of the OD band(s) during a reexchange experiment as in Fig. 9. 

impurities (and associated surface species) 
on the MOX series to facilitate the atom 
recombination processes. Both the total 
area under the absorption band and the 
maximum absorption increased immedi- 
ately after evacuation. 

One of the referees has suggested that 
these phenomena can be accounted for by 
the action of trace impurities of water. In 
the authors’ view the influence of trace wa- 
ter was not a factor in these studies. In- 
deed, in our first attempts to perform this 
experiment, we were plagued by the pres- 
ence of trace amounts of water (or oxygen) 
in the system. The result was a uniform ex- 
change across the surface as water in a 

2.o T 

FIG. 11. Maximum absorbance of the OD bands for 
A-300 at 1, 5, and 9 mm from the source of spillover 
during a reexchange experiment as in Figs. 9 and 10. 
The times for evacuation of the gas phase and intro- 
duction of hydrogen are shown on the horizontal axis. 

known cocatalyst for the exchange reaction 
on oxides. Bianchi et al. (13) have directly 
studied the influence of water vapor on the 
exchange studied by FTIR and concluded 
that only above 10e5 Torr was there any 
direct influence of exchange via water. The 
rate was almost independent of the pres- 
sure of the purified hydrogen and so we 
concluded that it was not impurities in the 
hydrogen gas. As mentioned above our sys- 
tem employed stringent requirements (dual- 
staged diffusion pumps and bake-able metal 
valves and connections) to exclude the wa- 
ter and maintain pressures below 10e7 Torr. 
We see the exchange of at least 1Ol8 OH’s 
in each of these experiments. Even at 10m6 
Tot-r there could be a maximum of 1Or3 
water molecules in the system. The rapid 
exchange followed by essentially a steady 
state would not seem characteristic of these 
relative numbers. These and other calcula- 
tions* led us to conclude that any impu~ty 

’ Why would each water molecule be responsible for 
on the order of lo5 exchanges and then stop? The turn- 
over frequency for the exchange would be over lo2 S’ 
(based on the water), and with this mechanism (having 
to go back to the platinum) the surface diffusion coeffi- 
cient would be much greater than lo2 cm2 s-l. Note 
that without going back to the platinum no gradient 
would exist. Each of these calculations yields results 
that seem physically unreasonable. 
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present in the gas phase was not responsi- 
ble for the exchange. 

CONCLUSIONS 

A new experimental technique to study 
surface migration was developed. This 
technique uncouples the surface migration 
step from the actual spillover onto the sur- 
face and produces space- and time-resolved 
data which can be used to study the mecha- 
nism and rate of surface migration in spill- 
over. 

The saturation of the OD curves indi- 
cates that not all of the OH groups on the 
surface of silica are available for exchange. 
It appears that the mechanism of migration 
is directly coupled to the presence and con- 
centration of OH groups on the surface of 
silica. This relationship will be discussed 
elsewhere (10). The importance of the sur- 
face chemistry of the oxide in the migration 
of spiltover hydrogen is underscored by the 
reexchange experiments. This has been 
pointed out by other authors as well, most 
recently by Baumgarten and Denecke (If ), 
who have indicated the importance of the 
OH groups for spillover onto alumina. Also 
Lenz and Conner (12) have observed that 
hydrogen spillover is not able to activate 
silica aerosil if the silica is dehydroxylated 
at high temperatures prior to the exposure 
to spiltover hydrogen. It seems that the hy- 
droxyl nature and concentration are instru- 
mental to both the transport of and in- 
duction of catalytic activity by spiltover hy- 
drogen . 
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