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TIME-RESOLVED SPECTROSCOPIC STUDIES OF SURFACE REACTIONS**
G.W. Rubloff

IBM Thomas J. Watson Research Center
Yorktown Heights, NY 10598

Typed By Candi Brown (GR.2284)

ABSTRACT

A new dynamic approach to the study of surface reactions is described. A fast-acting
UHV gas dosing system is employed to prepare the adsorbate in an initial state under
reaction conditions of elevated temperature and/or pressure (to ~ 1 torr). Individual
reaction steps are then resolved in time using photoemission spectroscopy to probe the
surface electronic structure, yielding information about the nature of chemisorbed
species, the reaction path, and the kinetics of individual reaction steps. Preliminary
results are given for an initial application of this approach - the measurement of
desorption kinetics for CO on Ni(111).

Supported in part by the Office of Naval Research.
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the Scientific Data Exchange Agreement MWDDEA-N-72-G-4210 between the
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L. Introduction

In recent yeurs electron spectroscopic techniques (photoemission, clectron energy
loss, etc.) have provided valuable insight into the nature of chemisorbed species and
the recaction paths of these species on the surface. For surface reactions involving
molccular adsorbates from the gas phase, the combination of ultraviolet photocmission
spcctrosco-py (UPS) and flash dcsorption mass spectroscopy (FDMS) has proven
cspecially rewarding. The case of methanol (CH;0H) decomposition on Ni(111)
surfaces! scrves as a useful example of this approach. FDMS is employcd to determine
particular "transformation" temperatures at which the reaction procceds fairly quickly
(a few sec. or shorter) through specific reaction steps which involve desorption
products and to identify these products. UPS provides a picture of the density of
occupicd electron states in the surface region (~ 10-15A deep), revealing the identity
of surface species and often the mechanism for their chemical bonds to the surface.
As shown schematically in Fig. 1, the reaction is then investigated by heating the
surface to the various "transformation" temperatures in order to drive it through these
rcaction steps and studying the nature of surface species after cach sicp by UPS. This
approach constitutes :'xln essentially static study of the rcaction which utilizes
temperature-processing. Such static studies typically involve adsorption phases formed
at low pressure (< 10-¢ torr) and reaction steps initiated at the lowest possible

tcmperatures.

This approach leaves unanswered two questions wﬁich have practical significance
as well as fundamental interest:
1. What are (a) the nature of chemisorbed species and (b) the surface rcaction
pathways at higher temperatures and higher gas pressures?

2. What are the kinetics and energetics of the various steps in the rcaction?

We have developed an alternative, dynamic approach for spcctroscopic studies of
surface reactions which has the potential to answer both these questions. In it,
reaction steps are resolved in time under conditions of clevated surface temperature
and incident gas pressure, situations closer to practical reaction conditions . In the
following this approach is described and some preliminary rcsults are given for a simple

test reaction.
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Il. Time-Resolved Approach

Time-resolved studies of surface reactions are achieved here by (1) fiest preparing
surface species in an initial condition at clevated sample temperature and elevated
reactant gas pressure and (2) then measuring the time-cvolution of the surface species
under these reaction conditions using surfacc-sensitive spectroscopies, especially UPS.
The initial condition is produced by a brief cxposure of the clean surface (held at
clevated temperature) to the reactant gas using a fast-acting UHV gas dosing valve.
The time-cvolution of the UPS spectrum after the dose then contains information on
the nature of chcmisorbed species, the surface rcaction path, and the kinctics of

various rcaction steps.

Consider the-schematic example of a simple reaction in Fig. 2, in which the
rcactant cxposure from the gas dosing systcm produces an initial adsorbate phase A
which then reacts to form a sccond phase B. The UPS mecasurements can be consid-
ered in two ways:

1. Spectral dcpendence. By mcasuring the UPS spectrum of the surface

species within some time window, one can determine the nature of chemi-
sorbed species formed under these reaction conditions after a particular reac-

tion time. The sequence of species observed reveals the reaction path.

2. Time dependence. By monitoring the time-evolution of parts or all of the

UPS spectrum for a given phase, the kinetics (rate constants) of the preceding
or following reaction step are measured. Activation cnergies A and pre-
exponential (frequency) factors K, for these rate constants are then deduced
from the temperature dependence of these rate constants K(T) = K, cxp
(=A/KkT). It is clearly desirable to mcasure the kinctics over as wide as

possible a range of sample temperatures (or equivalently, reaction times).

11, Experimental Techniques

The key to time-resolution of surface reaction steps is the fast-acting gas dosiné
valve. It is an UHV bakeable device fully compatible with the vacuum quality of the
surface spectroscopy system. The valve is diffecrentially pumped and consists of
multiple stages of blades which either cover or Icave open a scrics of small apertures.
between the gas load chamber and the sample. It is switched on (open) or off (closed)

by a fast-acting solenoid outside the vacuum, which drives a bellows and thereby the
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imcernal moving parts. The switching time of the valve is 2-3 msec, so that cxposure
times as short as a few mscc are readily achieved, with adjustable duty cycle. The
dynamic range of mcasurable reaction times thus extends to potentially 108, from ~

10-2 scc 10 ~ 104 sec, the time for significant contamination in the UV system.
Y

The conductance of the valve is ~ 3 ml/sec on and ~ 3x 10~} ml/sec off. Since
the local pressure at the sample surface P, mp is determined by pas flow through the
valve in cither position, Pf""mp/}"”g,’ = 10°. Furthermore, the actual valve portion of
the dosing system is located close to the sample, with a short nozzle after the valve to
direct the gas onto the surface at the focal point of the clectron spectrometer; this
produces an enhancement of P, , compared to the residual gas pressure P, in the
UHV chamber P,/ P, =10?, indcpendent of valve position. An auxiliary
solenoid-operated valve makes it possible to pump out the gas load chamber quickly
(< 0.5 scc) for cases when measurements are to be done for rcaction times much

longer than the dosing time. As a result, the gas exposure during the on time can be

Kept much greater ( ~ 100X) than the accumulated exposure during the off time.

i 5

sys
it possible to inject a brief dose of gas at relatively high pressure (~ 1 torr) und then

The enhancement P

samp = 10? and the large system volume (~ 150 /) make

carry out electron spectroscopy on the absorbed species so formed. For example, with
a load chamber pressure of 250 torr and an on time of 10 msec, the sample surface
sces a local gas pressure of 0.6 torr with a total exposure of 6000 langmuirs. At the
end of this dose Py . ~ 5x 103 torr, so that the clectron multiplier can be left on and

electron spectroscopy measurements can be made immediately following the dose (the
local P,,,, above the surface decrcases to ~ P,y in < 1 msec). Higher pressures may
be possible with experimental improvements, particularly differential pumping of the

clcctron multiplier.

High counting rates available in UPS provide the possibility of mcasuring a
significant portion or all of the UPS spectrum in a short time (< 100 msec). With hot
filament operation of the He resonance lamp, counting rates of order 109 sec=! have
been achieved for adsorbate molecular orbital features at ~ 0.3 ¢V resolution. This
would give 3% statistics for a SO point spectrum taken in SO msec. Data is acquired
directly into the computer using the analog input module of a device coupler? at rates

as fast as 0.7 msec per (x,y) point.
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1IV. CO/Ni(111) Desorption Kinctics

As an initial test of this timc-resolved reaction study approach, we have mcasured
the kinctics of desorption of molccularly chemisorbed CO from Ni(111). The isosteric
heat of adsorption for this system has previously been determined from adsorption
isosteres log pcg vs. T—! at various coverages (mcasured by work function change
A¢) by Christmann et. al.> These measurcments were carricd out over the temperature
range 23<T<164°C; surface carbon produccd by the disproportionation reaction 2CO
- C,4s + CO,t prevented such measurcments above 164°C. The results show a
coverage-dependent activation encrgy for desorption which varies from ~ 30.0

kcal/mole (~ 1.30 eV) at low 8 to ~ 23.5 kcal/mole (~ 1.02 eV) ncar saturation.

We monitored the intensity of the UPS signal at the So/ 17 adsorbate orbital (~ 8
¢V below the Fermi cnergy) and thereby measured the temperature-dependence of the
desorption rate. We assume that changes in the UPS signal are proportional to
coverage changes of chemisorbed CO (approximately true from our studies). The data
were taken with the more common cold-cathode operation of He resonance lamp,

which gave lower counting rates than mentioned in the previous section.

The time-dependence of the UPS signal for sample tempcrature T = 175°C is
shown in Fig. 3 for a 200 msec dose after a 100 msec delay (curve a), followed by a
300 msec dose after a similar delay (curve b). The CO coverage (taken as proportion-
al to the UPS signal) saturates in ~ SO msec, as seen clearly by comparing the two
curves Fairly rapid desorption (in ~ 250 msec) is then observed following the dose
because the sample temperatures is near that of the flash dcsorpli;m pcak. Both curves
in Fig. 2 represent averages of 13 successive runs. The amplitude of the UPS intensity
change is somewhat smaller in the second set because the disproportionation rcaction
has poisoned (filled) some of the surface sites for CO chemisorption at this tempera-
ture. Because data can be obtained even for a single dosing cycle, this time-rcsoived
approach is viable even when competing reactions (like disproportionation in this case)
occur with similar rates. This represents a significant advantage for studies of the
desorption reaction compared to the adsorption isostere approach, 3 in which a single

measurcment involves many adsorption-desorption cycles.

Similar data for the dcsorption of CO at various tcmperatures from 122°C to
227°C is shown in Fig. 4. A change in desorption rate is clcarly observable for only ~

10°C change in sample temperature. The ability of the time-resolved approach to

™ b e e
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overcome the problem of competing, surface-poisoning reactions is shown in the higher

temperatures of these measurements compared to previous work.3

For a first analysis of data like that in Fig. 4, we assume a simple first-order

desorption mechanism

o) = ao,‘”of.s' =9 aae"/'ncs (1)

where the tecmperature-dependent desorption rate constant is given by

Kogs(r) = Kof_l/kr (2)
where A is the activation energy for desorption ( = heat of chemisorption) and K, is J
the pre-cxponential (frequency) factor. If we assume K¢ is coverage-independent
and deduce it simply from the % time of the dcsorption curves (like those in Fig. 4),
we obtain the data points shown by circles in Fig. 5. They give #

K, 2 1x10" sec ! and A = 25 kcal/mole = 1.08eV.

The results of Christmann et. al.3 are indicated in the inset in Fig. S and show a

coverage-dependent A with K, Z1x10" sec 7' They find that A = 30 kcal/mole at
very low 8 and A = 23.5-26.5 kcal/mole for most of the coverage range. The
temperature-dependence of Kpes is also shown by straight lines for three values of A
in the range found by Christmann et. al. Note that the new data plotted here agrees
with that corresponding to a A value averaged over the coverage range from the results

of Christmann et. al.3.

The coverage-dependence of the desorption rate constants can in fact be scen
dircctly in the desorption curve at a single fixed temperature, as illustrated in Fig. 6 for
T = 162°C. Here the experimental data is shown together with calculated

6-independcnt first-order desorption curves for various K . values. The mcasured

L T

curve is clearly not a simple single exponential, but instead K pg¢ changes with

coverage.

In a more complete analysis of such data, the coveragc-depcendent desorption rate

constants ¥

1 dé .
Kpes(T0) = - = r 3) ',‘
can be calculated from the desorption curves. Plots of Kpeg vs. -l-r at various 0 will

then reveal A and K for various coverages. This analysis is prescntly in progress.
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V Conclusions

As illustrated in the example of CO desorption from Ni(111), the time-resolved
reaction study approach described here provides a way to mcasure dircctly the kinctics
of individual surface reaction steps. This can be done cven if the step involves no
desorption products. It can be employed cven in the presence of competing reactions.
Furthermore, it gives a way to investigate the surface reaction at clevated temperature
and/or pressure (closer to reaction conditions) and to reveal the nature of chemisorbed
species present under such conditions.  Finally, it will extend the utility of clectron
spectroscopies to much higher pressure (~ 1 torr) than previously obtainable
(10-5-10-% torr), so that new adsorbate interactions and rcaction paths may be

observed.
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Fig. 1
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Schematie illustration of static reaction study approach using tempcrature-
processing. After initial gas exposure at some low base temperature Tpg,

(a) FDMS is used to determined temperatures T, T,, T3, ... at which
desorption: products are observed. The surface is then cleancd and anoth-
er initial gas exposure is made. In a tcmperaturc-processing study

(b), the UPS spectrum is mcasurcd bcfore and after the gas exposure
and after successive heating (and recooling) cycles to temperatures T,, T,,
R




Fig. 2

|

INCIDENT GAS PRESSURE

DOSER |DOSER DOSER
OFF ON OFF

! |
ADSORBATE COVERAGE FIRST PHASE
!

ADSORBATE COVERAGE SECOND PHASE
[

1
|
|
=7
|
|
1

i, S —

TIME

Schematic example of time-resolved surface reaction. (a) Gas dosing
system produces exposure during doser on-time. (b) This produces
coverage 0, of initial adsorbate phase (possibly up to saturation). N
then decays in time after the dose with rate determined by sample temper-
ature T, as surface species A converts 1o second adsorbate phase species
B. (c) Coverage O0g of species B grows correspondingly in time. At a
lower temperature Ty < Ty, this conversion time is longer.
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Fig. 3 Adsorption/desorption of CO on Ni(111) at 175°C due to 200 msec dose

(curve a) after 100 msec delay and 300 msec dose (curve b) after similar
delay. The photoemission intensity of the CO 5o/ 1« molecular orbitals is
taken as proportional to the coverage of chemisorbed CO.
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Fig. 4
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Adsorption/desorption of CO on Ni(111) at various tcmperatures due to
150 msec dose after 100 msec dclay. The CO coverage (with saturation
coverage defined as 05,1 = 1.0) is obtained from the UPS intensity at the
CO 50/17 orbital peak.
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Fig. § Temperamré-dependence of experimental desorption rate (circlef)

determined by assuming coverage-independent rate constants and using —
time of desorption curves. Inscrt reproduces the previous results of
Christmann et. al. (Ref. 3); three of these A values give the straight lines

shown for Kpeg vs. T
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