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INTRODUCT ION

This report deals primarily with a study of the kinetics of hydrogen
(H;) and hydrogen sulfide (H;S) chemisorption onto iron (Fe) films. It
was established in another study of the kinetics of H; chemisorption oato
Fe films that intermediate between the molecular gas phase and the dissociated
chemisorbed state is an adsorbed molecular species (1) . Undér certain con-
ditions of temperature and pressure the adsorbed mo'<2cular species acts as
a thermally activated rate limiting step for hydrogen chemisorption. The
goal of the present study was to develop a qualitative and quantitative
understanding of the chemisorption kinetics of the H,/Fe and H,S/Fe systems
so that they could be compared and related to kinetic mechanisms for the
environmental degradation of steels caused by H, and H,S.

The interaction of H; and H,S with steels results in the environmental
degradation of the structural characteristics of the steel via processes
such as hyldrogen embrittlement, corrosion and hydrogen attack. The degra-
dation process associated with H~embrittlement is postulated to be rate
limited by the initial chemisorption of molecular hydrogen at the gas-metal
interface ¢s indicated in the work of Nelson, et al (2). The H-embrittlement
process is significantly accelerated over that due to a pure H; environ-
ment if H;S is added to the environment. Dissolved protonic hydrogen in
the iron lattice is believed to be the casual gpecies which induces H-
embrittlement. The most expedient explanation for the H,S-accelerated-
embrittlement is that the rate of absorption of protonic hydrogen is greater
from H,S than from H;; where the initial step in the H-absorption process

is chemisorption.



An accelerated chemisorption of H;S compared with H, could result
from either the absence of a molecular precursor for chemisorption or if
one is present, the kinetic rate between the precursor and the dissociated
chemigorbed state may be significantly faster for H2S compared with Ha.

The answers to such questions were addressed in this work.

To investigate the chemisorption kinetics, a quasi-isothermal approach
was employed; the coverage of chemisorbed hydrogen or chemisorbed sulfur
was observed as 2 function of time for fixed conditions of substrate tem-~
perature and gas phase pressure. The measurements are considered to
be quasi-isothermal because the gas phase temperature is constant at room
temparature (about 295 K) while the substrate temperature is varied. Auger
Electron Spectroscopy (AES) was used to observe the chemisorbed sulfur.

To observe the chemisorbed hydrogen it was necessary to employ a much
different technique since hydrogen is insensitive to many surface analysis
procedures. The technique employed to monitor the hydrogen coverage was

the chemisorption-induced resistance change. This is a phenomenon whereby
the resistance of a thin conducting substrate changes due to chemisorption
occurring on the surface. The phenomena of the chemisorption-induced resis-
tance change and the techniques developed for the hydrogen chemisorption
studies are discussed in detaii in ref. 3, which is included in this report
as Appendix A.

To compare the results obtained from studying kinetics by the two
different techniques, namely by AES and the chemisorption-induced resistance
change, a study was made of the kinetics of oxygen (02) chemisorption onto
Fe films.

Although the chemisorption-induced resistance change is a phenomena

which has been known for some 25 years, there is still controversy over



the physical mechanism for the phenomena. Saeveral studies were made te
clarify this situation for Hy;, HyS and Oy chemisorbed onto Fe films.
Finally, the reaction model utilized to interpret the hy/Fe chemi-
sorption kinetics was applied to data from an earlier study on the de-
sorption kinetics for H; chemisorbed onto nickel (Ni) films in the
vicinity of the Curie temperature of the film. This analysis permitted
a geparation of the gross desorption process into individual components
80 that the influence of the magnetic phase transition on the rate con-
stants could be determined. The details of this work will not be dis-~
cussed in this report as they tend to fall outside the general theme of
the study. The reader is referred to ref. 4 for a discussion of this

study.
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Discussion of Results

In this report only major results and conclusions will be presented.
Details of the various aspects of this study can be found in the open-
literature publications listed in the Bibliography and in the previous
semi-annual reports for this grant. The Discussion of Results will be
divided into the following subject divisions: (1) Experimental Details,
(2) H/Fe Chemisorpfion Kinetics, (3) H,S/Fe Chemisorption Kinetics,

(4) 02/Fe Chemisorption Kinetics, and (5) Origin of Chemisorption-Induced

Resistance Change.

Experimental Details

Utilized throughout this study were thin Fe film substrates. The Fe
films were prepared by sublimation from high purity Fe wire filaments onto
either glass substrates for the Hy, H»S and 0 studies or onto Si(11l)
monocrystals for additional H,S and O, studies on epitaxially grown Fe
films. Great care was taken in cleaning the evaporation substrates, pri-
marily by thermal outgassing. The evaporated films were either annealed
at elevated temperature to stabilize their resistance for use at elevated
temperatures or wére allowed to self-anneal for use at room temperature.
The major effect of annealing the film was to change the roughness of the
film, thereby changing the number of adsorption sites per unit geometrical
area of the film. No attempt was made to characterize the morphography
of the polycrystalline films; the structure of the epitaxially grown films
was characterized with Low Energy Electron Diffraction (LEED). The ex-
posed surface of the e taxially grown Fe films had a [111] orientation.
The chemical purity of the surfaces was checked with AES. Except for a
maximum of about 3-57 of a monolayer of oxygen, the film surfaces were

free of contaminates. It was concluded that the oxygen originated from
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the evaporation filament and not from gas phase adsorption. The films
utilized in the study varied in thickness with a minimum thickness of about
S5 nm. Films thinner than 5 nm showed signs of being fatchy. The thickness
of the films was established from the effective regsistivity of the film.
The films were made and the measurements performed in an ultra-high-
vacuum (UHV) apparatus with a base pressure of about 2.7x10"°N/m®. Con-
siderable effort was spent to insure that the film surfaces were not con-
taminated by residual gas impurities and that spurious impurity gas

generation in the UHV apparatus was minimized.

H, /Fe Chemisorption Kinetics

The kinetics of H, chemisorption onto polycrystalline Fe films was
extensively studied over a gas phase pressure range of 10 7 to 10 2N/m?
and a temperature range of 290 K to 500 K. For this study the chemisorp-
tion-induced resistance change was utilized to monitor the coverage of
chemisorbed hydrogen in response to variations of the gas phase hydrogen
pressure at various constant substrate temperatures. The principal kinetic
measurements used in the H,/Fe study were: (1) (gross) adsorption,
(2) (gross) desorption and (3) p-j (pressure-jump) relaxation measurement.
In addition an equilibrium measurement of the resistance change isotherm
was made. A detailed discussion of the procedures nused in the H,/Fe
kinetic measurements is presented in Appendix A under the section entitled,
"Kinetic Measurements'.

The results of the Hy/Fe study can be summarized as follows: molecular
hydrogen dissociately chemisorbs on Fe via an adsorbed molecular species.

The reaction path is schematically illustrated as follows:

kap k,
H,(gas) g Hp* -+ 2H. (1)
kd k'b



In this model, molecular hydrogen adsorbs into the molecular state Hz*,
with a rate given by kap. The constant ka is equal to a/EVfE;;E;E, where
@ is the probability for adsorption into an empty molecular site, n is
the average number of molecular adsorption sites per unit area, m is the
mass of the hydrogen molecule, kB is Roltzman's constant and T is the gas
temperature. Chemisorption occurs when the adsorbed moelcular specie
proceeds into the dissociated chemisorbed state, H, with rate k;. For
desorption, the atoms in the chemisorbed state recowbine and go to the
molecular state at rate k. The adsorbed molecular specie then desorbs
into the gas phase with a rate kd' The rate constants k;, ka2 and kd are
temperature dependent with various activation energies. The schematic

model presented in Eq. (1) is mathematically des ribed as follows:

* * *
dg /dt = kap (1-6) - kde - 1/246/dt, (2a)
* 2 2 *
1/2d9/dt = k;6 (1-8)° - k,0°(1~8 ), (2b)
*
where O is the coverage of the adsorbed molecular state and 0 is the

coverage of the dissociated chemisorbed state. At equilibrium the solution

for 0 reduces tc the Langmuir isotherm for dissociative adsorption,

o= \/kp /v/l + Kp, where K = (ka * kx)/(kd " k,). From measurements of 8
at various temperatures and pressures, the isoteric heat of adsorption was
determined to be 82.1 kJ/mole for § < 0.1. This is in agreement with the
heat of adsorption determined from the temperature dependence of K. This
value is, also, in good agreement with a recent study of H, chemisorption
on oriented Fe surfaces (5). 1In general the rate constants and K were
found to be independent of € up to coverages of about 0.8.

The rate constants for the reaction were obtained from an extensive
analysis of the data and comparisons of the data with approximate and exact

numerical solutions of the model. The rate constants for H;/Fe chemisorption
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are summarized in Table I for measurements conducted over the pressure

range of 10 ' to 10 2N/m’ and the temperature range 290 K to 500 K.

Table I. Rate Constants for Hz2/Fe Chemisorption Reactions

Rate Constants H,/Fe

k. (Nm 2 sec)”!? 6 x 102 (at 300 K), a = 0.2 (6)
kys sec ! 11T exp (-28.9/KT)

k,, sec ' 604T exp (-34.7/RT)

ky, sec ! 3.45 x 10'3T exp (-87.9/RT)

R is in units of kJ/mole K and T is in degrees Kelvin.

H,S/Fe Chemisorption Kinetics

The study of the kinetics of H,S chemisorption onto polycrystalline as
well as [111] oriented epitaxially grown Fe flims was studied only at 300 K
and over a gas phase pressure of 10 7 to 10 ° N/m?. In the‘stugy ;he chemi-
sorption-induced resistance change as well as AES was utilized to monitor the
coverage of chemisorbed sulfur. It was possible to observe only (gross) ad-

sorption kinetics with H,S since sulfur does not desorb from Fe at 300 K.

The results discussed herein relate to measurements made on the [111]
oriented epitaxially grown Fe films. Observations with LEED during ad-
sorption show the growth in intensity of a (V[S—xv/;—) R 30° pattern with
exposure to H,S up to saturation coverage. This suggests that at saturation
coverage 1/3 of the available adsorption sites are filled with sulfur atoms.

The adsorption kinetics for H,S/Fe are modeled in a similar fashion as
H,/Fe. Assuming that the dissociation products are H and HS, then schemat-

ically, the adsorption of H,S onto Fe is given by:

kp k,y
a *
H2S(gas) 7 H,S +  H-Fe + HS-Fe. (3)
k4



The rate constants have the same definition as for H, adsorption. Note,
however, that for H2S/Fe, k, is zero since sulfur does not desorb at 300 K.
The dissociation products for H,S have not been clearly established, but
there is evidence for the presence of H and HS on che surface. The adsorp-

tion model can be written mathematically as:

40" /dt = kP (1-0") - kde* - 1/2 d0/dt (4a)
1/2 d0/dt = k,0 (1-e/esat) (4b)

where © = 2/3,
sat
An analytical solution to the model was obtained in the steady-state
*

approximation (d® /dt = 0) and compared with the data. From an analysis of
the pressure dependence c¢f the adsorption rate and the general kinetics it
wag possible to obtain estimates of all the rate constants. The rate con-
stants for H,S/Fe(ll1l) chemisorption are summarized in Table II for
measurements conducted at 300 K over the pressure range 10’/ to 10  °N/m?.

The H,S/Fe(111) rate constants are also compared with corresponding values

for H,/Fe at 300 X in Table II.

Table II. Rate Constants for H,S/Fe(1lll) Chemisorption Reaction

Rate Constant H2S (at 300 K) H, (at 300 K)
k_, (M 2sec)”’ 1.2 x 10°, a = 0.4 6 x 102
ks sec ! 0.05 0.03
k;, sec ! 0.22 0.16

Although the values in Table II relate to adsorption onto an oriented iron
surface, they are also representative of adsorption onto polycrystalline Fe

flims. The primary difference in the two measurements is the uncertainty in



knrowing the number of adsorption sites per unit area which directly affects :
ka’ but not kd or k;. This particular ambiguity is removed by using

oriented surfaces.

0,/Fe Chemisorption Kinetics

A study was carried out of the kinetics of O chemisorption onto
polycrystalline Fe films at 300 K. The study employed both the
chemisorption-induced resistance change and AES to monitor the coverage
of chemisorbed oxygen. Since dissociated chemisorbed oxygen does not
desorb from Fe, only (gross) adsorption measurements were possible. The
objective of this short study was to compare the kinetics measured by
these two techniques.

We find no significant difference in the form of the adrorption kinetics
as measured by AES or the chemisorption~induced resistance change. A model
in which chemisorption occurs via an adsorbed molecular specie was compared
with the data. Schematically the model is similar to that:presented for

H,S chemisorption, Eq. (3) and is given by,

k p ky
e *
O2(gas) = 0, =+ 20, (4)
kg

shere 92* is the adsorbed molecular specie and 20 is the dissociated chemi-
sorbed state. The definition for the rate constants is as for H, adsorption.

A limiting form for the model, obtained when (kap + kd)/k| > 5, is an

excellent fit to the data over an exposure range from about 0.5 to 2000 L.

The limiting form to this adsorption model is, however, mathematically equiva-
lent to another model where dissociative chemisorption occurs directly from the
gas phase and does not involve a precursor. The data at 295 K cannot dis-
tinguish between the two models, but other data at 80 K supports the model

with the adsorbed molecular specie. We conclude that oxygen chemisorption

onto iron occurs via a mobile-adsorbed molecular specie.
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For the limiting form to the adsorption model, Eq. 4, the effective

initfal adsorption rate is given as
Keff = 2kap ) kl/esat (kap + kd)

(Note that this result is identical to that for H,S adsorption).

There is no obvious pressure dependence to Ke for p < 10-“N/m2, 80

£f

in this low pressure regime

) 2kap (}El)
eff esat kd

K

By comparing values of Keff at 295 K and 80 K, an activation energy of
~-5.2 kJ/mole is calculated for (kl/kd). There is no obvious coverage depen-
dence to the rate constants, since an excellent fit to the data is possible

with coverage independent parameters. Some variation is found in Ke as

ff
measurcd by AES and by the chemisorption-induced resistance change. These
variations appear to be related to the AES measurement technique. Similar
problems are not encountered in the resistance-change measurement because of
its passive nature.

Measurements have also been made of a current noise which occurs when
02 chemisorbs to saturation to polycrystalline iron films. The current noise
is assumed to arise from a reversible reaction between two different adsorbed
6xygen states on the surface, where thermodynamic forces produce fluctuates
in the number of adatoms in a particular state. The number fluctuations are
coupled to the current via the chemisorption-induced resistance change. The
exact nature of the oxygen states has not been established. The simple
proposed model for the noise is qualitatively and quantitatively in agree-
ment with the data. The model assumes only a single correlation time for

the autocorrelation function implying that surface heterogeneity is not

important to this reaction process. An understanding of this noise process
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may have important implications for understanding noise sources in conduc-
tors as wel) as offering a new technique to investigate reactior kinetics

under passive-ambient conditions.

Origin of the Chemisorption-Induced Resistance Changes

Since the application of the chemisorption-induced resistance change
was a technique utilized throughout this work, it was considered important
to investigate the origin of the phenomena for the H,/Fe, H,;S/Fe and 0,/Fe
adgorption systems.

There are three models f r the origin of the resistance change. The
first assumes that the change results from a reduction in the conducting
thickness of the film. The second model assumes that the scattering proper-
ties of the conduction electrons at the surface a?e modified by adsorption.
It can be shown for both of these models that the magnitude of the frac-
tional resistance change due td chemisorption will be températiire
dependert and have very specific thickness dependence for very thin films.
Experimentally we have shown that there is no temperature dependence to the
fractional resistance change and that the thickness dependence follows a
simple inverse thickness relationship down to films as thin as 2 nm. These
observations ar: in contradiction to the predictions of the two models dis-~
cussed above. A third model, originally proposed by Suhrmann, assumes that
the density of states for the conduction electrons is changed by chemisorption
at the surface. The predictions of thig model are in good agreement with
the observations for H,/Fe, 0,/Fe, and H,S/Fe. Additional details of this

study can be found in Appendix A.
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Conclusions

There are several conclusions to be drawm from this study. The first
1s that the chemisorption-induced resistance change is a viable technique
for use in isothermal kinetic studies. With regard to the chemisorption
induced resistance, the origin of the phenomena for H,/Fe, H,S/Fe and 0,/Fe
chemisorption systems is related to modification in the adsorption substrate's
conduction electron bulk density of states.

For the H,/Fe, H,S/Fe and 0;/Fe chemisorption systems, the kine:ics of
chemisorption are best described by a model where dissociative chemisorption
occurs via an adsorbed molecular: specie. The primary difference in the
kinetics for these three systems is that chemisorption for H,/Pe is rever-
sible on a reasonable time scale at temperatures above 250 K, whereas for
H2S/Fe and 0:/Fe chemisorption is irreversible. These studies also suggest
that the rate parameters involved in the chemisorption reaction are coverage
independent which is surprising since coverage dependent effects are often
observed in other types of chemisorption studies.

For both the H2/Fe and the H2S/Fe chemisorption systems, the step be-
tween the adsorbed molecular specie and the dissociated chemisorbed state
can act as a rate limiting step for chemisorption. From our measurements
we can conclude that at 300 K the adsorption rate at high pressures in the
rate limited regime, is essentially identical for H, and H,S. At low
pressures where ads rption is dominated by adsorption from the gas phase
into the adsorbed molecular specie, the adsorption rate for H,S will be

about twice that for H;.

-12 -



References and Footnotes

1.

M. R. Shanabarger, Surface Sci. 52 (1975) 689.

Howard G. Nelson, Dell P. Williams and Alan S. Teirelman, Metal. Trans.
2 (1971) 953.

M. R. Shanabarber, "The Chemisorption-Induced Registance Change and
its Application to Determining H,/Fe Chemisorption Kinetics," to be
published in Advanced Techniques for the Characterization of Hydrogen
in Metals, N. Fiore and B. Berkowitz, eds., The Metallurgical Society
of AIME (Warrendale, PA).

M. R. Shanabarger, Phys. Rev. Letters 43 (1979) 1964.

F. Bozso, G. Ertl, M. Grunze and M. Weiss, Applications of Surface
Sci. 1 (1977) 103.

The value of & obtained from this study is in agreement with the

initial sticking coefficient observed in other studies, e.p. -see ref. 5.

-13 -



Bibliography

Papers/Reports (published and unpublished)

H,/Fe: M. R. Shanabarger, "Temperature Dependence of the Adsorptiom
Kinetics for Hydrogen Chemisorbed onto Evaporated Fe F{lms"
in Proceedings of the Seventh International Vacuum Congress
and the Third International Conference on Solid Surfaces,

R. Dobrozemoky, ed., Vienna, 1977.

Hy/Ni: M. R. Shanabarger, "Isothermal-Desorption-Rate Measurements in
the Vicinity of the Curie Temperature for Hz Chemisorbed on
Nickel Films", Physical Review Letters 43 (1979) 1964.

H,S/Fe: M. R. Shanabarger, "Kinetics of H,S Adsorption onto Fe Films",
in Proceedings of the Fourth International Conference on
Solid Surfaces and the Third European Conference on Surface
Science, Cannes, 1980, Supplement a la Revue LeVide,
les Couches Minces, No. 201.

Hp, & H;S/Fe: M. R. Shanabarger, "A Comparison of Adsorption Kinetics on
Iron of H; and H,S" in Hydrogen Effects in Metals, I. M. Bermstein
and A. W. Thompson, eds; The Metallurgical Society of AIME
(Warrendale, PA, 1981).

0,/Fe: M. R. Shanabarger and Jo Wilcox, "Origin of the Chemisorption-
Induced Resistance Change for O, Adsorbed onto Fe" in Proceedings
of the Eighth International Vacuum Congress, Canunes, 1980.
Supplement a la Revue LeVide, les Couches Minces, No. 201.

M. R. Shanabarger, Jo Wilcox and H. G. Nelson, "Summary Abstract:
Cbservation of an Excess Current Noise Resulting from Oxygen
Adsorption onto Iron Films" to be published in Journal of Vacuum
Science and Technology, March/April, 1982.

M. R. Shanabarger and R. D. Moorhead, The Kinetics of Oxygen
Adsorption onto Polycrystalline Iron Films, unpublished.

Other: M. R. Shanabarger, "The Chemisorption-Induced Resistance Change
and Its Application to Determining H2/Fe Chemisorption
Kinetics", to appear in Advanced Techniques for the Characteri-
zation of Hydrogen in Metals, N. Fiore and B. Berkowtiz, eds.;
The Metallurgical Society of AIME (Warrendale, PA).

- 14 -



Talks Presented (contributed and invited)

1.

10.

M. R. Shanabarger, "Adatom-Adsorbate Charge Transfer whem O: Chemisorbs
on Fe Films", contributed paper, March Mzuting of the American Physical
Society, San Diego, California (1977).

M. R. Shanabarger, "Temperature Dependence of the Adsorption Kiuetics
for Hydrogen Chemisorbed onto Evaporated Fe Films", contributed paper,
7th International Vacuum Congress and 3rd International Conference on
Solid Surfaces, Vienna, Austria (1977).

M. R. Shanabarger, "Chemisorption Kinetics in the H,/Fe System", con-
tributed paper, AIME ..nual Meeting, New Orleans, Louisiana (1979).

M. R. Shanabarger, "Kinetics for Hydrogen Sulfide Adsorption onto
Evaporated Iron Films:, contributed paper, Spring Meeting of the
California Catalysis Society, Stanford, California (1979).

M. R. Shanabarger, "Fluctuation Spectroscopy - A Technique to
Measure Fast Chemisorption Kinetic Processes", contributed paper,
Fall Meeting of the California Catalysis Society, Irvine, California (1979).

M. R. Shanabarger, "A Comparison of Adsorption Kinetics on Iron of R,
and H;S", contributed paper, Third Internmational Conference on the
Effect of Hydrogen on Behavior of Materials, Jackson Lake Lodge,
Wyoming (1980).

M. R. Shanabarger, "Adsorption of H,S onto (111) Oriented Fe Films at
300 K", contributed paper, 8th International Vacuum Congress, &th
Internaticnal Conference on Solid Surfaces, and the 3rd European Con-
ference on Surface Science, Cannes, France (1930).

M. R. Shanabarger, "Origin of the Che.isorption-Induced Resistance
Change for 0, and H,S Adsorbed onto Fe Films" (with Jo Wilcox), con-
tributed paper, 8th International Vacuum Congress, 4th International
Conference on Solid Surfaces, and 3rd European Conference on Surface
Science, Cannes, France (1980).

M. R. Shanabarger, "Adsorption of H;S onto (111) Oriented Fe Films at
300 K", University of Munich, Munich, Germany (1980).

M. R. Shanabarger, "Changes in the Desorption Rate Near the Curie
Temperature for H, Chemisorbed onto Ni Films", Institut fur
Grenzflachenflorschung und Vakuumphysik der Kernoforschungsanlage
Julich GmbH, Julich, Germany (1980).

- 15 -
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THE CHEMISORPTION-INDUCED RESISTANCE CHANGE AND

ITS APPLICATION TO DETERMINING Hy/Fe CHEMISORPTION KINETICS®

¥. R. Shanabarger

Quantum Institute, University of Califormia
Santa Barbara, Califormia 93106

Abstract

Hydrogen adsorbed on a surface is difficult to detect because it is ef-
fectively iavisible to most of the modern surface analysis techniques devel-
oped to detect surface species. One of the few techniques which is sensi-
tive to adsorbed hydrogen is the chemisorption-induced resistance change.
The chemisorption-induced resistance change is a phenomenon where the resis-
tance of a metal film substrate is changed due to chemisorption on its sur-
face., For hydrogen this phenomenon provides a sensitive and, because of its
passive nature, unique technique to monitor the coverage of chemisorbed hy-
drogen. The principles, advantages and limitations of the technique are re-
viewed. A specific application to the determination of the hydrogen-iron
chemisorption kinetics is presented.

This work supported in part by NASA NCC-2-63 and NASA NSG-2222,



Introduction

The characterization of hydrogen adsorbed on metal surfaces is relevamt

to a large class of materials and materials related problems.

For example,

because hydrogen adsorbed on mickel and iron is chemically reactive, these

metals are often used as catalysts.

Adsorbed hydrogen can alter the elec-

tronic nature of silicon surfaces and cause the surface structure of tung-

sten to recomstruct relative to the bulk structure.

The surface is also

the boundary through which hydrogen enters or exits the interior of the

metal.

The kinetics of this boundary passage are importaat to ocur under-

standing of the mechanisms of gaseous hydrogen embrittlement.

There are a aumber of techniques available to study adsorbed species on

surfaces, one of which is the chemisorption-induced resistance change.

The

major advantages of this technique are that it can indicate the chemisorp-
tion of virtually any species including hydrogen and it is non-intrusive in
that the measurement does not interfere with the phenomenon being measured.
In the present review I will first consider hydrogen-metal adsorption and

available measurement techniques in some detail.

The emphasis when.discue-

sing the measurement techniques will be on their usefulness for kinetic

studies.

I will next focus on the chemisorption-induced resistance change

technique and discuss its origin and characteristics including its advanta-

ges and limitations.

Finally, an example will be given of the chemisorp-

tion-induced resistance change technique applied to the determination of the
isothermal kimetics of hydrogen chemisorption on iron films.

Adsorbed States of Hvdrogen

On or near a metal surface there are several different adsorbed states

in which hydrogen can exist.

Fig. 1 is a simplified schematic of the poten-

tial energy curve of a hydrogen molecule as it approaches a metal surface
from free space alogg an appropriate reaction coordinate showing the princi-

pal adsorbed states.

The hydrogen molecule first encounters a shallow po-

tential minimum (typically less than 21 kJ/mole (5 kcal/mole)) about 0.4 nm

from the surface.
indicated =eparately in Fig. 1.

This is the physisorbed state which for simplicity is not
The weak binding of the physisorbed state
is due to Van der Waals (electrostatic) forces (1).

Because of the weak

binding, the physisorbed state will be occupied only at very low tempera-

tures.

After the physisorbed state, the hydrogen molecule next eacounters a

less understood state which is referred to as an adsorbed molecular state or

molecular precursor (2).

The location of the precursor with regard to the

surface 18 not known nor is the nature of the forces binding the molecule in

SURFACE

SUBSURFACE PRECURSOR

ABSORPT{ON
PRECURSOR

e = i b it = —hry v+

|
|
|
l
| CHEMISOREED

?13. 1 = Simplified potential energy
cutve showing the principal adsorbed
states of hydrogen in the vicinity
of a metal surface for molecular hy-
drogen adsorption.

this state. It has been suggested
that the precursor may be the physi-
sorbed state (2b). More likely the
precursor lies closer to the surface
than the physisorbed state and the
binding forces involve weak chemical
bonds with the surface (2c). Typical
binding energies for the precursor
are 25-42 kJ/mole (6-10 kcal/mole).
It is known that the precursor is vi-
tal in mediating the adsorption-de- -
sorption reaction between the gas
phase and the chemisorbed state. The
chemisorbed state is 0.1-0.2 nm from
the surface (3). In the chemisorbed
state the molecular hydrogen i3 dis-
sociated into atomic hydrogen. The



chemisorbed state involves covalent bonding (alectron transfer) between the
adatoms and the atoms of the substrate with adatom binding energies of about
170 kJ/mole (40 kcal/mole).

Between th: molecular precursor and the chemisorbed state is an activa-
tion barrier of height E; which the hydrogen molecule must overcome to be
chemisorbed. For many metals (e.g. Fe, Ni, Pd and W) this activation barri-
er is swmall and chemisorption occurs readily at moderate temperatures, 300K.
For other metals (e.g. Ag, Au, Cu, Al and Mg) E, is large (greater than 40
kJ/mole) and chemisorption is inhibited except at elevated temperatures.

From the chemisorbed state hydrogen can enter the bulk. It has receat-
ly been suggested that for hydrogen, intermediate between the chemisorbed
state and the subsurface-dissolved protonic hydrogen is an intermediate sub-
surface hydrogen state, see Fig. 1 (4). This intermediate state acts to
some degree as an atomic absorption precursor between the chemisorbed hydro-
gen and the subsurface-dissolved hydrogen.

Hydrogen Measurement Techniques

The characterization of hydrogen in the chemisorbed state involves the
investigation of a large number of properties of the hydrogen-metal complex.
These properties can be placed in either of two broad catagories; static or
dynamic (kinetic). The static properties include examples such as the
structure of the chexnisorbed overlayer with regard to the substrate; the oc-
cupancy and energy of the electronic levels of the hydrogen-metal complex
and the binding energy of the chemisorbed hydrogen (5, 6). Examples of the
dynamic (kinetic) processes are; the adsorption-desorption kinetics between
the gas phase and the chemisorbed hydrogen (7, 8); diffusion of chemisorbed
hydrogen along the surface (9); kinetic processes between the various ad-
sorbed hydrogen states (8) and absorption~desorption between the chemisorbed
hydrogen and the subsurface~dissolved protonic hydrogen.

To observe the dvnamic processes associated with the chemisorbed state,
it is necessary to monitor directly the chemisorbed hydrogen coverage (con-
centration). There are many adatom specific techniques, but the majority
are either insensitive or simply don't work for hydrogen (6, 10). For ex-
ample, all techniques based on the excitation of electronic core levels of
the adatom (the most common of which is Auger Electron Spectroscopy) do not
work with chemisorbed hydrogen because it is a one-electron atom (6). These
techniques do work for certain applications involving hydrogen-bearing mole-
cules, such as hydrogen sulfide, where the multielectron atom, sulfur, cam
be observed, There are other techniques such as, Ion Scattering Spectros-
copy (ISS) (10), Electron-Ion Desorption (EID) (11, 12) and Secondary Iom
Mags Spectroscopy (SIMS) (10, 13), which require considerable experimental
care for their application and interpretation. SIMS, for example, is a very
sengitive technique. It has been found however, to be difficult in practice
to discriminate hydrogen on the surface from hydrogen below the surface (13).

Two techniques to monitor the chemisorbed hydrogen coverage which are
relatively straightforward to utilize and are adatom specific are Ultravio-
let Photoelectron Spectroscopy (UPS) (6) and Thermal Programmed Desorption
(TPD) (11). In UPS, energy levels of the hydrogen-metal complex are probed;
the integrated spectral intensity of the excitation due to hydrogen is pro-
portional to the coverage of hydrogen. Although UPS can detect hydrogen
coverage as low as about 0.l monolayers, the technique has limited :1pplica—-
tion to dynamic studies since it requires fairly long data accumulation and
processing times. Thermal Programmed Desorption is perhaps the oldest sur-
face analysis technique in common use. After adsorbing hydrogen onto the



surface, the surface is heated in a programmed fashion causing the hydrogen
to desorb. The desorbing hydrogen is monitored with a mass spectrometer.
The thermally integrated hydrogen signal is proportional to the initial cov-
erage of adsorbed hydrogen. Although TPD does not monitor the surface cov-
erage directly, it is an extremely sensitive technique with some application
to kinetic studies (14).

There are several iechniques to monitor chemisorbed hydrogem which.are
non-adatom specific. Techniques, such as surface potential measurement,
magnetization changes and the chemisorption-induced rcsistance change are
very gsensitive with detectability limits on the order or below 0.0l mono-
layers. Consider first the surface potential measurement. When hydrogen
chemisorbs onto a metal surface it changes the work function of the surface.
The work function change is the surface potential (6). The surface poten-
tial can be a complicated function of the coverage, but for most hydrogen-
metal systems it 1s linearly related to the coverage at coverages less than
0.2 monolayers. The surface potential measurement has been used in iso-
thermal kinetic studies (15). If the metal substrate is magnetic, then
chemisorption can change the magnetic moment of the surface atoms (16). The
magnetization changes have been used to study hydrogen adsorption onto iron
(17). The use of large magnets required to carry out the magnetization mea-
surements places restrictions on the arrangement of the experimental appara-
tus and the concurrent use of additional analytical surface techniques. Fi-
nally, the simplest and perhaps most experimentally straightforward tech-
nique to monitor the coverage of chemisorbed hydrogen is the chemisorption-
induced resistance change (18). Very simply, the resistance of thin metal
substrates change wher hydrogen chemisorbs on the surface. As will be seen,
this technique has t!'. sensitivity and measurement response time necessary
to carryout comprehensive studies of isothermal kinetics rot possible with
other techniques (19, 20). :

The Chemjisorption-Induced Resistance Change

The chemisorption-induced re~
sistance change is the change in ;
resistance of a metal substrate re-. \ / ' /
sulting from chemisorption occuring
on the surface. This is schemat- 2
ically shown in Fig. 2, where the . /99@665fKAT3§z7
resistance change of a thin sub- | 1l
strate is changing as species ad- - =)
\Rc
{OHMMETER) ]

sorb from the gas phase. The re-
sistance change, SR = R(9) - R(0),;
is the difference betwzen the re- .

sistance at coverage 8 and the re- " pyp 2 _ gchematic illustration of the

sistance 2t O = 0. The coverage © hemisorption-induced ist hang
Bt ance i O vhe e’ of ,che rption-induced resistance c Q.

chemisorbed adspecies to the number of surface atoms, where O0=1 is referred
to as monolayer coverage. Resistance change data will be presented as the
fractional resistance change, SR/R (=6R/R(0)), as this facilitates compari-
son of the data for different chemisorption systems.

Characteristics of the Reaistance Change

The chemisorption-induced resistance change is a well established phe-
nomenon for many chemisorption systems (18, 21) and was a very early techani-
que used to study the chemisorption process (22). A typical erxample of the
type of information that can be obtained with this technique is illustrated
in Fig. 3. Presented here is a typical resistance change isotherm for hydro-
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gen adsorbed onto a Ni film at 295 K. 10 -

A resistance change isotherm is the -

variation of the equilibrium resis- 8r & Hy/Ni, T=295K

tance change with gas phase pressure i d=23nm

for a constant temperature. At low ér y:
pressures, the equilibrium resistance L /

change shown in Fig. 3 is proportion-
al to vp. This indicates that mole-
cular hydrogen is dissociated into
atomic hydrogen when chemisorbed onto
Ni. The solid line in Fig. 3 is a fit
of the data to a particular coverage
isotherm for dissociative adsorption
(2b). In fitcing the data to the cov-;
erage isotherm, it was assumed that | "
SR/R = AXQ, where A is the magnitude
of the fractional resistance change at

SLOPE = %

Hn
L

SR/R X 2, 10~3
|

N
T

monolayer coverage and O is given by 1 ry it ""'14 1t
the coverage isotherm. In additiom to 10 10
obtaining an estimate of the coverage | P/2, N/m2

of the chemisorbed state, the heat of
chemisorption can be obtained from de-
terminations of the isotherms at vari-
ous temperatures (20).

Fig. 3 - Typical resistance change
isotherm for Hy adsorbed onto a Ni
film. The solid line is a fit of

the data to a Langmuir isotherm for

The general characteristics of dissociative adsorption.

the chemisorption-induced resistance change have been established from ob-
servations on a number of systems (21). The principal characteristcics are;
(1) the sign of the resistance change, (2) variation with coverage and (3)
magnitude of the resistance change and its variation with f£ilm thickness and
temperature. The sign of the resistance change has already been indicated
in Fig. 3, namely the resistance change for hydrogen chemisorption is pos-
itive (SR/R>0). The initial resistance change at low coverage 1s positive
for all chemisorption systems studied to date which involve covalent bonding
between the adspecies and the surface atoms (21). A negative resistance
change (8R/R<0) for hydrogen is reported to result from adsorption on a con-
taminated surface (23)

The hydrogen-metal systems which have been studied show at low coverage
(0<0.2) a linear relationship between the resistance change and the coverage
of adsorbed hydrogen (21, 24). This linear relationship is not necessarily
obgserved at higher coverages. The methods used to determine the coverage of
chemisorbed hydrogen in these studies are, however, questionable because
they are based on volumetric determinations of the total amount of adsorbed
hydrogen. The adsorbed hydrogen is distributed among the various adsorption
states (see Fig. 1) and does not necessarily reside only in the chemisorbed
state, hence a non-linear behavior might be expected. Variation of the frac-
tional resistance change with coverage for the 0y/Fe system is shown in
Fig. 4. Here the relative coverage of chemisorbed oxygen was determined di-~
rectly with Auger Electron Spectroscopy (AES). As can be seen, the resis-
tance change for 02/Fe is linearly related to the coverage up to saturation.
The data for Hy/Ni in Fig. 3 suggests that the resistance change for this
system is linearly related to the coverage up to saturation. A similar re-
sult has also been obtained for Hy/Fe (20) besed on analysis of the resis-
tance Jsotherm and not can the measurement of the total amount of adsorbed
hydrozen.

Another characteristic of the resistance change is that the magnitude is
iaversely proportional to fiim thickness. This is demonstrated in Fig. 5 for
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H,/Fe, H,/Ni, HyS/Fa and 05/Fe, where
the magnitude of the fractional resis-
tance change at estimated monolayer
coverage, A, is showa as a function of
film thickness, d. The inverse thick-
ness dependence is a manifestation of
the fact that the resistance change is
a phenomenon whose magnitude is di-
rectly related to the surface-to-vol-
ume ratio of the substrate. The mag-
nitude of A for different species has
been shown to be related to the ad-
species heat of adsorptiomn (25). On
this basis the magnitude of the resis--
tance change which might be associatedi
with adsorption into an adsorbed mole-!
cular state is negligibly small com-
pared with the resistance change from :
the chemisorbed state. Finally,
studies indicate that A is independent
of temperature. This has been report-
ed for 0y/Fe (26) and HpS/Fe (27).

The temperature depandence of A for
Hyp/Fe 1s presented in Fig. 6. As can
be seen, within e:perimental error, A
is constant with tumperature over the

temperature range vwf from 370 K to
420 K. -
E
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_.Flg. 5 - Variation of the amplitude
of the fractional resistance change
at estimated monolayer coverage, A,
as a function of film thickness, d.
The solid lines have slope of -l.
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Fig. 4 - The chemisorption-induced
resistance change normalized by its
saturation value for 0, chemisorbed
into iron films as a function of the
relative coverage of chemisorbed ox-
ygen. The oxygen coverage was de-
termined with Auger Electron Spec-
troscopy. The data is from measure-
ments on two different films.
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Fig. 6 — Temperature dependence of
the amplitude of the fractional re-
sistance change as estimated mono-
layer coverage, A, for H, adsorbed
onto Fe films, The data is from
measurements on two comparable
films. The solid line i3 the tem=-
perature dependence calculated frowm
the scattering modal (29).




Origin of the Resistance Change

There are several models for the origin of the resistance change (21).
The model which is consistent with all of the data will be briefly reviewed
in this section; a more extensive discussion of the models is presented in
Ref. 26.

Calculations have shown that the electrical conductivity, O, of a £11m
with chemisorbed species on the surface is given by

o = og{1-3(1-p)A/84d}, (1)

where O¢ is the equivalent bulk conductivity of the film material; p is the
probability for specular scattering of the conduction electroms at the film
surface; d is the film thickness and A is the conduction electron mean free
path (28). Assuming that the dimensions of the £ilm are constart, then
0R/R = -86/c. The conductivity, O, can change either by changes in the
specular scattering coefficient, p, or changes in of.

Adatoms on the surface can act as scattering centers for the conduction
electrons producing changes in p. The degree of the adatom-conduction alec-
tron wavefunction overlap determines the amount » can change. For a given
change in o it is straightforward to show from Eq. 1 that 6R/R will be tem-
perature dependent and for very thin films (d<A) it will be thickness de- -
pendent (26). Both of these predictiors aAre in disagreement with the exper-
imental observations as is shown for Hy/Fe in Fig. 6 for the temperature de-
pendence and in Fig. 5 for the thickness dependence. The solid line in Fig.
6 is the calculated temperature dependence for A assuming that the resis-
tance change results from changes in p (scattering model) (29).

It is reasonable to assume that Oy can change because of the electron
transfer whic* occurs between the adatom and the substrate when the chemi-
sorption bond is formed. For this situation, a simplistic interpretation
suggests that the conduction electron density, n, is changed, since that
fraction of the conduction electron wavefunction resonant with the bonding
levels will be lost to the conduction process. As a result of n changing it
can be shown that

6R/R = -80g/0f = -{2Bng/3nd}9 = A9,

vhere B is the charge transferred to the conduction band per adatom per elec-
tron and ng 1s the number of adsorption sites per unit area. Here, OR/R is
inversely proportional to film thickness independent of thickness and is
temperature independent, assuming that B is temp rature independent. This

is a reasonable assumption based on the temperature independence of the heat
of adsorption which should be related to 8. Both of the predictions of the
model (charge transfer model) are in agreement with the observations. Fur-
thermore, for covalently bonded species charge is usually transferred from
the substrate toward the adatom (8<0) and A will be positive, also in agree-
ment with observations.

The characteristics of the resistance change for many systems strongly
suzgest that the charge transfer model is the dominant mechanism for the
chemisorption-induced resistance change. It is not obvious at present that
this is the general situation for all systems. The correct mechanism for
each system will require an individual assessment of the data for that sys-
tem.



Registance Change Measurement

A straightforward and simple procedure to measure the resistance change
is to utilize ¢ Wheatstone bridge (30). Here the film onto which adsorption
is to be studied forms one arm of the bridge. The output of the bridge will
be directly proportional to the resistance change if the bridge is adjusted
to balance before adsorption takes place. A typical D. C. Wheatstone bridge
delivering about 30 uw of power to a 1000 ohm film can resolve resistance
changes on the order of 6R/R = 10~3., A fractional resistance change equal
to 10~5 corresponds to coverage changes on the order of & = 2.5x10~2 for
H2/Fe and 80 = 1.5x10~% for 02/Fe using the data shown in Fig. 4 for d=10 am.

Sensitivity can be increased by increasing the operating voltage of the
bridge. is may result, however, in an excessive temperature rise of the
film above that of the substrate. Reducing the film thickness will increase
the sensitivity by increasing A, but this 1is limited by the formation of non-
uniform (patchy) films. Perhaps a better way to increase the sensitivity is
to utilize an A. C. excited bridge and synchronous detection techniques.

Advantages of the Resistance Change Technique

There are several advantages to the resistance change technique which
have made it a useful tool in surface investigations. It can directly moni-
tor the coverage of hydrogen chemisorbed onto metal films with good sensi-
tivity. It is not difficult, for example, at constant temperature to re-
solve coverage changes on the order of (.01 monolayers with the resistance
change linearly proportional to the coverage up to 8 = 0.8 monolayers for
the Hy/Fe and Ho/Ni systems.

The resistance change measurement has a very large temporal response
range (bandwidth) for its semnsitivity making it ideal for in vivo kinetic or
reaction studies where the large bandwidth is beneficial.

The resistance change technique 1s one of the very few non-intrusive
techniques in that the measureme.t does not interfere (in a macroscopic
sense) with the phencmena being measured. Various other techniques, such as
AES, ISS, EID and SIMS, modify the surface condition during the measurement
unless great carxe is taken.

The use of evaporated films for adsorption substrates simplifies the
problems associated with obtaining a clean adsorption substrate. The films
can be either polycrystalline or epitaxially grown single crystal. The sur-
face of the film can be readily characterized using standard surface analy-
sis techniques, including Low Energy Electron Diffraction (LEED) for the
oriented films.

And finally, the resistance change technique can be used for studies at
high hydrogen pressures unlike most other surface analysis techniques which
are limited to pressures below about 10~3 N/m2 (103 torr). At sufficiently
high pressures, however, hydrogen will absorb into the bulk. This will also
produce a resistance change. In principle, the chemisorption and the bulk
resistance changes can be seperated either by varying the film temperature
(changing the kinetic rates) or by varying the film thickness i{f the magni-
tudes of the two resistance changes are comparable, The fractional resis-
tance change due to dissolved hydrogen shoull be independent of film thick-
ness unless metal hydrides form. Depending upon how the metal hydride forms
the resistance change could be difficult to interpret. Care in designing
the experiment should permit separation of these effects and allow for their
independent study.



Limitations of the Resistance Change Technique

There are two fairly severe restrictions im utilizing the resistance
change technique. The first is that the technique is nron-discrimina>ing;
any species which chemisorbs will produce a resistance change. This tends
to limit the technique to studies involving a single adsorbate. Good exper-
imental technique is also required, because impurity gases may chemisorb a-
long with the species under study to produce an equally large resistance
change. The data in Fig. 4 show, for example, that a resistance change pro-
portional to 0.1 monolayers hydrogen chemisorption would also be produced by
about 0.001 monolayers of oxygen adsorption.

The second major limitation relates to the stability of the resistance;
it must be adequately constant to be able to reliably determine the chemi-
sorption-induced resistance change. The evaporated film must be annealed
before use to stabilize the resistance by relieving strains and completing
film growth. Good vacuum technique is required during anmnealing to prohibit
impurity adsorption onto the film prior to the hydrogen study. During mea-
surements the substrate temperature must be coatrolled. Temperature stabi.l-
ity usually requires some type of electronic feedback control. For ad =
10 nn Fe film, for example, a_change of hydrogen coverage of 0.05 monolayers
is equivalent to SR/R = 2x10-3. The temperature coefficient of resistance,
(1/R) (AR/AT), for this film is about 3x10-3 C-l. Therefore if temperature
stability tg required such that the resistance change is at least 10 times
that due to thermal variatioms, the maximum tec.aperature excursion must be
less than 7x10~%4 C. Temperature stability of this level is readily avail-
able through careful experimental design and the use of feedback temperature
control electronics.

The resistance chanie technique gives only & relative measure of the
coverage of the chemisorbed state and not an absolute measure. This iimita-
tion is, however, characteristic of almost all surface analysis techniques;
they also require an independent calibration. An independent calibration is
very difficult to achieve for hydrogen and has only been established for the
case of hydrogen adsorption onto Fe(110) (31). The coverages reported here-
in are estimates based on the analysis of the resistance isotherm and the
assumption that at saturation coverage 8 = 1.

Application: Determination of the Kinetics of Hp/Fe Chemisorption

Chemisorption kinetics is important to understaunding the dymamics of
many materials processes. A particular example is the gaseous hydrogen em-
brittlement of steel where the chemisorption of hydrogen on iron is believed
to play a major role in controlling the rate of embrittlement (32). A study
was undertaken to quantify the kinetics of the Hz/Fe chemisorption reaction
for comparison with hydrogen embrittlement models and data. The chemisorp-
tion-induced resistance change was utilized in the kinetic study. As an ex-
ample of the application of the chemisorption-induced resistance change, the
procedures utilized in the study of the isothermal kinetics for Hj/Fe cheai-
sorption and the results of this study are summarized in this sectiomn. A
more comprehensive discussion of this study is presented elsewhere (20).

Exberimental Considerations ~ Film Preparation

The iron films were prepared and the measurements were carried out in an
all metal ultra-high-vacuum system. The vacuum system utilized the combina-
tion of a titanium sublimation pump with a 1iquid nitrogen cooled cyropanel
and an ion pump to achieve vacuums on the order of 6.6x10-8 N/m2 (5x10-~10
torr) after bakeout and repeated cycling at hydrogen pressures up to 1.3x10-3
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N/m2 (10~3 torr). The residual background at 6.6x10-8 M/u? vas primarily He
and Hp. Hydrogen gas was introduced into the vacuum systenm during the mea-
surements through 2 mechanical leak valve under flowing gas ccnditions to
eliminate the buildup of gaseous impurities. A conductance valve betweep
the experiment chamber and the pumping system reduced the gas load to the

pumps.

The polycrystalline iron films used in the study were grown by sublima- .
tion from high purity iron wire filaments onto carefully cleaned (and out- -
gassed) glass microscope slides. The substrate temperature was about 340 K
during evaporation. The films were grown at a comstant rate of about 0.02
nm/sec with planar dimensions of 1X40 wm and thicknesses ranging from 2 - SO
nm. During evaporation the pressure in the vicinity of the substrate (ex—
clusive of the irom vapor) was om the order of 1.3x20~8 N/m2 (121010 rorr)

and composed of He and Ny. The N2 was the result of outgassing from the

iron filament. The surface of the film was chemically pure. as determined

by AES on films with @20 om, except for a small amount of oxygen which

came from the evaporatfon filament. Films used for measuremeats at room
temperature (about 295 K) were annealed for several hours at ambient temper-
ature to stabilize their resistance. Films used for measurements at higher
teuperatures were annealed for 30 minutes at a temperature about 50 K higher
than the higioest planned measurement temperature. The substrate was pres-

sure coutacted against the substrate holder which contained an integral re-

. sistance heater. The substrate temperature was monitored by a thermocouple
bonded to the substrate and the temperature maintained by suitable electron-
ics which controlled the power to the resistance heater.

Kinetic Measurements

There is a variety of kinetic measurements possible for reversible
chemisorption systems such as the H2/Fe system. One aeasurement has already
been discussed in an earlier section, the resistance isotherm. Although
this is really an equilibrium measurement, the equilibrium constant K obtaia-
ed from an analysis of the isotherm is directly related to the ratz con-
stants of the reaction process. Hence K can be used as an independent check
on rate counstants obtained from the kinetic measurements or as a way of ob-
taining an unknown rate constant. The three principal kinetic measurements
used for the Hy/Fe study are; (1) (gross) adsorption, (2) (gross) desorptiom
and (3) p-j (pressure-jump) relaxation measurement. The adsorption and p-j
reiaxation measurement are schematically shown in Fig. 7. An a’41itiomal
measurement, which will not be, . - e
discussed, is fluctuation '
spectroscopy (28). This pro-
cedure utilizes the thermally
driven coverage fluctuations
at equilibrium to obtain a
measure of fast kinetic pro-
cesses (32).
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In the adsorption mea-
surement, 1llustrated in Fig. . p P
7(a), che initial hydrogen .
pressure, p, is_at a very low ) (b)
value (<1 . 3X10_7 N/mz) . H}'— 0 t{TIME) t(TIME)

drogen adsorption at pres
sutzsnbelowrg.3XI0’7 g/mz is Fig. 7 - Schematic : .lustration of two of the

principal me: wcme s used for the Hy/Fe ki~
netic study; i2) acsorption measurement and
(b) p-j relrxat’crn weasurement.

very slow (the adsorption
rate {s directly proportion-
al to pressure) and the equi-




librium coverage is very small (as estimaced from the resistance isothemm).
The hydrogen pressure is then rapidly increased to a predetermined value

while monitoring the resistance change (34).

The final magnitude of the re-

sistance change is proportional co the coverage of chemisorbed hydrogen and
the initial slope of the resiscance change is proportional to the initial

rate of chemisorption on the clean iron surface.

The entire curve of the

resistance change as it approaches equilibrium describes the kinetics of ad-

sorption.
ponentia. behavior as showa in Fig. 3.
decay constant of the exponential.

The desorption measurement is the
opposite of adsorption. Starting from
equilibrium at a hydrogen pressure p,
the pressure is suddenly reduced to
below 1.3x10~7 N/m2 (1x10~? torr)
while observing the decay of the re-
sistance change. For hydrogen chemi-
sorption on {ron, the resistance
change is reversible on a time scale
of minutes or less at temperatures a-
bove 300 K.
the desorption rate while the approach
of the resistance change back to zero
describes the overall desorption ki-
netics. For the k./Fe system the ap-
proach to equilibriun for desorption
follows an exponertial behavior; the
desorption rate is simply defined as
the decay constant of the exponential.
The fastest desorption rate that can

be measured depends upon the speed of the pumping syatem.

The initial slope defirces :

For the Hy/Fe system the approach to equilibrium follows an ex-

The adsorption rate, ta‘l, is the
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Fig. 8 - Comparison between data for
the approach tc equilibrium coverage
for Hy chemisorption onto an Fe film
and the corresponding adsorption ki-
netics calculated from the adsorp-
tion model.

For this work the

upper limit for the desorption rate was about 2 gec™

The p-j (pressure jump) relaxation measures the approach of the resis-
tance change to equilibrium for small deviations in coverage away from an

initial equilibrium coverage.

This measurement is fllustrated in Fig. 7(b),

where the deviation from equilibrium is created by small step function
changes in the hydrogen pressure (hence the name pressure-jump relaxation

measurement) at constant temperature,

will always be exponential for small changes in the coverage.
generally true for the (gross) adsorption-des.rption kinetics.

The approach to the new equilibrium

This {s not
The advan-

tage of the p-j relaxation measurement is that it permits a direct measure-

ment of the coverage dependence of the kinetic rates.

A coverage dependence

for the kinetic rates was not observed for the Hy/Fe system.

Chemisorption Model and Results

Measurements of the adsorption-desorption kinetics and rates give gen-

eral ifnformation on the overall chemisorption process.
on the individual processes requires the use of a specific model.

Detalled information
For Ry/Fe,

the model used to analyze the data is schematically shown in Eq. 2,

Hz(gas)

kﬁph*

ky
t 2H.
ky

(2)

In the model, molecular hydrogen adsorbs into the molecular state on the

surface (precursor), Hy*, with a rate given by kgp.

Chemisorption occurs



when the precursor goes into the dissociazed chemisorbed state, , with rate
k). For desorption, the atoms in the chemisorbed state recombine and go to
the precursor at rate k3. The precursor then desorbs into the gas phase
with a rate k3. The rate constants k), k) aad kg are temperature 3§§E£ggpt
with various activation energies. The constant kg is equal to a/f B8l
where & is the probability for adsorption into an empty precursor site, @ is
the average number of precursor adsorption sites per unit area, m is the
mass of a hydrogea molecule, kg 1s Boltzman's constant and T the gas temper—

ature.

The non-linear, coupled equations which describe the model were solvad
exactly using numerical methods (20). Estinates of the rate parameters were
obtained from an analysis of all the kinetic data using approximate solu-
tions to the model. The agreement between the exact solutions of the model
and typical data for the approach to equilibrium during adsorption is demon-
strated in Fig. 8. Here the deviation of the resistance change from its
final equilidbrium value is shown as a function of time. The exact solution
reproduces the exponential behavior observed in the measurements. As indi-
cated in Eq. 2, adsorptica into the
precursor from the gas phase is pres-
sure dependent, but the step from the
precursor to the dissociated chemi-
sorbed state is pressure independent.
The chemisorption rate will therefore
be pressure dependent except at high
pressures where it will become pres-
sure independent. This is illustrated
in Fig. 9 for data of the adsorption
rate, Tg~l, as a function of pressure
at 295 K. The solid line in Fig. 9 is ~0
the result of an exact solution of the 10-5 104 103 10-2
model. As can be seen in Fig. 9, the P N/m2
agreement between the model and the '
data is very good. This quality of
agreement is found also for the de-
sorption kinetics and the p~j relaxa-
tion measurements. It is therefore
reasonable to assume that Eq. 2 des-
cribes the process of hydrogen chemi- o TET
sorption on iron. The rate constants obtained from these studies are summa-
rized in Table I. .

O Hy/Fe, T=295K

[ = CALCULATED
ADSORPTION RATE

P
o

-
B

o
-

ADSORPTION RATE, 731, sec™1

Fig. 9 - Comparison between data of
the pressure dependence of the ad-
sorption rate, T,~l, for Hy chenmi-
sorption onto an Fe film and the
corresponding adsorption rate calcu-
lated from the adsorption model.

Table I. Rate Constants for H)/Fe Chemisorption Reaction

Rate

Constants Hy/Fe

ky, (Nm=2gec)~1 6x102 (at 300 K), a = 0.19
kg, secl 11T exp(-28,9/RT)

k;, sec~l GOAT exp(-34.7/RT)

ky, sec—i 3.45x1013T exp(-87.9/RT)

R {s i{n units of kJ/mole K and T is in degrees Kelvin (K).



Summary

The techniques available to easily and reliably study hydrogen chemi-
sorption on metal surfaces ere limited in number. Oune or the available
techniques is the chemisorption-induced resistance change whareby hydrogen
chemisorption on the surface of a metal film changes the film's resistance
at copstant temperature. The magnitude of the resistance change is directly
proportional to the coverage of chemisorbed hydrogem for adsorption on irom
and nickel surfaces. This technique provides a means to monitor the cover-
gge of chemisorbed hydrogen without modifying the adatom-surface complex.
It has a large temporal response range (bandwidth) and good sensitivity for
hydrogen, making it an ideal technique for isothermal kimetic studies. The
chenisorption-induced resistance change technique has been successfully uti-
lized to study the chemisorption kinetics of the Hlee systen.
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