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This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the Depart-
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express or implied, or assumes any legal liability or responsibility for
the accuracy, completeness or usefulness of any information, appa-
ratus, product or process disclosed, or represents that its use would
not infringe privately owned rights.
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HEATS OF CHEMISORPTION OF 02. H2, co, CO, and N, ON

2
~ POLYCRYSTALLINE AND SINGLE CRYSTAL TRANSITION METAL SURFACES

by

I. Toyoshima* and G. A. Somorjai

Materials and Molecular Research Division, Lawrence Berkeley Laboratory,
and Department of Chemistry, University of California
Berkeley, California 94720
Astract
Recent heats of chemisorption AH,q. of 0,, H,, CO, CO, and NZ

obtained from polycrystalline and single crystal surfaces of transition
metals have been compiled and reviewed. The single cfystal surfaces
exhibit many binding states with widely varying values of AHads‘ The
binding energies also vary from crystal face to crystal face. The-'
"average" heats of adsorption obtained from polycrystalline surfaces
are largest for the early transifion metal surfaces decreasing monotoni-
cally to reach the lowes£ values for Cu, Ag and Au. The'heats of
chemisorption have been correlated with various thermodynamic parameters

that include the binding energies of bulk oxides, carbides and nitrides

and gaseous carbonyls.

*Research Institute for Catalysis, Hokkaido University,
Sapporo, Japan.
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Introduction

One of the important physical-chemical properties that characterize
the interaction of solid surfaces with gases is the bond energy of the ad-
sorbed species. The determination of the bond energy is usually performed
indirectly by measufing the heat of adsorption (or heat of desorption) of
the gas. In order to define the heat of adsorptiosn'i,te]eot';I uas consider the
chemisorption of a diatomic molecule, Xos oOnto a uniform solid surface, M.
The molecule may adsorb without dissociation to form MX2. M represents
the adsorption site where bonding occur§ to a cluster of atoms, or to a
single atom., In this circumstance, the heat of adsorption, AHads’ is
defined as the enérgy needed to break the MX2 bond,

MXZ(adsj Aags - M+ Xz(gas) | (1
If the diatomic molecule adsorbs dissociatively, the heat of adsorption
for this process is defined as

MX + MX AHads 2M + X2(gas) | (2)
From the knowledge of AHads and the binding energy of the gas phase mole-
cule, the energy of the surface chemical bond is given by

AHv = AHadS 6r t (3a)

+ sz)/z (3b)

bond

OH = (AH

bond ads



for the cases of molecular and atomic adsorptions, respectively, where D
is the dissociation energy of the X2 gas molecule.

There are several difficulties in determining AHads reliably, 1) The
heat of chemisorption can markedly change with the concentration of ad-
sorbed gés, o. Decreasing AHads with increasing adsorbate concentration
is commonly observed due to repulsive adsorbate-adsorbate interactions at
higher coverages. Frequently the adsorbed amount is not known during a
desorption experimeht for example because precise measurement of the
pressure is difficult. 2) The surface is heterogeneous. There are many
sites where the adsorbed species have different binding ggergies.3 In this
circumstance, the measured heat is an average of the he52§ of adsorption
at the various binding sites. 3) The adsorbate may change bonding as a

function temperature as well as adsorbate concentration? For example,

oxygen may be molecularly adsorbed at low temperatures, while it dissociates

to atoms at higher surface temperatures. Change of bonding with tempera-

ture as well as with coverage'is frequently observed. Thus, AHads changes
as the experimental conditions are varied., Because of these and other
experimental difficulties, the heat of adsorption measurements should be
repeated using different techniques of measurements to verify reproducibility.
In order to understand the atomic details of the interaction of the solid
surface with gases, single crystal surfaces should be used whenever possible
with well defined atomic surface structure and composition.

In this paper we shall review much of the available heat of adsdrption
data for several small molecules, H2, 02, co, CO2 and N2, adsorbed on
transition metal surfaces. Most of the data on well characterized surfaces

have been reported only in recent years, We have tabulated these data and



compared them with earlier results whenever it was possible., In addition,
we shall review the effect of the atomic surface structure, as revealed by
studies of chemisorption on various crystal planes, on the heats of chemi-
sorption of these gas molecules. The data reported here should be useful

to predict the surface composition when two or more molecules compete for

under equilibrium conditions.

the same adsorption sites/ The heats of chemisorption can also be used to
predict when dissociation of the adsorbed molecules is likely to take

place. Dissociation on the surface may be the precursor of various sur-

face reactions.

Measurements of Heats of Adsorption on Uniform Surfaces

A) Definitions of Integral and Differential Heats of Adsorption
The total or integral heat of adsorption, AHads’ measured for the ad-
sorption of n molecules during the overall adsorption process is proport-

ional to the heat of adsorption per molecule, dads®

BHags ~ Mads (4)
The differential heat of adsorption, AHg;:f, is given for a one-component
system by
. dH , dq
o= () =g o g
dn T dn T
where q2,_ is the initial heat of adsorption, as n + 0. When the differ-

ads
ential heat of adsorption is measured under isothermal conditions, it is

commonly called isothermal or isosteric heat of adsorption.*

. diff _  ,iso
is AHads = AHads - RT.

iso
ads

diff

ads and AH

* The relation between AH



B) Experimental Techniques

The integral and differential heats of . adsorption are usually deter-
mined by measuring the adsorption isotherms (the amount adsorbed, o, as a
function of gas pressure) for a given gas-surface system at different
temperéturese From the data, the equilibrium pressure necessary to obtain
the same coverage at the different temperatures are determined, From the

slope of the plots of log p (at constant o) versus 1/T, the differential

isosteric heat of adsorption, AHgé:f can be obtained by application of the
Clausius Clapeyron equation diff
MHads (6)
[den p/d(1/T)]o --—7;——-

diff
ads

versus ¢ curve may be extrapolated to zero coverage to obtain q;ds which

Thus the heat of adsorption for different o can be obtained. The AH

is a direct measure of the interaction energy between the surface and the
gas molecule,

| Detailed discussions of the determination of AHads from the adsorption
isotherms is provided in several excellent reviews?’

| Heats of adsorption can be determined, in addition to the use of ad-
sorption 1sothérms, from calorimetry, by desorption (flash desorption or
temperature programmed desorption), by field emission, ellipsometry and
work function change measurements.

Calorimetry, Direct measurement of the heat of adsorption on clean,

evaporated films Can be made using a calorimeter which is designed to have

the smallest possible heat capacity. The details of the experimental
' ' 1

procedure and the design of the calorimeter can be found in the literature,®

For a metal filament or ribbon, the heat of adsorption can be measured

using the specimen as a resistance thermometer. Knowing the mass, the

7, 8
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specific heat and the temperature coefficient of resistance of the sample,

~the heat of adsorption can be calculated. At the beginning of the experi-

ment the filament is cleaned by flashing to remove the absorbed species,
then, it is cooled. A dose of gas is admitted to the cooled sample and is
absorbed. The heat of adsorption liberated will then warm up the filament.
This temperature change will cause a change in the filament resistance
which can be measured accurately by a Wheatstone bridge or other suitable
electronic circuit. From the change in resistance, the change in temper-
ature can be calculated by the following corke]ation:

1, = R [+ ap (T = Tp)] (7)

where~T] = initial temperature, K; T2 = final temperature;°K; RT = resistance
‘ 1

R

at T, R = resistance at T,, and o, = temperature coefficient of
1 T2 2 aT]
resistance of the sample at T],oK']. Then the heat of adsorption can be
calculated from the change of temperature by the following equation:

q = ms(T2 - T]) (8)

n
where q = heat of adsorption, cal/mole; m = mass of the filament, gram;
s = specific heat of the filament, cal/gm-K and n = the absorbed amount,
mole.

Thermal Desorption. Thermal desorption (flash desorption) is the most

widely used technique at present for studying the kinetics of desorption

rate and order of the desorption process and determining the heats of

‘ 9,1 )
- adsorption and the concentration of adsorbed molecules. qhe sample is

cleaned in ultrahigh vacuum, and then a gas is allowed to adsorb on the
surface at known pressures while the surface is kept at a fixed temperature,
Then, the sample is heated at a controlled rate and the pressure changes

during the desorption of the molecules are recorded as a function of time
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and temperature. The pressure-temperature profile is usually referred to
as the "desorption spectrum." The experiment is performed either in a
closed system or in a flow system, -

The desorption rate F(t) of the species from surface of area Ar(cmz)'is
given by

A N P=Pg dp
W F(t) = "-T—E)— + at (9)

where p is the pressure rise from the steady state pressure Po of the

system prior to flashing, 1, is the mean residence time of gaseous species

0
in the reaction vessel (ro is defined as volume/pumping speed), V is the
volume and k is a constant.

In a flow system at high pumping speeds, T, > 0 and Eq. (9) is reduced
to

Ar F(t) = (p-p,)/t, = ap/t, | (10)

this means that the rate is proportional to the pressure change in the
system. Alternatively, for a nearly static system, at small pumping

speeds, 1, - <, In this case the duration of the flashing period is

0

short compared to T Then the desorption rate is given by

0
F(t) = dp/dt o

The desorption ratevF(t) is commonly expressed as

F(t) = = 32 = uf(6) exp (-Egp /RT) (13)
where v is the pre-exponential factor, f(o) is an adsorbate concentration
dependent function. The various prbCedures for determining these para-
meters are well described in the literature,

Analysis utilizing the temperature where the desorption peak is obtained

is given by Redhead.lOAssuming thaty and Edes are independent of gand t,
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Edes can be obtained for zero, first and second order desorption respect-

ively as
Vv
=0 -
zero order E /R = o exp ( E/RTp) (14)
Ey/RTp? = (vi/a) exp (=E{/RTp) (15)
Ep/RT,% = (vy0/a) exp (~E,/RT,) (16)

where TP is the temperature at which a desorption peak is at a maximum,
and T is the initial adsorbate concentration. Suffix 0, 1 or 2 denotes
zeroth, the first or second order desorption processes. a is a constant

of proportionality for the temperature rise with time, usually T = To +

.at, i.e., temperature of the sample is raised linearly with time. As

seen from the equations, T_ is independent of o for the first order de-

P

sorption process. Alternatively T_ is increased or is decreased with O

P
for zeroth or second order processes, respectively., Equations 14, 15 and
16 allow one to determine the activation energy and the pre-exponential
factor and also to distinguish between zeroth, first and second order de-
sorption processes from the measurements of the dependence of the peak
temperatures upon initial adsorbate concentrations and heating rate, o.
Instead of a continuous temperature rise, a step-wise heating has also
been used especiale for studies of desorption. Advantage of this method
is the more accurate evaluation of the rate constant for desorption at
constant temperature and better resolution of multiple desorption peaks.

Recent determination of the heats of chemisorption on single crystal

surfaces have utilized thermal desorption most frequent]y. The activation

_ energy of desorption, Edes’ for the desorption of the adsorbed species is
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equal to Ea * G,46° where Ea is the activation energy of adsorption of
the same species. Therefore EdeS cannot be equated with the heat of ad-
sorption as long as adsorption is an activated process. However, the
adsorption of several gases such as 02,C0, C02, H2 and N2 on transition
metal surfaces is believed not to require activation energy. In this

circumstance E is a good approximation for the heat of adsorption.

des

Ellipsometry. Ellipsometry is a useful technique for measuring ad-
sorption isotherms on single crystal surfaces. The amplitude and phasg
of the polarized light reflected from the surface change upon adsorption
of a gas even at below monolayer concentrations. These changes appear |
to be a linear function of the "optical thickness™ which is closely re-
lated to the average thickness of the adsorbed layer. By measuring the
optical thickness as a function of gas pressure over a single crystal
surface, the adsorption isotherm could be obtained at different temper-
atures, Thus the heat of adsorption could be ca]cu]ated.]2 Ellipsometry
can be readily combinediin an up-to-date ultrahigh vacuum system, for
other ad;orption studies on well-defined surfaces,

Work Function Change Due to Adsorption. Adsorption is usually ac;
companied with a variation of the electronic work functidn of the metal
ranging from a few tenths to more than 2 eV. Often the work function
change, A¢, is a linear function of the adsorbate concentration and thus
A¢ can be used to determine the adsorption isothermja The absolute work
function of the metal does not have to be known for this purpose only
the work function change due to adsorption or an adsorption-related

chemical change on the surface.]4 The sign of the work function change

shows the direction of electron transfer between the solid surface and the
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adsorbate species.

The most commonly used technique of measuring the change of work func-
tion is the‘contact potential difference method]5 The method yields the
difference in work function between two clean conductor surfaces A and B,
Te€ey ¢A - ¢B = A¢AB’ where A¢AB is changed upon adsorption of the gas on
one of the surfaces. The other reference surface, B, is kept clean during
the adsorption. Other methods for measuring work function changes such
as the thermionic electron emission, photoemission, field emission,
retarding potential and Kelvin methods are also being used for adsorp-
tion studies. The variation of the work function may be calibrated
against the concentration of adsorbed molecules which can also be deter-
mined independently from the thermal desorption spectra, Using field
emission microscopy, the heat of adsorption can also be determined ;rom
the work function change upon adsorption on the field emission tipl6 Ad

changesrdue to variation of surface concentration of the adsorbate.

Results
In Tables I-V we list the heats of chemisorption obtained for these
small molecules on the different transition metal surfaces. In Tables
IA, IIA, IIIA, IVA and VA, the AHads values that were obtained for poly-
crystalline surfaces are listed for 02, H2’ co, CO2 and NZ’ respectively.
In Tables IB, IIB, IIIB and VB, the heats of chemisorption that were ob-

tained for single crystal surfaces are given.* Variations of AHads for

* The methods of measurements (technique, temperature range, coverage

and type of sampe) also are indicated along with the references.
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a given crystal face indicate the presence of multiple binding states
while changes of AHadS from crystal face to crystal face show the effects
of changing atomic surface structure 'on the heats of chemisorption.

There have been several attempts to correlate the heats of chemisorption
of small molecules on various transition metal surfaces across the peri-
odic table. We also present the experimental data in this manner, In
Figs. la, 2a, 3a, 4a and 5a we plot the heats of chemisorption that were
obtained for polycrystalline surfaces as a function of groups of transi-
tion metals along the periodic table. Those metals having similar d-
electron occupancy but belonging to the 3d, 4d and 5d rows of transition
metals, respectively, are grouped together. It appears that there is a
systematic decrease in the heats of chemisorption of these small mole-
cules on transition metal surfaces from left to right across the periodic
table as also indicaied by previous correlations.

The data obtained for single crystal surfaces are plotted in Figs.
1b, 2b, 3b and 5b, The data is widely scattered due to the large vari-
ation of AHads as a result of'multiple binding states for a given crystal
piane and changes of AHads from crystal face to crystal face, However,
the highesf AHads values for each transition metal show similar correl-
ations across the periodic table as those obtained for polycrystalline
surfaces. |

In order to test other correlations, we have plotted AHads for oxygen
as a function of the heat of fqrmation of the highest valency oxide per
oxygen atom in Fig. 6. We also plot AHads for oxygen and hydrogen as a
function of the heat of formation of the correéponding oxide or hydride

per metal atom. This correlation was proposed by Tamaru17we have only
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inserted the recent AHadS values reported since the pub]icatiOn of his
paper. In Fig. 8 the AHads for oxygen is plotted againsf the binding
energy of the gaseous oxides.

In Fig. 9 the heats of chemisorption of CO are plotted as a function
of the heat of formation of the transition metal carbide (per metal atom)

while in Fig. 10 AHad for CO is plotted as a function of the heét of

s
formation of the oxide (per‘metal atom).  Both curves ex-
hibit a break indicating the breakdown of this correlation for many
transition metals. In Fig. 11 the AHads of.CO is plotted as a function
of the heat of formation of the gas phase transition metal carbonyl (per
metal atom), In Fig., 12 AHadS for CO, is pfofted as the heat of formation
of the transition metallcarbide (per metal atom) and agéin there 15 a
distinct break in the curve. In Fig, 13 thé AHadS of N2 is plotted as a
function of the heat of formation of the corresponding transition metal
nitride per metal atom.. |
also .

There are/interesting correlations that can be made utilizing the
heats of chemisorption data obtained fbr H2 and CO on different single
crystal surfaces of the same transition metal. The different binding
states of H2 and CO are plotted for surfaces with 2-, 4- and 6-fold
rotational symmetries for W and Ni and Pt and Pd, respectively, in Figs.
14a and 14b and 15a and 15b. It appears thaf fhe lower symmetry surfaces
have more multiple binding states than surféces with the highest, 6-f61d,
rotational symmetry.

In Fig. 16 we plot the AHadS for the variousﬁbfnding states for H2 on

Ni, Pd and Pt single crystal surfaces. These three transition metals are

in the same group in the periodic'table. The variation in the AHéds due
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to the presence of multiple binding states is clearly discernable. There
is no clear cut variation of the heats of chemisorption that can be identi-

fied with confidence within this group of metals from the available data.

Discussion
heats of chemisorption

The/data presented in Tables I-V are clearly incomplete. There are
many transition metal surfaces either in polycrystalline or in single
crystal forms for whichvheats of chemisorption of some of the small mole-
cules are not available, However, the recent results on po]ycrysté]]ine |
surfaces are in agreement with earlier findings in indicating a systematic
variation of AHadS along the periodic table., The heats of chemisorption
of‘these sma]] molecules are the largest for the early transition metal
surfaces decreasing toward the right to reach the lowest values for Cu,
Ag and Au. The data obtained for the highest binding energy adsorption
states on single crystal surfaces also follow this trend within the un-
certainty of the experiments. ‘

The heats of chemisorption on single crystal planes exhibit several
interesting features that were not apparent up to now. There can be many
binding states of an adsorbed small molecule on a given surface and their
AHads may differ by as much as 20 kca]/mo]e._ Thus it is not possible to
identify one value for the heat of chemisorption of an adsorbate on a
given transition metal unless the binding state is specified or it is
certain that only one binding state exists. This observation of the ex-
istence of multiple binding states indicate that even a single crystal
plane is heterogeneous when viewed by the adsorbed species. There are

many binding sites of different strengths that are filled up with increasing
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coverage or with changes of cher experimental variables (temperature,
surface structure), Inspection of Figs. 14 and 15 indicate thatvsurfaces
with two-fold rotational symmetry may have more binding states than sur-
faces with four-fold rotational symmetry or surfaces with the highest
rotational symmetry (six-fo]d)vcrystal planes. Thus the lower rotational
symmetry surfaces appear to be rougher, on the atomic scale, to the ad-
sorbate.

It would be of value to determine trends in AHads for a given surface-
adsorbate system in the same group in the periodic table (for example, Ni,
Pd, Pt). Regrettably no such correlation is apparent for the available
data (Fig. 16) within the accuracy of the experiment,

The large changes in AHadS are particularly pronounced for the high
Miller Index surfaces which have a large concentration of surface irregu-
larities, steps and kinks. These surface irregularities are depicted in
Fig. 17. These surfaces present an even more heterogeneous surface struc- '
ture for the adsorbed species than crystal planes with 2-fold rotational
symmetry. There are several studies that report higher binding energies
for H2 or CO, etc., at steps]8 There is evidence that CO dissociates at
a kink s1’te]9 on Pt while it does not elsewhere on the surface. These
sites may also be present in large enough concentrations on polycrystalline
surfaces thereby contributing to the average AHads that is measured.

Even with the small data base that is available at present, the data
may be used to predict several surface phenomena. It is possible to
estimate whether dissociation of the diatomic molecules is likely to take
place using the available AH_ . data and Eq, (3). It should be kept in

mind that AHads has a large range that may indicate that dissociation
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occdrs at one type of site but not at another, in some cases. In case
of a chemical reaction that involves two of the small molecules (CO + Hz;
Co + 02, etc.), the relative magnitudes of AHads for the two molecules
reveal which would be present in larger concentrations on the surface,
Thus the surface composition may be determined in this way.

There are s%;%ral correlations sugqested recent]y between the heats of

ained for polycrystalline surfaces

chemisorption/and other system parameters that yield smooth variations
along the periodic table. These parameters are inner shell atomic binding
energies20 or binding energies of gaseous carbonyls?] etc. We have also
plotted the heats of chemisorption as a function of various thermodynamic
parameters of the metal-adsorbate atom (molecule) systems, With the
exception of the correlation of A 4s for 02 with the binding energy of

the highest valency oxides, the correlations are rather poor and do not

seem to be very useful for predictive purposes at present.
Although thermal desorption measurements have been employed success-

fully to obtain heats of adsorption of many atoms and molecules on single
crystal and polycrystalline surfaces, caution should be exercised in'both
evaluating and accepting these data. These are not thermodynamic measure-
ments and the presence of an activation energy for desorption can modify

the data. In most of these studies the order of desorption (i.e., first

or second order, etc,) is assumed often using insufficient evidence along
with assuming the value of the pre-exponential factor. Variation of the
order of desorption and the magnitude of the pre-exponential factor markedly
effect the heat of cg%alsorption as well,

It is hoped that/heats of chemisorption studies will be carried out in

the near future to broaden the data base that is presented in this paper.
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Adsorption studies on single crystal surfaces would be particularly useful
as they reveal the complex effects of the atomic surface structure that
appear to greatly influence the nature of chemisorbtion on transition

metal surfaces.
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Figure Captions

Heats of adsorption of oxygen on polycrystalline transition
metal surfaces.

Heats of adsorption of oxygen on single crystal surfaces of
transition metals.

Heats of adsorption of hydrogen on polycrystalline transition
metal surfaces.

Heats of adsorption of hydrogen on single crystal surfaces of
transition metals,

Heats of adsorption of CO on polycrystalline transition metal
surfaces.

Heats of adsorption of CO on single crystal surfaces of transi-
tion metals.

Heats of adsorption of CO2 on polycrystalline transition metal
surfaces. Filled symbols indicate differential heats of ad-
sorption,

Heats of adsorption of N2 on polycrystalline transition metal
surfaces.

Heats of adsorption of N2 on single crystal surfaces of transi-
tion metals.

Heats of adsorption of 02 for transition metas as a function
of the heats of formation of the highest valence oxides (per
oxygen atom).

Heats of adsorption of 0, and H, for transition metals as a
function of the heats of formation of the corresponding oxides

and hydrides (per metal atom).



Fig.

Fig.

Fig.

Fig.

Fig.

Fig,

Fig.

Fig.

Fig.

8

9

14a,b

15a,b

U 048035 9309
-17-

Heats of adsorption of 02 on transition metal surfaces as a
function of the bond energies of the gaseous monoxides and di-
oxides. | |

Heats of adsorption of CO on transition metal surfaces as a
function of the heats of formation of the carbides (per metal
atom).

Heats of adsorption of CO on transition metal surfaces as a
function of the heats of formation of the oxides (per metal
atom),

Heats of adSorption of CO on transition metal surfaces as a
function of the heats_of formation of gaseous carbonyls. e =
caloimetric studies, o = thermal desorption, o = thermal de-
sorption, lowest energy binding states.

Heats of adsorption of CO2 on transition metal surfaces as a
function of heats of formation of carbi@es (per metal atom).
Heats of adsorption of N2 on transition metal surfaces as a
function of heats of formation of nitrides (per metal atom),
Heats of adsorption of H2 on tungsten and nickel crystal sur-
faces, respectively, that have 2-, 4- and 6-fold rotational
symmetries.

Heats of adsorption’of CO on platinum and palladium crystal
surfaces, respectively, that have 2-, 4- and 6-fold rotational
symmetries. |

Heats of adsorption of H2 on sihg]e crystal planes of Ni, Pd

and Pt, metals in the same group in the periodic table,
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Fig. 17 Schematic representation of the heterogeneous surface on
| the atomic scale. The different surface sites are distin-
guishable by their number of nearest neighbors and atomic

structure.
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Metal
Ag

Al
Au
Co

Cr
Cu
Fe
Ge

Ir

Mn
Mo

Ni

Pd

Form

'plate

porous
powder

film

" porous

film
film
film

film

plate
film

film

film
film

film

ribbon

film

film
film
film

filament

ribbon

film
film
film
film
film
film
film

film

-20-

TABLE IA

Heat of Adsorption of 02 on Polycrystalline Surfaces

Temperature

216226 K

383 K
773 K

RT
140 K
RT
RT
77 K
RT

207223
273 K

RT
RT.
273 K
RT

RT

RT

RT
RT
77 K

- 1800-2200 K

RT

RT
RT

RT
273 K
90 K
77 K

RT

AHadS(kca]/mole)

8.3

130-10 (60~1)
41.8+3.5

211-159
103 »

100 +
98 +
84 »

174 +

5.2
- 109,8-20

136 +
>
99-120 ~»

131 ¢

38,143
71,52

152 »

172 »

192 ~

170 ~»
132
60
110

120030
15 »

1077
140150 +

76189 -
71+
70 »

67

Technique

calorimetry
cal,
isotherm

cal,
cal. (wide range 6)

cal,
cal.
cal,

cal,

cal.
cal., (2 type ads. state)

cal,
cal.
cal.

cal,

thermal desorption
(second order)

cal,

cal,
cal,
cal.
D
TD (2 states)

cal,
cal,
cal,
cal,
cal,
cal.
cal,

cal, mean value

Ref,

L= SOV o S W N -

— el
whhooO e b —_ O Vo ~N—

—t



Metal

Pt

Re

Rh

Si

Ta ,'

i

e

D0 GU4805935

Form
film

filament
filament

film

filament
filament
filament

film
film
film
film
film
film
filament
film
film
ribbon
tip
ribbon

filament

filament"

filament
ribbon

Temperature

RT
298 K
RT

RT.

RT
1600-2200 K

RT

RT

RT
RT
RT
RT
RT
303 K
77 K
90 K
RT
RT
RT
RT
2000-2150 K

RT :
2000-2700 X

.21~
AHadS(kca1/m01e)

6972 4
58 +
54(8,)
39(8,)

175
<92
127

127
1204
2184
212 »

236 »

183
194

139

184

184

53
1067
927115

139,

97
76.1

110.7}

135
161
145}
83

Technique

cal.
TD atomization
TD (first order)
TD (first order)

cal.

cal,
cal.
cal.

cal.
cal,
cal.
cal.
cal,
1D
T
field emission
microscopy

TD {atomic desorp.)

oxide evap.
2 states

TD, FEM
1D
6=0 TD
9=1 TD

Ref.

17
18

10

12
20

10

19

25
12

26
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TABLE 1B

'Heat of Adsorption of 02 on Single Crystal Surfaces

Metal AHadS(kca1/mole). Technique Ref.
Ag(110) N4 Q | . TD isothermal 27
Ag(111) 35-45 ™ 28-30
Cu(110) 50 0 | 31
Ge(111) 64.6x11.5 ‘mass desorbed Ge0 32
Ir(111) 65 TD 33
Mo(100) 118 . D 34
Pd(110) | 80048 isotherm 35
Pd(100) 55 isotherm 36
(110) ' ‘
(111)
Pt(100) 44,7(81) ™ 37a
620] (82)
69.3(85)

W{100) - 120-173 isosteric TD 38
(100) 136 1) 34
(100) ' 93,2 TD atom 39

W(110) 139 | 34
(110) 92.0 FEM, TD 40

W(111) 23.1 D 41



Metal
Co
Cr
Cu

Fe

Ir

Mn

Mo

Ni

Form

film

filament
film
film

film
film

film
film
filament

filament
filament

film
film

film

g?ﬂghent

film
film

film
film

film
disk
film

tip
tip
film
film
film
film

filament

film

(O o 4

48 0 5.3 6

TABLE IIA

Heat of Adsorption of H2 on Polycrystalline Surfaces

Temperature
RT
- RT

250-400 K
242-337 K

RT
90 K

77 or 90
306+583 K
RT

100 K, 300 K
RT

78,193,295 K
298 K

293 K
77-373
300-1000 K

RT
294 K
RT
RT
~RT
n273 K
71,273
77 -
273 K
4,2 K
© 345-357 K

> RT
%273 K

RT
RT

86
279

90 K
296 K

AHadS(kca]/mole)
45.0

43.5(calculated)
9.6-11.9
812

32+
324

27,5 »
~16(9.3-21.7)
20 + :

24
26.1(6~0)

17.1

40
34

"7 (estd. ,6=0.6)

25.5 ¢
28 ¢
11-38.4
30,0
31.0
3004

]86,0-+
18 ¢ -
18 >

68-72
46 +4

31.5 (extrapolated)
isosteric 6=0.9
isosteric 6=0,8

20 ¥
25-10
16.0,6=0.1,0.75
15.079=0.5

38.2

52.6

30 +
31 4

Technique
cal.
cal,

D
work function

work function

cal.
cal.

cal,
isosteric 6=0.8
D

D

TD.
isotherm

cal. (6=0)
isosteric 6=0,45
D

cal,

cal.

cal.

cal.

cal,
cal., isosteric.
cal; (6=0+v0-8)

FEM
FEM(1ow6)
isosteric (6=0)

1 4

2 states
cal,

cal.

Ref,
42
43

a4
45
46

43
113
48,14

49
50

51
42

52
53

54
55

81

56
54,57
15
14
43
134
58,59.

60

62
63
64

65
66

113



Metal

Pd

Pt

Re
Rh

Ta

Ti

Form Temperature
filament 200
film RT
film 278295 K
tip ~ 4.2-320
foil 140«600 K
filament 300
tip 83-293 K
ribbon RT
film RT
filament 100, 300 K

~film 300 K
film "~ RT
filament RT
film 273 K
film 77 K
film RT
film RT
film 294 K

- filament 79 K
filament RT
film 90 K
film 195
filament 77 K
filament
filament '300-1000 K
filament T '
filament RT
tip 78 K, 300 K
filament 100 K, 300 K
tip 4.2 K
tip 4.2 K
film 90-273
filament 300 K
filament 77

RT

-24-

45.9(calculated)
44 .0(observed) }6-0

AHadS(kcaI/mole) Technique
e
\8
35(83) ) T
égm] (o : cal,
8( v) D
12(8,)
21(s;)
16 FEM
16<5 TD (isosteric)
26.0(8) ™ |
15 work function’
27.5(first order) 10
67 (second order)
28 ¥ cal,
18 0
30 ¢ cal.
45 ¢ cal.
82 10
39 + (39v22) cal,
27.5 + (27.5v<10) cal.
45 + cal.
46.5 + cal.
52 + cal.
45 ¥ cal.
28 cal,
35 » cal.
42 ¢ cal.,
31 4 TD isothermal
36 + TD
v7(estd. ,6=0,6) 1D
35 TD
25.5, 29.0 1D
20-46
12-20 FEM (4 states)
6-10
35 TD
64 + FEM (low 0)
6 TD (110 boundary)
42 ¢ isosteric
15 TD isosteric 6=0.7
31 + isosteric(6=04)

-

Ref,

67

43
68

69
70
71
194

73

51
60,84
84

85
79

79
42



Material
Cu(311)
Ge(111)
Mo (100)

Mo(110)

Ni(100)
Ni(110)

Ni(110)
Ni(110)
Ni(111)

09

25

TABLE 1IB

Heat of Adsorptibn'of H2 on Single Crystal Surfaces

Temperature

251-297
?
78

78

RT

298-315
299-345

R

282 K
333-400 K
RT

RT

RT
RT

[Pd(S)9(111)x(111)]

RT
RT

150
RT
RT
78

AHads(kcal/mole)
9.3+9.2+9.9

19.5(a)
29.5(B)

20.3 (Tow 0)
27.7

21.4+ 1, calc.
22.7+ 1} exp.

23.0(81,8,)
21.5(81,85

23.5

24,4
22.8'02
20.8

23.8}H2

Technique
’IR isosteric .

0
TD
TD

D

isosteric TD
tsotherm TD

isotherm TD

isosteric TD

isotherm
TD

isosteric

TD (2 states)

isosteric(6=0)

1D
molecular

dissocfative TD

isotherm
TD
estm,

Hys T

Dy, TD

HZ’ TD
Do TD

Ref.
86

32
87
88

89
90

91
92
93,47

94

95

97
98

99
100
101
102



Material

W(110)
(111)

(211)

(217)
(100)

(110)

Temperature

78

110

78 K, 300 K

78 K

180-220 K

-26-

AHadS(kcal/mole)

65-82(boundary free)
60(boundary)

Technique

TD

TD

FEM
D

FEM

Ref,

103

104

72
87

60



Metal

Ag

Co

Cu

Fe

Ge
Ir
Mn
Mo

Nb
Ni

2 d B8 U s 93 og

-27-

TABLE IIIA

Heat of Adsorption of CO on Polycrystalline Surfaces

Form

supported on
A'|203
film
supported on
A1203
film

film
supported on
A1203

film
film
film
film

supported on
203
film

film

filament

1073,1123,1173 K -

ribbon
filament

film
film
film
film

film

Temperature

303 K

194.5, 209.5 K

- 303 K

273 K
303 K

194.5, 209.5 K

303 K

273 K

RT
77 K
90-306 K

RT
303 K
273 K

273 K
RT

1073 K
1123 K
1073,1123 K

1123,1173 K

RT
300 K

273 K

AHads(kcal/mole)

18020

8.7
18-20

47 »
18-20

9.3
18-20

46 +
32 +
10 +
422

>26
>50
78 +

74 +

4.6
20.3
65.7
30.4 |
74.7
78.6
83.2

86.9

91.1
- 35(a)

20.3,30.4,65.7

125 +

Technique

IR

isothermal
IR

cal.
IR

isothermal
IR

cal.
cal, iso,
cal. iso,
0=0,8
T
IR
cal,
cal.

D
physical

tracer
TD

TD,ESD
1D
cal.
cal,
cal.

cal.

cal,

(diff.) 2 states

Ref.

105

106
105

107
105
106
105
107
108

49
109
105
107

107
110

112

111
133
107
107

15
114



Metal

Ni

Pd

Pt

Re

Rh

Ta

Ti

Form

film
film

plate
filament
film
filin
supported on
A]203
supported on
Al150
tip 273
film
foil

ribbon

filament
filament

filament

film
supported on
A1203

f1lm

film

filament

filament

filament

-28=

Temperature Hads(kcal/mole)
90 K 35(6=0.74)+4.5(8=1)
RT 4.4(@)}
32 (B)
RT 25
300 K 6.5, 52.6
RT 24-17
273 K 43 >
303 K > 38
303 K > 44
RT 32 (Tow 0)
RT 0=0-0.8 34 +2 (28:3)
0=0.8"6 28 +2 (19+3)
=679 22 2 (9+4)
300 K 32.27
RT 36(a)
54(g)
RT 50(a)
69.6(B)
RT 23.7 (o)
27.7 (a2)
46.2 (87)
55.3 (B,)
62.3 (83)
273 K 46 »
303 K > 44
273 K 134 +
273 K 153 -+
RT 53
75
100
RT 20
75
100
RT 18.7
51.7
67.6

Technique

D

TD tracer
D
isosteric

cal.
IR

IR

FEM
cal.
TD 1st order

0D

Y

TD
4 states

TD exchange

cal.
IR

cal,

cal.

TD
T

D

Ref,

115
116

117
133
118

107
105

105

72
107
119

159

120
121

122

107
105

107
107
123

124

125



Metal

ir

Form

filament

filament

filament

tip

tip

tip
film

film
filament

film

Temperature AHads(kcal/mole)

RT
RT

300 K

20 K

78 K

273 K

29
59
69.5
- 75.5
23
63
77
90

18.7, 51.7
67.6, 77.5

16
44
76

20
52
70
100
36
52
]4.8
8.0(6=0.84),3.6(6=1.02)
13
30
89

150 ~

Technique

TD

TD

L)

_ FEM
heat of ads.

FEM

FEM
cal.0=0.72 isotherm.

cal., isothermal
TD

cal.

Ref.

126
127
133

128

72

129
130

130
131

107



Metal

Ag(111)
Co(0001)

Cu(100)
Cu(100)

Cu(311)

Ir(110)
Ir(171)
Ir(111)
Ir(111)
Ir(111)
Ni{(100)
Ni(110)
Ni(100)
Ni(110)

Ni{110)
Ni(110)

Ni(110)

-30-

TABLE IIIB

Heat of Adsorption of CO on Single Cr&sta] Surfaces

Temperature ads(kcal/mo]e) " Technique
66-123 K 6.5, 4.3 isotherm., isosteric
300 K 4,2 0!

16.8
47.0
77 K 14.5 isosteric
77-300 K 16.6, 6=0 isosteric
11.5, 6=0.5 isosteric
77-300 K 14.6-10.8 isobar
RT 37 (mean) 0
RT and below 3541 iso. 6=0.33
RT 45 6<0.33
RT 39+3 8=0.33 TD
RT 43,9 8<0.3 TD
350 K 30.0 iso.
300 K 3.9, 13.8, 45.7 0
200, 298 K 26.1 tracer isotherm
RT 3.9, E3( a), 45.7, E.(B) ™
13.8, E2(1ntermed1até
182, 298, 287 K 25.3 tracer 1sotherm
RT 25 6>0.7 isotherm
30 6<0.7 isotherm
128-300 K 25.4 TD isosteric

Ref,

132
133

135°

136
136

137

138
139
140
140
141
136
133

142

125

142

143

144



Metal

Ni(110)

Ni(111)

; Mo(100)

Mo(100)

Nb(110)

Pd(100)
Pd(100)
Pd(110)

Pd(100)

Pd(111)
Pd(110)
Pd(110)
Pd(111)
Pt(100)

(110)

(110)

Temperature

RT

RT

RT

RT

300 K

77 K

RT
300 K

RT

RT

RT

RT

333 K

M, ds

(kca]/mole) Technique

22.5

26.4 1D
33+1 relaxation
32.7 1D

23.5 6=0.33 isotherm TD

26,5 6=0

62+4 TD
79+4
865

65.7 D
70.3
74.7
77.3
81.6

69 TD
15
33.7
39.9

57.0
6.9

35.7 (6=0), 27-ZI(G=0-5) isotherm iso.

364 LEED
4,8 TD
9,0 :

45.2

55.3
36 isothermal

344324 isotherm

30 isothermal

41(5x2), 27(2x1) isotherm

30 isotherm
32

25.1 (o) (sat'd) in)
30.8 (g)(sat'd) D
31.8 + 0.9 (»sat'd)isosteric
25.1 1D
28,7

‘Ref,

145

146
147

148

149

150

133

151
152, 154
133

36

153
36
155
36
156

157

158



Metal

Ru(100)

Ru(101)
W(100)

W(100)

W(110)

W(110)
W(113)
W(1t0)

Temperature

RT

300 K
300 K

RT

320 K
1000-1100 K

320 K
> 1000 K
20-400 K

300-1100 K
300-1100 K
4.2 K

6.8, 10, 10-25
55(81) Arrhenius

-32-

(kcal/mole) Technique
29,6 6<0.6
22,2 6>0.6
25, ) ™
25.1, 28.2 )
£5 (8,) D
4 (83)

4 (g;)

4 (87)s 2142 (a)

27+4

57+4

64+4 [ 0
8215

isothermal D

69.5+3 (B])
9.5 stepwise D
40 (g;)
66.0 (62)
80.7-23.1 TD(o+)
87.6 -27.7 TD(6+)
52 (boundary) FEM

90 (boundary-free)

Ref,

160

161

162

149

- 163

163

164
164
60



.Meta]'

'Co
cr
Fe
Mn

Mo
Nb
Ni
Ta
Ti

Form

film
film
film
film
film
film
film
film

film

film

Heat of Adsorption of COé on Pblycrysta11ine Surfaces

Temperature

RT
RT
RT
RT
RT
RT
RT
RT
RT
RT

TABLE IVA

37 4
115 +
67 +
63 ¥
107 +
162
54 +

182
187
120 »

¥

>

+

_ AHadS(kcal/mole)

Integral

35
81
61.5
53
89
132
44
168
163
109

Calc.

29
46.5
85
92
168
28
172

. 203

155



Metal

Fe

Ni

Nb
Ir

Mo

Pd

Re

Ta

Form
film
film
film
film

film
filament
filament

filament
filament

filament
filament
film

film

filament
filament

film
filament

filament
film
ribbon

9 Tm

filament
tip

-34-
TABLE VA

Heat of Adsorption of N2 on Polycrystalline Surfaces

Temperature
77 K
RT
90 K
78 K

77 K
RT
RT
RT
RT
RT
RT
78-300 K

78 K

RT

300 K
RT

RT

RT
196,300,473 K
195, 290 K

RT
20, 77, 290 K

243 K
77, 300 K

AHads(kcaI/mole)

10 +
70 +

5 ¢

<7
6~10
9-14
10 4

>120
58

62.3(z), 71.5(¢)
69.2(z), 83.0(¢)
60,5 2
~ 80
6-20
<7 ’ '
610 (2 states)
67.9-74.9(B)
66.9-73.8 (B)

140 >+
>120

92.2-+80.7+115
95 »
116

14-24
80

153 (E, )

des

81
154.5

Technique
cal.
cal,
cal,

1D

cal, .
1D
D
1D
T
TD
1D
D

TD
TD exchange

cal.
TD

cal.
cal.
(e+0) isosteric
(molecular)
D

FEM

TD
FEM

Ref.
113
108
166
167

113
168
169

170
195
171
168
172

167

122
122

113
168

173
174
176

168
177

180
178



0 O 0y

Metal Form

W filament

ribbon/filament
filament
ribbon
ribbon

filament

filament

filament

4 8 0 59 4 2
-35-
Temperature AHads(kcal/mole)
115 K v 9} (v)
<400 K ~ 207 (a)
100 K 58-81
RT 110/75
<373 K diff 95, 150
92 (des.)
>RT 0.1(6=0-01.0),5.0(6=2.0)
RT 1.84(e), 1.61(z), 18(a
: 93
RT 80
82
89
RT v 45-60

Technique

Ref,

175
181
182
183
184
185
186
187

188
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TABLE VB
Heat of Adsorption of N2 on Single Crystal Surfaces

Metal Temperature AHads(kcaI/mole) Technique Ref..
Fe(100) RT above 50 60 (58) isotherm TD 189
Fe(111) RT- , 50 isotherm TD 190
Ir(100) 80 K ]3']4(Y3)s7-8(y]),10-]](Y2) FEM 191
Mo(100) 78 9.7+1(y) D 87
87 +3(B) _
Mo(110) /8 81£3(B) TD 93
W(100) 78 10.5(y-),9.2(y+) D 192
v1200-1500 K 78.0(82)
W(110) 100 K | ofy) T 179
(100) 110 K 10,11 (y+,v-) TD
300 K 75(8)
(111) 110 K ~9(y) ™ 179
220 K 16(a)
300 K A 75(B)
W(110) 195, 300 K 79(8) D 193
W(110) 77, 300 K 117.6 . FEM 178
W(100) 78 ' 9.2 (y) D 87
10.5 (v)
80 (8,)

W(100) 78-300 K : 9-75 ' 1D 179
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