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ABSTRACT.

The mixed adsorption of oxygen and hydrogen has been
investigated on platinum, nickel and copper films. The
interaction of hydrogen with adsorbed oxygen atoms takes
place in different temperature ranges on different metals,
About 70% of a monolayer of hydrogen can be sorbed on
oxygen saturated platinum at 779K by a slow process which
is described by the Elovich model. On warming the film

to 195°K more oxygen and hydrogen are taken up in the
ratio of 1:3 to form a stable complex layer on the
surface, Water can be produced by alternate treatment

of an oxygen-hydrogen (1:3) saturated film with oxygen
and hydrogen at 195°K. A model is suggested for water
formation which involves gaseous oxygen and weakly
chemisorbed hydrogen atoms. On increasing the ratio

of oxygen to hydrogen the rate of water formation is
increased, reaching a peak value near an oxygen ~hydrogen
ratio of 2:1, after which the rate falls slowly. This

behaviour is discussed qualitatively.

Nickel saturated with oxygcn sorbes only a negligible
amount of hydrogen below 273°K. The slow sorption of

hydrogen above 273°K on an oxysgen Preadsorbed surface



can be described by the Elovich equation, The inability
of producing water from an oxygen saturated nickel

film in the temperature range 770K to 325°K is probably
due to the influence of the oxygen which is incorporated
in the lattice. Oxygen saturated copper films can sord
hydrogen sbove 373°K and produce water at higher

temperatures,

The study of hydrogen interaction with oxygen saturated
platinum, nickel and copper films suggests that the
dissociation of hydrogen molecules is one of the pre-
requisites for the interaction of hydrogen with oxygen

adatoms on these metals.
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INTRODUCTION

Some General Aspects of Adsorption on Metals.

The elementary process whereby gases interact with clean metal
surfaces , that is of adsorption, poses complex problems.
Despite considerable progress, the mechanism of interaction

is far from clear. The difficulties in defining metal surfaces
have in part greatly hindered progress in the understanding

of the mechanism of the gas-metel interaction. It is well known
that it is very difficult to generate and,to maintain atomically
clean surfaces. Since some of the metals of the transition
series can be cleaned by "flashing' at a high temperature,the
greater amount of reliable work has been done on such metals.
Coupled with this,of course, is the catalytic importance of

the group as a whole. The use of ultra high vacuum technique
and evaporated metal films plus the availability of single
crystal planeéq)have helped in the more precise elucidation

of results of a conplicated nature .

It is generally accepted that the adsorption of gases by solids
can be divided into two main domains- physical or Van der Waal's

adsorption and chemisorption. The former is non-specific



and can take place on all surfaces., It is caused by physical
forces, comparable with those responsible for liguefaction of
gases. The molecules are bound to the surface of the adsorbent
by Van der Waal's cohesion forces which include permanent and
induced dipole attractions. It is generalily appreciable in a
low temperature range when non-dissociated molecular species
may be reversibly adsorbed and multilayers formed.

On the other hand, chemisorption involves the formation of

(28)

ionic(2) and covalent bonds and thus involves transference
or sharing of electrons. In many systems, dissociation of
the adsorbate molecule cccurs and the adsorption is mostly
highly localised., Mobility in the chemisorbed layer then
reduces tc a series of migrations from site to site, each
requring an activation energy. The advent of improved
technigues to measure the sticking probabilities(4,5,6)
have proved the existence of weakly chemisorbed species
and there is often a spectrum of bonding energies lying
between thggg?g%%gibuted to physisorption and chemiscrption.
Adsorption is accompanied by an entropy decrease
since priorko interaction with the surface the gas molecules

move freely in three dimensions. The change in heat content

of the system is given by

AH:AG"'TAS L ¢ o & LELE LA 2 101
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and as both AG and AS are negative, aH must be negative
i.e. the process is exothermic. So one of the basic mnac-
roscopic studies carried out on gas-metal systems has been

the measuremcnt of differential heats of adsorption., The

(3,7,

heat is generally found to fall with increasing coverage

8,9)

and three nain explaznations have been proposed. The ea-

rliest one, due initially to Constab1$’@’ ena Tayior''") is
that the fall is due to surface heterogeneity. The
(12)

second one, by Roberts is that falling heats are due to

L}

the force of repulsion between molecules in the adsorbed

(13) .ng Sehwabnlt®

layer.Finally Eley consider the energy of
electron-transfer taking place in the formation of the surface
bond, If the electron is e¢ither donated by the gas or a
covalent bond is formed, clectrons from the gas enter the
solid. Since in metals there are bands of permitted electron
energies, the first electron will go to the lowest unoccupied
level of the band system and then higher and higher levels
will be engaged as adsorption proceeds. If on the other

hand electrons arc donated by the solid to the gas, the

first electron will come from the highest occupied state,

and then deeper lcvels will be used. Conseguently, in
either cases, the heat will fall. Although Temkin(15>
developed the idea of heat decrease due tec clectron-transfer
invelving a surface band system, Gundréy and Tompkins(16)

criticised it on the ground that electrons in a2 surface

electron band of metals would be in equilibrium with those
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in the bulk metal,which during chemisorption would act as an
almost infinite reservoir for replenishment or depletion of
the surface band. The magnitude of the heat of adsorption

in a gas-nctal system depends both on the metal and on the
gas,but it is vossible to place a nunmber of gaseous adsorbates

in sequence svch that one is more strongly adsorbed by a metal

(1?7

than the one succecding it . Comparison of hcats extrapol-

ated to zerc coverage yields a scale of values descending in
(17,18)

the order

Ti,Ta> Nb » W,Cr > Mo > Fe >¥n Wi, Co >Rh ) Pt,Pd ) Cu,Au .

This order can not Ye considered to be very precise since
A H values vary from one worker te another. For exawuple,the

maxinmun heat of adsorption nmeasured for the oxygen-nickel

systen varies from 105 Kcal(19) to 150 Kcal(zo) . A similar

. s 4 . . . 19,21).
wide variation is also obscrved in oxygen-iron system( 7

These ,of course, are extreme cases. Attenpts have been made

to relate the heats tc the electronic structure of metals as

o]
measured by the percentage d-character of the metallic bond(qo’

r4
22'2)). According to the theory of Mottt and Jones(zh),

transition metal crystals possess inccomplete d-bands,and

Pauling(a?) suggested they possess vacant atomic d-orbitals.

This interpretation requires that the bond between metal

(26,27,28,29)

and adatoa be essentially covalent which 1s in
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accord with the experimental investigations,exceptine for

(50'51’92), where the interaction

scme alkali metals on tuneston
is more ionic in charactor.,
The importance of the d-band in gas-metal interactions is

(27)

illustrated by the work of Couper and Eley on the acti-
vation energy for the ortho-para hydrozen conversion on
palladium-r0ld alloys., The activation energy undergoes 2
sharp change as the d-band is filled by alloying with gold.
Again Trapnell(BB) studied several gases on a large nunmber

of metal filns and concluded that metals with vacancies in the
d-band are nuch mcre active adsorbents than other metals in the
periodic table,.

The detailed nature of the adsorntion bond in chemisorption

is stil] not clear. Single participation of d-band character

in bond formation of transition metals is criticised by
different workers(jq'BB). Thus, in the dissociative chemi-
sorption of a diatomic pas, the chemical potential of atoms,
bound toggther as riolecules in the gas phase, must exceed that
cf atoms bound to the so0lid in order for chemisorﬁtion to

(36,37)

occur . If the cntropic centribution to the chemical
potential is excluded, chemisorption can occur only if the
binding energy of an adaton, X , exceeds one half the disso-
ciation energy D of the diatomic meolecules in the gas phasec.

Armong the transition elements the thermodynanmic requirement is

riet as shown by the fact that adsorption cnergics arc higher
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on these clements than on non-transition nctals.

To define a unigue dependence of bonding upcen clectronic

structure of the solid it is necessary to exeminc the adsor-

ption of gascous atoms, Semi guantitative data on the bond

encrgics of hydrogen atoms for a variety of surfaces,suggest
(28)

that there is no particularly dependence upon band structure .

Thus atoms can be bound to typical non-transition netals like

mercury(39),aluminium(qo), potassium(41) and nitrogen atons,
for example,can be chemisorbed on noble metals(42). Such
e

chemisorbed hydrogen bonds nay somtimes invelve a surface
rcarrangernent towards a hydride phase and involve complex
changes in the hybridization of the metallic orbitals,
affecting scveral atons as each adsorbate is chemisorbed,

(16)

rather than a simple bonding with a vacant orbital

The strongly bound hydrogen atoms on tungsten with heats
of adsorption from 20 to 46 Kcal depending on the crystal
face,desorb above EBOOK .Carbon moncxide on tungsten dees not
differ greatly from hydrogen on tungsten (43) . The heat fall
in carbon nonoxide-tungsten system fror: 100 Kcal Bs—state,70Kcal
Bz—state,52 Xecal ﬁ1—state to 20 Fecal a-state gives a spectrun
of heats of adscrption accompanying surface spcseificity.
The adsorption of nitrogen on tungsten procecds through =

simultancous filling of different binding states; once again

there is a sprectrum of binding states from 2 Keal for a physi-
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sorhbed state, to 9 Kcal for Yastate, 20 Kcal for a-state and
87 Kecal for 8-state,
The mobility of adsorbed gas layers on metals has been demon-

SO
stratced by Gomer(uh), Ehrlich and Hudda(45)

and Klein(k6)

using field emission nicroscopy. Activation energies for diff-
usion were neasured from the direct observation of the movement
of bourdarics on field cnission tips, A mininum of three types
of diffusion was observecd. TFor devcsits in excess of a nono-
layer, a sharp boundary moving over the field enission tip, was
observed at ca 27°K for oxygen and 20°K for hydrogen. The laysr
formed in this way was not nobile if the derosit was insuffi-
cient for complete spreadine. The charp boundary remeined
constant to muech higher temperatires unless wmore gas was added.
This type of diffusion showed en wpwrer limit above which it
¢id not occur. Accordine to Gemer the physically adsorbed gas
on the top of ap imnmobile chemisorbed layer, can wander to the
edge of the primary layer and be chemisorbed on the bare
surface. A second type of diffusion occured involving the chemi-
sorbed adaton layer. Ators cculd migrate over planes as 110,
but were trapped on the rough surface at its cdge. The trap
sites werce presumed to consist of surface configurations
offering more near neighbours to a diffusing atom. A low
coverage diffusﬂ% from trap to trap becomes rate controlling

when there is insufficient adsorbate to saturate the traps.
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This was found with hydrogen on tungsten,

lieasurement of the ratio of the activation encrgy for diffue
sion to the heat of adsorption, Ed/Ead(44)’ showed that the
ratio increases with roughness of the surface.On a pcrfectly
smooth surface diffusion wcould require little activation
energy and be indcpendent of the energy of adsorption. A
similsr increase in ratic was demonstrated on going fron
hydrogen to carben monoxide on tungsten. This is probably
connected with the number of foriicl bonds made with the surface.
The small size of an hydrogen atonm permits it to be in contact
with almost its full ouota of tungsten atoms cven during diff-
usion, Studies(MV) of )~ and a-state of nitrogen did not show
any appreciable diffusion process in the temperature range of
their stability. The activation enerpy for conversion to more
stable state or evaporation, must be comparcble to the barrier
that prevented hopping from one site to another.

Lo
Roberts(*u)

discussed the weak binding state of molecular ads-
orption on an immobile layer, where a random distribution of
pair of sites rother thon single sites & was obtained. In
such a situation a number of single sites will bc completely
surrcunded by occupicd sites, and will therefore be available
for weak mnolecular adsorption only. About eipht percent
vacant sites are available on an immobile adsorbed layer,

(49)

Roberts cs well as Langmuir and Tonks ,have considered a

slightly different model in which adsorption on a given lattice
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site precludes adsorption on ncirhbouring sites and,accordingsly
found thirty scven percent are filled.Robertsqoriginal model
is a 1little diffieult to nake reasonable since even if at
equilibriunm the adsorbed layer is irmobile, the two adatons
formed by dissociation of a single nolecule need not go into
adjacent sitcs on the surface.

(50)

Ehrlich showed that a model based on the excluded sites
can be usced for nitrogen-tungsten system., If each nitrogen
adaton prevents occupation of an adjacent site by ancther
adetom and each adatcm is réctricted to one hop, about 36%

of the surface sites on the 100 plane can be filled with ad-
atoms, This model fits reasonably with the experimenta
results; the Y-state can be identified with unavailable pair
sites and the concentration of the Y-state is reduced when
the filnm is arnealed at high tenmperatures following the
rercval of domain boundaries . This filling of the surface
depends on the crystal planes iavolved, with some surface
specificity. The observation of weak binding states deces not
essentially depend cn the presence of singular sites,since
di.fferent crystal faces have a varying ability te bind
molecules and this may be relatively invortant with some
systens.

Evidence fron surface vpotential and field emission investigat-
ions shows that most of the weakly held states results in a

decrease of the metal work Tunction i.e. they have a divole
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with the positive end pointing away from the surface, This
type of dipole arrangerient is generally characteristic of
the interaction of a mclecule with a metal surface, rather
than an aton or ien. High surface potentisl changes have be=zn
observed for the interactien of rare gases with transition

at 970 (45,51,52)

netals . The positive dipolc has been inter-

(53)

preted in terns of induced polarisation y charge transfer
of donor acceptor type or surface defacts, Molecules on the
surface are incorporated partly in the metal double layer,
which is accepted as having its negative end out from the

(55,56,57)

surface so that the polarised molecule will have a
positive dipole cutward from the surface.

This postulation is acceptable for large,easily polarisable
rare gas nolecules,but quite inadequate for small molecules
such as hydrogen. This may be explained in terms of donor-
acceptor interaction for transition metals which possess low
energy d-orbitals,and they will be rood acceptors and
yield high surface potentials in asrecment with the experi-
mental results., For molecules this type of interaction nay
also be relevant, For exanple, the high heats of adscrp-
tion of molecular hydrogen on hydrogen covered platinum and

tungsten surfaces are 15 and 9 Kcal mole”q respectively,and

difficult to explain by polarisation effects alone.

(5)

Ehrlich(58) and Kisliuk discussed the available literature
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and pointed out the importance of weakly bound, particularly
physically adsorbed rolecules in the kinetics of chemisorption,
Ehrlich concludes that with perhaps the exception of hydrogsen,
molecules physically adsorbed on the surface form a reservoir

(59)

from which chemisorption can occur. Delchar showed in his
study of the hydrogen-nickel system at 77Oor 90°K that after

a critdcal coverage of hydrogen, thc subsequent hydrogen ad-
sorption can be ascribed to the formation and dispersion of

a sccond layer of a weekly bound species resting for a while
on the chenisorbate, before nigrating to the clean part of

the film where it becomes chemisorbed. If the sticking proba-
bility 1s less than one and the condensaticn co-efficient is
equal to one, any chemisorption process must involve the par-
ticipation of weakly bound precursor state, If the probability
factor is low, the molecules in the precursor state-probably

a2 physically adsorbed weak species- desorb rather than migrate
to vidcant sites., However, if the precursor is a weakly bound
chemisorbed state, the probability factor for desorption rnray

be low, and in this case the precursor state nay play an inp-

ortant role cven in an activated process.
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Metal Films- Structurc and Propertiecs.

Metal films produced by thermal evapcration behave in sone
respects differcntly from nmetal filemcents and foil. They are
very unstable due to their high surface energy and consist

of zggregates of micro-crystallites. They tend to change spon-
taneously to a more stable form, Their surface areas are
irreversibly changed by the formation of larger crystallites

at temperatures far below the melting point<1).

X-ray and eledron diffraction studies indicate that there is

a great sinilarity between the bulk and surface structure of
the metals, Germanium filas evaporated cnto glass have diamond
structure without any preferential orientation(a).Under certain
conditions germanium filns may have =2n amorphous structure

when deposited at temperature below 3800 ,but are crystalline
(3,4,5,8)

at hirher tenverature . Nickel and aluminium films

condensed in a hydrogen atnosphere have structure and lattice

(7)

paraneters similar to those of the bulk naterials .

Films deposited at 780K are composed of small crystallites;
the size nay be as swmall as 30 AO(a)(linear dimension) and
the film is porous., When these films are heated at room tem-
perature, the number of spherulitfes increases and grows
gquickly in size with temperature. For examnple, the average

crystal width of nickel deposited at 273°K is about 260 a°
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and on heating it to A70°K, the size increases to 2000 Ato

3000 A0(8)

. Anderson et al, nade a detail study of nickel
and tungsten films by elsctron miercoscopy. From the trans-
mission clectron micrographs the presence of gaps up to 204°
between the erystals have been established for nickel filnm
excmined when deposition was carried at 273°K . On sintering,
the first stage is the removal of intererystalline gaps while
in latcr stages surface asperities are renoved and crystal
growth occurs and, at the same tirme surface atoms rearrange so
that low index plancs are cxposed. Figh teaperature sintering
produces a crystalline struecture almost the same a2s that in
the bulk phase, and the oripinsl filnm arca is considcerably
reduceég’g).

From the surface area wmeasurencnt it is feund that the sur-
face arca is a linear function of filnm weight for nickel and
tungsten, Copper filmm deposited at 9OOK is bronzc¢ in colour
and the larpgce area 1s also vroportionzl to the film weight(ﬁo>.
On warning to room terpersturc, the film turns red and the
area reducas to the geometric valuc. Silver ond gold filns

on sintering =2t roon temperature hehave similarly(11’12'13).
Mignolet(qq) has shown that work function of films increases
with sintering and approaches that of ncracl metal.Beecks’
repcrts rerarding the enhanced catalytic activity of oriented
nickel films also seens tobe exceptional and this effcect has
(1)

been disproved by Sachtler who used sinilar filns produced
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by different method, There is scme indication of slow ageing

{16)

on sintering even at as low 2 ternperature ns 17BOK as
shown by elcctrical resistivity for films deposited at low
tenmperature, indiccting that the atems of the metals have
high surfece mobility. Investigaticn on ths nobility of cad-
mium(17) and on platinum and palladium(qé) atons gives subs-
tantial support to this contention,

Direct inveatigations by a number of complementary technigucs
have shewn the role of surface structure in affecting chemi-
sorption, The importance of atomic arrangement of the surface
has been realised for many years, but the use of the field

(1€) has demonstrated the variation in

cmission microscope
surface migration rates over heterogcencous surfaces, For the
interaction of nitrocen and carbon monoxide with tungsten |
a variety of microscopic 2nd macrescopic observations are now
available to prove that 2 largc number of couilibrium and
kinetic phenomena is dependant upon the atonic arrangement
of th: surface.

In the nitrorgen ~tungsten system nitrowen is chemisorbed in
three different states desicnated Y,a,and B in order of incr-
casing stability. Kinetic studies show the adsorption of
nitrogen at low temperature( TfV1150K) occurs at a higher

rate, with a sticki probability of 0.5 compared to 0.3 =t

&
(21 L.
roow tenmperature + This duc to tho vresence of the a-state.

Probably nitrogen is first trapped on the (110) plane after
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collision from the gas phnse and then it nigrates to the kin-
ked sites of high activity. So,it is concluded that adsorption
takes place through o precursor state, which had been postulated
to fit the rate data obtained by racroscopic nethod. Bven

though the (110)(22)

planes do not directly participate in
cheniscorption phenomena, it appcers that they do influence
the overall kinetics of the rate orocess. The results of Trap-
nell,Kembell and %ley who used cvaporated netal films,together

(13)

with others also established that the extent of chemisorp-

tion was different on different crystzl planes, . Later work
on £ipgle crystal plenes has confirmed this specificity of

rate on different crystal plancs(19’2o).
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Adsorption of Hydrogen :

In the middle of 1930 s sonme important work on hydrogen-

(1,2)

metal systeris was initiated by Roberts His investigstion

has led to the viev that hydropen is rapidly chemisorbed by
clean metal surfaces at rocm temperature. The chemisorbed layer
of hydrogen on tungsten, for example, only starts to cvapcrate

in a gooéd vacuun at 5000. The slow process of hydreogen ad-

0(3),

sorpticn obser¥Wed on tunpsten powder,cutgasscd at 750
may be attributed to a diffusion process, c.g. of oxygen pre-

sent 285 a contaminant on the external surface into the interior,

(1)

thus setting surface sites free for adsorption .

(4)

Suhrmann in 1929 pecinted cut from his photoelectric in=-

vestigation that twe types of hvdrogen were present on the

!

he existence

of multiple states of binding was preved by Hickmott(12)from

surface of platinum during chenicorption, and t

flash filament studies of hydrogen tungsten system. liore

(18),

than two peaks have at various times been claimed suzg-

esting thc prescence of further binding states,but later work

m(19)_

showed that these - were frow impurity in the syste

o
Mign@let()> from his surface potential neasurcmznts reperted

the formeti~n of a sescond layer of hydrogen on top of the

primory chernisorbed layer on nickel, Such a second layer has

(7,8)
(6)

however, hydreogen has been reported to be chonmisorbed in

beon found for hydrogen on tunesten More recently,
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threc different bindings stote t is possible, but not de-

&)
.

nonstrated,that cne of these may be chemisorbed slewly and
this state may play a rols in catalyvtic synthesis.

. . P . . 10
Investigations of nickel films by resistance measurements(9’ ’

11)showcd, when plotted against the hydrogen coverazme, two

pealts which were dnterpreted as indicating surface complexcs.

However, one should not rely too rmuch on resistance values

which refer to a bulk property =as evidence for a surface

rrocess. Further evidence which hrows considerable light on

the complex nature of chemisorption and the existence and be-

haviour of weakly bound states have been obtained by Sachtler
. . (13) : .

et al., using the field emission wmicroscove.Their results

indicate the presence of four adsorbed entities in the tempe~

rature range 77°K to £00°K as follows:

Stronpgly chemisorbed hydrogen atoms with heat of adsorption

20 to 46 Kcal dependins on crystal faces,desorb above 280°%%k,

"he second type with a mositive dipole outwards, had a heat

of adsorntion, 15 to 20 Xc¢al.The third, with a negative dipole

outwards, had a heat of adsorpiion of 8 to 14 Kcal. The last

two species showed a preference for the 411 plane,Lestly

a weakly bound positively polarised state, of heat of

adsorption € to 10 Kcal, was found mainly on the 411,111

and 320 faces, These results have been interpreted by Sachtler

in terms of a topopraphic dependence of heat of acsorption.
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The bond strengths have been <correlated with the number

of surface atoms simultaneously contacted, and with their
degree of unsaturation. At low coverages the adsorbate is
concentrated on the faces with the highest heats of adsorption,
these faces becoming populated mainly by surface diffusion
from faces witp 1es§ hea?s of adsorption. Only at very
low temberatures where diffusion is restriéted, will there b;
uniform coverage over the crystal faces. While the importance
of surface heterogeneity is pronounced, some species are the
result of induced or polarisation effects, since they are only
seen on faces covered with the adsorbate,

Adsorption of hydrogen on tungsten at 100k shows similar

(7)

behaviour . However, once the primary process is completed,
additional hydrogen goes into a second weakly binding state;
this behaviour is confirmed by Mignolet(g4) contact potential
investigations.

(6)

To explain the observation of two types of hydrogen on an
iron catalyst it has been suggested(15) that hydrogen can
exist polarised with either a negative or a positive charge
outward., Each of them, probably operate in different temp-
(16)

erature ranges.Siddigi and Tompkins also pointed out {rom
their surface potential measurements of adsorbed hydrogen,
carbon monoxide and a mixture of these two gases on evaporated

nickel films that chemisorbed hydrogen may exist in two
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forms. The first one, weakly bound and reactive, has a
positive dipole outwards from the metal, and is formed when
two adjacent mctal atoms carry chemisorbed carbon monoxide
molecules; the hydrogen species is rostulated as carrying a
positive charge of magnitude about half of an electronic
charsme and is situated about 1 A®° unit from the surface.The
other existis when the adjacent metal atoms are free and is
stronsly bounded with the nesative dipole outwards. The I.R.

17

investigation of Fliskin and Tischens has confirmed
that both spccies of hydrogen are atomic,the sugsestions
that in the later stages a weak molecular chemisorption is
taking place through a Mulliken charge transfer bond having
been discarded. They found bands at 4.086 and 4,75 microns
respectively for strone and weak chenmisorption of hydrogen.
The results confirm that there are two mechanismsof atomic
chemisorption; if the weak process , even molecular, a band
should appear at about 5.4 microns when HD is adsorbed.
However, when an equilibrated HB/D2 wixture was placed in
contact with the platinum sauple, no adsorpticn occurred at

this weave length. Both strong and weak adsorptions must

therefore be atomic; representing the species as Hs and Hw

1

o

liskin and Eischens sugrest two possible structures ,

he

nawmely
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y B H I
| | w W P
] !

H a'nd /":h::.
Pt--H_-- Pt Pt =

i.e. the w two chemisorptions are assoclated with different
topographical positions on the surface, the strong adsorption
bei P i .. (20)
eing part way towarcds solution in the metal.lMizushima
¢lzimed that his results show three hydrogen species on nickel
{i) negatively charged atom,(ii) positively charged atom and

(i3i) molecular hvdrogen.
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Adsorption of Oxysen

s £

The study of oxvzen chemisorption on metals is often com-

nlicated by the occurrence of oxidation, even at low temp-~
eratures. fowever, adsorption of oxygen on clean. matal
surfaces at arnund 780K shows that two kindes of sorption can
be distinguished: an " irreversihle" chemisorption and a
“reversible™ one., The kinetics of the irreversible one were
not affected by interrupting the reaction, a result which
is in contrast to the restoration observed when the diffusion
controlled oxidation at high temperatures is interrupted(q)

In some cases the recversible adsorption was shows to follow

()

a modified Lansmuir tvpe isotherm

K P¢/r8+2%1 .... vl 1.2

where Nrpv is the no. of reversibly adscrbed

oxyren molecules per unit area, No’ nc. of oxy<sen
molecules(atoms) in a monolayer of adsorbed oxyren,
P,the ambient ©pressure, and B8 i1s an empirical const.
(2) ) \ ;
Rosenberg et al. from their study of Xygen-germanium suggest
that reversible adsorption mev be physical in nature and
the value of ¢ which is less than wunity ( g 0.5), is
attributed to strong repulsion between the adatoms. But it

is likely that the molecules of the reversible process may

be one of the weakly chemisorbed species on a heteromeneous
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surface with a spectrum of adsorption energies. The value
of ¢ as small as 0.5 may suggest the process is a dissoci-
ated one,but the study of krypton adsorption on oxygenated

(&)

germanium at low coverage(10% to 50%) indicates that a
fractional pressure exponent of equation 1.2 may not imply
that a dissociation of the adsorbed species has taken
rlace.

At high temperature (195°K) reversible adsorption ceases,
but incorporation and oxidation is pronounced., From the

(5) g

photoelectric investipation of Quinn and Roberts
surface potential measurement of Delchar(é) there emerges
an"incoryporation process” for oxygen on some of the tran-~
sition metals. The ease of incorporation lies in the order
Cry Fep Ni)Cu .,

Delchar éddculated the apvarent activation energy of incorpo-
ration of oxygen and found it was 1-2 Kcal for nickel and

6 Kcal for copper and for chromium and iron even less than

one Kcal. He developed an equation, where the encrgy term

vas split intec two components.

rate - n exp -(Q-an)/RT cee ees see 1.3

where G is activation energy for transfer of an oxygen
ion from the surface into the metal lattice and galF,
where q 1s the charge on the ilon situated at a distance

(a) from the metal, and F is the electric field at the

metal surface.
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From this couation the value of @ for nickel was found to be
32 to 31 kecal from 100° to400°% and for copper 2& to 29 Kcal .
(7)

Grimlev and Trapnell have estimated that @ for the transfer
of a copper atom into =z thin oxide layer is 26.5 Kcal.One
would expect that an anion such as O would require a greater
energy.ihe arreemcnt isc reasonable and probably the suriace
Tield controls the rate during incorporation process.

(8)

Bennett also ohserved the incorporation process in his
investigation of germanium-oxygen system.

. . O &
4lthough marked incorporation was observed above 146°X in the

case of nickel- oxygen system, there must be some incorporation

at ??O or QOOK. This follows from tre observation that

O
L 10

2.4 x10 molecules are reauired Lo reach the surface poten-
. . . L8 ) "
tial maximum, while 2.0 x10 molecules of carbon monoxide

o

16 cx .
cr 1.0 x10 nolecules of bydroren were sufficient on {ilms

prepared in a strictly comparable fashion, and having similar
3 e 3 (O) =

welsht. Aopkins et al. *’ =zlso found that st 0.5 monolayer
coverage in the oxyszen-tungsten system the diffraction patterns
of LEED indicated 2 tungsten -oxygen place exchange, with
oxygen buried, but at higher coverages, surprisingly enough,
the pattern reguires that the tunssten atoms' return to their

: . (10)
normal lattice vositions .

There are soms cases where oxvgen is chemisorbed without

being dissociated into atoms, The molecular adsorption in the
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form of O, ions w2y be the first sten of atomic adsorption.

Oxygen molecules have a positive electron affinity of 2 to3

I's
) (1 - . . . . .
{cal/ mole . 02 ions are found in the normal oxidation

of the alkali metals,like potassium, when lattices of super-
oxides result from the reaction of metal with oxygen(K0,). A
[N
. o ) .
cesium metal surface, when exposed to oxyren at 77 XK, is
spontaneously covered with a chemisorbed layer of oxygen

probably as O; suecies. From the surface notential inves-

tirations the relatively small surface potential due to ad-

12)

(
sorbed oxygen was originally interpreted’ to mean that

; . . 1
adsorbed oxygen was essentially atomic in character.kacRae( 3)
has argued that the surface potential data can also he
used in support of cansiderable charge transfer to the ad-

(14)

sorbed oxyren. Magnetic studies yield conflictings evidence
- (15) : \ .
Fark and [Parnworth consider agreement of photoelectric
data with the Fowler curve for melals as strong evidence for
adsorbed oxygen being mainly atomic in character,

6)

Boros}.«:ov(1 used isotopic exchange technique to investigate
the character of the oxygen bond on the metal surfaces of
platinum, silver, walladium 2nd nickel. He observed that it

is vrobable that the sorhed oxyzen penctrates into the surface
lavers of metal to some depth. & study of the exchange with

the chemisorbed oxygen provides evidence for the non-uniformity

of oxygen on platinum film.

The heat of sorption varies between 13 and 24 Kecal/mole over
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25% of the monolayer, while the activation energy increases
by 5 Feal/mole. The rate of a homomolecular exchange 1s close
to the initial rate of the isotopic exchange with adsorbed
oxysen measured at insignificant degrees of exchange.Hence,
one may conclude that the homomolecular exchange reaction
proceeds on a small area, only 3% of the overall platinum

(17)

surface . The rate of homomoleculcr exchange of oxygen on

silver films is one ordsr of magnitude less than that of

Q
(10).The studies indicate that the surface oxygen

platinum
is uniform over most of the surface, PA0 is formed on the
palladium surface from the adsorbed oxygen and the rate of
heterogeneous exchanrse rapidly decreases with the extent of
exchange which indicates that oxygen on the surface is non-
uniform, Initial exchange rate on freshly prepared nickel

film exceeds that of vlatinum but in an hour it is reduced to
one sixth of the oririnal value., After a large amount of
oxygen adsorption, the specific activity of the film approaches
the character of an oxide film. From the above results of the
isotopic exchange of oxygen there emerges a definite indica-
tion that there are various ferms of oxyzen bonding on the .
surface of the films and some of them probably do take part

(19)

1 passive role in simple catalytic reactions. Tikhomirova

o

t zl, showed bv their various vnulse methods that at the

moment of anode polarisation to @ - 1.2 V(i.e, before the

formation of oxide phaseﬂon the platinum surface) various
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types of oxyren{chenmisorbed) are formed, differing in bond
strength. However, when the same techniques were used on the
cathode side ( i.e. during reduction of chemisorbed oxygen),
at least, two types were detected., Morrison and Roberts(ao)
using the accommodation co-efficient method, observed two
different chemisorbed species of oxygen on tungsten: one
evaporating at 200° which is belived to be molecular and the
other, evaporating at 14000, an atomic type. Some cight
percent of sinale sites are in fact left over when an immobile
layer formed by dissociation of diatomic molecules to atoms,
and it was suggested that on these a strong molecular chemi-
sorption might result, Any way, hich temperature evaporation
data are even more difficult to interpret with oxy-en than

with hydroren, bhecause of the fact that the desorntion

may bc from oxides,
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Adsorption of Water Vapour

Water molecules adsorb on metal films in the right temp-
erature range and , chezaisorvption is effected gencrally
by donation of a lone pair of electrons from oxyren to
metal resulting in co-ordination type bond(27).
Law et al. studied the adsorption of water molecules on
germanium at very low pressures using mass-spectrometry.

e
It was found thatimonolayer was completed at a pressure less
than one tenth of the saturation vapour pressure. At the
saturation pres=ure about eight to ten layers were reversibly
adsorbed with heats of adsorption comparable to that of
condensation as would be expected in the multilayer region.
By comaring the exrerimental cntropy values with those
calculated from various models, it was shown that first
laver was localised but that succeesding leayers were mobile,
having effectively the similar properties as liguid water.
Keversibly adsorbed water molecules could be removed by
puapine until the meonolayer rezion was reached. Further
desorption was observed, however, on heating to about 3500
indicating that the monolayer was chemisorbed. Analysis
showed that the desorbed products were a nmixture of hvdrogen
and water molecules; hydrozen was produced by dissociation
and surface oxide layers were formed, On the other hand water

molecules desorb Irom the platinum films at room temperature,
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“xperimental evidence showed that monolayer of water mol-
2cules was stable upto 195°K and at roon temnerature(BOOOK)
almost 211 of it was desorbed,

23 . .
(23) studies the adsorntion of water on

Suhrmann et al,
nickel films by recording surface potential and electrical
. (o] C.. (e 0. .

resistance change at 77 to 90 K and 195 to 273 K., Between

o o, . . .
77 to 907K resistance R increased and potential ¢ decreased
on adsorption of water. In this temperature range, the positive
pole of ther dipole of adsorbed water molecule points

- (28)

away from the nickel surface. Schaaf observed an

increase of the photoelectric emission of platinum in presence
of water vapour as a result of donation of the lone electrons
of oxygen atoms in the water mol-scules to the eleciron gas

of the metal.The water molecules decompose on the nickel films
at 195°K and especially at 273°K, resulting in an sdditional
increase of ¢. The fracments arc bound to the szurface and
affect the electronic interaction between the successively
adsorbed water molecules and the metal surfaec in such z way
that the adsorption of water molecules at 273°K,20°% ana 77°%k
is accompanied by a decrease in R which at 2730K can be re-
versed by desorption.

The conversion of the surface. layers of many oxides into
surface hydroxide layers is the result of the chemisorption

. 5
of water molecules on oxldes(z’).
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Mixed Ldsorption

Adsorption of mixzed pgases or one gas after another may result
in a number of processes ,such as, surface displacement,the
formation of cowplexes, acceleration or retardation of sorption
of Jifferent components, or individual adsorption of different
gases on different planes of a polycrystalline metal
surface,
The displacement of an adsorbed species,A, from a complete
covered surface ( i.e. monolayer or more) by a sccond species,
Byfrom the gas phase is possible provided the free energy ch-
ange is negative. From the thermodynamical considerations,
if the bond strenecth D(FM-4) is much less than that of
D(M-B), it may be expected that the displacement process may

(

1)

occur, Displacement of hvdrogen by nitropen and hydrogen

(2)

by oxyren on molvbdsnum shows that partial disvlacement

is possible., Robertis et al.(q) pointed out that surface di-
ffusion of Jdisplaced atoms are essential hefeore molecular
desorption, If the surface is not Ffully covered 1i.,e. oy <1,
the rate of hydrogen desorption by nitrogen is nepligible

up to 60°. Clearly, the smaller are the values of GE and T
the more 1likely will displaced hydropen adatoms be success-

fully retained by thc surface. Frobably hetercgeneity of the

surface controls the partial and stepwise displacement of
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hydrogen .

4)

Lambert ard Heaven( found that the adsorbed phase con-
tained three times as much oxyren as argon if oxygen was
admitted first, but only halh as much if argon was given

priority. A similarity was found with oxygen -nitrogen

mixtures, in agrecment with the carlier findings of Lemon

(5)
6)

and Blodgett for these mixtures on charcoal.The probable

explanation( is that molecules of the component first ad-
mitted are adsorbed in cracks and capillaries from which
displacement by the added second component is a very slow

(7)

process., White and Schneider repveated Lambert and Heaven's
work with a variation of experimental techniques(continuous
gas circulation) and found that adsorption of a particular
component dewcnded . solelv on the partial pressure,
whether it was adsorbed alone & or from a mixture. This latter
result although in sharp contrast to the findings of Lambert
and Heavens that oxygen and argon mutually enhance each
other's adsormntion , is reasonable in view of the very low
coverage of the surface. The process of selectivity of ad-
sorption and its degrec for a particular component from a
mixture such as adscrption of nitroren-arcon on silica gel

)

and charcoal at low temperatures( ,has been interpreted by

(€)

Brunauer ° on the basis of multilayer formation. In the
first layer nitrozen is more strongly ansorbed than argon,

whereas in the second and hisher layers arcon is preferen-



37

tlal'y adsorbed on account of itz greater theat of
condensation,

Different components of a mixture may lead to a chemical
reaction and there has bteen and continues to be much dispute
about the mechanisn of the bimolecvlar reactions.lowever,
the vhole fileld can be broadly divided inte two schools cof

tioushts, According to the original hynothesis of Langmuir(qo),

(9) (1)

accepted by Hinsheclwood and Bonhoeffer , such reactions
proceed through the adsorption of the two species on adjacent
sites, followed by their interaction and desorption of

the product or products. Most of the reactions toc which the
Langnuir-KHinshelwood mechanism were applied, whether uni-
molecular or bimolecular, took place at hirh temperatures
where it is reasonable to expect the rate of desorption

of reactants and products to be fast in spite of the high
activation energy of sucﬁ 2 Process.

The reaction may be considered as occurring between the
nolecules of the reactants,A@nd 3, and a dual site SZ on

the surface; thus(qa)

Products e cee 1oL

A+B+S, == [A-B-5,]

If the fraction of the surface covered by reactant A is
¢ and that covered bty 8,91, then the no. of bare sites
adjacent to any given site will be S{1-6- 91), where S is the

total no. of possible sites adjacent to any riven site.
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S0, the no. of dual sites per cm2 is 1/2 CSS[1—G - 91].

The fraction @ and 91 may be expressed in terms of concen-

tration of the adsorbed molecules . Cg for atoms of A and
Ca1 for that of B as follows,

g" Ca/[ Ca+ Ca1+CS] LA e 105
and

& = ¢ ,/[C +C_.+C] sre  eee 1.6
and concentration of dual sites - [1/2 8 Ci]/L P
wvhere L - € +C _+C
-~ a al s

The velocity of reaction rate by the theory of absolute

reaction rate is

2
cC ¢ .C f
v LsocglElls KD+ o~ E/OD g
B L h rFr _f
7 el's

where C_ s are conc, terms in gas phase, Fg s are partition
functions and f+ and fs ,the partition functions for activated

complex and for the reaction sites, recspectively.

(13) €14)

An alternative formulation, due to Rideal and ®ley

which involves interaction between a chemisorbed species and
a second molecule either in the gas phase or held briefly .

in @ physically adsorbed layer., There are several variants
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of this mechanism, and it is not casy to distin~uish between
them and the Lanemuir- Finshelwood adjocent adsorption mec-

harisn on the basis of kinetic measuremcnts alone.

In the Rideal-Eley mechanism, if one reactant is strongly
chemisorbed and mobile and the second one is physically
adsorbed, the reaction must take place within the mean
residence time t, where

t - tO exp [-AHP/ RT] & .e.. eee. 1.9

where to is time of one vibration in the adsorbed state,
\&Hp‘ beat of physical adsorption.

(15)

It has been calculated that for hydrogen at E?BOK, t

will correspond to only about fifteen vibrations if -AHD

-~

i . c s
, and this process can not be significant

is 1.5 Xcal mole™
above this temverature when the second reactant is hydroren,
If one reactant 1s strongly adsorbed but mobile and the second
one colliding from the ras phase, the situation is similar as
the last one. But if the first component is strongly adsorbed,
and immobile, oririnslly envisared by Rideal, there will be
azbout eight percent single sites vacant in a complete layer
and the second one m~y adsor®, perhzps " end on" over such
sites. The chief viriue of ihis mechanism is to provide a
means of bringing the second species into intimate contact

irith the surface under circumstsnces where the second
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epecies cannot chemisorb in competition with the first one
sufficiently to brins about efficient roaction., The heat of
adsorption over such vacant sites could be considerably greater
than the normal heat of physical adsorption, and the objection
referred to above is thereby obviated.

(1%) . ; .
of ammonia a gas-phase ammonia

In the catalysed oxidation
molecule reactod with oxygen adsorbed on the platinum surface
and Tenkin and Mikhailova proposed that gaseous carbon dioxide
molecules removad adsorbed hydrogen atoms in the reaction

H2+ 002 —_— H20 + CO over platinum,

Nitrogen adsorption on tungsten at room temperature occupies
only half of the surface and the remainder can be filled up

by a second mas, such as, hydroren, oxygen or carbon monoxide,

(18) (19)

as was established by the work of Beeck yITrapnell

S
("O), Wag%ér, in his studies, demonsirated that

ang Wagﬁer
when nitrogen was first adsorbed on a tungsten film, an equal
amount of carbon monoxide could still be adsorbed therecafter.,
If the order of adsorption was reversed, however.,and carbon
monoxide was adsorbed First, no Turther nitrogen uptnke was
iound, This can be explained from the view that carbon
monoxide layers completely cover the surface,

(21) studied the extent of adsorption of

Nasini and Ricca
carbon monoxide on a varvin~ amount of nitrogen preadsorbed

on tunegsten foil, They found that total amount of nitrogen
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plus carhon monoxide remained constant; the addition of one
molecule of nitrogen reduces by one carbon monoxide molecule
that cruld be taken up later. The sticking co-efficient for
carbon monoxide was affected by the preadsorbed nitrogen in
the same way as had becn carbon monoxide itself, It proves
that nitrogen occupies the sites which were also available
to carbon monoxide. Their findings of displacement of one
carbon monoxide molecule by one nitrogen molecule indicate
that «-CO occupies the excluded sites around the nitrogen
atoms and also sites on the (110) planes where nitrogen does
not adsorb at room temperature. The eguivalence of nitrogen
and carbon monoxide sites implies that nitrogen occupy

sites on bigh index planes that would otherwise be avail-
able to the Bzand B3 states of carbon monoxide. In

(22)

Rigby's experiments it is f{ound that carbon monoxide
does not displace nitrogen; on the contrary, nitrogen does
slowly displace carbon monoxide from the adsorbed state
at room tcemperature, with one nitrogen molecule for a
single carbon monoxide molecule. This displacement results in

the almost complete disappearance of the a-state of carbon

monoxide.
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EXPERIMENTAL .

2,1 Materials-

Pure water was obtained by double distillation from a
solution of potassium permanganate in commercially distilled
water.About 30 mls were introduced into a glass bull which
was then sealed to the vacuum apparatus. After a preliminary
outgassing with the bulb immersed in a solid cardice-acetone
bath at 195K, the water was subjected to a melting-freezing
procedure durine which time it was being evacuated by the pumps.
It was finally purified by low temperature distillation in
vacuum and stored in a vessel containing purified glsss wool
to increase the surface area from which evaporation could
proceed.

Hydrogen was obtained from British Oxypen Company in sealed
glass ampoules and purified in situ for each experiment by
diffusion throush an electrically heated (3250) silver-
palladium thimble.

Oxyren was prepared by heating B.D.H. analar potassium per-
manganate crystals, which had been outrassed and flushed
with oxyren and stored in a litre flask with a U«tube

manometer, Felium, Xryoton were similarly obtained.
’ ¥
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Metals

Spectroscopically pure metals were supplied by Johunson,
Matthey and Co,Ltd. ilickel(rrade I})and copper, and »nlatinum
wires were used for film deposition.Tungsten wire was suppli-
ed by Murex Litd.

Analysis of the metals :

___Metal % purity Impurities(p.p.m.)
Nickel spec. pure §i:7,FPe:5,Mg:2,A1:2,
Ca,Cu: 1 each.
Copper 99.99(gr.1) not guoted.
Flatinum spec.pure ! not quoted

——— e —

2.2 The Vacuum Apparatus

The vacuum system (fig.1) was boused in a novable, rec-
tangular box on wheels; it was constructed from Dexion angle
225 and measured 4 ft. by 2 ft.by 2ft 6 ins. The top of this
framework was covered with Sandenyo. Holes were cut in this
sheet to allow the passage through of the vacuum line and
insulated electrical wires and to allow Dewars to be raised
around the cell. The section sited above the Sandenyo sheet
was that which it was necessary to bake out at high tempera-
ture., For this purpose a furnace, 2 ft, ,high and 13 ins.
diameter was constructed which could be lowered over the

vacuvw line to rest on the insulating top sheet of the
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Dexion frame. The Turnace consisted of a innermost cylin-
drical steel former and two co-axisl asbestos cylinders.

168 ,7.G, ichrome wire was wound uniformly round the inner
cylinder and permanently cemented by a paste of mapnesium
oxide in asbestos wool, It was finally covered by aluminium
foil. The top of the furnace could he lifted when necessary.
The temperature of the furnace could bhe raised to 4500.

The apraratus was constructed mainly of vyreX rlassjthe
tungsten/glass seals were of W-1 rlass. The main pumping
leads were of 25 mm diameter to facilitate rapid evacuation
and the rest of the avparatus was made from Sto 12 nm inter-

nal diaumeter tubings.

The Pumping System

The design of the pumping system followed usual high vacuum
practice and was found canable of an ultimate vacuum of

5 xﬂthO torr . The ultra high vacuum section consisting of
the cell, ion-rauvge, Pirani rause, glass valves, was on top
of the Sandenyc sheet,was evacuated by two three stame high
speed aunnular-jet mercury-diffusion pumps,backed by a two.-
stage rotary oil pump. The cell could be isoclated from

the pumping system by a system of magneticaelly operated glass

ball-joint valve,D DE(DeRker valves),and protected against

1

condensable vapours by a system of conventional cold traps

(Td,Ta) situated in the dosinz line, all of which were
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baked out at 2007 by vassare of electrical current throuzh

heating tapes.

The Gas Metering Systen

The dosing system comprised four glass stopcocks joinegd

end to end, the first two being secparated from the last two
by a glass hulb( 200 cmB) « The pressure of the gas in the
volume defined by the first two taps was roughly measured on
a mercury manometer. Gas in this volume was expanded into
the large bulb and a small volume(2.9 cm3) isolated between
the last two taps. This doée was then admitted to the va-~
cuun system(the section defined by the stopcocks 81528485
36 and 57) and accurately measured by the Ilcleod gauge(M1)
and then further expanded upto the Deltker D1 by opening the
stopcock §,. Doses of different sizes from 4.5 x10-6 mole to

9

as smallfar x10” “mole could be accurately measured.

The Pressure ieasurement

The pressure in the svstem could be measured by two licleod
gauges, a Pirani gauge, and an ion-gauge,the latter being
incorporatsd at a later stage of the work.

One mm diameter precision cavillary tubing was used for one

P
~ -l -]
gauge for the pressure ranve 10 to 10 torr and three rmm

diameter capillary in the other for measuring higher pressure

-2

(10 to & torr).
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The Pirani gauce contained a 120 mm long tungsten filament of
0.01 mm diameter and 155 ohms resistance uniformly stretched
between and svot welded to nickel clips which in turn were
velded to a pair of tungsten rods of 1.5 mm diameter. Since
the sensitivity of the gauge is proportional to the temperature
differcnce between the wall and the wire, the gauge was imme=
rsed 1in liquicd nitrogen; the refrigerant was always kept
at a constant lzvel well above the tcp of the filament. In the
water vapour experiments the gauge and trap ‘I’1 were immersed
in ice. In operation the resistance of the Pirani filament was
measured by a Wheatstone bridge(fig.3). The stabilized power
supply to the bridse, which was steéped down by high resistors
in two of the ratio arms, had a constant output of 40 ni at
300 V, The ratio of the fixed arms was 20 to 1; a Pye Scalamp
galvanometer{(Cat.no.?0¢3/5) of 210 mm/ pA sensitivity was
found sufficiently sensitive for use in the measuvuring circuit,
The Pirani zero,Ro, was the resistance of the
filament at sticking vacuum of the Mcleod gaure( 10™7 torr)
and 78°K. Equilibrium was established in half an hour after
switching on the current supply. Wo fluctuation in the zero
value was evident during the experiments,but a change of Roof
about + 10 ohms occurred over a few weeks. To avoid this

change, tun~sten tivs were silver soldered with sleeved(in-

sulated) 1 am nickel wires which were connected to the Firani
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circuit. Cverheating of the gause( (4500) was always avoided.
In calibration

AR[- (RO’R1) where R, is the resistance corres-
ponding to a gas pressure P1] was plotted against the licl-
ecd pressure. During every run sufficient Mcleod readines
were taken to check the calibration. The sensitivity of the

3

gauge decreasecd raridly above 9 x10 ~ torr, above which nress,
all measurements were taken by the Mcleod. The Pirani gause

was also used as analyser of oxrgen-hydrogen mixture(fiz.4).

It was calibrated for different oxygen and hydrogen mixtures
of known composition of gases against Mcleod readings at
different pressures; any gas sample could be analysed by

taking simultaneously Pirani rcading and a tcleod reading

and, comparing them with known calibration curves either

directly or by intrapolation.The pause was also calibrated(

fig.5) for water vapour(at 273°K) and krypton.

Ion-Caure
The Mullard ion~-mauge conitrol WES-3 and high sensitivity
ion-rauze I0G 12 situsted near te the cell prave stable

- -3 ~11
measurements of low prescure from 10 te 10 terr. The
ion-gauge was only used to monitor the initial vacuum con-
ditions and the pressure when the films were deposited. Only
100 pA and 1mA cenission current range were used to minimize

the rauge ion pumping.
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The Reaction Cell

Fig.,2 shows details of the cell for all metals used;it
consists of a cylindrical neck with a side arm of 12mn dia-
meter and a bulb of 200 cma. Two tungsten rods of 2 nma
diameter that would safely carry 10 amp. current were used.
To replace the filament, the neck cut above the side arm and
the film removed by nitric acid (for platinum hydrofluoric
acid was used) j;then it was thoroushly washed and dried and
a weighed filament, previously cleaned by an A.C. electroly-
sis in sodium hydroxide, was spot welded on tungsten rods via
nickel c¢lips and finally the cell was sealed to the system.
Nickel films were deposited directly from 0.5 mm wire but for
copper and platinum the throwing filament was aspiral of the
metal wire mounted via nickel stips to 2 mm tungsten

rods. The evaporation current was supplied from a heavy

duty step-down transformer feed by . a variac transformer.

In this way it was possible to have a fine control on the
current through the filament. An ammeter in series with

the filament measured the film deposition current.

Calibration of Mcleod sauge and volume calibration constants

Mcleod gaure (M1>: cross-section of the capillary:7.84x10"30m

volume of the bulb:202.5 cma,

. - 2
(MZ): capillary cross~section:7.1210 2cm

2

]
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volume of the bulb(NZ): L& .82 cmB,

6

by
1

3.377 x107

-
1.217 x 10

2
e
{1

The pressure P~ h?haK mm.

where h1(mm) is the height of the enclosed gas in the cap-
illary and hz(mm))the difference in the height between the
level of mercury columns in the closed and the opeR capillary
and,theyjwere measured with sufficient accuracy by a catheto-
meter. At 107 mm and below the pressure revroducibility

was within 5% and at hirher pressure,within 1%.

The volumes of the different sections of the systenm
were measured by ras expansion from a bulb (544.7 cmB)
which had been calibrated with water. Section I was defined

by the stopcocks 5432845556and 87, with the Mcleod gauge(M1)

and trap T, in liguid nitrosen and section II was Irom

2

stopcock S, upto the cell with Pirani (P) and DeBkers,D,D

o

The apparent volumes of these two sections immersed in the

1

cold traps were measured in the working pressure range.

To calculate the number of moles in the gas phase

be Lo
at any pressure the following constants have to multiplieds

by eouilibrium pressures. The subscript indicates the temp-

erature of the cold bath around the cell .



C(1)78°K = 5.6 %1077

C(I+II) T78°K = 11.63 <1072
C(1+11) 195% = 8.96 %1077
C(1+11) 273% = 8.25 x107°
Ct1+11) 308% = 7.89 x10 2

when the cell at 195% and traps T,,T. were at 273°K

1’72
C(II) = 4.53 x1072
and for the section between D1 and Sl
C = 1.77 x1072
D.S B ‘
171

Temperature baths

The following organic liquids cooled to their melting points

by liquid nitrogen were used to obtaln temperature below 273K

55.



Table 1

Temperature Baths

56

! Baths Tenperatures
| % °K ‘
| boiling nitrogen i 773 ,
| boiling oxygen § 90.0 !
melting isopentane % 1135 ;
melting n~pentane % 1.7 |
melting methyl cyclohexane % 46,6
melting ether ? 160.0
melting tolucne i 177.0
solid CO2 slurry in alcohol ; 165.0
melting chloroforn é 210.,0
melting di-ethyl malonate f 22%.2
| mclting methyl bengoate % 260.6
i melting ice bo273.0

_ A conventional thermostatted bath was used for temperatures

above room temperature.



o7

2.3 Procedure

Lvaporated films from the previous experiments were normslly
removed by dissolution in moderately concentrated nitric acid.
However, platinum adhered stronsly to the glass; consequently
the cell was rinsed with dilute hydrofluoric acid. The acid
did not apwear to dissolve the vlatinum but merely lifted it
from the glass substrate. Then the cell was repeatedly washed
with distilled water. The filament o be evaporated was
pryared by winding a spiral of the wire, generally three turns
of diameter about 5 mm. Coprer, havine a low melting point,was
evaporated from z filazment of tungsten wire(0,3 mm) around
which was wound the copmer wire. Details of the filaments
used are given in the tableha.

-~

Table 2

Filaments
Metal ~7 Diameter ] Current to
[ in mm | Outzass | throw
L
[
i
i
FPlatinum 0.1(0.3mn W) 5.4 7.5
Conper 0.5(0.3mm W) i. 5.0 6.k
|
| Tickel 0.5 | & 5.4




For <coprer and nickel enoupgh care was taken to reduce the
filaments in hydrogen atmosphere at one torr for removing oxide

films which were formsd during cell preparation.

The Cutgassing Technique

With the cell attached, the apparatus was pumped out to press-
ure less than 1072n_The system was then baked out with the aid
of the furnace placed over the cell, Pirani, ion-gauge and
greaseless DeBkers valves., Sections outside the furnace were
at the same time heated with tapes. The temperature of the
entire system, starting at the throat of the diffusion pumps
was raised slowly. 411 the areased stopcocks were protected
against hircher temperature by circulating cold water through
polythene tubing and, by aluminium foil. The furnace temp-
erature was about 4500. Sections outside the furnace were
maintained at about 3000. In the first Ybaking after four hours
the current to the heating tapes of traps TZ and T3 near
diffusion pumps was switched off; cooling with liquid nitrogen
was started about half an hour later. At that point the furnace
was allowed to cool slowly and current to all heating tapes
was turned off and all traps were cool down to 78°K. “hen
the temperature of the furnace was sufficiently 10w(100°),
the furnace was removed and the vacuum was checked with the

. i . : -9
Pirani and the ion-rauce, When the pressure was less than 10
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torr, the filament was switched on for twenty four hours in
order to outgass it. When the filament was thoroughly outgassed,
the system was again baked out for a second time for twelve

hours.

The Preparation of Films

Prior to evaporation of the film the Pirani was immersed in a
liquid nitrogen bath . The current to the gauge was switched

on to allow to reach a steady state. The ion-gauge was also used
to check the vacuum, The cell was immersed in the suitable bath
(either 78°K or 5250K) and the current of the filament was slowly
increased until evaporation proceeded while the cell still
open to the pumping system. The duration of evaporation and
current were carefully controlled so that similar films could

be deposited every time.
Films which were deposited at 78°K( Ni and Cu), were sintered
by raising the temperature of the cell to 250 and after 10 mts.

the bath-temperature was again changed to 78°K. The temperature
cycle was repeated four times in order to stabilise the film,
When the film was deposited at 3250K, it was immediately brought
down to the desired temperature after switching off the deposi-
ting current. Film weight,calculated from the loss of the weight

of the wire,varied from 15 to 20 mgs. Zvaporation of copper
films was effected from 0.5 mm spec.pure wire wound closely
around #0.3mm tungsten core, all adjacent turns touching.Unless

the evaporation was conducted extremely slowly,the wire melted into

\

e
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globule and dropped off the wire,sometimes causing damage to
the cell, If the degassing was not carried out for sufficiently
long time, it was extremely difficult to maintain a good vacuo

during evaporation. The vacuo obtained during evaporation of

9

nickel was 10 “torr,but in the case of copper it was never

better than 10‘8torr. For oplatinum,however, the vacuo was in

10

the order of 10~ torr,

2.4 Thermal Transpiration Correction

It was necessary to aprly thernal transpiration correction
to obtain the true equilibrium pressure in the cell when it
was immersed infa a bath at 77°K or at 195°K which was different

from the rest of the system.The necessity of such corrections

1) (2)

has becn demonstrated by Tompkins and Uheeler( sand Porter

(3,%)

+» Various theoretical apprroaches have

(5!627r81>

and other workers

been made, of those that due to Liang is simple and

easy to compute as compared with the derivation of Webers

(9) (10)

and Keesom swhich was later developed

(1)

Finally Benrectt and Tompkins sugsested some modifications

to Liang's empirical equation,

- 2
“He<‘¢g x) + BHe(fﬁg x) R

t

2 aHe(fﬁg x)2 + BHe(f¢g x) . +1

where R - the ratio of the pressures in the two regions

at temperatures, T, and TZ’

1
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e

R~ (T,I/TE)V2

bedd

f- 1 for connecting tubes of internal diamcter,d cm

1.22 " It 11 1" it ’d 1Cm
de = 3.70(1.70-2.6.10"0 ™2 ( T -  F__T.)
He— ~° ’ e < 27
ﬁHe - 7.88(1—Rm) for Rm 1

and valucs of ¢g<H2) = 1.44

¢g(Oa) 2.87

it

Potxr) = 390

———

Bennett and Tompkins also point out that ¢g values may be
calculated from the collision diameter,ro, ziven by Hirsche-

(12)

felder, Bird and Spotz s by making use of the equation

log r = 0.42 + 0.24 log ¢g

The calculated values for P,]/P2 are plotted in fig. 6,7,8,
arainst log P2 for oxygon,hydrogen and krypton respectively

for various wpressurcs and temperatures.

2.5 Surface area measurenents

Since physical adsorption is non-specific it can be used to
measure the total surface area coxvosed to the gas phase.The
method wused for surface arca measurements employs the well

(13)

known B,E,T. isotherm for multilayer physical adsorption
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B/V(P -P) = V/V.C + (C-1)/V,C (P/P )

where v
m

volune necessary to form a monoleyer,

volume adsorbed at a pressure P,

i

vapour pressure of the adsorbate at the

[»]
b1

tomperaturq of the experiment,
C - o constant,which depends on the nature
of the adsorbate-adsorbent systenm.
By plottiang P/V(PonP) against P/PO, the volume Vm can be
calculated. One typical B.E.T. isotherm for platinum film is
shown in fig. 10.

While the basic assumptions of the isotherm have been critised

(14)

by Hill as crude,there is considerable evidence that the

(15)

values of Vm obtained by Harkin and Jura with weakly

physisorbed mnolecules on heterogenous surfaces are acceptable.

The krypton adsorption at 1liquid nitrogen tenperature

(17,18,19)

was used for determination of small surface areas

(20)

(by B.E.T.) which are comparable with those of Keely ,and

(21) by

Lincoln & Cormnevale a rapid x-ray linc broadening

technique.

The crossw~section of a krypton molecule has been

(16,17,22) based on the accepted

o 2.

determined by various workers

cross-section of nitrogen molccules as 16.2 A . Beebe,

(16)

Beckwith and Honig have determined the surface arca of
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an anatose sample oblained from Harkins' and found the
cross-secticn of a krypton molecule as 19,5 + b a° 2.
Boebéqﬁgund that the temperature of liguid nitrogen
varies from 77.50K to 79.1OK and in this temperature range
the vapour presczure of solid krypton varies from 1.8 to 2.62

torr and extrapolated values for liguid Xrypton raniecd from

2,63 to 3,72 torr.A value of 1.73 torr has been found by

P
Kingston and Holmcs(‘b). However, duec to the low values

( 1072 torr) of the working pressures, the values of P, has

(24)

little effect on the valucs of the surface arca ncasur-

enents. The values of V‘ﬂ by B,t.T. method was always found
higher than thosc of " point B method which can be calculzsted

from fig., 9.

v was obtained in vnits of woles, and trans-
1 - -

. = 02 -
formed to surface arcas "~ using 19.5 A for the crosc-sectional

area of the Xr atom. The number of sites on each metal f£ilm
was found by dividing the B.E.T. arca by the average area

of the site.The number of sitces depends on the crystal structure

. ) .- (25)
of thz metal and was calculated 2s follows:

N o of sites per cm2 for f.c.c metzsl 1,91 x1016
a
The calculoted values are given ia the table 3 .
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table %
cL 2
netal crystal type a sites/ cn
) x1015
Copper f.c.C, 3.61 1.47
Fickel Tecec, 3.52 1,50
Platinum f.c.c. 3.91 1.25
Lattice perameters are taken from F. Seitz , " Modern

theory of solids'!,McGraw ¥ill,N.Y¥.,1940 ]
]



CHAPTER 3

RESULTS AND DISCUGSION,

3.1 System: Oxygen+Platinum+Hydrogen,

The interaction of hydrogen and oxygen on platinum films has
been studied at 77°K and 195°K. The films were deposited from

a clean tungsten core at a bath temperature between 325°K and
345°K. The duration of deposition of the filmes was approximately
one hour and the current through the filament was 7.5 amps.;
this current was much less the current needed to evaporate
tungsten(11 amps.). The weight varied from 17 to 20 mgs. on
different films,The geometric area of the cell was approximat-
ety 200 cm2 and the roughness factor of the film was around
five, The surface area which in the order of ’IO3 cme, was
measured by Kr-isotherm at 77OK. The surface area by "Point

B" method was found about 75% of the B.E.T. area derived fronm
the analytical expression. In this investigation B.E.T, ana-
lytical area was used for comnutation., The resuvlts which varied
within experimental limits,were the mean values and the agree-

ment between the similar type of experiments was within +5%.

After evaporation the film was brought down to liguid

7

nitrogen temperature and measured doses of oxyren(Q~10 mole)

were admitted to the cell . In run Pt 22 a total amount of

100x10”° mole of oxygen{( eouivalent to 95% surface coverage)

was adsorbed at an equilibrium pressure of 1.3 %1077 torr.
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When the slow adsorption process became negligible, the gas

phase oxygen was pumped off.After rapid evacuation of the gas
phase oxygen in less than a minute, a small dose of 25 x’lO"8
mole of hydrogen was introduced. 14 X1O—8 mole was taken up
instantaneously followed by a slow process. When the whole

dose had been taken up, another dose was introduced and the
fall of pressure azainst time was recorded.A third dose led

to saturation of the surface corresponding to 70% of a mon-

olayer. The results are shown in fig.11 and fig. 12.

The slow decay of hydrogen pressure which corresponds to the
amount sorbed, may be the result of an activated interaction
with preadsorbed oxygen adatoms on a heterogeneous platinum
surface, The slow activated process can be described by the
Elovich equation(1). If the non-uniform surface is divided

into a number of elements of areas ds , each of which is an

uniform patch, and the activation energy for interaction is

assumed to vary as follows with s

the rate process becomes

| ™
-(E 4+ RT
e ( o S)/ ds *0 22w 3-2
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where J

frequency factor b

0 - sticking probability ;

For integration of the eguation 3.2 the following assumptions
are made: If the variation of & is sipnifieant, the sites on
the surface with the lower T values will be covered far more
guickly than the parts of the surface on which E is high,

S0, at a given instant, the surface will consist of two
parts- an almost covered part{ low E), and almost a bare part
(high E) . IDB this case the integral of the equation 3.2 may
be replaced by an integral carried out simply over that part
of the surface which is bare, for which 1 - OS ~ 1. The
limits of integration are s - © , the fraction of the surface

covered and s - 1;
then

( —(EO+ as)/RT
),O'Jg e ds es e swee 3.3
J

On integration

r, - y'o'EE e_EO/RT L e_mQ/RT- e'm/RT Joe  eee 3.h
o

If @ does not approach unity, e—aO/RT :ife-a/RT
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The rate takes the fornm

J."a 04 e-ag/RT ees ¢ s o "o 3-5

or, the velocity equation is

a e o0 LI ] TR 306

and on integration of 3.6

© - RT 1In [(t+ to)/tO 1 ... ses  ee 3.7
where to: RT/an

The equation 3.7 predicts a plot of g against log(t}bs)
should give a straight line., In fig.13 ¢ from different doses
against time is shown. The plot shows that two processes are
operative within the range of data and their a's are

2.07 x10™%° cal mole” molecule™ (I) and 3.0 %1077 cal mole”

1

molecule = {II) .

This type of multiple stages of interaction may be supported
by the observation of Low and Taylor(a). The linear q-log t

plots were found with ths carbon monoxide-ruthenium system

whereas the plot was discontinuous when hydrogen was pre-
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adsorbed by the solid. The Dlovich plot of pure hydrogen
(fig.34) or oxygen (fig.35) does not show any break for
their slow interaction with clean platinum either at 77°K
or 1950K.
In an gttempt to measure the extent of interaction of axyrgen
and hydrogen at higher temperature platinum films first
saturated with oxygen and then, with hydrogen, were warmed
to 195°K. At this temperature the process became quite diff-
erent, The gas phase hydrogen was taken up instantaneously
and additional doses were sorbed in the similar fashion until
the oxygen - hydrogen ratio became 1:3. In a particular run
(run Pt 23) the amount of hydrogen adsorbed was 62 x10-8 mole
at an egquilibrium pressure of 2 x10"3 torr on the top of

e}

99.5 x10~° mole of oxyeen preadsorbed film at 77°K. Then
&

the film temperature was raised to 1950K. A total of (231 x107
+62 x10-8) or 293 x1©8 mole of hydrogen was taken up to give
ﬁratio of 1:3 for oxygen to hydrogen. The residual hydrogen
was evacuated and the cell was isolated by Decker valves.The
condensable product likely to be water was frozen out in a
trap and in the Pirani gauge both immersed in ligquid nitrogen
baths. In order to measure the water vapour the cell was
isolated,the cold baths around the Pirani and trap T1 were

removed; the vapour measured by a Mcleod was found to be less

than 1% water calculated in terms of the number of oxygen atoms
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originaly adsorbed., This indicated that water did not desorb

3)y from the film at 195%

(4)] ,
(5,6)

(heat of desorption a¥ - 11 Xeal
[vapour pressure of water at 195OK is 5.6 x10-4 torr
along

since at room temperature water desorbed completely

with hydrogen which was about 20% of a monolayer.

If the temperature of the film was maintained at 195°K with
1:3 oxygen and hydrogen composition, it was found that it
could sorb or react with further oxygen . Thus when oxygen
doses were introduced at that stage, an average of 72 x10~8
mole( run Pt 23 ) was apparently taken up. After evacuating
the gas phase oxygen ( P~3 x’lO-3 torr) water was measured
and found to be 25Y% of oxygen atoms sorbed in the second
time.Hydrogen gas was then introduced to the oxygen treated
surface, About 146 X10-8 mole of hydrogen, which  is twice
the amount of oxyren sorbed in the previous treatment,was
taken up. Mo evidence of water formation was obtained after
hydrogen sorntion. The alternate oxygen and hydrogen treatment
or the oxygen-hydrogen cycle could be repeated and the repro-
ducibility was within + 5% . In run Pt 22 an average of

&6 x10-8 riole of oxymen took part in oxygen~-hydrogen cycle.
The amount of oxygen reacted in oxygen~-hydrogen cycles
varied from cycle to cycle within 5%, but the quantity of
hydrosen was always twice the amount of oxygen. In run Pt 23,

the film saturated with oxygen and hvdrogen(1:3) at 1950K,
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was subjected to four oxygen-hydrogen cycles. Water which
was found to be 65%, was measured by a heated Mcleod(7).1t
was observed that variation of ambient pressure (one order of
magnitude) had negligible effect on the total quantity of
oxygen or hydrogen taken up in the oxysen-hydrogen cyele,
The gifferences of yield of water obtained by the Mcleod
measurement clearly illust#ate the difficulty of nmeasuring

(7

condensable vapour in a Mcleod gauge. Armbruster as well

as Frazer et al.(g) found that the danger of condensation

of water vapour could be avoided at higher pressure, by
warming the capillary to hicher temperature during pressure
rieasurements.In the present investigation the capillary and

the bulb of the Mcleod were heated to 5000 sbut the measurement
still showed less than 1007 production of water. This was
probably due to adsorption of water vapour on the glass and
mercury surface. Later on, the yield of water was measured

by a calibrated Pirani gauge and the yield was found to be

nearly quantitative (93%)
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3.2 System: Hydrogen+Platinum+Oxyczen.

Hydrogen was adsorbed on a clean platinum film at 77OK and the
quantity adsorbed was 106 x10-8 mole{ an average of run Pt 18 ,
20,21) corresponding to 90 % of surface coverage at an equi-
librium pressure P~6.5 }(1O'LF torr. After rapid evacuation of
the gas phese hydrozen, oxygen was introduced. 16 X10_8 mole
of oxygen removed instantaneocusly followed by a slow process
in which 5 X1O-8 mole was in sixty minutes{ fir.14).Analysis
of the gas phase during sorption of oxyrgen on a hydrogen
covered surface showed that it was always pure oxygen and

no evidence was obtained for hydrogen displacemen? « The total
amount of oxygen sorbed on a hydrogen covered surface varied
from 15 to 25 % of a monolayer on different films. When

e torr) was allowed to

oxygen at hipgher pressure{ Pm2 x10°
react with a monolayer of hydrogen adatoms on platinum film
at ??OK ,a portion of oxygen adsorbed reversibly on the film,

2

For film Pt 9 oxygen at 1.6 x107° torr was allowed to react

with 200x10~0 mole of preadsorbed hydrogen at 77°K . 101x10™5
mole of oxygen was taken up, a portion of which was reversibly
sorbed. To isolate the reversible part the pressure of oxygen
in the gas phase was reduced step wise, by expansion of the
gas in the cell into another vessel of accurately known

volume, and the amount of oxygen released from the film was

measured. The quantity released is given in the table &,
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Table &4
TP -8
ress. of Op Q x10 mole
(p x10'3torr)
11.8 11.6
8.8 10.1
6.5 €.9
4.9 6.6
3,6 L1
2.7 3.1
L

The reversible isotherm obeyed a logarthmic equation.In
fig.19 Langmuir's typgﬁplot ef logl( NO/Nr)-1] vs log P

of equation 1.2 is shown. The value of pressure exponent
€ 1is found to be 1.05 which probably means that the rever-
sible sorption of oxygen on the top of a hydrogen adatom
layer is molecular,and that the Langmuir equation is a
reasonable approximation., On warming a film first saturated

with hydrogzen and then, with oxygen at ?7OK to 195°K, 65.?x10"8

mole of oxygen was taken uv to make the total quantity 85.8x10"8
mole, The oxygen from the gas phase was rapidly evacuated and

the bath temperature again changed to ??OK. Only 7 x10”8 mole
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of hydrogen was sorbed on introduction of a hydrogen dose.
When the film was warmed up to 195°K, 138 x10-8 mole of
hydrogen was taken up to give & 1:3% oxygen-hydrogen ratio.
The film was isolated and the condensed product in the traps
was measured; again the quantity was very small,less than

1 %. If the film was warmed to room temperature,similsr beha-
viour of water and hydrogen desorption was observed similar to
the Oxygen+Platinum+Hlydroren system.

Instead of warming to the room temperature if the film was
allowed to stay at 195°K with oxygen-hydrogen ratic 1:3,
the film could be subjected to alternate oxygen and hydrogen
treatments. In such runs( run Pt 20,21) 252.,7 X1O-8 and

78.5 X1O“8 mole of hydrogen and oxygen were on the surface
at 1950K. When the oxygen-hydrogen cycles were repeated on

such a film, 55x10-8 mole of oxyren and 11Oxﬂo-8 mole of

hydrogen participated in oxygen~hydrogen cycles.

Both of the oxygen and hydrogen sorption were rapid and 90

to 95 4 of them could be taken up in a couple of minutes.The
rapid processes were always followed by slow onzas. Typical
plots of slow oxygen interqg@ion with hydrogen preadsorbed

film and hydrogen interaction with oxygen vwreadsorbed film

at 195°K are showr in fig. 15 and fig. 16. The slow processes

of hydrogen and oxygen of oxygen-hydrogen cygles were similar in

different cycles.
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-

These slow processes obeyed the Elovich plot of equation

e - gzwln (t +t, ) and they are shown in fig.17 and 18,
t
o . -14 -1
The values of o i.e. dE/dq are 1.35 x10 cal mole

14

molecule™ | for oxygen and 4,1 x 1071 cal mole™ molecule™

for hydrogen,



65}

5.5

& [ ] 4 A A

2

»E

6 8 10
Time in minutes

20




.5

2

6

8 10
Time in minutes

20

P




89

3.3 System: Water + Platinum + Eydrogen.

The study of water adiseswption on platinum films at 1950K
revealed that if water was dosed on a clean film, the
quantity of water mclecules adsorbed was twice the number of
molecules of oxygen that could have been adsorbed on a
similar clean film.llence watep adsorbed mol@cularly, the
bond being acftordinated one. Further equal amount of hydrogen
could be sorbed on water nreadsorbed film to give an
identical pattern of hydrogen and oxygen arrangement as

was found with pure oxygen and hydrogen, In run Pt30

200 x 10—8 mole of water was adsorbed at an equilibrium
pressure of 5 x ’10_1+ torr followed by 60.2 x 10—8 nmole

of hydrogen at 1.1 x 10-3 torr. In the reverse case l.e.

[

if hydrogen was adsorbed first and then the film exposed

to water vapour, the sorption of water was 20% less in the
similar range of pressure ( 3 x 10-4 torr). The water and
hydrogen ( 1:1 ) treated film could be subjected to

oxygen -hvdrogen cycles to produce water in the similar way
as 1t could be done by a surface with 3:1 hydrogen and

oxysen at 195°K.

Ltteupts were also made to measure the interaction of
oxygen with the adatoms of water only on platinum surface.
In run Pt 44, 166 x 10_8 mole of water was adsorbed on the

platinum surface. After rapid evacuation of any gas phase
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o

water vapour, oxygen vas introduced, Only 35.5 x 10™°

nole of oxygen reacted with adatoms of water molecules on the
surface, This interaction might be a partial displacement

of water molecules by oxygen or an interaction with

hydrogen to form viater provided the water molecules

adsorbed on the surface were diszociated., Then 80 x 10-8
mole of hydrogen was introduced to the cell after the
evacuaticn of oxygen. The cell was isolated and the colad
bath was removed to emsure that the added hydrogen

was utilised to forw water. After a few minutes the cell
was immersed in a cardice- azlcohol bath and oxygen was
introduced to the cell, The whole cyc¢le was repeated for a
number of times and the average amount of oxygen was

&

taken up for interaction was found to be 3%.2 x 107

8

a -
mole ( an average of 2our: 35.5 x 1077 32.6 x107

zh,6 x 1O~8 and 34,2 > 10-8 mole ) in good agraement

with the subsecuent measured water vapour.
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L] 3,
Higt

v Temperature Treatment.

Cn warming the film above 1950K, weakly adsorbed hydrogen
species was desorbed from a platinum which was saturated
with oxygen and hydrogen ( 1:3 ) at 195°K, The quantity of
the desorhed hydrogcn specles increased with the increase

of temperature. This desorbed hydrogen was oguantitatively
readsorbed when the temperature was lowered to 1950K.

In an attempt to measure the desorbed gquantity of hydrogen
the film was subjected to slow temperature increase ( 1.8
minutes per degree #C rise ) and the guantity of hydrogen
desorbed against temperature was noted., Such a plot is shown

in fig. 20,

The plot of dg/dt vs. temperature is shown in fig. 21.
The plot of dg/dt vs. T qualitatively illustrate the
energy distribution of the sites on which hydrogen atoms
are adsorbed and, thaet the distribution of site energies
is continuous and no specific energy sub-states are

distinguishable,

When the subsequent operations of oxygen- hydrogen cycle
were stopped after oxvgen treatment and all the water
produced was pumped out, more water could be formed from
the oxygen treated film by raising the temperature alone.
The yield varied from 50% to 70% of a monolayer of hydroxyl

. . o
groups on different films at a tempcrature around 350 K.
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This process reduced the subsequent activity of adsorption of

oxygen or hydrogen of oxygen~hydrogen cycle.

After a high temperature treatment at BSOOK, the film would
adsorb less amount of oxygen at 195°K. In run Pt L2 the
film was heated for 30 minutes at 3730K alter oxvgen
treatment, Then the temperature was lowered to 195°K and,
subjected to oxygen-hydrogen cycles. The quantity of

oxygen taken up in the cvcle was found to be 61.2 x 10“8

mole instead of 74 x 10’8 mole adsocrbed before the high

temperature treatment.

This decrease in activity might be due to the poisoning
effect of hydrogen or oxygen or both at high temperature..
To study such a polsoning effect clean films were saturated
with a single gas, i.e. either oxygen or hydrogen, Then
the residual gas was punmped off and the film was warmed to
3730K for half an hour. In run Pt 39 the film adsorbed an
additional amount of 23 x 10”8 mole of hydrogen at 195°K
after high temperature treatment at 3730K. This amount
corresponds te 28% of initial oxygen ( 82.8 x 10—8 mole)
on the surface 2nd formed water molecules when hydrogen
was added, All oxygen ( 82,8 x 10-8 + 23 x 10_8 ) or

105.8 x 10_8 mole react with hydrogen to give a ratio of
1+ 3 oxygen-hydrogen. This indicated that probably no

sxygen was incorporated in the film. Similarly the cffect

of pure hydrogen on platinum film was examined at 3750K.
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No poicsoning effect was observed. An additional 54.5%
of a monolayer of hydrogen was adsorbed after the high
temperature treatment, About 35% of hydrogen ( 37 x 10-8
mole ) of a monolayer became unavailable for oxygen~hydrogen

cycle and vnrobably diffused in the bulk to form a srecies

like bulk hydride.
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Discussion,

Almost a monolayer adsorption of oxygen on platinum film at
o, . .

77K suggests that the chemisorbed oxygen atoms form a linear

structure (&) at high coverage, not a bridged two site

adsorption (B) i.e.,

0 P 0 ;k )

A T SN N\

M-M~-M not MeM~-M~-HM
A B

On adding hydrogen to such an oxygen preadsorbed film

;t 77°K there was an instantaneous process ( 20% )followed

by a slow adsorption until the number of hydrogen atoms
adsorbed was equal to 70f.to 80% of the number of the oxygen
atoms on the surface. This hydrogen dissoclated to atoms

on bare metal surface and probably react with oxysen linear
structured adatoms to form hydroxyl group layer on the surface
rather than forming a negative dipole layer in the intemtitial
position in the surface at the centre of an array of platinum
atoms. On the otherhand when hydrogen was adserbed first, only
255 of oxygen was adsorbed irreversibly and the rest 25%

( at a pressure of 1.6 x 10~% torr in run 9 ) formed a
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pnyvsically adsorbed molecular specles., If initially adsorbed
hydrogen adsor®b in the interstitial position and subsequently
added oxygen adsord on the metal sites, the amount of chemi-
sorbed oxygen should be equivalent to a monolayer., But
experimentally it was found thatonly25% of the surface
could be covered irreversibly. This inability of chemi-
sorbing further oxygen molecules by the film may be
attributed to the considerable decrease of the heat of
ckemisorption of oxygen due to hydrogen preadsorption,
As the adsorption heat of the surface is decreased by the
adsorption of hydrogen and 25% of a monolayer of oxygen,
the dissociation of oxygen molecules to atoms may not
be able to occur so that further chemisorption of oxygen

adstoms does not take place.

In an analogous case of hydrogen + nickel + oxygen systen

(9)

8iddiqi and Tompkins suggested a bridged oxygen
structure for hydrogen to oxvgen ratio of 2:1,; no water
was formed at room tempserature. The hydrogen + plztinum +
oxygen or oxysgen + platinum + hydrogen system behave
identically to oxygen -hydrogen cycle to form water, which

sugcests that in both the cases the oxygen form linear

structure, The structural representation may be as follous:-
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loq U
Pt H Pt B Pt - Pt B Jt B Pt

C b

The nepative sign indicates that the dipole has its
negative end pointing outwards from the metal surface and,

not that an ionised state has heen formed,

On warming a film with either hydrogen+ platinum + oxygeﬁ
or oxyzgen + platinum + hydrogen system to 195°K further
oxyrsen and hydrowen were taken up to give a stable layer gf
oxygen and hydrogen of ratio 1:3. Water could be desorbed
almost quantitatively at room temperature from the film

saturated with oxygen and hydrogen ( 1:3 ) at 195°K .

The desorption of water and hydrogen at roow temperature from
the film saturated with oxvgen and hydrogen at 195°K suggests
that complexes leading te water molecules are formed on the
surface from the adsorbed oxygen and hydrogen. The weakly
chenisorbed hydrogen, a portion of which car be desorbed at
room temperature and readsorbed at 1950K, may be a pseudo

protonic situated on the ton of the interstitial hydrogen

on the surface. Similar type of pseudo protonic hydrogen

srecies was also observed by Siddigil & Tompkins(g) in their
carbon-monoxide + nickel + hydrogen systcm, At 195°K

hydrogen reacts with oxyren to form hydroxyl groups which
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may desorb as water at room temperature. The probable atomic
arrangement of oxygen - hydrogen complexes may be represented
by
q
Q
b
Pt H

W O
e O i1d
O

ot
i

which is capable of adsorbing more hydrogen to give the

structure

H H  H

?HOH?

Pt §F Pt H™ Pt
F

This process is an example of the production of different
hydrogen adatons at 195°K. The adsorption of pseudo protonic
hydrogen atoms is enhanced by thc presence of adjacent hydro-
xyl groups. This conclusion may be compared with the infra-
red spectrometric results of Eischens and Plaskin(qc),who

found the chemisorption of hydrogen was effeccted by the

presence of a preadsorbed layer of carbon monoxide.

If oxygen is added to @& Film saturated with hydrogen and
oxygen ( 3:1 ) (probable structure F ) at 195°K, there is

a probability of formation of water asfa result of interaction
of weakly chemisorbed hydrogen and gas phase oxygen,

Experimental evidence sugzests that weakly chemisorbed
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pseudo~protonic hydrogen atoms do react with gas phase oxygen
to form water. As the oxypgen nmolecules are either in the

gas phase or ©physically adsorbed on the primary oxygen=-
hydrogen layer, water molecules requirc small energy to
desorb from the surface. On the other hand relatively

highsr desorption energy ( 171 Keal 516) prevent the water
molecules from desorbing at the same temperaturc., The
reaction of protonic hydrogen and oxygen may be breught

about by the collision of oxygen from the gas phase. In

the first stage oxygen molccule may react with pseudo protonic
hydrcoen atoms to form a peroxide like structure.At the

same time interstitial hydrogen probably takes the position
»f protonic hydrogen., At this stage oxygen-oxygen bond

b@camc very weak ( Ca 33 Kcal whercas hydrogen-oxygen

bend is 110.6 Keal )., The weak oxygen-oxygen ( x- 0 - O~ x ) bond
eventually breaksand the free "OI" groups ccllide with the
second hydrogen atoms to form water molecules or the reaction
may proceed by the formation of a complex vith four pscudo-
protonic hydrogen with a molecule of oxygen at the first
stage and weak oxygen-oxygen bond (-0~ 0- ) breaks to form
water molecvles. Then the second oxyZen molecule collides
with the interstitial hydrogen in the similar way to produce

water., The sequence of the e¢vents may be as follows:-
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0 0,
, \\ 4 \\
H H H ¥ /g H JJH\N_ H
o K oHE 0o __ , 0 g o wt o # o H O
1 - - i 3 - - ! - ¢ - 1
Pt H Pt H- Pt Pt 57 Pt BT Pt BT Pt H™ Pt
= G t
:
or
O
H .+ B l+H
92 9 0
Pt- Pt © Pt
}
(
E |
N~
HemO. . . .OmmH
H . H . H
O 3 O - O \\I‘,
pt ©* py Hopg
N
H ® H
1 o 0 0
! } i
Pte--Pt~-~Pt + 21,0 %
J

It is expected that thcere should be no hydreger for
desorption at higher temperature after complete oxidation of
structure ¥ ard the experimcental cvidence confirms the
structure J. The total consumpton of the weakly chemisorbed
hydrogen sugrests that pseudo-protonic weakly chemisorbed
hydrogen atoms are essential for such type of reaction

mechanism at 195°K. Participation of 60fto 80% of initially
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chenisorbed or hydrogen indicates that some hydrogen. atoms
are strongly bound on the heterogensous surface and arc not
available for interaction. When hydrogen was added to an
oxypen treated surface (structure J )}, twice the amount

of oxyzen was taken up to form the initial hydrogen-oxygen

arransement which was ready for the next oxyren-hydrogen cycle

to be rcpeated,

If the film was heated at the stage J, water could he formed
from the two adjacent hydroxyl groups. Experimental results
showg that water could be produced on warming the film to
2730K. The maximum production of water was 8% of the

surface hydroxyl groups at 373°K and the vield corresmonds

to 40¥ of the surface monolayer of oxysen., When oxygen was
introduced to the film at 195°K after high temperature
treatment about 15% of oxygen of a monolayer was adsorbed. On
addition of hydrogen to such a film only 90% of the surface
assumes the original structure F and the whole cycle could

be repeated from the beginninec,The observation of the

reduced activity of the film for water formation may be
attributed to the formation of "Oxide™ at higher temperature,
This oxide would not be reduced at lower temperature

( at 195°K ). As the higher tempcrature treatment is repcated,
the oxide patches increased in size and hence the vassivity

became ldrger. Similar behaviour of reduced activity as a
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result of higher temperature treatment of oxygen-platinum

(11)

system was also observed by Langmuir . The structursl

reypresentation of water production from J may be as follows:-

T N ('A !
i H(H FE
Q-TTT Do
9 1 | -——O; ‘ _/"0 /O\
Pt Pt Pt Pt ———= Pt~ Pt ptf Pt
J K
0
H u 2
0 + 0
PoE (ﬁ 7 /Q\
Pt H Pt . 5 Pt Tt Pt Pt
F o
£ 90% 10%

If the film is saturated with water at 195OK,chemisorption
probably first involve a coordination bond by the donation of
lone pair of eclectrons from oxygen atom of the water molecule
to the surface. This is followed by the dissociation of the
water molecule to hydroxyl group and hydrogen, A similar
dissociation was observed in water-nickel system (12>: The
water saturated olatinum surfaces can produce 50% of water
corresponding to a monolayer by the addition of oxygen. The
weakly chemisorbed hydrogen species is effective in water
production. As only onec hydrogen atom is available from each

water molecule, every two hydrogen from two water molecules

are used Tor the production of a molecule of water, which
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may account for the 50% production of water, After addition

of an oxygen dose the film can ke itreated with hydrogen to
produce a similar structure as found with oxygen-hydrogen
saturated film ( 7)., If a film saturated with chemisorbed
water is treated with hydrogen, the film can be subjected

to the oxygen«hydrogen cycles which suggest that hydrogen
and water treated film essentially has the similar structure
as with oxygen and hydrogen at 195°K. The water production
by a water saturated film by oxygen may be shown as

follows :-

O -0
‘s [
" H H E ‘H . H ,hw q
o0 AR
- ! - - Y - e
H H 1 1 Pt 0 Pt
Pt H Pt H Pt O, Pt EPLHPLEP
L | u
!
N
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Simultancous Adsorption:

To study the simultaneous adsorption the film was saturated
with oxygen and hydrogen ( 1:3 ) at 195°K and a mixture of
oxygen and hydrogen ( 41: 1) was introduced to the cell at

a total pressure of 10_2 torr. The dose was taken up in less
than two minutes. It is interesting to note that the concen-
tration of oxygen or hydrogen on the surface could be varied
if the ratio of oxygen to hydrogen of the mixture was varied.
When oxygen was in considerable excess in the mixture, the
surface was left with & ra;io of 1:1 oxygen to hydrogen

andwthe reverse case i.c. 1f hydrogen was in cxcess in the

mixture, the surface had oxygen and hydrogen of 1: 3 ratio.

In order to study the influence of the concentration of oxygen
or hydrogen on the reaction rate different mixtures of oxygen
and hydrogen in difforent ratios were introduced to a

platinum film at 195°K. The whole investigation was divided
into two series. In one serics, the pressure of hydrogen was
constant at an arbitrary value of 3.4 x 10_2 torr and the

ratio of oxygen to hydrogen varied from 0.3 to 3.4. The surface
was always saturated with hydrosgen and oxygen ( 3: 1 ) before
the mixtures were introduced., The fall of pressure which

corresponda to the rate of reaction is plotted against
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time in fig., 22. As the gas analysis was not accurate
ir the pressure range of 10-2 torr, ths initial readings
wbich compesitions were accurately known, were taken for
calculationg, The initial rate ( - dP/dt ) against compo-
sition is shown in fig., 23. The values arc subject to an
error in drawing of the tangents, Fig, 23 shows that the rate
of reaction increases with the increase of concentration
of oxyren in the mixtures and it increased upto oxygen to
hydroren ratio of about two and then very slowly decrceased.
8imilarly the initial rate of reaction was studied with
variation of hydrogen of {i{he mixture from 0.3 to 3.7 with
constant oxysen pressure at 3,2 x 10‘2 torr ( fig.24
and fig, 25 ). The reaction rate did not vary within the
range cf the experimental data. The temperature effect oun
the reaction rate was also investigated. In run Pt 44
the film was exposed to a nmixture of 1 : 1 ratio of oxygen
end hydrogen at » pressure of 10”7 torr at 195°K and at
BOOOK. The fall of pressure with time are shown in fig.26.
The initial reaction rate at 1950K and BOOOK are 1,59x 1ﬂ'2
torr min~ | and 1.62 x 10™2 torr min™" respectively;if the

same mechanism is operative, this means that the apparent

activation energy is approximately zero,

The essential primary steps of the interaction of oxygen

u
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and hydrogen may be

at 78%

H2(g)-—-ﬁgqﬁ(a)

0, — 20
Z(g) (a)

and a small yroportion of

O(a) + H(a) ey OH(a)

and at 195%%

2H e
(a) ~> HQ(g)

Oa)* H(a) > (0H)

OF, \ + 2R e o
(a) (a) —> (JOH.H)(a)

followed by

( HOH.H)a + 1/2 02y =——> HOy + H,O 4

o
[

with the intermediate transition state

o
t0——07

E- ~.H

(transition complex).

Experimental evidence shows that wealkly chemisorbed hydrogen
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is essential to form water at low temperature range

( 195° ) on platinum films, The oxysgen molecule from the

gas phase may be physically adsorbed on the primary chemisorbed
oxyren~-hydrogen layer with a heat of adsorption of 2.3

-1 (13)

Kcal mole R

The 1ife time of the physically adsorbed oxygen molecule
(14)

may be evaluated from the following eguation

t — to e *WET

L N 3 3.8

where to is the time of oscillation of the
molecule in the adsorhed state and it is equal
to 10" Psec. BH is the heat of physical
adsorption and T is 195°K.

The 1ife time of a physiecally adsorbed oxygen molecule

is found to be approximately 2 x 10-10

Sec, during which
time it should react with pseudo-vrotonic hydrogen to

form a peroxide like structurce followed by the transition
complex. The bond between - O- O~ becomes very weak and
consecquently is broken to form water molecules, The reaction
rate depends on how quickly the transition state leads to
the formation of water molecules and how guickly the
replenishment of weakly bound hvdrogen from the gas phase

takes place. The model predicts that the reaction rate

is controlled by the concentration of oxygen in the gas
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phase, and that, after a certain 1imit, the concentration
of gaseous hydrogen has little e¢ffect on the reaction

rate, as the concentration of wealkly chemisorbed hydrogen
has reached a steady state, The experimental evidence

(fig. 25 ) confirms thie behaviour. This behaviour sugzests
that the reaction rate should reach its maximum when the
collision frequencies of oxygen and hydrogen are egual,

At an srbitrary pressure P torr and 195°K the ratio of

the collision frequencies of hydrogen and oxygen is Leq,

It follows that the reaction rate should attain its maximum
at oxygen to hydrogen ratio of 4: 1 , but experimentally
the peak rate was found at oxygen to hydrogen ratio of
about 2, This experimental observation can be treated

qualitatively as follows:

1
H., —————— s
2 < 2Hea)
]
K1
K,

H.,O

©® - Concentration of hydrogen,

at equilibrium

K, PHz (1~ ) - K} +K, P02 0  seee 3.9



115

o - K_ P /[K P.ﬁ,'l‘K' +KP ] ss s e 5010
1 HZ 1 B, >

or 4a(¥,0)/dt - [K1K2PH2902 1/ [K By #KG+K PO 1 eee 3011

The equation 3,11 can gualitalively explain the experimental
observaktions.
When both the gases commete for the sites the rate expression

becones

2
d(#,.0)/dt - X0,6, - K K. K.P_.P_ /[14K_P.. *eg+u P, ]
2 - HL°;T 1727 F57 0, 4 hz 2 o2

The exnression 3.12 predicts that the rate will pass

through a maximun .
o s s s C15) . .
Roginskii et al., postulated the equation
Rate - [XK ay + Ay Z]/[ao 4+ ay JB cee  esee 3413
2 2 2 2

where Z= PO /P
2 2
to show that the reaction dcpends on the ratio of the par-~
tiel vressure of the components ,not on their ahsolute
values.Thelr investigation shows that the reaction rate
passes through a maximum at a oxygen-hydrogen ratio of threc
at 293°K. The difference of ratio betwecen 2 at 195°K and

three at 293°K for meximum rate may be
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attributed to the diffcrent mechanisms involvedast low and
hizgh temperature range. At 2930K the resaction does not
follow only one mechanism but a mixture of two- one °
associated with weakly chemisorbed hydrogen and the other
involving in the formation of wazter from the two adjacent
hydroxyl groups.

The initial reazction rates at 195°K and BOOOK were more or
less the same ( 1,59 x 107° torr min,” | and 1.62 x 10°°2
torr min.”q respectively ). This may be explained with thc
assumption that at 195°K only one process is operative
for producing water and it is only by the intecraction

of gas phasc oxygen molccules with the weakly chemisorbed
hydrogen, At 300°K the population of weakly chemisorbed .
hydrogen becomes less on the surface by the formation of
hydrogen molecules from such atomic species and, its

subsequent desorption., Conseguently the reaction rate

should fall.

The rate of water production reduction, if it has a

non-zero E, should, other conditions being the same, increase
with temperature. If,however, the heat of adsorption of
"protonic” hydrogsen -AF is about the same as E, then although
the rate of water production per protonic hydrogen increase,
with increase of temperature(T), the number of such hydrogen

atoms decreases. Consequently the two effects,reduction of
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concentration of reactive hydrogen causing a decreasge

rate proportional to exp -AE/RT, and,thernal acceleration
of the rate of reaction of . paseous oxyren with active
adsorbed hydroren according to a term . exp -E/RT more

or less compensates l.e. T -AH .
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System: Hydrogen+Nickel+Oxyren .

The interaction of hydrogen and oxygen has been investigated
on nickel films from 77°K to 325°K. The films werc deposited
under hirsh vacuum conditions( 10“9 torr) at 77OK. The
duration of deposition was normally 45 minutes at 6.4
amps. and the weipht varied from 14 mgs. to 18 mgs, with
roughness factor between 13 to 20 on different films. After
the evaporation the film was stabilised by alternate heating
and cooling for a numbsr of times( generally four times and
ten minutes halt at each temperature) between 298°K and
77°K, After the thermal cyclings the temperature of the
film was lowered to 77°K and the film was saturated with
measured doses of hydromsen . In run Ni 9 the film adsorbed
221 %10™° mdle of hydrogen at a pressure of 6.15 x10™>torr
corresvnonding toc 70 9% surface coverage. After rapid evacu-
ation of gas phase hydrogen 100 xﬁO_Smole of oxygen was
introduced at a pressure of 7.2 xﬂO_Btorr. The pressure
dropped instantaneously to 1.2 X10-5 torr indicating that
much of oxyeen (C0 x10"8mole) was taken up by the surface.
Analysis of the gas phase during interaction of oxygen with
adatoms of hydrogen showed that bhydrogen was partially
displaced by oxygen. The dispvlaced hydrogen was monitered

bty a calibrated Pirani gauge. The amount of displaced
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hydropen varied from Y{to & % on different filwms.When

such a film was warmed to 1950K , & burst of pressure was
observed initially followed by a negligibly slow readsorption.
During this time the pressure rose to 1,6 x10°2 torr
corresponding to 140 x 10—8 sole of mixed oxygen & hydrogen
of which 130 x 10'8 mole was hydrogen, In another set of
runs (run 6 & 7 ) the film was saturated with hydrogen

at 1950K and then the film was exposed to oxyren,About

33% of hydrogen was displaced as a result of interaction.

On warming the film to room temperature the gas phase
hydrogen was rapidly taken up by the film, In fig (27)

the interaction of oxygen with hydrogen preadsorbed

Bickel filn is shown at 195°K and 287OK.

The preliminary investigation of interaction of oxygen on
hydrogen preadsorbed nickel film (fig.27 & 2% ) showed
that the study can be divided into three parts- reactions
at 779K, at 195%K and 296%K.For the reaction at 273°%K

to onwards a rapid fall of pressure of gas phase hydrogen
was observed. The fall of pressure due to adsorption

of hydrogen on vacant sites created by the incorporation
process of oxygen into lattice and interaction of adsorbed
hydrogen with chemisorbed oxysen., For a detail study the
surface was saturated with oxygen at 77OK and any residual

gas was rapidly pumped out, The temperature was raised to
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(16)

325°K for a few minutes and then the temperature was
again lowered %o 77°K. The film was dosed with oxygen until
saturation was reached., The procedure of temperature
cycling was repeated until no appreciable adsorption of
oxygen was observed at 77°K. The excess amount of oxvgen
which adsorbed due to thermal cvelings was due to "incor-
poration" of oxygen into the metal lattice., The incorvorated
amount of oxygen varied from 60/to 70% of a monolayer

on different films, When the film was saturated with oxygen
after hirh temperature cyclings, the gas phase oxygen was
evacuated and a measured dose of hydrogen was introduced

at 77°K. No reaction was observed until the temperature

was raised to 273°K. At 273°K the film started to take up
nvdrogen due to interaction with preadsorbed hydrogen.

The rate of reaction was slow and a typical fall of pressure
against time is shown in fig (29). In run 19 the film
adsorbed 917 x 10'8 mole of oxygen and the quantity
incorporated was 70% of the monolayer. The film adsopbed
61.6 x 10"8 mole of hvdrogen in gix doses in 140 minutes,
The slow process is described by the ©lovich plot which

ig shown in fig ( 30 ). The linearity of the plot breaks

at point B to show that the slow process involves tuo
different processes, each with different value of dE/dq;

-4 -1 -1
the values of dE/dg are 1.11 x 10 1% cal mole™ molecule
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and 6.47 x 10" ¢al mole™] molecule"1 for stace I
and stagse II respectivelw., The stage I represent the
chemisorption of hydrogen on bare surface and after a
certain stage those molecules have energy egual to

-0 . . . . y . .
Edyﬁm1 ( where Eo is activation energy of chemisorption

nd B

= Q

that of reaction), may enter into reaction to form

=23

"OH", The stage I1 vprobably represent that section.

Effect of Pressure.

Variation of T with vressurc at constant T (temperature

and g ( amount adsorbed).,

The rate of sorntion of hydrogen on a oxvegen preadsorbed
nickel film is influenced by the pressure (P) in contact
with the film and the amount of hydrogen adsorbed.The
doses of hydropen were seleccted so that the pressure in

in the system was ’IG"3 torr a few second after admiscion,
411 rate measurements reported here asre concerned therefore
with films which were covered (6 =21 ) with a monolayer

of oxygen. Since the rate was largely controlled by the
amount (qq) alrcady adsorbed,the following method was
adopted to find the effect of pressure on the rate of
sorption( rs) . A snall dose of gas was admitted and a
pressure~time plot( fig.31 was recorded in the lower pres-
sure range(PL) for a period of few minutes; than a further

large dose was introduced and a new , faster rate oi uptake
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in this higher pressure region (PH) was measured. Both

the plots in the high and low-pressure regions could than
be extrapolated to the same time (tA ) of admission of

the second dose and the two rates I & ny at two pressures

PL ,PH were obtained. Using these values of PL, P} and the
volume of the system, it was proved that the amount
adsorbed ¢q, at tA both pressgres PL & PH was the same
within the experimental error, indicating negligible

instantaneous adsorption. The value of the exponent n,

calculated from the expression

(tg’/ 1) = Pg/ P

Constant Q

are given in the table 5. It is concluded that the rate
of hydrogen sorption varies as the pressure for constant

g and temperature.

Table 5 ,

Approximate values of n

(Run 19 )
r r D orgrg t P, P
-g -1 .%8 -1 | / . H/L n
v X107" mole min” | x10 "mole min " i | )
! i
0.425 0.722 } 1.7 2.h44 1.6
0.288 0.476 | 1.66 | 1.62 | 1,06
i
0.38 0.Lb26 Po1.12 1.135 | 0.92 |
0.203 0.56 2.73 2,76 0.99 |
i
0.232 C.562 2.71 2.86 0.96

s e et - - el
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Variation of rS"with q a%t constant temperature and oressure,

Toth the To and ¢ were calculated from the pressure
I

readinprs, and hence the r, - g plot reocords the simultaneous
1D oo

variation of Ty with P and g. However, the decrecase due to

s

P is alore is negligible to that of r consequently

little error is made in assuming censtancy of presgsure, The

~~

rate curve shown in fip (32 ) is well exorcssed dbv the

eqguation

lnrs = 1lna-bg/RT,

a form of Elovich eguation, The valus of b i,e. of
- : . ; -15 =1 -1
d%/dg is found to bo L4 x 10 cal mole molecule

-15

.. -1
compared to similar value of 6,47 x 10 cal mole

o the plot of Elovich in fig (30).
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The activation energy mav be calcvlated by comparing the
rate of adgorption (-dp/dt Jat cqual coverage but at

different temperature. Using thre different rates r, and

r, at T1 and T? at c¢-nstant coverage the activation

energy was calculsted by the cquation

o B/ 251 T.- 1/%
log (r1 / ra)q - constant 63/2.3R(1/ 1 / 2 )

In fig (3%) activation cnerpr against @ is plotied.

3

The lincaritv of the plot proves 2L increase linecarly

with g which ig a basic assumpiion for Elovich type



50



.

-

Fig.33

N 3 -

50k

| |
o
4

—
.0
™

o ©
30w |0y 3¢

10

-2
62!0 8



131

mocdel for slow wrocess.

Discuscion:

Addition of oxvgen to a hydrogen »readsorbed nickel

s : . . &
surface is accompanied by a displcement of hydrogen
P e -7 o/ N ~
from 4to 8% at 77°K ang about 2¢/to 30% at 105 on
different films. This partial disvlacement may have
ocecured froem ths weakly chermisorbed hydrogen. In an
analogous case of oxvgen treatment with hydrogen covered
molybdenvm film resulted in a vartial displacenment of

i ey 17D . L

hydrogen { 34-40% ), After warming the film to room
temverature the surface was partially covered with hydrogen
and oxygen. Some of the oxypen was on the surface, sone was
incorporated., The hydroren either sitting in the interstitial
positions among the nickel atoms or onm top ol the

cuemisorbed oxyveren, or both., The fast sorption of hydrogen

23
fod
al

may be due to adscrntion on the site =ft vacant by

the p.rtislly incorporatesd oxyv~en atoms, This type of fast
- Ea g b 1 (15)
adsorption of hvdromen was also eohserved by Delchar
in an identical case. A siailar hehaviouvr was also displayed
| s B ) . . ., (19)
by a partially incorporated oxygen on iron film .
When the f1lm was saturated with incorporated oxygen,

the fast adsorption of hydrogen was stopped. The adsorption

of hydrogen was controlled by a slow activated process and
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the umtake was 20/.to 30% hydrogen of a monolayer in four

to five hours tinme,

The reduced activity of oxygen irncormorated nickel film
for hydrogen sorption mav be attributed to the loss of
original metallic character of nickel atoms by incorporated
oxygen in the lattice., Roberts et algﬂe)sugﬁested from
their work function, and photoelectric measurenments that
different types of oxygen svecies may be formed on the
nickel surface by controlline the temperature and oxyfen
pressure and they are chemisorbed oxyzen ( ﬂi~06—), low
work function oxide ( NimO ) by incorporation and high
work function oxide ( i 0 ) which is not distinguishsble
from ( ¥i 0+ Oa" chemi ). The inertness of the chemical
reactivity of some of these oxyvgen specles nmay be due to

fheir oxide like character,

The interaction of hydrogen with the oxygenated nickel

surface can conceiveably have two forms,

1) Hondissociative interaction of the hydrogen molecule
with surface cxy;en leadinz to a sp-cies, such s a
surface water complex bondsd to the svurfaecc by oxygen,

2), Dissociative interaction with hydrozen bonded to a

-

nickel atom and a surface oxvpen, both of these hydrogen
being rrotonic in character. Since some oxygen has become

incorporated in the nickel lattice (HimO )} the surface
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nickel atoms will not have quite their original metallie
character go that the dissociation of hydrogen is not
possible at the investigated temperature range. If the

first mechanism is operative, chemisorbed oxygen { Ili - Oé' )
would form water which could be measured at room temperature,
Ad¢éition of hydrogen to aqoxygen treated nickel surface
nroduced negligible amount of water ( £_ 3% ) which

means that the mechanism ( 1) is not operative and mecha-
nism (2) can not be favoured due to the influence of
incorporated oxygen. Comseguently the yield of water
production is very low in the tempcrature range 2?3°K

to 325%K.
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General Discussion

The interaction of oxvgen and hvdrogen has been studied

on platinum, nickel and copper films in the temperature
range 77oh to 3250K. Although some adsorbed species(e.g.
hydrogen ) can be displaced by another swmecics ( e.g. oxygen
or nitrogen ), it is not often obscrved experimentally.
When oxygen was introduced te a film Pt, Rh, Pd preadsorbed
with Walrogen, no hydroren was cdetected in the gas phase.
This way be due to the adsorrtion of displaced atoms on a
vacant site in an incompletely covered surface, or the
adsorption of small displaced hydrogen atoms in the
interstitial positions. But in an analogous case on nickel
film only a fow percent of hvdrogen ( Ylto 8% ) was
displaced at 77OK and at 195°K the displaced amount rose to
30%. This displecement may he cffected frem the weakly

cnemisorbed hydrogen,

The slow process of hvdromen interaction with oreadsovrbed
. s 1 o., .

oxyeer on vlatinum can talbe plece at 77 K vhereas in a

similar case on nickel the slow process starts only at

273K, This observation is inm apreement with the oxvzen-
- . - (20)
hydrozen interaction study by Ponece at al. .
(9 .
Roberts et al, revorted that oxvgen chemisorbed at

o,-
77°K can react with hydrogen at 295°K and the QH value

was Tound to be 0,64, One shnould be careful about this
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interaction because our exp:<rimental evidence shows that at
2950K 60 % to 70 % of oxygen can be incorvorated from the
surface . If the surface is not saturated by subsequenf addi-
tion of oxygen at 770K, equivalent amount of hydrogen to
incorporated oxygen is taken up rapidly at 2950K . When hydr-
cgen is allowed to interact with preadsorbed oxygen on copper
film, the reaction only starts at 373°K. This suggests that
dissociative adsorption of hydrogen is an essential step
before the interaction of oxygen and hydrogen starts. This
condition is probably satisfied at 77°K for platinum film,
at 273°K for nickel film and at 373°K for copper film ,all
being presaturated with oxygen. The kinetic analysis of the
slow process favours some type of interaction between
oxygFen and hydrogen on the surface. The slow process on

(21)

clean platinum and nickel can be described by the
Tloviech model and only one process 1is observed in the
linear plot of data in the experimental ranpe ., But when
Aydrocen wag allowed to interact with an oxygen preadsorbed
nickel or platinum surface, the linearity of the XIlovich
plot breaks after sometime and a second process becomes
operative. The adsorption of carbon monoxide on clean

(2)

ruthenium shows that the rate decline monotonically,
whereas it was discontinuous when hydrogen is preadsormed
by the s0lid sugcesting that there might be some interaction

talken place between the reactants on the surface.
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This may be concluded that the first stace is due to
chemisorntion of hydrozen on clean bare surface of the

low cnergy sites and the second stage is due to interaction
with the preadsorbed oxyren atoms.

Hydrogen molecules react with oxygen on a platinum film to
form water molecules at 195°K and can be desorbed at 2730K
but hydrogen does not react with preadsorbed oxygen on nickel
even at 273°K. The incorporated oxygen hinder the step

H + OE-—?HZO for water formation on nickel surface.However,
the water production on nickel film is due to some other
mechanism at higher temperature. Therefore, it may be con-
cluded that water can be vproduced on platinum films at 1950K
because mpincorporation of oxygen takes place in the lattice
and it alsc can dissociate hydrogen at the same temperature.
Hickel can not oproduec water in such a temperature ranee
becausc the incorporated oxygen obstructs the final step

( Ha+0Ha-a»Hzo )} and as copper can not dissociate hydrogen
imolecules, the interaction of hydroren and oxygen does not
take wlace in the similar temperature range.

The interaction of oxysen-hydrogen on nickel and other tran-
sition metsls has been studied by Ponece et al.(zé). They
observed that no interaction of graseocus hydrogen is possible

with completely oxygcen covered metal surface.But the reaction

can proceed on Pt,Rh,Pd surface if the gas phase hydrozen
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is atomizmed and the reaction neduct(water) desorbs at

273°% from the surface and the continustion of the process

is possible. Covpper films can &lgo produce water if the
hydrogen molecuvles in the gas phasce is atomized. Thelr obser-
vation of more or less 131 ratio of oxvgen to hydrogen

on oxvgen preadsorbed nickel films is also in good asreement

with the present investigation.

® 0 % 682 e 6008000
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Appendix 1.

System: Oxygen +Copver + Hydrogen,

Copper films were deposited at & bath-temperature 77OK

with the object of investigating the interaction of hydrogen
with adsorbed oxyren on the surface. After the- deposition

the film was stabilised by thermal cyclings between 77°K and
3000K as was done in the nickel systems.The analytical values
of surface area measurements showed that the roughness factor
varied from 1.5 to 2.5 on different films.

In run N¥i 4 the film was saturated with 62 x ?0-8 mole of

3

oxygen at a vressure 3 x10 “torr., On warming the film the
incorporation of oxygen was observed. When the film was warmed
to 525OK and then recooled to ?7OK, further 18.5 x10-8 mole
of oxysen,corresponding to 30% of a monolayer, was incorp-
orated in the film ,This incorporated quantity in copper
was less than that incorporated in nickel in the same temp-
erature range.

When hydrogen was added to an oxygen saturated conpleilm,
no sorytion of hydrogen was observed at 770K. On slowly
increasing the temperaturce, sorption of hydrogen stated near
373°K.

Water could be produced on copper films at higher temperature.
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In run Ni & only 10.4%4 x10-8mole of water was measured corres-
ponding to 8 % of oxygen adsorbed on the surface at 400°K,

The experiments on copver suggest. that hydrogen fron the

gas phase does not interact with oxygen adatoms,but that
hydrogen molecules may . dissociate at higher temperature on
copper films to produce hydrogen atoms which can react with

the adsorbed oxygen to produce water.

2. Adsorption of & Fydrogen and Oxygen on Platinum Films,

The interaction of hydrogen or oxyren with platinum has been
studied at 77°K ana 195°K, After evaporation the tempi—
erature @f of the film was lowered to 77°K and measured doses
of hydrogen were introduced. The initial adsorption was rapid
yfollowed by a slow process.About ’IOO"8 mole of hydrogen was
adsorbed to cover 80%to 90 % of the surface at PnilO-3 torr.
About 10 % of the gas was adsorbed reversibly at 77°K .When
thet temperature of oxygen or hydrogen saturated film was
increased from 770K to 195°K , more gas was adsorbed irre-
versibly. This dis probably due to the redistribution

of gas to the sites which are inaccessible at lower temperature
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(77°K) .

The slow adsorption of oxyszen or hydrogen on platinunm

film at 77OK and 1950K can be described by the Zlovich
equation. The plot of P aganist 1n(t+ to) of eguation 3.7
are shown in fig.}# for hydrogen and fig.35 for oxygsn.The
plotss for hydrogen shows that the valuesg of to . are appro-
ximately zere. The slope of the plots is 2.3 RT/ (0E/&q)
andeQalues are 1.75 x10-14ca1 mole™ molecule™ ! and 1.66x10'14
cal mole_qmolecule-qat 770K and 1950K respectively for hydro-

-}
gen and the corresvonding vatues for oxygen are 1.0x10 b

14

cal mole™ ] molecule“’l and 1.6 x10° cal mole™ molecule"fl .



141

REFERENCES

Some General Aspects of Adsorption on Metals.,

1. Delchar,T.A., and Ehrlich,G.,
J.Chem.Fhys. 42,2686, 1065,
2. Langmuir,I., and Kingdom,§.H.,Science 57,58,1923,
3. Roberis,J.XK.,
Proc. Rov.3oc. A161,141,1937.
4, FEhrlich,G., J.Phys.Chem.,50,1388,1956.
5. Kisliuk,P., J.Phys.Chem, So0lids,3,95,1957.
6. Becker,J.A., Advances in Calalysis 7,Academic Press,
T N.Y.,1255.
7 Schuit,G.C.A.,and de Boer,J.H.,
Rec.Trav. Chim,72,909,1953,
§. BReeck,0. et al., Proc. Roy.Soc.,4177,62,1940.
Q. "Chemisorption", Hayward,D,C.,and Trapnell,B.IM.W.,
Butterworths(Lendon) ,1964,
10. Constable,F.%., It c.Roy.So0c, 4108,355,1925.
11. Taylor,7.5.,Proc.Roy.50c,A708,105,1925.
12. Roberts,J.K., Proc.Roy.Sog.,A152,4M5,1935.
13, Eley,D.D.,J.Phyc.Chem.,55,1017,1951.
14, Schwab,G.Y.,Trans.¥arad.Soc., 42,689 ,19406,
15. Temkin,M.I.,Prgﬁems of Chemical Kinetics,Catalysis,and

Reactivity,Akad,Nauk,USSR,1955,



20.
21.
22.
23.
2k,

31.
32.
33,
3L,

142
Gundry,P.M.,and Tompkins,T.C.,Quart.Rev.,14,257,1960.
Trapnell ,B.M.¥.,Quart.Rev.,d,404,1954,
Beeck,C.,Disc.Farad.3oc.,d,118,1950.

Brennan,D,%ayward,D.0.,and Trapnell B.M.¥W.,
Proc.Roy.30c. ,A256,81,1960,

Klemperer,D.F.,and Stone,F.3.,Froc.Rov.Soc.,A243,375,1957.
Rarg,Jd.,and Tomnkins,F¥.C.,Trans.Farad.5oc.,51,1071,1955,
Zoudart,M.,J.Amer .Chen.3cc.,72,1040,1S50,
Schuit,@.C.A.,Disc.Farad.Soc¢.,8,205,1950.,

Mottt ,B.F.,andJones,H., The theory of the properties of

metals and alloys,(London)Oxford Univ.Press,1%36,
Pauling,L.,Proc.Rov,.Soc.,A195,343%,1949,
Tley,D.D.,J.Phys.Coll.Chen.,55,1017,1951,

Couper,A.,and 7lev,D.D.,Disc.Farad.3oc,,8,172,1950,
Dowden,D.A,,J.Chem.30c,,243,1950,

Moore,L.E.,and Selwood,P.V.,J.amer.Chen.S0¢,,76,697,1956,
Becker,J.A.,Phys.Rev.,29,341,1926,
Lanemuir,I.,J.Amer.Chen.50c.,54,2816,1932,
Bosworth,®.C.L.,Proc.Roy.So0c.,£162,32,1937.
Trapnell,d.}.W.,Proc.Royv.Scc.,A218,556,1953,

Ashmore,F.G.,"Catalysis and Inhibition of Chemical

Reactions'{London) Sutterworths,1963.

Bhrlich,G.,Froc. 3rd Inter. Conc.Cat,,Amsterdam, 1964,
Eickmott,T.W.,and Ehrlich,G.,J.Phys.Chen.30lids,5,47,1956,
Zhrlich,G.,J.Chem.Phys.,31,1111,1959.

Pritchard,J.,& Tompkins,F.C.,Trzns.Farad.Soc.,56,540,1960,



143

39, Mirnolet,J.C.?,,Rec,Trav., Chim.,74,701,1955.

4o, Siemel,B.,J.Aner.Chem,.30c.,82,1535,1960.

41, ILukirskv,P.I.,Physik,%.Sowjet Union,k,225,13933,

L2. Ropinskii,S.,%Schechter,i.,Acta.Physico.Chim,U8SR,56,401,1937.
43, hrlich,G.,J.Chem.Phys.,34,39,1961.

b4, Gomer,R., Disc.Farad.Soc. 41, (1966) in the press.

45, FEhrlich,G.,et al.,J.Chem.Fhys.,30,49%,1959.

46, XKlein,R.,Field Emission Symposium,Washington,D.C.,1959.
47. FBhrlich,G.,J.Chem.Phys.,34%,29,1961.

48, Roberts,J.X.,Proc.Cam.Thill.Socc.,36,53,10L40,

49, Tonks,L,J.Chem.Phys.,8,477,1940.,

50. ZEbhrlieh,5.,"Structure and Properties of the Films",
Phes, (Wiley),1959.

51. Mirnolet,J.C.P.,J.Chem.Phys.,23,753,1955.
52. Mirnolet,J.C.P.,Rec.Trav.Chim.,?74,701,1955.
53. ™ignolet,J.C.?.,Disc.Farad.Soc.,&,105,1950.
54. Mignolet,J.C.P.,J.Chen.Phys.,21,1298,1953.
55. TFreukel, %Z.!hvs.,51,23%2,192C.

6.

O
‘o

56. Bardeen,J.Phys.Rev.,42,453,1
57. DMrowka andRexknagel,Z.Phvs.,3C,758,1937.
8. EBhrlicr,J.Phys.Chem,,560,1338,1956,

59. Delchar,ih.D., thesis,London Univ.,1963.

Metal Films- Structure and Properties,

i. Allen, Rev.Fure and Appl.Chem.,&,133,1954,

2. Thornhill,Thesis,Pardue University, 1950.



144

3.,  Konig Reichsber,T.Fhvsik,?d,4,1349,
L, Yaar,FPhvs.Rev.,?72,174,1907,

5. Semiktov,ristallosrapher,1,542,1956.

6. TFurst et al.,Z.Taturforsch,t9,5480,1949.

7. Rodin,T.M.,Disc.Farad.06.,5,207,104G,

3. Anderson,J.R. et al.,J.Catalysias,1,b43,10562,

a, Andrade,B.M.,Phil.Trans.Rov.S%0c.,4235,560,1835,

10. Deeck,0. 2t al.,Disc.#arad.Soc.,0,159,1950.

11. Porter,A.S.,&Towpkins,F.%.,Proc.Roy.%0¢c.,4217,529,1G53,
12. Beeck,0. et al,,Proc.Rov.80c.,~177,62,1940.

13. Trapnell,B.M.%.,Proc.Roy.Soc.,A218,5656,1953.

14, Mienolet,J.C.P.,Rec.Trav.Chim,.,74,701,1955.

15. Sachtler,w.M.H. et al.,J.Chin.Phys.,51,491,1954,

16. Hobbs,Phil.lias.,32,141,1916.

1?. Semenoff,%.Physik.Chenm,?7B,471,1930.

18. Gomer,R.,"Field emiscsion & Field Ionization"(EHarvard

Univ.Press),1951.
19. Cunninrham,R.E. et al.,Advance Catalys.,10,57,195C.
20. Rhodin,T.W.,Advance Catalys.,5,39,1953.
21. ©hrlich,&,,d.Chem.Phys.,3%,29,1961.
22. f£hrlich,G. et al,,J.Chem.Phyvs.,35,1421,1961,
23. Ehrlich,:.,Trens.M,Y,Acad.S3ci.,101,722,1953

The Adsorption of ¥vdrogen.

4. Roberts ,Proc.Rov.Soc.(London),A152,445,1935,

2. Roberts,J.K.,"Some Problemsin Adsorption”,Cam.,Univ.Press,
London, 1939,



145

3. Davis,R.T,,J.Amer.Chem.Soc.,68,1395,10L6,

4, Suhrmann, %.Physik,30,939,1929.

5. Nifnolet,J.C.P.,Nisc.Farad.Soc.,’,105,1950.

6. Trmmett,k.H,,"New Approaches to the Study of Catalysis™,

36th Annval Priestly Lecture,Pennsylvania, 1962,
7. Wiegman,Diplomarheit Techn,lUniv.,Berlin,1951.
8. Muller, Ereebn.ixakt., Naturw.,27,290,1953.
9. Sacktler et al.,Bull.Soc.Chim.Belres.,57,465,1958,
10, Suhrman et al.,Z.Physik.Chem.(Frankfurt)20,332,1959.
11, Ponec et al.,Actes Congr.Intern.Catalyse o® ed., 195,1961.
12. Bickmott,T.Y.,J.Chem.Fhys.,32,310,1960,
1%. Sachtler et al.,J.Catalysis,1,416,1962.
14, Mipnolet, Rec.Trav.Chim.,74,685,1955.

15. ©Bokhoven,C. et al,,"Catalysis' vol.III ,edited by Em:et,
Reinhold,N.Y.,1961.

16. Siddiqi,!,M.,% Tompkins,F,.C.,Actes Coner.Intern.Catalyse
2% eda.,1767,1961.

17, Pliskin,W.A.,and Eisheens,R.P.,%.Phys.Chen.(Frankfurt),
2k,11,1960.

1¢, Hickmott et al.,J.Chem. Phys.24 ,1263,1956.
19. TFickmott et al.,J.Phys.Chem,S0lids,5,47,1950.
20. Mizushima,¥,J.Phys.30c.Japan,15,1614,1960.

The Adsorption of Cxypgen

1. Rosenber~,A.J. et al.,J.FPhys.Chem.,C4 1143,1960.
2. Rosenberr,A.J. et al.,Surface 3ci.,5,1,1966,

3, Honig,J M. ,Ann. W, ¥ ,Acad.Sci.,58%,741,1954,



17.
14

19

146

Rosenberg, . .Phys.Chem, ,62,1112,1958,

Cuinn,C.lM,,% Roberts,M.W.,Trans Farad.3oc.,51,1775,1965.
Delchar,Thesis,Llondon Univ.,1963.

Grimley,T.3.,%& Trapnell,B.!.ii,,Proc.Roy.50c.,4234,405,1956,
Bennett,¥.J.,Thesis,London Univ.,1958.

Hoplrins,B.J. et al.,%urface Sci.,5,155,1966,

Garner,L.H. et al.,letal surface(Amer.Soc. Metals,1963),
P,287.

]

e

Massey,H.8.W.,"legative ions",P 64, ,Cambridge,N.¥.,1938.
Gundry and Tompkins,Quart.Rev., 14,257,1960.
Macrac,Surface Sci.,1,319,1964,

Culver and Tompkins,Advance in Catalysis,11,67,1959.
Park and Farnsworth, Surface Sci.,3,207,1965.
Boreskov,C.K.,Disc,Farad.Soc.,’ 4#1,1966,(in Press).
Lsih and Boreskov, DAY S$83R,152,1387,1963,

Boreskov et al., DAN S35R,164,606,1961,
Tikhonmirova,V.I.,DAN SS8R,155(3),5644,1965,
Morrison,J.L, et al.,Froc.Rov.30c,,A173,1,1939,
Suhrmang ?,%Z.8lectrochen. ,56,351,1952,

TLaw and Francois,ﬁnn.N.Y.Acad.&ci.,58,925,1954.
Suhrmann,ber.Bunsences,.Physik,Chen, 68,990,196k,

Schaaff,E.,Z.FPhysik.Chem,B26,413,193k4,

de Boer,J.¥.Aidvanc. Catalyse,5,67,1956.



147

Mixed Adsorption

1. Roberts,M.W. et al.,J.Catalysis,3,57,1964.

2. Ponec et al.,Coll.Czech.Chem.Comnun.,29,3031,1964,
3. Hickmott et al.,J.Phvs.Chem.Solids,5,%47,1950.

b, Lambert,B. et al.,Proc.Rov.Soc.,A153,584,1936,

5. Lemon,'.B. et al.,Phys.Rev.,14,39%,1919.

6. Brunauver ,S.,"The Physical Adsorwntion of Gases & Vapour',

Clarendon Fress,1945.
7 White,L. et al.,J.Amer.Chem.Soc.,71,2593,1949,
G Domkohler,G,,Z.Phys.Chem,,B2%,69,1933,
9. Hinshelwood,C,N.,"The Kinetics of Chemical Changes",
Clarendon Press,1940,Chapter,viii,
10. Langmuir,Phys.Rev.,6,79,1915;8,149,1916;
Trans.farad.Soc.,17,607,1921,

11.Bonhoeffer,X.F. et al.,Z.Phys.Chem.(Leipzig),B12,231,1931,
B21,225,1933.

12. Glasstone,S.et al.,"The Theory of Rate Processes' ,McCraw-

¥ill ®ook Comp.,London,1941.
13. Rideal,%.K.,J.Soc.Chem.Ind.,lond.,52,335,1943.
14, #ley,D.D.,Advanc,. . Catalysis,?,157,1948.
15. Anderson,J.R.,Rev.Pure Appl.”hem.(AustraTlia),7,165,1957.
16, Bodenstein,M.,Trans.Blectrochem.Soc.,71,353,1937.
17. Temkin,ll.I. et 21.,Acta Phys.Chim,,558R,2,9,1935.
16. FPeeck,Advanc. Cat.,2,151,1950.

19. Trapnell et al.,Trans.Farad.Soc.,52,065,1956,



148

20, Wagener,S.,J.Phys.Chen.,G1,267,1957.

21. VNasini,A.G. et al.,Trans.MN.Y¥.icad.Sci.,101,791,1963,

22, Rigby,L.J.,0an.J.Phys.,k2,1256,19C4,

Lxverimental

Te Tompkins and Wheeler,Trans., Farad Soc.,29,1248,1933-

2. Porter,A.S5., Disc.Farad.soc.,8,358,1950.

3. Crowell & Younr,Trans,Farad.Soc.,*9,1080,1953,

4, Garden,L.A. et al., Trans Farad Soc.,51,1558,1955.

5. Liang,S.C., J.Appl.Phys.,22,148,1952.,

6. Liane,S.C., J.Phys.Chem.j56,660,1952

7 Liang,S.C., J.Phys.Chem, ,57,910,1953.

8. Liang,8.C., Can,J.Chem.,33,279,1955.

9. Webers & Keesom, Comn,Omnes Lab. Univ.,Leiden,1932.

10. Los & Fergusson,Trans.Farad.Soc.,48,730,1952.

11. Bennett & Tompkins, Trans Farad.Soc.,53,185,1957.

12. Wirschfelder,J.O0. et al., J.Chem. Phys.,16,968,1948;
Chem.Rev, ,44,205,1949.

13. Brunauer et al.,J..imer.Chem,30c.,60,309,1938.

14, ¥Hill, Advanc. Cat.,k,211,1952.

15. Farkins,W.D. et al.,J.Amer.Chem.Soc.,66,1362, 1944,

16. Beebe,R.A. et al.,J,imer.Cher.Soc.,67,1554,1945.

17. Rosenberg, J.imer,Chem.Soc.,78,2929,1956.

18, Bennett, Thesis,London University,1958.



21.
22.
23.
24,

25,

149

Hayward,D.0.,Thesis,University of Liverpool,1958.
Keely, Anal.Chem.,3%,147,1966,

Lincoln et al., Anal.Chem.,3%6,819,1964.

Davis et al., J.Phys.Coll.Chem.,51,1232,1947,
Kingston & Holmes ,Trans.Farad.Soc.,49,417,1953.
Havness, J.Phys.Chem.,56,182,1962.

Van.Itterbeck & de Grande,Physica,13,289,1937

Results and Discussion

3
4,
5.
6.
7.
8.
9.
10,
11,
12,
13
14,

Elovich,8.Yu.,&Zhabrova,¥a.,zhur.fiz.Khim.,13,1761,1775,
1939.

Low,M.J,.D,,& Taylor, :.A.,J.Blectrochem.Soc.,106,138,1959.
Chon,H, et al.,, J.Amer.Chem., Soc.,82,1055,1960.

Hand Book of Chemistry & Physics,44th adition,P2449.
Chapman,D.L. et al., Proc.Roy.Soc.{(London),A156,284,1936.
Reischauer,H.,Z.Physik,.Chem. (Leipzig) B26,399,1934.
Armbruster,M.®.,J,Amer .Chem.Soc,.,68,1342,1946.

Frazer et al., J.Phys.Chem.,31,897,1927.

5iddiqi and Tompkins, Proc.Roy. Soc.,A268,452,1962,
Eischens and Plaskins,Advanc. Cat.,10,1,1958.

Langmuir, Trans.Farad.Soc¢.,17,621,1922,

Suhrmann,Ber .Bunsenges,Physik.Chem.,68,990,1964,
Heyne,H.,& Tompkins,F.C.,Proc.Roy.So0c.,A292,460,1966.

de Boer,J.H.YThe Dynamical Character of Adsorption,"
(0xfprd Press),1953,P30.



19.
20,
21,

22.

150

Ropinskii,S.Z., et al., DAI,SSSR, 163,53%1,1966.

Delchar, Ph.D. thesis,0 London University,1963.

Ponece et al., 0 Coll.Czech.Chem.Comm.,29,3031,1964,
Roberts,M.W. et al., Disc,Farad, Soc., in the press.
Roberts,Mm.W., Proc.Chem.Soc,.,245,1962.

Ponece et al,, Proc. 3rd.Inter, Congr. Cat,Amsterdam,196L4,
Gundry & Tompkins,Trans,Farad.Soc.,52,1609,1956.

Ponece et al., Disc.Farad. Soc. 41,1966(in Press).



	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21
	Page 22
	Page 23
	Page 24
	Page 25
	Page 26
	Page 27
	Page 28
	Page 29
	Page 30
	Page 31
	Page 32
	Page 33
	Page 34
	Page 35
	Page 36
	Page 37
	Page 38
	Page 39
	Page 40
	Page 41
	Page 42
	Page 43
	Page 44
	Page 45
	Page 46
	Page 47
	Page 48
	Page 49
	Page 50
	Page 51
	Page 52
	Page 53
	Page 54
	Page 55
	Page 56
	Page 57
	Page 58
	Page 59
	Page 60
	Page 61
	Page 62
	Page 63
	Page 64
	Page 65
	Page 66
	Page 67
	Page 68
	Page 69
	Page 70
	Page 71
	Page 72
	Page 73
	Page 74
	Page 75
	Page 76
	Page 77
	Page 78
	Page 79
	Page 80
	Page 81
	Page 82
	Page 83
	Page 84
	Page 85
	Page 86
	Page 87
	Page 88
	Page 89
	Page 90
	Page 91
	Page 92
	Page 93
	Page 94
	Page 95
	Page 96
	Page 97
	Page 98
	Page 99
	Page 100
	Page 101
	Page 102
	Page 103
	Page 104
	Page 105
	Page 106
	Page 107
	Page 108
	Page 109
	Page 110
	Page 111
	Page 112
	Page 113
	Page 114
	Page 115
	Page 116
	Page 117
	Page 118
	Page 119
	Page 120
	Page 121
	Page 122
	Page 123
	Page 124
	Page 125
	Page 126
	Page 127
	Page 128
	Page 129
	Page 130
	Page 131
	Page 132
	Page 133
	Page 134
	Page 135
	Page 136
	Page 137
	Page 138
	Page 139
	Page 140
	Page 141
	Page 142
	Page 143
	Page 144
	Page 145
	Page 146
	Page 147
	Page 148
	Page 149
	Page 150
	Page 151
	Page 152

