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SUMMARY

The mixed adsorption and surface potential measurements
of the following pairs of gases, H, + C0, CO £ 0 » Hy + 0,,
on two metals, copper (an sp metalg and the tran%ition spé
metal nickel, have been carried out. In general, the order
of adsorption is important since different surface potentials
are obtained as the order is reversed. This appears to be:
due to the fact that the: stable form of the complex may only
be- produced at -183°C, if some (small) aetivation energy is
provided. In certain systems desarption of one or both
- gases may in fack take place: before transformation can be.
effected..

o The general methad was to saturate the surface at
-183"C, quickly evacuate the remaining gas, and introduce
angther gas at the same temperature, while the surface
potential measurements are followed during the process.
Usually there was a simple stoichiometric ratio between the
amount’ of gas adsorbed, which made the interpretation of
results and the sequence of reaction occuring less ambiguous.

Since sintered films were employed, it. was possible to
raise the adsorbed film to room temperature and measure the
products,. both condensible and non-cgndensible.  The
temperature was then lowered to -183"C and the sp again
recorded.. From the general results, the "pattern" of the
structures remaining on the surface is tentatively identified
and elucidated by reée-adsorbing one or the other of the
reacting gases and measuring again the surface potential. o
Further desorption at: room temperature and adsorption at -183"C
were then acecomplished in order further to define the changes.

Detailed information has been obtained for the six
systems. One of the important results is the formation of
a structure similar to a dimeric-hydrocarbonyl, when H atoms
are adsorbed on pre-sorbed CO, on Ni (but not. on Cu) and this
may have some hearing on the mechanism of the Fischer—trepsch
synthesis. The reversed order of adsorption i.e. CO on
preadsorbed H film on Ni giyes a different structure, which
is discussed. A similar HY (pratonic hydrogen) formation
is found, when H atams are adsorbed on top of pre-sorbed
oxygen on both Ni. and Cu. A detailed discussion of the
oxidation of adsorbed CO on the two metals when treated with
oxygen (and when CO is adsorbed on top of chemisorbed oxygen)
is given.

The results are throughout: consistent with infra-red
data of chemisorbed molecules where these: are available for
comparison.
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1. INTRODUCTION
1.1. General Considerstion:

In physical adsorontion no chemical bonds 2re broken or
mnade, and the chemical hature of the adsorbate is therefore
unchaneged. In chemisorntion, the adsorbate undergoes chemical
change, and is often dissociated into independent fregments.
Redicals, atoms and molecules are thus the units of which
chemisoroed layers are comnosed.

Two separate nroblens ére involved in the considerstion
of the mechanisms of chemisorption - the nsture of the surface
bond and the neture of surface radicals. The three main
types of chemical bonds are formed in chemisorption - ionic, -
covelent and co-ionic. The magnitude of the work TFunction
of the adsorbent affects both ease of formation and the
strength of these bonds. Covalent bonds can only e formed
if the adsorbent possesses orbitals with unpeired elecirons
canable of entering into éovalence. Co-ordination requires
the latter to have vacent orbitals canpable of receiving the
nair. |

These considerations sugzest that the chenge in work
function which occurs when s gas is adsorbed on a metal surface
is of considerable immortance in adsorption and catalysis, and

[

the nature of the surisce vond forrmed in the adsorpztion of =

]

~articuler molecile depends larcely on the electronic stractur

[
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of the adsorbent. The magnitude of the work function or
the dinole morment of the adsorption complex is in itself an

indication of bond tyre: large dipole moment values suggest

Q

93

e covalen

@]
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large ionicty, ond low values sugeest ler:

Jecondly, similerly 2ligned dinoles renel, =2nd the rapulsion

for some of the decrease in the heat of adsorption =as 0
incresses. Caleulation of the magnitude of these and othe
interactions is of heln in deciding whether the total fall in
heat can be sttributed to intersction, and so to decide upon
fhevuniformity of the surface.

The gtudy of surface notentials is mainly concerned with
netal—-ges systems. For fhis purpose, various technigques have
been used but there are many discrepancieé in the work feﬁorted
in the literature which noints to unsgatisfactory experimentaly
conditions. It is therefore of great imnortance to have =
really well—defined and clean surface of large surface ares;
for many metals it is only since these have been used in the
form of evanorated films that more consistent s.p. velues have
been obtained. The full knowledge of such data which zre

now sccumulating recuires much more theoretical develonments,

in addition to the qualitative interpretetion so far mnade.



1.2. CGenerel esnects of chemisorntion:
e surface [ =0lids there are nartially n-
On the surfaces of zolids ther nartially
saturated cohesive forces. This residual binding energy

can be utilised to adsorb gag molecule on the surface.
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The sdsorption bond can therefors be ~hysicsl - that is,

comnrising the ven der Weals disrersion forces, or chemical,
where there is electronic transfer depending on the nature
of solid and ges. The magnitude of the heat of adsorntion

is usually =2 criterion to distinguish vetwesn the two tyres

although is not 2n unambiguous one.

In rhysical =adsorntion heats of a few kilo calories
are found which =are normally in line with the heats ol lique-

faction of the adsorbed gas, while in chemicali bond formation,

hoas 100 21, wer mole are not exceptional.

o

0
=

e

<

o

1s

I

energliss =a
In most cases the observed values are found to be lowver

because, chemisorption is accompanied by the dissociestion of

the gas moleéule and some energy is utiliSed for this »nrocess.
For exampie, the energy of the nickel-hydrogen bond is 67 k

cal. per mole but the observed(l)or net heat is 31 k cal.

(2 x 67 — 105) k cel. because 103 k cal, the heat of dissociation

of hvdrogen, is being lost put in certein other cases like CO

adsorntion where there is no dissociation involved, the low



— 4.

<
ay)
=
=
@]
=3
el
jle]

ight be due $o considerable loss in resonsnce energy.

=

Differential heats of gases on metals denends on the

<+
U

s

I

tare o e metal, and Tre?nell(5)has shown thet the intial

o
W

heats on different metals ere in the following seguence:

T= W Cr Pe Ni., Rh Cu Au
although there is some variation amoﬁg different workers
regarding the values. Thig is not surnrising because the
values at zéro coverage are obtained by exbrarolation fron
the poiﬁfs eipérimentally determined. Beeck(6)has nointed out
that the order of decreasing initisl heats of adsorntion is
the same as the incregsing d charscter of the metal. I'ncreas-
ing d character signifies thét more and more d electrons are
used for the mutual‘cohésion of the metal atom in the lattice
of the crystal and are therefore not available for chemical

(7)

This suggests that the metal end adaton bond is

bonding. g
(8,9,10)

essentially covalent in character which is reslly in
line with experiment where an apparent low electric moment of
the surface-adatom complex is assigned to non-ionic bonding,
wvhile only in the case of some alkali metels film on tungsten
(ll’lg’lS)the high vealues aré:comparable.to ionic bonding.
The influence of metallic d character on the catalytic
nroverties has been explored by studying the alloy of Fd-Au
for the ortho-»ara hydrogenVconversion(g)and it is found that

there is & sharm rise in activation energy as the d-band of
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Pd is filled by S electrons from gold. Eley<l4)has studied
the decomposition of formic acid on a range of Pd-Au =alloys
and his results are in line with the activities of holes in
the d-band. Similarly, more recently, Keith Hall and
Emmett(IB)has stvdied the hydrogenetion of benzene over Cu-Ii
alloys and have found that the igothermel zactivity showed =2

shary decrease nser the critical alloy comvmosition of 60 atom

copper where the 4 band of nickel is just filled. Megnetic

(17)

.
susceptibility data on nickel by Selwood(*6)and Bley are

gsome proof of the immortance of the d-band in chemisorption.
Any a2ttempt to correlate by some single expression the
heat of adsorption and d character seems to ve futile at the

moment(lS)but some semi empiricsl formula for calculating

(19)

heats of adsorntion at low coverage have been b»roposed by Eley

end Stevenson(ﬁo). The differential heat for the resction

PN+ H, =2 M -H

ig given by -

g, = 28 (I-H) - B (E-H)
‘ (21)

and the energy B(V-H) is calculated by Pauling's equation,

B (V-H) = L(B(M-¥) + E(H—H)) 1. 23,06 (XM -XH)E
where X and Xy are the resnective electronégativities of the
2
)

two etoms and the term 23‘06(XN-XH a1lows for & small ionic:

contribution to the bond energy and to =2 first apnroximation,

ig given by -



XT —XH -1
cso 2t &= 0
o, = B (11 - ) 4 46.12 v°

Fair egreement is obtained between calculated and exverimental
velues for = number of system such as Cu/H?, Fe/H2 2nd Ni/H2
Manv 2ttemnts have been made to account fof.the fell
of heat'of adsorption with coverage,(2’3’4’5> One of the
nogsible exnlanations is 28 a result of a mutusl repulsion
ceused by the internenetraftion of electron clouds of the
adsorbate molecule which would lead %o a linesr relationshin
between Q and ©; such an effect can only be expecfed in
adsorption at high degrees of coverage. A necessesry condition
ig, noreover, that the forées'which cause the chemisorption,
comnel the molecules to aporbach each other nearer than their
mutual van der Wasls attractive forces would allow. In the
. . - . . - (22
field of chemisorption there is no such examnle.
Repulsive forces of long range such ag the matual
repulsive forces of »narsllel oriented divoles of the chemi-
sorbed molecule are too small to account quentitatively for

~

the experimentally found values of the decrease of heat of

adsorption.(5>
2% ) .
De Boer('))has considered the decreasse in the heat of

chemigorntion with coverszge in terms of the change of work

function. In the cese of negstive diroles, work is done
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egainst the work function to shift an electron from the

netal to the adsorbed atom; for wositive dinoles work is

=

done agaeinst the electron affinity of the metal; Dpoth these

Lt

decrease with coverage. Thus the heat of sdsorption falls
with coverage, irresnective of the sign of the dinole. In

adsorntion, the work function changes by en amount,
dv = 4 I & 6 u,
o)
vhere 63 is the maximum number oI atoms that can be adsorbed

er square centimatre and u is the effective rnart of the

k3

o)

irole. The contribution of Ehe wvork fnnotioﬁ term to the
heat of zdsorption is given by —

qé'="qo - e dv
The effect predicted by the zquation and celculated from the
results of Nignolet(24)forvHé 2dsorntion on nickel was found
to be of the right magnitude.

But this equation, which assumes the continuous distri-
bution of charge, fails e.g. to explainm the caesium-tungsten
results, so the esquation hag been modified to take account of
the influence of the discreteness.(18)

Eley(g)has suggested that metel electrons used in form-—
ing covalent bonds with adatoms belong to the band of nermitted
energies associated with the crystal. In any band there is

slweys o distribution of electrons among the nossible energy

levels. The first electron used Tor bonding comeg Ifrom the



toz aof the band and <o, with increeging coverage, the highest
. . . (24,54) . ;
occunied level falls. Fienoclet, teking the seme line

of argument, =zccomts for the decrease and relates the work

. . - .. - ‘ 8
which ig =2 fair apyrroximation. Similerly, boudart( 5)
following un the concention of the work function effect but

veing the somewhet etrange picture of pnlacing the charge half-

wey along the dipole layer, concludes that -
—_ 1 4

g =z e dQ)

In these deductions the individual dincles are treated 23 2

)

smoothed— ont double layer of thickn ess eouel to the length
of one dincle. But certain sssumntions are not valid:

locetion of the electron midway in the double layer ig not

V]
n

. 24 .
p0531ble,(“)and the dlpoleAlayer cennot be treated a

(25)

(o)}

T

double layer with a continuous charge distribation.
The cdecrease in heat of adsorption with coverasge has
- i o (26)
also been ascribed to surface heterogeneity. Surfece
heterogeneity in the case of evaporated metal film arises
from lattice defects, dislocation, e=dges, corners, imnurity

centres, =nd the different crystal feces present in ~oly-

cryvstalline metal surfsces.

A great deal of evidence is found in the literatures
about the effect of surfece heterogeniety; Tor examzle, the
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work function of various faces of tungsten may differ by I.I.V,
corresponding to about 25k cal. moie. It is 2lso known that
the heat of chemigorption of ceegiur differs on Variogs faces
of tungsten;(29>and in e nurber of réaotions, oriented metal
filrs show a different catalytic aotivity per unit area from
non—-oriented- film.. Thus, in ethylene hydrogenation, oriented

five

M

nickel films which preférentially exrose (ilO) nlenes ar
times as sctive at 0°C =s randomly oriented filmm(30> Similerly
some catzlytic reactions on the surfaces are inhibited by a poison
in emounts which are fer emaller than the amount reguired to
cover the surface, thereby showing that the surface activity

ig confined to few surface atonms. Peése and Stewart(3l>

found that 1% Coveragevof'a copper powder catalyst by carbon
nonoxide reduced the sctivity in the ethylene hydrogenation
at 0°C by factor of nine.

After the fast nrocess, 2 slow adsorption is often»

found, the activetion energy of which increases with the
amount adsorbed. | Porter and Tompkins(52>obtained evidence
during the study of the kinetics of the slow upteke of H2 on
“iron films.  Taylor and Liang(Bﬁ)and leter Taylor and
Sadek,(54)haVE*fouﬁd that if during slow uptske, the temnerat-
are ig raised there is a fairly ra»id desorption followed by

2. slow resdsorotion. This can be exolained 1f the surface

is heterogenous; ges is desorbed from the areas where the
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activation energyv and heat of rorption is relatively low
and resdsorbed on areas where they are high. The effect
hes been obsgerved for a number of adsorntions on-oxide and
on metal rowder surface, and a2lso in hydrogen chemisorption
on tungaten film (j5)

The differential heat of chemisorntion (g) usually
decreages with coverage (Q) but in some cases, where ¢ is
high and the temperature is low 1t has peen Tound To remain
congtant e.g. the heat of adsorption of H2 on iron remain
constant at 28 k csl. / mole. wmtil the surface is fully
covered,(l Roberts and Miiier(36>showed that congiderable
differences in the q—@-reigtion would be exnected derending on
the mobility of the adatoms. Two'factors would ap reér to
decide whether or not a 1ajér is mobile under defined conditions.
The first is fhe megnitude of the sctivation energy of
migration; strongly adsorbed layers have a greater tendency
to immobllity, and therefore the activation energy of
migration increases with tﬂe heat of adsorontion. Ag the
differential heat decreases with increasing surface coverege,
riobility will be wosgible at higher coverages rather than
at lower coverages. The second factor is the thermal
kinetic energy of the adsorbed nerticles, which gives 2

higher mobility at higher temrerstures. For immobile

sdsorption, with or without dissociation the ¢-6 curve 1is
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O.J

nearly linear znd Sll chtly concave to the amount adsorbed

exis in the first 2ndé almost linear in the second.  Tor
mobile adsorrtion the curve is sigmoid, but varies from
linearity to & sharvn stern a2t half coversge denending on the
interaction vnotential.

1 . . ; . .
Beek( >Les developed & good criterion viz., the linear

0-8 relationshin denotes immobile adeorption. He =suggested

ot

hat the Iirst increment of gas covers g emell nart of the
ounter surface which it enconnters firet; subsequent doses
mreladsorbed on the next accessible wart of the surface, until
he film gets uniformly covered throughout. In thig way

the heat of =adsorvtion obteined is an integral heat oeing the

sverage for all coverages between & = 0 to &= 1. IT, however

the adsorbed molecules

@]

the layer is mobile and at all coverage
ere uniformally distrivuted throughout the film; consecuently a
true differential heat is recorded with o decreasing steadily
with coverage. A great deal of evidence of mobility nhas

been nrovided by fiéld erigsion microscony studies which arec

successfully emnloyed in the atudy of refractory netels like
(37,38)

tungsten, with relatively Tew gases like oyr Ten
] b 3 b
5 . . 1 o o aq o
hydrogen()9’4o)ana oarbonvmon0X1de.(4 ) Studies of mobility
have also been made involving the measurement of the activ-

=tion enersgy of migration; such exneriments have been

(H

. . 42 N o
carried out by Breittain and Beoker(' )who neasured the_ rate:

o
4



of migration of Th on tungsten at 535 I and 1655°%. The

temnereture coefficient of these rstes gave an activetion

energy of migration of 110 k cal. / gram =zton. Thermionic
40 A7) L. i s . .

(""”?nﬁ ;hota—electric(4')em1331on techniques have =21so

been emnloved for indirect studies. The chaonge of emisgion

of some low work Iunction metals hesg been followed as =2 function
of time ag well as Temneratare for narticular nortions of the
adsoroent. The results of these and Tield emisgion techniques
show thet the activation encrgy of mobility is about 0.2 to

0.5 Fimes the energy of the adeorjtion bond- Trepnell (5)

hags used another method of investigeting mobilities in terms

of the entronies of the’adsorbaﬁe, since an immobile layer

-~

has no translationsl degree of | evamnle, in the

l')

‘recdom. Por
adsorption of water on zinc oxide, Kemball( 5)has calenlated

that the sum of rotational, vibrational and configurationsal

entronies are in a fair agreement with the observed entro-ies,

When the adsorbed gas doeg not lose all the translational

L - ¥

degrees of freedom comnletely then the film is mobile

-
=
S
D
~

i

nediate degrees of mobility may be realised 28 in the case of

CO on tungsten, where it is difficult to interpret the entrony

data in relation to mobility. Any conclusion drawvn on The
bages of entrony data must be sccented with reserve, =s the

changes of enftrony of the sdsorbent surfece atoms are now

considered in the celculation; this is an important consider-

stion merticulerly in chemisorntion processes.



1.3, Olesn Mebzsls Surfaces:

" . In the chemisorriion studies of gascs on metals the

-

nreparation of stomicelly clean surfseces is of utmost

importance becesuse slisht contaminztion from some foreizn

substance can so redically chenge the adsorptive as well as
other nhysical -ronerties of the surfaceg, that the adsorotion

(46)

may he greatly decreased or even nrevented. A great amount
of worlt revorted in the older literature heg been nroved +to

have been done on contaminated surfaces comrared with thése
carried out by the modern relisble technicgues of producing clesn
surfaces. Different techniques are emploved for different metal
(1) Hish melting point metals like Pi, W(47), o, are used as

filements and cen be cleaned by heating in veguum to high

temneratures until all oxide leyers asnd adsorbed gases are

evanorated. The wires can be nrevented from being contaminated
ranidly by keening the pressure of the gas very low. Roberts

(2’48)used the flash filement technique in the determination of
hects of adsorntion. This technigue is also employéd in in-—

direct studies of chemisorption »nroblems, such as the change of
the contact potential(49’50’51)accomodation co-efficient(48’52’
55,54) It is =zpolicable 5nly to the metals which nossess oxide

' s {54
lsyers volatile at low temveratures because the metals like 1§én)

cannot be cleaned e=sily by flashing (and reduction). Secondly,
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small arsas are obbtained which make the control and the
measurement of amounts of gases adsorbed difficult.

(2) A greaet deal of adsorotion work has been carried out on

metal powders,(BS)cleaned by chemical reduction. A powder,
if it could be obtained in clean form, would nrovide a large

eres, out the problem of reducing =and out-gassing it is
considerable. If the out-gassing temperature has to be
increased in order to effect complete desorntion of the

adsorbad gases, considersble Jloss in surface area is coused

by sintering.. Bven the »nrocess of reduction requires a
considerable time.. Even so, the only criterion to judge

the cleanliness of the surface is the comparison of the
results with those carried out on evaporated films oi the
same metal nroduced under ideal conditions.

(%) Much larger surfaces of clean metals are obtained by the
evaporation of the metal from reduced and outgassed filaments,
(4’56’57’32)from metal besds supported on refractory metsl

(56;58)Or,in'é bésket,(59’56)or from 2 bead contained

t<6l)o

filaments

. . 6 X .

in a refractory'cru01ple( O)or'oy electron bombardmen T
N . . (62) e ‘ ) .

cathodic sruttering. The surfaces are much larger in

area and are suitable for use in volumetric and calorimetric

measvurements. In order to meintain a large ares it is

imnortant to svoid sintering of the film by keeping the

temmeratvre of the substrate as low as possible when a porous
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small crystallities is obtained.

i)
]
K3
O
]
s
53
O
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Ridezl and Trﬁnn@17( ))hovo found the adsornption of

H, o tungsten filrs to be instantaneous 2t ,liquid-air

temnerature. This result is auite different from the one
renorted by Frenkenburg 9(64)who found =ctivated 2dsorntion

on tungsten nowder. Trapnell(65)has also shown that
hydrogen, cerbon monoxide, oxygen, 2nd ethylene are chemi-
sorbed on a number of metal films withovt recuiring activsiion
enersy. Resnulte on metal films by different workers under
different conditions wroved to be renrodiucible, only if the
work 1s carried out with the best vacuumr and out-gassing
conditions.

(4) TFarns worth(66’67)has developed.a fechnique to produce

n surfaces on single crystals (aress 1 sq. cm., volume

iy}

cle

{

1 ml.). The surface pronerties have been examined by the

—

-
. . o]
change of the low-energy differaction patterns,( 7)the work

.
function,(06)field effect mobility,(68)and surface conductance.

(69) The great advantage of the technicue is the nossibility

of studying the crystal faces individually. There is some

controversy as to the cleanliness of the surface of the

crystals, the main factors upon which the oninions are based

: o - (69)

have been summarised by Autler and HcWhorter.' -
It is vt ed that if the sarface could not be cleaned

D

by heating at temveratures just below the melting point for
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seversl hours in hich vecuum, the gurface contamination
could be removed by reneated high—temnerature positive out—

The

gegseing end argon bombardment and thermal snnealing. Th

surface of the crystsl Sthus clezned when allowed to stand
in high vacuum for some hours is found not to have any
noticesble change in surface conductivity and work funection.

This was internreted as meaning that the surface was clean.
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1.4, letel Pilms - FProrerties and Structure:
Hetel films »roduced by thermel evavoration or catholic
sputtering, behave differently Trom metal filaments or foils.
These are very unsteble 2nd consist of aggregates of micro-

crvstallities; due to high surface energy, they tend to change

sronianeo: Sly to more gtable forms.  Their suriaoce sreasg
L . - - . (70)
(vy the formation of larcer cryst=llite size) ore

irreversibally changed thermally at temperatores far below the
point. Their rpropertis s‘gre 2lso greztly denendent
upon the nature end temnsrature of the substrate, the nresence
of the =dsorbed g=s and »urity of the metal-(7o>

X-Rey and electron diffraction stadies of metellic films
have done much to elucidate the gstructure of films, and it is
now emphasised that there are great similarities between the
stractore of films and that of the bulk metals. Germanium
films produced by the decomyposition of gsrmane, (7l)of 0.1
1.5 u thicknesse, were found Lo have the diamond structwre like
that of the bulk meterigl. Branorated films of germanium

of thickness 0.5-7 u were likewise of the normsl diamond

(72)

—J

lattice without eny oreferential orientation, Under
certain conditions it has been shown that germenium films
‘heve en amorvnhous structure when condenged on subsirates 2%

femreratures pelow 380°C but crystelline =t higher temperstures.

(73,74,75,76) Tlectron diffrezction studiss of nickel films
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1

and thoge of z2luminium filme derosited in >ure hydrogen heve

2lso been Ffound to have the structire and lattice distances
identical with those of the bull material.(77)

Filws deposited 2%
~o”ﬂ0“,d'of gmaller ecrystellites; the size may oe as smell

2,8 i (Iinear dimensions). “hen these Filrs zre hezted &%

\)1

room temnerature, the number of spherulitiess increases, and grow
ouickly in size with the rise in temperainare. These
spherulities finally adont 2 more normal crystal form. Higher

temoerature sgintering -roduces = crystalline stricinre almost

the same as that in the bulk phase and the aress are 2180

concideranly rednced.<78) Normally it is found by chemisornption
studies that the surface zrez of thé refractory metal films is

a linear function of film weight; this is conclusively proved
in the case of nickel and Tungsten. Conper films thrown at
18397 are bronze in colour and the large sreas sre 2ls0

58
proportional to film walvh"(j ) on warming to room temnerature,

films, red in colour, having an ares close to the geometric

area, are fTormed. Silver and gold films on sintering at room
(4,65,32)

temperature behave similarly.

Mignolet (7J>h?% shown that the work function of the

film increases with sintering and approsches that of the

Fa)

normal wetsl, bat although the sintering reduces the surface

ares it does not effect the adsorntive or catzlytic sctivity
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(48)

. 4 : .
of the fllw.("g) Beeck's revorts regarding the enhenced

ilms ais0o seem o be

H
H

catalyvtic cctivity of oriented nickel

exceptional, and this effect has been disvnroved by Sachtler
(81)

who used similarly oriented films »roduced by a different

technique.. There is some indication of slow ageing or
. ) ] , o~ (82)
gintering even 2t as low a temperature as -100°C, as showm

by electrical resistivity measurements at the low terneratare
of denosition and indicate that the stoms of the metals

heve high surface mobility; work on the mobility of cadmium
(83)and Hobb's studies(Sg)on nlatinum and palladium

aton,

give substential suvport to this contention.



1.5. HNeture of the Surface bond in Chemisornition:
A. Some evidence for covalency is found in the
literature based on the fact that the surface dipole of the

e eyxyperimental velues of surface

(57,88)

+

adsorbate is very small. T
notentials renorted by liignolet and Bosworth end
R;deal(15551)corregpond to & fraction of the electronic
charge on a hydrogen stom adsorbed on tungsten or platinum.
Courer and Eley(g)have-shown that all likely ionization
ﬁrocesses are proﬁibitivély endothermic, so that the formation
of an ionic bond is unlikely, at least, on the transition
metals. Dowden(84)and Dilke, laxted and Eley(l7)have
_emvhasised that there ig normslly e covalence with the em:2ty
metal 4 orbitals. The non-transition metals are inactive

in cetalytic and chemisorption nrocess becsuse they possesé
no vacancy in the d-bands. The first experimental cvidence
is nrovided by the magnetic eusceptibility measurement of

Pd (17) on adsorption of dimethyl sulphide and that of reduced
nickel on chemisorption of the H, by Selwood,(BS) This ide=

_(65)

was further supported by Trapnell who examined the activity.

of some 20 metals towards different gases like N,, H, CO,
C9H6’ and CQH?, and found that the chemisorption is largely

confined to transition and near-transition metals and rapid

(84)

chemigorntion is =2 covalent bonding with the d-bends.

5y

But there are some excentiong; for example, GO, CQH4 and. 02



are chemisorbed by Cu,
sorbed by notassium.

211 matals excent An.

Av end al, and C,H, is also chemi-

3 1

Oxveen ig universally chemisorbed by

not chemicorb CQH..

o

6 . . A . s
Trajnell( 5>has suggested that in the case of non-transition

metals the bond is »nrobebly iloenic with electron donation
Trom s and » pands and in the case of near-francition metals

chemisorntion

are snall and Shat this
be due &
Due to shearing

dinoles formed on the

is oossible where the

to its Tightly bound outer s
of electrons ina

gurface and

- 5 promotion encrgies

jon

feilure of Au to =2d=orb oxygen may

n electrons.

covalent bonding the

the direction of the divoles

depend unon the resvective electron affinities of the gas =2nd

the work function of the metal;

r
)

on nickel filmmg

geoes

and N,0 2nd decraased with

eflected in conductivity messurements.

28 . . . .
(28) this electronic intersction

Surhrann snd Schultz

have studied the resistance chenges éue Lo adeorvbtion of

th

L

registance incressed with 0,, CO

]

change

N

no

I§

H2 =nd. Hgo. There 1is )

ceuged by the adsorntion of argon.

Bﬁ

Surface double layers

models, for -exemple, an ion held to

-

according to

ens 2

charscter,

In =2ny case the work function of the

Adsorbed Leyeras

Lengmuir,

~hygsicel

e

can be represented by different

o

the surfece by image Tforces

<87>a covalent bond with some ionic

adsorbed lsyer with oriented dipoles.
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negetive layer leass work is recnired to remove an electron
from the metsl 2nd this differsence in work function with,

and without, the adsorbed layer 1s termed the surfa

ce
notentisl. The dinole moment of a single entity is
celculeted by coansidering the adsoroed lsyver es two contian

o
JAS)
®
f‘J
i3

rerallel sheets of charge vwith dipoles aligned vertically o

o+
s
O]
(€]
g
H

sces, by the follovinz relstion:
= 4 ]TT e u,

where N_ is the number ol adsor tion sites/per unit eresz, ©

is the fractional covsrage, u the effective dizole morent.

(e7)

Lengmuir congiders that the sbove équation gives the
notential difference 4V between two points situsted on each

side and at great distence from the double layer, =and when
ed from the metal an electron has to vass
entisl difference corresnonding to the unner half of the
double loyer. One therefore nrefers the relationshin:
AV =2 TIT N_ & u
‘ S
. 88),, s . . ,
Mlgnol@t( )has objected to this idea and pointed out thet the

are induced

(/)

Iengmuir's argument is false as the image charge

on the surfaces and not equidistant from the surface inside

3

v

the metal, so the Iengmuir's "fictive" double layer does not

cive the true dipole moment. Both these equations have been
N 1: 1
need by different workers, Bosworth and Rideal, ( j)snd Eley< 9)

; Ae] 2
Tenemuir =gustion, with Becker(aj)de ( )¢ an

o1

ns2d the



(90)

I'oore znd Allison teking lignolet's line of =rgument.

(91) .,

Higuchl, Res and Tyring sidering the dielectric

onstant of the medium comvrising the double leyer have nut

1>

Torvard = modified equation:

vV = 4 T !
av L IT N, e dO/k

where e is the charge on the electron, k the dielectric
constant, and d_ the length of the dipole This equation

o)
74
fits the data of Taylor anc Langmuir(43)Bosworth end Rideal(l))

ta of T
and Backer.(qo)
. A1l these equations assumed.uniform surface coverage
on a homegenous éurface, If the adsorntion occurs in

"natches" on the surface then the Helmholtz equation. cen no

longer be arplied, so the dinole moments calculated by the

Helmholtz equation should be regarded with caution.
Adsorption of hydrogen, it is suggested, tzkes nlac

i

by single site attachment, and this hag been confirmed by

Beeck and Ritchie!(S0)

by comnaring the volume of Hy chemisorbed
by an evaporated nickel film with the volume of other gases
nhysically adsorbed to form a monolayer. However, the early
investigation using the electron diffrsction and X-ray stndies
(93)suggesﬁed thevratio of Hz to metel atom might be
considerably less then 1:1.

In oxygen adsorption the O 2tom is smaller than the

metel atom, so a2 1:1 ratio of oxygen to metal 2tom ney be



anticipated. Robortﬁ(‘)work on flashed tungsten filaments
- . 6 - <
confirms. thig. Transnell, (5 )and recently Lenyon and

Trabnell,(94)obtained gimilar results with rhodium and
molvodenium films

Carbon monoxide chemisorotion may be exvected to occur

via a single site mechanism forming the surface. comgle

n

=~O.(5) Some evidence to suppnort this idea is fount

I =0

. ; 4
for surfacegs of nickel snd tungsten fllms,( )Dlt Lanyon and
Trapnell(g')suggest alternative nosgibilities. On Mo end

Rh film, chemisorption more or lesg egualled the H chemi-
2 £ pil

sorption but on Fe and Wit is resrectively 1.2 end 1.4 times

that of H? adsorption. For Pt =nd Pd, the CO chemisorption
corres»onds to a2 single site mechani (9 ) The 'infre-red

work by Eischens indicates mixed single and double sites

attachment on P¢, Rh, and Ni, and only single sites on Tt
and Fe. Some results following mixed one or two-site

(96)

chemisorntion 2re orovided by Gundry.
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1.6. DErxperimentsel technioves for surfsce ~otential studies:
Surface potentisls cen be determined by stuvdying the
change in wdrk function, either by the direct or indirect
methods clascified below:
A. Direct methocs.
i) Thermionic techninue.
ii) Photo—electric method.
B. Indirect methods.
i) Kelvin method.
ii) Diode method.
iii) Blectron beam method.
iv) Magetron.
Comorehensive reviews on these subjects have been »nresented
auite recently by Bourdian(97)and Nohring,(98) Bach of the
methods mentioned above has its advantages and digadvantages
and each can generally throw some light on some »articular

asvect of adsorption nrocesses.

.i) Thermionic technique:

=2

=z

. . 4% . .
Taylor and Langmulr,(’”)and Beoksr,(99)have used this
technique for the adsorption of Cs on tungsten, Brattain =nd
(42) TP S :
Becker for the study of thorium film on tungsten, and

Moore eand Alli%on(go)have studied sgtrontium and Ba on tungsten.

Kinxdon(“oo)bas studied oxygen on tngsten. de 5oer( )has

siven 2 review of the early work of Langmuir on thermionic

.
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emission from filameﬁts. This technicue can onliy be used
te of chemisorntion ere very high and where
merked changes in -otential occur =2t lower coversges. AS
thermionic enmission does not generally take =nlace at
tenperatiures velow about SOOOC, it cennot be used to study
the temrerature range of interest in catalysie.

A.ii) Thoto-electric method:

(101)

This technioue was first emmloyed by Ives snd then

(102),

by Surhmann snd Csech neing evanorated Tilms of different
metals on ton of Pt pl=tes. Daker later develoned the

techniaque for studying gases on metel films, in rarticulsr

those of Ta, Fe, Wi and Co, using carbon monoxlde, hydrogen

v}

nd ethylene zs adsorvates.

2

The photo-electric mevhod cen be used at lower
temperatures but it has the disadvantage that éleotronio
intersction raises the work function for most catalyst metals
ebove 5,0_V which gives a photo-electric threshhold in the
far ultra—violet where technicel difficulties become nrohibitive.

0f the indirect methods for the measurements of s.n.d.,
thé Kelvin and diode methods are the only ones which are
suiteble for studying metal-gas systems. In these methods,
first a direct measurement of anode current is made between
surface 4 and reference surface 3, and then A is renlacea by

A' (ofter =dsorntion) end a potential is applied Till the



ct

. - .1 ~ -
current attains the originsl valae. The chenge of »notential

which 1s necessary to restore the anode curren

O

ntact

CL.
)
Q
ct
=]
<t
H
w0
=
{_),
H .
()
Hh
9]
~
[0}
o]
Q
@

originel value is egual to the ¢
(c.n.d.). . Diode methods which sre emnloyed in this wey =re

J =4
of two types, the electron beam method(*o))and the s»ace charge

limited diode. The ¥elvin =2nd diode methods are discussed
onlv:

The condenger used in this fechnigue consists of two

104 P A o
,J( ) — one of them is the relference surface usually

made of tunesbten, nlatinum or gold and the second of similer

material on which the thin film of the metal under investig-

ation is deposited. The canacity of the condenser can be
varied by increzsing the distance anart of the nlates and

ER
U

when the enplied potential is equal and opposite to the contac

notential no crrrent is yroduced,(S) Z3 . (lOS)modified

this technique and made it possible to record continuously

the reading by mechanically vibrating one nlate wvhile the
s 106,1

other wes maintained stationary. ulgnolet(57’7 06,107)

ratus to make 1%

jAy]

later on developed =nd modified the apns

gnitable for sdsorntion studies and has nublished a congiderasble

amount of s.p.d. work utilising this technique. Ogavre,
- (109) 4

- )
Nakade

it Tor the study of oxvgen and

Dok 2nd slso uged 1
Duhn (1.09 )

ol

hydrogen on nickel, silver, zinc and cadmium, von
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Tor H, on nickel. Giner =znd Lange(l_o)have z1so studiezd

oxyvoensted Pt, PAd and Cd usging Ag reference electrode. The

effect of 02,'E9, air and water vswnour on various metals hes
(111)

been examined by Hackerman. This technigue has the
dissdventage that the reference electrode is exposed to the
sdsorbing 2es and even if it can be subsequently clesned the
desorbed material may chsnge the work function of the surface
under investigation; in order to avoid this difficulty

"eged" electrodes of inert material such ag Ag or Au heve been
emnloyed.

B.ii) The Diode method:

In this method a tungsten wire is electrically hneated

to nrovide the electron emission current and at the same time

. . 112 113

it acts 2s a cathode. Rothe( )and Germer( ’)were the

first to use this method.  The theoretical bases are discusgsed

by Gyse and Wagener<ll4>who showed that the current between
the anode and cathode depends zlmost entirely on the anplied
notential and the work function of the anode.

Langmuir and Kingdon(115>used straight tingsten filaments;
whereas Reimann(ll6>employed the hair pin filsments and an
sccelerating potential so that the current flows only between
the mid noints of the filaments; the end effect and external
effects are therefore minimised 2nd so sheilding could be

1% ,
sliminated. Bosworth(“”51’117)later on used the crosgsed
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filsments technicue where the filzments were at thelir nid

noint, 1 mm epart. He used a2 retarding potential; this hag
been CTlthlSCL(J )on the grounds thet such 2 notential

D
)

incrsases th ffective nortion of the emitter filament which

ves avoided by Relrann, onut the vnarallelism of his nlots and

reproducibility of his resulits ¢o not Jjustify the criticism.

The crossed filament technicue has been used by dley

(118)a 164 by Bosworth and Rloeal(l))for H, on

[(119)

and Rideal,

tungsten, and by Surove and 3urshtein end Jurove and

12
91denman( O)*or stﬂoyln» the oxidation of iron 2nd platinum,

Mignolet(79)emﬁloyed the evevorated f£ilm ass the snode and
determined the re oj,twnce/vbltage characteristics instead of
the conventional current/voltage plot as the resistance of the
diode can be very accurately measured at any given potentiel.

He obtained excellent parallelism of his characteristic plots.
121
121),

—~

The diode method has been emploved py Pritchard

mezsure the s.p.d. of H, on Cn, Ag, Au and Hi and of ceroon

mnonoxide on Ju. He used 2 simple circult to study the current/

voltage characteristics with 2 fair degree of accuracy. Later
(122) (123)

on Culver and Simmson using the seme technique have
renroduced the work of Pritchard which agrees well with the

most relisble work revorted, in the literature, specially by

ed by different workers employing diff-

for the sake of comparison on the
following vagesi-~



Svetem  3.FP. Volts Fethod
Pe-H,_ -0.19 Photoelectrio
—-0.47 ””ﬁ“Clﬁor
Co=H, -0.3%3 Diode
Wi-H, -0.1 Fhotoslectric
- -0.12 Fhotoeleciric
-0.%5 Cenacitor
-0.%9 Photoelectric
-0.40 ”dtaﬁltor
-0.50 PoRLE.
@J—EQ -0.3% Diode
-0.%6 Diode
he-H, ~0.%4 Diode
- ~-0.49 Cepescitor
Au—ED -0.18 Diode
W=, -0.48,-0.65 Capacitor
‘ -0.50 Diode
-0.55 F.R. M,
-1.04,-1.26 Diode
i
Te~E, -0.44 Fhotoelectric
N -0.4% Thotoelectric

(Field

Canscitor

Diode
T 4 . TS
Brission Microscope)

Reference

sker =nd Rideal (124)
”1xer (122) -
Tlgnolct (88)

bu‘

Sechtler znd Dorgelo (127)
Bekar =nd Rideal (124)
&  (57) ‘

Jalver (122)
Ozaws (108)

Culver (122)

Iignolet (79,106,107)
isnolet (79)
Gomer (127)

Bogworth and

Sachtler and Dorcelo (127)
.3zker and Ride=l (124)

Fignolet (129)
Misnolet (129)



Teble: II

Svstem 5.P. Volts "'ethod

ni-0, -0.55 Ceracitor
- -1.40 Diode

-1.60 Cenecitor

Cu-0, -0.68 Cenacitor

Ae-Q -0.60 Ce=acitor

Opoue (108)
Bocvorth (117)
ienolet (57)
Bloveert (128)

Oz=we (108)

end 3R

ai (118)

0

-0, —1.60 Diod Bley Ride
= =1.70 Diods Reimann (117)
-1.70 F. 5 E, Kilcin (l%b)
-1.74 Diode Bosworth snd Ridesl (
-1.71 Diode Corley and 3pence (13
-1.89 Diode Bourion (91)
-1.90 ¥, 4., Gomer sndé FEulm (13%2)
-1.90 Capacitor I7isnolet (79)
Pt-0, -1.2 liegnetron Cotley (30)
Tobles: TII
Svaten 5.7, Volus Method Reference
Fe-00 ~-1.%3% Jeracitor Bloveert (1 8)
~1.64 . Diode Calver (12
-1.15 Photoelectric onker end ?100“ (124)
Co-C0 -1.48 Diode Culver (122)
7i-C0 -1.35 Diode Culver (122)

,—1.35 Caracitor

Cenacitor
Diode

Diode

Bloveert (128)

Blovaert (128)
Cuiver (122),

Calver (122)

Bloyeert (128)
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2+ EXPERIMENTAL
2.1l. Materials:

The work was mainly carried .out using three gases,
namely, hydrogen, carbon monoxide and oxygen. Hydrogen was
obtained by diffusing comnercial hydrogen through an
electrically heated Pd thimble and was always prepared one
or two hours earlier for every run. Carbon monoxide was
purchased as spectroscopically pure and was stored using a
mercury cut off as shown in Fig. 1. This type of storage
although not very convenient was quite effective against
contamination. Oxygen was prepared by the thermal
decomposition of A.R. potassium permanganate,nwhich had been
thoroughly outgassed for a few days before.

Copper and nickel were obtained in the form of Specpure
wires. Nickel films were prepared by evaporating a small
coil of the wire of 0.5 mm. diameter, while copper was
evaporated from an alumina crucible supported on 6.3 mme
diameter flashed tungsten wire made into a cone. For some
runs commercial copper wire was also used, but no variations

in the results were found.
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2.2. Apparatus:

The apparatus built'by Pritchard was constructed
of the pyrex glass with the exception of the diode cell
which was made of w 1. glass.
A) Pumps: The pumping system consists of a high speed
annular-jet diffusion pump, in series with a three-stage
umbrella-~jet mercury—&iffusion pump. A metrovac rotary oil
pump is used for vacuum backing purpose. A dynamic vacuum
of the order of 10"8mm. Hg. can be produced in the system.
B) Dosing and Storage of gas: Carbon monoxide is stored
over mercury as shown in the Fig. 1. In order to obtain a
dose of CO, Hg iﬁ the reservoir is lowered until some gas
is transferred to the limb A and then the Hg is raised again.
The tap Ty is opened very slowly and the gas is allowed to
expand between taps Ty and T2. Mercury in the limb A rises

and fills the thread of the tap T, which is then quickly

1
closed. This dose can be expanded between taps T3 and T

and then can be introduced and isolated in the dosing sthem.
The dosing system comprises Hg cut-offs shown in Fig. 2.

A dose of pressure of 5 to 25 mm. Hg. can be isolated by

raising Hg in cut-off C up to a fixed mark and enclosing

the known calibrated volume of 187 cc. The pressure

of the dose can be read on cut-off A. This initial dose

then expanded between B and F after raising F and lowering C
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to fixed marks. Two known fractions 1.51% and L.6% of the
initial dose can be enclosed between cut-off D and F by
raising the Hg to fixed marks in E.

C) Pressure measurement: The McLeod gauge is used for
pressure measurement and it covers the range from 10~6 mm.

to 1072 mm. oszg, measureable using the large bulb of
volume 220.5 cc., and pressures 10"2 mm. to 1 mm. of Hg

with the small bulb of volume 6.4 cc. The diameters of the
capillaries of the two bulbs are respectively 1 mm. and 1.5 mm.
D) Diode cell: The cell is constructed from w.l glass; its
dimensions are shown in Fig. 3. The emiﬁter is a W wire of
0.05 mme diam. and 10 to>15 mm. long, the anode is 0.1 mm.
diam. wire partially embedded in the cell wall. Low voltage
current, supplied by the heavy duty transformer which was in
turn fed by a variac, is used for the evéporation source.
Internal comnection to W rods are made by spot welding onto
nickel sleeve and external comnections to the W is made by
copper leads which were silver soldered.

E} Electrical Circuit: Fig 4 shows a circuit of a Wheatstone
bridge comprising of a decade box, ratio boxes (100 ohms per
arm) and the W filament emitter. The bridge current was
supplied by an accumulatoer. Out-of-the-balance potentials
were detected bj abunipivot bench galvanometer in series with

a variable resistance. Two resistors each of 200 ohms were
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used as a potential divider, the centre being earthed.
A Doran D.C. potentiometer covering the range -1.8 to +1.8
volts was used to supply the potentiéls between the cathode
and the anode. The anode current was measured by the Tinsley
mirror galvanometer, with a sensitivity of 10-9 A/mm., in
parallel with a variable Ayrton shunt. The galvanometer was
effectively damped by putting 30 k.ohms resistance in series.
Electrical interference was reduced by screening the diode
cell by a copper can and connecting it to the metal plates
on which the various circuit components were placed. In this
way the system formed an equipotential plane and so was kept

electrically "floating".
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23 Procedure:
2+3.1) Reduction and Outgassing: After mounting the cell,
the whole apparatus was vigorously flamed, especially the
McLeod gauge and trapse The furnace was theh mounted around
the cell and the traps heated by electrical tapes. After
outgassing the apparatus for a few hours the nickél filament
(or Cu bead) was reduced for a period of 30-60 minutes.under
a pressure of 10-15 mm. Hg. by hydrogen. After pumping off
the Hy, the temperature of the furnace was raised to 400°C
and the filament was flashed at 1200°C for a short time and
then maintained at proper témperature for outgassinge.
Meanwhile the tungsten filament was also flashed at 2000°K
and then kept at 1500°C. ‘The cell and the metal filament
were outgassed for at least three days until the outgassing
rate of 1 x 10 mm —% Hg per hour was attained.
2.3.2) Film: The temperature of the emitter was raised to
2000% and the traps cooled in liquid oxygen. The cell was
allowed to cool to room temperature and then was immersed in
a liquid O, bath. Meamwhile the current to the evaporation
source was gradually increased. Evaporation of the metal
was carried out for 1-13 hours without cutting off the pumps
for the first five minutes of evaporation. The sintering |

of the films were carried out by raising it to room temperature

for 15 minutese.
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2¢3.3) Surface Potential Measurement: The cell was completely
immersed in the oxygen bath, the level being always kept
well above the join of the external copper leads with the
tungsten emitter, to eliminate the resistance and thermo-
electric effectss The bridge was balanced by varying the
decade resistance and controlling the bridge current;%éhunt
was varied to give the full scale galvanometer deflexion.
Retarding potentials were applied across the cell throughout
the run. First, a bare film characteristics were recorded
by plotting scale deflexion (anode current) against the
applied #oltage, A similar characteristic was obtained
after introducing each dose of gas. When the surface
potential change apparently became constant, a saturation
value was obtained in some runs by saturating the metal under
a gas pressure of 10~ mm. for a period of 10 minutes. The
characteristic curves remain no longer parailel with gas
vpressures exceeding 10=4mm. Hg; so the values were always

obtained by pumping off the gas remaining in the gas phase,
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2¢4e Results:
2.4.1) System: Copper-hydrogen. Unsintered films.

Two runs were carried out for this system in order to
reproduce the existing data obtained by Pritchard with the
same technique. In all cases films were thrown at -183°C
from a copper bead fused in an alumina crucible supported on
tungsten wire. Unsintered films were employed in both runs;
saturation values were recorded after'introducing relatively
| bigger doses of hydrogen. Data are shown in the Table 4

and plotted in Fig. 5.

TABLE: k.
Run l: s.ps. at -183°C for H2 on_unsintered~Cu film.
H atoms x 100 Seps in volts H atoms x 1016 Sepe in volts
8.93 0.273
0.00 -0.000 . 9.80 0.281
2.05 -0.125 11.13 : 0.300
282" - 0.150 12.02 0.320
2483 0.180 13.43 0.320
L.87 0.213 © 20.58 0.330
7+ 90 0.265
Run 2: s.p. at -183°C for H, on unsintered Cu film.
0.00 -0.000 11.87 0.225
1.85 ~-0.090 1414 0.320
3459 0.120 16.64 0.326
lye 58 0.140 19.95 0.330
5453 0.160 26.76 0.333
7.21 0.182 38.65 0.335

9'l|'l Oo 210
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In general the results of this series lend further
support to the contention that the current is largely
controlled by the outer geometric surface of the film,tlzl,?g)
i.e. that part of the surface with which the hydrogen atoms
immediately collide, and the adsorption of gas on the inner
surfaces of the films has no effect on the change of surface
~ potential. At -183°C the maximum s.p. value with hydrogen
was attained at coveréges of 15-20 x 1016 atoms of hydrogen
fqr all films irrespective of the saturation value. If the
a#erage area of the lattice square of surface copper atoms
is taken to be 7 x lO*lécmz, then the adsorbed hydrogen
covers some 140 cm? of the surface which is about twice the
geometric area of the film.

"The initial part of the s.p. - O plot corresponds to
the formation of a complete‘mono—layef on the outer surface
while increasing adsorption represented by the flat_part of
‘the curve suggests a slow penetration of the atomic hydrogen |

into the inner parts of the film.
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-2.4.2) System: Copper-Hydrogen. Carbon monoxide on top.
Unsintered film.

In this systém, unsintered copper films were first
exposed at —18§?to hydrogen until a saturation value of the
surface potential was recorded. The residual hydrogen was
then pumped off and CO introduced in small doses and s«pe.
values again obtained until a saturation value was found.
Hydrogen gave a maximum s.p. of -0.36 volt which was raised
to ¥0.145 volt by CO, thus causing anvpverall change of
"~ 0.505 volte This s.p. value for CO on a hydrogenated film
is far greater than the s.p. on a clean unsintered Cu film
{(+0.3v) at -183°c. |

The ratio of the total number of CO molecules adsorbed
on top to the total number of hydrogen atoms previously
taken up was roughly 2:1, which was also true for separate
Hy and CO adsorption on comparable surfaces of Cu films at
-1839C, which suggested that a pre-adsorbed hydrogen layer
in no way effects the amount of CO uptake. This seems quite
reasonable as the CO is mostly physically adsorbed at -183°C
on Cu films, while the;pre-adsorbed atomic hydrogen is buried
in the lattice of the metal. This is further elaborated
in the last chapter.

Of the three runs reported in this series Run 5 gave a

slightly less negative s.p. value with Hy, while CO on top
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gave 0.1h5.volts greater positive effect with respect to |
Runs 3 and 4. This suggested that the copper film had some
oxygen contémination, in the light of oxygen + carbon
monoxide mixed gases results given later. In another run a
similar positive effect was found on a surface which gave
-0.5 volt s.pe with hydrogen. Here, a thorough test on the
hydrogen diffusion thimble showed that it had developed a
leak giving therefore impure hydrogen.

Data of all the runs are collected in Table 5, and
Run 3 is plotted in Fig. 6. |
TABLE: 5.

Run 3: s.p. at -1839C for H, on unsintered Cu/CO on top.
H atoms x 1016 S«pPe in volts CO mole Xx 1016 SePe in volts

0.00 -0.00 1,6+ 39 -0.300
0.71 0.033 4759 0.280
1.41 0.081 51.70 0.227
2.09 0.120 5L+ 64 0.007
Le1l3 . \ 0.214 57¢ 42 + 0.047
6.11 0.260 61.05 - 0.107
8.01 ' 0.294 6L+ Ol 0.143
9.81 0.347  80.05 0.143
11.53 , 0.354 12553 0.143
20.30 0.360

30.40 0. 360

S 45.17 0.360
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Run L: s.p. at =183°C for H, on unsintered Cu / CO on top.

H atoms x 1016 SePe in volts CO mole x lO16 S.pP. in volts

0.00 ~0.000 49.49 - 06252

1.68 0.170 51.14 0.082

3¢34 0.255 52476 +0.065

4.96 0.290 5L.36 © 0.115

6.56 0.335 55.93 0.135

8«14 0.337 57«48 0.145
12.88 ~0.340 62.13 +0.145
16.56 0.345 80.20 0.145
20.30 _ 0.350 100.20 0.145
25.40 0.360 135.74 0.145

30. 50 0.360

L47.82 0. 360

Run 5: s.p. at -183°C for H, on unsintered Cu film /CO gn
‘ op.

H atoms x 1016 Sepe in volts CO mole x 1016 Sepe in volis
0.00 ~0. 000 L5.70 +0.011

3.6, 0.160 50. 46 0.256

722 0.233 5500 0.330
10.74 0.260 59.33 : 0.333
1he7h 0.274 v 7035 0.336
17.62 0.294 90. 30 0.336
20.98 0.310 123.33 0.336
25.25 0.314

31.08 0.314

L0.72 0.314
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2eke3) System:  Unsintered Copper film - CO / H, on top.

A series of runs with carbon monoxide on unsintered
copper film were performed and in each case hydrogen was
introduced after saturating the film.with CO and pumping
out any gas remaining in the gas phase. Carbon monoxide‘
gave positive s.p. values and the makimum value +0.29v was
attained at a fairly small amount compared with the ﬁotal
upﬁake of CO; further adsorption of CO caused a negative
shift of potential and a minimum value of +0.18v was obtained
after saturating the film under a pressure of 10~3mm. This
value depended considerably on the saturation pressure and
the duration of pum?ing to which the film was subjected in
order to remove the feéidual CO from the gas phase. Highér
pressures decreased the potential value, and a longer period
of pumping tended to increase the potential slightly. When
hydrogen was introducéd on top of the adsorbed layer of GO
the surface potential was increased to more positive values,
but the change was rather slow and was accompanied by a great
deal of drifting of the electron current. In some runs the
equilibrium conditioné were reached 15-20 minutes later; at
this stage a dose of hydrogen was introduced. This dose
gave an equilibrium pressure of some permanent gas, and this
did not increase on subsequent introduction of more doses of

hydrogen. It was therefore assumed that the permanent gas



| - L.
in the gas phase was the displaced physisorbed CO.

The positive shift caused by adsorption of hydrogen
was also found to be pressure dependent. When smaller doses
were introduced and left for some time a steady value was
attained, but as soon as a bigger dose (giving an equilibrium
pressure) was introduced the previous maxima was further
increased to a higher value which ih turn was effected
slightly by the duration of pumping. In order to attain
the reproducibility the pumping was conbinued in all runs
till the pressure fell below 10‘6mm. and the s.p. value
was immediately recorded thereafter.

Some interesting work, in which the copper surfaces
were poisoned to different coverages with CO and the molecular
hydrogen was introduced on'tdp, is reported in the literature.
Most of the work was carried out either on a Cu catalyst(lSA)
at room temperature or on massive copper.(135) Benton and
White,(l35) working at low temperature, found that hydrogen
adsorption at low pressures on a CO poisoned surface was
suppressed to an amount depending on the amount of poison
present at the surface; at higher pressures the effect was
not so pronounced. No evidence of appreciable molecular
hydrogen adsorption on copper at low temperatures was found,
in the present work when clean copper films were utilised

for adsorption study, only atomic hydrogen as produced in our
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system was adsorbed.

Relevant information for each run is individually
discussed and the data are collected in Table 6 and Run 6
is plotted in Fige 7. )

Run: 6 CO on unsintered Cu film at -183°C./H2 on top.

CO on copper gave a sharp maxima at + 0.29v which on
saturation fell to +0.1lve The equilibrium pressure of CO
in this run was 4 x lO‘hmm; this was pumped out for a short
time before introducing Hoe The first dose of hydrogen
gave an equilibrium pressure of L4 x 10~ 7mm. which did not
increase further on introduction of further amounts of H2.
The positive shift which was found with hydrogen became
steady at +0.35v when smaller doses of H, were introduced,
and the ratio of adsorbed CO to H, was roughly 2:1 at this
stage. The film was further saturated with a high pressure
dose of H2 which left an equilibrium pressure of 7.2 x 10~3mm.
When the residual gas was pumped off the potential had
shifted to a more positive value and +0.60v was the maximum
value recorded; the ratio of adsorbed CO to H2 was approxim-
ately 1l:1 after saturation.

Run: 7 CO on Cu unsintered film at -183°C./H2 on tope

CO gave a maximum positive potential of +0.28v which

decreased on saturation under a pressure of 4.9 x 10~ 3mm.

to a value of +0.10v. Hydrogen on top of CO adsorbed layer
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raised the potential to +0.324v when smaller doses were
introduced, but a heavier dose which left an equilibrium
pressure of 1.2 x 10~2mm. gave a.potenbial of +0.519v.

The ratio of the amounts of CO and H, adsorbed were roughly
the same as in Run 6.
Run: 8 CO on unsintered Cu film at -183°C./H2 on tops

In this run a fairly thick copper film was thrown,
which was extended to the neck of the cell; consequently
the uptake of CO was considerably highervthan in the previous
two runs, and a foot in the‘s.p. - O plot was also more
pronoﬁnced. The presence of a "foot" has been quite
frequently reported in Pritchard's work whefe he accounted
it for the adsorption taking plaée on the :film extending to
the neck of the cell, outside the effective area functioning
as the anode of the diode.

CO gave a maximum value of‘about-k0.287vbwhiéh
decreased to +0.180v on saturatioﬁ under a equilibrium
pressure of 5.0 x lO‘hmm. Hydrogen, when introduced on top
of the CO, raised the potential to a steady value of +0.396v;
no saturation under high pressure of hydrogen dose was carried

out in this run.
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TABLE: 6

Run: 6 s.p. at =183°C for CO on unsintered Cu film/H2 on top.

CO Mole x 1017 SePs in volts H atoms x 1017 Seps in volts

0.00 + 0.000 9+ 9k +0.135
0.15 0.020 10.18 0.180
0.29 0.060 10.41 0.190
0.43 0.140 11.13 0.230
0.57 0.240 11.78 0.310
0.71 0.280 12.39 0.338
0.84 0.290 12.98 0.350
0.97 0.255 | 13455 0.350
1.11 B 0.250 14.08 0.350
1.50 | 0.225 19.84 +0. 600
1.87 0.200

2.23 0.195

- 2.57 0.190

2.90 0.190

492 0.165

7.01 0.135

9.70 +0.110

Run: 7 s.pe.at -183°C for CO on Cu unsintered / H, on top.
co x 1017 Seps in volts H atoms x 1017 SePe in volts

0.00 + 0.000 9.75 +0.121
0.10 0.042 10.05 0.141
0.20 0.081 11.25 0.174
0.30 0.123 12.50 0.234
0.39 0.162 13.53 0.274
0.50 0.243 14489 0.305
0.98 0.280 15.61 0.314

(contd.)



(contd.)
1.43 x 10t7 0.243 16.32 0.321
1.87 0.213 21.25 +0.520
2.25 0.184
2.73 0.160
5.03 0.121
9.43 +0.100

Run: 8 s.p. at -183°C for CO on unsintered Cu film/H, on top.

CO mole x 1017 S.pe in volts H atoms x 1017  s.p. in volts

0.00 + 0.000 13. 66 4+ 0.190
C.12 0.002 14.05 0.240
0.23 0.007 1he 43 0. 387
0.58 0.056 14.81 0.320
0.92 0.180 - 15.18 0.334
1.24 0.267 16.29 0.370
1.54 0.287 - - 17.36 0.384
1.83 0.277 18.38 0.394
2.11 0.267 19.34 + 0.396
2.37 0.220
L.86 1 0.190
7.85 0.180
10.53 0.180

13.26 +04180
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2elyely) System: Copper - Carbon monoxide / Oxygen on top.
In this series carbon monoxide was added to copper

films previously sintered at room temperaturé for about 10 |
minutes. CO gave a maximum potential of about +0.22v |
which was lower than on the unéintered film by about 0.07v.
The decrease in potential is difficult to explain and could
not solely be attributed to the oxygen contamination of the
copper films on sintering because the oxygen-CO series shows
a considerable amount of positive potential shift when CO is

adsorbed on a preadsorbed oxygen layer. Any contamination

in the carbon monoxide is ruled out because it consistently

gave reproducible s.p. values on nickel and copper films.
Oxygen was introduced on topvof the film saturated

with CO, during which time the tungsten filament was switched

off. AIn Run 9, smaller doses were first introduced; these

were taken up very slowly by the film and a very small

pressure was left in the gas phase which seemed to be displaced}

CO (weakly chemisorbed). The surface potential decreased

to an apparent stationary value of -0.12v. Whén another dose |

of O, was introduced and the filament was switched on in |

the presence of gas, more gas was rapidly taken up and the

potential fell to -0.91v. The residual gas was quickly

pumped out and the cell was then raised to room temperature

and pressure, due to desorption of gas from the film, was noted
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while the traps were kept cooled in liquid oxygen to condense
any carbon dioxide formed. About 12 x lO16 molecules of
some permanent gas were desorbed in 10 minutes which was
thought to be CO. The film was later pumped for one hour
at room temperature to desorb any other desorbable CO or CO2
which did not come off in the first ten minutes. The cell
was then once again immersed in liquid oxygen and a surface
potential was recorded, which was -0.965v with respect to
that of the original clean film. CO when introduced again
in small doses caused the potential to rise to a sationary
valﬁe of -0.02v.

The film was once again warmed up to foom temperature
and in the first ten minutes some 15 x 1016 molecules were
desorbed, which was roughly the number of CO molecules taken
up in the last adsorption. An hour's pumping lowered the
potential to -0.90 volts, and when CO was introduced again in
smaller doses the potential was raised again to -0.018v.

On further desorption the CO was completely recovered, which
showed that any surface reaction was completed at the first
desorption, and afterwards CO was simply reversibly adsorbed.
Some 12 x 1016 molecules of CO, were found condensed in traps
at the end of these operationse.

 In Run 10, when oxygen was introduced the filament was

Kkept switched off and was only turned on again when the residuai
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gas had been pumped off. In this run the negative effect
due to molecule:' oxygen was similar to the first part of the
oxygen curve in Run 9. Oxygen was again taken up very
slowly, and a small residual pressure of CO gas was found
after introducing each dose and leaving for some time. The
final dose gave an equilibrium pressure of 5 x lO"hmm., and
the potential was -0.158v which}is greater than the correspond-‘
ing potential due to the fact that more oxygen was introduced
in rather bigger doses and left for longer periods than in
the previous ruﬁ, thus causing some slight oxidation and
consequently a higher negative poteﬁtial.

The results of the experiments are given in Table 7,
and Run 9 is plotted in Fig. 8.

TABLE: 7

Run: 9 s.pe. at -183°C for CO on sintered Cu/02 on top.

CO mole x 1016 S.pPs in volts 0 atoms x 1016 SePe in volts

0.00 + 0.000 30.90 - . =0.006

Lokl : 0.008 33.04 0.010

2.86 | 0.112 35.16 0.010

Le26 0.200 37424 0.015

5.6l 0.212 39.30 © 0.020

7.00 0.212 L4246 (beam on) -0.910

8434 0.212 .

9.66 ' 0.212  Pumped and desorbed sep. -0.965v
10.96 ~0.200 CO mole x 1016 Sep. in volts

(contd.)
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(contd.)
Lhe85 x 1016 0.200 4325 ~0iL8"
18.57 0.188 Lilys 00 | 0.860
22.11 0.100 L Ls 80 0.676
25.49 +0.188 L5.55 -0.515
28.72 ’ 0.188 L6429 0.365
47.00 0.285
, L7.7h 0. 240
2nd pumped and desorbed sS.p.-1.018v 48.L5 0.190
CO mole x 1016 S.Pe in volts 49.15
63.38 -0.380 L9.8L4 0.170
69.03 0.220 50452 0.140
72451 0.175 5255 0.112
75.83 0.128 5Le49 . 0.075
79.00 ' - 0.100 56438 0.055
82.03 -0.065 58.19 0.030
59.90 -0.020

Run: 10 s.p. at -183°C for CO on sintered Cu/0O, on top.
CO mole x 1016 Seps in volts O atoms x 1016 S.Pe in volts ;

0.00 +0.000 2L+ 02 +0.097
0.51 0.052 ' 25425 - 0.010
1.11 0.101 26412 -0.036
1.48 : 0.153  27.55 0.063
2.38 0.182 -~ 28466 0.088
3.86 0.200 31.16 0.001
575 0.192 33462 0.124
7e5) 0.176 39.80 ~0.158
11.05 0.156 |

Lhely2 0.156

1759 0.156

20463 ‘ 0.156

2345k +0.156
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2.4+5) System: Copper-Oxygen/Carbon monoxide on top.
Sintered film.

The diode method, for the first time has been utilised
to study the surface potential of oxygen on metals like Cu
and Ni. There were some inevitable difficulties in.wbrking
with oxygen gas, as the system contained a tungsten emitter
glowing at 2000°K which reacted with oxygen, conseguently its
resistance and emission during measurements was adversely
effected and the bridge circuit, which normally once adjusted
was not disturbed, became unbalanced. ‘Secondly, oxygen is
incorporated in the lattice of metals even at -183°C, so that
it was not advisable to attempt to reach the saturation limits
of the films by the use of high pressure doses.

These difficulties were to some extent overcome, first
by working with sintered films, and secondly by introducing
oxygen in small doses and keeping the tungsten filament
switched off in the presence of oxygen gas. Furthermore, as
soon as the change in potential begén to decrease appreciably
or the uptake of oxygen was slow, the chemisorption was
terminated.

The maximum oxygen surface potential recorded on copper
was about -0.60v. and the s.p. - © plot was practically
linear. This maximum value corresponds to about 80% surface

coverage. Surface area estimations were possible from the
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corresponding hydrogen and carbon monoxide uptakes on.films
of practically the same geqmeﬁric area prepared under similar
conditions. ‘

The work of Garner and his co—workers(136) on the CO
and oxygen reactions on oxidised surfaces of copper at room
temperature, although their systems are not rigorously
analogous with the present work,.we note that in their
experiments there 1s some indication of carbon monokide
formation via some carbonate complex, some reversible CO
adsorption on the metal-rich oxide having anion vacancies in
the lattice, and also some irreversible adsorption on the
oxide defective in metal ion, i.e. containing cation vacancies.
The two types of adsorption were not readily inter-convertible
and probably occurred on different types of centres. Thus
the reversible chemisorption was thought to be taking place
on sites where an electron can be donated fo the adsorbed
molecule, and drreversible adsorption on sites which could
accept an electron from thé adsorbate molecule. The
reversible adsorption is not appreciably activated and if
the heat of adsorption is 20 k cal. or less the desorption
can be expected at room temperature. They found that the
heat of adsorption of CO on .oxygenated surface varied from
20 - 47 k cal. and some 30% of adsorbed CO on oxide was

desorbed at room temperature. It is of interest to note
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in the results discussed in this section that about 30% of
the adsorbed CO is also readily desorbed at room temperature;
similarly about the same percentage of carbon dioxide is
desorbed because the heat of adsorption of carbon dioxide is
also about 20 k cal., and the process is not appreciably
activated.

In this series of runs, carbon monoxide was introduced
on previously adsorbed oxygen films. CO wés readily chemisorbed
and a positive shift in potential was obtained. The final
SePe Was about +0.03v and the ratio of oxygen to CO uptake
was roughly l:l.‘ After following the CO characteristics, the
film was raised to room temperature and within ten minutes
about 30% of the CO was recoveréd. The film was then pumped
for an héur when a potential value, which was roughly half
the potential value of oxygen, was recorded. CO was again
introduced in the usual way, some 70% of the original amount
was again taken up which on subsequent desorption was completely
recovered. The first stage of desorption therefore leaves
some permanent complex on the surfaces, but later adsorption
of CO takes place on the surface from which it was easily
recoverable; possible structures aré discussed later. Each
run is individually discussed and relevant data are given in
Table 8; Run 11 is plotted in Fig. 9.

In Run 11, the maximum value of oxygen s.p. was -0.59v
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and CO raised it to +0.026, giving an overall change of
0.616v. The ratio of oxygen and CO uptakes was about 1l:1.
On desorption for 10 minutes at room temperature 8 x 1016
molecules, about 30% of the adsorbed CO, was desorbed. The
film was then pumped. for an hour at room temperature and a
potential of =-0.4v with respect to the original clean film
was obtained. Some 60% of the original uptake of CO was
readsorbed on the film; giving a value of -0.24v s.p. On
further desorption this gas was practically all recovered,
"and about 30% carbon dioxide was found condensed in liquid
oxygen traps‘at the end of these operations.

In Run 12 oxygen gave a maximum s.pe of -0.60v which
was raised by CO to +0.0lv, causing a total change of 0.6lv.
On desorption 7.5 x 1016 molecules of CO, about 35% of the
original amount was recovered. Pumping for an hour at room
temperature éaused the poﬁential to decrease to -0.45v.

Some 75% CO was again adsorbed bringing the s.p. to -0.27v.
CO adsorbed in this stage was completely desorbed on raising
the cell to room temperature. Carbon dioxide was again
roughly 32% of the CO uptake in the first stage.

In Run 13 the maximum value of the s.p. with oxygen
was =0.58v and when CO was chemisorbed on top it shifﬁed to
*0.06v., thus a relatively higher overall change of 0.64v

was obtained. The CO to oxygen uptake ratio was roughly 1l:1.
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On desorption some 8.3 x 1016 molecules were recovered, that
is 38% of the original CO uptake. The s.p. value after an
hourt's pumping decreased to -0.335v, which was increased
by CO adsorption to +0.1ll. CO was then also adsorbed in
slight excess in the last run but all was recoverable on
desorption. About 31% carbon dioxide was found condensed
in traps. "

In Run 14, oxygen gave a negative potential of -0.60v,
and CO shifted it to #0.010v giving a change of 0.6lv.
About 5.5 x 1016 molecules of CO were recovered on desorption,
roughly 33% of the original uptake. After pumping the s.p.
was —0.33v;, and on feadsorption of CO this was increased to
~0.17v. CO adsorbed this stage was desorbed completely on
raising the cell to room temperaturé. Carbon dioxide
condensed in the traps was about 31.5% of the original CO
uptake. |

TABLE: 8

Run: 11 s.p. at -1839C for oxygen on Cu/H2 on tope.
0 atoms x 1016 S.ps in volts CO mole x 1016 S.Ps in volts

0.00 _0.000 25.23 ~0.560
1.22 - 26.36 0. 400
2.42 0.150 2747 0.228
3.60 - 28.66 0.150
b6 0.332 31.85 0.120
5.90 - 34.99 0.08L
7.02 0.380 37,90 0.050

(contd. )
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(contd. )}

8.1 x 10%0 - 40,81 0.030
9.2 ~ 0.415 13.57 ~0.010
10. 32 - 46417 +0.010
11.38 0. 440 50. L +0.026
12.42 - After'pumping Sepe =0.40V
13.46 0.463 51.86 ~0.270
16.56 0. 500 53432 0.260
19.52 0.536 50466 0.255
22.34 0.570 55491 0.250
23.72 S 5714 0.240
24.05 -0.590 58.33 0.240
59« by 0.240
Ol Ll 0.240
Run: 12 sep. at -183°C for oxygen on Cu sintered/CO on top.
O atoms x 1016 SePs in volts CO mole x 1016 s.p. in volts
0.00 -0.000 23.50 -0.456
1.26 - 26.13 0.232
2.50 0.190 28.87 ~ 0.120
3.72 - 33.65 ‘ - 0.050
492 0.390 38.63 ~0.010
6.10 - - © 41.20 +0.010
7428 0.480 After pumping -0.450
8 byl - o
10.01 0.525 43.20 -0.350
13.35 0. 568 46425 | 0.310
16.03 0.576 49.53 » 0.292
18.05 0.590 53430 0.280

20.02 -0. 600 58460 ~ =0.270
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Run: 13 s.p. at -183°C for O, on Cu unsintered/CO on top.
0 atoms x 1016 Sepe in volts CO mole x 1016 S+Ps in volts

0.00 -0.000 21l.15 -0. 470
1.56 - 2357 10e257
3.10 0.225 2Lhe 77 0.074
Le 62 - 25.94 0.045
6.12 0.335 27.09 0.030
7.60 - 28.23 0.020
9.09 0.380 31.65 + 0.020
10.50 - 34.901 0.055
11.92 0.416 38.02 0.060
13.30 - L0.99 + 0. 060
14.66 0.460
16.00 0.515
18.62 ' 0.565 After pumping s.p. -=0.335
19.90 -0.580 L5.40 -0.160
49.60 0.140
53.63 0.130
5746 0.120
61l.12 0.110
6L 61 -0.110

Run: 14 s.p. at -183°C for O2 on Cu sintered /CO on tdp.

0 atoms x 1O16 SepPs in volts CO mole x 1O16 Sepe in volts

0.00 -0.000 17.76 -0.420

1.22 - 19,04 0.262

2442 0.093 22.09 0.160 -
3.60 - 26.56 0.112

L« 76 0.310 30,06 -0.006

5,90 - 33.40 +0,010

7.02 0.435

8.14 - After pumping s.p. =0.330v

(contd.)
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(contd.)
9.2l x 10L0 0.518 S 38.11 -0.280
10.32 - 42.60 0. 200
11.38 0.559 16489 0.170
12+42 - 50.98 ~0.170
13.46 0. 580 |
1o 48 - -
15.40 0. 600

16.46 0. 600
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‘2.h.6) System: copper - oxygen / Hydrogen on top.
sintered films.

In this series, oxygen was first adsorbed at -1839C
on sintered Cu films and hydrogen was introduced on top.
Oxygen gave a negabtive Sep. but the values were slightly
lower than those reported in the last series, presumably
because the films were slightly contaminated. However, this
irresproducibility is not surprising considering the diffi-
culties of working with oxygen gas.

Hydrogen was rapidly taken up on top of adsorbed
oXygen and a positive shift in s.p. was found. Smaller
doses wefe introduced till the maximum value was recorded,
when some gas was left in the gas phase. No high pressure
saturation was carried out. The amount of hydrogen chemi;
.‘sorbed on top of.oxygen was roughly l.5 times the amount of
oxygen presorbed, and was equal in amount to the uptake on a
similar sintered clean copper film. After recording the
hydrogen s.p. the film was desorbed at room temperature;
within 10 minutes 50% of the hydrogen adsorbed was recovered.
The film was left open to the pumps for one hour and then
the syp. was recorded. Hydrogen was again introduced in small
doses; the first few doses caused a decrease in the s.p.
but subsequent doses increased the potential to a positive

value sharply. In some runs this inflection in the s.p. - 0
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cufve was only pronounced after the second desorption.

On desorbing the film once again, about 95% of the
adsorbed hydrogen was recovered and the s.p. was slightly
less negative than the corresponding value. Hydrogen was again
introduced in small doses; the s.p. first drifted to a
negative value then to a positive value when further doses of
hydrogen were introduced. The positive shift was smaller in
magnitude than the previous corresponding value and a gradual
decrease in this value was obtained by repeated treatment with
hydrogen, which showed that more oxygen was being removed
from the surface as water, thereby regenerating some clean
surface which is responsible for a negative inflection in the
 curve mentioned before. After the Run, the traps were
warmed to room temperature and some water, although small in
quantity, was found condensed in the liquid-oxygen traps.

v Each run is individually discussed and relevant data
are given in Table 9 and Run 17 is plotted in Fig. 10.

In Run 15 oxygen gave a maximum value of -0.59v s.p.,
and hydrogen on top increased this to +0.l1llv on saturation
with a pressure of 3 x 10~%mm.  On desorption, 6.5 x 1016
molecﬁles of hydrogen were recovered in 10 minutes. After
an hour's pumping the s.p. was -0.025v. When hydrogen was
introduéed on top the potential dropped to -0.048v but

subsequent doses finally raised it to +0.106v. On further
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desorption 6.2 x 1016 molecules of hydrogen were recovered,
and about 1.5 x 1016 molecules of water were found condensed
ih the traps.

In Run 16, oxygen gave a slightly less negative s.p.
of -0.50v and hydrogen gave a rather large positive potential
of about*'0.26v but the difference in the change of potential
values is only 0.06v. On desorption at room temperature
546 x 1016 molecules of hydrogen were desérbed in the first
ten minutes, and then after an hour's pumping with the traps
cooled in liquid oxygen the s.p. ﬁaé ~0.05v. When hydrogen
was introduced again the potential slowly shifted to a
- positive value, but further doses rapidly raised it to +0.212v.

16

On desorption once again, 5 x 107~ molecules were recovered

.‘ and some water was found condensed in the traps.

In Run 17, the maximum oxygen s.p. of -0.500v was in
agreement with Run 16, and the hydrogen potential of +0.285v
on saturation under 5-5 X 1016 « pressure of this gas is
in good agreement with the corresponding value of the previous
rune On desorption, 6.8 x 1016 molecules were recovered
within 10 minutes at room temperature, while an hour'!s pumping
shifted the potential to -0.09v. Hydrogen was then introduced
in small doses when a slow positive drift was noticed, which
was followed by a rapid change and a s.p. of +0.265v was
16

recorded. On further desorption 7.6 x 10 molecules were
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recovered and the's.p. value after another hour's pumping

was ~0.05v,slightly less negative than the previous SePe

value. The first dose of hydrogen decreased the s.p. to

-0.085v but further doses raised the potential to +0.19v

which is less than the preceding value on a desorbed filme.

On desorption, L.l x 1016 molecules of hydrogen were desorbed

and some 2.5 x 1016

traps.

TABLE:

molecules of water were condensed in the

Run: 15 .s:p. at -183°C for O2 on Cu'sintered/H2 on tope.

0O atoms x 1016

0.00
1.18
3e48
hqéo

5¢70
6.78 .
7.8
g.90
9.94
10.96
11.96
12.95
13.94
14.90
15.84
16.78

17.70

SepPs in volts

- 0.225

0.430

0.590

0.542

O.56Q

0.578

0.590

-0.590

H atoms x 1

19. 60
21.49
23.26
25.06
26484
32.18
37.26

L2212
46.12

After

- 5064

53.82
5874

62.58

65.58

pumping

ol6

SepPs in volts

~0.350
0.280
:0eR222
0.180
0.140

-0.020
+0.060

0.098
+0.110

—00025V
~0.048

0.000
+0.078

0.100
-+ Oo 106
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Run: 16 s.p. at -183°C for 0, on Cu sintered/H, on top.

O atoms x 1616 Seps in volts H atoms x 1016 SepPs in volts
0.00 -0.000 21.22 -0 300
1.68 - 23.84 0.180
3434 0.250 2641 0.095
Le96 - 29+ 00 -0.025
6.56 0.355 - 31.52 +0.045
8.14 , - 34.00 0.090
9.70 ~0.335 366 L1 +0.160
-11.24 - - 38.84 0.210
12.74 0. 400 ‘ 4L1.00 0.260
1he72 - 0.450
15.68 0.465 Pumped and desorbed s.p. -0.050v
17.12 0.493 Lhe53 ~0.035
18.54 0.500 L6.8L 0.043
49.12 +0.022
52.40 0.090
5772 0.212

Run: 17 s.pe. at -183°C for oxygen on Cu sintered/Hé on top.

O atoms x 1016 SePe in volts H atoms x 1016 vs.p. in volts

0.00 -0.000 20.91 -0.315
1.26 - 23.80 0.198
2450 04195 26462 0.115
3‘ 72 - 29. 20 00035
Le92 0.338 3174 +0.030
6.10 - 3L 2l 0.100
7.20 0.360 36.2L 0.160
842 - 39.12 0.238
9.56 \ 0.390 L1.12 " © 0.285
10.68 -

11.78 0.418 Pumped and desorbed s.p. -0.090

{(contd.)
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(contd.)
12.86 x 1016 - 43+ 50 -0.075
13.92 0.450 L5486 0.060
14.98 0.6l  49.12 + 0.043
16.02 0.475 52.92 + 0.115
17.0k 0.490 59466 + 04265
18.05 - 0.500 Pumped and desorbed s.ps =-0.050v
H atoms x 1016 S.pe in volts
62.84 -0.065
65.30 0.085
67.96 0.006
70+ 60 ~0.080

75466 0.190
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R2¢4e7) System: Copper - Hydrogén/Oxygen on top. Sintered films.
In this system, hydrogen was adsorbed on sintered

copper films and the s.p. studied iﬁ the usual manner. A
value of -0.32v was found in fair agreement with the values
previously obtained on unsintered films. In general, no
appreciable effect of sintering on the s.p. values was found
and any small differences in the maximum values was believed
to be due'entirely to contamination taking place during the
process of sintering.‘ On certain contaminated films, the
surface potential value with hydrogen showed considerable
amount of positive drifting which is consistent with the

presence of O, on the surface, in the light of the results

2
on the oxygen + hydrogen system discussed in the last section.
The only noticeabie effect of sintering was the
considerable reduction of the long flat part of the s.p. - ©
curve, which was assumed to be due to adsdrption taking place

on the inner part of the surface.

Oxygen when introduced in smaller doses on top of the
chemisorbed hydrogen layer {with the tungsten filament cold)
‘'was taken up slowly and a very small pressure of displaced
hydrogen was built up in the gas phase; on heating up the
filament this slowly diminished. The s.p. value also

steadily decreased to a slightly more negative value, but

subsequent doses which were taken up rather slowly brought
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the potential to relatively less negative s.p. values. On
desorption of the film at room temperature for 10 minutes,
about 50% of the adsorbed hydrogen was desorbed. The film
was then»left open to the pumps for one hour and the s.p.
recorded afterwards. Then, hydrogen was again introduced |
in small doses; the first few doses caused the s.p. to
become more negative but further adsorption of hydrogen
brought the potential to a positive value. This effect is
very similar to the hydrogen adsorption on partly contaminated
films {cp. the oxygen +hydrogen system) where first a
negative and then a positive potential was obtained.

The cell was once again réiSed to rodom temperature
and this time about 90% of the adsorbed hydrogen was recovered
within ten minutes. Tﬁe film was pumped for an hour and
the potential recorded; this value was slightly less negative
than the previous one, which showed that the film was being
slowly denuded of chemisorbed oxygen by repeated hydrogen
adsorptions, followed by desorption.
Two runs are reported in this series of which Run 18
gave a hydrogen é.p. of -0.31lv. When oxygen was introduced
on top of it the potential decreased to -0.34v, but the final
value was only -0.327v. On desorption, 5.5 x 1016 molecules
of hydrogen were recovered and the potential shifted to -~.217v.

When hydrogen was introduced again the potential first
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decreased to -0.249v, but with subsequent»doses it increased
to -0.235ve On further desorption L.9 x 1016 molecules
were recovered and the potential was -0.224 v. When hydrogen
was introduced once again the potential decreased to -0.295v,
which showed<tha£ the film had been considerably cleaned of
oxygen chemisorption, and in confirmation a small amount of
- water was found condensed in the tfaps. |

In Run 19 relatively more hydrogen was adsorbed and the
potential was -0.327 v. When oxygen was introduced on top,
the potential decreased to a rather more negative value of
-0.380 with the first few doses, but subsequent amounts
brought the potential back to -0.327v. On desorption at
16

room temperature 7.2 x 107~ molecules were recovered and the
potential after an hour!s pumping was -0.207v with respect
to the original bare £ilm potentiale When hydrogen was
introduced in smaller doses the potential first decreased to
-0.286v, but the final potential was =0.233v. On further
desorption about 8.3 x lO16 molecules of hydrogen were
recovereds

Data of the runs are given in Table 10, and Run 18 is

plotted in Fig. 1l.
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TABLE: 10

~Run: .18 s.p. at -183°C for Hydrogen .on Cu sintered/O, on top.
H atoms x 1016 SepPe in volts O atoms x 1016 SePe. in volts

0.00 ~0.000 28.82 -0.316 .

2.34 0.055 31.32 0.327

Lo 66 0.097 33.78 0339

6.94 0.149 37.50 0.340

9.18 0.206 L1.16 0.340

11.38 0.240 L« 50 0.340

13.56 0.271 L8.18 -0.327

16.46 T 0629 |

" 20.08 ~ 0.310 1lst pumping and desorption s.pe =0.217v

26430 ~0.310

o ‘H atoms x 1016 S«pe in volts
50448 . -0.235

2nd pumping and desorption s.pe. 52.74 0.249

63.18 _0.250 "M 596 0.249

644,19 0.281 58.03 0.245

65.96 0.295 6le56 0.235

68.52 0.295

70.96 ~0.295

Run: 19 s.p. at -183°C for Hydrogen on Cu sintered/0, on top.
H atoms x.10L6 SePe in volts O atoms x 1016 SePs in volts

0.00 -0.000 33.99 -0.337
1.96 0.100 ~ 36.18 ' 0.356
3.88 © 0.147 38.36 0.363
5478 : 0.187 L5411 0.372
74606 -04200 51.10 -0.1380
9.50 0.223 57+ 0k 0.380

{contd.)
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{contd.)
11.32 x 10%6 0.247 62.70 0.327
16.70 0.273 68.10 0.327
2204 0.300 f
27.00 | 0,320 1st pumping and desorption s.p. =0.207
3174 0.327 '
’ H atoms x 1016 SepPe in volts
71.20 -0,263
7l 68 0. 301
77459 0.286
80.96 0.263
83¢94 ‘ 0.248

86494 -0.233
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2:.4.8) System: Nickel - Carbon monoxide/Hydrogen on top.
Unsintered.

In this series the surface potential on addition of
carbon monoxide to a nickel film was followed till the maximum
value was attained and the potential curve Jjust flattened out.
The s.p. values previously reported by Culver(lzz) for CO on
unsintered films were reproduced. Hydrogen was -introduced
on these partially saturated films in small doses; it was
rapidly taken up and after a considerable amount of adsorption
a slow positive drift was noticed, but subseqﬁent adsorption
caused a sharp positive shift. The surface potential in
Run 20 increased to =0.4v and'in Run 21 %o -0.59v. The
s.pe values with CO were respectively -l.42v and ~1.38v.

The ambunt of CO adsorbed in the two runs was considerablj
different as both the films were saturated to different
coverages; in addition the film in Run 20 was exceptionally
thick.

This positive shift of s.p. with hydrogen and high'
adsorptive capacity of nickel films, previously poisoned with
éarbon monoxide, required further investigation; consequently
other runs were carried out on films saturated with CO. |
First the s.ps was fﬁllowed in the usual way, the films being
saturated under a pressure of the order of 10~ 3mm. The

residual gas was then pumped out and hydrogen was introduced
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in small doses and the potential was again followed. There
was a rapid positive shift of potential in contrast to the
corresponding s.ps. studies on the partiélly covered surfaces.
When the uptake of hydrogen had slowed down a rather heavy
dose was introduced to saturate the film and the saturated
Sepe was recorded after pumping out the gas remaining in the
gas phase. Final surface potential values with hydrogen
were found to be effected by the saturation pressure and the
duration of pumping. If the film is saturated with a high
pressure dose and shorter pumping effected, more positive
values were found. ,

The work of Benton and-White(136)is qf interest in this
connectione They studied reduced nickel powders pp;soned
by éarbon monoxide to different coverages and adsorbed hydrogen
at 0°C and -183°C on top. They fouﬁd that small amounts of
CO on the surface enhaﬁced the hydrogen adsorption while
increased amounts of poison neither enhanced nor reduced the
hydrogen take up, but at -183°C the amount of hydrogen
adsorption at all pressures up to one atmospherekis decreased
by an amount approximately equal to the amount of CO present.
Griffen(137)in his studies on a nickel-supported catalyst at
0°C found that a small quantity of CO gives an increase of
hydrogen adSorftion at all pressures but larger amounts of

poison give a slight increase at low pressures and a decrease
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of adsorption at high pressures. When comparing these
results one has to bear in mind the differences in the nature
of the surface and the conditions employed in these experiments.
In addition to this, atomic hydrogen was produced in the
present system which could penetrate the adsorbed CO layer
more easily than the molecular hydrogen employed by them.

In Run 22, CO gave an unusually higher s.p. of -l.44v
which was raised by subsequent hydrogen adsorption to +0.48v
on saturation under a pressure of 10~3mm. The ratio of the
CO and hydrogen uptake was roughly 1:1.3. In Run 23, the s.p.
‘with CO was -1.32&, slightly less than the normal value
presumably because the film was slightly contaminated. When
hydrogen was introduced it was rapidly adsorbed and the s.p.
increased to +0.68v on satufatibn under a pressure of 2.5 x 10~ 3mm.
Avtotal change of 2.00v in potential in this run was found in
faif agreement with 1.92v in Run 22. The ratios of CO and
hydrogen uptake was l:1l.5. In Run 25 the CO uptake was a
little less, butbthe Sepe Was ~l.32v, the same as in Run 24.
The positive effect with hydrogen was also fairly reproducible
and an s.p. éf +0.64v was found, the overall change of
-1.96v being the average of the values in the preceding
runs. The ratio of CO and hydrogen uptake was roughly
1:1.5, the same as in Run 23. In Run 25, the CO gave

an s.ps of =1.33v, in good agreement with the values in
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Runs 23 and 24, but on saturation with hydrogen the potential
increased to a relatively higher positive value of 0.70v.
The total potential shift of about 2.03v was close to the
value in Run 23.

The surface potential data of this series show clearly
that the s.p. values due to CO doses in no way effect the
overall potential shifts due to hydrogen. This could only
be possible if we were’dealing with similar sorts of surface
complexes which are responsible for a drop of 2.0v. The
slight variation in potential values is mainly due to a
variation in saturation pressure, the length of time for which
saturation was carried out and the duration of'pumping the
equilibrium gas, in order to record the saturated s.p. value.

No desorption and subseqﬁent adsorption studies could
be made on the films because the nickel films were not
presintered in this series.

Data of all three runs are given in two separate Tables.
Table 1l consists of runs on partially saturated surfaces,
and Table 12 contains runs carried out on fully saturated
‘surfaces. Two representative ruhs, 20 and 23, from each

Table are plotted in Figs. 12 and 13 respectively.
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Run: 20 s.p. at -183°C for CO on Ni unsintered/H2 on top.

CO mole x 1017 Sepe in volts H atoms x 107 S.pe. in volts

0.00 -0.000 10. 39 -1.42
Oulily 0.065 10. 63 142

0.85  0.280 11.36 1.42

1.25 O« 440 12.05 1.40

1.64 0.620 12.71 1.325
1.99 0.675 13.34 1.395
2.35 0. 680 13.95 1.375
2.68 0.765 14.52 1.375
2.99 0.870 254145 1.140
3.29 0.930 26457 ©1.120
3.58 0.950 28.05 1.070
be75 1.100 32.15 0.896
5.67 1.201 33.02 0.860
6. 75 1.302 14,6.01 -0. 400
8.25 1.392

9«54 1.415

9.85 1.420

10.15 -1.420

Run: 21 s.p. at =183°C for CO on Ni unsintered/H2 on tope
CO mole x 1017 S.Pe in volts H atoms x 107 SepPe in volts

0.00 -0.000 3.71 ~1.380
0.39 0.300 . 3.96 1.380
0.78 -0.505 ‘ Lel5 -1.380
1.48 0.835 ’ 10.17 1.110
1.80 0.970 10.45 0.950
2.11 1.130 10.72 0.840

{contd.}
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{contd. )
2.40 x 1017 1.195 11.24 0.740
2. 68 1.300 11.47 0.590
3.20 1.360 11.70 0.590
3o 145 1.380
TABLE: 12

Run: 22 s.pe. at -183°C for CO on Ni unsin.tered/H2 on top.

CO mole x 1017 SepPs in volts H atoms x 1017 ’s.p. in volts

0.00 -0.000 - 26.03 ~1.350
0.49 : 0.070 26443 1.190
0.971 0. 300

1.42 0.450 26482 1.070
1.86 0.565 27420 0.945
2.27  0.690 27.58 0.830
2466 0.760 27.95 0.780
3.04 0.850 28.31 0.720
3.39 0.880 29.27 0. 650
3.78 | 0.965 29. 7k 0.510
L.15 1.090 30.77 0. 420
L.87 - 1.265 31.75 0.325
545l 1.330 32469 0.180
6.16 1.320 33.58 0.110
6.81 1.330 34.20 0.045
10.50 1.390 35.00 +0.010
21.26 1.430 58,02 0. 480
23.57 -1.440

25.63 1.440

Run: 23 s.p. at -183°C for CO on Ni unsintered/H2 on top.
CO mole x 1017 S«Pe in volts H atoms x 1017 SePe in volts

0.00 -0.000 21.29 -1.320

0.61 0.210 C21.64 1.240
(contd.)
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(contd.)

1.19 x 10t7 0.430 21.96 1.150
1e7h 0.550 22.27 1.070
2.28 0.625 22.56 0.965
2.78 0.760 22.84 0.920
3426 0.875 23.11 0.905
373 0.985 23.93 0.730
Lel6 1.050 24.72 0.630
L 58 1.110 25447 0. 520
le 98 1.160 26412 04465
5.42 1.190 26.86 0.400
5.83 1.210 27.56 0.380
8.03 1.230 28.13 0. 300
10.02 1.258 28.72 0.250
11.89 - 1.276 29.26 0.220
14a 45 1.290 30.23. 0.160
17.21 1.310 31.28 0.050
21.29 1.320 32.22 -04020
| 33.12 + 0,080

34480 0.140

37.02 0.245

5404 53 0.380

16437 0.580

50.10 + 0. 680

Run: 24 s.p. at -183°C for CO on Ni unsintered/H, on top.
. CO mole x 1017 SePe in volts H atoms x 1017 SePe in volts

0.00 ~0.000 15. 46 -1.005
0.59 0.480 16466 0. 800
1.163 0.915 17.81 0.610
1.70 1.100 18.91 | 0.505
2.22 1.145 15.95 0.410

(contd.)
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(contd.)v

2.72 x 1017 1.185 20.95 0. 380
3.18 1.190 21.90 0.240
3.63 1.290 22.81 0.170
Ly« 06 1.310 23.68 0.170
Lo 7 1.310 25.47 + 0.005
6.02 1.320 28,21 0.165
8.52 1.315 32.22 0.395
11.22 1.320 | 35.26 + 0.640
14.20 1.320

Run: 25 s«p. at‘—183°C for CO on Ni unsintered/H2 on top.
CO mole x 1017 S.pPe in volts H atoms x 1017 Se.p. in volts

0.00 -0.000 20.69 -1.085
0.48 0.248 20.95 0.975
0.93 0. 400 21.30 0.905
1.37 0. 680 21.60 0.7L5
1.79 0.830 21.89 0. 690
2.18 0.865 22.79 0.550
2.56 0.945 23.64 0.420
2.01 1.020 2L k5 0.275
3.27 < 1.082 25.22 0.185
10.42 1.265 25.96 0.112
13.81 -1.265 26.66 -0.015
15.80 1.288 273k + 0.015
18.37 1.330 30.02 0.312
20.37 -1.330 34.01 0.430

38.24 + 0.701
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2+449) System: Nickel—Hydrogen/CO'on top. Unsintered films.

In this series, the s.p. with hydrogen was obtained
in the usual ﬁay but rather bigger doses were finally
introduced, and the valué was recorded after saturating
under an equilibrium pressure of 10‘13mm., and pumping out
the residual gas.

The s.p. against © plot for hydrogen was somewhat
different from the corresponding potential curve of Culver.(122)
He obtained some positive drifting for some time at higher
coverages and a flattening out of the potential curve after
attaining the normal Sspe value. In contrast, in this
series, after a maximum Sepe value had been attained there
was a definite positive potential shift. In Run 26 where
the maximum s.p. was =0,335v, a further amount of hydrogen
was introduced and the final value on saturation was -0.220v.
Similarly, in Run 27, the maximum s.p. of =0.37v, which is
slightly higher than in Run 26, was raised to -0.200v on
saturation. In Run 28 the hydrogen was introduced with thé
beam turned off, in order to‘investigate the possible
difference in the behaviour of molecular hydrogen with that
of atomic hydrogen ?roduced by the hot tungsten filament.

An se.p. value of -0.310v was obtained, which is only slightly
less than the value in Run 27 and on saturation the s.p. was

increased to -0.153v. There is therefore little difference
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in the behaviour of the atomised and molecular hydrogen,
except that the positive effect dué to molecular hydrogen
was more pronouncede

A similar positive effect had been reported by Mignolet(57)
who attributed it to a molecular hydrogen adsorption taking -
place on top of the atomic layer. In Culver'!s experiment,
the absence of a positive effect is not glrpfising becaus e he
did not saturate the film under a pressure higher‘than'the
normal dose pressure (10'hmm); in contrast,,in Run 26 the
saturation equilibrium pressure was Le2 X 10-3mm. and in
Bun 27, 5.3 x 10~ 3mm.

The positive effect cannot be attributed to oxygen
contamination of the surface, as had been suggested by Culver,
because oxygen contaminated films do not in the first place
give the right maghitude of s.ps, and the positive effect is
followed as soon as the hydrogen is introduced. On delibera-
tely combaminated silver films Pritchard(l?l) had found that
hydrogen gives a positive potentiale. Similarly the oxygen/H2
system described later on shows a positive potential drift
which supports the contention.

The s.pe. of carbon monoxide adsorbed on hydrogera ted
films were studied in the usual way. Each dose of carbon
monoxide introduced was adsorbed very slowly and some gas

was left in the gas phase. Subsequent doses of CO were
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adsorbed, but the equilibrium pressure only increased slightly.
Some drifting in potential was noticed, but stable conditions
wefe reached after some time and the s.p. decreased to a more
negative value. In Run 26, when CO was adsorbed the s.p.
gradually decreased to -0.500v, and in Run 27 to -0.h87v,thus‘
giving a total change of about -0.28v. In Run 28 the change
was greater and the maximum s.p- was -0.66v. This is
possibly due to the fact that the hydrogen is more easily
replaceable in this Run than in thevoﬁher two, so CO which is
adsorbed in place of hydrogen is responsible for a greater
negative surface poﬁential. The presence of residual gas
after each dose supports the idea that some,df the weakly
édsorbed hydrogen is replaced by COy while the greater pért
of it is adsorbed by CO slowly and very little will be left
in the gas phase. This exchange process is rather slow and
'seems to be restricted to the weakly adsorbed hydrogen.

This statement is supported by the CO uptake in Run 26 which

is equal in amount to the hydrogen physically adsorbed, as

shown by the second half of the hydrogen potential curve.
Data of these runs are given in Table 13, and Run 26

is plotted in Fig. 1k.
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TABLE: 13

Run: 26 s.p. at -183°C for Hydrogen on Ni unsintered/CO on top.
H atoms x 1017 s.p. in volts CO mole x 10%7 Sepe in volts

0.00 -0.000 26.99 ~0.220
0.32 0.040 2715 0. 405
0.63 0.100 2745 0.480
0.95 0.125 27.75 0.500
1.25 0.145 28,11 0. 500
le55 0.160 28. 46 0.500
1.85 0.180 - 28.78 0. 500
2.1 , 0.195 4L0.19 0.305
3,02 0.230 L5.33 -0.500
3.80 0.260
L. 66 0.280
5.42 0.310
6.15 0.310
6.84 0.335
7.51 0.335
8.14 0. 335
21.25 0.230
26.79 ~0.220

Run: 27 s.p. at -183°C for Hydrogen on Ni unsintered/CO on top.
H atoms x 10%7 SePe in volts CO mole x 1017 SepPs in volts

0.00 < ~0.000 34e56 -0.200
0.47 0. 060 34.81 0.427
0.93 10,126 35.24 0.437
1.37 -0.160 35.56 -0.487
1.78 0.180 35,86 0.487
2.18 0.194 40.18 0.487

(contd.)
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2.54 x 1017 0.207
2.88 o 0.227
3'92 0. 267
L+ 92 0. 300
5.87 0.327
677 | 0. 347
g.24 0.370
.99 0.370
2551 0.367
3’4'056 —00200

Run: 28 s.p. at -183°C for Hydrogen on Ni unsintered/CO on top.
H atoms x 10%7 s.pe. in volts CO mole x 1017 S.pe in volts

0.00 -0.000 v 2heh1 -0.453
0.L5 0.099 25.03 0.580
1425 0.175 25,62 0. 627
2.01 0.247 26.18 0.627
2.76 ' 0.277 26,71 0.627
3.81 0.307 26.39 ~0. 660
L.98 0.315
6.23 0.312
8e43 0.293
12.21 0.270
14425 0.236
16445 0.198

23.76 -0.153
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R+4.10) System: Nickel-Oxygen/CO on top, sintered film.

Oxygen was added in small doses to a nickel film which
had been previously sintered at room temperature, with the
tﬁngsten filament sﬁitched off. When the dose had been
completely taken up the electron beam was turned on to study
the surface potential. As soon as the rate of the up-take of
oxygen was slow theyadsorption was terminated, i.e. saturétion
of the film was not carried out. S.p. values of -1.265v
and -1.260v were found with.oxygen in Run 29 and 30 respectively.

| - When CO was introduced in small doses on top of
oxygenated films it was adsorbed rapidly and the potential
changed to a relatively low negative value. As soon as the
rate of up-take of CO was slow and the last dose left some
equilibrium pressure, the final potential waslrecorded. Sepe
values of -0.57v in Run 29 and -0.42 in Run 30 were:found.
The ratio of adsorbed OXygeh atoms to the adsorbed CO molecules
was roughly 1l:1 in both runs.

After the CO adsorption, the film was desorbed by
raising it to room temperature. From the pressure increase
over the first ten minutes it was clear that only a small
améunt of gas was desorbed, 3.5 x 1016 molecules only being
recoverede The film was then opened to the pumps and pumping
was continued for an hour and a half at room temperature.

The cell was then immersed in liquid oxygen and the surface
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potential characteristics were studied. In Run 29 the s.p.
value was -0.505v and -0.61lv in Run 30, both with respect
to original bare film characteristics. CO was again added
to this desorbed film; it was rapidly adsorbed and the
potential increased to a steady value of -0.26 in Run 29 and
to -0.035 in Run 30. On further desorption practically all
the adsorbed CO in the second stage was recovered.

In Run 31, the film was pumped for a further hour and
the surface potential was recorded. This had decreased to
the previous desorbed potential value of -0.6lv. On further
CO adsorption the s.p. was raised to -0.047v, i.e., close to
the previous value. CO adsorbed at this stage was also
practically completely recovered on desorption at room
temperature.

In the second and third stages of these adsorptions on
CO desorbed film, about 20-30% of the original amount of CO
was adsorbed and about 30% of carbon dioxide was found
condensed in the liquid oiygen trapse The reversible
adsorption of CO after the first desorptidn suggest that the
major part of the carbon dioxide is formed in the first room-
temperature desorption, and afterwards the CO is adsorbed on
the surface from where it can be desorbed without undergoing
any reaction with the surface complex. A possible mechanism

is discussed later.
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Data of the runs mentioned above are given in Table 1k,

while Run 30 is: plotted in Fig. 15.

Run: 29

0 atoms x 1030
0.00
342
6 7h
8.36
1174
15.00
18.18
21.24
2L.22
27.12
29.94
31.64
3431

Run:

0 atoms x lO16
0.00
4«92
7.32

S.pe in volts

-0.000
0.050
0.290
'0.320
0.610
0.805
0.920

1.003

1.090
1.140

1.210
1.210

-1.265

TABLE: 14.

Sep. at -183°C for oxygen on Ni sintered/CO on top.

CO mole x 1016 Se.Pe in volts

35.81 -1.035
37.29 0.825
38.76 0.570
40.21 0.570
41.21 0.530
42.04 0. 505
L46.26 0. 505
50.28 0.535
54612 0.570

Pumped and desorbed s.p. -0.505v

5597 -0.345
56.87 0.215
60. 43 0.175
62.98 0.260
65 41 0.260
67.73 -0.260

30 s.p. at -183°C for oxygen on Ni sintered/CO on top.

Seps in volts CO mole x 1016 Sspe in volts

-0.000
0.030
0.0611

52.02 -0.901
She35 0.525
59.11 0.450

(contd.)
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' 9.70 x 10%6 ~0.220 63.62 x 108°  ~0.450
12.04 0.420 67.97 0. 450
14.34 0.542 C 72412 0.450
16.60 0.658 79.86 0.440
18.84 o 0. 745 » 83.48  0.420
21.00 0.782 90426 , 0. 420
23.20 0.862 93.43 ~0.420
25.30  0.890 ' )
31.70 1.055 1st pumped and desorbed s.p. =0.61v
37482 1.120 96436 ~0.225
43.86 1.212 99.26 0.035
L9e L2 1.260 10193 0.035
© 104.41 0.035
| 106.91 - =0.035 |
2nd pumped and desorhed s.p. -0.61v
109.75 -0.225
11245 0.047
115.03  0.047
117.149 0.047

119.84 - ~0.047
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2¢4s11l) System: Nickel-~Carbon monoxidé/Oxygen on top. Sintered.

Carbon monoxide was added to films sintered at room
temperature, and the s,p. values were measured in the usual
way. These values on the sintered films were fairly
reproducible and in good agreement with thdse on unsintered
films which suggests that little contamination occurs during
sintering.

Oxygen was added in very small doses to the CO-covered
surfaces after switching off the tungsten beam. This gas
was slowly taken up by the film, giving a very small residual
pressure in the gaslphase which, on switching on the filament,
was rapidly diminished. A slight positive drift of s.p. was
noticed, but this was checked by subsequent doses of oxygen.
When the rate of oxygen adsorption had slowed-down the filament
was switched on in the presence of some small residual
oxygen pressure; more oxygen was adsorbed giving a greater
decrease of potential.

The films were desorbed by raising them to room
temperature; only a small amount of CO was desorbed in the
first ten minutes. The cell was then opened to the pumps
and the film pumped for an hour at room temperature. The
potential recorded at -183°C was then found to be slightly
less negative than the maximum s.p. due to CO. CO was again

introduced in small doses which brought a positive shift of
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pbténtial, and a steady &alue was obtained after adsorﬁing
an amount equal to about 20-~30% of the original amount of CO
taken upe. Another desopﬁtion was carried out at room
temperature; practically all the CO adsorbed in the second
stage was recovered, and the potential decreased to that found
after the previous desorption. On further CO adsorption the
potential again increased almost to the preceding value, and
on subsequent desorption»the'CO was completely recovered.

An amount equal to about 25% of the amount of éO adsorbed was
found condensed in liquid oxygen traps as carbon dioxide.
This carbon dioxide was produced and desorbed in the first
desorption. | |

Each run is individually discussed and the.s.p. data -
are given in Table 15, while Run 31 is plotted in Fig. 16.

In Run 31, CO gave an s.p. value of -1.40v i.e.
slightly higher than the normel vélue. When oxygen was
introduced with the béam off, the potential increased to -1.31v.
The introduction of more oiygen with the tungsten beam on
caused the potential to decrease rapidly to -1.97v, and there
was a slight residual pressure of oxygen. No appreciable
amount of CO was found on desorbing at room temperature, but
subsequent pumping for an hour raised the s.p., to -1l.34v.

CO was then introduced in smaller doses}which_further raised

the potential to -0.77ve On desorbing the film once again,
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about 8.5 x 1016 molecules were recovered within 10 minutes.
The film was then pumped for another hour and an s.p. of
~-l.31v, close to the previous value, was obtained. CO was
adsorbed again to give a potential of -0.74v, and practically
all of this was recovered on desorption. About 21 x 1016
molecules of carbon dioxide were found condensed in the liquid
oxygen trap.

In Run'32, CO gave an s.pe of -1.305v; this is slightly
less than for unsintered films, presumably due to the films
being slightly conteminated. When oxygen was introduced.
with the beam off thé potential increased to a steady value
of -1.275ve On desorption only a detectable amount of CO
was recovered within 10 minutes. After one hour's pumping
at room temperature, the s.p. was -1.01l5v, which‘was increased
to -0.675v on adsorbing 25ﬁ of the original amount of CO.

The film was again desorbed at room temperature and 10.8 x 1016
molecules of CO were recovered in ten minutes. After a

further hour's pumpings the s.p. decreased to -1.025v which

was increased by CO adsorption to -0.625v. CO adsorbed in

this stage was also completely recovered on subsequent
desorption; about 21% of the original amount of CO adsorbed
was found in the traps as carbon dioxide.

In Run 33 CO gave a maximum s.p. value of -1l.31 v, which

decreased to ~1.01 with. adsorption of oxygen but there was
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some negative drifting with the first few doses and_the final
value was -1.23v. The film was then desorbed at room
temperature: only a very small amount of CO was desorbed in
ten minutes. After one hour's pumping the s.p. was -1.00v
with respect to the original's.p. value. No further
adsorption was carried out in this run; instead the traps
were raised to room temperature in order to investigate at
what stage the carbon dioxide was formed. About 15% of 002
was found condensed in the traps, consequently the bulk of
the CO, was produced in the first stage of desorption. A
pfobable mechanism of the formation of CO0, is discussed later.

- TABLE: 15

RBun: 31 se.ps at»—183°C for CO on sintered Ni/O2 on top.
CO mole x 1010 Sepes in volts O atoms x 1016 S«ps in volts

0.00 -0.000 85.73 -1.370
Lel6 0.150 88.39 1310
8.99 0.400 91.07 ‘ 1.310
13.18 . 0.6L9 98.85 1.430
17.17 | 0.730 106. 33  1.585
20,98 0.869 113.25 1.695
2L.61 0.978 119.85 - 1.835
28.08 1.090 126.13 -1.990
31.39 1.183

3455 1.259

37.56 1.330 Pumped and desorbed s.p. -1l.340
LOWL3 : 1.375 CO mole x lO16 S.p. in volts

{contd.)
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43.17 x 10%0 1.400 131.02 x 1010 ~0.770

k578 - =l.u00 135.68 -0.770

L,8.27 1.400 140.13 0.770

60.03 1.400 143.13 ~0.783
83.03 ' -1.400 |

2nd pumped and desorbed =1.310

147.07 0.770

150.83 04770

15L4.40 0.7.,0

156.41 ~0.740

Run: 32 s.p. at -183°C for CO on sintered Ni/O, on top.
CO mole x 1016 Sepe in volts O atoms x 1016 SePs in volts

0.00 ~ ~0.000 81. 64 -1.235

2.93 - 0.120 80 64 1.215

Le36 0.260 86.63 1.236

5477 0.352 89.08 1.250

7.16 0.420 91.48 1.275

8.53  0.530 93.84 1.275

12.61 0. 680 96.16 1.275

16.58 0.850 9846 1.275

20.30 0.980

23.87 1.084

2707 1.120 1st pumped and desorbed s.p. ~1l.015v
30,52 1.190 CO mole x 10Y® 5. 5. in volts
33.62 1.232 99.80 ~0.725

36462 1.252 101.12 0. 645

546459 1.280 102. 30 © 0.675

53.20 1.295 103.47 0.675

76448 1.305 112.37 -0.675
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2nd pumped and desorbed_s-p. -1.025v
CO mole x 1016 SePs 1in volts

116,36 ~0. 645
121.17 0. 645
123.80 0.635
126.20 ~0.625
Run: 33 s.p. at -1839C for CO on sintered Ni/O, on top.
CO mole x 1010 Sepe in volts O atoms x 1016 Seps in volts
0.00 ~0.000 81.85 ~1.233
3.12 0.160 83,67 ©1.190
Lo 37 0.160 8546 1.010
5,61 0.225 87422 1.010
6.83 0.375 83.96 1.010
10.49 0.5L1  90.66 1.010
13.98 04690 92436 1.010
17.31 0.790 97« Ll ~1.233
2049 | 0.865
26441 1.010
30.36 - 1.093
3413 1.150
3777 1.210
54109 1.240
Llye 25 1.270
L7«22 1.290
57,22 1.302

8C.01 -1.310



| ~ 95.
2.4e12) System: Nickel - oxygen / Hydrogen on top. '
In this series, oxygen was adsorbed on sintered nickel
films in small doses and the s.p. was followed in the usual
way. The s.p. values with oxygen were slightly less than
those reported in the oxygen+ carbon monoxide system,
presunably due to fhe films being slightly contaminated;
otherwise the s.p.-QAplot was similar in shape as in the
previous series. Maximum values were found when the potential
shift was slowed down and oxygen was also adsorbed slowly. |
Hydrogen was introduced on top of an oxygenated film
in small doses; it was rapidly adsorbed and a slow positive
potential drift was noticed. Inbreésing amounts of hydrogen
were adsorbed; causing a rapid rise-in potential which
apparently slowed down on saturation under a high pressure
dose. Hydrogen adsorption on top was more than twice the
amount of oxygen preadsorbed but was roughly equal in magnitude
to the adsorption on a similar clean nickel film. Beeck,
Smith and Wheeler(h)'studying the catalytic activity of nitkel
films found that a surface poisoned with oxygen adsorbed only

20% of the amount of H, that a clean surface would take up,

. 2
and that the major part of it was weakly adsorbed, as it
could easily be pumped off from the surface. Garner and
Kihgman(138) also found reversible hydrogen adsorption on

oxides of certain metals at low temperatures, while at higher
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temperatures the desorbed hydrogen reacted with oxygen to
give OH radicals, and at still higher temperatures water was
desorbed. Ip may be noted that it may be difficult for
molecular hydrogen to react with surface oxygen to give water
or hydroxyl radicals at low temperatures, whereas it is
relatively easy for atomic hydrogen to react with oxygen even
at low temperatures to form -OH radicals on the éurface of 02,
or the "hot" molecules, after contact with the hot filament,
to react with oxygen to form water. Consequently in comparing
the adsorption data df this series with other work one has to
keep in mind the basic experimental differences.

In Run 34 oxygen gave a maximum S.ps of -1.170v which
was less than the_values in the oxygen + CO system. When
hydrogen was adsorbed on top a positive change resulted and
the potential increased to +l.34v, giving an overall change
of 2.51v, which is about % v greater than the hydrogen s.p.
values on a CO-saturated nickel filme.

At this stage the film was desorbed by raising it to
room temperature, but only a very small amount'of.hydrogen was
desorbed in ten minutes. The film was then pumped for an
hour, and the desorbed s.p. was found to be - 4.940v which
was increased again to +1.170v after slowly'adsorbing about
15% hydrogen. Another desorption was thus effected: 95% of

the adsorbed hydrogen in the second stage was desorbed and the
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Sepe was -0.90v, slightly less in magnitude than the
corresponding s.p. value in the previous rune On further
adsorption the potential increased to +1.092v. There is a
gradual but small decrease in the maximum positive potential
as well as in the s.p. at this desorption; this suggests
that small amounts of oxygen were removed from the surface as
ﬁwater by,fepeated hydrogen treatment.

In Run 35, oxygen gave a s.p. of -1.185v, which is
slightly greater than in Run 34. When hydrogen was adsorbed
on top the S.p. Value'Was H#+470v, thus giving a change of
2.655v, which is somewhat higher than the corresponding
value in Run 34, On desorption at room temperature for 10
minutes no appreciable'amount of hydrogen was recoverede.

The film was then opened to the pumps and after one hour's
pumping the.s.p. was found fo be +0.94v, i.e. equal to the
value in Run 34. About 20% of the original hydrogen was
thén adsorbed, and this increased the potential to +1.39v.
On further desorption practically all the hydrogen adsorbed
in the second stage was recovered within ten minutes. After
a further hour's pumping the s.p. was +1.040v; this was
further increaéed after adsorbing about 20% of hydrogen to
give an s.p. value of +1.39v. Hydrogen taken up in this
stage was desorbed completely at room temperature, the s.p.

value being +L.05v. No appreciable amount of water was
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found condensed in the traps.
Data of ﬁhe runs are given in Table 16, while Run 34
is plotted in Fig. 17.
TABLE: 16.

Run: 34 s.p. at =183°C for oxygen on Ni/H2 on tops Sintered.

O atoms x 1016 Sepe in volts H atoms x 1016 S.Pes in volts
0.00 -0.000 59. 66 -1.100
226 0.020 62. 66 1.080
Lo L8 0.120 65.6l 1.058
6.68 0.270  The62 1.038
8.84 04432 83.18 1.000
10.98 0.570 89434 0.980
13.08 0. 600 99,12 | 0.950
19.38 | 0.768 106.56 0.930
25,40 0.870 113.66 | 0.900
31.14 0.978 . 120.42 0.880
36462 1.028 . 126.68 0.860
41.8L © 1.080 132.84 0.810
16481, 1.120 138.72 0. 720
51.58 : 1.135 1hl. 32 -0.520
564 58 1.170 148. 66 +0.160
153.76 0.810
159. 62 1.100
164.62 1.240
2nd pumped and desorbed s.p. 0.9v 189.26 +1, 340
H atoms x 10%0 Sepe in volts
221.98 +1.020 1st pumped and desorbed s.p. +0.940v
230.66 1.035 195.60 - +0.980
238,94 1.055 201. 64 1.020
246474 +1.092 207.40 1.100

212.90 +1.170
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RBun: 35 s.p. at -183°C for oxygen on sintered Ni/H2 on top.

- 0 atoms x 1016 SspPe in volts H atoms x 1016 SePe in volts
0.00 ~0.000 127.36 -0.820
L.66 0.018 133.20 0.780
6.9l 0.100 138.78 0.780
9.18 0.300 ' 144.10 0. 690
11.38 0.439 ' 149.18 0.620
13.56 0.520 154.02 0.540
15.70 0.620 158.62 0.420
17.82 0.686 ' 163.04 -0.,182
19.90 0.750 167.24 #0.130
21.94 | 0.800 171.24 0.318
23.96 0.840 173.05 0.603
30.02 ’ 0.952 ‘ 175.06 0.932
35480 1.068 193.08 1.243
41.80 1.072 231.71 +1e 470
46458 1.130
60,98 1l.185 1st pumped and desorbed s.p. +0.94v
69.50 -1.185 239.34 ' +0.990
241402 1.125
H atoms x 10%° S«ps in volts  246.60 1.250
7228 -~1.100 253452 +1.390
75428 1.080
7772 1.060
85.86 1.020 2nd pumped and desorbed s.p. 1.040v
93.62 ~ 0.990 261.12 : +1.078
101.02 0.950  268.32 1.230
108.04 0.920 27524 1.325
114.82 0.900 281.24 +1.390

121.24 0.860 3rd pumped and desorbed s.p. +1.05v
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2.4+13) System: Hydrogen - Nickel sintered /O, on top.

In this series, the hydrogen s.p. was first studied on
sintered nickel film in the usual way, and the values were
found to be in good agreement with those reported for hydrogen
on unsintered nickel films. No appreciable effect of sintering
was noticed on the s.p. values, except that the positive
effect due to hydrogen on saturation was less pronounced, and
thé maxima were not so sharp as in the unsintered series.

Oxygen was introdﬁced on the hydrogenated film in small
doses with the filament cold. Each dose was slowly taken up
and a negligible amount of gas was left in the gas phase;
this was reduced when the filament was warmed up. The
residual gas in the gas phase could be either hydrogen or
oxygen, but hydrogen was most probable because when more
oxygen was introduced it was also adsorbed. The total uptake
of oxygen was roughly 30% of the presorbed hydrogen.

' Hydrogen was again introduced in small doses before
desorbing the film; a small amount of hydrogen was taken up
and the potential became more positive. The film was then
deéorbed at room temperature for ten minutes; some permanent
gas - probably hydrogen, in amount equal to 50% of the chemi-
sorbed oxygen was desorbed. The film was then pumped for an
hour; the s.p. was ﬁhen roughly equal to the hydrogen s.p.

value on clean film. When hydrogen was adsorbed again a
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positive change was noticed again, but the potential was less
positive than before; on subsequent desorption practically
all the hydrogen adsorbed in the previous stage was recovered
and the potential was decreased roughly to a value equal to
that found after the previous desorption. When hydrogen
was adsorbed again the potential became positive but it was
less in magnitude than in the previous stage; it was
completely recovered on desorption.

BEach run is individually discussed below and the data

are given in Table 17, while Run 27 is plotted in Fig. 18.

| In Run 36, hydrogen gave a maximum s.p. of -0.33v
which on saturation decreased to -0.30v. When oxygen was
adsorbed on top, the potential increased to +0.38v. The
total uptake of oxygen was roughly 28% of the amount of
hydrogen presorbed; roughly the samevamount'of hydrogen
could be adsorbed again; this increased the potential to
+0.697v. On desorption for 10 minutes at room température
10 x 1016 mole of hydrogen were recovered and the potential
of the desorbed film was increased to -0.316v. Hydrogen
was adsorbed again, increasing the potential to a steady
positive value of +0.41v. On desorption practicallykall
the hydrogen adsorbed at this stage was recovered and the
potential decreased to -0.19v. Hydrogen was again introduced

and was adsorbed to give a potential of +0.152v. There
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was a gradual decrease in the maximum positive value which
suggested that the structures responsible for positiﬁe
potentials were decreased on repeated adsorption and
desorption of hydrogen. This is discussed later.

In Run 37, hydrogen gave a maximum potential of -0.32v
which was decreased on saturation to -0.29v. When oxygen
was adsorbed on top in an amount 30% of the presorbed hydrogen,
the potential became positive and a'steady value of +0.53v
was recorded. Hydrogen was introduced again on top before
raising the film to room temperature; a relatively small
amount of hydrogen {about 40% of the chemisorbed oxygen) was
adsorbed, but the pbtential increased to the rather high
potential value of +0.8llv. On desorption, 8.5 x 1016m01e
of hydrogen were recovered within ten minutes, and the
potential, after one hour's pumping, was -0O.24v. Hydrogen
was adsorbed again and thé potential increased to +0.45v.
On subsequent desorption, practically all the hydrogen was
recovered, and the potential decreased to -0.22v, a value
close to the preceding one. Hydrogen was adsorbed again,
and the potential increased to the rather small value of
+0.055v. Hydrogen adsorbed in this stage was completely
desorbed when the cell was raised to room temperature. In
this run again a gradual fall in the magnitude of the positive

potential value was noticede.
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In Run 38, hydrogen gave a maximum s.p. of =0.34v
which on saturation was decreased to -0.298v. When oxygen
was adsorbéd in an amount equal to 29% of the presorbed
hydrogen the potential increased to +O.425v. Hydrogen was
then introduced on top without subjecting the film to desorption;
a small amount of hydrogen was taken up and the potential
increased to +0.7lv. On desorption, 1llx 1016mqlecu1es of
hydrogen were recovered. No further s.p. measurements
could be made as the characteristic curves were no longer
parallel and the current was unstable; probably due té the
development of a leak in the system. |

Theré was little indication of water formation during

the desorption process in all runs.

TABLE: 17

Run: 36 s.p. at -183°C for hydrogen on sintered Ni/O2 on tope.

H atoms x 1017 S.ps. in volts O atoms x 1017 s.p. in volts

0.00 ~0.000 17.18 ~ 0.000

0.92 0.073 17.80 © +0.078

1.80 00147 18.39 0.085

2.6L 0.187 19.49 0.194

3ok 0.207 20.01 0.260

L.21 0.229 20.49 0.313

Lo Ok, 0.315 20.96 0.325

5.63 | -0.290 21.41 | + 0.380

6.29 0.315 H atoms x 1017 S.pe in volts
6.93 0.330

(contd. )
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7.53 x 10%7 0.330 22.55 x 107 +0.633
9.01 0.325 23.63 0.654
1125 0.320 2L. 66 0.688
16.53 ~0.300 2546k - 0.697
1st desorbed film s.pe ~ 0.316v

2nd desorbed film s.pe =0.10v 26.4,0 -0.300
H atoms x 1017  s.p, in volts 27.12 0.200
32,99 -0.030 27.18 0.043
33061-} +O-030 2801-}7 + 0,100
3425 0.050 29,10 0.205
3Le8h 0.130 - 29.70 0.300
35,39 | 0.152 30.26 0.370
35,93 0.146 30.80 0.397
37444 +0.152 31.31 0.410
32- 32 +0-l}10

Run: 37 sepe at =183°C for hydrogen on sintered Ni/O, on top.

H atoms x lO17 SsPe in volts O atoms x 1017 SePs in volts

0,00 ~0.000 16.67 ~0.260
0.25 ~ 0.015 16492 S 0.130
0.50 0.0L5 17.17 0.110
0.75 0.065 17441 : 0.058
0.99 0.088 18.37 ~ +0.190
1.95 0.142 19.06 0.312
3,28 0.190 20. 35 © 0.510

' 3.90 , -0.231 20.95 +0.510
L. 50 0.246 21,51 0.530
5.61 0.275

(contd.)
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7.56 x 107 0.316 H atoms x 1017 s.p. in volts
8.1 0.320 22.04 + 0.7L0
9.02 0.318 2254 0.790
Q.62 0.320 23.01 0.811
11.15 0.310 23.48 +0.811
13.06 0.300"
16441 -0.290 | .
, 1st desorbed s.p. -0.240v
~ 2nd desorbed S.pe-0.220V " 23.64 0.245
H atoms x 1017  s.p. in volts 23.80 0.250
31,99 -0.230 24.28 0.243
32.64 0.225 2he 7l 0.240
33.26 0.220 25.18 0. 200
33.85 0.178 ' 25.60 -~ 0,130
Lhel2 -0.085 25,99 ~0.040
34.96 +0.005 26.37 +0.040
35448 \ 0.0L0 2647 0.125
38.28 +0.,055 27.08 0.205
| 2741 0.265
27.72 0.325
28.03 0.362
28.31 0. 400
29449 | 0.435
31.31 | +0s450

Run: 38 s.pe. at -183°C for hydrogen on sintered Ni/02 on top.
H'atoms X 1017 SepPe. in volts O atoms x 1017 SePe. in volts

0{00' ~0.000 17;55 -0.195
0.9%4 19.028 18.25 ' -0.110

1.83 0,052 18.92 04125

‘C ontd. )
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2.66 x 1017 0.088 19.55 x 1017 0.165
3.50 0.105 20.16 0.215
Lo 28 0.123 20474 0.290
5.02  0.150 21.29 0. 400
5,73 0.188 21.82 + 04425
6.40 0.236 H atoms x 1017 Sepe in volts
7.05 0.273 22.68 +0.510
7.66 0.293 23.49 0.700
8429 | 0.313 20028 + 0,700
9.32 0.327

9.81 0. 340

10.82 © 0.335

12. 65 0.320

13.56 ~ 0.310

16.82 -0.298.
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2¢4.14) System: Carbon monoxide-Nickel sintered/Hydrogen

In this series, carbon monoxide surface potentials
were studied on sintered nickel films and the values in this
series were found in fair agreement with those reported before.
Hydrogen was first introduced in small doses on ﬁop, in the‘
usual way, causing a positive shift in potential. Finally
a heavy dose was introduced, giving a small equilibrium
pressure and a saturated s.p. value was recorded. The films
were then desorbed by raising them to room temperature and
about 50% of the adsorbed hydrogen was recovered within ten
minutes-' The films‘were then pumped for an hour and the
potentials of the desorbed films recorded; values close to
the s.p., due to CO on clean nickel films, were obtained.
Wheﬁ hydrogen was introduced aggin a positive shift in
potential was noticed and the final value was slightly less
positive than the corfesponding one found in the first
hydrogen adsorttion. On subsequent desorption, the hydrogen
adsorbed in the last stage was recovered completely.

In Run 39, carbon monoxide gave an s.p.'of =1e.345v.
When hydrogen was adsorbed on top, the potential increased;
finally, a saturated s.p. of +0.661lv was recorded. The
film was then desorbed at room temperature and within ten
minutes 35 x 1016 molecules, probably hydrogen, were desorbed.

The desorbed gas was then pumped out and the cell was cooled
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to liquid-oxygen temperature, when the s.p. of the film was
found to be =1l.195v.. Hydrogeﬁ, introduced in smaller doses,
was adsorbed and on saturation the potential increased to
+0.061l4v i.e., slightly less than the corresponding previous
value. The film was once again desorbed and about 60 x 1016
molecules of hydrogen were recovered. The film was then
gradually warmed to 100°C for 20 minutes while the traps were
cooled in liquid oxygen; some 25 X 1016 molecules of a
permanent gas were desorbed at this temperature. No appreciable
mmount of product was found condensed in the traps when these
were raised to room temperature, which suggests that the
adsorbed hydrogen does not react with presorbed carbon
monoxide up to 100°C.

In Run 40, CO gave an s.p. value of -l.31lv which was
increased to +0.65v, when hydrogen was adsorbed on top.
The film was then desorbed by raising it to room temperature;
within ten minutes 35 x 1016 molecules of a permanent gas,
probably hydrogen, were recovered. The film was then pumped
for one hour and the s.p. of the desorbed film was found to
be -1.21v, a value close to the s.p. value of CO on a clean
Ni film. Hydrogen was adsorbed again which raised the
potential to +0.564v. On subsequent desorption, practieally
all the hydrogen adsorbed in the last stage was recovered and

the s.p. of the desorbed film increased to the previous values.
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Data of the runs are given in Table 18, and the Run
39 is plotted in Fige 19.
| TABLE: 18

Run 39: s.p. at -183°C for CO on Ni sintered/H, on top.
CO mole x 1017 S.ps in volts H atoms a 1017 S«.Ps in volts

0.00 0.000 19445 +0.235

0.39 -0.123 21.60 0. 400

0.77 _ 0.300 24 .96 0.661

1e13  0.508 |

lely7 | 0.570 s.p. after 15 mins. desorption ~1.195

1.80 0.723 25473 ~0.975

2.12 0.836 26446 0.815

2441 0.973 27.16 0.565

2.69 | 1.113 28.92 0.348

2.97 ' 1.256 29.99 -0.085

3¢23 1.318 31eLb -0.080

L+ 89 1.340 32.92 - +0.103

6461 1.343 24,.80 0.250

8.59 1.345 35.78 0. 300

10. 63 1e 345 36475 0.406
- 39.56 +0. 615

H atoms x 1017 Seps in volts

11.42 ~1.025

12.17 0. 667

12.89 0.585

13.56 0.272

1425 - 0.202

14.88 0.145

15.48 0.100

17.81 +0.108
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Run 40: S.p. at -183°C for CO on sintered Ni/H2 on top.
CO mole x lO17 Sepe in volts

0.00 ~0.000
0.36 0.260 se.pe. after one hour's pumping -1.210v
0.71 Oe455 ‘
1.04 0.563 H atoms x 10°7  g.p. in volts
1.36 0.710 22.00 ~1.103
1.65 0.838 23.79 0.952
1.94 0.975 2L. 62 | 0.801
2.22 1.100 25472 0.652
3.18 1.218 26462 0.495
lye 63 1.290 27.58 04340
5.90 ; 1.310 28.50 ~0.175
7.92 -1.310 30.28 +0.101
H atoms x 10%7  s.p. in volts  34.48 0.56
8.65 -0.900 |
" 9.35 0. 608
10.03 0.505
10.66 0.413
11.24 0.321
11.85 0.253
13.51 , ~0.100
15.21 +0.071
16479 0.232

21.48 +0.650
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R2e4el5. Nickel sintered - Hydrogen / CO on top.

The surface potential value of -0.38v with hydrogen
on nickle sintered films in this series was slightly
greater than that previously reported, and the.positive
effect due to the physisorbed layer was also much less in
magnitude. This could be due %0 the fact that no high
pressure saturation of the film was carried out; instead
very small doses were added and left for some time to
attain equilibrium until a residual pressure was built up
in the gas phase. It seems that the positive effect can
be avoided provided'the dose pressure remains below 10~%mm.
with films thaﬂ have been previously sintered. Hydrdgen
seems to have greater moBility on sintered films than on
unsintered films.

When CO was introduced on a saturaturated surface, no
desorption was noticed but the potential gradually increased
from -0.38v to -0.70v. On desorption at room temperature,
35 x lO16 molecules of hydrogen were recovered and the
desorbed s.p. increased to -l.42v., a value close to the
CO potential on a clean Ni film. Hydrogen was again intro-
duced in the usual way and a positive effect was noticed.
On saturation the potential was +0.63v giving an overall

change of 2.05v, i.e., similar in magnitude to the value
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reported in section 2.4.8. on unsintered films. On further
desorption, 45 x 1016 molecules of hydrogen, that is about
75% of the adsarbed hydrogen (in the last stage), were
reéovered.

Data of Run 41 are given in Table 19 and plotted
in Fig. 20.
TABLE: 19.

Run 41: s.pe. at -183°C for H on Ni sinmtered /CO on top.
H atoms x 1017 s.pe in wlts s.p.?2 after pumping

0.00 - -0.000 -1.420v
0.62 0.030 H atoms x 1017 s.p. in volts
1.77 0.090 23.11 1.025

2.31 0.135 2L.06 0.700

2.83 0.165 24496 0.520

3.32  0.180 25.82 | 0. 380

3.78 0.205 26464 0.260
L.230 0.235 2742 © 0.145

le 65 0.250 28.17 -0.020

5,06 0.270 28.89 +0.000

5445 0.275 36.39 +0.630

7.01 0.32

8.41 0.35

9.98 0.97

11.75 0.376

13.48 -0.380

(contd. )
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(contd.)

CO mole x 1017

14.10 -0.480
14.70 0.550
15.81 0.620
16.33 0.600
16.82 0.650
18.75 0.680

22.12 -0.700
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2e4e16. System: 002 on sintered Ni at -78°C / CO on tope.

The carbon dioxide for this series was prepared from
commercial cardice, which was first pumped at room temperature
and then at -183°C. Some 002 was then condensed in a liquid
oxygen trape. The dose of C02 was then isolated at -78° C.

The CO, series were carried out to help in the
elucidation of the oxygen +CO series on sintered nickel films.
Films for this series were first thrown at -183°C with the
ﬁraps also at this temperature, but when the films were
sintered to room temperature the traps were changed over
to =789C. This treatment of the films admittedly caused
some contamination of the surféce which resulted in variation
of the maximum value. The choice of temperature (cardice
bath) was also rather unfortunate because it is difficult to
mainbain steady, and consequently caused some drifting.
However, two fairly reproducible runs were obtained and a
value of =0.96v was found for C02 on Ni in Run 42 and -=0.91lv
in Run 43. The shape of the s.p. curve is very similar to
that of the oxygen éurve which suggests that 002 is immobile
at these temperature.

On desorption at room temperature, no CO or C02 was

found and when CO was introduced, on an apparently saturated

surface, a rise in negative potential was noticed, suggesting
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that 002 did not cover the surface coﬁpletely and some
isolated sites were left where CO adsorption was possible.

On desorption s ome CO is recovered which could be re-adsorbed
at -78°C.
Data of the RBuns are given in Table 20 and Run 42 is
plotted in Fig. 21.
TABLE: 20
Bun: 42 CO, on sintered Ni film /CO on top at -78°C.

it talutu NN SavrY

CO, Mole x 1016  s.p. in volts

0.00 ~0.000
1.40 0.234
2.79 0. 450
5,46 0. 580
7.02 0.695
9.00 0.780
11.43 0.880
13.75 0.900
15.96 -0.920
CO Mole x 10%6

17.60 ~0.935
19.86 0. 960
21l 0.982

23+ 60 -1.000
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RBun: 43. 002 on sintered Nickel film at -78°C.

CO,Mole x 10L0 Sepe in voltss
0.00 ~0.000
1.27 0.250
2.90 0.455
5.67 | 0. 550
8432 0. 600
10.84 0.720
13.25 0.813
15.55 0.940

17.04 0.960
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3. DISCUSSION
3¢1ls Hydrogen - Carbonbmonoxide series.

The magnitude and the sign of the surface potential
have proved useful in discriminating between different types
of bonding between the adsorbate and the adsorbent. The
hydrogen surface potential ‘on Cu is -0.36 and on Ni -0.33v;
this small difference suggests a similar type of bonding
and it is suggested that the adsorption of H atoms at the
surface of a metal corresponds to a two-dimensional solid
solution in which the H atom takes up a position of greatest
symmetry i.e., in the centre of the lattice of the metal.
The pile up of negative charge around the H atom protrudes
from the surface giving a negative se.pe.d. i.e., a negative
pole pointing outwards from the meﬁal. However, the
difference in the magnitﬁde of the initial heats on the
metals and the low heats of desorption for hydrogen ffom
copper {—~8 k.cal.) suggests some additional bonding in the
case of nickel, which could arise, as has been pointed out
by Dowden,(139) by combination with dsp hybrids present in
the surface and directed towards its next nearest neighbour.

Carbon monoxide adsorption on these two metals gave
S«Psde differing both in magnitude and in sign e.g., with

Cu the value of +0.29v suggests an electrostatic bonding,
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where as with Ni a value of -1.40v is obtained which is
mainly due to covalent bonding with nickel. The positive
sign of the Co surface potential on Cu is consistent with
the fact that the larger CO molecule (unlike the H atom)
cannot 'buyr! itself interstitially in the surface metal
atom; éonseduently the increasé electron density between
the CO molecule and the surface corresponds to a dipole
with its positive pole outwards from the surface. More-
over, since CO has its own natural, though small, dipole
it is thought that the molecule sits with the oxygen atom
towards and the carbon away from the surface. For CO or
Cu, one would therefore anticipate a fairly narrow absorp-
tion band in the infra-red spectrum slightly perturbed from
the band found for the free CO moleculejy as indeed, has
been experimentally shown by Eischen(95)- For nickel the
high negative s.p.d. implies a bond which in strength and
character is similar to that found in carbonyls. Eischen(95)
from infra-red evidence suggests a shift from a double to

single site attachment il.e.,

0 0

i 1T

c C
/N \
M M M
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3e1ls1s H2 - Cu - CO system.

When hydrogen is introduced first, thé Se.ps Tises

to a value of about -0.35v. When CO is now added, it is
" rapidly adsorbed and there is no evidence of any replace-
ment or desorption. The surface potential increases to a
positive value of O0.18. This over-all change of 0.53V is
greater than the normal positive value of 0.29v of CO on
a clean film. It is however, consistent with the factvv
that at the interstitial positions in the surface, Where
the H atom is located, there is localization of electrons
thereby causing greater polarization -of the 60 molecule
and consequently an enhanced dipole of the 'bond'! to the
surface. Diagramatically it can be represeﬁted By the
following model.

co co co

éudH; Cu H© Cu
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3.1:2. CO - Cu -AH2 system.

When CO is added first in small doses a positive
surface potential isvbuilt up reaching a maximum at +0.29v;
with a large final dose there is some slight fall in magni-
tude probably due to, it is suggested physisorption of COA
in the second layer, giving some small neutralizing effect.
When hydrogen is now added in small doses there is an
increasing positive effect and the potential is raised to
+0.35ve Displacement of physisorbed CO takes place at the
same time as some small residual pressure, which is not
increased subsequently, is found after each dose. It is
suggested that the first stage of reaction is the adsorption
of hydrogen 'above' the Cu atom to give a positivé potential,
the structure of the surface layer being:

H
c+ cr
1] 11!
Cu O Cu O Cu
It is noted that hydrogen is usually regarded as an electron
donor and therefore may be expected to give a positive
potential with most metals whereas experimentally the s.p.
is always negative due to the fact that the small H atom can

fit into the surface interstitially; if this is prevented
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e«ge by CO occupancy then the H atom take up a position
outside the surface and act as a pértial electron donor.
With.small doses of Hp there is plateau in the s.p. plot
as if a saturation value is reached when the number of
hydrogen atoms sorbed is about'hélf that of CO on the
surface. When a large dose is added a further increase
is found. This is probably due to a replacement of CO
(adsorbed in the first layer)} by hydrogen at these high
pressure of hydrogen. This means that the hydrogen goes
into the surface interistitial position, and CO is
adsorbed on top of the H atom, thereby giving an increased
positive dipole which mbre than compensates for the negative
contribution of the hydrogen adsorption. Now CO on a full
negative layer of H atoms gives a positivé effect of around
0.6v (cps Secs 3.2.1.); the effect here for 'half coverage'
should be 0.3v as indeed is found; therefore.the following

final model seems more likely:

ot
il
H 0

Cu H Cu
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3+1.3. Hy, = Ni - CO system.

More detailed information is obtained on this and
other similar systems because the metal films are pre-
sintered at room temperature and desorption at this
temperature followed by re-adsorption of gas at -183°C
is possible. It may be noted that with such presintering,
contamination to some extent, is always possible. Con-
sequently, the surface potentials of the first adsorbed
gas sometimes differed from their normal value although
the differences are small; sinée the pattern of the
surface potentials are completely reproducible it is
believed that any small contamination does not invalidate
in any way the tentative conclusions drawn.

Hydrogen on the sintered nickel film is adsorbed
at -183°C in small doses and the surface potential rises
to =0.33v but when a larger dose is finally added to
saturate the surface, the potential becomes more positive
{~0.23v) as has been found previously by Mignolet(57).
There is no reason to depart from Mignolet's(57) hypo-
theses that molecular hydrogen is adsorbed‘in the second
layer with a small positive surface potential, thereby .
partially neutralizing the negative value due to the

hydrogen atoms in the surface.
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When CO is now added, a small residual pressure
is found after the first few doses, which does not
increase with additional doses of CO, this suggests that
much of the second layer of hydrogen is being replaced
by the CO followed by some weak chemisorption of CO on
the exposed nickel atoms. Since electrons are localized
around the chemisorbed hydrogen atoms, the bonding of
CO to Ni is weaker, the surface complex tending to trans-
form from the normal bonding Ni = C = 0 to Ni - C =0,
thereby reducing the negative magnitude of the dipoles.
There is near equality of the amount of CO adsorbed to
the améunt of hydrogen present as H atoms. The important
feature is that the effect of CO is to give an increase
in negative potential {the normal behaviour of this gas
on clean nickel).

~Any stable complex formation is ruled out by the
studies on sintered films where on desorption the negative
potential rises to the value of the CO potential on a clean
film and about half the amount of adsorbed hydrogen is
desorbed within ten minutes (and the rest on pumping,
presumably). The desorbed gas is assumed to be hydrogen,

because when hydrogen is re-adsorbed on the "desorbedh
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film a positive potential of +0.60v is found. This &5
about the same as that found when hydrogen is introduced

on top of a CO chemisorbed layer (see CO - Ni - H2 series).
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3elelse CO =~ Ni ~ H2 systeme.

Carbon monoxide gives a negative s.p. of -1l.37v.
The surface is then saturated with CO and the residual
gas is quickly pumped out. When hydrogen is introduced
in small doses the s.p. is decreased rapidly, the final
value being obtained by adding a large amount of hydrogen
to give a gas pressure of around 5 x 10™>mm., which is
rapidly removed after 10 minutes. There is no evidence
of any desorption during the addition of small doses of
hydrogen, all of which is completely adsorbed, and the
amount of hydrogen finally adsorbed is within 10%, the
same as that of the CO originally chemisorbed. The
measured surface potential is +t0.6v giving an overall
change of 1.97v. It is clear that a new surface complex

has been formed. Possible structures are:

i} Hydrogen is bonded to the O atom of CO:
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- (i1} Hydrogen is bonded in aldehydic fashion i.e.

0

1

c

E

Ni
Fortunately, Eischen(95) has examined the infra-red
spectrum of this system and finds no evidence of
OH(3700cm~1), CH (2800cm™1) or CHO (1720cm-1) bvands and
moreover the CO band at 2040cm~l is displaced only slightly
to longer wave lengths on addition of hydrogen and any
slight loss of intensity is compensated by an increase
of the 181;,Ocm"1 peak, is.e., there is a change from the
bridged to linear CO structures on nickel.

More light is thrown on this subject by the infra-red
studies of hydrocarbonyl structures. Friedel and Wénder's(lho)
studies of the structure of cobalt hydrocarbonyl suggestéd
that the hydrogen atom in cobalt hydro-carbonyl is very
weakly bonded to the rest of the molecule and lies close
enough to one or more of the oxygen to produce two infra-
red active carbonylstreching modes. Heiberflhl) suggested

that the hydrogen atom is bonded as a proton in the case of
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the cobalt atom forming a pseudo-nickel-atom. Edgell
and Gallop(142) who also measured the infra-red spectrum
of the hydrocarbonyl of cobalt failed to observe bands
attributed to OH, CH, CHO groups and any marked shifts
in wavelength of the normal carbonyl band. For CO H(Coh)
they suggested that the hydrogen atom is 'embedded'! in
one face of the tetrahedron formed by the~h carbonjl groups
le€s, it is immersed in a sheath of negativé charge with the

T\ -orbitals of the 3 carbonyis contributing most of the
bdnding and the remainder arising from the 3d - orbitals.

Such an structure can be illustrated by the following model

(1ii} Hydrogen is distributed protonically giving its

electron to nickel atom, and complex looks like as follows:

0 0
fi n
c C
| HY |
Ni Ni

In surface potential studies of this system on sintered
nickel films it is found that the hydrogen adsorbed on CO
covered films is mostly desorbed when the film is raised to
room temperature. This result is in accordance with the

results of Beeck, Smith and Wheler(h)i and of White and
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Benton (136) who found that a surface poisoned with CO
adsorbs hydrogen which can be pumped off at room tempera-
ture.

The surface potential of the desorbed films rises
again to the value close to that of CO on the clean film,
and when hydrogen is introduced again, a positive effect
similar in magnitude to the previous one (1.98v) is
obtained. It is therefore suggested than an Structure of
the adsorption cdmplex as shown below is more likely than

any covalent bonding of the hydrogen atom:

0 o 0
I i i
C c C
ERE
Ni - Ni Ni

Here the "Yprotonic" hydrogen is probably about an angstrom
away from»the metal atom and carries some thing approaching
half the protonic charge.

It is interesting to note that no monomeric nickel
hydro—carbOnyl is known, but that the dimeric form
involving Ni - Ni bonding has been isolated and has the

formula Ni, H, {CO}, compared with Ni-H-CO for our surface
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complex. The formation of dimeric form (and the non-
existence of the monmer) is consistent with the view
that nickel seeks to maintain an effective atomic |
number of 36. wa for the metal, a surface Ni atom has
5 nearest neighbours so that if each of these denotes one
electron, the CO group two, and the H atom one, then the
value of 36 is obtained - the surface complex may therefore
in an unsophisticated manner be regarded as (Ni)5 Ni H CoO.

It should be noted that the 'structures' suggested
here are merely convenient modes of'expression‘and camot
be taken too specifically. It is, however, possibly of
importance that this work inclines one to the vieﬁ_that
detailed consideration of the mechaniem of various
synthetic processes involving CO and hydrogen might be
directed towards a 'hydrocarbonyl! type of structure

rather than towards the presence of CHO radicals.
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3¢2. Oxygen-Carbon monoxide series.

3¢2.1s 05 - Cu -~ CO system.

The use of oxygen is attended with two difficulties:
{i} this gas can be fairly easily incorporated in some
metal latbices during chemisorption even at -~ 183°C., and
(1i) only extremely small residual pressures of oxygen
could be left in the gas phase when the W filament was at
20009K due to possible attack of the tungsten by oxygen.
This attack can fortunately be quickly recognized by
electrical instability &f the system and drifts in electron
flux during potential measurements. In consequence, oxygen
was always added in small doses (when large amounts of
oxygen are chemisorbed, the process is exothermic and
localization of heaﬁ at the surface largely assists in-
corporation of oxygen in the lattice); furthermore, as
soon as there was a detectable gas pressure, the oxygen
chemisorption was normally terminated. This means that
the ratio of the number of chemisorbed oxygen atoms to
that of surface metal atoms is less than unity in some
systems. An estimate of coverage is possible from correspond-
ing H2 or CO adsorption on films prepared under similar“

conditions.
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It is estimated that the maximum surface coverage
with oxygen in these experiments is about 80%, giving
a surface potential of -0.60v. By analogy with'CO, it
is suggested that chemisorbed oxygen atoms are adsorbed
roughly in equal proportion by one-point and two-point
attachment, i.e., Cu = @ and Cq/o\bu. The amount of CO
adsorbed to give the maximum change of potential is about
the same as that of the oxygen present in the first layer.

The potential increased from -0.6v to +0.02v, due it is

suggested, to the presence of structures such as

0 0
" ]
c C
I\ e
0 o
t /\

" Cu Cu Cu

On desorption at room temperature, about 45% CO and
about 30% CO, in terms of the amount of CO originaily
present bn the film is desorbed giving a surface potential
of +36v. .On re-introducing CO at -183°C., an amount is
adsorbed roughly corresponding to the total CO +C0,
removed during desorpﬁion and the potential increased to

0.16v. Desorption (solely of CO) at room temperature and
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re-adsorption of this gas at -183°C can now be repeated,
the s¢ps changing back to -0.36v after desorption and to
-0.16v after re-adsorption (70% of original CO).

The two facts, (i)} the desorption of some gas as
CO,, and (ii) the final s.p. of -0.6v on re-adsorption
of CO be;ng'different from that‘resulting from the original
adsorption of CO (0.02v), are consistent with the breakdown
of surface compleies when the film is raised to room tempera-
ture leaving a species different from = O or >0 {the
original species before any CO adsorption) whiéh is stable
at room temperature. Finally, since CO can ndw be adsorbed
at -183°C and desorbed reversibly at room temperature, one
chemisorbed oxygen épecies can loosely bind CO {without
other reaction) whereas the other species gives a complex
which breaks down chemically at room temperature. We
diagramatically illustrate a poséible sequence of events,
noting that as a rough rule; the bond dipole contributions
are assumed to be additive. For numerical simplicity, the
number of sites on the upper surface are taken to be 120,
so that there are roughly 90 atoms of oxygen on the

tsaturated! surface:
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1
(By) (5',) (o)
0 0 0] 0
i i U - / \ 0.6v
Cu Cu Cu Cu Cu
30 30 60

Bp and B'O are only distinguished in that B'O are single
Cu = 0 groups and B, are paired {adjacent) sites. For
CO adsorption (equal in amount to O atom adsorption),

the following model is suggested:

0 0 0 0
i n- i M
c c c c :
1l I 1 : *0.03v
0 0 o} o}
\ | \ / \
Cua Cu Cu Cu Cu
30{B) 30{B') 60 (L)
co co co

It is assumed that reversible CO adsorption occurs on

(L}, i.e. a weak chemisorbed bond such that CO is desorbed
Cco
at room temperature. The complex labelled (B) has stronger
Co -
bonds to the surface and breaks down to give CO; whereas

« The desorption thus gives:

(8") gives 002
0{0]
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0 0 0
] X 7
c c
/\ \

0O 0 OR 0 0

\ \ \ / N\

Cu Cu Cu Cu Cu Cu Cu ~0+ 4OV
co (15) C05(30) 30 (co)

so that roughly 45% CO and 30% CO, in terms of the original

amount of CO adsorbed is desorbed. Further adsorption of

CO gives
0 0
i ]
c c
7\
0 0] {co) 0]
Cu Cu Cu Cu Cu
30 30 30

i.es about 60 CO afe adsorbed representing about 70% of
the original amount of CO adsorbed.

Superficially, there are quite few permutations of
'structures' which would accord with the results but for
éonsistent étoicheiometry together with the correct sign
and approximate magnitude of the dipole, only one sequence

which retains simplicity and feasibility has been found
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possible. Using the values from the oxygen surface
potential curve Fig. 9.

30 Ly, + 30 By + 30 B’o = - 0.6v.

The initial part of the curve {where there is rapid
rise in potential) is assumed to be due to (Ly) type of
structures; so thaﬁ 30 (L) = ~0.4v., and therefore
BO'*BO = -0.2v. When CO is introduced adsorption to
(Lo} sites gives rise to (gé complexes which corresponds
to a drop in potential to -0.12v {the value from the CO

part of the curve) so that

30L * 30 B, + 30 570 = {?) + {-0.2v) = -0.12v

co 0

S0 30 (L) = + 0.08v.
' co

Simultaneously 30{By) structures are covered with CO
molecules and transform to 30(B) complexes and the
| co
potential drops to -0.04v., hences
30 (L) + 30{B) + 30(5'0) = (+0.08v) + (?) + (-0.1v)

Co Co : ’
or 30(B) = =0.02v.

co
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Finally 30 (B'O) structures on adsorbing CO are

converted to 30 {B') and a potential equal to +0.03v is

CcO
found.
Hence 30 (L)} +30{B) + BO(B') = {+0.08v) +{-0.02v) +{?)
CcO Co CcOo

- +0003v

so that 30 {B'}) = -0.03v.
| co

The sum of the three wvalues

30 (L), 30 (B) and 30 (B'} is +0.03, the experimental
CcO CO coO

value found on covering the surface with CO.

On desorption two types of structures are left dn
the surface; namely the 30 (Lg) and undefined (003)
structures. Since the experimental surface potential
value of the desorbed surface is -0.4v and the potential
due to 30 (LO) complexes is also near this value the
remaining complex (CO&—- makes either no contribution to
the potential or at the most one of -0O.Lv. The first
possibility is probable, and a check by the following
sequence is possible. When CO is adsorbed again the
potential drops from -0.4 to -0.24v., whereas the 30 (LO)

are again converted to 30 (L), and 30 {CO) molecules are
Cco

adsorbed on the copper atoms {which are freed during the
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process of deSOrption of 002) while the 003 complex
remains essentially the same. Hence -

30 (L) + 30{cC0) + CO3 = 0.08 + 0.12 * (?) = -0.24v
co

so that CO3 is =0O.44ve This check on the value shows the
validity of this arbitrary division of sites (L.B.B) which
merely denote the two possible modes of breakdown (i} to
give CO, from a single entity or (ii) to give CO and form
a Mcarbonate ion' from two adjacent entities, each being

roﬁghly equally érobable processes.
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3¢2¢2s CO = Cu - 02 system.

With CO, there is a positive potential, the maximum
being éomewhat less than +0.29v probably due to contamina-
tion during presintering. Again there is a small negative
effect as the final large dose is introduced, as found in
the corresponding Cu system. When oxygen is added with the
W filament switched off, the adsorption is somewhat slow
and there is always a residual pressure suggesting réplace—
ment of some CO by chemisorbed oxygen. The surface
potential decreases to an apparent stationary value at
-0.12v but if the témperature of the filament is raised to
2000°K in presence of the small residual pressure of
oxygen, gas is taken up and the potential falls to -0.91v,
In this connection, we note that the value of the surface
potential depends on the space-charge limiting the current
and even if the W becomes slightly contaminated with oxygen ,
provided the space-charge is maintained, no error in
potential measurements is introduced. If the space-charge
ceases to 1imit the current, then this is easily recognisable
'by electrical instability and further measurements are
valueless. The effect of the hot filament can be either

to produce a low concentration of oxygen atoms, which is
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possible at this low pressure, or merely to produce 'hot!
molecules since their mean free path normally exceedé thé
distance from the filament to the film and a molecule
after collision with the hot filament will give up its
excess energy to the film without undergoing molecular
encounters in the gas phase. In this second case, the
filament therefore provides energy for a process requiring
a low activation energy.

The effect of oxygen is thought to be replacement of
some weakly adsorbed CO molecules from the surface, which
reacts with gaseous-oxygenvto fom 002 and is condensed in
traps. Simultaneously oxygen is dissociatively chemisorbed
on copper atoms, which become exposed in the process.

The presence of the Cu - 0 - CO type of complex on
the surface is,highly'improbable because of the large
negative potential foﬁhd in experiment while the above
complex if presenﬁ alone on the surface must give a

slightly positive s.p.d. {see sec. 3.3.1.)

An alternative structure such as
o™~ o™~ o™~
| c N e

i W
Cu O Cu O Cu
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is quite consistent with the results and since it can
be expected to give a higher negative potential, even
higher than oxygen surface potential value on a clean
copper film, because of the increased negative dipole
of Cu = O bond due to the larger distance of oXygen atom
from the surface copper atom. This increased length
arises because of the difficulty of fittihg an oxygen atom
to a copper atom, surrounded by two CO molecules.

This complex, on desorption, breaks down into CO
molecules, and some CO, is also formed. The "cupric
oxide' structures, meanwhile is converted into the
"cuprdus oxide" structures, due mainly to the unsatura-
tion arising from the removal of oxygen. One can see
that the number of oxygen atoms left are considerably
smaller than the number of surface Cu atoms, so the
desorbed surface will mainly comprise the following
structures:

0 0
VAR / N\
Cu Cu Cu Cu

which as we know gives a high negative potential (cp. the
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first part of oxygen s.p. — © curve). The subsequent

CO adsorption gives

c C

W co W co
0 O 0O O
i/ N\ VAR
Cu Cu Cu Cu

with a potential around zero. This CO can be desorbed at
room temperature and then re-adsorbed at -183°C to attain

the same surface potential values.
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34234 0, = Ni - CO systeme

The‘addition of small doses of oxygen decreased the
potential to about -l.3v; the amount adsorbed probably
corresponds to slightly less than full coverage {~~85%).
It is suggested that chemisorbed oxygén atoms are preéent
as one point and two point attachment but the presence of

/CL\ structures is only about 20% of the total. The
Ni = Ni :

effect of CO is to increase the potential to -O.4v.

The process may be conceived as:

0 0
\ T
¢ ¢
| B
0 0
! 7/ N\

Ni Ni Ni
since the amount of CO taken up is about equal to that of
oxygen on the surface. On desorption at room temperature,
about 25-30% CO, and about 15-20% CO in terms of the
amount of Cé originally present 6n the film is desorbed
giving the potential of -0.6v. On re-introducing CO at
-183°C., the potential increased to -0.04v. Desorption

of CO alone at room temperature and re-adsorption can now
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be repeated, the s.p. changing back to -0.6v after
desorption and to -0.04v after re-adsorption (20-25% of
original CO). These facts suggest a possible sequence
of events which is diagrammatically represented below
where once again the number of sites on the upper nickel
surface are taken o be 120, so that there are roughly

100 atoms of oxygen on the surface:

1
(8',) (B,) (Lo)
0 0 0 0
I i I /N -lasv
Ni Ni Ni Ni Ni
LO LO 20

(Bg) and (Bto) are only distinguished as before, in that
(Bfo) are paired {adjacent) while (Bp) are single groups.
For CO adsorption (equal in amount to O atom adsorption),

the following model is suggested:

0 0 0 0
" " | M
cC C C c
(T 0 =.
0 0 0 O -0.4L0v
f \ \ /\
Ni Ni Ni Ni Ni
40 (B') LO{B)Y 20 (L)
Co CcO e

Tt is assumed that reversible CO adsorption occurs on (L)
Co
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i.e. a weak chemisorption bond such that CO is desorbed

at room temperature while the complex labelled (B') breaks

co
down to give 002, whereas complex {B) remains essentially
CO
unchangede The desorption gives:
co - {B) (L
2 co }
0
[
Cx... c
N o 1\
0 . 0 0 ~0.60v
P \ / N\
Ni Ni Ni Ni Ni
20(002) LO(B ) 20(co)
Co

i.e. about 10 CO are adsorbed representing about 20% of
the original amount of CO adsorbed.

Other permutations of structures which would accord
with the results are no doubt possible but for consistent
stoicheiometry together with the correct sign and approxi-
mate magnitude of the dipole, the above sequence retains
simplicity and consistency with the results on Cu films.
Using the values from the oxygen surface potential curve
{Fig. 15}.

Lo(g) + Lo(By) + 20{Ly) = -1.30v.
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Hence 20(LO) = 0.30v and 4LO(Bg)+ hOEB'O) = =1.0v.
When CO is introduced it sticks to (Ly) sites which are
converted to {L } and the potentialvis increased to =0.45V

co

(value from CO part of the curve) hence
20{L )+ O(B.} + LO(B'4) = (?) +(-1.0v]) = -0.45v.
_ co 0 0
whereas 20{L ) = +0.55v. Secondly
CO
hO{BO) structures are also covered with CO to
LO(B) structures and the potential is increased to -0.43v.
Cco

Consequently

20(L )+ LO(B )'*AO(B'O) = {+0.55) +(?) + {-0.50) = -0.43v,
coO Cco .
Hence LO{B ) = ~0.48v.
CoO
Finally the remaining structures bO(Bé) are converted

to LO(B' ) and the potential is increased to -0.L2v.
Cco

20(L )} + 40(B )} +40(B' ) = (+0.55) +(-0.48) + {?) = -0.42v.
co €O CO

and so the LO{B') = -0.4L9v.
| co

It should be noted that the sum potential of all
three (L ), (B ) and {B') structures is -0.42v which is
Cco .CO co
equal to the experimental value of s.p.d. when CO is

adsorbed on pre-adsorbed oxygen surface.
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On desorption, three possible structures are
identified namely 20(Lg), hO(go) and [COz]complex on
the surface. The presence of some [COé]complex is
essential because if Ni-O0-C and Ni-0 structures are
assumed, additional CO will not be reversibly adsorbed
(as it will form Ni-0-C-O structures with Ni-O) and the
potential changes on adsorption and subsequent desorption
will not be reversible. At the same time the amount of
CO uptake will be different in the two adsorptions on
desorbed film, because of a reversible attachment of the
CO molecules to the metal with a weaker bon near the O
atom. The desorbed surface contains about LO oxygen
atoms, 20 as (LO) and 20 in association with CO molecule
attached through an oxygen atom. Now the corresponding
S.ped. (for O atoms) is about -0.,8v but the potential of
the desorbed surface is only -O.6vf This suggests that
the Ni-0-C structures must be positive { 0.2v). This can
readily be checked by introducing CO on the desorbed
surface and equating the poﬁential changes. It should be
noted that the potential value for 20 oxygen atoms (weakly
bound to CO) is taken to be the half of that of hO(B’O);
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whereas other values are the same as derived before:
20(L ) +40{B )+ 20{C) +20(0) = (0.55) * {-0.48) *+(-0.25) *+ (?)
Cco Cco
= —OQO}.}V
therefore 20{CO)} =+ 0.14v.
This is in good agreement with the predicted magnitude

and sign. This check on the dipoles magnitude shows that

the arbitrary division of sites is quite probable.



- 148

3e2eL4s CO - Ni - O2 system.

Doses of CO give a negative surface potential of
about -l.4v. " There is no decrease of this value by a |
large dose of CO although adsorption, probably physical,
proceeds. Small doses of oxygen cause a small decrease
in the negative magnitude but there is little apparent
adsorption. It is likely that the oxygen merely feplaces
some of the physically adsorbed CO. Again, as with the
corresponding Cu systems, there is a marked effect of
the hot filament causing uptake of oxygen and the potential
decreases to ~2.0v; this does not appear to be a saturation
value but the residual pressure of oxygen is rising and to
avoid possible oxidation of the filamént, no further doses
are added. Desorption at room temperature broﬁght the
potential back to approximately the original value (-1.35v).
It will be noted that the number of O atoms taken up is
about half that of the CO to give the maximum value of -l.h4v.
Consequently one may suppose that the surface complex is

0O 0 0 O©
] i W W
c ¢ ¢ _¢

i \ 041 0
Ni Ni Ni Ni
50% 50%

ie
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On desorption, 002 in amounts roughly equal to
half the original 02 is obtained with only small traces
of CO (presumebly physically adsorbed)}. Loss of CO,

therefore involves the breakdown of structures leading to

o o
[ 0
c C..

"0
v
Ni0 Ni N

$3.
75% 25%

It is also possible that the oxygen reacts with the
desbrbed CO {which is physically adsorbed] to form 002
which is condensed in traps, where as oxygen is chemisorbed
on the'surface (thus cleansed) and gives rise to complexes,
shown in (i) and (ii}, simultaﬁeously. On desorption, only
(i1} is remained.

At this stage, CO is adsorbed on top of the oxygen
where it is loosely held - this brings the potential down
to -0.7 which on desorption returns to around -l.3v. It
should be noted that Ni = C = O has a somewhat higher
negative potential than Ni = O and indeed in some runs the
potential aﬁ the end of the first desorption is lower than
~l.4v, the value for a completely oxygen-covered surface.
The amount of CO re-adsorbed is a guarter of the original

amount in accord with the above picture.
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3+3. Oxygen = Hydrogen series.
3e3.1e O2 - Cu - H2 system.

The curves obtained for oxygen surface potential
are similar to those reported in section 3.3.1l. Oxygen
again does not completely saturate the surface so that
the first stage is the formation of both structures:

0 0

0
/7 N\ i it
Cu Cu Cu Cu Cu

0

]
1

L B B

Hydrogen is then adsorbed in excess of the stoichiometric
amount and a ratio of 1.33:1, is found, which suggest
that not only each oxygen atom is covered but some excess
hydrogen is also taken up as Ht (which give a positive

value as usual) to give a complete layer:

H H H H
: | \ \
0 0 0 0
/7 N\ | \ B
Cu Cu Cu Cu . Cu
L B B'

On raising to room temperature there is a loss of 30-40%

hydrogen which, as we have assumed in the case of the
‘ H
(0O - Cu -CO) system, desorbs mostly from 70~ sites
Cu Cu
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and the remainder is the excess hydrogen distributed
as H+. Some of the {B') complexes breaks down by de-
sorption of water moiecules and transform to (L) types;
the desorbed characteristics will therefore be negative,
due to the presence of the cuprous type of étructure, but
the presence of ? groups will compensate some of the

| |
Cu

negative effect and the resultant s.p.d. will only be slightly
negative, On further introduction of hydrogen, an amount
equal to 75% of the origimal uptake is adsorbed on the (L)
types of ceﬁtres, together with some of the H* form, but
as the complexes favouring adsorpﬁion in the H* form are

reduced by the first desorption, a less positive effect

can be anticipated as it is actually found. On further

. H H 0
desorption, more O O structures are converted to / \
Cu Cu Cu Cu

by the desorpﬁiqnvof water molecules. The desorbed
potential, however, is slightly less negative as the
surface is deptived of oxygen in the process of desorption.
When hydrogen is adsorbed again a (negative) 'shoulder!?

is noticed in the curve which supports the abdve conteﬁtion

that some clean copper surface is regenerated and this is
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responsible for a slightly more negative effect. Subse-
quent amounts cause a positive shift due to H* adsorption
but of less magnitude than in the preceding adsorption.

It is evident that the surface is gradually cleaned

by repeated adsorption and subsequent desorption but the

g H
loss of water from ,O0( sbructures and isolated Q
Cu Cu Cu

groups is more difficult, as has been pointed out by _
Dowden and Garﬁer(lso); water is formed only if there is
some mobility of the hydroxyl groups or hydrogen atoms
over the surface to bring these together in pairs. Thé
comparatively high heat of adsorption probably means

a comparatively high activation energy for movement over
the surface, so that the removal of last traces of water
requires a higher temperature; in case of copper, loss of

water may probably proceed via

o
/N .
Cu Cu — 2 Cu*’H20
since it has previously been proved that chemisorbed oxygen
may be completely removed from copper by hydrogen atoms at

room temperature.
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3.3.2. H2 - Cu - O, system.
The curves obtained for hydrogen on sintered copper
films are similar to those for unsintered films and the
SeDsde Values are also in close agreement. If, as it has
been discussed before (sec. 3.2.), hydrogen is sited
interstitially in the surface, the copper atoms will
be free to chemisorb oxygen atoms and an increase in
negative potential will be anticipated, as is found experi-
mentally; but some desorption of hydrogen during the process
{followed by adsorption on the adsorbed oxygen atoms) can
not be ruled out since there is some negative shift and a
parabolic s.p. - O curve results. The picture of the
complex at this stage can diagrammatically be represented

as

0 o 0

) il I

Cu H- Cu H~ Cu
On raising to room temperature, hydrogen "dissolved!" in
the lattice will desorb and react with oxjgen to gi&e - OH
groups; adjacent pairs then decompose to give water

_ 0

molecules. Hence / \ structures together with isolated

, Cu Cu
Cu - OH groups resulte The surface potential after
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desorption as given by the following model will eventually

be negative but less in magnitude:

H
\
0 0 0
7/ N\ \ / \
Cu Cu Cu - Cu Cu

When hydrogen is readsorbed, structures favouring H* are
now very few so that hydrogen is preferentially #dissolved"
in interstices giving first a negative potential; but

with increasing amountcd,qiis formed. This decreases

the magnitude of the negative effect. On desorption, more
chemisorbed oxygen is removed as water and when again

hydrogen is -adsorbed on the surface it gives its normal

negative surface potential of about -0.33v.
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3+3.3. O2 - Ni - H2 systeme

Addition of small doses of oxygen gives a negative
potential of around -1.20v and from the corresponding
hydrogen adsorption it would appear that the film may not
be completely covered with single Ni = O structures. The
addition of hydfogen gives a marked decrease in the
negative value and appears to proceed in two stages. The
amoﬁnt of hydrogen taken up is about twice that of oxygen
adsorption and it is suggested that the first effect (-0.6v)
is

o &

i 1
Ni Ni

where the OH has a negative moment, but less in magnitude
than that of Ni = O, followed by the take-up of another
atom of hydrogen. This may be to form

H H
N\ 7
0
¥
Ni
Because of the large natural dipole of water, which also

acts as a donor molecule to provide a co-ordinated link,

one would expect a large positive moment (+1.6v). We note
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the total change is around 2.8v., the second hydrogen
atom causing the greater chénge of 2ve This i1s about
the same magnitude as when the H atom is adsorbed on
top of CO. In this latter case this was attributed to
the presence of a pseudo-proton species carrying a
positive charge.

There is indeed an analogy with complexes of a
metal such as zinc which is a near-neighbour of Ni in
the periodic classification. By analogy with sodium
zincate NazanOH)h, one may write the corresponding acid
as szn(OH)h which bears a formal resemblance to the iron
hydrocarbonyl H2Fe(CO)h where there is evidence of the
'protonic! naturé of the H atom. Thus an alternative

structural formulation is

H H
[ \

0 0

' H+ ' H+
M Ni

One might expect therefore some desorption of water molecules
at room temperature and indeed a small amount (0.5 x 1017atoms)
is desorbed, together with the loss of about twice this

number of hydrogen atoms from the surface. Such desorption

is sufficient to account for the rise of 0.6v in the plot.
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There'is thus some slight reduction of Ni O at room
temperature. About 2 x 1017 hydrogen atoms can be re-
adsorbed at -183°C, thereby largely bringing the potential
back to +l.5v. Since further desorption gives a somewhat
negative values there might also be some hydrogen adsorbed
in the H- form at room temperature.

In some exploratory experiments water was adsorbed
on the clean film at -1839C and a negative potential of
around -0.4v was found; this is about the same value as
expected if the main process is the dissociative adsorption of

water molecules to give

H H
| {
o 0
! !
Ni H~™ Ni H~™

Hydrogen atoms can be-adsorbed 6n top of this and the

potential becomes markedly positive { 1.0v) consistent with

the structure

H H H
1 [ |
0 . 0 . 0
| H \ H '

Ni H- Ni H- Ni

It would thereforé appear that the formation of the complex

$ is improbable.
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3¢3ehe H, - Ni - Oy system.

. Again there is a different stoicheiometry; hydrogen
gives the usﬁal negative potential of around -0.3v followed
by a decrease due to molecular hydrogen adsorption in the
second layer. Oxygen then causes a large drop in the
potential to around * O.L4v where the amount is somewhat
greater than half that of the H-atoms in the chemisorbed
first layer. Hydrogen addition at this stage then causes
a further 1argé change to +0.8v, when there is about 3H
atoms to each O atom on the surface. By analogy with the

Op-Ni - H, system (and the corresponding H,-Cu-0, system)

2
the oxygen is undoubtedly adsorbed directly on the nickel
but the latter course of the reaction suggests that the 02
merely replaces physically adsorbed Hzlin the second layer
which then is re-adsorbed on top of the oxygen while the

ftextra" hydrogen provides the necessary H structures.

The sequence thus seems to be

q q H H
|
; | S B o
Ho 05 0 0O Hp
Ni H Ni Ni H™ Ni Ni H™ Ni

The value of 0.8v is about the right magnitude from

the results of the previous system. On raising to room
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temperature, liﬁtle gas is desorbed either as permanent
‘gas or as water which is expected because there are very
few Ni - OH structures on the surface, but pumping for
one hour at room temperature causes a fall of 1l.2v.
Hydrogen, in an amount equal to that of the original
chemisorbed hydrogen, can now be adsorbed at -183°C.

It is believed here that loss of hydrogen of this amount

occurs during pumping leaving a surface comprising

H H
: \
o 0]
/N \

Ni H™ Ni H- Ni H-
which should have a pbtential equal, or slightly more
.negative, than that caused by the ofiginal H atoms (OH -0.6v).
‘The latter value has in fact been found in some runs.'
Purther small changes occur on repeated desorption giving
losses of small amounts of water. This means that.there
are fewer structures favouring H* formation and less
hydrogen is re-adsorbed. This is shown by a gradual rise
of the minimum but the maximum values remain essentially

the samee.
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3.4+ Carbon dioxide - Nickel at -78°C. Sintered films.
Carbon dioxide is adsorbed on the transition metals
with very high heats although the surface coverages are

low. The mechanism of CO, chemisorption on transition

2
metal powders has been studied by Webb and Eischen,(lh3)
and by Eischen and Pliskin(95) on supported nickel.

The infra-red spectrum indicates that carboxylate ions

are formed at room temperature:

yﬁ’ 0
Ni-C . -
N o
Now the heat of adsorption of CO, is almost as high
as that for oxygen adsorption. Hayward(lh“) has calculated
that the heats for dissociative édsorption as CO+0 for
Ni and some other metals are considerably lower than the
experimental values, so that the Yecarboxylate" type of
adsorption is more probable.
Surface potential values of 002 on nickel films
are consistent with a strong covalent bonding via the C

atom, and at the same time there is no indication of

dissociation on adsorption. It should be noted that if
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CO, is dissociatively adsorbed, subsequent CO adsorption
should give a decrease in negative potential due to

the formation of the Ni-0-CO structures {(see section 3.3.3)
whereas only a small amount of CO is weakly adsorbed and
this gives a slight rise in negative potential. This
cléarly suggests that CO adsorption takes place on nickel
atoms rather than on adsorbed O atoms derived from
dissociative adsorptions of the CO, molecules.

On desorbing the CO2 chemisorbed film, no per@anent
gas (CO) or condensible gas (COZ) is found; but after CO
adsorption a little CO is obtained by desorption at room
temperature. At these higher coverages, CO is presumably
weakly adsorbed and some may be desorbed at room temperature.

In general there is no evidencé for the dissociative
adsorption of 002 and there seems no reason to depart from

the model suggested by Eischen(gs).
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