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SUITIARY  

The mixed adsorption and surface potential measurements 
of the following pairs of gases, FL)  -V- CO, CO 02, H2 	0, 
on two metals, copper (an sp metal, and the transition spa 
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 nroduced at -1830C„ if some (small) activation energy is 
provided. In certain systems desarption of one or both 
gases may in fact, take place before transformation can be.  
effected.. 

, The general method was to saturate the surface at 
-183'C, quickly evacuate the remaining gas,, and introduce 
another gas at the same temperature, while the surface 
potential measurements are followed during the process. 
Usually there was a simple stoichiametric ratio between the 
amount of gas adsorbed; which made the interpretation of 
result's 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-codensible. 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 re-adsorbing• one or the other of the 
reacting' gases and measuring again the surface potential. 
Further desorption at, room temperature: and adsorption at -183oC 
were then accomplished 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,_ an Ni (but not. on Cu) and this 
may have some bearing on the: mechanism of the Fischer-tropsch 
synthesis.. The reversed order of adsorption i.e. CO on 
preadsorbed IT film on Ni giyes a different structure, which 
is discussed. 	A similar.  HT' (protonic hydrogen) formation 
is found, when IT atoms 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 chemisarbed molecules where these_ are available for 
comparison. 
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1. INTRODUCTIOT 

1.1. General Consideration: 

In physical adsorption no chemical bonds are broken or 

made, and the chemical nature of the adsorbate is therefore 

unchanged. 	In chemisorption, the adsorbate undergoes chemical 

change, and is often dissociated into independent fragments. 

Radicals, atoms and molecules are thus the units of which 

chemisorbed layers are composed.. 

Two separate. -problems are involved in the consideration 

of the mechanisms of chemisorption - the. nature of the surface 

bond and the nature •of surface,  radicals. 	The three main 

types of chemical bonds are formed in chemisorption - 

covalent and co-ionic. 	The magnitude of the work function 

of. the adSorbent affects both ease of formation and the 

strength of these. bonds. 	Covalent bonds can only be formed 

if the: adsorbent possesses orbitals with unaired electrons 

capable of entering into covalence. 	Co-ordination requires 

the latter to have vacant orbitals capable of receiving the 

pair. 

These considerations suggest. that the change in work 

function which occurs when a gas is adsorbed on a metal surface 

is of considerable importance in adsorption and catalysis, and 

the nature of the surface bond formed in the adsorption of 

- articular molecmlo depends largelv on the electronic str-Tcture 
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of the adsorbent. 	The magnitude of the work function or 

the dipole moment of.  the adsorption complex is in itself an 

indication of bond tyre: large dipole moment values suggest 

large ionicty, and low values suggest large covalency.. 

Secondly, similarly aligned dipoles repel, and the repulsion 

energy increases 
	

G increases.. 	This effect can account 

for some of the decrease in the heat of adsorption as G 

increases.. 	Calculation of the magnitude of these and other 

interactions is of help in deciding whether the total fall in 

heat can be attributed to interaction, and so to decid unon 

the uniformity of the surface. 

The study of surface potentials is mainly concerned with 

metal—gas systems.. 	For this purpose, various techniques have 

been used but there are many discrepancies in the work reported 

in the literature which points to unsatisfactory experimental 

conditions, 	It is therefore of great importance to have a 

really well—defined and clean surface of large surface area; 

for many metals it is only since these have been used in the 

form of evaporated films that more consistent S.D. values have 

been obtained.. 	The. full knowledge of such data which are 

now accumulating requires much more theoretical developments, 

in addition to the qualitative_.interilretation so far made. 



1.-?.. General asrects of chemisor-)tion: 

On the surfaces of solids there are partially r- 

saturated cohesive forces. 	This residual binding energy 

can be utilised to adsorb molecule on the surface. 

This force between adsorbate and adsorbent is essentially 

the same 	as those within the condensed rliases themseive 

The adsorption bond can therefore b physical - that is, 

co=ising the van der Weals dispersion forces, or chemical, 

where there is electronic transfer depending on the nature 

of solid and gas. 	The magnitude of the heat of adsorption 

is usually a criterion to, distinguish between the two types 

although is not an unambiguous one. 

In 7hysical ads.ortion. eats of a few kilo calories 

are found which are normally in line with the heats of lique-• 

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

energies as high as 100 k cal. per mole are not exceptional. 

In most cases the observed values are found to be lower 

because, chemisorntion, is accompanied by the. dissociation of 

the. gas molecule and some energy is utiliSed for this Process. 

For example, the energy of the-  nickel-hydrogen. bond is 67 k 

1Der mole but the observed(1) 	net' heat is 31 k aal. 

(2 x 67 - 103) k cl. beaaase-,  103 k cal, the heat of diSsoclation 

of hydrogen, is being lost hut in certain other cases like CO 

adsorption where there is no dissociation involved, the low 
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valuemight be due to considerable loss in resonance energy.. 

Differential heats of gases on metals depends on. the 

nature of the metal, and Tr men_(5)has shown that the intial 

heats on different metals are in. the following sequence: 

Ta. \J Cr Fe Xi, Rh Cu Au 

although there is some variation among different workers 

regarding the values., 	This is not Surprising because the 

values at zero coverage are obtained' by extrapolation from 

the points e perimentally determined. 	Beeck(6)has Pointed out 

that the order of decreasing initial heats-of adsorption is 

the same. as the increasing d character of the metal.. 	Increas- 

ing-  d character signifies that more and more d electrons are 

used for the mutual cohesion of the metal atom in the lattice 

of the crystal and. are therefore not available for chemical 

bonding., (7) This suggests that the metal and adatom bond is 

essentially covalent in character(8'9,10) which is really in 

line with experiment where an apparent low electric moment of 

the-surface-adatom complex.  is assigned to non-ionic bonding, 

while only in the case. of some alkali metals film on tungsten 

(11,12,13)the high values are comparable-to ionic bonding.. 

The influence of metallic d character on the catalytic 

properties has been explored by studying the alloy of Pd-Au 

for the ortho-para hydrogen conversion(9)and it is found that 

there is a share rise in activation energy as the d-band of 
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Pd is filled by. S electrons frOm gold.. 	Eleyc14)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(15)has studied the hydrogenation of benzene over Cu-Ni 

alloys and have found that the isothermal activity showed a 

sharp decrease near the critical alloy composition of. 60 atom 

copper where the d band of'nickel is just filled. 	Magnetic 

susceptibility data on nickel by Selwood(16)and Eley(17)are 

soma proof of the importance of the d-band in chemisorption.. 

Any attempt to correlate. by some single. expression the 

heat of adsorption and d character seems to be futile at the 

moment(is)but some semi empirical formula for calculating 

heats of adsorption at low coverage have been proposed by Eley(19) 

and Stevenson(20)  . 	The differential heat for the reaction 

2K 4.. H7 = 2 MT - H 

is given by - 

-o 
	='2E (M-H) --E (H H) 

and the ener 	E(M-H) is calculated by Paulingts(21)equation, 

E (N-H) 7-7 EE(N-N) 4-7(H-H)) 	23.06 (x -XH)2 

where Xm  and XH  are the respective electronegativitias of the 

two atoms and the term 23.06(XM  -XH )
2 allows for a small ionic 

contribution to the bond energy and to a first approximation, 

is given by - 
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""' 	- 

so at G-7-7  0 

2 

	

CIO = 	(N 	N) 	46.12 a-- 

Fair agreement is obtained between calculated and experimental 

values for a number of system such as Cu/H2, Fe/H7  and Iii /H,)  

Ya ir attempts have been made to account fot the fall 

of heat of adsorption with coverage,(2475)  One of the 

possible _explanations is 'as a result of a mutual repulsion 

caused by the interpenetration of electron clouds of the 

adsorbate molecule which would lead to a linear relationship 

between 0 and G; such an effect can only be expected in 

adsorption at high degrees of coverage. 	A necessary condition 

is, Moreover, that the forces which. cause the chemisorption, 

compel the molecules to approach each other nearer than their 

mutual van der Waals attractive forces would allow. 	In the 

field of chemisorption there is no such example..(22)  

Repulsive forces of long range sqch as the m-Itual 

repulsive forces of parallel oriented dipoles of the chemi-

sorbed molecule are too small to account Quantitatively for 

the experimentally found values of the decrease of heat of 

adsorption.(5) 

De Hoer( 27  has considered the decrease in- the heat of 

chemisorntion with coverage in terms of the change of work 

function. 	In the case of negative dipoles, work is done 
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against the work function to shift an electron from the 

metal to the adsorbed atom; for cositive dipoles work is 

done against the electron affinity of the metal; both. these 

decrease with coverage. 	Thus the heat of adsorption falls 

with coverage, irrespective of the sign of the dipole. 	In 

adsorntion, the work function changes by en amount, 

dv = 4 _I G- 6ou, 

where- 6 is the maximum. number of atoms that can be adsorbed 
0 

per square centimetre and e. is the effective part of the 

The contribution of the work function term to the 

heat of adsorption is given by 

o o  - e dv 

The effect predicted by the equation and calculated from the 

results of. Hignolet (24)for  H2 adsorption on nickel was found 

to be of the right magnitude. 

But this equation, which assumes the continuous distri- 

bution of charge, fails 	to explain the caesium-tungsten 

results, so the equation has been modified to take account of 

the influence,  of the: discreteness.
(18) 

E1ey(8)has suggested that metal 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 

ali!Tays 	distribution of electrons among the nossible energy 

levels. 	The first electron used for oonding comes from the 
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top of the band and so, with increasin,g coverage, the higres  

occupied level falls. 	LTignolet7 
 (4,54)taking the same 	line 

of argument, accounts for the decrease and relates the work 

function 	with q by the relation - 

q = -e d/, 

which is a fair approximation. 	Similarly, Boudaru+(85) 

followinn,' up the aoncelDtion. of the work function effect but 

using the somewhat strange nicture of placing the charge half--

way along the dipole layer, concludes that 

q 	e-  d/ 

In these deductions the individual dipoles are treated as e 

smoothed-out double layer - of thicknessequal to the length 

of one_ dipole. 	But certain assumntdons are not valid; 

location of the electron midway in the double layer is not 

possible,(24)and the dibola layer cannot be treater as a 

double layer with a continuous charge distribution.(25)  

The decrease in heat of adsorption with coverage has 

also been ascribed to surface heterogeneity.
(26) Surface. 

heterofreneity in the case of evaporated metal file arises 

from lattic:e.. defects, dislocation, edges, corners, impurity 

centres, and the different crystal fac.e.s present in 7oly--

Crystalline metal surfaces.. 

A great deal of evidence is found in the literature 

about the effect of surface heterogeniety; for example, the 
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work function of various faces of tungsten may differ by I.I. 

corresponding to about 25k cal. mole. 	It is also known that 

the heat of chemisorption of caesium differs on various faces 
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of tungsten;(29)and in a number of reactions, oriented metal 

films show a different catalytic activity per unit area from 

non-oriented- film. 	Thus, in ethylene hydrogenation, oriented 

nickel films which preferentially exose (110) nlanes are five 

times as active at 000 .as randomly oriented film.(30)  Similarly 

some catalytic reactions on the surfaces are inhibited by a poison. 

in amounts which are far smaller than the amount required to. 

cover the surface, thereby showing that the surface activity 

is confined to few surface atoms. 	Pease and Stewart(31) 

found-  that 1% coverage of a copper powder catalyst by carbon 

monoxide reduced the activity in the ethylene hydrogenation 

at 0°C by factor of nine. 

After the fast process, a slow adsorption is often 

found, the activation energy of which increases with the 

amount adsorbed.. 	Porter and TomTkins
(32)obtained. evidence 

during the study of the kinetics of the slow uptake,  of H2  on 

iron films. 	Taylor and Liang(33)and later Taylor and 

Sadek,(34)  have found that. if during slow uptake, the. temperat-

ure is raised there is a fairly rapid desorption followed by 

a slow readsoration.. 	This can be explained if the surface 

is heterogenous; gas is desorbed from the areas where the 
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activation energy and heat of adsorption is relatively low 

and readsorbed on areas where they are high. 	The effect 

has been observed. for a number of adsorptions on oxide and 

on metal -powder surface, and also in hydrogen chemisorrtion 

on tungsten films ,(35)  

The differential heat of chemisorbtion (a) usually 

decreases with coverage (8) but in some cases, where o is 

high and the temperature is low it has been found to remain 

constant .g. the heat of adsorption of H
2 

on- iron remain 

constant at 28 k cal. / mole. until the surface is fully 

covered.(1) Roberts and Viiler(36)showed that considerable 

differences in the c-G- relation would be expected depending on 

the mobility of the adatoms... Two factors would appear to 

decide. whether or not a layer is mobile under defined conditions. 

The-  first is the magnitude- of the activation energy of 

migration; strongly adsorbed layers have.  a greater tendency 

to immobility, and therefore the activation energy of 

migration increases with the heat of adsorption. 	As the 

differential heat decreases with increasing surface covera,e,. 

mobility will be -possible at higher coverages rather than 

at lower coverages. 	The second factor is the thermal 

kinetic.. energy - of the adsorbed .particles, which gives a 

higher mobility at higher temberatures. 	For immobile 

adsorption, with or without dissociation the g-G curve.  is 
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nearly linear and slightly concave to the amount adsorbed 

exis in the first and almost linear in the second.• For • 

mobile adsorrtion the curve is sigmoid, Out varies from 

linearity to a. share step at half coverage depending on the 

interaction potential. 

Beek(1)has developed a good criterion viz., the linear 

o—g- relationship denotes immobile adsorption. 	He suggested 

that the first increment of gas covers a small mart of the 

outer surface which it encounters first; subseauent doses 

are adsorbed on the next accessible .nart of the surface, until 

the film gets uniformly covered throL:.ghout. 	In this way 

the heat of adsorption obtained is an integral heat being the 

average for all coverages between G-=" 0 to ei--= 1. 	If, however 

the layer is mobile and at all coverage,t, the adsorbed molecules 

are uniformally distributed throughout the film; consequently a 

true differential heat is recorded with a decreasing steadily 

with coverage. 	A great deal of evidence of mobility has 

been provided by field emission microscopy studies which are 

successfully employed in the study of refractory metals like 

tungsten, with relatively few gases like oxygen,(57,38) 

hydrogen(39'40)and- carban.monoxide.
(41) Studies of mobility 

have also.  been made involving the measurement of the activ-

ation energy of migration; such exmeriments have been 

(42) 
carried out by L)r.c.ttain and Becker 	who measured the 
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- of migration of Th on tungsten at 1535°  ii and 1655o- 1hP 

temperature coefficient of these rates gave ?.n activation 

energy.  of migration of 110 k cal. / gram atom. 	Thermionic 

(42,415),r(, 1:heto-electric (44)emisSion technioues have also 

been employed for indirect studies. 	The change of emission 

of some low work function metals has been followed as a function 

of time as well as temperature for particular portions of the 

adsorbent. 	The results of these and field emission technicues 

show that the activation energy of mobility is about 0.2 to 

0.3 times the energy of the adsorption .bond.. 	Trapnell(5) 

ha.s used another method of. investigating mobilities in terms 

of the entrobies of the adsorbate, since an immobile lay er 

has no translational degree of freedom. 	For examle, in the 

adsorrtion of water on zinc oxide, Kemball(45)has calculated 

that the sum of rotational, vibrational and•configurational 

entrocies are in a fair agreement with the observed entro-)ies. 

When the adsorbed gaff does not lose all the translational 

degrees of freedom completely then the film is mobile; inter-

mediate degrees of mobility may be realised as in the case of 

CO on tuns ten, where it is difficult to interret the. entrory 

data in relation to mobility.. 	Any conclusion. drawn on the 

bases of entroy. data must be: accepted with reserve,. ^s the 

changes of entropy of the adsorbent surf?.ce atoms are not 

considered in the calculation; this is an important consider-

ation rarticqlarly in chemisortion processes. 



1.3. Olean Metals .Surfaces:  

.In the chemisorrtion studies of gases on metals the 

rreparation of atomically clean surfaces is of utmost 

importance because slight contamination from some foreign 

substance can so radically change the adsorptive as well as 

other physical arorerties of the surfaces, that the adsorption 

may be.  greatly decreased or even prevented. (46)  A great amount .  

of work reaorted in the older literature hasTbeen proved to 

have. been done: on contaminated surfaces com-)ared with those 

carried out by the modern reliable techniques of producing clean 

surfaces. 	Different techniques are employed for different metal 

- 	- (1) High.  ;melting point metals like Pt, Y(47)  , 1,1o, are used as 

filaments and can be cleaned' by heating in vatAlum to high 

temeratures until all oxide layers and adsorbed gases are 

evaporated. 	The wires can be prevented from being contaminated 

rapidly by keeping the pressure of the gas very low- Roberts 

(2,48)used the. flash filament technique in the determination of 

heats of adsorption. 	This technique is also employed in in—

direct studies of chemisoription problems, such as the change of 

the contact potential(49' 505)acoomodation co—efficient(48' 2' 

53, 54-) It is 5:vlicable only to the metals which possess oxide 

layers volatile at low temperatures because- the metals' like i014) 

cannot be cleaned easily by flashing (and redaction). 	Secondly, 
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small areas are obtained which make the control and the 

measurement of amounts of gases adsorbed difficult. 

(2) A great deal of adsorption work has been carried out on 

metal nowders,(55)cleaned by chemical reduction. 	A powder, 

if it could be obtained in clean form, would provide a large 

area, but the problem of reducing and out-gassing it is 

considerable.. 	If the out-gassing temperature has - to be 

increased in order to effect complete desorption of the 

adsorbed gases, considerable loss in surface area is amused 

by sintering.. 	Even the.  process 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 of the 

same metal produced under ideal conditions. 

(3) Much larger surfaces of clean metals are 	by the 

evaporation. of the metal from reduced and outgassed filaments, 

(4,56 57,32)from h tal beads supported on refractory metal 

filaments(5658)ar in a basket (59'56)or from a bead contained 

in a refractory .crucible
(6°)or by electron. bombardment

(61)
OT 

cathodic sTuttering.
(62) The surfaces are much larger in 

area and are suitable for use in volumetric and calorimetric 

measurements. 	In order to maintain a large area it is 

important to avoid sintering of the film by keening the 

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

Rideal and TraPnell(63)have found the adsorption of 

H?  on tungsten films to be instantaneous at,libuid-air 

temperature. 	This result is q-uite different from the one 

re7Dorted by Frankenbur7e(64)who found activated adsorption 

(65) on tunp7sten 	wder, 	TraImell - has also shown that 

hydrogen, carbon monoxide, oxygen,and ethylene are chemi-

sorbed on,  a number of metal films without recuiring activation 

energy. 	Results on metal films by different workers under 

different conditions -proved-to be reproducible, only if the 

work is carried out with the best vacuum and out-gassing 

conditions, 

• (66 67)• (4) Farnsworth 	' • has developed a technique to produce 

clean surfaces on single crystals (areas 1 sq. cm., volume 

1 ml„)., 	The surface properties have been examined by the 

change of the low-energy differaction patterns,(67)the Work 

function (66)field effect mobility, (68)  nd surface condutance. 

(69) The great advantage of the technique is the possibility 

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 opinions are based 

0,) have been summarised by Autler and McWhorter. (6 ' 

It is stated that if the sarface could not be cleaned 

by heating at temperatures .last below the melting boint for 
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several hours in high vacuum, the surface contamination 

could be removed by re7)eated high—tem7eTatqre nositive out — 

gassing and argon bombardment and thermal annealing. 	71,0 

surface of the crystal thus cleaned when allowed to stand 

in high vacuum for some hours is found not to have any 

noticeable change in surface conductivity and work function. 

This was inter77,reted as meaning that the surface was clean. 



- 17. 

1.4. Ietel Films - Properties and Structure: 

Metal films produced by thermal evaporation or cathodic 

sputtering, behave differently from metal filaments or foils.. 

These are very unstable and consist of aggregates of micro-

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

srontaneo- Isly to more stable forms. 	Their surface areas 

(by the formation of larger crystallite siEe)(7°)aro 

irreversibally changed thermally at temperatres far below the 

meltinp- oint. 	Their loroberties are also greatly derendent 

upon the nature end tem-be ,ture of the s-lbstrate, the :)resence 

of the adsorbed gas and rurity of the metal. (70)  

X-Ray and electron diffractiOn studies of metallic films 

have done 'much to elucidate the.. structure of films, and it is 

now emphasised that there are great similarities between the 

structure- of films and that of the bulk metals. 	Germanium 

films produced by the decomposition of germane,(71)of 0..1 and 

1.3 a thickness, were found to have the diamond structure like 

that of the bulk material. 	E-Tapprated films of germanium 

of. thickness 0.5-7 u were likewise of the normal diamond 

lattice without - any broferential orientatdon. 
(72)  Under 

certain conditions it has been shown that germanium films 

have an amorrhous structure when condensed on substrates at 

temberatures below 380°ry but crystalline at higher temperatures. 

(73,74,75,76) Electron diffraction studies of nickel films 
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and those of aluminium films deposited in -:ure hydrogen have 

elso been fo-und to have the struct/re and lattice distances 

identical with those of the b1-1_1. material.(77)  

Files deposited at liquid air-temiperatres ere 

composed ofsmaller crystallites; the size- may be as small 

a,s 30 ?_ (linear dimensions). 	'Then these files are heated at 

room u werature, the nueber of spherulities increases, end ;roar 

Quickly in size with the rise in temperature. 	These 

spherulities finally adopt a more normal crystal form.. 	Higher 

temnerature sintering produces a  crystalline s'tr uc pure almost 

the same,  as that in the bulk phase and the areas are also 

considerably reduced. (78)  Normally it is found by chemisor3Dtion 

studies that the surfa&e area: of the refractory metal films is 

a-  linear function of film weight; this is conclusively proved 

in the case of nickel and tungsten 	Copper films thrown at 

--183°C are bronze in colour and the large areas are also 

proportional to film eight;(58)  on warming to room tennerature, 

films, red in colour, having an area, close- to the geometric: 

area, are formed.. 	Silver and gold films on 

temperature behave similarly.(4' 65,52) 

Mignolet(79)has shown that. the: wor 

sintering at room 

function of the 

film increases with sintering and approaches that of the 

normal -etal, but although the sintering reduces the surface 

area it does not effect the- adsorptive or catalytic activity 
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(48) Beec17's 	reborts regarding the enhanced 

catalytic: activity of oriented nickel films also seem to be 

exceptional, and this effect has been disproved by Sachtler 

(81)who used similarly oriented films 2roduced by a different 

te&micue.. 	There is some indication of slow ageing or 

sintering even at as low a temperature as -1000,(82)as shown 

by electrical resistivity measurements at the low temperatre 

of de-)osition and indicate that the atoms of the metals 

have high surface mobility; work on the mobility of cadmium 

atom,' 'and Hobb's studies(82)on platinum and palladium 

give substantial support to this contention. 
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1.5. Nature of the Surface bond in Chemisorution: 

A. Some evidence for covalency is found in the 

literature based on the fact that the surface dipole of the 

adsorbate is very small. 	The experimental values of surface-

Potentials reported by Nignolet(57,88)and Bosworth and 

Rideal(15,51)correspond to a fraction of the electronic 

charge on a hydrogen atom adsorbed on tungsten or platinum. 

Couper and Eley(9)hava shown that all likely ionization 

processes are prohibitively endothermic., so that the formation 

of an ionic bond is 'unlikely,, at least, on the transition 

metals. 	Dowden(84)and Dilke, Maxted and Eley(17)have 

emphasised that there is normally a covalence•with the empty 

metal d. orbitals. 	The non-transition metals are inactive 

in catalytic and chemisorption process because they possess 

no vacancy in the dbands. 	The: first experimental evidence 

is provided by the magnetic susceptibility measurement of 

Pd. (17) on adsorption- of dimethyl sulphide and that of reduced 

nickel on chemisorption of the H2  by Selwood, • (85)  This idea 

was further supported by Trapnell
(65)who examined the activity 

of some 20 metals towards different gases like N2, H2  .00; 

C2H6, and 2 2'. and found that the chemisorption is largely 

confined to transition. and near-transition metals and rapid 

chemisorption is a. covalent bonding with the d-bands..
(84) 

But there are some exceptions; for example, CO, C2H4  and C2H2 
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are chemisorbed by Cu, Ail 2 d al, and CoH7  is also chemi- ,_ 

sorbed by potassium. 	Oxygen is universally chemisorbed by 

P.1 1  rletals except 	Apr, does not chem;_iserb 	7/
. 

?re:nell(5)has suggested that in the case of non-transition 

metals the bond is probebly ieRiC with electron donation 

from s and bands and in the case of near-transition metals 

chemisorption is possible where the d - s promotion energies 

are small and that this failure of Au to adsorb oxygen may 

be due to its -tightly bound outer s n electrons. 

Due to sharing of electrons in covalent bonding the 

dipoles formed on the surface and the direction of the dipoles 

depend upon the respective electron affinities of the gas end. 

(28) the work function of the metal; - 	this electronic interaction 

is reflected in conductivity measurements. 	Surhmenn and Schultz 

'(86)have studied the resistance changes due to adsorption of 

gases on nickel film 
	

the resistance increased with 02  CO 

an_ N,0 and. decreased with H9  and. H20. 	There is no change 

caused 	 the .adsortion of argon.. 

Ad orb d Layers: 

Surface double layers can. be  represented by different 

models, for example, an ion held to the surface. by image forces 

according to Langmuir,(87)a covalent bond t.ith some. ionic 

character, and 
	wsia!-711 adsorbed layer with. oriented dipoles. 

In any case the work function of the metal will be affected; with 
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g tive layer less work is reouired to remove an electron 

from the metal end this difference in work function with, 

and without, the adsorbed layer is termed the surface 

. potential.. 	The dipole moment of a single entity is 

calculated by Considering the _dsorbed layer as two continuous 

17aralle) sheets of charge•with dipoles aligned vertically on 

the surfaces, by the following relation: 

dV = 4 TT T2Ts G u, 

where N is the number-  of adsorption sites/per unit area, Q 

is the fractional coverage, u the- effective dipole moment. 

Lang,muir(87)considers that the above equation ,5:-.ives the 

rotential difference-  dV between two points situated on each 
• 
side and at. great distance from the double layer, and when 

extracted from. the et9,1 en electron has to pass through the 

potential difference corres-oonding to the Taper half of the 

double layer. 	One therefore 7)refers the relationship: 

dV=2I1 G u 

Mi,s.nolet(88)has objected to this idea and pointed out that the 

Langmuir's argument is false as the image charges are induced 

on the-  surfaces and not equidistant from the surface inside 

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

give. the true dipole moment.. 	Both these equations have been 

used by different workers, Bosworth and Rideal,(13) nd Eley(19)  

(23) ucod the Lamgmuir ecuation, with BecTher(89)de Boer - and 



loore and Allison(9U)taking flignolet's line of argument. 

Higuchi, Ree and 7,yring(91)considering the dielectric 

constant of the medium comprising the double layer have nut 

forward a modified equation: 

dV =7- 4 TT Ns G edojk 
where e is the,  charge on the electron, k the dielectric 

constant, and do 
the length of the dipole.. 	This equation 

( fits the data of. Taylor and Langmuir 43)  Bosworth and Rideal(13)  

and Becker.(92)  

All these equations assumed uniform Surface coverage 

on a. homegenoas surface.. 	If the adsorption occurs in 

"natches" on the surface- then the Helmholtz equation_ can no 

longer be arplied, so the dipole moments calculated by the 

Helmholtz equation should be'regarded with caution. 

Adsorption of hydrogen, it is suggested, takes place 

by single site attachment, and this has been confirmed by 

80 Beeck and Ritchie(.by comparing the volume of H2  chemisorbed 

by an evaporated nickel film with the volume of other gases 

physically adsorbed to form a monolayer. 	However, the early 

investigation using the. electron diffraction and X-ray studies 

(93)suggested the _ratio of H2  to. metal atom might be 

considerably less than 11. 

In oxygen adsorption the 0 atom is smaller than the 

metal atom, so a 1:1 ratio of oxygen to metal atom m be 
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anticinated. 	Roberts(2)work on flashed tungsten filaments 

confirms. this. 	Trannell,(56)and recently :banyan and 

Trannei1,(94)obtained similar- results with rhodium and 

molybdenium films.. 

Carbon monoxide chemisoretion may be expected to occur 

via a single site mechanism forming the surface. complex 

M 	C = 0.(5)  Some evidence to support this idea is found 

for surfaces of nickel and tungsten films,(4)but lanyon and 

Trapnell(94)suggest alternative nossibilities. 	On hb and 

Rh film, chemisorption more or less eQualled the H2  chemi- 

sorption but on Fe and W it is respectively 1.2 and 1.4 times 

that of R2  adsorption.. 	For Ft and Pd, the CO chemisorption 

corresponds to a single• site techanism.(94)  The infra-red 

work by.  Eischons(95)indicates mixed single and double' sites 

attachment on Pd,. Rh, and Hi, and only single sites on Ft 

and Fe. 	Some results following mixed one or two-site 

chemisorption are provided by GUndry.(96) 
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1.6. EJ7parimental techniq-ues for surface 1potential studies: 

Surface potentials can be determined by studying the 

change in work function, either by the direct or indirect 

methods classified below: 

Direct methods. 

i) Thermionia technioue. 

ii) photo—electric-method. 

B. 	Indirect methods.. 

i) Kelvin method.. 

ii) Diode method.. 

iii) Electron beam method. 

iv) Magetron. 

Com2rehensive reviews on these subjects have been ,resented 

quite recently by Boardian(97)and_Nohring.(98) Each of the 

methods mentioned above has its advantages and disadvantages 

and each can generally throw some light on some particular 

aspect of adsorption 7,rocesses. 

A.i) Thermionic technioue: 

) Taylor and Langmuir, (47 ' and Becker,(99)have used this 

technique for the adsorption of Cs on tungsten, Brattain and 

Becker-(42)for the study of thorium. film on tungsten, and 

Moore and. Allison(9o)have studied strontium and Ba, on tungsten. 

7ingdon(loo)has studied oxygen on tungsten- (')7) de Boer 	has 

given e review of the early 'work of Langmuir on tbermionic 
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emission froM filaments.. 	This techninue can only be used  

where the heats of chemisorption are very hi7h and where 

.marked changes in otential occur at lower coverages. 	As 

thermionic emission does not generally take -.)laae at 

tereretures below about 800°C, it cannot be used to study 

the temperature range of interest in catalysis. 

A.ii) Photo-electric-method: 

This techninue was first employed by Ives(101)and then 

(1 using 02 h 	) y Surman 	cil n and Gs eva-norated films of different 

metals on top of Ft Plates. 	Baker later developed. the 

techninue for studying gases on metal films, in Particular 

those of Ta, Fe, Ni and Co, using carbon itenoxide, hydrogen 

and ethylene as adsorbate 

The photo-electric method can' be. used •at lower 

temperatures but it has the disadvantage that electronic. 

interaction raises the work function for most catalyst metals 

above 5.0 V which gives a photo-electric threshhold in the 

far ultra-violet where technical difficulties become prohibitive. 

Of the indirect methods for the measurements of s.p.d., 

the Kelvin and diode methods are the only ones which are 

suitable for studying metal gas systems. 	In these methods, 

first a. direct measurement of anode current is made between 

surface A and reference surface 3, and then A is replaced by  

A' (after adsor-ntion) and a potential is applied till the 
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current attains the 	valJe. 	The change of notential 

which is necessary to-r-,tore the anode current to its 

original value is equal to the c ntact potential difference 

(c. .d.). 	Diode methods which are employed in this way are 

of two types, the electron beam method(1°3)and the 	ace charge 

limited diode. 	The Kelvin and diode methods are discussed 

only: 

B.i) The Kelvin method: 

The condenser used in this technique consists of two 

2iatec(104) 	one of them is the reference surface usually 

made. of tungsten, y la.tinum or gold and the second of similar 

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

ation is deposited.. 	The capacity of the condenser can be 

varied by increasin., the distance apart of the plates and 

when the applied potential is equal and opposite to the contact 

potential no current is produccd.,(5) Zisrn.P.n (1°5)mo6.ified 

this technique and made it possible to record continuously 

the reading by mechanically vibrating one ulate lAoile the 

(57,79,106,107) other was maintained stationery. 	FilFnalet 

later on developed and modified the ap-baratus to male it 

suitable for adsorption stndi s and has nublished a considerable 

amount of s.p.d. work u.tilising this technique. 	Ogawa, 

Doke and Nakad (1o9)a7so us d it for the study of oxygen and 

hvrogen on nickel, silver, zinc and cadmium, von Duhn(1°  'I 

	

	 9)  , 
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for H on nickel. 	Giner and Lange (110) have also studied 

oxygenated Pt, Pd and. Gd using Ag reference electrode. 	The 

effect of 02, H2, air and water vapour on various metals h s 

been examined by Hackerman.(111)  This technisue has the 

disadvantage that the reference electrode is exposed to the 

adsorbing gas and even if it can be sub eouently cleaned the 

d-sorbed material may change the work function of the surfaae 

under investigation; in order to avoid this difficulty 

"aged" electrodes of inert material such as Ag or Au have been 

amnlayed. 

B.ii) The Diode. method: 

In this method a tungsten wire is electrical T heated 

to nrovide the electron emission current and at the same time 

it acts as a cathode... 	Rothe( 112)  and Germer(115)were the 

first. to use this method. 	The- theoretiaal bases are discussed 

by Gyse and Wagener (114)who showed that the current between 

the anode and cathode depends almost entirely on the applied 

potential and the work function of the anode.. 

Langmuir and hingdon(115)used straight tungstn filaments; 

whereas Reimann(116)emnloved the hair pin filaments and an , 

accelerating potential so that the current flows only between 

the mid r:oints of the filaments; the end effect. and external 

effects are therefore minimised and so sheilding could. be 

Bosworth
(115,51,117) 

eliminated. 	 later on used the crossed 
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filaments technieue where the filaments were at their mid 

I point, 1 min apart.. 	Fe used a. retarding potentia 	this nl; 	as 

been criticised '')on the grounds that such P. potential 

increases the effective portion of the emitter filament Which 

was avoided by Reimann, but the -parallelism of his plots and 

reproducibility of his results do not justify the criticism. 

The crossed filament technioue has been used by .ley 

and. Rideal,(118)and by Bosworth and Rideal(13)for H2  on •  

tungsten, and by Surova and Eurshtein,(119)and Jurova and 

(170) Zaidenman 	or studying the oxidation of iron end platinum. 

lilignolet(79)employed the evaporated film es the enode and 

determined the. resistance/voltage characteristics instead of 

the conventional current/voltage plot as the resistance of the 

diode can be very accurately measured at any given potential.. 

He obtained excellent parallelism of his characteristic plots. 

The. diode method has been employed by Pritchard(121)to 

mesure the. 	of Ho  on Cu, Ag, Au 'and Ni and of carbon 

monoxide on Cu. 	He useda simple circuit to study the current/ 

voltage characteristics with a fair degree of accuracy. 	Later 

on Culver(122)and Simpson(123)using the same technique have 

reproduced the work of Pritchard which agrees well with the 

most reliable work reported, in the literature, specially by 

S.p.d. date obteined by different workers employing diff-

erent methods Pre tabulated for the sake of comparison on the 
following; -cages:- 



Table: 	1 

System C.P. 	Volts i7ethod Reference 

Fe -U_ -0.19 
-0.419  

Photoelectric 
Diode 

-Baker and Rideal (124) 
Giaver (122) 

-0.47 'a-- 	'tor Mignolet (88) 

Co -T-72  -0.33 Diode Cqlyer (122) 
i;1 	ZT -0.1 Photoelecttic Sachtler and Dorgelo (127) 

Photoelectric Baker. end. Rideal 	(124) 
-0.35 Capacitor Niffnolet 	(57) 
-0.39 Photoelectric. Sahrmann (126) 
-0.40 aciIor Ogawa (105) 
-0.50 Wortman (127) 

-0.33 Diode Bloyaert (128) 
-0.36 Diode Ctllyer 	(122) 

Af-H2  -0.34 Diode C,Ilver 	(122) 
70.49 Ca2acitor Ogawa (108) 

-0.18 Diode Culver (122) 

W-17 -0.48,-0.65 Capacitor Sig nolet 	(79,106,107) 
-0.50 Diode gnolet (79) 
-0.55 Gomer (127) 
-1.04,-1.26 Diode Bosworth and Rideal (15.11) 

-0.44 Photoelectric. Saohtler and Dor.c.7elo 	(127) 
-0.43 Photoelectric:- Baker and Rideal (124) 

Pt-H2  -0.14 Capacitor yignolet (129) 
-0.15. Diode Signolet (129) 

P.A.M. 	(Field 	ssion Microscope) 



,Tstem 2.F. 	Volts 

-0.55 
-1.40 
-1.60 

-0.68 

-0.60 

Telole: 	II 

Reference 7ethod. 

Ni-02  

Cu-0,)  

-0
2  

Ca7acitor 
Diode 
Ca-eacitor 

pacitor 

)acitor 

(108) 
Bosworth (117) 
7i7nolet (57) 

Bloyaert 	(128) 

m 	(108) 

r_0
2  -1.60 Diode Eley and 	:ideal (118) 

-1.70 Diode Reimann (117) 
-1.70 Kilcin (150) 
-1.74 Diode Bosworth and Rideel (13) 
-1.71 Diode Copley and Spence (151) 
-1.89 Diode Bourion (91) 
-1.90 Gamer and Hula (152) 
-1.90 Capacitor Ninolet 	(79) 

Ft-02  -1.2 Tiagnetron Cetley (30) 

T ble: 	III 

System Volts Pethod Reference 

Fe-CO -1.33 7?..rnr-itor BloTaert (128) 
-1.64 Diode Culver (122) 
-1.15 Photoelectric Baker and Rideal (124) 

Co-CO -1.48 Diode Culver 	(122) 

Ni-CO Diode Culver (122) 
Cafacitor Bloyaert (128) 

Cu-00 +0.28 Capacitor T3loyaert 	(128) 
+0.30 Diode Culver 	(122), 	dloyeert (128) 

AF-00 +0.31 Diode Oliver 	(122) 

+0.92 Diode. Culver (122) 

W-00 -0. Photoelectric.  Eisen 	 (153) 

Ta-00 -0.67 Photoelectric Baker 	rind. Rid. al 	(124) 
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2. EXPERIMENTAL 

2.1. Materials; 

The work was mainly carried-out using three gases, 

namely, hydrogen, carbon monoxide and oxygen. Hydrogen was 

obtained by diffusing commercial 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, which 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 0.3 mm. 

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-diffusion 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 in the reservoir is lowered until some gas 

is transferred to the limb A and then the Hg is raised again. 

The tap Tl  is opened very slowly and the gas is allowed to 

expand between taps T1  and T2. Mercury in the limb A rises 

and fills the thread of the tap Tl  which is then quickly 

closed. This dose can be expanded between taps T3  and T4  

and then can be introduced and isolated in the dosing system. 

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 1.87 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 4.6% 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 10-2  mm. of Hg, 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.1 glass; its 

dimensions are shown in Fig. 3. The emitter is a W wire of 

0.05 mm. 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 evaporation source. 

Internal connection to W rods are made by spot welding onto 

nickel sleeve and external connections 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 by a unipivot 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 potentials 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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2.3 Procedure: 

2.3.1) Reduction and Outgassing: After mounting the cell, 

the whole apparatus was vigorously flamed, especially the 

McLeod gauge and traps. The farnace was then mounted around 

the cell and the traps heated by electrical tapes. After 

outgassing the apparatus for a few hours the nickel 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 H2, 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 temperature for outgassing. 

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 -6  Hg per hour was attained. 

2.3.2) Film: The temperature of the emitter was raised to 

2000°Kand the traps cooled in liquid oxygen. The cell was 

allowed to cool to room temperature and then was immersed in 

a liquid 02  bath. Meanwhile the current to the evaporation 

source was gradually increased. Evaporation of the metal 

was carried out for 1-12 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 minutes. 
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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 effects. The btidge was balanced by varying the 

decade resistance and controlling the bridge current; shunt 

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 voltage. 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 10-3mm. for a period of 10 minutes. The 

characteristic curves remain no longer parallel with gas 

pressures exceeding 10-4mm. Hg, so the values were always 

obtained by pumping off the gas remaining in the gas phase! 
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2.4. 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: 4.  

Run 1: s.p. at -183°C for H2  on unsintered Cu film. 

H atoms x 1016  s.p. in volts H atoms x 1016  
8.93 

s.p. in volts 
0.273 

0.00 -0.000 9.80 0.281 
2.05 -0.125 11.13 0.300 
2.82 0:150 12.02 0.320 
2.83 0.180 13.43 0.320 
4.87 0.213 20.58 0.330 
6.03 0.229 35.64 0.330 

7.90  0.265 

Run 2: s.p. at -183°C for H2  on unsintered Cu film. 
0.00 -0.000 11.87 0.225  
1.85 -0.090 14.14  0.320 
3.59 0.120 16.64 0.326 

4+58 0.140 19.95 0.330 
5.53 0.160 26.76 0.333 

7.21 0.182 38.65 0.335 
9.41 0.210 
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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,(121,79)  

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 coverages of 15-20 x 1016  atoms of hydrogen 

for all films irrespective of the saturation value. If the 

average area of the lattice square of surface copper atoms 

is taken to be 7 x 10-16cm21  then the adsorbed hydrogen 

covers some 140 cm2  of the surface which is about twice the 

geometric area of the film. 

The initial part of the s.p. - 0 plot corresponds to 

the formation of a complete mono-layer 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 system, unsintered copper films were first 

exposed at -183cto 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.p. 

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 an overall change of 

0.505 volt. 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 

H2  and CO adsorption on comparable surfaces of Cu films at 

-1830C, 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 -1830C 

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 H2, while CO on top 
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gave 0.145 volts greater positive effect with respect to 

Runs 3 and 4. This suggested that the copper film had some 

oxygen contamination, 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.p. 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. 

Run 3: 

H atoms x 1016  

TABLE: 	5. 

on unsintered Cu/CO on top. 

CO mole x 1016 	s.p. in volts 

s.p. at -1830C for H2  

s.p. in volts 

0.00 -0.00 46.39 -0.300 
0.71 0.033 47.59 0.280 
1.41 0.081 51.70 0.227 
2.09 0.120 54.64 0.007 
4.13 0.214 57.42 0.047  6  
6.11 0.260 61.05 

8.01 0.294 64.04 00:10473 

9.81 0.347 80.05 0.143 
11.53 0.354 125.53 0.143 
20.30 0.360 
30.40 0.360 
45.17 o.36o 
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Run 4: 	s.p. at -1830C for H2  on unsintered Cu / CO on top. 
s.p. in volts 	CO mole x 1016 	s.p. in volts 

	

-0.000 	49.49 	-.0.252  

	

0.170 	51.14 	0.082 

	

0.255 	52.76 	+0.065  

0.290 

	

0.335 	
54.36 	0.115 
55.93 	

00.113455 

	

0.337 	57.48 

	

-0.340 	62.13 	+0.145 

	

0.345 	80.20 	0.145 

	

0.350 	100.20 	0.145 

	

0.360 	135.74 	0.145 
0.360 
0.360 

at -183°C for H2  on unsintered Cu film /CO on 
top. 

s.p. in volts 	CO mole x 1016 s.p. in volts 

H atoms x 1016  
0.00 
1.68 
3.34 

4.96 
6.56 

8.14 
12.88 
16.56 

20.30 
25.40 

30.50 

47.82 
Run 5: 	s.p. 

H atoms x 1016  
0.00 
3.64 

7.22 
10.74 

14.74 
17.62 

20.98 
25.25 

31.08 

40.72 

-0.000

5 0.160 

0.233 
0.260 

0.274  
0.294 

0.310 

0.314 
0.314  

0.314 

154.1:):4706 
55.00 

59.33 
70.35 
90.30 

123.33 

+0.011 
0.256 

0.330 
0.333 

0.336 
0.336 

0.336 
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2.4.3) System: Unsintered Copper film - CO / H2  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 maximum value +0.29v was 

attained at a fairly small amount compared with the total 

uptake 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 pumping to which the film was subjected in 

order to remove the residual CO from the gas phase. Higher 

pressures decreased the potential value, and a longer period 

of pumping tended to increase the potential slightly. When 

hydrogen was introduced on top of the adsorbed layer of CO 

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 conditions 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 
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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 in turn was effected 

slightly by the duration of pumping. In order to attain 

the reproducibility the pumping was continued 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 top, is reported in the literature. 

Most of the work was carried out either on a Cu catalystC134)  

at room temperature or on massive copper.(135)  Benton and 

White,(135)  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 



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 Fig. 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 +0.11v. The equilibrium pressure of CO 

in this run was 4 x 10-4mm, this was pumped out for a short 

time before introducing H2. The first dose of hydrogen 

gave an equilibrium pressure of 4 x 10-5mm. 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 H2  were introduced, 

and the ratio of adsorbed CO to H2  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 1:1 after saturation. 

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

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 potential of +0.519v. 

The ratio of the amounts of CO and H2  adsorbed were roughly 

the same as in Run 6. 
Run: 8 CO on unsintered Cu film at -1830C./H2  on top. 

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 higher than in the previous 

two runs, and a foot in the s.p. - 8 plot was also more 

pronounced. The presence of a l'footfl has been quite 

frequently reported in Pritchard's work where he accounted 

it for the adsorption taking place 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 +0.287v which 

decreased to +0.180v on saturation under a equilibrium 
pressure of 5.0 x 10-4mm. 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 10/7  s.p. in volts H atoms x 1017  s.p. in volts 

0.00 	+0.000 	9.94 	+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 

11 0.57 	0.240 	.78 	 0.310 

0.71 	0.280 	12.39 	0.338 

0.84 	0.290 	12.98 	0.350 
0.97 	0.255 	13.55 	0.350 
1.11 	0.250 0.350 

149 1.50 	0.225 	+0.600 

1.87 	0.200 
2.23 	0.195 
2.57 	0.190 
2.90 	0.190 

4.92 	0.165 

7.01 	0.135 
9.70 	+0.110 

Run: 7 s.p. at -183°C for CO on Cu unsintered / H2 on top. 

CO x 1017  s.p.' in volts H atoms x 1017  s.p. 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 14.89 0.305 
0.98 0.280 15.61 0.314  

(contd.) 



(contd.) 

1.43 x 1017  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/H2  on top. 

CO mole x 1017 	s.p. in volts 	H atoms x 1017 	s.p. in volts 
0.00 + 0.000 13.66 + 0.190 
0.12 0.002 0.240 
0.23 0.007 

14.05

14  3 0.387 
0.58 0.056 14.81 

23°  0934 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 
4.86 0.190 
7.85 0.180 
10.53 0.180 
13.26 0.180 
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2.4.4) System: Copper - Carbon monoxide / Oxygen on top. 

In this series carbon monoxide was added to copper 

films previously sintered at room temperature for about 10 

minutes. CO gave a maximum potential of about +0.22v 

which was lower than on the unsintered 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 top of the film saturated 

with CO, during which time the tungsten filament was switched 

off. In 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. When another dose 

of 02 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 1016  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 

value of -0.02v. 

The film was once again warmed up to room 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 CO2  were found condensed in traps 

at the end of these operations. 

In Run 10, when oxygen was introduced the filament was 

Wept switched off and was only turned on again when the residual 
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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 10-4mm., 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 run, thus causing some slight oxidation and 

consequently a higher negative potential. 

The results of the experiments are given in Table 7, 

and Run 9 is plotted in Fig. 8. 

Run: 	9 	s.p. at -183°C for 

CO mole x 1016 	s.p. in 

TABLE: 	7 

on top. 

s.p. in volts 

CO on sintered Cu/02  

volts 	0 atoms x 1016  

0.00 + 0.000 30.90 . -0.006 
1.44 0.008 33.04 0.010 
2.86 0.112 35.16 0.010  
4.26 0.200 37.24 0.015 
5.64 0.212 39.30 0.020 
7.00 0.212 42.46 (beam on) -0.910 
8.34 0.212 
9.66 0.212 Pumped and desorbed s.p. -0.965v 
10.96 0.200 CO mole x 1016 	s.p. in volts 

(contd.) 
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(contd.) 
14.85 x 1016  

18.57 
22.11 
25.49 
28.72 

0.200 
0.188 
0.100 
+0.188 
0.188 

43.25 
44.00 
44.80 
45.55 
46.29 
47.00 
47.74 

-0;948-. 
0.860 
0.676 
-0.515 
0.365 
0.285 
0.240 

2nd pumped and desorbed s.p.-1.018v 48.45 0.190 
CO mole x 1016  s.p. in volts 49.15 
63.38 -0.380 49.84 0.170 

69.03 0.220 50.52 0.140 
72.51 0.175 52.55 0.112 
75.83 0.128 54.49 0.075 
79.00 0.100 56.38 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/02  on top. 

CO mole x 1016  s.p. in volts 0 atoms x 1016  s.p. in volts 
0.00 +0.000 24.02 +0.097 
0.51 0.052 ' 	25.25 0.010 
1.11 0.101 26.12 -0.036 

1.48 0.153 27.55 0.063 
2.38 0.182 28.66 0.088 
3.86 0.200 31.16 0.091 
5.75 0.192 33.62 0.124 
7.54 0.176 39.80 -0.158 
11.05 0.156 
14.42 0.156 
17.59 0.156 

20.63 0.156 

23.54 +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 working 

with oxygen gas, as the system contained a tungsten emitter 

glowing at 2000°K which reacted with oxygen, consequently 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 began 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 geometric 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 is some indication of carbon monoxide 

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 to the adsorbed 

molecule, and Irreversible adsorption on sites which could 

accept an electron from the 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 was readily chemisorbed 

and a positive shift in potential was obtained. The final 

s.p. was about +0.03v and the ratio of oxygen to CO uptake 

was roughly 1:1. After following the CO characteristics, the 

film was raised to room temperature and within ten minutes 

about 30% of the CO was recovered. The film was then pumped 

for an hour 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 are 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 1:1. 

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.p. of -0.60v which 

was raised by CO to +0.01v, causing a total change of 0.61v. 

On desorption 7.5 x 1016 molecules of CO, about 35% of the 

original amount was recovered. Pumping for an hour at room 

temperature caused the potential 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 shifted to 

+0.06v., thus a relatively higher overall change of 0.64v 

was obtained. The CO to oxygen uptake ratio was roughly 1:1. 
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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 

hour's pumping decreased to -0.335v, which was increased 

by CO adsorption to +0.11. 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 0.61v. 

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 readsorption of CO this was increased to 

-0.17v. CO adsorbed this stage was desorbed completely on 

raising the cell to room temperature. Carbon dioxide 

condensed in the traps was about 31.5% of the original CO 

uptake. 

TABLE: 8 

Run: 11 s.p. at -183°C for oxygen on Cu/H2  on top. 

0 atoms x 1016  

0.00 

1.22 
2.42 

3.60 

4.76 

5.90 
7.02 

s.p. in volts 	CO mole x 1016  

	

_0.000 	25.23 
26.36 

	

0.150 	27.47 
- 	281.66 

	

0.332 	3 

- 	34.99 

	

0.380 	37.90 

0.084  

s.p. in volts 

-0.560 
0.400 
0.228 

0.150 
0.120 

0.050 
(contd.) 
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8.14 x 1016 	- 	40.84 	0.030 
9.24 	0.415 	43.57 	-0.010 

10.32 	- 	46.17 	+0.010 

11.38 	0.440 	50.44 	+0.026 
12.42 	- 	After pumping s.p. -0.40v 

13.46 	0.463 	51.86 	-0.270 
16.56 	0.500 	53.32 	0.260 

19.52 	0.536 	54.66 	0.255 
22.34 	0.570 	55.94 	0.250 
23.72 	- 	57.14 	0.240 
24.05 	-0.590 	58.33 	0.240 

	

59.44 	0.240 

	

64.44 	0.240 
Run: 12 s.p. at -183°C for oxygen on Cu sintered/CO on top. 

0 atoms x 1016 s.p. 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 
4.92 	0.390 	38.63 	-0.010 
6.10 	- 	41.20 	+0.010 

7.28 	0.480 	After pumping -0.450 

8.44 	- 
10.01 	0.525 	43.20 	-0.350 
13.35 	0.568 	46.25 	0.310 
16.03 	0.576 	49.53 	0.292 

	

18.05 	0.590 	53.30 	0.280 

	

20.02 	-0.600 	58.60 	-0.270 
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Run: 	13 	s.p. at -183°C for 02  on Cu unsintered/CO on top. 

0 atoms x 1016  s.p. in volts CO mole x 1016  s.p. in volts 
0.00 -0.000 21.15 -0.470 
1.56 
3.10 

- 
0.225 

23.57 
24.77 '0  0.074257  

4.62 - 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 -34.91 0.055 
11.92 0.416 38.02 0.060 
13.30 - 40.99 + 0.060 
14.66 0.460 
16.0o 0.515 
18.62 0.565 After pumping s.p. -0.335 
19.90 -0.580 45.40 -0.160 

5193:66 03 
0.140 
0.130 

57.46 0.120  
61.12 0.110 
64.61 -0.110 

Run: 	14 	s.p. 

0 atoms x 1016  

at -183°C for 02 on Cu sintered /CO on top. 

s.p. in volts 	CO mole x 1016  s.p. in volts 
0.00 -0.000 17.76 	-0.420 
1.22 - 19.04 	0.262 
2.42 0.093 22.09 	0.160 
3.60 - 26.56 	0.112  
4.76 0.310 30.06 	-0.006 
5.90 
7.02 0.435 

.+0.010 33.40 

8.14 _ After pumping s.p. -0.330v 

(contd.) 
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(contd.) 

9.24 x 1016 0.518 38.11 -0.280 
10.32 42.60 0.200 
11.38 0.559 46.89 0.170 
12.42 50.98 -0.170 
13.46 0.580 
14.48 
15.40 0.600 
16.46 0.600 
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2.4.6) System: copper - oxygen / Hydrogen on top. 

sintered films. 

In this series, oxygen was first adsorbed at -183°C 

on sintered Cu films and hydrogen was introduced on top. 

Oxygen gave a negative s.p. 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 were 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 1.5 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 sly). 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. - 
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curve 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. 

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 +0.11v on saturation 

with a pressure of 3 x 10-  'mm. On desorption, 6.5 x 1016 

molecules of hydrogen were recovered in 10 minutes. After 

an hour's pumping the s.p. was -0.025v. When hydrogen was 

introduced 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 

in 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 

5.6 x 1016  molecules of hydrogen were desorbed in the first 

ten minutes, and then after an hourts pumping with the traps 

cooled in liquid oxygen the s.p. was -0.05v. 	When hydrogen 

was introduced again the potential slowly shifted to a 

positive value, but further doses rapidly raised it to +0.212v. 

On desorption once again, 5 x 1016 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 1016mm. pressure of this gas is 

in good agreement with the corresponding value of the previous 

run. 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 

recorded. On further desorption 7.6 x 1016 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 s.p. 

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

-0.085v but further doses raised the potential to 4.0.19v 

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

On desorption, 4.1 x 1016 molecules of hydrogen were desorbed 

and some 2.5 x 1016 molecules of water were condensed in the 

traps. 

TABLE: 9  

Run: 15 s:p. at -183°C for 02  on Cu sintered/H2  on top. 

0 atoms x 1016 s.p. in volts 	H atoms x 1016 	s.p. in volts 

0.00 -0.000 19.60 -0.350 
1.18 - 21.49 0.280 
3.48 0.225 23.26 :0.222 
4.60 25.06 0.180 

5.70 0.430 26.84 0.140 
6.78 	. - 32.18 -0.020 
7.84 0.590 37.26 +0.060 
8.90 - 42.12 0.098 
9.94 0.542 46.12 +0.110 
10.96 - 
11.96 0.560 After pumping -0.025v 
12.95 - 50.64 -0.048 

13.94 0.578 53.82 0.000 
14.90 58.74 +0.078 
15.84 0.590 62.58 0.100 
16.78 - 65.58 +0.106 
17.70 -0.590 
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Run: 16 s.p. at -183°C for 02  on Cu sintered/H2  on top. 

0 atoms x 1016 	s.p. in volts H atoms x 1016 s.p. in volts 
0.00 	-0.000 	21.22 	-0.300 
1.68 	- 	23.84  

	

26.44 	
0.180 

3.34 	0.250 0.095 
4.96 	- 	29.00 

:=4.55 
8.14 	- 	

4.0 

6.56 	0.355 

	

33316..54 	+0.160204 	
0.090 

9.70 	-0.335 
11.24 38.84 0.210 
12.74 	0.400 41.00 	0.260 
14.72 	0.450 

 

15.68 	0.465 Pumped and desorbed s.p. -0.050v 
0.493  17.12 44.53 	

1.003453 18.54 	0.500 	46.84 
+0.022 49.12 

52.40 0.090 

	

57.72 	0.212  
Run: 	17 	s.p. at -183°C for oxygen on Cu sintered/H2 on top. 
0 atoms x 1016 	s.p. in volts 	H atoms x 1016 	s.p. in volts 
0.00 -0.000 20.94 -0.315 
1.26 - 23.80 0.198 
2.50 0.195 26.62 0.115 
3.72 -0.035 
4.92 0.338 2.4. 2074 +0.030 
6.10 - 0.100 
7.20 0.360 

34.24 
36.24 0.160 

8.42 - 39.12 0.238  
9.56 0.39041.12 0.285 
10.68 - 
11.78 0.418 Pumped and desorbed s.p. -0.090 

(contd.) 
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12.86 x 1016  

(contd.) 

43.50 -0.075 
13.92 0.450 	45.86 0.060 
14.98 0.464 	49.12 + 0.043 
16.02 0.475 	52.92 + 0.115 
17.04 0.490 	59.66 + 0.265 
18.05 - 0.500 Pumped and desorbed s.p. -0.050v 

H atoms x 1016 s.p. in volts 
62.84 -0.065 
65.30 0.085 
67.96 0.006 
70.60 -0.080 

75.66 0.190 



FIG. 10 

Run 17 
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2.4.7) System: Copper - Hydrogen/Oxygen on top. Sintered films. 

In this system, hydrogen was adsorbed on sintered 

copper films and the s.p. studied in 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 0
2 

on the surface, in the light of the results 

on the oxygen+hydrogen system discussed in the last section. 

The only noticeable effect of sintering was the 

considerable reduction of the long flat part of the s.p. - G 

curve, which was assumed to be due to adsorption 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 raised to roOm temperature 

and this time about 90% of the adsorbed hydrogen was recovered 

within ten minutes. The 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 s.p. of -0.31v. 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 -0.235v. On further desorption 4.9 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 that the film had been considerably cleaned of 

oxygen chemisorption, and in confirmation a small amount df 

water was found condensed in the traps. 

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 

room temperature 7.2 x 1016 molecules were recovered and the 

potential after an hour's pumping was -0.207v with respect 

to the original bare film potential. 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 1016 molecules of hydrogen were 

recovered. 

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

plotted in Fig. 11. 
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Run: 
H atoms 
0.00 
2.34 
4.66 
6.94 
9.18 
11.38 
13.56 
16.46 
20.08 
26.30 

TABLE: 	10 
on top. 

s.p. in volts 
-0.316 
0.327 
0.339 
0.340 
0.340 
0.340 

-0.327 

s.p. -0.217v 

s.p. in volts 

18 s.p. at -183°C for Hydrogen on Cu sintered/02  
x 1016 	s.p. in volts 	0 atoms .x 1016  

	

-0.000 	28.82 

	

0.055 	31.32 

	

0.097 	33.78 

	

0.149 	37.50 
0.206 41.16 
0.240  

	

0.271 	
44.50 

	

- 0.294 	
48.18 

	

0.310 	1st pumping and desorption 
-0.310 

H atoms x 1016 
50.48 -0.235 

2nd pumping and desorption s.p. 52.74 0.249 
63.18 -0.250 -0 .224v 

54
.96 0.249 

64.19 0.281 58.03 0.245 
65.96 0.295 61.56 0.235 
68.52 0.295 
70.96 -0.295 

Run: 	19 	s.p. at -183°C for Hydrogen on Cu sintered/02 on top. 
H atoms x.1016  s.p. in volts 	0 atoms x 1016 s.p. 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 
5.78 0.187 45.11 0.372 
7.66 .0.200 51.10 -0.380 
9.50 0.223 57.04 0.380 

(contd.) 
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(contd.) 

11.32 x 1016 	0.247 	62.70 	0.327 
16.70 	0.273 	68.10 	0.327 
22.04 	0.300 
27.00 	0.320 1st pumping and desorption s.p. -0.207 
31.74 	0.327 	

H atoms x 1016 	s.p. in volts 
71.20 	-0.263 

74.68 
	

0.301 

77.59 	0.286 

E0.96 
	

0.263 
83.94 	0.248 

86.94 	-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 just flattened out. 

The s.p. values previously reported by Culver(122)  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 subsequent adsorption 

caused a sharp positive shift. The surface potential in 

Run 20 increased to -0.4v and in Run 21 to -0.59v. The 

s.p. values with CO were respectively -1.42v and -1.38v. 

The amount of CO adsorbed in the two runs was considerably 

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 

carbon monoxide, required further investigation; consequently 

other runs were carried out on films saturated with CO. 

First the s.p was followed 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 



- 73. 
in small doses and the potential was again followed. There 

was a rapid positive shift of potential in contrast to the 

corresponding s.p. studies on the partially covered surfaces. 

When the uptake of hydrogen had slowed down a rather heavy 

dose was introduced to saturate the film and the saturated 

s.p. 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 of interest in this 

connection. They studied reduced nickel powders poisoned 

by carbon monoxide to different coverages and adsorbed hydrogen 

at 0°C and -183°C on top. They found that small amounts of 

CO on the surface enhanced 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 atmosphere is decreased 

by an amount approximately equal to the amount of CO present. 

GriffenC137)in his studies on a nickel-supported catalyst at 

0°C found that a small quantity of CO gives an increase of 

hydrogen adsorption at all pressures but larger amounts of 

poison give a slight increase at low pressures and a decrease 



- 74. 
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 -1.44v 

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 -1.32v, 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 saturation under a pressure of 2.5 x 10-3mm. 

A total change of 2.00v in potential in this run was found in 

fair agreement with 1.92v in Run 22. The ratios of CO and 

hydrogen uptake was 1:1.5. In Run 25 the CO uptake was a 

little less, but the s.p. was -1.32v, the same as in Run 24. 

The positive effect with hydrogen was also fairly reproducible 

and an s.p. of +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.p. 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 subsequent 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 11 consists of runs on partially saturated surfaces, 

and Table 12 contains runs carried out on fully saturated 

surfaces. Two representative runs, 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 	s.p. in volts 	H atoms x 1017 	s.p. in volts 
0.00 -0.000 10.39 -1.42 
0.44 0.065 10.63 1.42  
0.85 0.280 11.36 1.42 

1.25 0.440 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 25.45 1.140 
3.29 0.930 26.57 1.120 
3.58 0.950 28.05 1.070 

4.75 1.100 32.15 0.896  

5.67 1.201 33.02 0.860 

6.75 1.302 46.01 -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 top. 
CO mole x 1017 	s.p. in volts 	H atoms x 1017 	s.p. in volts 
0.00 -0.000 3.71 -1.380 

0.39 0.300 3.96 1.380 
0.78 -0.505 4.15 -1.380 
1.48 0.835 1.110 
1.80 0.970 

10.17
4.  5 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 

3.45 1.380 

TABLE: 12  

Run: 22 s.p. at -183°C for CO on Ni unsintered/H2  on top. 

CO mole x 1017 

0.00 

0.49 

s.p. in volts 
-0.000 
0.070 

H atoms x 1017 	s.p. in volts 
26.03 

26.43 	

-1.350 

1.190 
0.971 0.300 

1.42 0.450 26.82 1.070 

1.86 0.565 27.20 0.945  
2.27 0.690 27.58 0.830 

2.66 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 29.74 0.510 

4.15 1.090 30.77 0.420 

4.87 1.265 31.75 0.325 

5.54 1.330 32.69 0.180 
6.16 1.320 33.58 
6.81 1.330 34.24 0.1 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.p. in volts H atoms x 1017  s.p. in volts 
0.00 -0.000 21.29 -1.320 
0.61 0.210 21.64 1.240 

(contd.) 
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1.19 x 1017 0.430 21.96 1.150 
1.74 0.550 22.27 1.070 
2.28 0.625 22.56 0.965 
2.78 0.760 22.84 0.920 
3.26 0.875 23.11 0.905 
3.73 0.985 23.93 0.730 
4.16 1.050 24.72 0.630 
4.58 1.110 25.47 0.520 
4.98 1.160 26.12 0.465  
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 
14.45 1.290 30.23 0.160 
17.21 1.310 31.28 0.050 
21.29 1.320 32.22 -0.020 

33.12 +0.080 
34.80 

 
0.140 

37.02 0.245 
40.53 0.380 
46.37 0.580 
50.10 +0.680 

Run: 24 s.p. at -183°C for CO on Ni unsintered/H2  on top. 
CO mole x 1017  s.p. in volts H atoms x 1017 	s.p. in volts 
0.00 -0.000 15.46 -1.005 
0.59 0.480 16.66 0.800 
1.163 0.915 17.81 0.610 
1.70 1.100 18.91 0.505 
2.22 1.145 19.95 0.410 

(contd. 
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(contd. 

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 
4.06 1.310 23.68 0.170 
4.47 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.p. in volts 	H atoms x 1017 	s.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 0.745 
1.79 0.830 21.89 0.690 
2.18 0.865 22.79 0.550 
2.56 0.945 23.64. 0.420 
2.91 1.020 24.45 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 27.34 + 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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2.4.9) System: Nickel-Hydrogen/CO on top.. Unsintered films..  

In this series, the s.p. with hydrogen was obtained 

in the usual way but rather bigger doses were finally 

introduced, and the value was recorded after saturating 

under an equilibrium pressure of 10-13mm., and pumping out 

the residual gas. 

The s.p. against G 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 s.p. value. In contrast, in this 

series, after a maximum s.p. 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 the 

beam turned off, in order to investigate the possible 

difference in the behaviour of molecular hydrogen with that 

of atomic hydrogen produced by the hot tungsten filament. 

An s.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 due to molecular hydrogen 

was more pronounced. 

A similar positive effect had been reported by MignoletC 7)  

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 surprising because he 

did not saturate the film under a pressure higher than the 

normal dose pressure (10-4mm); in contrast, in Run 26 the 

saturation equilibrium pressure was 4.2 x 10-3mm. and in 

Run 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 magnitude of s.p. and the positive effect is 

followed as soon as the hydrogen is introduced. On delibera- 

tely contaminated silver films Pritchard C121)  had found that 

hydrogen gives a positive potential. Similarly the oxygen/H2  

system described later on shows a positive potential drift 

which supports the contention. 

The s.p. of carbon monoxide adsorbed on hydrogenated 

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 

were 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 -0.487-V,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 the other two, so CO which is 

adsorbed in place of hydrogen is responsible for a greater 

negative surface potential. The presence of residual gas 

after each dose supports the idea that some of the weakly 

adsorbed hydrogen is replaced by CO; while the greater part 

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. 14. 



-83. 

Run: 

H atoms 

TABLE: 13 

unsintered/CO on top. 

1017 	s.p. in volts 

26 s.p. at -183°C for Hydrogen on Ni 
x 1017 	s.p. in volts 	CO mole x 

0.00 -0.000 26.99 -0.220 
0.32 0.040 27.15 0.405 
0.63 0.100 27.45 0.480 
0.95 0.125 27.75 0.500 
1.25 0.145 28.11 0.500 
1.55 0.160 28.46 0.500 
1.85 0.180 28.78 0.500 

2.14 0.195 40.19 0.305 
3.02 0.230 45.33 -0.500 
3.80 0.260 

 

4.66 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 1017 s.p. in volts CO mole x 1017 	s.p. in volts 
0.00 -0.000 -0.200 34.56 

0.47 0.060 34.81 0.427 
0.93 0.126 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 0.227 
3.92 0.267 
4.92 0.300 
5.87 0.327 
6.77 0.347 
7.63 0.367 
8.46 0.370 
9.24 0.370 
9.99 0.370 
25.54 0.367 
34.56 -0.200 
Run: 	28 	s.p. at -183°C for Hydrogen on Ni unsintered/CO on top. 

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

0.00 -0.000 24.41 -0.453 
0.45 0.099 25.03 0.580 

1.25 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 
4.98 0.315 
6.23 0.312 
8.43 0.293 
12.21 0.270 
14.25 0.236 
16.45 0.198 
23.76 -0.153 
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2.4.10) 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 

tungsten filament switched 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 the adsorption was terminated, i.e. saturation 

of the film was not carried out. S.p. values of -1.265v 

and -1.260v were faund 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 was recorded. S.p. 

values of -0.57v in Run 29 and -0.42 in Run 30 were found. 

The ratio of adsorbed oxygen atoms to the adsorbed CO molecules 

was roughly 1:1 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 

amount of gas was desorbed, 3.5 x 1016 molecules only being 

recovered. 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 -0.61v 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 vable of -0.61v. 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 oxygen traps. The reversible 

adsorption of CO after the first desorption 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 

while Run 30 is plotted 

Run: 	29 	s.p. at -183°C 

0 atoms x 1016 	s.p. in 

mentioned above are given in Table 14, 

in Fig. 15. 

TABLE: 14. 

for oxygen on Ni sintered/CO on top. 

volts 	CO mole x 1016 	s.p. in volts 
0.00 -0.000 35.81 	-1.035 
3.42 0.050 37.29 	0.825 
6.74 0.290 38.76 	0.570 
8.36 0.320 40.21  0.570 
11.74 0.610 41.21 	0.530  
15.00 0.805 42.04 	0.505 
18.18 0.920 46.26  0.505 
21.24 1.003 50.28 	0.535 
24.22 1.090 54.12 0.570 

1.140 
 

27.12 
29.94 1.210 
31.64 1.210 
34.31 -1.265 

Pumped and desorbed s.p.-0.3:055v 

55.97 	

-0. 

 
56.87 0.215 
60.43  0.175 

	

62.98 	0.260 

	

65.41 	0.260 

	

67.73 	-0.260 

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

0 atoms x 1016 	s.p. in volts 	CO mole x 1016 	s.p. in volts 
0.00 -0.000 52.02 -0.901 
4.92 0.030 54.35 0.525 
7.32 0.0611 59.11 0.450 

(contd.) 
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9.70 x 1016 -0.220 63.62 x 1016.  -0.450 
12.04 0.420 67.97 0.450 
14.34 0.542 72.12 0.450 
16.60 0.658 79.86 0.440 
18.84 0.745 83.48 0.420 
21.00 0.782 90.26 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 
37.82 1.120 96.36 -0.225 
43.86 1.212 99.26 0.035 
49.42 1.260 101.93 0.035 

104.41 0.035 
106.91 -0.035 

2nd pumped and desorhed s.p. -0.61v 
i0.75 -0.225 
112.45 0.047 
115.03 0.047 
117.49 0.047 
119.84 -0.047 
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2.4.11) System: Nickel-Carbon monoxide/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 those 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 gas phase 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 anall 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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potential, and a steady value was obtained after adsorbing 

an amount equal to about 20-30% of the original amount of CO 

taken up. Another desorption 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 CO 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 normal value. When oxygen was 

introduced with the beam off, the potential increased to -1.31v. 

The introduction of more oxygen 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 -1.34v. 

CO was then introduced in smaller doses which further raised 

the potential to -0.77v. On desorbing the film once again, 



- 91. 

about 8.5 x 1016 molecules were recovered within 10 minutes. 

The film was then pumped for another hour and an s.p. of 

-1.31v, 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.p. of -1.305v; this is slightly 

less than for unsintered films, presumably due to the films 

being slightly contaminated. When oxygen was introduced 

with the beam off the potential increased to a steady value 

of -1.275v. 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 -1.015v, which was increased 

to -0.675v on adsorbing 25% 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 pumping, 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 -1.31 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 CO2 
was found condensed in the traps, consequently the bulk of 

the CO2 was produced in the first stage of desorption. A 

probable mechanism of the formation of CO2  is discussed later. 

TABLE: 15 

s.p. 	a Run: 	31 	t -183°C for CO on sintered Nit° 	on top. 

CO mole x 1016 	s.p. in volts 	0 atoms x 1016 	s.p. in volts 

0.00 -0.000 85.73 	-1.370 
4.16 0.150 88.39 	1.310 
8.99 0.400 91.07 	1.310 

13.18 0.649 98.85 	1.430 
17.17 0.730 106.33 	1.585 
20.98 0.869 113.25 	1.695 

24.61 0.978 119.85 	1.535 
28.08 1.090 126.13 	-1.990 

31.39 1.183 

34.55 1.259 
37.56 1.330 Pumped and desorbed s.p. -1.340 

40.43 1.375 CO mole x 1016 	s.p. in volts 

(contd.) 
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43.17 x 1016  1.40o 131.02 x 1016 -0.770 

45.78 -1.400 135.68 -0.770 
48.27 1.400 10.13 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 0.770 
154.40 0.740  
156.41 -0.740 

Run: 	32 	s.p. at -183°C for CO on sintered Ni/02 on top. 

CO mole x 1016 	s.p. in volts 	0 atoms x 1016 	s.p. in volts 

0.00 	-o.000 	81.64 	-1.235 

2.93 	0.120 	84.64 	1.215  

4.36 	0.260 	86.63 	1.236 

5.77 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 98.46 1.275 

20.30 0.980 
23.87 1.084  

27.07 1.120 1st pumped and desorbed s.p. -1.015v 
30.52 1.190 CO mole x 1016  s.p. in volts 
33.62 

36.62 1.252 
1.232 99.80 

101.12 -n: 

46.59 1.280 102.30 0.675  

53.20 1.295 103.47 0.675 

76.48 1.305 112.37 -0.675 
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3.12 0.160 

4.37 0.160 

5.61 0.225 
6.83 0.375 

10.49 0.544 
13.98 0.690 

17.31 0.790 

20.49 0.865 
26.41 1.010 

30.36 1.093 
34.13 .150  1 

37.77 1.210 
41.09 1.240  
44.25 1.270 

47.22 1.290 
57.22 1.302 
80.01 -1.310 

2nd pumped and desorbed s.p. -1.025v 

CO mole x 1016 -0.645 

	

121.17 	

volts 
116.36 

	

121.17 	0.645 

	

123.80 	0.635 

	

126.20 	-0.625  

Run: 33 s.p. at -183°C for CO on sintered Ni/02  on top. 

CO mole x 1016 1. 	volts 

0.00 -0.000 

s.p. in volts 0 atoms x 1016 23i: 

81.85 
83.67 	1.190 
85.46 	1.010 

87.22 	1.010 
88.96 	1.010 

90.66 	1.010 

92.36 	1.010 

97.44 	-1.233 
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2.4.12) 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, 

presumably due to the films being slightly contaminated; 

otherwise the s.p.-Q plot 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. Increasing 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 WheelerC4)  studying the catalytic activity of nickel 

films found that a surface poisoned with oxygen adsorbed only 

20% of the amount of H
2 
that a clean surface would take up, 

and that the major part of it was weakly adsorbed, as it 

could easily be pumped off from the surface. Garner and 

Kingman(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. It 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 surface 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 of this series with other work one has to 

keep in mind the basic experimental differences. 

In Run 34 oxygen gaVe a maximum s.p. 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 +1.34v, giving an overall change 

of 2.51v, which is about i v greater than the hydrogen s.p. 

values on a CO-saturated nickel film. 

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 -10.940v 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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s.p. was 0.90v, slightly less in magnitude than the 

corresponding s.p. value in the previous run. 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 

water by repeated 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 41.470v, 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 recovered. 

The film was then opened"to the pumps and after one hourts 

pumping the s.p. was found to be +0.94v, i.e. equal to the 

value in Run 34. About 20% of the original hydrogen was 

then 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 increased 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 41.05v. No appreciable amount of water was 
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found condensed in the traps. 

Data of the runs are given in Table 16, while Run 34 
is plotted in Fig. 17. 

Run: 	34 	s.p. 

0 atoms x 1016  

TABLE: 	16. 

top, Sintered. 

s.p. in volts 

at -183°C for oxygen on Ni/H2  on 

s.p. in volts 	H atoms x 1016 

0.00 -0.000 59.66 -1.100  
2.26 0.020 62.66 1.080 
4.48 0.120 65.64 1.058 
6.68 0.270 4.62 1.038 
8.84 0.432 

873.18 
1.000 

10.98 0.570 89.34 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 
36.62 1.028 126.68 0.860 
41.84 1.080 132.84 0.810 
46.84 1.120 138.72 0.720 
51.58 1.135 144.32 -0.520 
56.58 1.170 140.66 +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 1016  
221.98 

s.p. in volts 
+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 
246.74 +1.092 207.40 1.100 

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

0 atoms x 1016 	s.p. in volts 	H atoms x 1016 	s.p. in volts 

0.00 -0.000 127.36 -0.820 
4.66 0.018 133.20 0.780 
6.94 0.190 138.78 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 3-0.130 
21.94 0.800 171.24 0.318 
23.96 0.840 173.05 0.603 
30.02 0.952 175.06 0.932 

35.80 1.068 193.08 1.243 
41.80 1.072 231.71 +1.470 
46.58 1.130 
60.98 1.185 	1st pumped and desorbed s.p. +0.94v 
69.50 -1.185 239.34 +0.990 

244.02 1.125 
H atoms x 1016 s.p. in volts 246.60 1.250 
72.28 -1.100 253.52 +1.390 

75.28 1.080 
77.72 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 0.920 275.24 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 /02  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 

the maxima were not so sharp as in the unsintered series. 

Oxygen was introduced 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 

desorbed 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 then 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. 

Each 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 presorted; roughly the same amount of hydrogen 

could be adsorbed again; this increased the potential to 

+0.697v. On desorption for 10 minutes at room temperature 

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 practically all 

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 positive 

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 potential increased to the rather high 

potential value of +0.811v. On desorption, E.5 x 1016mole 

of hydrogen were recovered within ten minutes, and the 

potential, after one hour's pumping, was -0.24v. Hydrogen 

was adsorbed again and the 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 noticed. 
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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 adsorbed in an amount equal to 29% of the presorbed 

hydrogen the potential increased to +0.425v. 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 +0.71v. On desorption, llx 1016molecules 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 to the 

development of a leak in the system. 

There was little indication of water formation during 

the desorption process in all runs. 

TABLE: 17 

Run: 36 s.p. at -1830C for hydrogen on sintered Ni/02  on top. 

H atoms x 1017  

0.00 
0.92 

s.p. in volts 	0 atoms x 1017  

-0.000 	17.1$ 
0.073 	17.80 

s.p. in volts 

0.000 

1.80 0.147 18.39  +0. 0.:78: 

2.64 0.187 19.49 0.194 
3.44 0.207 20.01 0.260 

4.21 0.229 20.49 0.313 

4.94. 0.315 20.96 0.325 
5.63 -0.290 21.41 +0.380 
6.29 0.315 H atoms x 1017  s.p. in volts 
6.93 0.330 (contd.) 
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7.53 x 1017  0.330 22.55 x 1017  +0.633 
9.01 0.325 23.63 0.654 

11.25 0.320 24.66 0.688 

16.53 -0.300 25.64 0.697 

1st desorbed film s.p. - 0.316v 
2nd desorbed film s.p. -0.19v 26.40 -0.300 

atoms x 1017 s.p, in volts 0.200
1.

H 27.12 
32.99 -0.030 27.18 0.   

33.64 +0.030 28.47 + 0.100 

34.25 0.050 29.10 0.205 

34.84 0.130 29.70 0.300 

35.39 0.152 30.26 0.370 

35.93 0.146 30.80 0.397 

37.44 +0.152 31.31 0.410 
32.32 +0.410 

Run: 	37 	s.p. at -183°C for hydrogen on sintered Ni/02  on top. 

H atoms x 1017 	s.p. in volts 	0 atoms x 1017 	s.p. in volts 
0.00 -0.000 16.67 -0.260 
0.25 0.015 16.92 0.130 

0.50 0.045 17.17 0.110 
0.75 0.065 17.41 0.058 

0.99 0.088 18.37 +0.190 

1.95 0.142 19.06 0.312 
2.63 0.170 19.72 0.418  

3.28 0.190 20.35 0.510 
3.90 -0.231 20.95 +0.510 

4.50 0.246 21.51 0.530 
5.61 0.275 (contd.) 
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7.56 x 1017  0.316 H atoms x 1017  s.p. in volts 
8.41 0.320 22.04 +0.740 
9.02 0.318 22.54 0.790 
9.62 0.320 23.01 0.811 
11.15 0.310 23.48 +0.811 
13.06 0.300- 
16.41 -0.290 

1st desorbed s.p. 
2nd desorbed s.p.-0.220v 	23.64 

-0.240v(2:5  ) 

H atoms x 1017  s.p. in volts 23.80 0.250 
31.99 -0.230 0.243 24.28 
32.64 0.225 24.74 0.240 
33.26 0.220 25.18 0.200  
33.85 0.178 25.60 0.130 
34.42 -0.085 25.99 -0.040  
34.96 +0.005 26.37 +0.040  
35.48 0.040 26.74 0.125 
38.28 +0.055 27.08 0.205 

27.41 0.265 
27.72 0.325  
28.03 
28.31 

000.34426035205 29.49 
31.31 +0.450 

ain: 38 s.p. at -183°C for hydrogen on sintered Ni/02  on top. 
s.p. in volts 
-0.195 
; 01  0:12105  

(contd.) 

H atoms x 1017  s.p. in volts 	0 atoms x 1017  
0.00 -0.000 17.55 
0.94 -0.028 18.25 
1.83 '0.052 18.92 
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2.66 x 1017  0.088 19.55 x 1017 0.165 
3.50 0.105 20.16 0.215 
4.28 0.123 20.74 0.290 
5.02 0.150 21.29 0.400 
5.73 0.348 21.82 + 0.425 
6.40 0.236 H atoms x 1017  s. p. in volts 
7.05 0.273 22.68 +0.510 
7.66 0.293 23.49 0.700 
8.29 0.313 24.28 + 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 top, 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. 

When hydrogen was introduced again a positive shift in 

potential was noticed and the final value was slightly less 

positive than the corresponding 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 -1.345v. 

When hydrogen was adsorbed on top, the potential increased; 

finally, a saturated s.p. of +0.661v 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 -1.195v. Hydrogen, introduced in smaller doses, 

was adsorbed and on saturation the potential increased to 

+0.614v 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 

amount 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 -1.31v 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, practically 

all the hydrogen adsorbed in the last stage was recovered and 

the s.p. of the desorbed film increased to the previous value. 
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Data of the runs are given in Table 18, and the Run 

39 is plotted in Fig. 19. 

Run 39: 	s.p. 	at -183°C 

CO mole x 1017 	s.p. in 

TABLE: 	18 

on top. 

1017 	s.p. in volts 

for CO on Ni sintered/H2  

volts 	H atoms a 

0.00 0.000 19.45 +0.235 
0.39 -0.123 21.60 0.400 
0.77 0.300 24.96 0.661 
1.13 0.508 
1.47 0.570 s.p. after 15 mins. desorption -1.195 
1.80 0.723 25.73 -0.975 
2.12 0.836 26.46 0.815 
2.41 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 31.46 -0.080 
4.89 1.340 32.92 +0.103 
6.61 1 343 . 24.80 0.250 
8.59 1.345 35.78 0.300 
10.63 1.345 36.75 0.406 

39.56 +0.615 
H atoms x 1017 sip. in volts 
11.42 -1.025 
12.17 0.667 
12.89 0.585 
13.56 0.272 
14.25 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 1017 

0.00 
0.36 
0.71 
1.04 

s.p. in volts 
-0.000 

	

0.260 	s.p. after one hour's pumping -1.210v 
0.455 

	

0.563 	H atoms x 1017 	s.p. in volts 
1.36 0.710 22.00 -1.103 
1.65 0.838 23.79 0.952 
1.94 0.975 24.62 0.801 
2.22 1.100 25.72 
3.18 1.218 26.62 0.495  062 
4.63 1.290 27.58 0.340 
5.90 1.310 28.50 -0.175 
7.92 -1.310 30.28 +0.101 
H atoms x 1017  s.p. in volts 34.48 0.564 
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 
16.79 0.232 

21.48 +0.650 



2.4.15. 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 to 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 10-4mm. 

with films that have been previously sintered. Hydrogen 

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 1016 molecules of hydrogen were recovered and the 

desorbed s.p. increased to -1.42v., 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 furthar 

desorption, 45 x 1016  molecules of hydrogen, that is about 

75% of the adsorbed hydrogen (in the last stage), were 

recovered. 
Data of Run 41 are given in Table 19 and plotted 

in Fig. 20. 

TABLE: 19.  

Run 41: s.p. at -183°C for H on Ni sintered /CO on top. 
17 10s.p. in volts 	s.p.2  after pumping 

	

-0.000 	-1.420v 

	

0.030 	H atoms x 1017 	s.p. in volts 

H atoms x 

0.00 
0.62 
1.77 0.090 23.11 1.025  

2.31 0.135 24.06 0.700 
2.83 0.165 24.96 0.520 
3.32 0.180 25.82 0.380 

3.78 0.205 26.64 
(60 0.145)  4.230 0.235 27.42 

4.65 0.250 28.17 -0.020 

5.06 0.270 28.89 +0.000 

5.45 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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CO mole x 1017  
(contd. ) 

14.10 -0.480 
14.70 0.550 
15.81 0.620 
16.33 0.600 
16.82 0.650 
17.29 0.655 
18.75 0.680 
22.12 -0.700 
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2.4.16. System: CO
2 on sintered Ni at -78°C / CO on top. 

The carbon dioxide for this series was prepared from 

commercial cardice, which was first pumped at room temperature 

and then at -1830C. Some CO2  was then condensed in a liquid 

oxygen trap. The dose of CO2  was then isolated at -780  C. 

The CO2  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 

traps also at this temperature, but when the films were 

sintered to room temperature the traps were changed over 

to -780C. This treatment of the films admittedly caused 

some contamination of the surface which resulted in variation 

of the maximum value. The choice of temperature (cardice 

bath) was also rather unfortunate because it is difficult to 

maintain steady, and consequently caused some drifting. 

However, two fairly reproducible runs were obtained and a 

value of -0.96v was found for CO
2 
on Ni in Run 42 and -0.91v 

in Run 43. The shape of the s. p. curve is very similar to 

that of the oxygen curve which suggests that CO2  is immobile 

at these temperature. 

On desorption at room temperature, no CO or CO2  was 

found and when CO was introduced, on an apparently saturated 

surface, a rise in negative potential was noticed, suggesting 



- 115 
that CO2 did not cover the surface completely and some 

isolated sites were left where CO adsorption was possible. 

On desorption some CO is recovered which could be re-adsorbed 

at -78°C. 

Data of the Runs are given in Table 20 and Run 42 is 

plotted in Fig. 21. 

TABLE: 20 

Run: 42 	CO2 on sintered Ni film /00 on top at -78°C. 

s.p. in volts CO2 Mole x 1016  

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 1016  
17.60 -0.935 
19.86 0.960 
21.4 0.982 
23.60 -1.000 
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Run: 43. 	CO2 on sintered Nickel film at -78°C. 
CO2Mole x 1016 	s.p. in volts. 
0.00 -0.000 
1.27 0.250 
2.90 0.455 
5.67 0.550 
8.32 0.600 
10.84 0.720 
13.25 0.813 
15.55 0.940  
17.04 0.960 
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3. DISCUSSION 

3.1. Hydrogen - Carbon monoxide 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 s.p.d. i.e., a negative 

pole pointing outwards from the metal. However, the 
difference in the magnitude of the initial heats on the 

metals and the low heats of desorption for hydrogen fr'om 
copper C---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.p.d. differing both in magnitude and in sign e.g., with 

Cu the value of +0.29v suggests an electrostatic bonding, 



- 118 

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 tbuyrt itself interstitially in the surface metal 

atom; consequently the increase 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 molecule, 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 i.e., 
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3.1.1.H2 CO system. 

When hydrogen is introduced first, the s.p. rises 

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 0.18. 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 fact 

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 CO molecule 

and consequently an enhanced dipole of the tbondt to the 

surface. Diagramatically it can be represented by the 

following model. 

CO 	CO 	CO 

Cu H-  Cu H-  Cu 
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3.1.2. CO - Cu -. H2  system. 

When CO is added first in small doses a positive 

surface potential is built 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 CO 

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 

+0.35v. 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 positive potential, 

the structure of the surface layer being: 

C-F 	C+ 
Iii 	II) 

Cu 	0 Cu 0 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 



— 121 

e.g. by CO occupancy then the H atom take up a position 

outside the surface and act as a partial electron donor. 

With small doses of H2  there is plateau in the s.p. plot 

as if a saturation value is reached when the number of 

hydrogen atoms sorbed is about half 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 more than compensates for the negative 

contribution of the hydrogen adsorption. Now CO on a full 

negative layer of H atoms gives a positive effect of around 

0.6v (cp. Sec. 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: 

C+  
III 

1-14- 	0 

Cu 	H 
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3.1.3. H2  - 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; since 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 Nignolet(57). 

There is no reason to depart from Aignoletts(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 G 0, 

thereby reducing the negative magnitude of the dipoles. 

There is near equality of the amount of CO adsorbed to 

the amount 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 ndesorbedu 
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film a positive potential of +0.60v is found. This is 

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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3.1.4. CO - Ni - H2  system. 

Carbon monoxide gives a negative s.p. of -1.37v. 

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 10-3mm., 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 +0.6v 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 0 atom of CO: 

H OH 
\ / 
C 

Ni 
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Hydrogen is bonded in aldehydic fashion i.e. 

0 
it 

C 
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) bands and 

moreover the CO band at 2040cm-1  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 1840cm-1  peak, i.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 Wender/s(140) 

studies of the structure of cobalt hydrocarbonyl suggested 

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. Heiber(141)  suggested 

that the hydrogen atom is bonded as a proton in the case of 



- 127 

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(C04) 

they suggested that the hydrogen atom is tembeddedt in 

one face of the tetrahedron formed by the 4 carbonyl groups 

i.e., it is immersed in a sheath of negative charge with the 

A -orbitals of the 3 carbonyls contributing most of the 
bonding and the remainder arising from the 21 - orbitals. 
Such an structure can be illustrated by the following model 

(iii) Hydrogen is distributed protonically giving its 

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

0 	0 
III 	III 
C 	C 
I H4- 

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(4)' 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 complex as shown below is more likely than 

any covalent bonding of the hydrogen atom: 

0 	0 	0 
M 	III 	III 
C 	C 	C 

1 1-14. 	114- 

Ni Ni Ni 

Here the ',protonic!' 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 Nit  H2  (CO)6  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. Now 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), Ni H CO. 

It should be noted that the 'structures' suggested 

here are merely convenient modes of expression and cannot 

be taken too specifically. It is, however, possibly of 

importance that this work inclines one to the view that 

detailed consideration of the mechanism 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. 

3.2.1. 02  - Cu - CO system. 

The use of oxygen is attended with two difficulties: 

(i) this gas can be fairly easily incorporated in some 

metal lattices during chemisorption even at - 1830C., and 

(ii) only extremely small residual pressures of oxygen 

could be left in the gas phase when the W filament was at 

2000°K due to possible attack of the tungsten by oxygen. 

This attack can fortunately be quickly recognized by 

electrical instability of 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 heat 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. 



- 131 

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 

Cu.ttachment, i.e., Cu = 0 and Cu
/0 
 u 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 40.02v, due it is 

suggested, to the presence of structures such as 

11 	 tit 

II 
C 	 C 

 
Cu Cu Cu 

On desorption at room temperature, about 45% CO and 

about 30% CO2  in terms of the amount of CO originally 

present on 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 +002  

removed during desorption 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.p. 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 

CO2, and (ii) the final s.p. of -0.6v on re-adsorption 

of CO being different from that resulting from the original 

adsorption of CO (0.02v), are consistent with the breakdown 

of surface complexes when the film is raised to room tempera-

ture leaving a species different from = 0 or )0 (the 

original species before any CO adsorption) which is stable 

at room temperature. Finally, since CO can now be adsorbed 

at -183°C and desorbed reversibly at room temperature, one 

chemisorbed oxygen species can loosely bind CO (without 

other reaction) whereas the other species gives a complex 

which breaks down chemically 

diagramatically illustrate a 

noting that as a rough rule:;-

are assumed to be additive. 

number of sites on the upper 

so that there are roughly 90 

'saturated' surface: 

at room temperature. We 

possible sequence of events, 

the bond dipole contributions 

For numerical simplicity, the 

surface are taken to be 120, 

atoms of oxygen on the 
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(B0) 	(B'0) 	(L0) 

0 0 0 	0 
II 	II 	ti 	/ \ 	0.6v 
Cu Cu 	Cu 	Cu Cu 

	

3o 	30 	60 

Bo and B'0  are only distinguished in that B'0  are single 

Cu = 0 groups and Bo  are paired (adjacent) sites. For 

CO adsorption (equal in amount to 0 atom adsorption), 

the following model is suggested: 

0 	0 	0 	0 
II 	II 	II 	111 
c 	c 	c 	c 
N 	n 	n 
0 	0 	0 	0 
1 	I 	i 	/\ 
Cu Cu 	Cu Cu Cu 

30(B) 	30(B') 	60 (L) 

CO 	CO 	CO 

+0.03v 

It is assumed that reversible CO adsorption occurs on 

(L), i.e. a weak chemisorbed bond such that CO is desorbed 
CO 
at room temperature. The complex labelled (B) has stronger 

CO 
bonds to the surface and breaks down to give CO, whereas 

(B') gives CO2. The desorption thus gives: 
CO 
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0 	o o 

C 	 C 
I 

0 	0 OR 	0 	0 
/ \\ 

Cu Cu 	Cu Cu Cu 	Cu Cu -0.40v 
CO (15) 	CO2(30) 	30 (CO) 

so that roughly 45% CO and 30% CO2  in terms of the original 

amount of CO adsorbed is desorbed. Further adsorption of 

CO gives 

	

0 	0 

	

II 	ill 

	

C 	 C // \ 
0 	0 	(co) 	6 
I 	I 	/ 
Cu Cu Cu Cu Cu 

	

30 	30 
	30 

-0.24v 

i.e. about 60 CO are adsorbed representing about 70% of 

the original amount of CO adsorbed. 

Superficially, there are quite felt permutations of 

'structures' which would accord with the results but for 

consistent stoicheiometry 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 Lo  + 30 Bo  + 30 B'0  = - 0.6v. 

The initial part of the curve (where there is rapid 

rise in potential) is assumed to be due to (L0) type of 

structures; so that 30 (L) = -0.4v., and therefore 

B0  +B0  = -0.2v. When CO is introduced adsorption to 

(L0) sites gives rise to (L) complexes which corresponds 
CO 

to a drop in potential to -0.12v (the value from the CO 

part of the curve) so that 

30 L 
CO 

30 B
0 	

30 B'0  = (?) 	-0.2v = -0.12v 

so 	30 (L) = + 0.08v. 
CO 

Simultaneously 30(B0) structures are covered with CO 

molecules and transform to 30(B) complexes and the 
CO 

potential drops to -0.04v., hence; 

30 (L). + 30(B) + 30(B' o) = (+0.08v) + (?) + (-0.1v) 
CO 	CO 	.0 

= -0.04v 

or 30(B) = -0.02v. 
CO 
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Finally 30 (Bto) structures on adsorbing CO are 

converted to 30 (BT ) and a potential equal to +0.03v is 
CO 

found. 

Hence 30 (L) +30(B) + 30(pt ) = (+0.08v) +(-0.02v) +(?) 
CO 	CO 	CO 

+0.03v 

so that 30 (Bt ) = -0.03v. 
CO 

The sum of the three values 

30 (L), 30 (B) and 30 (BT ) is +0.03, the experimental 
CO 	CO 	CO 

value found on covering the surface with CO. 

On desorption two types of structures are left on 

the surface; namely the 30 (L0) and undefined (CO3) 

structures. Since the experimental surface potential 

value of the desorbed surface is -0.4v and the potential 

due to 30 (1,0) complexes is also near this value the 

remaining complex (CO)-- makes either no contribution to 
a 

the potential or at the most one of -0.4v. 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 (L0) 

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

adsorbed on the copper atoms (which are freed during the 
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process of desorption of CO2) while the CO3  complex 

remains essentially the same. Hence 

30 (L) + 30(CO) + CO3  = 0.08 	0.12 	(?) = -0.24v 
CO 

so that CO3 is -0.44v. 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 CO2 from a single entity or (ii) to give CO and form 

a "carbonate ion" from two adjacent entities, each being 

roughly equally probable processes. 
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3.2.2. CO - Cu - 02 system. 

With CO, there is a positive potential, the maximum 

being somewhat 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 replace-

ment of some CO by chemisorbed oxygen. The surface 

potential decreases to an apparent stationary value at 

-0.12v but if the temperature 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 limit 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 exceeds the 

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 oxygen to form CO2  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 found in experiment while the above 

complex if present alone on the surface must give a 

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

An alternative structure such as 

0--  0--  0-- 

Il C+ 	C+ II 

Cu 0 	Cu 0 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 = 0 bond due to the larger distance of oxygen atom 

from the surface copper atom. This increased length 

arises because of the difficulty of fitting an oxygen atom 

to a copper atom, surrounded by two CO molecules. 

This complex, on desorption, breakS down into CO 

molecules, and some CO2 is also formed. The "cupric 
oxide?' structures, meanwhile is converted into the 

flcuprous 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 
/ ` 	/ 
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. - A curve). The subsequent 

CO adsorption gives 

C 	 C 
CO 	111 co 

0 0 	0 0 

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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3.2.3. 02  - Ni - CO system. 

The addition of small doses of oxygen decreased the 

potential to about -1.3v; the amount adsorbed probably 

corresponds to slightly less than full coverage (--,--85%). 

It is suggested that chemisorbed oxygen atoms are present 

as one point and two point attachment but the presence of 

/°\ structures is only about 20% of the total. The 
Ni Ni 

effect of CO is to increase the potential to -0.4v. 

The process may be conceived as: 

U 	111 
C 	 C 
11 
0 	0 

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% CO2  and about 15-20% CO in terms of the 

amount of CO originally present on 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 to be 120, so that there are roughly 

100 atoms of oxygen on the surface: 

(B' ) 	(B0) 	(L0) 

0 	0 	0 	0 
II 	II 	li 	/ \ 	-1.3v 
Ni Ni 	Ni 	Ni Ni 

40 	40 	20 

(Bo) and (B'0) are only distinguished as before, in that 

(B'0) are paired (adjacent) while (B0) are single groups. 

For CO adsorption (equal in amount to 0 atom adsorption), 

the following model is suggested: 

0 0 0 0 
II 	11 	0 	01 
C 	C 	C 	C 
II 	u 	it 
0 0 o 0 
I 	i 	1 	/ \ 
Ni Ni 	Ni Ni Ni 

40 (B') 	40(B) 20 (L) 
CO 	CO 	CO 

-0.40v 

It 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 (B1 ) breaks 
CO 

down to give CO2, whereas complex (B) remains essentially 
CO 

unchanged. The desorption gives: 

CO2 	 (B) 
CO 

0 
It 

It .0 	11 
0 	0 	0 	—0.60v 

/ 
Ni Ni 	Ni 	Ni Ni 

20(CO2) 	40(B ) 	20(C0) 
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). 

40(W 40(B;) 20(L0) = 1.30v. 
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Hence 20(L0) = 0.30v and 40(B0)+ 40(13'0) 	1.0v. 

When CO is introduced it sticks to (L0) sites which are 

converted to (L ) and the potential is increased to -0.45v 
CO 

(value from CO part of the curve) hence 

20(L + 40(B) + 40(B'o) = (?) +(-1.0v) = -0.45v. 
CO 

whereas 20(L ) = +0.55v. Secondly 
CO 

40(B0) structures are also covered with CO to 

40(B) structures and the potential is increased to -0.43v. 
CO 

Consequently 

20(L )+ 40(B ) +40(13'0) 	(+0.55) + (?) (-0.50) = -0.43v, 
CO 	CO 

Hence 40(B ) = -0.48v. 
CO 

Finally the remaining structures 40(BI ) are converted 
0 • 

to 40(B' ) and the potential is increased to -0.42v. 
CO 

20(L )+ 40(B ) +40(13t  ) = (+0.55) + (-0.48) + (?) 	-0.42v. 
CO 	CO 	CO 

and so the 40(B') 	-0.49V. 
CO 

It should be noted that the sum potential of all 

three (L ), (B ) and (B') structures is -0.42v which is 
CO 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(L0), 40(B 
O
) and [CO2)complex on 

the surface. The presence of some [COjcomplex is 

essential because if Ni-O-C and Ni-0 structures are 

assumed, additional CO will not be reversibly adsorbed 

(as it will form Ni -O-C-0 structures with Ni-0) 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 0 

atom. The desorbed surface contains about 40 oxygen 

atoms, 20 as (1,0) and 20 in association with CO molecule 

attached through an oxygen atom. Now the corresponding 

s.p.d. (for 0 atoms) is about -0.8v but the potential of 

the desorbed surface is only -0.6v. This suggests that 

the Ni-O-C structures must be positive ( 0.2v). This can 

readily be checked by introducing CO on the desorbed 

surface and equating the potential 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 40(B'0), 
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whereas other values are the same as derived before: 

20(r, ) 1- 40(B ) + 20(C) + 20(0) = (0.55) + (-0.48) + (-0.25) + (?) 
CO 	CO 

= -0.04v 

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 

3.2.4. CO 	Ni 	02  system. 

Doses of CO give a negative surface potential of 

about -1.4v. There is no decrease of this value by 

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 replaces 

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 filament, no further doses 

are added. Desorption at room temperature brought the 

potential back to approximately the original value (-1.35v). 

It will be noted that the number of 0 atoms taken up is 

about half that of the CO to give the maximum value of -1.4v. 

Consequently one may suppose that the surface complex is 

0 0 0 0 
n ill ill ill 
C C C_ C 
11 t 6t o 	t 
Ni Ni Ni Ni 

50% 	50% 

i. 
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On desorption, CO2  in amounts roughly equal to 

half the original 02  is obtained with only small traces 

of CO (presumably physically adsorbed). Loss of CO2 

therefore involves the breakdown of structures leading to 

0 	0 
If 	11 
C 	C., 

It 	i 	11 
Ni Ni Ni 

ii. 
75% 25% 

It is also possible that the oxygen reacts with the 

desorbed CO (which is physically adsorbed) to form CO2  

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), simultaneously. On desorption, only 

(ii) 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 -1.3v. It 

should be noted that Ni = C = 0 has a somewhat higher 

negative potential than Ni = 0 and indeed in some runs the 

potential at the end of the first desorption is lower than 

-1.4v, the value for a completely oxygen-covered surface. 

The amount of CO re-adsorbed is a quarter of the original 

amount in accord with the above picture. 
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3.3. Oxygen - Hydrogen series. 

3.3.1. 02  - Cu - H2  system. 

The curves obtained for oxygen surface potential 

are similar to those reported in section 3.3.1. Oxygen 

again does not completely saturate the surface so that 

the first stage is the formation of both structures: 

O 0 	0 	0 
/ 	0 
Cu Cu Cu Cu Cu 

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 H+ (which give a positive 

value as usual) to give a complete layer: 

H H 	H 	H 
A 	1 	1 

O 0 	0 	0 
/ \ 	1 	A H+ 1 

	

Cu Cu Cu 	Cu Cu 

L B 	73' 

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

hydrogen which, as we have assumed in the case of the 
H 

(0 - Cu -CO) system, desorbs mostly from 	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 molecules and transform to (L) types; 

the desorbed characteriStics will therefore be negative, 

due to the presence of the cuprous type of structure, but 
H 

the presence of 1  groups will compensate some of the 
0 

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 original uptake is adsorbed on the (L) 

types of centres, together with some of the H+ form, but 

as the complexes favouring adsorption in the H+ form are 

reduced by the first desorption, a less positive effect 

can be anticipated as it is actually found. On further 
V V 	 0 

desorption, more q 0 structures are converted to / 
Cu du 	 Cu Cu 

by the desorption of water molecules. The desorbed 

potential, however, is slightly less negative as the 

surface is depted of oxygen in the process of desorption. 

When hydrogen is adsorbed again a (negative) 'shoulder/ 

is noticed in the curve which supports the above contention 

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 

by repeated adsorption and 
V 

loss of water from 	 0, 
Cu Cu 

groups is more difficult, as  

is gradually cleaned 

desorption but the 
V 

and isolated g 
Cu 

pointed out by 

subsequent 

structures 

has been 

Dowden and Gar1er(15°); 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. The 

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 

6 H+ 
/ 

Cu 	Cu 	2 Cu+ H2O 

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. H
2 
- Cu- 02 system. 

The curves obtained for hydrogen on sintered copper 

films are similar to those for unsintered films and the 

s.p.d. 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. - 8 curve results. The picture of the 

complex at this stage can diagrammatically be represented 

as 

0 	0 	0 
11 	11 	11 

Cu H-  Cu H-  Cu 

On raising to room temperature, hydrogen 1/dissolved( in 

the lattice will desorb and react with oxygen to give - OH 

groups; adjacent pairs then decompose to give water 
0 

molecules. Hence / \ structures together with isolated 
Cu Cu 

Cu - OH groups result. The surface potential after 



-154 

desorption as given by the following model will eventually 

be negative but less in magnitude: 

0 
/ \ 

Cu Cu 

H 
1 
0 
1 
Cu 

0 
/ 

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 
1.1 

with increasing amount Ais formed. 
Cu Cu 

the magnitude of the negative effect. 

chemisorbed oxygen is removed as water 

hydrogen is-adsorbed on the surface it  

potential, but 

This decreases 

On desorption, more 

and when again 

gives its normal 

negative surface potential of about -0.33v. 
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3.3.3. 02  - Ni - H2  system. 
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 = 0 structures. The 

addition of hydrogen gives a marked decrease in the 

negative value and appears to proceed in two stages. The 

amount of hydrogen taken up is about twice that of oxygen 

adsorption and it is suggested that the first effect (-0.6v) 

is 

0 
fl 	1 
Ni 	Ni 

where the OH has a negative moment, but less in magnitude 

than that of Ni = 0, followed by the take-up of another 

atom of hydrogen. This may be to form 

H 	H 
\ / 
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 change of 2v. This is 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 Na2Zn(OH)41  one may write the corresponding acid 

as H2Zn(OH)4  which bears a formal resemblance to the iron 

hydrocarbonyl H2Fe(CO)4  where there is evidence of the 

'protonic' nature of the H atom. Thus an alternative 

structural formulation is 

H 	H 

0 
114" 

Ni 	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 0 at room 

temperature. About 2 x 1017  hydrogen atoms can be re-

adsorbed at -183°C, thereby largely bringing the potential 

back to +1.5v. 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 -1830C 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 

	

1 	1 
O 0 
1 
Ni H-  Ni H- 

Hydrogen atoms can be adsorbed on top of this and the 

potential becomes markedly positive ( 1.0v) consistent with 

the structure 

H H 	H 
1 
O 0 	0 

	

I H+ 	H+  

Ni H-  Ni H-  Ni 

It would therefore appear that the formation of the complex 

H 
H
`o 

Ni 
is improbable. 
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3.3.4. H2  - Ni - 02  system. 

Again there is a different stoicheiometry; hydrogen 

gives the usual 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 +0.4v 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 large change to +0.8v, when there is about 3H 

atoms to each 0 atom on the surface. By analogy with the 

02-Ni - H2  system (and the corresponding H2-Cu-02  system) 

the oxygen is undoubtedly adsorbed directly on the nickel 

but the latter course of the reaction suggests that the 02  

merely replaces physically adsorbed H2  in the second layer 

which then is re-adsorbed on top of the oxygen while the 

"extra" hydrogen provides the necessary H structures. 

The sequence thus seems to be 

H 	H 
i I 	I 	I 

H2 02 	0 	
0 H2 0 H+ 0

1  
-----,.-- 	1 	I ---T 1 	1 

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, little 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 1.2v. 

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 

0 	0 
/ 

Ni 	Ni 	Ni 

which should have a potential equal, or slightly more 

negative, than that caused by the original H atoms (OH -0.6v). 

The latter value has in fact been found in some runs. 

Further 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 same. 
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3.). 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 CO2 chemisorption on transition 

metal powders has been studied by Webb and Eischen,(143) 

and by Eischen and Pliskin(95)  on supported nickel. 

The infra-red spectrum indicates that carboxylate ions 

are formed at room temperature: 

0 

Ni C 

- 
o  

Now the heat of adsorption of CO2  is almost as high 

as that for oxygen adsorption. Hayward( 144)  has calculated 

that the heats for dissociative adsorption as C0+0 for 

Ni and some other metals are considerably lower than the 

experimental values, so that the ”carboxylatell type of 

adsorption is more probable. 

Surface potential values of CO2  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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CO2 is dissociatively adsorbed, subsequent CO adsorption 

should give a decrease in negative potential due to 

the formation of the Ni-O-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 

clearly suggests that CO adsorption takes place on nickel 

atoms rather than on adsorbed 0 atoms derived from 

dissociative adsorptions of the CO2  molecules. 

On desorbing the CO2  chemisorbed film, no permanent 

gas (CO) or condensible gas (CO2) 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 evidence for the dissociative 

adsorption of CO2  and there seems no reason to depart from 

the model suggested by Eischen(95)• 
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