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ABSTRACT  

The mixed adsorption of the following groups of gases 02  + 

H2; H2  + 02; H2O + H2  + 02; H2  + H2O 02; 02  + B2  + 02  + CO; 

NH
3 
+ H

2 
+ 0

2 
and CH

3
OH + H

2 
+ 0

2 
have been investigated on 

platinum. at 195°k and iridium at 195 and 273°k. In general in 

all these systems both metals catalyse the formation of water by 

the same mechanism. Both oxygen and hydrogen are dissociatively 

chemisorbed on the clean metal films at 195°k (for Pt) and 273°k 

(for Ir); there is no evidence for incorporation of these atoms 

into the bulk metal. At higher temperatures (>100°C), however, 

the uptake of oxygen corresponds to two monolayers; nevertheless, 

all these oxygen atoms are removed by treatment with gaseous hydrogen 

at 195°k and there is little loss of area or reactivity of the film 

at 70°C. At 300°C, a third oxygen layer is found but the additional 

oxygen uptake is unreactive and there is now evidence of marked sin- 

tering. 

On platinum, when oxygen is the first adsorbate on the clean 

film, water is catalytically produced at 195°k when the surface 

is subsequently treated with gaseous hydrogen and an equivalent 

amount of chemisorbed hydrogen atoms remain on the surface. Treat- 

ment with oxygen now regenerates the oxygen adatom surface; this 

oxygen/hydrogen cycle with formation of water may be repeated 

indefinitely. Calculations of the number of surface sites 

occupied by hydrogen and oxygen adatoms during the cycles confirm 
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this conclusion. The utilization of this oxygen/hydrogen process 

for the determination of the reactive area of the platinum catalyst 

is discussed. 

When hydrogen is chemisorbed as the first adsorbate on clean 

platinum, the process is complicated by the occurrence of molecularly 

adsorbed hydrogen molecules over the primary adlayer. These 

molecules are rapidly oxidised by oxygen to give water and simul-

taneously the primary hydrogen adatoms react but more slowly. 

Similarly, when water, or ammonia, or methyl alcohol, are added 

to a clean film, dissociative chemisorption (Pt-OH, Pt-H; Pt-NH2, 

Pt-H; Pt-CH3, Pt-OH) has probably taken place and again the primary 

hydrogen adatoms are only slowly oxidised; the main formation of 

water here proceeds via the molecularly adsorbed hydrogen molecules 
the 

adsorbed on top of /primary layer. The other ad-radicals present 

are in general stable towards gaseous oxygen and hydrogen. Finally, 

experiments, in which treatment with carbon monoxide following a 

first cycle with oxygen and hydrogen,  were performed, showed that 

this had little effect on subsequent oxygen/hydrogen cycling to 

form water; the monoxide is quantitatively oxidised to the dioxide 

and the oxygen adatom layer is recovered by treatment with this 

gas at 70°C. The results and conclusions with iridium films were 

similar at 2730k. 

A separate series of experiments were performed in which water 

was chemisorbed on platinum, iridium and on tungsten at 2730k (the 



latter being used since it is not a catalyst for water formation 

at these low temperatures), followed by subsequent decomposition 

at higher temperatures. There were marked differences in behaviour, 

e.g., hydrogen was evolved at 273°k using tungsten films and the 

hydrogen evolved could not be readSorbed at room temperature after 

a previous higher temperature decomposition. With platinum and 

iridium, however, hydrogen evolution only occurred above 200°C and 

most of this hydrogen would be re-adsorbed at room temperature. 

These differences are discussed in terms of a possible associative 

chemisorption of water on platinum and iridium at 273°k, followed by, 

the decomposition at the higher temperatures to produce hydrogen. 
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CHAPTER I  

INTRODUCTION 

1. General Aspects of Chemisorption 

When a gas or vapour is allowed to come to equilibrium with- a 

solid or liauid surface, the concentration of gas molecules is always 

found to be greater in the immediate vicinity of the surface than in 

the free gas phase, regardless of the nature of the gas or surface. 

The process by which this surface excess is formed is termed adsorp-

tion. 

Adsorption of gases by solids generally can be divided into two 

main domains, Physical or Van der Waal's adsorption and chemisorption. 

Van der Waal's adsorption is non-specific and takes place on all sur-

faces. It is caused by physical forces comparable with those respon-

sible for the liquefaction of gases. The molecules are bound to the 

surface of the adsorbent by dispersive forces and those due to permanent 

and induced dipole attraction. It is generally appreciable in a low 

temperature range when molecular species may be reversibly adsorbed 

and multilayers formed. Chemisorption on the other hand involves the 

formation of chemical bonds and involves at least partially trans-

ference or sharing of electrons. The magnitude of the work function 

of the adsorbent affects the formation and the strength of such bonds. 

Covalent bonds are formed if the adsorbent possesses orbitals with 

unpaired electrons capable of entering into covalence. Co-ordinate 

bonds require the latter to have vacant orbitals capable of•receiving 
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the pair. 

Adsorption takes place with decrease in surface free energy, 

G, and generally with decrease in entropy, S, because by confining 

an adsorbed molecule to a thin surface layer, some degrees of freedom 

are lost. Use of the equation 

AG =.611 T.AS 	(1) 

then shows that 411 is also negative, that is/  adsorption is in general 

exothermic. So one of the basic macroscopic studies carried out on 

gas-metal systems has been the measurement of differential heats of 

adsorption. The heat is generally found to fall with increasing 

(1,2,5,40 
coverage 	and three main explanations have been proposed. 

The earliest one, due initially to Constable
(5) 

and Taylor(6), is 

that the fall is owing to the surface hetrogeneity. The second is 

that falling heats are due to the force of repulsion between mole-

cules in the adsorbed layer, by Roberts.(' Finally Eley
(8) 

and 

Schwale(9) consider the energy of electron-transfer taking place in 

the formation of the surface bond. If the electron is either donated 

by the gas or a covalent bond is formed, electrons from the gas 

enter the solid. Since in metals there are bands of permitted 

electron energies the first electron will go to the lowest un-

occupied level of the band system and the higher and higher levels 

will be engaged as adsorption proceeds. If on the other hand, 

electrons are donated by the solid to the gas, the first electron 
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will come from the highest occupied state, and subsequently deeper 

levels will be used. Consequently in either case, the, heat will falls  

although Temkin(10) developed the idea of heat decrease due to elec- 

tron transfer involving a surface band system. Gundry and Tompkins(11)  

criticised it on the ground that electrons in a surface electron band 

of metals would be in equilibrium with those in the bulk metal, which 

during chemisorption would act as an almost infinite reservoir for 

replenish6ent or depletion of the surface band. The magnitude of 

the heat of adsorption in a gas-metal system depends both on the metal 

and on the gas, but it is possible to place a number of gaseous adsor- 

bates in sequence such that one is more strongly adsorbed by a 

metal than the one succeeding it.
(12) 

Comparison of heats extra- 

polated to zero coverage yields a scale of values decreasing in the 

order(13) Ti, Ta). Nb Id, Cr> Mo > Fe > Mn;>Ni , CO> Rh> Pt, Pd. > Cu, Au. 

This trend cannot be considered as precise since there is a con- 

siderable variation from one worker to another. For example the 

variation of maximum heats measured for oxygen on Ni ranges from 

105 k ca1
(14) 

 to 150 k cai(15). A similar wide variation occurs for 

iron and oxygen, namely 100 k cal
(16)

, to 130 k cal
(14)

, though these 

are some extreme examples. The general trend of heats of adsorption 

has been correlated with the d character of the metallic bonds
(20) 

This interpretation requires that the bond between metal and adatom 

be essentially co-valent
(21'2223) which is in accord with all the 

experimental observations excepting some alkali metals on tungsten(24/25'
26) 

where the interaction is more ionic in character. 
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The importance of the d-bond in gas-metal interaction is brought 

out quite neatly by the work of Couper and Eley(22) on the activa- 

tion energy for the ortho-para hydrogen conversion on palladium. 

The activation energy undergoes a sharp rise as the d-band is filled 

by alloying with gold. Again Trapnell
(27) 

concluded from studies of 

the chemisorption of several gases on a large number of metal films, 

that metals with vacancies in the d-band are much more active adsor- 

bents than.' other metals. 

The detailed nature of the adsorption band in chemisorption is 

still not clear. Single participation of d-band character in bond 

formation of transition metals is criticised by different workers.(28,29) 

Thus in the dissociative chemisorption of a diatomic gas, the chemical 

potential of atoms, bound together as molecules in the gas phase, 

must exceed that of atoms bound to the solid in order for chemisorp- 

tion to occur.
(30,31) 

If the entropic contribution to the chemical 

potential is excluded, chemisorption can occur only if the binding 

energy of an adatom, x, exceeds one half the dissociation energy D 

of the diatomic molecules in the gas phase. Among the transition 

elements the thermodynamic requirement is met as shown by the fact 

that adsorption energies are higher on these elements than on non- 

transition metals. To define a unique dependence of bonding upon 

electronic structure of the solid it is necessary to examine the 

adsorption of gaseous atoms. Semiauantitative data on the bond 

energies of hydrogen atoms for a variety of surfaces suggest that 
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there is no particular dependence upon band structure.,(32) Thus 

atoms can be bound to typical non-transition metals like mercury(33) 

aluminium
(34)

, potassium(35); and nitrogen atoms, for example, can 

be chemisorbed on noble metals.(36) Such chemisorbed hydrogen 

bonds may sometimes involve a surface rearrangement towards a 

hydride phase and involve complex changes in the hydridization of 

the metallic orbitals, affecting several atoms as each adsorbate is 

chemisorbed, rather that a simple bonding with a vacant orbital.
(21) 

Different bonding may occur on different crystal faces of the 

same adsorbent. Thus there are strongly bound H atoms with heats 

of adsorption of 20-46 k cal and these desorb above 280°k; another 

species has a positive dipole outwards, and a heat of adsorption of 

15-20 k cal. A species with a negative dipole outwards and heat of 

adsorption 8-14 k cal also exists. Both these latter species 

showing a preference for the 411 face. Lastly a weakly bound 

positively polarised state, with a heat of adsorption of 6-10 k cal 

is found mainly on the 411,111 and 320 faces. These results have 

been interpreted by Sachtler in terms of a topographic dependence of 

the heat of adsorption. The bond strengths have been correlated 

with the number of surface atoms contacted simultaneously, and with 

their degree of unsaturation. At low coverages the adsorbate is 

concentrated on the faces with the highest heats of adsorption, 

these faces becoming populated mainly by surface diffusion from . 

less attractive faces. Only at very low temperatures where 
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diffusion is restricted will there be uniform coverage over the crys-

tal faces. While the importance of surface heterogeneity is pro-

nounced, some species are formed as a result of induced or polarisa-

tion effects since they are only obtained on faces covered with the 

adsorbate. The heats for carbon-monoxide on tungsten do not differ 

greatly from hydrogen on tungsten.(37) The heats fall in carbon-

monoxide tungsten system from 100 k cal p -state, 70 k cal )32-state, 

52 k cal, A
.
-state to 20 k cal 04-state, thus giving a spectrum of 

heats of adsorption accompanying surface specificity. 

The adsorption of nitrogen on tungsten proceeds through a simul-

taneous filling of different binding states; again there is a spectrum 

of binding states from 2 k cal for a physi-sorbed state, to 9 k cal 

for the Y-state, 20 k cal for theoC -state and 87 k cal for the 

/3-state. The mobility of adsorbed gas layers on metals has been 

demonstrated by Gomer(38), Ehrlich and Hudda
(40)  and Klein

(4o)
using 

field emission microscopy. Activation energies for diffusion were 

measured from the direct observation of the movement of boundaries 

on field emission tips. A Minimum of three types of diffusion was 

observed. For deposits in excess of monolayer, a sharp boundary 

moving over the field emission tip, was observed at about 27°k for 

oxygen and 20°k for hydrogen. The layer formed in this way was not 

mobile if the deposit was insufficient for complete spreading. The 

sharp boundary remained constant to much higher temperatures unless 
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more gas was added. This type of diffusion showed an upper limit 

above which it did not occur. According to Gomer the physically 

adsorbed gas on the top of an immobile chemisorbed layer can wander 

to, the edge of the primary layer and be chemisorbed on the base 

surface. A second type of diffusion occurred involving the chemi-

sorbed adatom layer. Atoms could migrate over such planes as the 

(110), but were trapped on the rough surface at its edge. The trap 

sites were presumed to consist of surface configurations offering 

more near neighbours to a diffusing atom. A low coverage diffusion 

from trap to trap becomes rate controlling when there is insufficient 

adsorbate to saturate the traps. This was found with hydrogen on 

tungsten. 

Measurement of the ratio of the activation energy for diffusion 

to the heat of adsorption shows that, the ratio increases with sur-

face roughness.(38) The potential structure of the surface imitates 

to some extent its physical one. On a perfectly smooth substrate, 

diffusion would require zero activation energy, regardless of the 

energy of adsorption. A similar increase in ratio is demonstrated 

in going from hydrogen to carbon-monoxide on tungsten. This is 

probably connected with the number of formal bonds made with the 

surface. The small size of an H atom permits it to be in contact 

with almost its full quota of W atoms even during diffusion. Studies 

on nitrogen
(41) 

of the ‘dend .-:-state did not show any appreciable 
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diffusion process in the temperature range of their stability. The 

activation energy for conversion to more stable state or for evapo-

ration, must be comparable to the barrier that prevented hopping from 

one site to another. Roberts(42) discussed the weak binding state of 

molecular adsorption on an immobile layer, where a random distribution 

of pairsof sites rather than single sites was obtained. In such a 

situation a number of single sites will be completely surrounded by 

occupied sites, and will therefore be available for weak molecular 

adsorption only. About eight percent vacant sites are available on 

an immobile adsorbed layer. 

Robertsi as well as Langmir and Tanks,(43) have considered a 

slightly different model in which adsorption on a given lattice site 

and accordingly found thirty-seven percent are filled. Roberts 

original model may be incorrect since even if at equilibrium the 

adsorbed layer is immobile; the two adatoms formed by dissociation 

of a single molecule need not go into adjacent sites on the surface. 

However, Ehrlich
(44) 

showed that a model based on the notion 

of excluded sites can be used for the nitrogen-tungsten system. If 

each nitrogen adatom prevents occupation of an adjacent site by another 

adatom and each adatom is restricted to one hop, about 36% of the 

surface sites on the 100 plane can be filled with adatoms. This 

model fits reasonably with the experimental results, and the Y-

state can be identified with unavailable pair of sites; the concen-

tration of the Y-state is reduced when the film is annealed at high 
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temperatures following the removal of domain boundaries. This 

filling of the surface depends on the crystal planes involved, 

i.e. displays surface specificity. The observation of weak binding 

states does not essentially depend on the presence of singular sites, 

since the same molecules would be bound more tightly to some crystal 

faces than to others. This may be relatively important with the same 

system. 

The nature of the binding of weakly held layers is not yet 

resolved. Evidence from surface potential and field emission inves-

tigationishows that most of the weakly held states results in a 

decrease of the metal work functioning;for example, they have a dipole 

with the positive end pointing away from the surface. This type of 

dipole arrangement is generally characteristic of the interaction of 

a molecule with a metal surface, rather than an atom or ion. High 

surface potential changes have been observed for the interaction of 

rare gases with transition metals at 77o  k.(39,45,46)The positive dipole 

has been interpreted in terms of induced polarisation,
(47) 

charge 

transfer of donar acceptor type or surface defects. Molecules on 

the surface are incorporated partly in the metal double layer, which 

has its negative end out from the surface
(48'

49
'
5o) so that the 

polarised molecule will have a positive dipole outwards from the 

surface. 

The explanation is most acceptable for large, easily polarisable 

molecules, such as the rare gases, but for a small molecule such as 
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hydrogen there are objections. The second explanation in terms of 

donor-acceptor interactions, proposes that since the transition 

metals possess d-orbitals of low energy, they will accordingly be 

good acceptors and yield high surface Potentials in agreement with 

the experimental results. For molecules, the donor acceptor inter-

action may also be relevant. For example, the high heats of adsorption 

of hydrogen molecules on hydrogen covered tungsten and platinum sur-

faces are 9 and 15 k cal/mole respectively, are difficult to explain 

by polarisation effects alone. The importance of weakly bound, 

particularly physisorbed, molecules in the kinetics of chemisorption 

has been discussed by Ehrlich
(51) 

and Kisluik
(52)

. Ehrlich has 

discussed the available data on the adsorption of diatomic molecules 

on bare metal surfaces. He concluded that with perhaps the excep-

tion of H2, molecules physically adsorbed on the surface form a 

reservoir from which chemisorption can occur. Delchar(53) showed 

in his study of hydrogen-nickel system at 78°  k or 90°  k that after 

a critical coverage of hydrogen, the subsequent hydrogen adsorption 

can be ascribed to the formation and dispersion of a second layer 

of a weakly bound species resting for a while on the chemisorption, 

before migrating to the clear part of the film where it becomes 

chemisorbed. If the sticking probability is less than one, and 

the condensation coefficient is equal to one, any chemisorption 

process must involve the participation of physically adsorbed 

precursors. In view of the variety of binding energies found 
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for surface states, the precursor to chemisorption does not neces-

sarily need to be physisorbed in the strict sense; one of the weakly 

bound states could doubtless function as a precursor. 

2. Structure and Properties of Metal Films: 

The 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-crystallites having 

high surface energy; they tend to change spontaneously to More 

stable forms. Their surface areas are irreversibly changed by the 

formation of laser crystallites at temperature far below the melting 

point.(1)  Their properties are also greatly dependent upon the 

nature and the temperature of the substrate, the presence of the 

adsorbed gas and purity of the metal. 

X-ray and electron diffraction studies of metallic films have 

done much to elucidate the structure of films, and it is now empha- 

sised that there are great similarities between the structure of 

films and that of the bulk metals. Germanium films evaporated on 

the glass have diamond structure without any preferential orientation.
(2) 

Under certain conditions germanium films may have an amorphous 

structure when deposited at temoerature below 380°, but are crys- 

talline at higher temperature.
(3,4,5

'
6) Nickel and Aluminium films 

condensed in a hydrogen atmosphere have structure and lattice para- 

meters similar to those of the bulk materials.
(7) Films deposited 
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at 78°k are composed of small crystallites; the size may be as 

o (8)  
small as 30A 	(linear dimension) and the film is porous. When 

these films are heated at room temperature, the number of spheru-

lites increases and grows quickly in size with temperature. For 

example; the average crystal width of nickel deposited at 273°k 

is about 260°A and on heating it to 670°k, the size increases to 

2000 to 3000°A.(8)  Anderson made a'detailed study of nickel and 

tungsten films by electron microscopy. From the transmission electron 

micrographs the presence of gaps up to 20°A between the crystalb have 

been established for Ni films examined when deposition was carried 

out at 273°k. On sintering, the first stage is the removal of 

intercrystalline gaps while in later stages surface asperities are 

removed and crystal growth occurs and at the same time surface 

atoms rearrange so that low index planes are exposed. High tempera-

ture sintering produces a crystalline structure almost the same as 

that in the bulk phase, and the original film area is reduced con-

siderably.(8'9)  

Normally it is found by chemisorntion studies that the surface 

area of the refractory metal films is a-linear function of film 

weight; this is conclusively proved in the case of Ni and W. Cu 

films thrown at -183°C are bronze in colour and the large areas 

are also proportional to film weight;
(io) on warming to room 

temperature films, red in colour having an area close to the 
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geometric area, are formed. Silver and gold films on sintering at 

room temperature behave similarly.(11112'13) Mignolet
(14) 

has 

shown that the work function of the film increases with sintering 

and approaches that of the normal metal. 

Beeck's reports regarding the enhanced catalytic activity of-

oriented Ni films also seems to be exceptional and this effect has 

been disproved by Sachlter(15) who used similar films produced by 

different methods. There is some indication of slow aging on sinter-

ing even at as low a temperature as 1730k
,(16) 

as shown by electrical 

resistivity for films deposited at low temperature, indicating that 

.the atoms of the metals have high surface mobility. Investigation 

on the mobility of cadmium(17)  and on Pt and Pd(16) atoms gives 

substantial support to this contention. Direct investigations by 

a number of complementary techniques have shown the role of surface 

structure in affecting chemisorption. The importance of atomic 

arrangement of the surface has been realised for many years, but 

the use of the field emission microscope
(18) has demonstrated the 

variation in surface migration rates over heterogeneous surface. 

For the interaction of nitrogen and carbon-monoxide with tungsten, 

a variety of microscopic and macroscopic observations are now 

available to prove that a large number of equilibrium and kinetic 

phenomena is dependant upon the atomic arrangement of the surface. 

Kinetic studies show the adsorption of nitrogen at low tempera- 
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ture (115°k) occurs at a high rate, with a sticking probability of 

0.5 compared to 0.3 at room temperature.
(19) This is due to the 

presence of the =G -state. Nitrogen probably is first trapped on 

the (110) plane after collision from the gas phase and then it 

migrates to the kinked sites of high activity. So it is concluded 

that adsorption takes place through a precursor state, which had 

been postulated to fit the rate data obtained by macroscopic method. 

Even though the (110)
(20) 

planes do not directly participate in 

chemisorption phenomena, it appears that they do influence the 

overall kinetics of the rate process. The results of Trapnell, 

Kembell, and Kley
(12) who used evaporated metal films also estab-

lished that the extent of chemisorption was different on different 

crystal planes. 

3. Adsorption of Oxygen  

The study of oxygen chemisorption on metals is complicated 

by the occurrence of oxidation even at low temperatures. Brennan, 

Hayward and Trapnell
(1) have compared the volume of Krypton physi-

cally adsorbed on evaporated films with the extent of oxygen chemi-

sorption at room temperature on the same film. The adsorption of 

oxygen at 78°k shows that two kinds of sorption occur, (i) an 

"irreversible" and the (ii) reversible one. The kinetics of the 

irreversible one were not affected by interrupting the reaction. 
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In some cases the reversible adsorption was shown to follow a 

Langmuir type isotherm.(2) 

rev 
= No 	- 

[13  + Pc] 

where N rev = no. of reversibly adsorbed oxygen molecules per unit 

area. 

N
o 
= no. of oxygen molecules (atoms) in a monolayer of 

adsorbed oxygen. 

p = the ambient pressure. 

f5 = an empirical constant. 

A study of the oxygen-Germanium system by Rosenberg et al
(2) 

suggest that reversible adsorption may be physical in nature and 

the value of c which is less than one (0.5) is attributed to strong 

repulsion between the adatoms. But it is likely that the molecules 

of the reversible process may be one of the weakly chemisorbed species 

on a heterogeneous surface with a system of adsorntion energies. The 
the 

value of c sugEests thati(Process is a dissociatiYe one, but the study 

of Kr adsorption on oxygenated Germanium(3) at low coverage (102J to 

50) indicates that a fractional pressure exponent of equation (1) 

may not imply that a dissociation of the adsorbed species has taken 

place. The reversible adsorption of oxygen takes place at (195°k) 

but incorporation and oxidation is Pronounced. Ouinn and Roberts,
(4) 

(1) 
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in a photoelectric investigation and Delchar(5) by surface potential 

measurements showed an 	"incorporation process" for oxygen on 

some of the transition metals. The incorporation lies in the order 

Cr>Fe> Ni>Cu. The apparent activation energy of incorporation of 

oxygen by Delchar shows that it was 1-2 k cal for Ni and 6 k cal for 

copper and for Cr and Fe even less than one k cal. The results 

obeyed an-equation where the energy term was split into two com-

ponents. 

Rate = n exp - ( 	ciaF)/RT 
	 (2) 

where a= activation energy for transfer of an oxygen ion from 

the surface into the metal latices. 

q 
	

is the charge on the ion situated at a distance (a) 

from the metal. 

F 	= the electric field at the metal surface. 

The value of a for Ni from this equation was found to be 

32 to 31 k cal from 100°  to 400°  k and for Cu 28 to 29 k cal. Grimley 

and Trapnell
(6) 

have estimated that afor the transfer of a copper 

atom into a thin oxide layer is 26.5 k cal. One would expect that 

an anion such as 0 would require a greater energy. The agreement 

is reasonable and probably the surface' field controls the rate during 

incorporation process. In the Germanium-oxygen system Bennett
(7) 

also observed the incornoration process. 

In some cases, the oxygen is chemisorbed without being 



dissociated into atoms. The molecular adsorption in the form of 

0 
2 
 ions may be the first step of atomic adsorption. Oxygen molecules 
a 

have,'positive electron affinity of 2 to 3 k cal/Mol.(8) In the 

normal oxidation of alkali metals, like potassium,the 02  ions are 

found when lattices of superoxides result from the reaction of 

metal with oxygen (02). When a Caesium metal surface was exposed 

to oxygen at 77°K, it is spontaneously covered with a chemisorbed 

layer of oxygen as 0
2 
species. The surface potential investigation 

shows that the relatively small surface potential due to adsorbed 

oxygen was originally interpreted
(9) to mean that adsorbed oxygen 

was essentially atomic in character. It. was found by Macrae
(10) 

that the surface potential data can also be used in support of 

considerable charge transfer to the adsorbed oxygen. Magnetic 

studies yield conflicting evidence.
(ii) Park and Farnworth

(12) 

consider agreement of photoelectric data with the Fowler curve 

for metals as strong evidence for adsorbed oxygen being mainly 

atomic in character. Boreskov
(13) used isotopic exchange technique 

to investigate the character of the oxygen bond on the metal surfaces 

of ft, Ag, Pd and Ni. He observed that it is probable that the 

sorbed oxygen penetrates into the surface layers of metal to some 

depth. A study of the exchange with the chemisorbed oxygen provides 

evidence for the non-uniformity of oxygen on Pt film. 

The heat of chemisorption varies between 13 and 24 k cal/moi 

17. 
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the 
over 25% ofXmonolayer, while the activation energy increases by 

5 k cal/mol. The rate of a homo-molecular exchange is close to the 

initial rate of the isotopic exchange with adsorbed oxygen measured 

at insignificant degrees of exchange. Hence one may conclude that 

the homomolecular exchange reaction proceeds on a small area, only 

3% of the overall Pt surface.(14) This rate of homomolecular exchange 

of oxygen on silver films is one order of magnitude less than that 

of 
pt.(15) 

The studies indicate that the surface oxygen is uniform 

over most of the surface. PtO is formed on Pt surface from the 

adsorbed oxygen and the rate of heterogeneous exchange rapidly 

decreases with the extent of exchange.which indicates that oxygen 

on the surface is non-uniform. 

On freshly prepared Ni films the initial exchange exceeds that 

of Pt but in an hour it is reduced to one sixth of the original 

value. After a large amount of oxygen adsorption, the specific 

activity of the film approaches the character of an oxide film. 

From the above results of the isotopic exchange of oxygen there 

emerges a definite indication that there are various forms of oxygen 

bonding on the surface of the films and some of them probably do 

take a passive role in simple catalytic reactions. Tikhomirover 

et al(16) showed by their various pulse methods that at the moment 

of anode polarisation to P = 1.2v (i.e. before the formation of 
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oxide planes on the Pt surface) various types of 02  (chemisorbed) are 

formed, differing in bond strength. However, when the same techniques 

were used on the cathode side (i.e. during reduction of chemisorbed 

0
2
) at least, two types were detected. Morrison and Roberts,(17) 

using the accommodation coefficient techniques, found oxygen layers 

on a tungsten filament to evaporate in two different temperature 

ranges. The less stable portion, evaporating at 800°C was believed 

to be a molecular film, and the more stable portion, evaporating at 

15400°C, an atomic film. Some 8% of single sites are in fact left 

over when an immobile layer is formed by dissociation of diatomic 

molecules to atoms, and it was suggested that on these a strong 

molecular chemisorption might take place. Evaporation data are 

however even more difficult to interpret with oxygen than with 

hydrogen owing to the possibility of desorption as oxide. 

4. Adsorption of Hydrogen 

Some important work on hydrogen metal systems was initiated 

by Roberts(1'2) in the middle of 1930. He showed that hydrogen 

was chemisorbed rapidly by clean metal surfaces at room temperature. 

The chemisorbed layer of hydrogen on tungsten, for example, only 

starts to evaporate in a good vacuum at 500°C. When tungsten 

powder was outgassed at 750
0
Ci
(3) hydrogen was adsorbed only slowly; 

this may be attributed to a diffusion process; for example, oxygen 

present as a contaminant on the external surface may diffuse into 
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the interior and thus set surface sites free for adsorption.(1) 

Beeck and Ritchie
(4) 

have compared the volume of hydrogen chemisorbed 

by an evaporated nickel film with the volumes, Vm of various gases 

physically adsorbed into a monolayer. These volumes were obtained 

from adsorption isotherms by application of the Brunauer-Emmett-

Teller equation for multilayer adsorption.(5) From this, the volume 

of gas Vm;'physically adsorbed into a monolayer can be obtained. 

Then if each physically adsorbed molecule occupies an area 40 

on the surface, and Ir2cms3 of hydrogen are chemisorbed, the area 

a_
2 
 2) occupiedby each chemisorbed molecule is 

a2 = 
a
1
Vm 	 (3) 
V
2 

Hence a2  may be obtained provided a1  is known. For simple 

molecules such as krypton, methane and nitrogen it may be assumed that 

there is close packing in physically adsorbed monolayers, with a1  

equal to the cross-sectional area in the liquid phase. For more 

complex molecules it is necessary to assume some definite configura-

tion on the surface. With n-butane, it has proved valid to assume 

that the molecule lies flat, in the form of a cylinder of diameter 

4.75A°  and length 5.16A°. 

The value of a2 
obtained by Beech and Ritchie are independent 
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of the gas used in physical adsorption. V
2 was measured as the 

volume chemisorbed at (-196°C) and 0.1 mm pressure. The nickel 

films were randomly oriented, and are likely to have exposed in 

their surfaces the low index planes (100), (110) and (111) to 

roughly equal extents. The areas per site in these three planes are 

respectively 6.15, 8.70 and 5.52/1°2, the mean being 6.72A
02
. If 

in the saturated layer one hydrogen atom is present per nickel 

atom, the area covered by each hydrogen molecule would be 2 x 6.72 = 

15.44A
o2
. This is good agreement with the experimental value, and 

suggests 1:1 bonding. • 

More recent work has been concerned to discover whether more 

than one mechanism of chemisorption may be operating within the mono-

layer. This was first suggested by Mignolet(6'7)  as a result of 

studies of the change in work function (u) on coverage (0). Often 

Iu-Q curves are non-linear, showing an apparent decrease in the sur-

face dipole as an adsorption proceeds. Hitherto this had been 

ascribed to mutual depolarization, but the case of platinum is 

more extreme.(8) The work function initially increases on adsorp-

tion, but then decreaseS, eventually giving an electro-positive 

layer. Clearly, mutual depolarization cannot explain the result, 

and flignolet suggested that in the later stages a weak molecular 

chemisorption is taking place through a Mulliken charge transfer 



bond. However, infra-red work by Pliskin and Eischens(9) shows 

that this cannot be the case. These workers found bands at 4.86 

and 4.76 microns respectively for the strong and weak chemisorption 

of hydrogen, and at 6.8 and 6.7 microns in the case of deuterium. 

The results confirm that there are two mechanisms of chemisorption, 

but if the weak adsorption is molecular, a band should appear at 

about 5.4 microns when HD is adsorbed. However when an equili- 

brated H 	mixture was contacted with the platinum sample no 
2/11)2 

adsorption occurred at this wavelength. Both strong and weak 

adsorptions must therefore be atomic, and representing the species 

as Hs and Hw, Pliskin and Eischens suggest two possible structures, 

namely, 

Hw 	Hw 	Hw 	Hw 

and Hs 
I//  
Pt 
// 

Pt 	Pt Pt -- Hs -- Pt 

That is, the two chemisorptions are associated with different 

topographical positions on the surface, the strong adsorption being 

part way towards solution in the metal: In the case of tungsten, 

there is no reversal of the dipole as adsorption proceeds,
(7) 

simply a decrease. However. if a filament is covered with gas at 

liquid air temperatures and then flashed the curve relating the 

rise in pressure due to desorption with rise in temperature shows 

two peaks.
(10) 

Other Peaks have at various times been claimed,
(ii) 

22. 
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suggesting the presence of further binding states, but later work 

showed that these arise from impurity in the system.(12) The weak 

chemisorption of hydrogen on tungsten is small in extent and pressure 

dependent, and is confined to temperatures below 200°k. It may well 

be molecular and take place in gaps in the strongly adsorbed layer, 

though as yet this must be regarded as unproven. 

Certainly the balance of evidence supports the existence of two 

mechanisms, and this is confirmed by the effect hydrogen chemisorp-

tion has on the conductivity of metal films.
(13) 

In the case of 

iron films, the resistance first increases on admission of hydrogen 

but then decreases, eventually reaching almost the initial value 

for the clean surface. Those who have used the resistance method 

tend to agree with those who have used infra-red spectra, not only 

that two mechanisms exist, but also that these are due to adsorption 

at different lattice points.(14) The alternative possibility, 

namely, that the second weak adsorption takes place in the gaps 

in an immobile atomic layer, does not at present find favour. 

5. Adsorption of Water Vapour 

When metal films are treated with water molecules, adsorption 

occurs in the right temperature range, and chemisorption is effected 

generally by donation of a lone pair of electrons from oxygen to 

metal and a co-ordination type bond
(1) is formed. The adsorption 

of water molecules o: Oermanium at very low -pressures using mass 
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spectrometry were studied by Law et a1.(2) It was found that the 

monolayer was completed at a pressure less than one tenth of the 

saturation vapour pressure. At the saturation pressure about. 

eight to ten layers were reversibly adsorbed with a heat of adsorp-

tion comparable to that of condensation as would be' expected in-the 

multilayer region. 

By comparing the experimental entropy values with those cal-

culated from various models, it was found that the higher layers 

were mobile, having effectively properties similar to liquid water, 

Water molecules adsorbed reversibly could be removed by pumping 

until the monolayer region was reached. On heating to about 350°C 

further desorption was observed, indicating that the monolayer was 

chemisorbed. It was found by analysis that the desorbed products 

were a mixture of hydrogen and water molecules. Hydrogen was 

produced by dissociation and surface oxide layers were formed. 

On the other hand, for water molecules, desorbed from Pt films at 

room temperatures, experimental evidence showed that monolayer of 

water molecules was stable up to 195°k and at room temperature 

(3000k) almost all of it was desorbed. 

Adsorption of water on nickel films by recording the surface 
caused 

potential and electrical resistance change at 77°  to 90°k X the 

potential to decrease. In this temperature range, the positive 

pole of the dipole of adsorbed water molecule points away from the 

nickel surface. An increase of the photoelectric emission of Pt 
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in the presence of water vapour as a result of donation of the lone 

electrons of oxygen atoms in the water molecules to the electron 

gas of the metal was observed by Schaaff.(4) On nickel films the 

water molecules decompose at 195°k and especially at 273°k, resulting 

in an additional increase of yLc The fragments are bound to the 

surface and effect the electronic interaction between the successively 

adsorbed water molecules and the metal surface, in such a way that 

the adsorption of water molecules at 273°k, 90̀ K and 77°k is accomL 

panied by a decrease in resistance which at 273°k can be reversed 
the 

by adsorption. InXchemisorption of water molecules on oxides,(5) 

the surface layers of these oxides were converted into the surface 

hydroxide layers. 

6. Adsorption of Carbon-monoxide 

The volumetric work has been carried out on carbon-monoxide 

layers with the aim of obtaining the ratio of adsorbed molecules to 

surface metal atoms. Brunauer and Emmett,
(1) for example, compared 

the low temperature adsorPtion of nitrogen on iron powders with 

the extent of carbon-monoxide chemisorption. Unfortunately their 

work is difficult to interpret as some low temperature nitrogen 

chemisorption was almost certainly taking place in addition to 

physical adsorption. However, similar work by Beech et al.
(2) 

on evaporated nickel films suggested that a single site chemi-

sorption of carbon-monoxide was taking place indicating a surface 
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complex NiC0 analagous to the bonding in nickel carbonyl. He 

studied mostly nickel film, but also studied films of iron, cobalt, 

Pd, Pt and Cu; with the exception of Cu similar results were obtained.. 

Cn Molybdenim and Rhodium films, on the other hand, Lanyon and 

Trapnell(3) found the carbon-monoxide and hydrogen chemisorption to 

be almost equal in extent, suggesting a two-site mechanism, while 

on iron and tungsten films, the carbon-monoxide chemisorption was 

respectively 1.23 and 1.40 times the hydrogen chemisorption, sugges-

ting mixed oneT and two-sites mechanisms. Only on Pt and Pd films 

did the CO chemisorption correspond to a single site mechanism. The 

carbon-monoxide molecules can cover two sites in one of three ways, 

namely , 

0 

C 	0 	C 
/ 

M 	/4 	M 

and no final decision between these is possible on volumetric 

grounds. This question and others have, however, been resolved 

by Eischens and his co-worker;
(4,5) they obtained infra-red spectra 

of carbon-monoxide adsorbed on a number of metals, normally supported 

on silica or alumina. Some pertinent information can be obtained 

from the number of bands in the spectra at a single stage of sur-

face coverage as shown in the original spectra of chemisorbed 

carbon-monoxide. However, these single stage spectra do not reveal 
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the relative strength of bending for the chemisorbed CO contributing 

to each band or the effect of interaction on the band position. To 

obtain this information the spectra of chemisorbed CO were studied 

as a function of surface coverage over silica-supported Pt, Pd and 

Ni. Their most important results are the following:- 

1. Both one and two site adsorption occur. 

2. One site adsorption involves a single bond between metal 

and carbon atoms, and should therefore be represented as 

M-C_0. 

3. The relative amounts of one and two sites chemisorption 

vary (a) with the metal (b) with the nature of the support 

and (c) with the surface coverage. 

In the case of palladium at room temperature both one and two 

site adsorption occur. The initial adsorption takes place primarily 

by a two site mechanism, single site adsorption clearly becomes 

important as the surface coverage increases. Probably the effect 

is due to surface hetrogeneity rather than to adjacent pairs of 

sites being filled and leaving only single sites. On nickel, 

mixed one and two site adsorption was also observed, but both on 

supported Pt and on evaporated films single site adsorption pre-

dominated.
(5) However, the relative proportions of the two types 

of adsorption varies with the nature of the support. Two site 

chemisorption is rather more extensive on alumina supported than 

on silica supported platinum.(6) This result may show that the 
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nature of the support influences the electronic structure of the metal, 

since a relatively greater donation of electrons by the metal is 

required for two site than one site adsorption. 

Yang and Garland(7)  find one and two site adsorption on rhodium, 

together with a third mechanism in which one rhodium atom adsorbs 

two molecules of CO. 

CO 	CO 

Rh 

Their relative proportions of the various types of adsorption again 

depend on the coverage and on the concentration of rhodium on the 

support. 

Desorption studies on tungsten filaments by Ehrlich () and by 

Redhead(9) confirm the existence of two mechanisms. Redhead finds 

that two-site chemisorption takes place first and to a greater 

extent and concluded that the small amount of single-site chemi-

sorption (some 10% of the total) is a gap-filling process. Both 

Ehrlich and Redhead agree that there are three sub-phases within 

the two-site mechanism. These have different heats of chemisorp-

tiOn, and may arise from adsorption on different lattice snacings. 

An unexplained result which relates to CO chemisorption is that iso-

tonic exchange between CO molecules takes place on iron powders at 

temperature as low as -35oC.(10) 

13
C0 C

18
0

13
C
180 CO 
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At face value the result is difficult to explain. However, iron 

powders are undoubtedly contaminated, presumably with oxygen, and 

exchange might take place through association of the chemisorbed 

CO with this oxygen. 

7. Adsorption of Ammonia 

With-ammonia, adsorption involves dissociation of hydrogen, the 

extent of which increases with rising temperature. At very high 

temperatures, many metals decompose ammonia to nitrogen and hydro-

gen, and this suggests that the ammonia molecule is completely 

dissociated in chemisorption. Confirmatory evidence that nitrogen 

atoms are present on the surface is that on tungsten,
01) ammonia 

decomposition and the nitrogen exchange reaction both commence at 

similar temperatures. 

14N + 15N 	2
14N15N 

N
2 	2 

At room temperature Wahba and Kemball
(12) have studied NH

3 

chemisorption on tungsten, iron and nickel films, and found that 

with Nickel and iron the ammonia chemisorption at room temperatures 

and- low pressures on a given film area is roughly equal to the 

hydrogen chemisorption. Under these conditions the surfaces will 

not have been completely covered, but the G values for both gases 

will have been high, and not greatly different from one another; 

since the hydrogen molecule covers two sites in chemisorption, the 
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ammonia molecules must cover roughly two sites also. 

With tungsten and iron, when more than a certain quantity 

of ammonia has been admitted, hydrogen appears in the gas phase. 

Some hydrogen is liberated in the absence of excess ammonia in 

the gas phase, but the extent and velocity of hydrogen evolution 

is increased if ammonia is present. The volume of hydrogen 

liberated..after exposure to 0.1 mm pressure of ammonia for 24 

hours is about 1.5 times the initial ammonia chemisorption. With 

nickel there is almost no liberation of hydrogen. The most reason- 

able explanation of these results is that with these metals there 

is an initial two site chemisorption, according to the equation 

2M + NH
3 	

MNH
2 
+ NH 

When this layer is exposed to excess ammonia, there will be 

a tendency for the chemisorbed hydrogen to be displaced by amine 

radicals, provided the heat of NH
3 

chemisorption somewhat exceeds 

the heat of hydrogen chemisorrtion. With tungsten and iron this 

state. of affairs holds but with nickel it does not, and so very 

little hydrogen is liberated. The mechanism of displacement is 

probably through desorption of hydrogen followed 

2MH 	2E + H
2 

by ammonia chemisorption on the resulting vacant sites. The 

overall ecuation for displacement is then 

NH + NH3 	NNH
2 
+ H

2 
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If chemisorption as amide and displacement of hydrogen were the 

only processes, the volume of hydrogen liberated would be equal to 

the initial NH
3 

chemisorption. However, with both iron and tungsten 

the volume approaches 1.5 times the ammonia chemisorption and the 

most likely reason for this is a further slow breakdown of amide 

radicals to imide radicals, or possibly to nitrogen. The fact 

that some hydrogen is slowly liberated in the absence of gaseous 

ammonia offers some support for this idea. 

8. Mixed Adsorption  

The investigation of the adsorption of mixed gases or one 

gas after another was reported by Smith
(1) as early as 1863. In 

the adsorption of a pure gas on a given surface of fixed area 

there are three variables, temperature, Pressure, and amount adsorbed. 

For a binary gas mixture the composition of the adsorbed and gas 

phases at equilibrium must also be known. Thus five variables 

must be evaluated in order fully to characterize experimental 

Point. At constant temperpture, tIiree of these variables may be 

unambiguously depicted on a three dimensional plot. In other 

words a mixed isotherm is Properly represented not by a line but 

by a surface.(2'3)ir • Joao—Ins and Young
(4) depicted a mixed adsorp- 

tion isotherm. 

In mixed adsorption a nunber of processes may occur such as 

the formation of complexes, surface displacement, acceleration or 
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retardation of sorption of different components, or individual 

adsorption of different gases on different planes of a polycrys-

talline metal surface. According to Robert et al(5) partial dis-

placement is possible,e.g.,the displacement of hydrogen by nitrogen(5) 

and hydrogen by oxygen on NolybdellUM,(•
6) 

He also stated that surface 

diffusion of displaced atoms are essential before molecular desorp-

tion. If:the surface is not covered completely, e.g.8 is less than 

one, the rate of hydrogen desorption by nitrogen is negligible up 

to 60°. The smaller the value of 0 and T the more likely will 

displaced hydrogen adatoms be successfully retained by the surface. 

It appears that many surface reactions between two substances 

involve interaction between two adsorbed molecules,_the adsorption 

occurring on neighbouring surface sites; this is conveniently known 

as a Langmuir-Hinshelwood. mechanism. The rate of a reaction between 

A and B is then proportional to the probability that A and B 

molecules are adsorbed on neighbouring sites, and this is proportional 

to the product of the fractions covered by A and by B. Let the 

fraction of surface covered by molecules of the type A be e, and the 

fraction covered by B be 8'. The rate of adsorption of A is given 

by 

.1 = kIP(1-8-9') 
	

( 1 ) 

where P is the partial Pressure of A; (1.4-91 ) is the 

fraction of surface that is bare. The rate of desorption of A 



is k_10, and equating these rates gives 

0 	= kP 

(1-0-Al) 

where k is eaual to k1/k  • In a similar way it can be shown that 
-1 

for the equilibrium of the as B, 

I 
	 _ k P1  
(1-0-01) 

where P
1 
is the partial pressure of B and k

1 
is equal to the ratio 

of the rate contents for the adsorption and desorption of B. Solu-

tion of equations (2) and (3) gives 

= 	kP _ 

1+kP+k1P1  

k
1
P
1  

and Al  

14-kPla1P1  

for the fractions covered by A and B respectively. 

The rate of the reaction, being proportional to the product of 

these two fractions, may thus be written as, 

= k
2
OP1 

k2 1:k
1
PP

1  

_ 
(14.1cP+k

1D1) 

(6)  

(7)  

If the pressure P
1 
is heat constant and P is varied the rate 

first increases, passes through a maximum and then decreases. A 

similar variation with P
1 is also found. The physical explanation 

of 
of the falling off/the rate at high  pressure is that the more 

33. 

(2) 

(3) 
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strongly adsorbed reactant displaces the other from the surface as 

its pressure is increased. It is most convenient to corsider a 

number of special cases of the general equation (7). 

Case (i) Sparsely covered surface:- If the pressure p and P
1 

are 

sufficiently low, the terms kP and k
1P1 may both be neglected in 

comparison with unity, and the rate eauation is 

17 = k2kk1PP1 
	

(8) 

The rate is thus proportional to the product of the two partial 

pressures, and the reaction can be said to be of the first order 

. with respect of both A and B, and is of the second over-all order. 

If both reactants are present at the initial pressure Po, and the 

pressure at time t is P, the rate equation is 

dP 
kP
2 

dt ( 9 ) 

and this integrates to 

Po 
P =  	 (10) 

1+Pokt 

A number of reactions obey laws of this type; exanoles are 

the reaction between nitric acid and oxygen on glass(?)  and the 

reaction between ethylene and hydroFen on copper
,9) under certain 

conditions of temperature.. 

Case (ii):- One reactant very weakly adsorbed:- If reactant A 

is weakly adsorbed, the term kP is the denominator of eq.(7) may 

1_1 
be neglected in comparison with 1-Fk t' and the rate eouation 
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becomes 

k kkiPP1  
1r= 2-- 

(14-k1P1)2  

The rate is now proportional to the pressure of A, but as the 

pressure B increases the rate first increases, passes through a 

maximum and then decreases. Such a maximum in the rate has been 

observed in the reaction between hydrogen and carbon-dioxide on 

Pt ,(10,11,12) 
and in the exchange reaction between deuterium and 

NH
3 

on an iron surface.(13) 

If reactant B is sufficiently strongly adsorbed so that k1P1 

is much greater than unity, the rate equation becomes 

k
2
kP 

kip 

	

	
(12) 

"' 

This rate is now inversely proportional to the pressure of the 

strongly adsorbed reactant B. For example under certain conditions, 

the rate of the reaction between carbon-monoxide and oxygen on the 

surface of quartz and 
Pt(14,15,16) 

is directly proportional to the 

pressure of oxygen and inversely proportional to that of CO; the 

latter is therefore strongly adsorbed and as its pressure is increased 

it displaces the oxygen from the surface. Another example is the 

reaction between hydrogen and oxygen on Pt,
(15) 

the rate of 

which, under certain conditionS is inversely proportional to the 

hydrogen pressure. 

I- 
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Calorimetric measurements are reported by D. Brennan and M.J. 

• 
Graham,(17)  which show that oxygen adsorbed to saturation on Mo and 

W at 78°k, has the same energy as oxygen adsorbed on these metals at 

273°k to the same coverage. The additional coverage at 273°k, 
or 

either for a surface initially saturated at 77°k,/for a surface 

maintained at 273k throughout the adsorption is effectively the 

same in both cases and is associated with the same energy which is 

lower thanthat of the initial state and falls with increasing 

coverage. It is argued that the final state of the adsorbed layer 

on these metals at 273°k is k 	 independent of the temperature path. 

Ponec studied that hydrogen displaced by oxygen from Mo surface;(18) 

adsorption of H
2 

on iron precludes the slow chemisorption of nitrogen(1Q)  

etc. Oxygen was pre-adsorbed on 
Ni;(20,21) hydrogen subsequently 

admitted at 78°k did not react with the pre-adsorbed oxygen; it 

merely restricted subsequent adsorption of H2  to an extent roughly 

proportional to the part of the surface which had been left 

unoccupied by oxygen. At room temperature an extensive interaction 

took place with the pre-adsorbed oxygen,
(20,21) but only if some 

part of the surface had been left uncovered by oxygen adsorption. 

Interaction at 298°k and its absence at 78°k, is evidenced by two 

facts (a) change of the film resistance and of the work function 

at 298°k, which is after admission of hydrogen to surface with 

pre-adsorbed oxygen, the reverse of the normal chance with clean 

surfaces. The extent of H
2 
 consumption was several times greater on 

surface with pre-adsorbed oxygen (if the extent of oxygen pre- 



3?. 

adsorption was sufficiently great) than on clean surface of the same 

area. If no part of the surface is left free, consumption of the 

hydrogen decreases almost to zero, and no interaction can be 

detected by measuring the film resistance. 

• However, under analogous conditions, Quinn and Roberts(2 -2)  

found a certain interaction by the work function measurement. If 

the surface of Ni is completely covered by oxygen, reaction of - 

hydrogen with pre-adsorbed oxygen can take place at 273°k if 

hydrogen is atomized in the gas phase.(23) Platinum behaves in the 

same way, the only difference being that the reaction can be detected 

at 78°k. 	The extent of H
2 
with pre-adsorbed oxygen at 273

o
k 

differs for various metals. On iron and Mo the extent is small, 

on Ni
(20
'
21) and 

Mo(19) reaction stops after the pre-adsorbed oxygen 

had reacted to a degree, corresponding to a ratio H/0 not much 

greater than unity. On Pt,
(24) 

Pd,
(25)  oxygen and hydrogen can 

mutually react at 273°k without limitation and the product of reaction 

desorbs from their surface. On 
Cu(26) no adsorption of gaseous 

hydrogen takes place 	when 	H
2 
had been atomized in the gaseous 

phase, it reacted easily with pre-adsorbed oxygen. This reaction 

can be repeated without restriction whicl,  means that, as with Pt 

and Pd, the product desorbs at 273 k from the surface and makes 

the continuation of the reaction possible. 

o 
Metals clearly differ in the products of interaction at 273 k 
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Where reaction can be repeated without limitation i.e. on Pd, Pt, 

Rh and Cu, the most probable product is desorbable water. With 

other metals, the reaction proceeds Probably only to the stage of 

formation of the OH group. This is indicated by Fschlier(27)  and 

C. Thompson.(28)  The formation of the OH gi.oup at 273°k also agrees 

well with the fact that H2O on the surface of Ni and Fe decomposes at 

273°k with the formation of H2  which is liberated into the gaseous 

phase.
(29)-- 

The fact that even. with atomized H
2 • 

desorbable 

products do not form on Ni, Fe, and Mo at 273°k, shows that 

the addition of further H
2 

to the OH group, which is the most 

probable product of interaction,is a difficult process and that 

water, which can be produced under suitable conditions, (e.g., Ni 

catalysts are used in industry for removal of traces of 0
2 
at low 

temperature), is probably formed by a mechanism other than that of 

the mere addition of H-FOH. 

The over-all order of the activity of metals Pt, Pd, Rh, Cu 

(H atoms) Ni, Mo, Fe, 	Cu, as derived from the temperature and 

other conditions under which H2 
and oxygen interaction takes place, 

is generally in good agreement with catalytic experience. There 

is no direct connection between the catalytic activity and the presence 

or absence of the positive effect on the film resistance against 

coverage plots, i.e. between catalytic activity and the various 

kinds of cherisorption bonds of hydrogen. The same conclusion 

holds also for other cataytic reactions of hydrogen.( -30) 

A homo-molecular exchange and the exchange with sorbed oxygen 
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was studied on Pt, Ag, Pd, and Ni films by G.H. Boreshov(31) and 

he found that there is sorbed an amount of oxygen on Pt and Ag 

corresoonding to several monolayers at 200
o
C.(32) The over-all 

amount exceeds the solubility of oxygen in the metal and it is 

probable that the sorbed oxygen penetrates into the surface layers 

of metal to some depth. The homo-molecular exchange of oxygen 

on Pt films proceeds with an observable rate at 200°C. The activa-

tion energy is 16 ± 2k cal/mole, and the order with respect to oxygen 

pressure is close to 0.5. A study of the exchange with the sorbed 

oxygen provides evidence for the non-uniformity of oxygen on Pt 

surface. The sorption heat varies between 13 and 24 k cal/mole over 

25% of the monolayer, while the activation energy increases by 

5 k cal/mole. The rate of a homo-molecular exchange is close to 
the initial rate of the isotopic exchange with adsorbed oxygen 

measured at insignificant degrees of exchange. Hence, one may 

conclude that the homo-molecular exchange reaction proceeds on a 

small area, which is only 3% of the over-all Pt surface.(33)  The 

rateofahomo-molecularexchangeof02m Ag films is one order of 

magnitude less than on Pt.
(34) The study of the exchange with sorbed 

oxygen indicated that, in contrast to.Pt, the surface is uniform 

at least over most of the surface. 

The adsorption of oxygen, hydrogen and carbon-monoxide on 

(35)  m evaporated Pd films was studied by S.J. Stephens. 	 hc,  method 
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used was to allow a monolayer 

gas, added in small doses and 

by analysis of the gas :9n .se. 

CO was found to react readily  

of adsorbed gas to react with a second 
the 

to followXreaction volumetrically and 
the 

He 'found inATd + 02 
+CO system that 

with a Pd-0
2 
surface at 0°, forming 

CO
2 
gas and adoorbed carbon-monolde. -2.ection continued until. about 

9O of the adsorbed oxygen had been removed from the surface as 

CO
2' 

after which further addition of CO resulted in an increase in 

CO pressure but little or no adsorntion or reaction. The amount of 

CO
2 

formed was directly proportional to the amount of CO added over 

the entire range of reaction. Some 86-92 of the adsorbed oxygen 

was removed from the surface as CO
2 

during the course of the reaction. 

The 02 
which did not react may be held on the surface at sites of 

high binding energy, or may have penetrated beneath the surface of 
the 

the metal and so be inaccessible for reaction. In/Pd + 02  + H2 

system S.J. Stephen(35) found that the uptake of H2
.by a Pd-0

2 

surface was similar in some respects 
	to that of H

2 

by clean Pd. Hydrogen was taken un rapidly and both strong and 

weak adsorption were found. However, the amount of hydrogen taken 

up by a Pd-02 
surface was considerably nTeater than that by a clean 

Pd surface, and is directly related to the amount of oxygen in the 

adsorbed layer. 

J.G. Astcn
(36) has studied tie chemisorntion of hydrogen and 

oxygen on Pt black at low ten -.)erature by the titration method. The 

heat of adsorption of
2 
 at 60, 120 and 2'13°k was measured as a 

- 
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function of coverage on Pt. Strong chemisorption of hydrogen takes 

place at low coverages even at very low temperatures. Between 90 and 

100
o
k physically adsorbed hydrogen undergo a transition to weak 

chemisorption. Weak chemisorption takes place on bare Pt-sites 

where strong chemisorption can no longer proceed. At sufficient 

high temperatures, weakly chemisorbed H2  can transform into strongly 

chemisorbed hydrogen. 

According to Eley, Moran and C.H. Rochester(37) hydrogen 

adsorbed on Pt silica gives infra-red bands at 2040 and 2120 cm
-1

, 

and on Pt - alumina at 2040 and 2110 cm 1. The 2110-2120 band is much 

enhanced by treatment by oxygen, and adsorption-desorption behaviour 

together with deuterium shift establish the band as due to weakly 

adsorbed H
2
. It is proposed that the hydrogen is adsorbed on Pt 

oxide patches, possibly on Pt 
(38)  surface ions. The effect of 

oxygen pretreatment is to reduce or remove the 2040 band, which 

however, slowly appears in the Presence of water, more Quickly for 

H2  plus water, in either order, for Pt-silica. On Pt alumina the 

addition of water is not necessary to observe this band. It is 

suggested that the 2040 band is due to H atoms chemisorbed on Pt 

,and H bonded to an adjacent OH . This may be formed by dissociative 

chemisorption of water, or even by OH ions diffusing from the adjacent 

supnort for alumina. Experiments on CO rule out any possible 

impurity effects due to this gas. The bends observed agree with 

(Q) 
the observations of Eischons and Piskin.'-' 	These workers hive 
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measured the infra-red spectra of the chemisorbed species when 

hydrogen and deuterium are adsorbed on Pt, and concluded that 

weakly bonded H
2 is adsorbed as atoms on the top of, and essentially 

covalently bonded to the surface Pt 'toms. The infra-red data gave 

no information about the nolarity of the Pt-H bond. 

Eley and Rochester(37)  confined discussion to the Pt-H inter-

face in the absence of other chemical species. However, the infra-

red data were obtained for metal samples in which the Pt (9% by 

weight) was distributed in a c-alumina support. Pliskin and Eischens 

reported that, with silica-supported Pt samples, absorption peaks 

due to adsorbed hydrogen were observed at the same frequencies but 

at lower intensities than for the alumina supported samples. This 

suggests a possible involvement of the support in the chemisorption 

process. During the course of measurements of the infra-red absorp-

tion bands attributed to cl;?emisorbed H2  it became clear that pre-

adsorbed oxygen or water were having some effect which was therefore 

also Quantitatively investigated. 

The adsorption of hydro-70n, cyr.yg,en and CO on PtLon-alumina 

re-forming catalysts and on the alumina base was investigated by 

Gruber.( 0) 
 

By means of hydrogen adsorption the Pt surface area of 

freshly prepared samples was found to be 200 to 270 cms2/g. of Pt. 

The decrease of Pt dispersion due to heat treatment of catalysts is 

shown. Several catalysts were subjected to complete oxidation-

reduction cycles and the amounts of hydrogen and oxygen taken up 
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in the different steps of such a cycle were measured. A probable 

mechanism for the oxidation-reduction cycles was established. The 

mechanism of CO adsorption on supported Pt was found to depend not 

only on the nature of the support but also on the degree of dis-

persion of the metal. The fraction of CO adsorbed in the bridged 

structure decreases with decreasing metal dispersion. 

The reaction of hydrogen at room temperature with oxygen 

adsorbed on supported and unsupported Pt catalysts has also been 

studied by Boudart,
(41) 

and used to measure the surface area of the 

metal. His work shows that the volumetric titration can be performed 

with Pt supported on alumina, which absorbs the water formed. Since 

three hydrogen atoms are consumed for each accessible Pt atoms, 

there is a threefold increase in sensitivity over direct hydrogen 

chemisorption and more than a 50% increase over CO chemisorption. 

Because the sample is deliberately exposed to oxygen there is no 

need to exclude oxygen from the sample, and the sample need not be 

completely reduced prior to measurement. Because of the small 

blank on the alumina suorort, the method used by Boudart offers a 

distinct advantage over conventional adsorption technicues with 

hydrogen and carbon-monoxide on Pre-reduced samples. The advantames 

appear decisive in the case of samples containing small amounts of 

platinum. 
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CHAPTER 2 

APPARATUS AND EXPERIMENTAL PROCEDURE  

1. Materials  

Oases: 

Oxygen  

Oxygen was prepared by heating B.D.H. analar potassium perman- 

ganate crystals, which had been outgassed; after flushing with 

oxygen, it was stored in a litre flask connected to U-tube mano- 

meter. 

Krypton, Carbon-monoxide and Hydrogen  

These were obtained from British Oxygen Company in sealed glass 

ampoules. Hydrogen was purified for each experiment by diffusion 

through an electrically heated (325°) silver-palladium thimble. 

The other gases were used without further purification except to 

pass through a liquid nitrogen-cooled trap before being closed into 

the system. The supplier gives the purities of these "Grade X" 

gases as: 

H
2 
not less than 99.9995% pure 

CO not less than 99.9% pure 

Kr 
not less than 99.99% pure 

Ammonia 

Ammonia was purified on a separate apparatus; it was obtained 

from a cylinder of gas supplied by Imperial Chemical Industries. 

About 700 ml of gas were transferred to a litre bulb by freezing 



out by liquid nitrogen in a side arm of a storage bulb. Before 

being dosed on the film, it was passed through a trap cooled to 

105°k, after low-temperature vacuum distillation. 

Water 

Pure water was obtained by distillation from a solution of 

potassium permanganate in distilled water. About 50 ml were 

introduced into a 150 ml flask which was then joined to the vacuum 

apparatus.- After a preliminary outgassing with cardice bath around 

the water flask, the water was subjected to a melting-freezing 

procedure during which time it was being evacuated by the pump. 

It was stored in a bulb containing purified glass wool to increase 

the surface area from which evaporation could proceed. 

Methyl Alcohol  

Pure A.R. methyl alcohol was provided by James Burrough Ltd. 

It was purified by freezing in a liquid nitrogen bath, and then 

using melting-freezing procedure with evacuation. This operation 

was repeated three times. 

Metals  

Spectroscopically pure metals were supplied by Johnson, 

Matthey and Company Limited. Platinum and iridium wires were 

used for film deposition. Tungsten wire was supplied by Murex 

imited. 

2. Tescri tion of the Apparatus 

The apparatus used for the subsequent experiment was constructed 



of pyrex glass and it is shown diagrammatically in (Fig. 1). It was 

housed in a movable, rectangular box on wheels; it was constructed 

from Dexion angle 225 and measured 4 feet, by 2 feet, by 2 feet 6 

inches. The top of this frame-work was covered with sandenyo. Holes 

were cut in this sheet to allow the passage through of the vacuum 

line and insulated electrical wires and to allow Dewars to be raised 

around the cell. The section sited above the sandenyo sheet was 

that which it was necessary to bake out at high temperature. For 

this purpose a furnace 2 feet high and 13 inches diameter was con- 

structed which could be lowered over the vacuum line to rest on the 

insulating top sheet of the Dexion frame. 

The furnace consisted of an innermost cylindrical steel former 

and two co-axial asbestos cylinders. 16 S.W.G. michrome wire was wound 

uniformly round the inner cylinder and permanently cemented by a paste 

of magnesium oxide in asbestos wool. It was finally covered by aluminium 

foil. The top of the furnace could be lifted when necessary. The 

temperature of the furnace could be raised to 450°. The main pumping 

leads were of 25 mm diameter to facilitate rapid evacuation and the 

rest of the apparatus was made from 6 to 12 mm internal diameter 

tubings. 

The Pumping System  

The vacuum system comprised the cell, Pirani gauge and glass 

valves. It was evacuated by two high 
	speed annular-jet 

mercury-diffusion pumps, backed by a two stage rotary oil pump. 
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The cell could be isolated from the pumping system by a system of 

magnetically operated glass ball-joined valves D1  and D
2 
(Dekker 

valves) and protected against condensable vapours by a system of 

conventional cold traps (T T
2
) situated in the dosing line, all 

of which were baked out at 3000  by means of electrical heating 

taps. 

The Gas Dosing System  

The dosing system consisted of four glass stopcocks joined end 

to end; the first two being separated from the last two by a g]ass 

bulb (200 cms3). The pressure of the gas in the volume defined by 

the first two taps was roughly measured on a mercury monometer. 

Gas in this volume was expanded into the large bulb and a small volume 

(2.9 cms3) isolated between the last two taps. This dose was then 

admitted to the vacuum system (the section defined by the stopcocks 

S1' S2' S4' s51  s6' and S7) and accurately measured by the McLeod 

gauge (M
1
) and then further expanded up to the Dekker D1 

by opening 

the stopcock S1. Doses of different sizes from 4.5 x 10
-6 

mole 

could be accurately introduced. 

The Pressure Measurements  

McLeod Gauge 

The McLeod gauge and Pirani gauge were used for the measurement 

of pressure in the system. One mm diameter precision capillary 

tubing was used for the McLeod gauge for the pressure range 10
6 

to 10-1 torr. 
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Pirani Gauge 

The Pirani gauge was primarily intended for use in rate measure-

ments (Fig. 2). It contained a 120 mm long tungsten filament of 

0.01 mm diameter and 155 ohms resistance uniformly stretched between 

and spot welded to nickel clipr, which in turn were welded to a pair 

of tungsten rods (1.5 mm diameter), care being taken to avoid 

twisting of the wire during the stretching of the filament. The 

tungsten support rods were glass coated as far as possible and were 

held in pinched or button glass metal seals. Since the sensitivity 

of the gauge is proportional to the temperature difference between 

the wall and the wire, the gauge was immersed in liquid nitrogen; 

the refrigerant was always kept at a constant level well above the 

top of the filament. For use with water vapour, the gauge and trap 

T1 
were immersed in ice bath and for CO

2 
calibration the gauge 

and all the traps were at cardice bath (195°k) except the trap T3  

which was at liquid nitrogen temperature and was out of the system 

(near the diffusion pump). 

The measuring circuit was a simple Wheatstone Bridge (Fig. 3). 

The stabilized power supply to the bridge, which was stepped down 

by high resistors in two of the ratio arms, had a constant output 

of 40 mA at 300v. The ratio of the fixed arms was 20 to 1; a Pye 

scalamp galvanometer (cat. no. 7893/5) of 210 mm/uk sensitivity 

was found sufficiently sensitive for use in the measuring circuit. 

The Pirani zero, Ro was the resistance of the filament at 
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sticking vacuum of the McLeod gauge (10
-6 

torr) and 78k. Equili-

brium and stability were established after about 45 minutes, after 

switching on the current supply. No fluctuation in the zero value 

was evident during the experiments, but a change of Ro of about 

1-10 ohmsoccua.-red over a few weeks. It could be returned to its. 

original value by suitable outgassing of the tungsten filament. Over-

heating of the gauge (>450°) was always avoided. 

In calibration .C1-Z = (Ro -R1 ) where R
1 
 is the resistance cor-

responding to a gas pressure (Pi) measured on the McLeod pressure. 

During every run sufficient McLeod readings were taken to check the 

calibration. The sensitivity of the gauge decreased rapidly above 

9 x 10-3  torr, above which pressure all measurements were taken by 

the McLeod. The Pirani gauge was also used as an analyser of 

oxygen-hydrogen mixtures(Fig. 4). It was calibrated for different 

oxygen and hydrogen mixtures of known composition against McLeod_ 

readings at different pressures; any gas sample could be analysed 

by taking simultaneous Pirani readingsand a McLeod readingsand, com-

paring them with known calibration curves either directly or by 

intrapolation. The gauge was also calibrated for water (Fig. 5) by 

putting different terature baths around the cell (containing 1520) 

and ii 	bath aroundPi:-ani and trap T1 
(273

ok).' It was also cali-

brated for carbon-dioxide (Fig. 6). 

The Reaction Cell 

The reaction cell consisted of a cylindrical neck With a 
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side arm of 12 mm diameter and a bulb of 250 cms3  (Fig. 2). 

tungsten rods of 2 mm diameter that would safely carry 10 amps 

current were used. To replace the filament, the neck was cut and 

the film was removed by hydrofluoric acid; then it was thoroughly 

washed and dried and a filament, previously cleaned by A.G. 

electrolysis in sodium hydroxide was spot welded to the tungsten 

rods via nickel clips and finally the cell was sealed to the system. 

Iridium and tungsten films were deposited directly (0.5 mm and 

0.25 mm respectively diameter), but for platinum the throwing 

filament was spiral of the metal wire mounted via nickel strips to 

2 mm tungsten rods. The evaporation current was supplied from a 

heavy duty stepdown transformer feed by a variac transformer. In 

this way it was possible to have a fine control on the current 

through the filament. An ammeter in series with the filament 

recorded the film deposition current. 

3. Calibration of the Volumes of the System 

fleLeod Gau,Te 

Cross-section of the cari2lary of NcLeod Gauge (M1) = 7.84x10 'CM 3, 

volume of the bulb = 202.5 cms' 

k, 	7 	10 
 0 

1%, 

The pressur,,  P 	
2
krnm 

Where 114(mm) is the height of the enclosed gas in the capillary 

and n,(mm) the differencz? in the height between the level of mercury 

cc 

Two 
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columns in the closed and the open capillary and they were 

measured with sufficient accuracy by a cathetometer. At 10
4
mm 

and below the pressure reproducibility was within 5% and at higher 

pressure up to within one percent. 

Volume Calibration of the System  

The volume of different sections of the system were measured 

by gas expansion from a bulb (544.7 cms3) which had been calibrated 

with water. Section I was defined by the stopcocks, S1, S2, S4' 
s
5' 

S6  and S7, with the McLeod gauge (M1) and trap T2  in liquid nitrogen. 

and section II was from stopcock S
1 
up to the cell with Pirani (P) 

and Dekkers D1, D2  and the water vessel with two stopcocks (S8  and 

S9). 

For volume calibration hydrogen gas was used. It was allowed to 

enter the system with the stopcock of the calibrated bulb (C) open 

and the pressure was measured by the McLeod (P1). The stopcock of 

the bulb (C)was closed and the rest of the apparatus (whose volume 

was to be calibrated was evacuated. The pressure was recorded on 

the McLeod (P
2
). Now the stopcock of the bulb (C) was opened and 

the Pressure recorded on McLeod (Pf). The relevant data were obtained 

and the volume V2  calculated from 

V2  = V1(131- Pf) 

(P,- P
c
,) 

where V
1-
:the volume of the calibrated bulb (544.7 cms'). 

The apparent volumes of different sections of the system 

immersed in cold traps were measured by the above method. 



To calculate the number of moles in the gas phase at any pressure 

the following constants have to multiply by equilibrium pressures units. 

C(I) 78°
k = 3.78 x 105  

when cell and Pirani was at 78°k = 9.91 x 10-5 c(1 + II) 

(1 + II) when cell was at 1950k and Pirani was at 78°k = 9.00 x 10
5  

(I + II) when cell was at 273°k and Pirani was at 78°k = 8.2 x 105  

0
(I 	II) 

when cell was at 328°k and Pirani was at 78°k = 8,094 x 10 5  
4-  

when cell and Pirani both were at 195°k = 5.063 x 10-5  C(vi) 
 

Temperature Baths  

The following organic liquid cooled to their melting points by 

liquid nitrogen were used to obtain temperatures below 273°k. 

TABLE 1 

Cold Temperature Baths  

Baths Temperature uk 

Boiling Nitrogen ' 	77.3 
Boiling Oxygen 90.0 

Melting Isopentane 113.5 

Melting n-pentane 141.7 

Melting Methyl Cyclohexane 146.6 

Melting Ether 160.0 

Melting Toluene 177.0 

Solid CO
2 

sluri-y in alcohol 	. 195.0 

Melting Chloroform 210.0 

Melting Diethyl Molonate 223.2 

Melting Methyl Benzoate 260.6 

Melting Ice 273.0 



A conventional thermoctatted bath was used for temperature 

above room temperature. 

4. Experimental Procedure  

The cell used for a previous experiment was cut off and the 

evaporated film removed by dissolution in moderately concentrated 

nitric acid. Platinum, 	and irididm' adhered 	strongly to 

the glass, consequently the cell was rinsed with dilute hydrofluoric 

acid. The-acid did not appear to dissolve these metals but merely 

lifted them from the glass substrate. Then the cell was repeatedly 

washed with distilled water. The filament to be evaporated was 

prepared by winding a spiral of the wire, generally three turns of 

diameter about 5 mm. Pt was evaporated from a filament of tungsten 

wire (0.3 mm) around which was wound the Pt wire. The tungsten 

wire used for this purpose was electrolysed in a dilute caustic 

solution to remove any surface impurities. It was then rinsed in 

distilled water, dried on absorbent paper. This filament was 

spot welded between a pair of nickel clips cn the tungsten rods 

as shown in the (Fig. 2). Details of the filaments used are given 

in the Table 2. 

TABLE 2 

Metal Diameter in mm Current in A 

Cutgassing Throwing 

Platinum 0.1 	(on 0.3d) 6.4 8.0 
Iridium 0.5 11.0 14.5 

Tunes ten 0.25 6.9 9.0 

f.-2r1 3,  • 



Outrzassing  

After fitting a weighed filament on the nickel sleeves and 

sealing the cell, the system was evacuated to 10-5  mm Hg, and 

the outgassing heaters were switched on. The cell, Pirani and 

greaseless Dokkers values were baked out with the aid of the 

furnace. Sections outside the furnace were at the same time heated 

with heating taps. The temperature of the entire system starting at 

the throat of the diffusion pump was raised slowly. All the greased 
the 

stopcocks were protected againstknigher temperature by circulating 

cold water through polythene tubing and by aluminium foil. The 

furnace temperature was about 450°. Sections outside the furnace 

were maintained at about 300°. In the first baking. after four hours 

the current to the heating taps of traps T2  and T3  near the diffusion 

pump was switched off; cooling with liquid nitrogen was started 

about half an hour later. At that point the furnace was allowed 

to cool slowly and the current to all heating taps was turned off and 

all'traps were cooled down to 78°k. When the temperature of the 

furnace was sufficiently low (100°), the furnace was removed and 

the vacuum was checked. with the Pirani gauge. When the pressure 

was less than 10 6torr, the filament was switched on for twenty four 

hours in order to outgass it. When the filament was thoroughly 

outgassed, the system was again baked out for a second time for 

twelve hours. 

Film Throwing  

Prior to throwing the film, trans T
2 
 and T

3 
near the difusion 
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pumps were cooled in liquid nitrogen. At that point the furnace was 

allowed to cool slowly after baking the system for twelve hours, so 

that the mercury vapour was condensed from the reaction section. 

Liquid nitrogen was placed around the third trap T1, and the furnace 

removed and the Pirani was immersed in liquid nitrogen bath. The 

current to the gauge was switched on to allow a steady state to be 

attained. The cell was immersed in the cooling bath (either 78°k or 

325°k) and- the current of the filament was slowly increased until 

evaporation proceeded with the cell still open to the pumping system. 

For .platinum . and tungsten the temperature of the bath used for 

throwing film was 325°k and for iridium was 300°k. The duration of 

evaporation and current was carefully controlled so that similar 

films could be deposited every time. 

5. Thermal Transpiration Correction  

It was necessary to apply thermal transpiration correction to 

obtain the true equilibrium pressure in the cell when it was immersed 

in a bath at 780k or at 1950k which was different from the rest of 

the system. The necessity of such correction has been demonstrated 

by Tompkins and Wheelar
(1) 

and Porter
(2) and other workers(3,4) 

Various theoretical approaches have been made, of those that due 

to Liang(5'6'7'8)  is simple and easy to compute as compared with the 

derivation of Webers and Keeson,(9) which was later developed.
(10) 

Finally Bennett and Tompkins(11)  suggested some modifications 

to Liang's empirical equation. 



;•-• 1.3  ufsx) 
VvIrsj  + He, 	 + 

 Rm 1 He. 5  
P2 	He :I 	

13  Cf .  fb AJ 
He 3 

where R = the ratio of the pressures in the two regions at 

temperature T1  and T2. 

T 	2 

Rra  = 1/T2  

f = 1 for connecting tubes of internal diameter, d,1 cm 

1.22 for connecting tubes of internal diameter, d,1 cms 

X = P
2d 

He = 3.70(1.70 - 2.6.10-3T)-2  (T = T2 - T1) 

He = 7.88(1 - Rm) 

and values of /g(H2) = 1.44 

'g(02) = 2.87 

gcg(Kr) = 3.90 

Bennett and Tompkins also point out that 0g values may be cal-

culated from the collision diameter, ro, given by Hirschfelder,Bird 

and Spotz(12), by making use of the equation. 

log ro = 0.43 + 0.24 log /g 

The calculated values for P1/p 
are plotted in (Fig. 7, 8, 9) 

2 
 

against log P2  for oxygen, hydrogen andkrypton respectively for 

various pressure and temperatures. 
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6. Surface Area Measurements  

The surface area of the metal was determined using the B.E.T. 

equation for multilayer adsorption,(13) the equation is 

P 
	

1 	(c-1)10 

V(Po-P) 	VmC 	VmC(Po) 

where V = Volume adsorbed at a pressure P 

Vm = Volume necessary to form a monolayer 

Po = Vapour pressure of the adsorbate, at the temperature 

of the experiment 

C = a constant which depends on the nature of the adsorbate, 

adsorbent system 

By plotting P/v(po_p)  against P/po, the volume Vm can be calculated. 

One typical B.E.T. isotherm for Pt and Ir is shown in (Fig. 10,11). 

While the basic assumptions of the isotherm have been criticised by 

Hill,(14) there is considerable evidence that the values of Vm 

obtained by Harkins and Jura
(15) with.weakly physisorbed molecules 

on hetrcgeneous surface are acceptable. 

The Krypton adsorption at liquid nitrogen temperature was used 

for determination of small surface areas
(16

'
17,18)

(by B.E.T.) which 

was comparable with those of Keely
(19) and Lincoln and Carnevale

(20) 

by a rapid X-ray line broadening technique. 

The cross-section of a Krypton molecule has been determined by 

various workers
(16,20,22) based on the accepted cross-section of 

nitrogen molecules as 16.2A
o2. Beebe, Beckwith and Honing

(21) 
have 
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Crystal type  

f.c.c. 

b.c.c. 

determined the surface area of an anatase sample obtained from 

Harkins and found the cross-section of a krypton molecule as 

19.5 ± .4A°2. 

Beebe
(21) found that the temperature of liquid nitrogen varies 

from 77.5 k to 79.1°k and in this temperature range the vapour 

pressure of solid krypton varies from 1.8 to 2.62 torr and extra-

polated values for liquid Kr ranged from 2.63 to 3.72 torr. A 

value of_1.75 torr has been found by Kingston and Holmes.
(23) 

However, due to the low values (10
-2 torr) of the working pressures, 

the value .of Po has little effect
(24) on the values of the surface 

area measurements. The values of Vm by B.E.T. methodwere alWays 

found higher than those of "point B" method. 

Vm was obtained in units of moles and transformed to surface 

areas using 19.5A
02 for the cross-section area of the Kr atom. The 

number of sites on each metal film was found by dividing the B.E.T 

area by the average area of the site. The number of sites depends 

on the crystal structure of the metal and 	was calculated as 

follows: 

. 	

2 

1.91 
No. of sites per cms

2 for f.c.c. metal - x 10
16. The 

a 
calculated values are given in the table below. 



The lattice parameters are taken from F.-  Seitz "Modern Theory 

of Solids" McGraw Hill, N.Y. (1940). 
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CHAPTER 3  

RESULTS AND DISCUSSION 

PLATINUM 

1. System: Oxygen + Platinum + Hydrogen  

The interaction between oxygen and hydrogen on evaporated 

platinum films has been studied mainly at 195°k. The film was 

deposited from a clean tungsten core at a bath temperature (50- 

55°C). The deposition time was approximately one hour and the 

current through the filament was eight amperes. This current was 

much less than that needed to evaporate tungsten (11 amperes). 

After evaporation the film was cooled to cardice 

bath temperature (195°k) and measured doses of oxygen were admitted 

to the cell until the rate of the slow process became negligible 

(time, 20 minutes);it was then assumed that the film was saturated 

with oxygen and the remaining gas-phase was removed by rapid evacua- 

tion in less than two minutes. A measured dose of hydrogen was 

then introduced; some 95% of the final amount was taken up instan- 

taneously and the remainder in the subsequent slow process. At 

that stage the uptake of hydrogen was approximately three times 

the amount of oxygen on the film. The residual hydrogen was evacuated 

and the cell was heated at 60°C with the pump 	isolated. Any 

water produced was condensed in the Pirani gauge and trap T and 
1 



later vapourized. The amount of water vapour was first measured 

on the McLeod gauge but the amount obtained was very small due to 

its adsorption on the glass surface of the apparatus, whose volume 

was approximately 1500 ml. Consequently the water produced was 

vapourised at (60-65°C) into the Pirani and trap T
1 
only and. its 

vapour pressure measured by a Pirani gauge which had been calibrated 

for water vapour with the cell in the temperature range (60-65°C). 

In this case the volume of the system was reduced to 850 ml after 

isolating the section I. 

Run 5 

Bath temperature = 195°k  

Oxygen Adsorbed Hydrogen Adsorbed 

moles• atoms moles atoms 

45.5 x 10-8 91 132.0 x 10-8 264 

58.0 116 115.5 231 

53.5 107 113.0 226 

54.4 109 110.0 220 

56.3 113 108.0 216 

53.8 108 106.0 212 

49.5 99 

   

371.0 x 10-8 

 

684.5 x 10-8 



T1 , _Lo,a,_ water fonnee 	mo.Les. -Lt the end of all 	x ,,u 

Run 6 

Oxygen adsorbed Hyd.Logen adso-rbed 

1) tiles atoms moles atoms 

...P ...0 
59.0 x 10 '̀ 118 166.3 x IC 234 

72.9 146 134.0 268 

68.5 137 143.0 286 

70.4 141 142.6 285 

69.0 138 134.8 270 

65.5 131 

405 x 10-3 721.2 x 10-8 

0 
Total water formed at the end of all cycles 520 x 10 moles. 

a 
In run 5 oxygen was adsorbed on/fes11 Pt Film a 19.501-. Ater .ne 

the 
evacuation of the residual oxygen, hydrogen was adsorbed 

treated surface. This 02/H., treatment is called an 

In run six 0 /H cycles .2 	a a were done and tre sixth cycle ':ras finish,d 

1 	,—drogen treatment. Water wns measured at the end of 	cycles. 

Sirailarly in r.an 6, 1xygen was chemisorberf, 	rt 	11:1 
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02/11
2 

cycles- were done at that temperature. The last cycle was 

finished with oxygen treatment. The water was measured at the 

end of all these cycles. 

Explanation  

In-run 5 the amount of oxygen adsorbed on a fresh Pt film at 

195°k was 45.5 x 10
-8 

moles. It is assumed that the 0
2 

is dis-

sociative adsorbed as chemisorbed atoms, so that there are 91 x N 

sites on the Pt surface, where N is Avogadro's number. We shall 

therefore abbreviate the description of the site number to 91 

(i.e. by omitting Ti throughout). The surface was assumed to be 

covered completely with 0 atoms. The amount of H
2 
onXoxygen-

treated surface was 132 x 10
-8 

moles. According to Gruber
(1) 

and 

Boudart(2) the uptake of H2 
by a Pt surface is greatly increased 

by the pre-adsorption of a 0
2 

monolayer. This is attributed to the 

reaction, 

Pt - 	 H20 	Pt - H H2O -72   

The water was adsorbed on the support in their work but condensed 

out in liquid nitrogen in the present work. From this reaction the 

ratio of hydrogen "adsOrbed" to that of the pre-adsorbed oxygen 

should be 1:5, leaving a surface saturated with hydrogen atoms. In 

the second adsorption of oxygen we assume that these were oxidised 

to water and the surface to be then saturated with oxygen atoms. 

After each dose of hydrogen the surface may be represented as 



H H H 	0 0 0 
i 	i 
Pt Pt Pt, and Pt Pt Pt after each oxygen. treatment. 

Hence the oxygen taken up in the first two closes should be 

equal to 	(total hydrogen taken up in these two doses minus that 

left on the surface,which represented -3,  ratio of the first dose) 

e.g., in run 5,oxygen taken up in first two doses is equal to 

45.5 + 58 ,-._ 103.5 x 10-8 mol. This value should be therefore equal 

to ;L [132 t_115.5 -132/1 = 103.0 x 10-8  mol (that is, a good agreement). 
3 

In run 6 the comparitive 	figures were 131.9 x 10
-8 

mol and 123.0 x 

10
-8 

mol 	In run 5 the amount of oxygen adsorbed on a fresh film 

was 45.5 x 10-8  mol and the amount of hydrogen adsorbed subsequently 

was 132.0 x 10-8  mol, so the ratio between that oxygen and hydrogen 

doses was 1:2.9 in run 5 and 1:2.82 in run 6. Finally1 the ratio 

between oxygen and hydrogen was always approximately 1:2 in all H2/02  

cycles except for the first cycle. The total amount of oxygen used 

in forming water will be the total number of oxygen atoms taken up 

during the whole process minus the amount of chemisorbed atoms left 

on the surface, when the cycle is completed by an oxygen treatment. 

When the cycle was completed by a hydrogen treatment, all the oxygen 

has bPen used to form water. In run 	(--71 - 45.5) = 325.5 x 

10-8 mol were used in water formation. The total amount of hydrogen 

used is calculated similarly, noting that if the final treatment is 

with hydrogen, the surface is covered with chemisorbed H atoms and 

has to be subtracted from the total amount. In run 5 this is 64F.5 x 

10-8mol. The ratio between the total amount of oxygen and hydrogen 
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used in forming water is 684.5
/325.5 
. 1:2.1. In run 6 the oxygen 

and the H
2 

used in water formation was 346.3 x 10
-8 

mol and 721.2 x 

10-8 mol respectively, a ration of 721.2/345.3 = 1:2.08. 

Similarly, the ratio of oxygen taken lin in the second dose of 

!=en to that adsorbed in the 1st dose should be 3:2. This follows 

from the fact that the first oxygen; when adsorbed on fresh Pt 

film, covered the whole surface of Pt. The first hydrogen dose 

reacted with this chemisorbed oxygen to form water and then covered 

the surface with chemisorbed hydrogen. The second dose of oxygen 

reacted with the chemisorbed hydrogen to form water, and then covered 

the surface with chemisorbed oxygen. Hence additional oxygen was 

used in the 2nd dose to remove the chemisorbed hydrogen and this 

required half the amount of oxygen necessary to cover the surface 

with chemisorbed oxygen atoms. So the ratio between the oxygen 

adsorbed in the 1st dose and the 02  adsorbed in the 2nd dose was 

1.67. In run 5 and 6 the actual figures are 58/45.5 = 1.27 and 

72.9
/59 

= 1.24 respectively. The probable explanation for these low 

values is that .3=0 of the chemisorbed oxygen atoms formed from the 

first dose of 02'
when treated with H, remained on the surface and 

took no further part in the catalytic production of water. 

The number of active oxygen atoms that took part in water 

formation may be deduced from -7- the number of oxygen atoms taken 

up in the second dose, whereas the total number of all :5i Les (active 

and inactive) is obtained from the first dose of oxygen. Thus in 



run 6 the total number of sites is 118, of which 97 are active and 

21 inactive. In order to obtain a mass balance 11
2 

must have reacted 
OH 	H H • 

with inactive oxygen atoms; two obvious possibilities are Pt' or 0/  
Pt 

since separate experiments (see latelf") prove that water is chemi- 

sorbed on Ft at 195°k and is still present, at least in part, at 
OH 

200
o
C. The water complex gives a much better balance than does a Pt 

complex. Thus in run 6 the H
2 
uptake should be 3 x 97 + 2 x 21 = 333 

H atoms compared withthaexperimental figures 331F. In run 5, 

corresponding figures: total number of sites 91 of which 77 are active 

and 14 inactive hence H2  uptake should be 3 x 77 + 2 x 11+ = 259 H atoms, 

and 264 was the experimental figures. The percentage of inactive 

sites are in run 5, 15.4% and in run 6, 17.7%; the closeness of these 

figures probably reflect the fact that the films were prepared under 

as identical conditions as possible. After the 1st H2  treatment the 

surface structure has the form: 

H H H H 

o
/ 	/ 

H 	Ii 	 0 
1 	1 
Pt .... Pt 	Pt 	 Pt 

active sites inactive sites 

and only the active sites take part in the cycles. 

Henson and Boudart ) have used the titration method to measure 

the surface area of the supported Pt. This method is obviously 

applicable to surface films, so we calculated the number of sites 

for H
2 
 and 0

2 
left on the surface in each oxygen-hydrogen treatment 

- 



in 	!:. 3-1.e-cyc7e. 	4  t1-1 fir  -=t oxygen  dose adscr'oeC 

film 	118 "atom,," -F,-om which only 57 "atoms" Crd o2 211,:l 02  dog,,,) 

were reactive thro-Ishout the c,"} cling process. 	hydrogen 

dose 97hdrocen "atoms" were left on the surface for reaction. In 

second oxygen dose of 146 "atoms", 48 react win -7 117f-or,cprriatniTis" 
• 1,0 	,o Go sive 1120 leavinz (14o--ro)\  = 1,4u oxygen "atoms" on i;;le 3i  In 

the next H
2 

dose of 268 "atoms" only 2 x 98 = - 	"atoms" were used 

to form water leaving (268-196) = 72 H "atoms" on the surface. The 

other oxygen and H?  doses are treated in the same way, and the values 

for run 5 and 6 are given in the following tables. 

Run 5 

1st oxygen = 91 atoms 

2nd oxygen = 116 atoms 

	

Active sites = 	(2nd dose of 02) = g x 116 77 

Inactive sites = 91 - 77 = 14 

	

so total sites = 91 	active = 77 
	

inactive = 14 

Neasurement of 
dose-, 	"-Items" 

10 Li 

No. of "atoms" 
used to form F 0 

-2 

o 

No. of sites 

77 

231 H 	156 H 	75 H 

107 0 	37 0 	70 

226 H 	140 H; 	06 H 

109 0 	42) 0 0 
re  0 



220 H 132 H 88 H 

113 0 44 0 69 0 

216 H 138 H 73 H 

108 0 39 0 69 0 

212 H 138 H 71+ H 

99 0 37 0 620 

No. of 0
2 
sites = 

= 

78 

77 

70 

75 

66 

86 

69 

88 

69 

78 

62 

74 

Mean = 70 
Ǹ Mean = 75 

Mean = 80 No. of H2 
sites 

Active sites = 77 and inactive = 14 

Active H
2 

= 77 x 3 = 231 H atoms 

Inactive H2= 14 x 2 = 28 H atoms 

Total H
2 

uptake = 231 -I- 28 = 259 H atoms 

Total H2 
uptake in first dose is equal to 264 "atoms" and from 

calculation it is equal to 259 "atoms". 

 

Run 6 

  

1st Oxygen = 118 atoms 

2nd Oxygen = 146 atoms 

Active sites = .12.(2nd dose of 02
) 46 = 97 

Inactive= 118 - 97 = 21 

   

Total sites = 118 
	

Active = 97 	Inactive = 21 



Measurement of 
	

No. of "atoms" 	'No. of Sites 

doses as "atoms" 
	used to form H2O 

	
Occupied 

97 H 

146 0 
	

48 0 	 98 0 

268 H 
	

196 H 
	

72 H 

137 0 
	

36 0 
	

101 0 

286-H 
	

202 H 
	

84 H 

141 0 
	

42 0 
	

99 0 

285 H 
	

198 H 
	

87 H 

138 0 
	

43 0 
	

95 0 

270 H 
	

190 H 
	

80 

131 0 
	

400 
	

91 0 

No. of 02 
sites = 98 101 99 95 91 	mean - = 97 

-'"-Mean = 90 

No. of H2 sites = 97 72 84 87 80 	Mean = 84 

Active sites = 97 and inactive = 21 

Active hydrogen = 97 x 3 = 291 H atoms 

Inactive H2 	= 21 x 2 = 42 H atoms 

Total H2 uptake = 291 	42 = 333 H "atoms" 

Total H2 
uptake in first dose is = 334 "atoms" and from 

calculation it is 333"atom". 

The total water formed is equal to the sum of ',_;he number of 



oxygen "atoms" used (column 2 in Table ) i sum of hydrogen 

"atoms" used (column 2 in Table ); in figures for run 5 the amount 

of water formed is eqllal to 253 	1-(781) = 643.5 x 10 3  moles. 

It may also be calculated from (i) the total hydrogen uptake 

minus that left on the surface if cycle is completed with H2, - the 

value in run 5 is equal to 15,34.5 x 10 3  mole; and (ii) from the 

total oxygen uptake in terms of oxygen atoms minus that left on the 

surface if cycle is completed with oxygen. The value for run 5 is 

(371 - 45.5) x 2 = 651 x 10-8  moles. So mean of water produced in 

these three cases is equal to 662.0 x 10
-8 mole. The amount of 

water produced experimentally is equal _to 520 x 10-8  mol, that is, 

520 x 100  = 78.5% only. In run 6 the total amount of water formed 
662 

from the sum of the number of oxygen atoms I sum of number of 

hydrogen atoms is equal to 215 ;21. 883 = 656.5 x 10-8  mole. The 

amount produced from total hydrogen uptake is equal to 721 x 10
-8mol, 

and from total oxygen uptake is (405 - 59) x 2 = 692 x 10
-8 

mol. The 

mean value is equal to 690 x 10
-8 mol. The amount of water produced 

experimentally 8  moles, that is 75.55. is equal to 520 x 	 The low 

experimental values are to be expected because of the adsorption 

of water on the walls of the Pirani and trap T1. 

The calculation for the number of active sites in run 6 and 5 

shown in the Table was done by taking -?;-o, second oxygen dose used 

as water for.:T.,tion. An a7ternative method is as follows, using the 

hydrogen wotake in the 1st. dose. Of the first Close 91atoms left on 



the surface (in run 5), x are inactive and from chemisorbed water on 

the surface with the first hydrogen dose, the remainder (91 - x) 

react to form water and leaves (91 - x) on the surface; these 

latter require 3 hydrogen atoms per site where as the complex only 

requires 2 hydrogen atoms per site,. 

Hence 3(91 - x) 	2x = 264 

or -- 273 - 3x + 2x = 264 

or 	x= 9 

i.e. 82 active, 9 inactive, compared with 14 derived from first 

and second oxygen doses. Similarly in run 6, 

3(118 - x) + 2x = 334 

or 	x . 20 

Here there are 77 active, 20 inactive as compared with 21 

derived from first and second oxygen doses. The calculated number 

of sites for oxygen and hydrogen for both cases are given below, 

since the site-number values are very sensitive to the number of 

active sites taken. 

Pun 5 

No. of oxygen and hydrogen sites when 77 sites active (from 3 

of 2nd 0
2
): 

No. of 0
2 
Sites = 78 70 66 69 69 62 Nean = 70 	

=75 
No. of H2  sites = 77 75 86 88 78 74 Mean = ou 



No. of oxygen and hydrogen sites when 82 sites active (from 

1st hydrogen). 

No. of 02 
sites = 75 67 63 66 66 59 Mean = 66 

N. Mean = 76 

No. of 11
2 
sites = 82 81 92 94 84 80 Mean = 86 

Run 6 
.1.1.1*M.11•Na• 

No. of oxygen and hydrogen sites when 97 sites active (from i 

of 2nd 0
2
). 

No. of 0
2 
sites = 98 101 99 95 91 Mean = 

= 97 72 84 87 80 Mean = 84'7/. 

 Mean = 90 

No. of H
2 sites 

No: of oxygen and hydrogen sites when 77 sites active (from 

of 1st H
2
). 

No. of 02  sites = 108 111 109 105 101 	Mean = 107N  
\Mean = 86 

No. of H2  sites = 77 52 64 67 60 	Mean = 

The mean of the number of sites from oxygen, hydrogen sites in 

both cases are close to each other (as shown above) but separately as 

oxygen or hydrogen sites they are different particularly in run 6, 

thereby showing hog•; sensitive these calculations are to the actual 

number of active sites. In fact the oxygen or hydrogen figures car: 

be brought close together by a slight adjustment of this number. 

From a viewpoint of surface area determination here are five 

possible values. They are: (i) from first oxyren(ii) from 	of 

2nd oxygen (iii) from 1st hydrogen (iv) from the oxygen site number 

I 
_7 



(v) from the hydrogen site number. 

(i) 	(ii) 	(iii) 	(iv) 	(v) 	Mean of (iv) ± (v) 

Run 5 91 77 82 70 80 75 

Run 6 118 97 77 97 84 90 

The "true" surface area should be given by (1) since this 

includes_all sites (active and inactive). The usual titration 

method is based on (iii), and should there be inactive sites, this 

figure will be low. The mean of (iv) and (v) is still lower since 

they should theoretically both be 77 in run 5 and 97 in run 6. This 

is largely due to the fact that in both oxygen and hydrogen uptake, 

the initial rapid pressure decrease is followed by a slower uptake 

of gases. In the first oxygen dose to approach saturation, 20 minutes 

were allowed and a similar time was given for the first hydrogen dose, 

but in the subsequent cycling process, 6-8 minutes was the normal up-

take time. It would therefore appear that saturation with oxygen or 

with hydrogen requires a period of at least ;k hour, so the cycle 

results would have to be multiplied by a factor of 1.22 n run 5 and 

1.31 for run 6 to obtain the total number of all sites :;.e. for a 

measurement of surface area. 

It is therefore suggested that oxygen adsorption may give a 

greater accuracy for surface area determination. However, the advan- 

tage of the titration method is that, titration with 
	- ben 



requires little care in cleaning the Pt surface from olsygen, but is 

largely a measure of the active surface; the fraction of the total 

number of sites that are active will clearly be dependent on the 

conditions of evaporation, annealing and subsequent treatment. For 

a catalytic process, the surface area of the active portion is 

obviously the more useful value. 
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2. .System: Hydrogen Platinum Oxygen  

In the preceeding oxygen-hydrogen adsorptions on Pt we 
the 

adsorbed oxygen first onXfresh film but in this system, hydrogen was 
the 

adsorbed first oni(fresh film, followed by oxygen and then by H2/02   

cycles. 

Run 26  

Bath Temperature1950k 

.Hydrogen Adsorbed 039rgen Adsorbed 

moles atoms moles 	atoms 

21.4 x 10-8 43 16.5 x lo-8 33 

43.o 86 19.5 39 

53.2 106 23.1 46 

62.1 124 27.o 54 

70.2 14o 30.0 60 

76.4 153 30.7 61 

326.3 x 10-8 	652 	146.8 x 10-8 293 

In run 26 hydrogen was adsorbed on a fresh 

Pt film at 195ok and the amount adsorbed was 21.4x 10-8  moles. 

After the evacuation of the gas phase H2, oxygen was introduced 

and - the amount adsorbed was 16.5 x 10
-8 moles. Excess was pumped 
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out. Five more 
H2/02 

cycles were done and.the last cycle was finished 

with oxygen adsorption. The amount of 0
2 

and H
2 

varied from cycle to 

cycle. Analysis of the gas phase during the sorption of oxygen on 

hydrogen covered surface showed that the oxygen displaced some H2  

preadsorbed, the amount being about 20-105. 

EXplanation  

When H
2 

is adsorbed first on a Pt film followed by adsorption 

of oxygen, the catalytic formation of water is partly inhibited i.e. 

the bonding and reactivity of such chemisorbed atoms are different 

from those which remain after oxygen is first chemisorbed followed 
the 	0 

by hydrogen. If one assumes thatkast H
2 
 uptake 76.4 x 10

-o 
moles 

has been utilized in producing water by the usual process then there 

are 4(2 x 76.4) = 51 active sites. The total H, uptake throughout 
c 

the cycles (326 x 2) = 652 atoms and of oxygen thereare 293 atoms hence, 

excess of H
2 

corresponding to (652 - 586) = 66 H atoms, if no oxygen 

is left on surface after final oxygen treatment (see NE.. run later), 

hence there are hydrogen atoms originally chemisorbed on surface 

still present. There were in fact only 43 adsorbed from the 1st 

dose, so there is a slight discrepancy of (66 - 43) = 23 H atoms 

whichisnotlarge.Inthela.run, we assumed H2 
molecular adsorp- 

.) 	we 
tion when NH chemisorbed first, henceXassume the same effect here. 

lde 

HenceXassume 43 H atoms in first layer and label these with 

star to denote differences from later hydrogen in cycle. 
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Assume 43 H* atoms ( which do not cover all sites) followed 

by 33 oxygen atoms in primary layer (with no formation of water) 

so that the total site number is 43 + 33 = 76. We assume that all 

the oxygen atoms are active so these require 66 H atoms for forma-

tion of water. Now the second dose of hydrogen comprises 86 H 

atoms; the 33 oxygen atoms need 66 H atoms to form water leaving 

86 - 66 = 20 H atoms as 10H2 on top of 43 H* atoms on the surface. 

So the total hydrogen on the surface is now 43H* + 10E12. 

There is experimental, evidence that about 20% of the hydrogen 

adsorbed is desorbed without oxidation. The first desorption: 

possible with the second oxygen dose of 39 atoms. When it is 

introduced 20% molecularly adsorbed H2  is desorbed leaving 8H2  

in the second layer. The amount of oxygen adsorbed therefore 

is 39 + 2 = 41 0 atoms since H2  evolution into the gas-phase 

makes the measured uptake of 02  too low. 

Now of these 41 0 atoms, 8 are used for water production 

leaving 33 0 atoms on the surface. Of the second dose of 106 

H atoms, 66 H atoms are used for water formation leaving 40H 

or 20H2 
molecularly adsorbed hydrogen. Due to the desorption 

this hydrogen is reduced to 18H2  moles, and the oxygen dose must 

be increased to 50 0 atoms. So from 50 0 atoms, 18 are used for 

water formation leaving 32 on the surface. By this method the 

rest of the calculation was done and the sequence obtained as 
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Sequence  

Oxygen left on the surface as atoms = 33 32 33 34 31 

Hydrogen left on the surface as moles = 8 18 27 33 38 

Summary  

If H
2 

is adsorbed first it reacts like NH
3 
(see NH

3 
run later) 

i.e., it remains on the surface as unreactive primary adatoms and 

take no part in water production but hydrogen is adsorbed as 

molecules above these chemisorbed H atoms. The first oxygen dose 

fills the remaining sites on the surface (assumed in the calculation 

to be all active). The next hydrogen dose reacts with the active 

oxygen to give H20, the remainder being adsorbed as H2  over the H 

atoms with the primary layer; these are oxidised to water when the 

next dose of oxygen is added. These figures have been corrected for 

20% H
2 

desorbed without reaction from the 2nd layer as each dose of 

oxygen is added. Then a consistent set of values are obtained. 

Oxidation here proceeds (i) via the originally adsorbed oxygen 

atoms in the normal way and (ii) by oxidation of H2  adsorption on 

top of the H atoms in the primary layer. 

The difference with NH
3 

is that the hydrogen is less strongly 

held over the H atoms surface than is NH3, hence there is some 

desorption of molecularly adsorbed H2  by oxygen but not from an 

NH3  surface, where good agreement is obtained without desorption. 



3. -System: Water + Platinum + Hydrogen  

Water is adsorbed on a Pt film (see later) and decom-

position with evolution of hydrogen does not occur until a tempera- 

ture
.

of200
o
C1attailled.rtisasstAmedthatILOis dissociatively 

OH 
adsorbed to give Pt and Pt on a clean Pt film. Unfortunately there 

is nomeansofmeasuringtheamountofadsorptionofH_Oin the 

present apparatus because of the large adsorption on the glass 

walls. Adsorption of hydrogen at 195°k proceeds on top of this 

primary layer and we presume that this is in 'the form of chemisorbed 

hydrogen molecules; such molecules are oxidised by oxygen rapidly 

but the primary chemisorbed H atoms from the water are oxidised 

slowly. Such a sequence of events gives a sequence of primary H 

atoms on the surface which is reduced to zero after five cycles, There is 

a fairly constant concentration of chemisorbed 0 atoms on the 

surface after 0
2 

uptake and a small increase of 11
2 

molecular 

adsorption as primary H atoms are removed. 

Run 38 

Adsorption of 1.1,,0 on fresh Pt film at 273°k  

Bath temperature = 195
0
k  

- Oxygen Adsorbed 	Hydrogen Adsorbed  

moles 	atoms 	moles 	atoms 

56.0 X. 10-8 	112  

40.6 x 10-8 	81 	84.o 	168 

90. 



54.0 108- 92.0 184 

62.8 126 99.0 198 

54.2 108 93.0 186 

53.2 - 106 96.0 192 

265.0 x 10 3  520 	x 10
-8 

In run 38 water was adsorbed on a fresh Pt film at 273°k when • 

the Pirani gauge and trap T1  was also at 273°k temperature. After 

5 minutes the excess of water was evacuated for 20 minutes and then 

the temperature of the cell was changed to 195°k and Pirani and trap 

T
1  to . 78°k 	and 	a 	measured dose of hydrogen was adsorbed 

on the water treated film. The amount adsorbed was 56 x 10 8 moles. 

The residual H
2 

was pumped out and a measured dose of oxygen was 

introduced. The amount adsorbed was 40.6 x 10 8  moles. Four more 

H
2
/0
2 

cycles were done at 195°k and the last cycle was finished with 

a H
2 
uptake. The total amount of H

2 
and 0

2 
in these 5 cycles was 

520 x 10 8  moles and 265 x 10 8  moles respectively. 

Explanation  

In absence of information of the extent of water adsorption • 
the 

we assume/site number is given by the first hydrogen adsorption X 
OH 	OH 	the 

Hence one starts with 112 OH and 112 H,i.e. Pt H Pt Hand thei.;,Cfirst 
go 

H
2 
does,On top as 56 moles hydrogen. This is oxidised by the second 

and 
dose of oxygen,4the remaining oxygen oxidises some of the 112 H atoms, 

91. 
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this number bein ; oxygen a7ailable to leave 0 atoms :n like 

number on the surface. 

Hence of 31 oxygen atoms, we require 56 to oxidise 56 moles 

hydrogen leaving 81 - 56 = 25 oxygen atoms; 25(25 x 	= 17 go on 

the surface to take the place of H atoms; the remainder (25 - 17) 

= 3 oxidise 16 of the primary hydrogen atoms leaving(112 - 16). 96 H 

on the surface 	17 oxygen atoms. 

The-second hydrogen dose is 163 atoms; 54 are used for the 17 

oxygen atoms, but H atoms are not adsorbed on the surface so that 

(168 - 34) = 134 H atoms go on top as 67 H2 
moles. 

The second oxygen dose is 103 requiring 67 for 67 moles hydrogen 

in 2nd layer leaving 41; -73- of 41 are deposited on the surface and 

27 H are removed, so there are now 69 H and 27 oxygen and so on. 

Sequence of H atoms on surface 

112 q6 69 41 20 0 

Sequence of Cheraisorbe oxygen 

17 27 27 23 

Sequence of molecular 	adsorption 

10 o-,cygen atoms are in excess which 

are unaccounted for 

Total hydrogen used for water (520 - 75) = 447 	10-3 Moles; 

to thin add 112, = 56 moles H from dissociation of water. So that 

the total equals 447 56 = 505 x 0
-3 

mole. 
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Total  oxygen used for water is 265 x 10
-8 

moles i.e. still 

slight excess of oxygen as requires 503, = 252 x 10-8 moles by 
/2 

calculation. So 13 oxygen are in excess. 

Summary  

Water is dissociatively adsorbed as OH and H. Thus hydrogen 

is slowly oxidised but not replaced on the surface by hydrogen 

adsorption from the gas phase. The main formation of water is 

oxidation of molecular H
2 

adsorbed in the second layer. 

Only part of surface, about 2v, is utilized for water via 

oxygen chemisorbed on the surface as the rest is blocked by OH 

radicals. 
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4. - System: Hydrogen + Platinum + Water  

In this system hydrogen was adsorbed on a fresh Pt 
the 

film at 273°k and then on/hydrogen-treated surface,water was 

adsorbed at 273°k. After evacuation of excess of water, the 

temperature of film was changed to 195°k and 0
2
/11
2 

cycles were 

done in the normal way. 

Run 20 

Adsorption of Hz at 273°k = 275 x 10
-8 

 moles or 550 atoms  

Water was then adsorbed at 273°k  

Bath temperature = 195ok 

Oxygen adsorbed Hydrogen adsorbed 

moles 	atoms ' moles atoms 

8 . 180.8 x lo- 362 265 x 10-8 530 

107.0 214 220 440 

107.4 215 207 414 

105.2 210 211 422 

99.5 199 204.2 403 

99.5 199 193 386 

699.4 . 	1300 

a _ 
In run 20 hydrogen was adsorbed on/fresh film at 273°k; the 

amount adsorbed was 275 x 10
-8 moles. Excess of gas was pumped out 
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and the temperature of the Pirani gauge and trap T
1 
 was changed to 

273°k and water was introduced to the H
2 treated film with S1 closed. 

After 5 minutes the tap Si  was opened and excess of water was pumped 

out for 20 minutes. Then the temperature of the cell was changed 

to 195°k and the Pirani and trap T1 was immersed in liquid nitrogen 

baths and a measured dose of oxygen was introduced. The amount 

adsorbed was 180.8 x 108 moles. Then, after the evacuation of 

the residual oxygen, H2  was introduced and the amount adsorbed was 

265 x 10
8 
moles. After that, 5 more 

02/H2 
cycles were done and 

the last cycle was finished with H2  adsorption. The total amount 

of oxygen and hydrogen adsorbed in these 6 cycles was 699.4 x 108 

moles and 1300 x 108 moles respectively. 
Explanation  

In this run the film was apparently very thick. After the 

adsorption of 275 x 108  moles of hydrogen, water was adsorbed. 

After the chemisorption of water, adsorption of oxygen but not 

of hydrogen may take place directly on the platinum i.e. all the 

hydrogen is adsorbed on top of the primary layer as molecular 

hydrogen and is later oxidised by the next dose of oxygen to 

form water. The site number calculation is shown below. 

Site no. calculation  

275 x 10
-8 moles of H

2 
are oxidised by the first oxygen dose 

which was 362 0 atoms leaving(362 - 275) = 87 0 atoms on the surface. 
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Doses of Oxygen & 
Hydrogen in atoms 

530 H 

214 0 

Oxygen-hydrogen 
used for H2O 

174 H2O 

178 H2O 

Oxygen-hydrogen 
left on surface 

178 H
2 	

(moles) 

36 0 	(atoms) 

440 H 72 H2O 184 H2 (moles) 

215 0 184 H2O 31 0 (atoms) 

414 H 62 H2O 176 H2 (moles) 

210 0 176 H2O 34 0 (atoms) 

422 H 
.
68 H2O '177 H2 (moles) 

199 0 177 H2O 22 0 (atoms) 

408 H 44 H2O 182 H
2  

(moles) 

199 0 182 H2O 17 0 (atoms) 

386 H 34 H2O 176 H2 (moles) 

Oxygen sequence  

36 31 34 22 17 

Hydrogen sequence  

178 184 176 177 182 176 

Conclusion  

The constant values for molecular hydrogen adsorption suggests 

that the general mechanism is correct; the decreasing oxygen values 

suggests that there is some small desorption of this molecularly 

adsorbed hydrogen without oxidation when the next oxygen dose is 

added. Thus, the measured uptake of oxygen will be slightly low 

since hydrogen is being added to the gas-phase i.e. the measured 

pressure drop changes are slightly too small. 
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5. System: High temperature treatment of chemisorbed oxygen layer  

The effect of heating a Pt film with a chemisorbed oxygen 

layer may cause: 

(i) incorporation of the oxygen thereby freeing surface area, 

(ii) sintering and loss of effective surface area, 

(iii) active chemisorbed oxygen atoms to be made inactive. 

Run 24  

Bath temperature 19k  

Oxygen adsorbed 	Hydrogen adsorbed  

moles 	atoms 	moles 	atoms 
...1111.1.•••••••••••••• 

46.8 x 10
-8 

Oxygen treated surface is heated at 100°C for 1 hour  

	

40.4 x 10-8 	81 	126 x 10
-8 	252 

set (i) 55.7 
	

111 
	

149 	298 

	

56.4 
	

113 	126 	252 

	

57.o 
	

114 
•••.•••••••••.•• 

513 	 802 

Oxygen treated surface is heated at 300°C for 1 hour 

51 2 x 10 8  102 

31.6 x 10-8 63 55.0 110 

set (ii) 31.0 62 62.6 125 

30.0 60 56.3 113 

292 185 626.0 450 

94 
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a 
In run 24, oxygen was adsorbed onAfresh Pt film at 195°k and 

the amount adsorbed was 46.8 x 10 8 moles; after the evacuation of 

the residual gas, the temperature of the film was raised to 100°C 

and heated for one hour. After heating the temperature was again 
a 

changed to 195°k andXsecond dose of oxygen was adsorbed; this time 

the amount adsorbed was 40.4 x 10 8 moles. After evacuation of the 

residual gas a measured dose of hydrogen was introduced and the 

amount adsorbed was 126 x 10
-8 

moles. Two more 
02/H2 

cycles were 

done at 1950k and the last (3rd cycle) was finished with oxygen 

adsorption. These three 
02/H2 

cycles are called the 1st set. The 

1st set finished with 0
2 
adsorption. Now the film was again heated 

at 300°C for one hour; after one hour the temperature was dropped 

to 195°k and hydrogen was adsorbed firSt. The amount adsorbed was 

51.2 x 10 8 moles Then three 02/11
2 

cycles were done and the last 

cycle was finished with H2  adsorption. The cycles which were done 

after heating at 300°C are called the second set. -The total amount 
the 

of hydrogen and oxygen adsorbed in (two sets was 626 x 10
-8 

moles 

and 292 x 10
-8 moles respectively. 

Explanation  

In the present experiment' ,(run 24), 46.8 x 10 3  moles of oxygen 

were initially adsorbed at 195°k corresponding to 94 sites; after 

evacuation of the residual oxygen, the-film was heater at 100°C 

for one hour. There was no desorption of oxygen but 40.4 x 10
-8 
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moles of oxygen could be adsorbed at 195°k. Since no desorption 

of oxygen, then presume that these 81 0 atoms are incorporated. 

In set (i) total oxygen adsorbed (before and after heating) 

was 5'x,3 atoms of which 81 incorporated (when heated at 100°C). So 

oxygen available on surface was (513 - 81) = 432 atoms. Total H2  

was 802 atoms. However, from s  of mean C2
(in set (i)) 75 sites 

were active and 14 inactive. Since the 1st set (after 100°C 

treatment) finished with oxygen, then presume 75 0 atoms left on 

surface. Hence should reduce 432 0 atoms to (432 -75) = 357 which 

would require 714 H atoms; this means remainder (802 - 714) = 88 H 

atoms. These 88 H atoms can reduce 44 0 atoms (of incorporated 0
2
) 

leaving 81 - 44 = 37 0 atoms. Of these 37 oxygen atoms, 19 are 

probably inactive on the surface, so that H2/02  cycling at 195°k 

can remove virtually all incorporated oxygen. 

Now 195°k treatment (after heating at 100°C) in set (i) leaves 

112 oxygen atoms)  of which 75 are reactive surface oxygen atoms, and 

the remainder 37 oxygen atoms are either surface inactive or incor-

porated. This surface now heated to 300°C for 1 hour and further 

incorporation of surface oxygen takes place (no 02  is desorbed). 

The first hydrogen dose of 2nd set (102 atoms) can reduce 51 oxygen 

atoms, so we presume these are surface active oxygen atoms, the 

remainder (112 - 51) = 61 oxygen atoms are probably all'incorporated. 

These cannot be removed by hydrogen treatment at 195°k as shown in 

the second set. 
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The first oxygen dose (63 atoms) of 2nd set goes on the surface 

to occupy 63 sites. The H
2 
(110 atoms) oxidises 55 oxygen leaving 

63 - 55 = 8 oxygen atoms on the surfacel presumably on inactive 

sites. -Hydrogen is apparently not adsorbed on this 300°C surface, 

but oxygen is. The second dose of oxygen comprises 62 0 atoms and 
atoms 

the 2nd H
2 
dose is 125bence all oxygen atoms are removed. The 

third oxygen dose is 60 atoms and these are largely oxidised by 

113 H atoms again leaving an apparent excess of 7 oxygen. 

In the 2nd set 185 oxygen atoms are used and 31+8 H; the excess 

oxygen (11 0 atoms) are probably present on surface as inactive 

sites or this may be an accumulated experimental error. 

This suggests that 60 oxygen atoms are active (after 300°C 

treatment) compared with 75 after 100°C treatment, the decrease 

being due to sintering. 

Conclusion 

is 
(i) Oxygen atomoXincorporated at 100°C almost to give two 

monolayers. 

(ii) All oxygen was active for H2 
treatment at 195

0 
k. 

(iii) Oxygen incorporated at 300°C (61 atoms) cannot be 

removed by H2  treatment at 195°k. 

Run 36  

This run in the 1st two sets is similar to run 24 and in the 

third set to carbon-monoxide runs (see CO runs later) but without 
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carbon-monoxide adsorption. 
the 

It is expected that oxygen will be incorporated attaigh tem-

perature of 70°C. In the first set, a chemisorbed oxygen layer 

was heated at 70°C and then uptake at 195°k of oxygen was measured. 

In the second set, a chemisorbed hydrogen-layer was heated at 70°C 

to find whether H., desorption took place, and then heated at 70°C 

in the presence of gas-phase oxygen; this was followed by normal 

H
2
/0
2 

treatment at 195 k. 

Run 36  

Bath Temperature = 195°k 

Oxygen adsorbed Hydrogen adsorbed 

moles atoms moles atoms 

50.5 x 10-8  

....Minaly.1.40•••••• 

101 152.0 x10-8 301+ 

set (i) 
75.5 141 140.0 280 

69.5 139 141.0 282 

70.0 140 

Oxygen treated surface is then heated at 70°C for 1 hour 

Bath temperature = 195°k 

21.0 x ̀10-8  42 176.0 x 
10-0 352 

set (ii) 
70.8 142 160.0 320 

81.0 162 155.4. 311 

70.2 140 151.0 302 
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Desorption of H2 at 70
°C = 25.6 x 10-8 mol. 

H2 
left on surface = (151 -25.6) = 125.4 x 10

8 moles 

Adsorption of Oxygen at 70
o
C =78 x 10

8  moles or 156 atoms  

Bath Temperature 

Oxygen adsorbed Hydrogen adsorbed 

moles atoms moles atoms 

187.0 x 10
8 374 

set (iii) 63.5 x 108 127 152.4 305 

67.5 135 148.6 297 

In run 36 three 02/H2 
cycles were done at 195°k starting with 

adsorption of oxygen. This 1st set of three 02/H2  cycles was 

finished with oxygen adsorption. Then the film was heated at 70°C 

for i hour. After heating, the temperature was again dropped to 

195°k and four 
02/H2 

cycles were done as shown in the table (set 

ii). This set was finished with H, adsorption; the. amount was 

151 x 108 moles; The film was again heated at 70°C. 25.6 x 10
-8 

moles of H2 
desorbed at 70°C; after evacuation of this H2

, oxygen was 

adsorbed at 70°C and the amount adsorbed was 78.0 x 10
-8 moles. Then 

the temperature of the film was again changed to 195°k and three H2/ 

0
2 

cycles were done with 1st adsorption of hydrogen. 

Explanation  

From first oxygen there are 101 sites and from 3 of (second 
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oxygen(141 x i) there are 94 sites active and 7 inactive. So 

hydrogen sequences should be 3 x 94 + 2 x 7 = 296 H atoms; 

hydrogen used experimentally is equal to 304 atoms (in good agreement). 

Site no. check for set (i)  

94 H 

141 0 - 	47 94 0 

280 H - 188 92 H 

139 0 - 	46 93 0 

282 H - 186 96 H 

140 0 - 	48 92 0 

Site number is in good agreement. 

Set (i) was finished with an oxygen treatment. The film was 

now heated at 70°C for 30 minutes and after cooling to 1950k, 42 o 

oxygen atoms were adsorbed so we conclude that an equal number of 

oxygen atoms had been incorporated in the heat treatment. This 

surface was then subjected to 4 H2/02  cycles, starting and ending 

with a hydrogen treatment. The total amount of oxygen used in 

these cycles was 222 x 10-8 moles and there are an additional 21 
_8  moles 	-8 x 10 /incorporated and 47 x 10 moles on the surface. The total 

amount of hydrogen used in these cycles was 642 x 10-8 moles but since 

the cycle ends with a hydrogen treatment, we assume that 94 H atoms 

still remain on the surface (i.e. as in set (1), assuming no sintering); 

hence 642 - 47 = 595 x 108 moles of hydrogen are oxidised. These 
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would require 298 x 10
-8 

moles of oxygen whereas 222 + 21 + 47 

= 290 x 10
-8 

moles are available. Hence, if all incorporated 0 

atoms are used for oxidation, good agreement is found. 

In the third set, the total amount of hydrogen added was 

488 x 10-8  moles and the total amount of oxygen was 131 x 108 moles 
- + 78 x 10-8   moles used at 70°C, i.e. a total of 209 x 10-8 moles. 

If we assume that the amount of hydrogen left of the surface at 

the end of set (iii) is 26 x 108 moles more that that present at 

the beginning of this set (the 26 x 10
-8 

moles were desorbed at 

70°C and are undoubtedly re-adsorbed at 195°k) then 488 - 26 = 462 

x 10-8 moles of hydrogen are oxidised, requiring 231 x 10-8 moles 

of oxygen compared with the total of 209 x.10
8 
moles above. This 

discrepancy is either experimental error or as is more likely, 

there is desorption of adsorbed hydrogen (without reaction) 

when an oxygen dose is added since the circumstances are similar 

to a film when it is treated first with hydrogen. 
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6. System: Oxygen + Platinum + Hydrogen + Oxygen + Carbon-monoxide  

Preliminary Run: (30)  
a 

Run 30 wasXPreliminary run in this system. Oxygen was adsorbed 

on a fresh Pt film at 195°k. On the oxygen-treated surface hydrogen 

was adsorbed. After the evacuation of residual H2, a second dose of 

oxygen was introduced. Now after the adsorption of oxygen, carbon-

monoxide was introduced. This CO was oxidised by preadsorbed oxygen 

and formed carbon-dioxide. .The CO
2 

formed was measured in this run 

by putting an ice bath around the Pirani and with the cell and—trap 

T1  at room temperature. , The CO2  was pumped out and the temperature 

of the cell was again changed to 195°k and the Pirani and trap placed 

in the 78°k baths and a measured dose of oxygen was introduced. Two 

02/H2  cyclewere done but it was found that there was no further 

adsorption of 
H2/02 

after the adsorption of CO as shown in the Table 

below. 

Run 30 

Bath temperature = 195°k  

Oxygen adsorbed 	Hydrogen adsorbed  

moles 	atoms 	moles 	atoms 

19.4 x 10-8 39 	63.0 x 10-8 	126 

27.1 	54 

Adsorption of CO at 195°k = 80 x 10
-8  moles  

After the evacuation of CO
2 

formed 
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Bath temperature = 195°k  

Oxygen adsorbed 	Hydrogen adsorbed  

moles 	atoms 	moles 	atoms 

	

0.2 x 10-8 	0.4 	0:6 x 10
-8 

1.2 

	

0.2 	0.4 	0.8 	1.6 

Explanation  

The first oxygen uptake on a fresh Pt film at 195°k was 

39 atoms and the second was 54 atoms. From the 1st oxygen 

dose 36 sites are active 	of second oxygen x 54) and 3 are 

inactive. So amount of hydrogen required should be 3 x 36 + 

2 x 3 = 114 H atoms whereas hydrogen used experimentally was 

126 atoms, so there are possibly 6 sites on the surface con-

taminated during preparation. The total oxygen is now 39 + 6 

45 of which 36 is reactive. 

If we assume that the 36 active oxygen atoms oxidise CO 

to CO
2' 

then there are 80 -36 = 44 sites left on surface. 
CO 

Since there are 45 sites, then CO remains on surface as Pt 
CO 

(36 in number) and as c) (19 in number) hence requiring 45 CO 
Pt 

molecules, of which 44 are available. Since reaction of gas 
CO 

phase oxygen at 195
ok with Pt is slow, no further adsorption 

of oxygen or hydrogen is expected as is found experimentally. 

Run 32  

In run 30, an inactive surface was produced after CO 
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treatment. In the following three runs, the amount of CO2  pro-

duced was measured. It was necessary to raise the temperature 

to 70°C in C 	order to react all the CO with gas-phase oxygen; in 

this process all the CO was quantitatively oxidised to CO2. However, 

as found previously, at 70°C, oxygen is incorporated into the bulk, 

and it was of value to see whether this was then available for 

oxidation in a H2/02 
 "y 
ccle at 195°k. It was also of interest to 

find whether CO adsorption on an oxygenated surface at 195°k 

would be a measure of surface area. Thus in run 32, we calculate 

81 sites are available and 88 CO molecules can be adsorbed, the 

higher value reflects some oxidation by chemisorbed oxygen at 

195°k. It is of interest also that CO treatment cleans up 

contaminated 	sites (see below). 

Run 32  

Bath 	temperatui-,. = 195°k  

Oxygen adsorbed 	Hydrogen adsorbed  

moles 	atoms 	moles 	atoms 

set (i) 	54.3 x 10-8 	69 	110.2 x 10
-8 

220 

43.3 	87 

Adsorption of CO at 195°k = 88.0 x 10
-3 
 moles  

CO
2 

formed = 16.5 x 10
-8 

moles 

Adsorption of oxygen at 70°C = 137 x 10-8  moles or 27L atoms  

CO
2 
formed = 73.9 x 10

-8 
moles 



108. 

Bath temperature = 195°k  

Oxygen adsorbed 	Hydrogen adsorbed 

moles atoms moles atoms 

194.7 x 10-8 390 

69 x 10-8 138 146.6 393 

set (ii) 64.2 128 139.1 278 

63.3 126 138.0 276 
4•••••••••••••••••••••••• •••••••••••••••••••1.40. 

196.5 	 618.4 

H
2 

used to form H2O = 618.4 - 194.7 

= 423.7 x 10 8 moles 

Run 32 was similar in the beginning •to run 30. After the 
the 

adsorption of/second 02  dose, CO was introduced; the amount adsorbed 

was 88.0 x 108 moles. After the evacuation of the residual CO, the 

amount of CO
2 

formed was measured. by the calibrated Pirani gauge. 

The temperature of the Pirani and trap T1  was then changed to 195°k. 

The cell was already at 195°k. Both Dekker D1  D2  were opened while 

S
1 
was closed. The amount of CO

2 
formed was 16.5 x 10-8  moles only. 

This CO
2 

was evacuated and the temperature of the cell was changed 

to 70°C while the Pirani and traps was maintained at liquid nitrogen 

temperature and a measured dose of oxygen was introduced. The amount 

adsorbed was 137.0 x 0
8 moles. Again CO2  formed was measured tip- 

the method described above; the amount was 73.9 x 10-8  moles. Now 

again the temperature of the cell was changed to 195°k and hydrogen 
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was introduced first. The amount adsorbed was 194.7 x 10
8 

moles. 

After this H
2 

adsorption three 02/H2   cycles were done. :he total 

oxygen and hydrogen adsorbed in these three cycles was 196.5 x 10
-8 

moles and 618.4 x 10 8 moles respectively. 

Explanation 

From the first oxygen dose there are 69 sites and from §. of 

2nd oxygen ( x 87) there are 58 sites active and 11 inactive. 

Hence hydrogen required should be 3 x 58 2 x 11 = 196 H atoms.. 

The experimental value is higher at 220 hence it would appear that 

the film was contaminated with chemisorbed oxygen over (220 - 196)/  
are 	/2 

= 12 sites; hence total sites are 69 	12 = 81 of which 23/inactive. 

After the first H
2 

dose 58 active H atoms are left; the second oxygen 

dose is(87 - 29) = 58 oxygen sites (active). 

The surface was treated at 70°C later with 271+ oxygen atoms)  
were 

hence the total oxygen is 274 + 58 = 332, of which 88Xused for CO 

oxidation leaving (332 - 88) = 244 oxygen atoms, and since the site 

number has not been changed at 87, there are three layers of oxygen 

atoms (compare two previously) with 70 in the third layer. 

Active sites in final set(ii)87 	x 131 mean oxygen in three' 

cycles) hence the CO treatment apparently "cleans up" inactive sites. 

Hence with 390 H atoms (1st H2 
after 70°C treatment) added, 

we assume as before nearly two layers of oxygen are used for oxida-

tion; actual number is 390 - 87 (surface hydrogen) = 303 accounting 

for 152 oxygen, leaving 244 - 152 = 92 oxygen atoms, or 92- 70 = 22 
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oxygen atoms in second layer. The second set finishes with a 

hydrogen layer, hence total hydrogen (in three cycles) is equal to 

423.7 x 10-8 mole and total oxygen (in three cicles) is 196 x 10 3 

moles. If 22 atoms or 11 x 10-8 moles of oxygen in second layer 

are reduced, total oxygen is then 196 4. 11 = 207 x 108 moles which 

require 414 x 10 8  moles of hydrogen,whereas total hydrogen uptake 

experimentally is 423.7 x 10 8  moles. 

Summary  
is 

(1) This filmXPartly contaminated with oxygen (inactive). 

(2) 70°C treatment gives three layers but only two react 

with H
2 
at 195ok. 

(3) CO apparently increases active site number (by cleaning 

surface i.e. removing inactive oxygen). 

(4) Neither H2  norCO react with oxygen atoms in third layer. 

set (i)  

Run 34  

Bath temperature = 195°k  

Oxygen adsorbed 	Hydrogen adsorbed  

Moles 	atoms 	moles 	atoms 

	

33.2 x 10
-8 	

66 	100 x 10
-8 200 

	

42.4 	85 	92.6 	185 

Desorption of H2 at 70
°C = 10.2 x 10 8 moles 

 

   

  

1-k2_ left on the surface = 92.6 - 10.2 = 82.4 x 10
8 moles 

 

    

or 165 atoms  

      



Adsorption of oxygen at 70°C = 90 x 10 8  moles or 180 atoms' 

Bath temperature = 195°k 

Oxygen adsorbed Hydrogen adsorbed 

moles atoms moles atoms 

180 x 10 8  3{0 

62 x 10-8 124 135 270 

set (ii)  61.3 122 	' 134 268 

61.0 122 

Adsorption of CO at 195°k = 92.5 x 10-8  moles  

CO2formed = 25.82 x 10
-8 moles 

Adsorption of oxygen at 70°C = 78 x 10-8  moles or 156 atoms  

CO
2 

formed = 66.07 x 10 8 moles 

Bath temperature = 195°k  

Oxygen adsorbed 	Hydrogen adsorbed 

moles atoms moles 

10-8 

atoms 

160.65 x 321 

49 x 10
-8  

98 123.0 246 

set (iii)  51.3 102 119.0 .238 

53.0 106 118.2 236 

153 	 520.8 

In run 34)first,two oxygen-hydrogen cycles were done in the 

normal way at 195°k. The second cycle was finished withadsorption -2 
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the amount adsorbed was 92.6 x 10
-8 

moles. After H2 
adsorption 

the film was heated at 70°C for i hour. Some H2 
was desorbed; 

the amount was 10.2 x 10 
8 moles. So the H

2 
loft on surface 

after desorption at 70°C was 92.6 - 10.2 = 82.4 x 10
-8 moles. 

The temperature of the cell was again dropped to 195°k 

and H2 
was introduced first; the amount adsorbed was 180 x 10

8 

moles. Three H
2
/0
2 
 cycles were done in this set (after heating) 

and the third cycle was finished with an oxygen adsorption; the 

amount adsorbed was 61 x 10
-8 moles. On that oxygen treated sur-

face carbon-monoxide was adsorbed at 195°k. Some of it .was oxidised 

by preadsorbed oxygen to CO2 
but the amount was only 25.8 x 10

8 

moles. Now the CO2 
was evacuated and the film was heated again at 

70°C and oxygen was introduced; the amount of oxygen adsorbed at 

70
oC was 78 x 10

-8 moles. This oxygen oxidised all the CO present 

onthesurfaceto* CO2, the amount was measured and was equal to 

66 x 10-8 moles. This CO2 
was pumped out and the temperature of 

the film again changed to 195°k and H2  was introduced first. The 

amount adsorbed was 160.6 x 10
-8 moles. After that three 02

/H
2 

cycles were done in this set and the third cycle was finished 

with H
2 
adsorption; the amount was 118.2 x 1078  moles. 

Explanation 

This run should display some similar features to those found 

after heat treatment in run 24. 

From first oxygen uptake there are 66 sites but from :2: of 
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second oxygen uptake there are only (85 x ;) = 57 active, leaving 9 

inactive. Hence first H2 
uptake should be 3 x 57 + 2 x 9 = 189 atoms 

there 
but experimental value is 200 atoms, hence/may have been some con- 

tamination e.g. 5 inactive oxygen covered sites. Total sites are 

now 66 + 5 = 71 (cp.run 24 where there are 75). 
are 

The second oxygen uptake is 85 atoms, from which 28/used 

for 57 active H2  leaving 85 - 28 = 57 oxygen atoms; the second H2  dose 

is 185 atoms of Which 114 go to water leaving 71 H atoms,of which 

20 desorbed giving 71 - 20 = 51 H atoms on surface. At 70°C, the 
are 

oxygen uptake is 130 atoms-of which 25/used for water leaving 180 - 

25 = 155 oxygen atoms. 

From set (ii),3 oxygen uptake (mean 02  in three cycles) 

gives 82 active sites (whereas 71 above),so leaves 82 on surface 

and 155 - 82 = 73 incorporated. (cp.with heat treatment in run 24 

after heating at 100°C; 81 atoms of 02  were incorporated). 

Now in set (ii) the total oxygen uptake is (in three cycles) 

368 atoms + 73 incorporated = 441 atoms. Total H2 
uptake is 898 

used 
atoms or 449 molecules/ to form water. Hence 441 is good agreement 

with 449. All incorporated oxygen is removed in set (ii). 

Carbon-monoxide adsorption starts with 82 oxygen atoms On 

surface and 156 are added at 70°C, so total oxygen is 156 + 82 = 

238 atoms. 

Of 238 oxygen atoms, 93 used for CO oxidation leaving 238 

- 93 = 145 oxygen atoms. 

In third set, active oxygen (from -:2; of 2nd dose)coi-res-Doncl to 68 
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sites, hence (145 - 68) . 77 incorporated at this stage and 68 on the 

surface. The oxygen which was incorporated after first treatment 

at 70°C above was 73 (and in run 24:,81). 

Total H2 
used in set (iii) is 1040 atoms - 68 left on surface 

= 972 H atoms hence could oxidise 486 atoms of oxygen. Total 

oxygen in set (iii) is 306 atoms; other oxygen available is 68 + 

77 (incorporated). So total oxygen available is = 306 68 + 77 

= 451 atoms in reasonable agreement with 486. All incorporated 
is 

oxygen/removed in the last set. 

Summary  

(0 First set is(-4normali leaving H2 
covered surface. 

(ii) Heating in oxygen leaves 73 incorporated (roughly two 

layers). 

(iii) All incorporated 02 
removed in set (ii). 

Oxygen treatment after CO adsorption leaves 77 

(incorporated). 

All incorporated 02 
removed in the final set or (set 

iii) leaving hydrogen surface. 

Run 35  

Bath temperature = 1950k  

Oxygen adsorbed 	Hydrogen ac'.sorbecl 

moles 	atoms 	moles 	atom 

29 x 10-8 58 	108 x 10-8 	216 
set (i) 	

45.0 	90 	101.9 	204 



Desorption of H2  at 70°C = 11.0 x 10-8  moles 

2 left on the surface = 90.9 x 10-8 moles 

Adsorption of oxygen at 70°C = 75 x 10 8  moles or 150 atoms  

Bath 	temperature = 195°!: 

Oxygen adsorbed Hydrogen adsorbed 

moles atoms moles atoms 

165 x lc-8 330 

59.6 x 10-8  119 128.9 258 
set 	(ii) 

60.6 121 130.8 262 

59.0 118 

Adsorption of CO at 195°k = 98 x 10 8  moles 

CO
2 f

ormed = 50 x 10
-8 

moles 

Adsorption of ox:icen at 70°C = 70 x 10-8  moles or 140 atoms  

CO
2 

formed = 50 x 10 8  moles 

Bath temperature = 195°k  

Oxygen adsorbed 	Hydrogen adsorbed 

moles atoms moles atoms 

154 x 10-8 308 

set (iii) 57 x 10-8  114 121.4 243 

54.o 108 121.4 243 

Run 35 was done exactly with similar procedure as run 34. 

It was done in order to confirm the results of run 3L, therefore 

115. 
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all steps were similar in both runs. 

Explanation  

From the first oxygen there are 58 sites and from i of the 

second oxygen (9 x i) = 60 sites are active, hence all sites are 

active. But this requires only 3 x 60 = 180 H atoms whereas 216 

H atoms used experimentally, i.e., excess of 36; similarly _3- (1st 

hydrogen) gives 216)  = 73 sites; hence there must have been cont-
/3  

amination. If contaminatedsites are inactive then there are 18 of 

them (i.e. 36/) and the total site number is 60 + 18 = 78 sites. 
2 

60 H atoms are left on the surface from the first hydrogen 

dose and there are 90 0 atoms adsorbed from second oxygen dose, 

of which 30 oxidise 60 H atoms leaving 90 - 30 = 60 0 atoms on the 

surface. The second dose of hydrogen was 204 H atoms of which 120 

H atoms are used for the 60 0 atoms leaving 204 - 120 = 84 surface 

H atoms, of which 22 were lost on desorption so the amount of hydrogen 

left on the surface was 84 - 22 = 62 H atoms. 

Oxygen adsorption at 70°C requires 150 oxygen atoms of which 

31 are used (i.e. 62/) for water leaving 150 - 31 = 119 0 atoms; 
/2 

hence if the site number is 78 there are (119 - 78) = 41 oxygen 

atoms incorporated. 

The i of oxygen in the 2nd set (mean 02 
of three cycles = 120 x i) 

gives 80 sites in good agreement with the original site number of 78 

sites above. 

Hence oxygen treatment leaves 78 oxygen atoms on the surface +41 

oxygen inrorporated; total is equal to 78 + 41 = 119 atoms. 
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The first H
2 dose in set (ii) is 330 atoms but leaves 80 atoms on 

surface i.e. (330 - 80) = 250 H atoms left which would oxidise 125 

oxygen atoms but actually only 119 available; that is,in reasonable 

agreement,and means as before that all incorporated oxygen is removed. 

Site no. check 

119 - 40 

258 - 158 

121-- 50 

262 - 142 

118 - 60 

= 

= 

= 

= 

= 

79 0 

100 H 

71 0 

120 H 

58 0 

hence fair check with 0 site number 

of 80, but H is always high because 

it reacts with incorporated oxygen. 

Before CO treatment have 80 oxygen atoms on surface and 140 

oxygen atoms taken up at 70°C, so the total is 80 + 140 = 220 

oxygen atoms of which 98 used for CO, leaving 220 - 98 = 122 

oxygen atoms (cp with previously 119) hence 42 oxygen atoms incor-

porated if 80 sites (i.e. 122 - 80). 

The i of second oxygen(108 x 3  in set (iii)) gives 72 sites 

which is good agreement with 78. 

4 of first hydrogen would give 103 sites (first H2  from set 

(iii) i.e. 308/) hence some incorporated oxygen atoms are being 
3 

oxidised. 

FirSt H2  is 308 atoms (in set (iii)) of whic% 72 H atoms 

left on surface leaving 308 - 72 = 236 atom:,  which_ 

could react with 118 oxygen atoms; since 122 a_•e available:his is 

good agreement; alternatively 4 oxygen atoms may remain inside. 
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Total oxygen is 111 x 10
-8 

moles (57 54 in set (iii)) 	2 

Moles inside = 113 x 10
8 
moles. Total H

2 is equal to 243 x 10
-8 

moles (121.4 + 121.4) which oxidised 121 x 10 8  moles oxygen and 

we have 113 x 10
-8 

moles availabl,,.so again there is reasonable 

agreement. 



7. 'System: Ammonia + Platinum + Hydrogen  

A series of runs were performed in which ammonia was 

adsorbed first, followed by H2/02  cycles. It seemed likely from 

the work of Siddiqui and Tompkins(9)  that hydrogen would be 
, NH3  

adsorbed "on top" of NH3  and this would be oxidised leaving 

or Pt depending on whether NH
3 

was dissociativeadsorbed or not. 

The details of the runs and the various conditions used are given 
the 

inXtables. 

Run 41 

Adsorption  of NHs at 195°k = 200 x 10
-8 

 moles  

Hydrogen adsorbed Oxygen adsorbed 

moles atoms moles atoms 

74 x 10-8 148 42 x lo -8 84 

set (i) 77.0 154 4o.o 80 

82.0 164 38 76 

78.0 156 42 84 

311 162 

Adsorption of NH3  at 195 °k = 46.5 x 10
-3 
 moles  

	

Hydrogen adsorbed 	Oxygen adsorbed  

moles 	atoms 	moles 	atoms 
,•=demIlmolimNO•••• 

26 x 10-3 
	

52 	26 x 10-8 	52 

119. 



set (ii) 	48 	96 	28 

59 	118 	33 

133 	 87 

The NH
3 

gas was purified by putting a liquid nitrogen bath 

around the side arm bulb (which was connected with the NH
3 
 storage 

bulb). The condensed NH
3 

was pumped free of gaseous impurities with 

all traps at cardice bath (195°k) temperature. After evacuation 

the pump was isolated and a 195°k bath placed around the NH3  bulb. 

Then a measured dose of NH
3 

was introduced to. the fresh film at 

195°k. The temperature of the Pirani and all traps was also at 195°k. 

The amount adsorbed was 200 x 10
-8 moles. The residual NH

3 
was pumped 

out in three minutes and the baths around the Pirani gauge and trap 

changed to liquid nitrogen and a measured dose of hydrogen was 

introduced. The amount adsorbed was 74 x 10
8 moles. The residual 

H2 
was pumped out and oxygen was adsorbed, the amount being 42 x 

10-8  moles. After this adsorption of oxygen, three more. H2/02  

cycles were done in set (i). The last cycle was finished with an 

oxygen adsorption. Again the temperature of all traps and , 

Pirani was changed to 195°k and NH
3 
was adsorbed. The amount 

adsorbed this time was 46.5 x 10
-8 moles. The residual NH

3 
was 

pumped out in 1i minutes, and the temperature of the Pirani and 

120. 

56 

66 
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traps was changed to 195°k and H2  was adsorbed. Three H2/02 
  

cycles were done in set (ii) and the third cycle was finished with an 

oxygen adsorption. The total oxygen and H
2 

adsorbed in set (i) 

was 162 x 10
-8 

moles and 311 x 10
-8 

moles respectively and in set 

(ii))87 x 10
8 

moles and
8  

 133 x 10 moles respectively. 

Run 42 

Adsorption of 11113 at 195°k = 182.3 x l0-8moles  

Set (i)  

	

Hydrogen adsorbed 	Oxygen adsorbed  

Moles 	atoms 	moles 	atoms 

60 x lo 8 

	

120 	31 x 10
-3 	62 

57 	114 	3o 	6o 

55 	110 	29 	58  

66 	132 	3o 	6o 

 

•••••••••••••• 

238 	 120 

Adsorption of NH3 at 195°k = 40.0 x 10 8  moles  

22 x 10-8 	44 	17.5 x 10
-8 

35 

Set (ii) 	34.5 	69 	24.0 	48 

44.5 	89 	25.5 	51 

   

101 

 

67 

Run 42 was done similarly to run 41. 



Run 43 

Adsorption of NH
3 

at 195°k 

(i) Dose = 228 x 10 8 moles 

(ii) Dose -= 124 x 10 8 moles 

Actual NH
3 

adsorbed = 228 - 124 = 104 x 10
8 

moles 

Bath temperature = 1950k  

	

Hydrogen adsorbed 	Oxygen adsorbed  

moles 	atoms 	moles 	atoms 

90 x 10
-8 	

180 	52 x 10
-8 	104 

set (i) 	84 	168 	49 	98  

91 	182 	51 	102 

94 	188 	56 	112 
IMMI••••=.1, 

359 

 

208 

Adsorption of NH
3 
at 195°k = 34 x 10

8 moles 

50 x 10
8 	100 
	

35 x 10
-8 	70 

set (ii) 	66 	132 	39 	78 

76 	152 	42 	84 
•••••••••11.= 

192 	 116 

S 
In run 43, 228 x 10 moles NH7  were adsorbed and should 

122. 



123. 

have saturated the surface. However when a 2nd dose was added 

a further 124 x 10 8  moles were adsorbed. It thus appears that 

when the excess gas-phase NH3  in the first dose was evacuated, 

with a liquid nitrogen trap around trap T3  close to the diffusion 

pump 124 x 10
-3 

moles were desorbed. This was probably physically 

adsorbed on top of chemisorbed NH on the film. Hence the total 

amount of. chemisorbed NH
3 

was (223 - 124) = 104 x 10
-8 

moles. 

After that the procedure was same as in run 41 and 42. 

Run 44 

Adsorption of. NH3  at 195
ok = 208 x 10

8moles  

Desorption of NHs  at 195°k (with L.N trap) . 90 x 10
8moles 

NH1.  left on surface = 208 - 90 . 118 x 10-3  moles  

Bathtemperature 1950k  

Hydrogen adsorbed Oxygen adsorbed 

moles atoms moles 	atoms 

86 x 10
-8 

172 53 x 10
-8 106 

100 200 46 92 

98  196 49 98 

102 204 50 103 

97 194 49 93  
11••••••••••••• 
	 .1••=11.!.• 

483 
	

21+7 
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In run 44 we tried to confirm that some of the initially adsorbed 

NH3  was desorbed. A measured dose of NH
3 

was introduced to a fresh 

Pt film at 195°k. The amount adsorbed was 208 x 108  moles and the 

amount of residual NH
3 

left in the gas-phase was 214 x 108 moles. 

So the total amount of NH
3 

in the system was 214 -I- 208 = 422 x 108 

moles. Now a liquid nitrogen bath was placed around trap T2  and the 

residual NH
3 

condensed out. After some time when the pressure of 

NH
3 
in the gas phase was very small (checked with McLeod), the cell 

was isolated and the liquid nitrogen around the trap T2  was removed 

and the ammonia allowed to expand. The amount was 304 x 108  moles. 

So the actual amount of NH
3 

which was left on the surface was 

therefore 422 - 304 = 118 x 10-8 moles. A measured dose of H2 

was then introduced; the amount adsorbed was 86 x 10-8 moles. 

The residual H2 was evacuated and oxygen was introduced; the amount 

adsorbed was 53 x 10-8 moles. After that, 4 more 
H2/02 

cycles were 

done and the last cycle was finished with the adsorption of oxygen. 

In this run only set (i) of the H2/02  cycles was done. The total 

amount of H
2 
and 0

2 
adsorbed in this set (in all 5 cycles) was 

equal to 483 x 10-8 moles and 247 x 108 moles respectively. 

Various General Conclusions were evident from runs 41-44  

In set (i) of all runs (41-44), a good 2/1 ratio was 

obtained for the total hydrogen and oxygen in the set. This would 



Run 41 

Total H2 = 311 x 10-8 moles 
good 2/1 ratio if no 0

2 
.on surface 

Total 02 
= 162 x 10-8 moles 

Run 42  -- 
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be- meaningful if the surface was free of oxygen after the final 

oxygen dose.  

Total H2/02 in set (i) 

Total H2  = 238 x 10
-8 

moles 
good 2/1 ratio 

Total 02  = 120 x 10
-8 moles 

Run 44 

Total H2  - 487  x 10-8 moles - good 2/1 ratio 
Total 02 = 247 x 10

-8 
moles 

the 
In/second set, after further NH

3 
adsorption, the 2/1 ratio 

was poor ithere being always an excess of oxygen. However, there 

wasagoodgeneralagreementofadditionalNPLadsorbed (as mole- 
, 

cules) and excess oxygen (as atoms) suggesting oxidation of NH_ 

possibly to NH
2
OH (hydroxylamine). Unfortunately no chemibal 

tests were made to confirm its presence. 

Total H2
4
/02  in set (ii) 

Run 4-1 
•••••••••••••1111MIMMINEW 

Total H
2 

= 133 x 10 3 moles-- Poor 2/1 ratio, too much 77en 
= (174-133) = 42 and N'

3 
roadsorbed 

Total 02 = 87 2(10
-3 moles-. is 46.5 x 10-8  moles. 



Pun 42 

P Total H2  = 101 x 10-8 moles 	Poor 2/1 ratio, too much 02  
= 134-100 = 33 and NH_ readsorbed 

Total 02 = 67 x 10
-8 

moles = 40 x 10-8 moles 
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J 

Run 43  

Total H
2 

= 192 x 10 8 
moles 

Total 0
2 

= 116 x 10-8 moles  

Poor 2/1 ratio, too much 0
2 

= 232-194 = 38 and NI1:5 readsorbed 

= 34 x 10-8 moles 

Run 44 

No second set. 

Further more the second NH
3 

adsorption and the next hydrogen 

adsorption was equal to the amount of the first H2  adsorption in the 

first set. ThissuggestedthattheNH_competed for hydrogen sites 

available in the last cycle (see the table below). 

Coverage of NH_ - then H2 

RunsadATII-4-Istil,(from 2nd set)====1st H2 
(from 1st set). 

- 
(41) 46.5 x 10 

8 
 moles 26 x 10

-8 moles = 72.5X ^r1-3  B̀noles  
74 x 10 

(42) 40 22 = 	60 

(45) 54 + 50 = 84EE- 90 

(44) no figures 

Conclusion  

NH
3 	

H
2 
 compete for sites of 1s, molecular hydrogen. 
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Other obvious dependent relationships are given in the tables 

below. 

Correspondence of NH
3 
and H

2 

(43) 104 NH3, 90 H2  (mean) 
	

24 NH3  in excess 

(44) 118 NH3,  97 H2  (mean) 
	

21 NH3  in excess 

Conclusion  

Equal amounts of H2  and NH3  originally adsorbed but site 

number only approximately equal if hydrogen adsorbed as H2. 

CorrespondenceofNH_and 02 

(43) 104 NH3  2 x 52 = 104 oxygen atoms 

(44) 118 NH 2 x 50 = 100 oxygen atoms 
.3 2 

Correspondence of H2  and 02  

(43) 104 atoms of 02  90 moles of H2  

(44) 100 atoms of 02, 
97 moles of H2 

In the second NH3  adsorption, the NH3 excludes H2 
adsorption 

in part but both are oxidised by the oxygen to give H2O or NH,OH. 

The calculations are as follows: 

Check H, +NIL. for oxygen 
4 

(41)133H2 -1-46.5NII-requires 179.5 oxygen - found 87 x 2 = 174 
, 

(42) 101 H, + 40 NH_ requires 141 oxygen 	- found 67 x 2 = 134 

(43) 192 H
2 

+ 34 NY requires 226 oxygen 	- found 116 x 2  = 232 
'3 
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546.5 = (calculated) 	(fd)= 540 

In general the results of all runs in the first set could be 

interpreted as follows; NH
3 
 is dissociatively adsorbed as NH2  and H 

so all primary H atom. sites are occupied. Consequently H2  was 

molecularly adsorbed, the amount adsorbed being roughly equal to the 

amount of-NH
3 

adsorbed. This hydrogen was oxidised by the next dose 

of oxygen but no oxygen atoms (or few on vacant sites) left on surface. 

The calculations for the runs are shown below. 

Site number assuming molecular H
2 
adsorbed 

128. 

Run 41  

74 H2  42 02  leaving 5 02  

77 H
2 

45 02  leaving 6 02  

82 H
2 

44 0
2 
leaving 3 0

2 

78 H
2 

45 02  leaving 6 02 

i.e. 6 02 
 left on surface after 

1st set. 

Run 42 

60 H
2 

31 0
2 
leaving 1 0

2 

57 H2 31 02 leaving 2 0
2  

55 H2  31 02  leaving 3 02  

66 H
2 

53 02 leaving 0 02  

no 	oxygen left on surface 
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Run tai- 

53 02 leaving 10 
86 H

2 
0
2 

100 H2 56 02  leaving 6 02 

98 H
2 

55 02 leaving 6 02 6 02  left on surface 

102 H2 
56 0

2 
leaving 5 0

2 

97 H
2 

54 0
2 
leaving 6 02 

General Conclusions  

is 
(i) HydrogenXadsorbed molecularly on surface covered with 

NH3. 

(ii) Oxygen oxidises this to water; some small amount of 

oxygen may be physically adsorbed. 

(iii) NH3  blocks sites for oxygen adsorption on the Pt • 

(iv) The_ molecularly adsorbed hydrogen may be partly replaced 

by NH
3 

which is oxidised to NH
2
OH. 

we 	the 	the 	the 
Hence/can explair/good 2/1 ratio in/first set anc'/Eood agreement 

the 
of (NH

3 
+ d2) oxidised in/second set. 

Mesumo.f2ndn_.+1st hydrogen of second set equals the 

first H
2 

of set (i) indicating that molecular adsorption of H
2 the 

and NH
3 

occur on/Saine "sites". Original NH
3 

covers surface as Cnemi- 
of 

sorbed molecules and remains unchanged througout'second dose/NH 
 

largely remains on surface as molecularly adsorbed, whereas there 

appears to be littlernolecularly adsorweaminitially. This is 
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probably due to the fact that the evacuation time to remove gas-

phase NH
3 

was appreciably longer than that used to remove excess 

NH
3 

added after the first 
H2/02 

cycle. 
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8. .System: Methyl alcohol -I- Platinum 4- Hydrogen  

Methyl alcohol is expected to behave similarly to water 

i.e.isclissociativelYadsorbedontheclearlfilmbutt will 

probably be not oxidised or only very slowly. Again,  hydrogen is 

always adsorbed as molecules. 

Run 47 

_o, 
Adsorption of methyl alcohol at 27, !:  

Bath temperature = 1950k  

Hydrogen adsorbed Oxygen adsorbed 

moles atoms moles atoms 
1•1.11•MMOMIPM•01•••• 

52 x 10-8 104 27 x 10
-8 54 

56 112 33 66 

67 134 37 74 

7o 140 39 78 

81 162 38 76 

82 164 
0.•••••••••• 

4o8 174 

In run 47methyl alcohol was adsorbed on a fresh Ft film at 

273°k, and after 5 minutes it was evacuated for 10 minutes. Then 

,o, 
the temperature of the film was changed to 192 and ',.he Pirani and 

trap n^ to 78 °k , 	and a measured dose of hydrogen was 
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introduced. The amount adsorbed was 52 x 10
8 moles. The residual 

gas was evacuated and a measured dose of oxygen was adsorbed. The 

amount adsorbed was 27 x 10-8  moles. After that, 4 more H2/02  

cycles were done and the last cycle was finished with hydrogen 

adsorption. The total amount of hydrogen and oxygen adsorbed in 

these cycles was 408 x 10
8 

moles and 174 x 10
-8 moles respectively. 

Explanation  

In this run hydrogen is always adsorbed as molecules hence 52 

H
2 

molecules (1st H
2 
after CH

3
OH) are adsorbed; the 54 oxygen atoms 

in the first oxygen dose oxidises 52 H2O leaving 54 - 52 = 2 0 atoms 

on the surface; which are used to form water in the next hydrogen 

treatment but no primary H atom adsorption occurs i.e. oxygen may 

be chemisorbed. in the primary layer and be used for water produc-

tion but H atoms are not chemisorbed in the primary layer, but 

only as molecular H2  in the second layer. These can be completely 

oxidised in the next oxygen treatment as shown in the site number 

calculation below. 

Site number calculation  

112 H atoms 

66 0 

	

134 H 	tt 

	

74 0 	tt 

140 H 

4 H atoms used for H2O leaving 54 H2 moles 

54 0 
	It 	tt 

	
12 0 atoms 

24 H 
	

It 
	

55 H2 moles 

55 0 
	

tt 
	

tl 	IT 
	

19 0 atoms 

38 H 
	

tt 
	 It 

	
51 H

2 moles 



133. 

	

78 0 	atoms 
	

51 0 atoms used for H2O leaving 27 0 atoms 

	

162 H 
	

If 
	

54 H 	rt 	ti 	It 	It 	It 	54 H
2 

moles 

	

76 0 
	

ft 
	

54 0 	It 	1 t 	If 	11 	It 	22 0 atoms 

	

164 H 
	

44 H 	it 	It 	II 	ft 	ft 	60 H2  atoms 

Hence the Sequence  

H
2 

molecularly adsorbed = 54 55 51 54 60 

0 atoms left in primary layer = 2 12 19 27 22 

Conclusion  

(i) Increase of oxygen site number probably means some oxida-

tion of CH
3
OH or gradually replacement of CH

3
OH by oxygen 

atoms on the surface to build up to a limit of around 24 

(Mean of 27 + 22), then no further change. 

(ii) Hydrogen is not adsorbed as H atoms but always as hydrogen 

molecules. 

(iii) Total H
2 
is 408 - 55(on surface at end) = 353 and total 

oxygen is 174 requiring 348 H2  (in good agreement with 

353). 



IRIDIUM 

1. System: Oxygen + Iridium + Hydrogen  

The interaction of oxygen and hydrogen on evaporated 

iridium film has been studied at 195°k  and 2.73°k. The film was' 

deposited at a bath temperature (50-55°C). The deposition time was 

approximately one hour and the current through the filament was 

14 amperes. 

Run 5  

Bath Temperature = 195°k 

Oxygen adsorbed Hydrogen adsorbed 

moles atoms moles atoms 

234 x 10-8 468 634 x 10-8  1269 

201 402 515 1030 

set (i) 215 430 424 843 

217.7 434 448 896 

214.5 429 

1083 

••••••••••••••••••P 

2021 

_o 
Bath Temperature 27, k  

134. 
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Oxygen adsorbed Hydrogen adsorbed 

moles atoms moles atoms 
••••••••••••••••01, 

441 x 10 8 882 

236.5 x 10-8 473 506.6 1013 

254.8 510 481 962 

224 448 489 980 

240 480 

955 

 

1918 

After evaporation the film was cooled to cardice bath 

temperature (195° 	 was k) and a measured dose of oxygen 	introduced; 

the amount adsorbed was 234 x 10 8  moles. The rest of the gas 

was Pumped out and a measured dose of hydrogen was introduced; 

the amount adsorbed was 634.5 x 10-8  moles. After that, four more 

0
2
/H
2 
 cycles were done and the last cycle was finished with 

oxygen adsorption. The total amount of oxygen and hydrogen adsorbed 

in all five cycles was 1083 x 10
-8 moles and 2021 x 10

-8 
moles 

respectively. 

After the 5th cycle the temperature of the film was changed 

_o 
to 27, k. There was no desorption of pre-adsorbed oxygen. Then 

a measured dose of hydrogen was introduced and the amount adsorbed 

was 441 x 10-8  moles. Four more 02/H   2 cycles were done at 2730 

and the last cycle was finished with ox:'gen adsorption. T11.4' total 
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amount of oxygen and hydrogen adsorbed in these five cycles was 

955 x 10-8 moles and 1918 x 10 8 moles respectively. 

Explanation  

In run 5 at 195°k, the general mechanism is similar to that 

on platinum but there appears to be two main differences (i) the 

primary adsorbed oxygen is reduced in subsequent H
2 

treatment and is 

gradually completely removed from the surface;(ii) at this lower 

temperature some of the hydrogen is molecularly adsorbed over the 

primary H-atom layer and is oxidised by the next oxygen.treatment. 

We do not know how many oxygen atoms are reactive at any stage but 

since there are about 282 atoms of oxygen reactive at the end if 

we assume the rd oxygen rule, i.e. 468-282 = 186 oxygen atoms 

are left after the first hydrogen treatment and 	all these 

react during the second treatment (although probably some are left 

and react in 3rd and 4th treatment) The site number calculation is 

given in the table. The H value is much in excess of the oxygen value 

since considerable H2  adsorption takes place; thus if 210 moles H2  

go into 2nd layer (after 1st adsorption where there is a higher 

amount adsorbed molecularly) the site numbers are as follows: 

Site no. Calculation for set (1)  

1st oxygen 	463 atoms 

Active oxygen (- . 424) = 282 atoms 

1st H
2 

= 1269 atoms of which 564 used for 282 oxygen leaving 



1269 - 564 = 705 H atoms. 

Now the surface is 186 0 atoms 705 H atoms 

402 0 - 352 50(+186 0) = 236 0 

1030 H - 472 568 H 

430 o - 284 146 o 

848 H - 292 556 H 

434 0 - 278 '156 0 

896 H - 312 

429 0 - 292 

584 H 

137 0 

Sequence 

O 	: 268 236 146 156 137 Mean = 146 

total 	H : 705 568 556 584 

H : 150 148 136 164 Mean = 150 

H
2: 277 210 210 210 

The figure of 277 represents the higher molecular hydrogen 

adsorption on an oxygenated surface. 

Site no. calculation for second set 

Before 2nd set starts there are 150 oxygen atoms on the surface. 

150 0 atoms 

	

882 H - 300 
	

582 H 

	

473 0 - 291 
	

182 0.  

	

1013 H 364 
	

649 H 

137. 
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510 0 - 325 

962 H - 370 

448 0 - 296 

930 H - 304 

185 0 

592 H 

152 0 

676 H 

48o - 338 142 0 

Hence the sequence: 

0 : 	150 182 185 152 	142 

Total 	H : 	532 649 592 676 

H
2
: 	230 230 230 230 

H : 	122 189 132 216 

As expected,slightly more oxygen atoms are reactive at the 
molecular 

higher temperature; but the higher H2  X at higher temperature 

is unexpected. It is possible that this molecular adsorption may 

be an activated process, the activation energy being acquired more 

easily at the higher temperature. 
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2. System: Uigh temperature treatment of Chemisorbed Oxygen Layer.  

The effect of heating an Iridium film with a chemisorbed 

oxygen layer may cause incorporation of the oxygen or sintering and 

loss of effective surface area. 

Run 14 

Bath temperature = 273°k 

Oxygen adsorbed 	Hydrogen adsorbed  

moles 	atoms 	moles 	atoms 
•••••••••••••••••••• 	 •11.10001..•••••••••••• 

112 x 10 -8 
	

224 
	

304 x lo-8 
	

608 

set (i) 	118 
	

236 	250.2 	500 

118 
	

236 	244.2 	488 

115.8 
	232 

Oxygen treated surface is heated at 90°C for ;17 hour  

Bath temperature = 273
o
1:  

25 x lo-8 

	

5o 	253.5 x 10-8 517 

set (ii) 	115.8 	232 	245.3 	491 

	

112.5 	225 	252.7 	505 

Desorption of 1T2, at 90°C = 14.7 x 10-8moles  

Hydrogen left on the surface = 252.7 - 14.7 = 238 x 10 3  moles  

Adsor-,tion of oxygen at 90°C = 113.6 x 10
3moles • 

_o 
Bath temperature = 27;,  k 



Oxygen adsorbed 	Hydrogen adsorbed  

moles 	atoms 	moles 	atoms 

 

••••••••••••••••.MO 

 

•••••••••••••••••••=• 

  

259 x 10-8 	518 
0 

set (iii) 	108.6 x 10-8 	217 	233.2 	466 

	

107.4 	215 	232.3 	464 

In run (14), three oxygen-hydrogen cycles were done at 273°k 

starting with the adsorption of oxygen. The first set of three 

0
2
/H
2 

cycles was finished with oxygen adsorption and the final amount 
of oxygen. 

adsorbed was 115.3 x 10
-8 

 molest( Then the film was healed at 

90°C for 30 minutes. After heating the temperature was again 

changed to 273°k and a measured dose of oxygen was introduced 

first; the amount adsorbed was 25 x 10-8  moles. After the evacua-

tion of residual oxygen, hydrogen was adsorbed; the amount adsorbed 

was 258.5 x 10
-8 

moles. Then two more 
02/H2 

cycles were done in 

set (ii) and the last cycle was finished with H
2 
adsorption. Again 

the film was heated at 90°C for i hour; 14.7 x 10 8  moles of H2 

were desorbed on.heating. Now the desorbed H2 
was pumped out and a 

measured dose of 0
2 

was introduced. The amount adsorbed was 118.6 x 

10-8 moles. After the evacuation of the residual gas, the tempera-

ture of the cell was again changed to 273°k and H2 
 was adsorbed first. 

The amount adsorbed was 259 x 10
-8 moles. The residual H2 

was 

evacuated and two more 02/n2  cycles were done at 273°k. The last 

cycle was finished with H2  adsorption. 
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Explanation  
dose 

From first oxygen4here are 224 sites and from 12  of second oxygen dose 

there are 157 active sites and 67 inactive. 

Now the total amount of hydrogen adsorbed in set (i) was 
of 

1596 atoms and/oxygen was 928 atoms, of which 798 used for water for- 

mation leaving 928 - 798 = 130 0 atoms in excess. 

Site no.-calculation for set (i)  

If we assume that 150 oxygen atoms are active so 300 H used 

leaving 224 - 150 = 74 0 on surface and 6o8 - 300 = 308 H atoms. 

Now 	236 0 	154 	82(+ 74 0) = 156 0 

500 H 	312 	188 H 

236 0 	94 	142 0 

488 H 	284 	204 11 

232 0 	102 	131 0 

Hence the sequence: 

0: 224 156 142 131 

H: 308 188 204 

Now at this stage the film was heated at 90°C for -72.- hour and 

after that heating the temperature was again changed to 273°1: and 

oxygen was introduced; the amount adsorbed was 50 atoms but we assume 

that there are still 131 0 atoms on the surface. So the total 
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oxygen is 131 + 50 = 181 0 atoms, because there was no desorption 

of oxygen at 90°Cland the film still adsorbed 50 oxygen atoms so 

that 50 oxygen was incorporated. 

Site no. calculation for set (ii)  

is 
(a) When incorporated oxygen/used in first cycle. 

Now total oxygen with incorporated oxygen was 181 atoms. 

517 H - 362 155 H 

232 0 - 	78 154 0 

491 H - 308 183 H 

225 0 - 	92 133 0 

505 H - 266 239 H 

Hence the sequence: 

0: 181 154 133 

H: 155 183 239 

In the above site no. calculation all incorporated oxygen 

(50 atoms) used was removed by the first hydrogen dose. 

Site no. calculation for set (ii) 

some of 
(b) When,(incorporated oxygen used in 2nd and 3rd cycle of 

set (ii), i.e. reaction with 0 is slow and only reacts in later 

cycles. 

Total oxygen on surface = 131 atoms. 
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517 H - 262 255 H 

232 0 - 128 104 (+20) = 124 0 

491 H 	248 243 H 

225 0 - 122 103 (+30) = 133 0 

505 H - 266 239 H 

Sequence 

0: 131 124 133 

H: 255 243 239 

the 
Here all the incorporated oxygen was used inX2nd and 3rd 

cycle. 
There are 

X239 H atoms left on the surface at the end of second set. 

Now the film was heated at 90°C for 412. hour at this stage and 29 

atoms of hydrogen were desorbed. So the H2 
left on the surface after 

desorption was 239 - 29 = 210 H atoms. Now 237 atoms of oxygen were 

adsorbed at 90°C of which 105 oxidised 210 hydrogen leaving 237 - 105 

= 132 0 atoms on surface. 

Site no. calculation for set (iii) 

Now before 3rd set startothere are 132 0 atoms on the surface. 

Let us assume that no oxygen was incorporated when the film was 
the 

heated at 90°C for/second time. 

then 132 0 

518 H 264 	244 H 
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217 0 - 122 
	95 0 

466 H - 190 
	

276 H 

215 0 - 138 
	

77 0 

464 H - 154 
	

310 H 

Hence the sequence: 

H: 244 276 310 

0: 132 95 77 

These sequence of values (oxygen decreasing, hydrogen increasing) 

suggests that some of 132 oxygen atoms are partly incori3orated. 

Thus if we assume here that of 132 0 atoms and 32 go inside on 
are 

heating at 90°C then 100Aleft on the surface.e now use 

the incorporated oxygen in the 2nd H2  treatment in the calculation. 

518 H - 200 

100 0 

318 H 

217 0 - 159 58 (+32) = 90 0 

466 H - 180 286 H 

215 0 - 143 720 

464 H 	144 320 II 

Sequence: 

H: 318 286 320 

0: 100 90 72 

The sequence then becomes more consistent but the available 
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data do, not allow us to state how much oxygen is incorporated 

and how much of this reacts in each subsequent H2  treatment. It 

seems evident, however, that (i) incorporation has taken place 

and (ii) with sufficient number of H2 
cycles, all the oxygen can 

be removed. 
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3. System: Oxygen + Iridium + Hydrogen + Oxygen + Carbon-monoxide  

In this system after the adsorption of oxygen on a fresh 

Iridium film, hydrogen was adsorbed; and after that a second oxygen 
then 

dose was introduced; 	the Carbon-tmonoxide was/adsorbed as shown 

in the Table below. 

Run 13 

Bath temperature = 2730k  

Oxygen adsorbed 	Hydrogen adsorbed  

moles 	atoms 	moles 	' atoms 

99.4 x 108 	199 	252 x 10-8 504 

set (i) 	111.0 	222 

CO adsorbed at 273°k = 117 x 10
-8  moles 

CO
2 

formed = 76 x 10
-8 

moles 

Adsorption of oxygen at 90°C = 73.8 x 10 moles

CO
2 

formed = 42.6 x 10
-3 moles 

Bath temperature = 273
ok  

Oxygen adsorbed 	Hydrogen adsorbed  

moles 	atoms 	moles 	atoms 

238 x 10
-8 	476 

	

91.3 x 10 	183 	197.3 , 	395 

set (ii) 	89.8 	180 	194.5 	389 

	

87.4 	175 	192.2 	384 
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a _o 
In run (13), oxygen was adsorbed o4fresh iridium film at 27.2 k 

and the amount adsorbed was 99.4 x 10
8 

moles. After the evacuation 

of the residual oxygen, a.  measured dose of H, was introduced and the 
a 	dose 

amount adsorbed was 252 x 10-8  moles. Theasecond oxygen4was adsorbed; 

the amount was 111 x 1078  moles. After the evacuation of residual 
the 

oxygen, carbon-monoxide was adsorbed on oxygen-treated surface; the 

amount of CO adsorbed was 117 x 107
8 

moles. Some of this CO formed 

CO
2 

with pre-adsorbed oxygen and the amount was 76 x 10
-8 

moles. 

This CO
2 

formed was pumped out and the temperature of the cell was 

changed t o 90°C and a measured dose of 0
2 

was introduced; the amount 

adsorbed 

the rest 

42.6 x 10 

three 02/H
2 

cycles were done and the last cycle was finished with 

hydrogen adsorption. 

Explanation  

The total amount of oxygen adsorbed in the two sets was 552 x 107°  

moles and the total aount of H
2 

was 1074 x 10-8 m 
	moles. Since the 

last cycle in the second set was finished with H2  adsorption, 
H
2 

should be left on the surface at the end. The amount of CO adsorbed 

was 117 x 10
-8 moles. Now oxygen required for the oxidation of 

2 

the cell was again changed to 273°k and hydrogen was introduced 

first. The amount adsorbed was 238 x 10-8  moles. After this H2  dose, 

was 73.8 x 10
-8 

moles. Now this oxygen formed CO2  with 
the 

of,<CO which was left on the surface and the amount of CO2 
was 

-8  moles. This CO was pumped out and the temperature of 
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117 x 108 moles of CO to CO
2 
was 58 x 108 moles. So oxygen left 

for oxidation of H2 was 552 - 58 = 494 x 10-
8 moles. This can 

reduce 988 x 108  moles of 0
2 to water leaving 1074 - 988 = 86 

x 108 moles of H
2 or 172 atoms at the end. 

Now after CO
2 formation, oxygen is left on the surface. The 

total amount of oxygen adsorbed in set (i) was 284 x 108 moles 

(i.e. 99 + 111 + 74) and H2  adsorbed was 252 x 10-8  moles. Now 
- 8 co adsorbed was 117 x 10 moles so from 284 x 10-8  moles of 

oxygen 58 were used for CO2 formation leaving 284 - 58 = 226 x 10-8  

moles for H
2 oxidation and of these 126 oxidise 252 x 10

-8 moles of 

H
2 leaving 226 - 126 = 100 x 10

8 moles of oxygen on the surface. 

Now 100 x 108 moles or 200 atoms of oxygen are left on the surface 

at the end of the first set. Of these 200 atoms of oxygen we assume 

that only 160 are used for H2O formation and 40 are left on the 

surface which react slowly in subsequent hydrogen treatments. 

Now the first H2 adsorbed in set (ii) was 476 atoms of which 

320 were used for 160 oxygen atoms leaving 476 - 320 = 156 H atoms. 

The 1st 0
2 

dose was 183 atoms of which 78 were used for 156 

H atoms leaving 183 - 78 = 105 0 atoms +40 already there on the 

surface, so the total oxygen available was 105 + 40 = 145 0 atoms. 

Now 395 H atoms were added which oxidised (3951) = 132 0 atoms 
3 

leaving 145 - 132 = 13 oxygen atoms and 132 H atoms on the surface. 

Then 180 0 atoms were adsorbed of which 66 were used for 132 

H leaving 180 - 66 = 114 0 atoms + 13 already present there, so the 
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total oxygen now on the surface was 114 + 13 = 127 atoms. 

389 H atoms were now added which oxidised (389,) = 130 0 
3 

atoms leaving 130 H atoms on the surface (no oxygen left at this 

stage on the surface). 

175 oxygen atoms were then added of which 65 were used for 130 

H atoms leaving 175 - 65 = 110 0 atoms. 

Finally 384 H atoms were added of which 220 were used for 110 

oxygen atoms leaving 384 - 220 = 164 H atoms. 

Hence the sequence: 

0: 200 145 127 110 Mean = 145 

H: 156 132 130 164 Mean = 145 

Fun 15  
. Bath Temperature = 2730k  

Oxygen adsorbed 	.. Hydrogen adsorbed  

moles 	atoms 	moles 	atoms 

109 x 10
-8 	218 	302 x 10

-8 	604 

128.8 	258 

CO adsorbed at 273°k = 186 x 10
8moles  

CO2 
formed = 103 x 10

8 moles 

Adsorption of oxygen at 90°  = 112.5 x 10'
8  moles 

CO2 
formed = 88 x 10

-8 moles 

Bath temperature = 2730k  
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Oxygen adsorbed 	Hydrogen adsorbed 

• moles atoms moles atoms 

305 x 108  610 

120 x 10
-8 240 275 550 

416 232 258 516 

Run (15) was done in order to confirm the results of run (13), 

so all the steps were the same as in run (13), 

The results in run 15 show the same general pattern. as run 13. 

Difference of Iridium and Platinum  

The reactions were essentially the same for both metals but 

the reaction of H
2 
 with chemisorbed oxygen is slow and does not go 

•  

to completion i.e., some oxygen is left on the surface after the 

first H
2 
 treatment but this gradually oxidised by subsequent H

2 

treatments. Oxygen, however, completely reacts with chemisorbed 

H atoms on the surface at each stage. 
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4. .System: Ammonia + Iridium + Hydrogen Oxygen  

In this system there appears to be two acceptable alter- 

native mechanisms. 

I.Nechanism 

, 
At the high temperature of 273°k, NH

3 
is assumed to be dissocia- 

tively adsorbed to give Ir-NH2  and Ir-H so that all primary sites 

for dissOCiative adsorption of the first dose of hydrogen are 

blocked. Hence the subseqUent hydrogen adsorption is always 

adsorbed on top as molecular H2 
and this is rapidly oxidised when 

oxygen is added. Additionally, some of the primary hydrogen atom 

layer is also oxidised slowly. 

Run 19  

Adsorption of fu1
3 

at 195°k 

255.5 x 10
-8 

 x 10
-8moles  

Desorption of NH
3 
 at 273°k = 3.5 x 10

8  moles  

NH
3 
 left on surface = (255.5 - 3.5) = 252 x 10-8  moles  

Accordingtorun(21)only 72;0 of 1st close NH3  as left on the 

surface (the rest being desorbed by evacuation and liquid nitrogen 

trap). We therefore assume that 181 x 10-̀ j  moles of NH3  are 

adsorbed in the primary layer. 
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Bath  temperature = 273°k  

Hydrogen adsorbed 	Oxygen adsorbed  

moles 	atoms 	moles 	atoms 
•••••••••••Inm••••• 

74 x 10--R 
 

148 	.84.5 x 10-8 	169 

set (i) 	164.0 	328 	98.0 	196 

	

187.8 	376 	96.5 	193 
_. 

	

204.7 	409 	97.4 	195 

Adsorption of NIL at 195°k = 20 x 10-8 moles 

„ Desorption of NH
3 
at 273°k . 2.8 x 10-8moles 

NIL left on surface 	(20 - 2.8) `:17.2 x 10-8 moles 

Bath temperature . 273°k  

Hydrogen adsorbed  Oxygen adsorbed  

   

moles 	atoms 	moles 	atoms 
e•mim.m.Prt.er 	 Vamam.0 

122 x 10-8 	244 	66 x 10- 
 
8 	

132 

set (ii) 124 	248 	66 	132 

131 	262 	65 	130 

In run 19, NH3  was adsorbed on a fresh iridium film at 195°1g. 

thePiranigaugeandalltra.ps'(exceptT3which was not in the. system} 

was also at 195°k. The amount adsorbed was 255.5 x 10- .8 moles. After 

thee-mouationoftheresidualM i the temperature of the cell was 

changed to 273°k and that of the Pirani and all traps ol'quica nitrogen 
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-temperature. Some NHiWas decorbed at 273011 and the amount w:,.s 3.5 x 

1n
-8 

mo7 es. 

A measured dose  of hydrogen was introduced mlneM_-treated 

surface. The amount adsorbed was 74 x 10
8 

moles. The residual 

gas was pumped out and oxygen was introduced. The amount adsorbed 

was 84.5 x 10
8 
moles. After that2 three more H2/02  cycles were done 

and the last cycle was finished with oxygen adsorption. Now again the 

temperature of the cell and traps was changed to cardice bath (195°k) 

temperatureandameasureddoseofNa_was introduced. The amount 

adsorbed this time was 20 x 10
8 

moles. The temperature of the cell 

was again changed to 273°k and the Firani and traps to 78°k temperature. 

2.8 x 10
-8 

moles of NH
3 

was desorbed at 273°k, so the amount left on 

the surface after desorption was (20 - 2.8) x 10-8 m oles = 17.2 x 10 

moles. After the evacuation of the residual NH3 , hydrogen was intro- 

duced at 273°1_; and the amount adsorbed was 122 x 10
-8 

moles. The  4. 

residual gas was pumped out and a measured dose of oxygen was 

introduced; the amount adsorbed was 66 x 10
-8 moles. Two more H

2
/ 

02  cycles were done and the last cycle was finished with oxygen 

adsorption. 

Run 20  

Adsorption of NH3  at 195°k 

290.8 x 10-8  moles  

Desorption of NH
3 

at 273°k = 4.8 x 10-  moles 

-8 
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TT7 
	

eft nil =face = 290.8 - 4.8 	= 286 := 

is, 
According to run 21 only 72..; of 1st dose of NH

3
/left on the 

surface (the rest being desorbed);we therefore assume that 206 x 

10-8 moles of 1111
3 

are adsorbed in the primary layer. 

o Bath tem1Derature = 	_ k 

Hydrogen adsorbed 	Oxygen adsorbed  

moles atoms moles atoms 

123 x 10
-8 246 159.8 x 10-8 320 

310 620 161 322 

322.5 645 161 322 

325.5 651 159.5 319 

Adsorption of NH_at 195
o
k = 25 x 10

-8 
moles 

-8 
i DesoiTtion at 273°k (' - 2  2 	'10 	moles 

NH
3 
 left on surface = (25 --2.8) = 22.2 x 10-8 moles 

Hydrogen adsorbed 

Bath -------, temperature = 273°k 

Oxygen adsorbed 

moles atoms moles at=s 

164 x 10-3  328 107 x 10
-8 21k 

191 382 104 .208 

202 404 106 212 

Run 20 was done in a similar way to run 19, to confirm the 

results of that, so all the steps were the same as in run 19. 



Run 21  

Adsorption of NH
3 
 at 195°k = 297 x 10 8moles 

Desorption of NH3  at 195°k (with liq. N2  trap) = 84 x 10 8  moles 

NH3-left on surface = (297 - 84 = 213 x 10
-8

moles 

Desorption of NH
3 
 at 273°k = 5.4 x 10-8 moles 

NH
3 
 left on surface = (213 - 5.4) = 207.6 x 10

-8
moles 

Hydrogen adsorbed 

Bath 	'temperature = 273°k 

Oxygen adsorbed 

moles atoms 	moles 	atoms  

133 x 10
-8 266 	169.6 x 10-8  340 

324.4 649 162.5 325  

334.8 670 	165.6 332 

337.4 675 	165.0 330 

331.0 662 	159.5 320 

In run (21) NH
3 
 was adsorbed on a fresh Ir film at 195°k 

The amount adsorbed was 297 x 10
-8 
 moles, of which 84 x 10

8 

were 	condensation in the 
moles/desorbed by/liquid nitrogen trap and 5.4 x 10

8 
moles were 

desorbed at 273°k. So the total amount of NH
3 
 left after 

desorption was 207.6 x 10-8  moles (i.e. 72% of 1st dose). 

After the adsorption of ammonia hydrogen was adsorbed at 273 k; 

the amount adsorbed being 133 x 10-8 moles. The rest of the gas 

155- 

. 
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was evacuated and a measured dose of oxygen was introduced, the 

amount adsorbed was 169.6 x 10-8 moles. After this oxygen 

adsorption four more H2/02  cycles were done and the last cycle 

was finished with oxygen adsorption. 

Explanation  

I Mechanism  

Run 19 

From run 21 we assume that only 70% of NH
3 

was left on the sur-

face from the first dose; the rest was desorbed by evacuation and 

condensation in the liquid nitrogen trap. The actual adsorption 

of NH
3 
is therefore 72 x 252 = 181 x 108 moles, occupying 181 

100 
Ir-NH2  and 181 Ir-H sites. 

In this mechanism NH
3 

is assumed to be adsorbed dissociatively, 

so it blocked all sites for the dissociative adsorption of hydrogen 

which is always adsorbed on top as molecular H2. Hence after the 

adsorption of NH3, the first dose of hydrogen goes on top as 74 x 

108  moles. The first oxygen dose adsorbed was 169 0 atoms; it 

oxidised all the 74 x 108 moles of molecularly adsorbed 

hydrogen to water leaving (169 74) = 95 0 atoms on the surface. 

Of these 95 0 atoms 	x 95) = 64 0 atoms are left on the surface .  

and 32 atoms are used for the oxidation of the 64 primary hydrogen 

atoms. Now the second dose of hydrogen adsorbed was 328 H atoms 

of which 128 H atoms were used for the 64 surface oxygen atoms and 

produced water leaving 328 - 128 = 200 H atoms; of these 64 go back 
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to the primary layer leaving 200 - 64 = 136 H atoms or 68 H2  on top. 

The rest of the oxygen-hydrogen doses were calculated in a similar 

way and the sequences as shown below were obtained. 

Sequence 	' 

H
2 

molecularly adsorbed = 74 68 59 70 Mean . 68 

0 atoms left on surface = 63 86 90 84 Mean = 81 

It would appear that of 181 primary H atoms only 81 are 

"active" i.e. react with oxygen, and these are then rendered un-

reactive by the second NH
3 

adsorption, taken to be 17 x 10-8 moles 

in all. Now before the 2nd NH3  adsorption, the surface is covered 

with oxygen atoms and we assume that no H2  goes on top of these 

oxygen atoms, since these react with hydrogen and leave H atoms 

in the primary layer. If NH
3 

converts these oxygen atoms to 

OH radicals this could account for 51 0 	51 OH. In this process 

N
2 

is evolved so that the amount of NH
3 

adsorbed as measured is low; 

this may account for the discrepancy. In the first set, the 81 

reactive sites (alternatively covered with 0 and H atoms) are not 

sites for H
2 

molecular adsorption; but after the second NH
3 

treatment, 

the oxygen atoms are converted to OH radicals on which H2 
adsorption 

can take place. Hence for the second set H2 
adsorption, more H

2 

sites are available in the proportion of 181/ x 68 = 123, corn- 
/100 

pared with the amount of H
2 

adsorbed experimentally which was 

122 x 10-8 moles. Oxygen then oxidises these H2 molecules to H2
O 
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leaving no oxygen behind in the primary layer. The total amount of 

oxygen in set (ii) was 197 x 10-8 moles which can oxidise 394 x 10-8 

moles of H2, whereas the total amount of H
2 adsorbed experimentally 

in set (ii) was 377 x 108 moles in good agreement with 394 x 108 

moles. 

Run 20 

According to run 21, 72% of the first dose of NH
3 

was adsorbed 

on the fresh iridium film and the rest was desorbed by evacuation 

and condensation in the liquid nitrogen trap; the adsorption of 

NH
3 
was therefore 206 x 10

8 
moles. These occupied 206 NH2  and 206 

H sites. The calculation in this run proceeds as in run (19). 

Hence the sequence is: 

0 atoms left on surface = 131 139 139 135 Mean = 136 

H
2 

molecularly adsorbed = 123 114 114 117 Mean = 117 

Of the 206 primary H atoms only 136 react and (206 - 136) = 70 

H atoms remain on the surface throughout. 

In the second set of this run (20), the amount of H2  taken up 

is increasing with each cycle but that of oxygen is constant (see 

table of run 20); this is similar to the effect always found (run 

19-21) after the first NH
3 

treatment. It suggests that not all the 

oxygen sites are poisoned by the second NH
3 

treatment, and some 

primary hydrogen is being oxidised. 

Run 21 

In this run the adsorption of NH3  gives 208 NH2  and 208 primary 
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hydrogen atoms. The calculation was done similarly as in run (19 

and 20) and found the sequence as: 

0 atoms left on surface = 138 139 137 132 125 Mean = 134 

H2 
molecularly adsorbed = 133 117 126 132 132 Mean = 128 

Of 208 primary hydrogen atoms, 134 reacted leaving 74 throughout. 

Summary  

(i)_ NH3  is adsorbed on iridium dissociatively giving Ir-NH2  

and Ir-H sites. 

(ii) H2 is adsorbed molecularly on the primary layer and 

is oxidised by oxygen. 

(iii) The primary H atoms were 181, 206 and 208 in run (19, 20 

and 21) respectively. Out of these only 81, 136 and 134 

were oxidised by oxygen and 100, 70 and 74 H atoms were 

left on the surface at the end of cycles in run (19, 20 

and 21) respectively. 

(iv) After the second NH
3 

treatment, molecularly adsorbed 

hydrogen is oxidised and no oxygen goes into the 

primary layer. 

II Mechanism  

Run 19 

In this mechanism we assumed that NH
3 

is adsorbed molecularly 
H HNH H H 

H 
as 	N ; and that the first hydrogen dose goes into the 

i 
Ir Ir 
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primary layer as H atoms. This is oxidised slowly as primary 

hydrogen atoms were in mechanism (i). 

The first dose of hydrogen was 148 atoms and goes into the 

primary layer. Now 169 0 atoms were added which oxidise 	x 169) 

= 112 H atoms leaving (148 - 112) = 36 H and 112 0 atoms on the 

surface. 

In the second hydrogen dose 328 H atoms were adsorbed +36 

already on the surface, so the total was (328 + 36) = 364 H atoms 

which can oxidise all 112 oxygen atoms leaving (364 - 336) = 28 H; 

hence the total hydrogen left on the surface was 112 + 28 = 140 H 

atoms. Now 196 0 atoms were adsorbed of which (i x 196) = 130 

react with the primary H atoms leaving (140 - 130) = 10 H atoms 

and 130 0 atoms on the surface. 

Now 376 H atoms were added +10 already on the surface, so 

the sotal was 376 + 10 = 386 H atoms which removed all the oxygen 

adatoms (130 x 3 = 393) and 130 H atoms are left on the surface. 

After that 193 0 atoms were added of which 	x 193) = 129 were 

used for primary H atoms and 129 0 atoms were left on the surface. 

Now 409 H atoms were added, of which 387 react with 129 

oxygen atoms leaving 409 - 387 = 22 H extra, so the total H atoms 

left on the surface was 129 + 22 = 151 H atoms. Now finally in set 

(i) 195 0 atoms were added of which 75 were used for the 151 H 

atoms leaving (195 - 75) = 120 0 atoms on the surface. 
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Hence the sequence  

H atoms left on the surface which were unreactive after an oxygen 

treatment. 

36 28 10 22 Mean = 24 

Reactive H atoms on the surface. 

148 140 130 151 Mean = 142 

Reactive 0 atoms on the surface. 

112 130 129 120 Mean = 123 

The first set was finished with oxygen adsorption leaving 120 

oxygen atoms on the surface. When the second set starts there are 

120 0 atoms and all are assumed to be active, but from the first 

hydrogen uptake in set (ii) only (4. x 244) = 81 sites are active, 

so that. (120 - 81) = 39 oxygen are "deactivated" by NH3. 

gow 81 0 atoms (active) 

244 H atoms 162 H atoms used for H2O leaving 82 H atoms 

132 0 atoms 41 0 It tf ft It It 91 0 atoms 

248 H atoms 182 H 11 11 11 ft  66 H atoms 

132 0 atoms 33 0 11 11 99 0 atoms 

262 H atoms 198 H 11 If 11 ft  64 H atoms 

130 0 atoms 32 0 ft ft It " It  98 0 atoms 

Sequence 

H atoms left on surface = 82 66 64 Mean = 71 

0 atoms left on surface = 91 99 98 Mean = 96 
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The proportion of oxygen sites is now 96 	of those formerly 
'122 

available, so 122 - 96 = 26 oxygen sites are rendered inactive by 

17 NH
3' 

probably by H-bonding to these oxygen sites. The discrepancy 

is within the error of these calculations. 

Run 20 

The calculations in run (20) were done in similar way to run 

(19). The sequence found is given below. 

atoms left on the surface = 246 214 214 214 

0 atoms left on the surface = 214 214 214 214 

In this run, this mechanism seems better than mechanism (i). 

Run 21 

NH
3 

is adsorbed molecularly, so that the first hydrogen dose 

of 266 atoms goes into the primary layer. 

266 H atoms on surface 

340 0 atoms 	133 used for H2O leaving 207 0 '! !I 

649 H atoms 	414 " for H2O 	n 	235 H /I 	II 	II 

325 0 atoms 	118 	" for H2O 	11 	207 0 	" 	II 	II 

670 H atoms 	414 	TV  for H2O 	n 	256 H 	II 	II 	II 

332 0 atoms 	128 	" for H2O 	II 	204 0 	II 	II 	n 

675 H atoms 	408 IJ  for H2O 	" 	267 H n n 	n 

330 0 atoms 	134 " for H2O 	in 	196 0 	II 	n 	II 

662 H atoms 	392 " for H2O 	" 	270 H n n 	n 

320 0 atoms 	135 n 

	

for H2O 	" 	185 0 Al 	II . n 



Hence the sequence  

0 atoms left on the surface = 207 207 204 196 185 

H atoms left on the surface = 235 256 267 270 

General Conclusion  

Both mechanisms give reasonable explanation but in general 

the first one seems to give more consistent results. 
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5. System: Methyl Alcohol + Iridium + Hydrogen 

Methyl alcohol was adsorbed dissociatively on fresh 
cii3 OH 

iridium film in the primary layer as Ir , Ir and then further 

adsorbed molecularly on the top. When H2  was molecularly adsorbed 
a 

onOethyl-alcohol-treated surface, it partly replaced molecularly 

adsorbed CH3OH and the oxygen then oxidised this H2 and some of the 

molecularly adsorbed CH
5
OH. 

Run 22 

Adsorption of methyl alcohol at 273°k  

Bath temperature = 2730k  

,Hydrogen adsorbed Dxygen adsorbed 

moles atoms moles atoms 

47 x 10 8 94 125 x 10-8 250 

258.0 516 164.0 328 

340.9 682 184.7 370 

399.8 800 194.6 389 

409.2 818 204.4 1+09 

423.5 847 204.4 /tog 

1878.4 1077.1 

161+. 

Methyl alcohol was adsorbed on a fresh iridium film at 273
o
k 
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in run 22, and after five minutes the residual methyl alcohol was 

evacuated for 10-12 minutes. After the evacuation of residual CH3OH, 

a measured dose of hydrogen was introduced; the amount adsorbed was 

47 x 108 moles. The residual H2 was evacuated and oxygen was 

adsorbed; the amount adsorbed was 125 x 10
8 moles. Then five more 

H
2
/0
2 

cycles were done and the last cycle was finished with oxygen 

adsorption. The total amount of oxygen and hydrogen adsorbed in 

six cycles was 1077 x 10
8
.moles and 1878 x 10

-8 
moles respectively. 

Explanation  

In this run CH3OH was adsorbed dissociatively in the primary 

layer and some of it further adsorbed molecularly on top. 

When H
2 

was introduced, it in part replaced molecularly 

adsorbed CH30H,and oxygen then oxidised this H2  and some molecularly 

adsorbed CH
3
OH. 

dose 
Now the first H

2
/was 47 x 10

-8 moles, so 23 moles of oxygen 

were used for that leaving 125 - 23 = 102 x 10
-8 moles of oxygen. 

This 102 x 10
8 moles of oxygen probably oxidised CH

3
0H to form 

aldehyde (HCHO) and H,0 using one oxygen atom per mole CH
3
OH i.e. 

wee. 
204 moles of CH

3
OH/oxidised. 

0 + CH
3
OH 	HCHO + H2O 

dose 
Hence the second H2

/can be adsorbed on the molecular sites of CH 0H, 
we 	 to be adsorbed, 

so that/expect 204 + 47 = 251 x 10
-8 

moles of H2
A: whereas in the second 
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adsorption of H2  258 x 10-8  moles were taken up in good agreement. 

This required 129 x 10
-8 
 moles of 02 leaving 164 - 129 = 35 x 10

8 

moles of oxygen for CH
3
OH (m) oxidation. 

Hence the amount of molecularly adsorbed H should be 258 + 70 

=328 x 108 moles whereas the experimental value was 341 x 10
-8 

moles. 

After this effect, in cycle 3 there was largely oxidation of 

molecular H
2 by oxygen, no oxygen being left on the primary layer. 

Since both the H
2 
and 0

2 
figures still show some increase, further 

small replacements (without oxidation) of remaining CH3OH (m) probably 

take place. 
amount 

Now the total/of oxygen in the four cycles was 788 x 108 

moles and the total amount of H
2 
was 1573 x 10

8 
moles which is a 

good 2/1 ratio. Hence here H
2 

is molecularly adsorbed and this is 

oxidised by oxygen but no oxygen goes into the second layer. 

Conclusion  

(i) CH
3
OH is adsorbed dissociatively in the primary layer and 

then adsorbed molecularly on the top. 

(ii) H
2 

partly replaced this molecularly adsorbed CH
3
OH and 

then oxygen oxidised this H2 
and some CH

3
OH (m). 

(iii) H
2 

adsorbed molecularly and oxidised by oxygen but no 

oxygen goes into the second layer. 
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Some other experiments were done with the sequences (i) H2/02  

(ii) H20/H2/02  (iii) H2/H20/H2/02  on iridium but in all cases, no 

definite conclusions could be drawn. There was considerable non-

reproducibility which was associated (i) with the slow rates of 

reaction at various stages and (ii) the probable desorptioh (without 

reaction) of molecular hydrogen over the primary H atoms layer on 

addition-Of oxygen. It seemed probable from the general trend of 

results that had higher temperatures being used, similar effects 

as found with the platinum film would have been obtained. 
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System: Adsorption of 
H2O 

 vapour on Pt, Ir and W film 

(3) 
Kemball has published some interesting results of the 

chemisorption and decomposition of water on tungsten films, either 

clean, or on which presorption of oxygen and hydrogen had taken 

place. Since tungsten is not an efficient catalyst for the com-

bination of H
2 
and 0

2 
to form water, similar experiments were 

undertaken using Pt and Ir.films to find out whether there were 

significant differences in behaviour. 

_o, 
Water was introduced to a fresh Pt, (W and Ir) film at 27, x 

with Pirani gauge, trap T1  and water bulb at 273°k. After five 

minutes the water bulb was isolated and the excess water was 

evacuated from the cell for 20 minutes. Then the temperature of 

the P2_rani and trap T1  was reduced to 73°k and the film was heated 

at different temperatures in order to follow the possible production 

of hydrogen. 

With Pt, no hydrogen was detected below 200°C; however, with 

increasing temperature evolution took place, the total pressures 

of hydrogen produced being 0.10, 0.4, 1.49 and 2.11 (x 10 ' tore) 

at 230, 230, 350 and 400°C respectively (Fig. 12). 

These results show that water is strongly chemisorbed on a 

Pt film at 273°k and since H2 
is riot evolved till 500°k has been 

attained, it suggests that the chemisorption may be associative at 

273°k but becomes dissociative at the higher temperatures. 
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Iridium reacts similarly at 212, 300 and 400°C;the total pressure 

of hydrogen produced was 0.47, 0.72, 0.88 (x 10-3  torr). 

With tungsten, hYdroccen was however evolved at as low a tem- 

perature as 273°Icz  The total pressure being 0.816, 6.69, 9.00, 9.73 

(x 10-3,torr) at 0, 100, 200 and 7,00°C respectively (Fig. 13). ,The 
(3) 

mechanism suggested by Kemball was 

2W H2O ---4 WOH + WH 

i.e. dissociative chemisorption of water followed by reaction of 

WH with a further dose of H
2
0: 

WH + H2O 	WOH + H
2 

With Pt and Ir, a possible mechanism is 
H 
he,' Pt + Pt 	0

\ 	
Pt - OH + Pt - H ..(3) 

Ii 

followed by 2Pt - H --4 2Pt H2  	(4) 

(and possibly at higher temperatures, 

2Pt - OH > Pt + Pt 0 + H2O 

There is no evidence for reaction (2) with Pt and Ir. 

A further major difference between Ir and Pt on the one hand 

and W on the other hand, is that with fle 	'ten the tempera-

ture is lowered to room temperature in presence of the evoT.ved 

hydrogen, all the hydrogen was re-adsorbed (as would be expected 

''rom equ,l.tion (4)) where Pt sites p;evicusly occi).?ied by chem4_sorhe:7. 

(1)  

(2)  
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hydrogen are free for re-adsorption (Fig. 14). 

With W, there was no re-adsorption of hydrogen, suggesting 

that possible free metal sites are not available. With iridium, 

the hydrogen was re-adsorbed to a small extent at the actual tem-

perature of the decomposition . This may mean that 112
0 was 

associatively adsorbed on alternate sites (because of steric 

difficulties) and H2  was produced at least in part as in equation 

(5). 

	

H •H 	H H 

\0/
..,, / 	H 	H 

	

. 	0 	----i 	0 	0 + H
2 	(5) 

I 	I 	i 	I 

	

Ir Ir Ir 	Tr Ir Ir 

The hydrogen is then re-adsorbed on the accessible free Ir sites. 

Indeed, this may form part of the mechanism on Pt instead of 

equation (3), (4), the bond Pt-H being less strong than the Ir-H 

bond, so that no re-adsorption of H2  occurs at the temperature of 

decomposition. With W, because of the lower temperature for 

evolution of hydrogen, we may assume that after dissociative 

	

adsorption. of 1„0 in the 	imary layer(equation (1)), there is 

further molecular water  adsorption on top of this 'layer, with 

probable hydrogen bonding of this molecule to the OH and H radicals 

on the surface. 

Thus equation (2) should probably be written as 

WOH + WH + H2O (ads) 	2WOH + H
2 

so that free W sites are not availa'cle after hydrogen evolution and 



Re- odsoypt ion at Reetrkft Te-14417e,yak uye.. 
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hence there is no re-adsorption of this gas when the system is 

cooled down to room temperature. 

There is further difference in the reactivity of W and Pt 

surfaces. After chemisorption of oxygen on the W surface, addi-

tion of H2 ' 0 (r) and heating to 100, 200 and 300°G causes H2 
 to -be 

evolved (Fig 15), whereas with Pt and Ir this does not occur, at 

°C. For W, the slIrface structure postulated by least upto 400  

Keiiball was W02  and WO2H-analogous surface compounds with Pt are 

evidently unstable. 

When a water-treated surface of W was treated with oxygen, 

there was a small rapid adsorption followed by a slow uptake over 

the next 30 minutes. Very little hydrogen was evolved during this 

latter process at 0°C. 

Similar results were found with Pt-little oxygen was adsorbed 

O 
on top of the water-treated surface at 273 k indicating strong 

chemisorption of H
2
0
' 
not replaceable by 02

. No hydrogen was 

evolved on raisins the temperature to 373°k and little further 

oxygen was taken up at this temperature when an  oxygen dose was u- 

added.Furtherheatt0230°CgavenoevolutionofH,although 

a detectable amount would have been eXpected. Presumably this was 

evolved as water, formed by oxidation with the small a,lount of 

chemisorbed oxygen on the film. On cooling to 273°k, a. "normal" 

dose of H
2 
 was taken up i.e. corresponding to that taken up by a.  

comparable film at 273°k which had been treated win. 0 ,old then 



I • • r I r F 

1° Ho I co )0 

1 

• 3rzo c. 

Hydro 14.n forw.c.dt ( usid,,,. 0,.., 14,0  A.,7,/,,zd if.:4,, 4  w lexicol) • 
0 o 

2.00 c 

• 0 - 

ID 	2.0 	30. 	40 	6'D 	ID 
r 	 I 1 	 I I 	 i r 	 I I 	I 

T;r44- k misna:-iss 

1 

-6.  

0 

/foot 



176. 

immediately with H
2 
at 273°k. These experiments give evidence of 

the strong; chemiE,orption of water on a Pt film.. 



General Discussion 

There is a rapid reaction between hydrogen and oxygen at 195°k 

in the presence of a Pt film. The general mechanism, when oxygen 

is used as the first adsorbent, is the production of an oxygen 

adatom layer by dissociative adsorption. Most of these adatoms are 

catalytically active and reactive with hydrogen to form water leaving 

an equivalent layer of hydrogen atoms on the surface. Some of the 

oxygen'adatoms appear to be inactive but, to preserve a mass balance, 

these must be hydrogenated to form a stable chemisorbed water molecule, 

which only decomposes to give hydrogen at temperatures above 200°C. 

Hence we may write 

0 0 0 0 
1111 

Pt Pt Pt Pt + 02 	Pt Pt Pt Pt + H2 	(1) 

H H 

1 
Pt H Pt H Pt H Pt 	(H

2
0) finally 	(2) 

A possible intermediate transition surface complex may 

0 ,e 0 ,e 0 	0 	Pt H Pt H. Pt H Pt + 3 H20 —(3) 
f n 

Pt H Pt H Pt II Pt 

i.e. oxz-gen adatoms are covalently linked directly to surface Pt 

atoms; on addition of by 	H adatoms may go into the primary 

layer 	superficial insterstitial sites, the 0 adatoms are trans-

formed to -OH radicals and the second H elatom is one carrying a 

177. 
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high dipole positive outwards - the so-called protonic adatom as 

found by Siddiqui and Tompkins for CO + H2, 02  + H2  on Ni, and 

possibly NH
3 

+ H
2 
from the surface potential measurements. This 

protonic H is highly reactive and not directly bonded to the metal, 

Water evolution loads  to Pt 11 Pt H Pt H Pt. Treatment of thiS 

surface with oxygen definitely produces H2O and the agreement of 

oxygen-site and hydrogen-site number suggests that the surface is 

transferred back to an 0-adatom layer. In contrast, tungsten, 

(5) 
Roberts found that a molecule of hydrogen was desorbed for each 

molecule of oxygen chemisorbed i.e.; 

02  + 2WH --3 2W0 + 112, 

whereas with platinum the equation is 

34 02  + 2Pt H 	2Pt 0 + H2O 

showing the high reactivity of the chemisorbed. H adatoms. 

A better comparison is for Pt films on which H2  was. adsorbed 

first, followed by oxygen treatment. In this series, it appeared 

that about 20% of the hydrogen is desorbed as H2  mo3ecules and 80% 

react to give H2O. With continued cycling, the H2/02  results became 

”normaltf i.e., as if oxygen had been adsorbed first on the clean 

film. It would appear that there are two types of chemisorbed H 

adator:.s, those produced during cycling being of one form, and those 

(or part of them) formed b..,  H
2 
 adsorption on a clean film. illere  

is considerable evidence that two chemisorbed 'r7-species exist 
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which differ in bonding characteristics. Thus, the difference may 

well be a different site location on the Pt surface for the two 

different forms. There is, in fact, no evidence that would deny 

the existence of a chemisorbed H
2 

molecule formed during the cyCling 

process, provided two Pt sites were engaged thus: 

H.;.H 

Pt Pt Pt si3t 

Such H-species are oxidised by (caseous)- oxygen freeing the Pt sites 

for the final act of dissociative 0 adatom adsorption. Similarly 

in the complex (equation(3)), a process involving the chemisorption 

of H
2 

molecule is not excluded. During oxygen treatment in a H
2
/0
2 

cycle, water is formed so that the reaction in 

0 0 0 
f 

Pt H Pt H Pt 	Pt Pt Pt H2O 

The agreement of H- and 0- site numbers at each step in the 

H2/02  confirms that no hydrogen is left in the chemisorbed layer. 

This oxygen-hydrogen treatment leads to a good method of 

determining- the surface area of a Pt surface, whether as a film 

or as a supported metal (in this latter case, corrections for 

adsorption on the support material must be applied where necessary) 

With a film, where under good conditions, we may assume negligible 

total contamination of the film, we may distinguish between total 

area, and reactive area for the 112/0
2 
reaction; this area may well 
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be different than the reactive area for another catalytic reaction, 

say, CO + 0
2  reaction; the present results show however, that such 

differences are probably slight. For supported metal, the reactive 

area only may be obtained since the extent of the original contamina-

tion and its possible removal by H2/02  cycling is unknown. The,  advan-

tage of the method of using the extent of H2  uptake after an initial 

low temperature treatment with oxygen is that by removal of 1120 

produced (e.g. by the support or/and liquid nitrogen trap); the uptake 

is three times that necessary for a monolayer of H adatoms. .The site 

calculation generally shows that the degree of monolayer coverage is 

essentially the same for H and 0 adatoms; this agreement could mean 

that a value of 9 1 is being closely approached in the present 

experiments, where the conditions are 195ok and about 3-5 x 10-3  

torr. In certain cases, there is evidence of molecular n2 

in the second layer and is shown by the discrepancy in 0 and 

H adatoms site numbers. 

As mentioned above, there appears to be some difference in the 

112 	' 
bondinr in the primary layer depending on the order of the 

adsorption. If H
2 

is first adsorbed on the clean metal, or is 

formed by dissociative adsorption, e.g. of H
2 
 0, or NH_ on the clean 

' 

metal, it appears to react less quickly in the subsequent .12/02  

cycles, but finally, after sufficient cycling, the "normaTI" 

behaviour found when O is the first adsorbent is usually obtained; 
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this result indicates that all the initial primary H adatoms have 

reacted, or further reaction of the most tightly bound atoms does 

not take place. 

When oxygen adsorption on the clean metal is done at higher 

temperature (usually adsorption at 195
ok

, raising the temperature, 

say to 365°k and subsequent further adsorption of oxygen at; 195°k), 

there is some incorporation of some of the 0 atoms into the bulk 

(2nd lay-er; and at higher temperature, 3rd layer incorporation). 

It appears that second layer incorporated oxygen can be removed 

fairly readily and completely by the H2  in the H2/02  cycling, or 

by treatment with CO at 70°C, but 3rd, layer incorporation seems to 

be unreactive under the mild conditions of temperature used here. 

Sintering of an 0-adatom layer is not evident at 70°C but at a 

100
oC some loss of "aren" or "reactivity" of the surface 0-layer 

is found. 

After 0
2
-treatment in a 112/02 

 cycle, the surface is covered with 

0-adatoms. From the work of Heine, these should be removed by 
(6) 

carbon-monoxide. Thus Heyne found that some 20-301 of an 0- 
(7) 

layer was reduced to CO
2 

virtually instantaneously at 73°k.' AhujP 

showed that more could react at higher temperatures. In the present 

experiments about- 	- of the 0-layer 	a bove was converted to CO
2 

and all could be removed at 70°C with oxygen. The original H2
/0
2 

cycle could then be repeated at 19.5°k without much Ohan7e. 	his 

0 
particular process (production of CO2  at 70 C after uptake of CO) 
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could also be used as a means of determining a surface area, if 

convenient. 

Evidently at lower temperatures some surface complex, e.r. 

0 
11 
C 
it 
0 

is formed but the "desorption" energy is not sufficiently 
lTh 

acquired at 195°k whereas it is at 70°C. Ahuja has also found 

evidence for the chemisorption of CO on an oxygenated Pt surface 

(without production of CO
2 

at the lower temperature). 

Preadsorption of water vapour and ammonia were undertaken with 

the assumption that these are dissociatively adsorbed. The former 
. ' H 

would lead to 0 
H 
 or some similar structure so that by further 

I 
Pt Pt 

H2, and later 0
2 

treatment, a normal 
H2/02 

ccling series could be 

induced. With NH
3 
however, the surface, possibly ii H , does not 

Pt Pt' 

have the necessary basic structure and a likely mechanism based on 

the structure of the transition complex is weak chemisorption of 

H
2 

on top of this primary layer and oxidation of this by the next 

dose of oxygen. At the same time the oxidation of some rrimary H-

adatoms from the initial dissociation would proceed more slowly. 

Indeed when IL is adsorbed first on a clean Pt surface, it seems 

that weak decomposition of H
2 

molecules procee6s on top of such H 

adatoms; these are less strongly held than over the ammoniated 

rapidly 
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layer and hence some are probably physically displaced (without 

oxidation) when 0
2 

is introduced. It may be noted that in both 

the presorption of H0 and NH .4  an associative adsorption on alter- 
2 H 	H 	H 

native Pt sites, e.g.;  \o/ 	\
0  / 
	on which weak molecular 

Pt Pt Pt 

H
2 

adsorption proceeds would be reasonably consistent with the 

experimental resultsYith water, some slow desorption of the water 

proceeds during H
2 
 /cyclingcyclin thereby freeing some Pt sites; and 

with NH3  one would assume some oxidation of the adsorbed NFL by 

oxygen (not necessary with complete removal of all the H atoms, or 

the N-atoms). 

In 	case of iridium the general mechanism was similar to 

that of platinum but there are a few differences. When oxygen is 

used as the first adsorbent, there is production of an 0-adatom 

layer by dissociative adsorption like Pt but there are two main 

differences (1) the primary adsorbed oxygen-adatoms are reduced to 

H2O  more slowly and some of these remain on the surface but are 

slowly reduced in subsequent H
2 

treatment and are gradually removed 

from the surface')  (ii) at lower temperature H2  is molecuTarl 

adsorbed over the primary H-atom lPyer and is oxidised to water by 

the next oxygen treatment. 

Mien NFL is adsorbed on iridium there appears to be two acceptable 

altsrnativemechanisr 

assumed to be adsorbed disor.irt47 1y 	N 	H and in (if) 

Tr Ir 
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is assumed to be adsorbed molecularly and the surface possibly comprises 

H 	,H 
rJ 

Ir Ir :r . In this case the hydrogen does go into the primary layer 

as H-adatoms. These H-adatoms oxidised slowly as primary hydrogen 

did in mechanism (1). 

For carbon-monoxide and CH_OH the mechanism on iridium is the 

same as on platinum; oxygen was incorporated when the film was heated 

at 900C and this could be later used for carbon-dioxide formation 

asintheca.seof.Pt.Similaxly,CH_OH is adsorbed on iridium 
CH, OH 

/ 1 
dissociatively as for Pt and the surface structure is probably Ir Tr. 

The only difference is that in the case of iridium some CH3OH was also 

adsorbedmolecularlyontopofthedissociatively adsorbed IOH. 

These are partly replaced by H2  admolecules;then oxygen oxidised these 

to water but no oxygen goes into the second layer. 



185. 

REFERENCES  

General Aspects of Chemisorrtion  

1. Roberts, Proc. Roy. Soc., A161, 141, 1937. 

2. Schmit and Boer, Rev. Tray.- Chim., 72, 909, 1953. 

3. Beeck, et al, Proc. Roy. Soc., A177, 62 1940. 

4. "Chethisorption", Hayward and Trapnell, Butterworths (London), 

1964. 

5. Constable, Proc. Roy. Soc., A108, 355, 1925. 

6. Taylor, Proc. Roy. Soc., A108, 105, 1925.  

7. Roberts, Proc. Roy. Soc., A152, 445, 1935. 

8. Eley,J.Phys.Chem., 55, 1017, 1951. 

9. Schwab, .Trans. Farad. Soc., 42, 639, 1946. 

10. Temkin, Problems of Chemical Kinetics, Catalysis, and Reactivity, 

Akad. Nauk. U.S.S.R., 1955. 

11. Gundry and Tompkins, Quart. Rev., 14, 257, 1960. 

12. Trapnell, Quart. Rev., 8, 404, 1954. 

13. Beeck, Disc. Farad. Soc., 8, 118, 1950. 

14. Brennan, Hayward and Trapnell, Proc. Roy. Soc., A256, 31, 1960. 

15. Klemperer and Stone, Proc. Roy. Soc., A245, 375, 1957. 

16. Bagg and Tompkins, Trans. Farad. Soc., 51, 1071, 1955. 

17. Beech, Disc. Farad. Soc., 8, 118, 1950. 

18. Boudart, J.A.C.S., 72, 1040, 1950. 

19. Schmit, Disc. Farad. Soc., 8, 205, 1950 

20. Paulinc,'Proc. Roy. Soc., A196, 343, 19E9. 



186. 

21. Eley, J. Phys. Coll. Chem., 55, 1017, 1951. 

22. Couper and Eley, Disc. Farad. Soc., 8, 172, 1950. 

23. Dowden, J. Chem. Soc., 243, 1950. 

24. Becker, Phys. Rev., 28, 341, 1926: 

25. Langmuir, J.A.C.S., 54, 2816, 1932. 

26. Bosworth, Proc. Roy. Soc., A162, 32, 1937. 

27. Trapnell, Proc. Roy. Soc., A218, 566, 1953. 

28. Ashm9re, "Catalysis and Inhibition. of Chemical Reactions", 

(London) Butterworths, 1963. 

29. Ehrlich, Proc. 3rd Inter. Cong. Cat. Amsterdam, 1964. 

30. Hickmott and Ehrlich, Phys. Chem. Solids., 5, 47, 1958. 

31. Ehrlich, J. Chem. Phys., 31, 1111, 1959. 

32. Pritchard and Tompkins, Trans. Farad. Sin., 56, 540, 1960. 

53. Mignolet, Rec. Tray. Chirp., 74, 701, 1955. 

34. Siegel, Amer. Chem. Soc., 82, 1535, 1960. 

35. Lukirsky, Physik, Z. Sowjet Union, 4, 22, 1933. 

36. Roginskii and Schechter, A. Acta. Physico, Chem, U.S.S.R., 6,  

401, 1937. 

37. Ehrlich,J.Chem.Phys, :37, 1961. 

38. Comer, Disc. Farad. Soc., 41, (1966) in the press. 

39. Ehrlich, ct al, j. Chem. Phys., 30, 493, 1959. 

40. Klein, Field Emission Symposium, '.lashington, D.C. 1959. 

41. Ehrlich,J.Chem.Phys., In, 29, 1961. 

42. Roberts, Proc. Cam. Phill. Soc., 36, 53, 1940. 



187. 

43. Tonks,J.Chem.Phys., 
	

477, 1940. 

44. Ehrlich, "Structure and Properties of films", Page 465, 

(Wiley), 1959. 

45. Mignolet, J.C.P. J. Chem. Phys., .23, 753, 1955. 

46. Mignolet, J.C.P. Rec. Tray. Chim., 74, 701, 1955. 

47. Mignolet, J.C.P. Disc. Farad. Soc., 8, 105, 1950. 

48. Frenkel, Z. Phys., 51, 232, 1928. 

49. Bardeen, J. Phys. Rev., 49, 653, .1936. 

50. MOrowka and Rexknagei, Z. Phys., 38,  758, 1937. 

51. Ehrlich, J. Phys. Chem., 60, 1388, 1956. 

52. Kisliuk, J. Phys. Chem. Solids., 3, 95, 1957. 

53. Delchar, Ph.D. Thesis, London University, 1963. 

Structure and Properties of Metal Films  

1. Allen, Rev. Pure and Appl. Chem., 4, 133, 1954. 

2. Thornhill, Thesis, Plitexe University, 1950. 

3. Konig, Reichsber, Physik., 	1949. 

4. Haar, Phys. Rev., 72, 174, 1947. 

5. Semiktor, Kristallographer., 1, 542, 1956. 

6. Furst, et al-,T.Naturforsch., 49, 540, 1949. 

7. Rodin, Disc. Farad. Soc., 5, 205, 1949. 

8. Anderson, et al, J. Catalysis, 1, 443, 1962. 

9. Andrade, Phil:Pproc. Roy. Soc., A235, 6?, 1935. 

10. Allan and NitCheAL Disc. Farad. Soc., 8, 309, 1950. 



188. 

11. Beeck, Smith and Wheeler, Proc. Roy. Soc., A177, 62, 1940. 

12. Trapnell, Proc. Roy. Soc., A218, 566, 1953. 

13. Porter and Tompkins, Proc. Roy. Soc., A217, 529, 1953. 

14. Nignolet, Rec. Tray. Chico., 74, 635, 701, 1953. 

15. Zaohtter, et al. J. Ohom. Phys., 51, 491, 195k. 

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

17. Semenoff, Physik. Chem., 7B, 471, 1930. 

18. Groner, "Field Emission and Field. Ionization" (Harvard. Univ. 

Press), 1961. 

19. Ehrlich, Chem. Phys., 34, 29, 1961. 

20. Ehrlich, et al, J. Chem. Phys., 35, 1421, 1961. 

Adsorption of Oxygen  

1. 	Brennan; Hayward and Trapnell, Proc. Roy. Soc., A256, 81, 1960. 

2. Rosenberg, et.al. Surface Sci:, 5, 1, 1966. 

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

4. Quinn and Roberta, Trans. Farad. Soc., 61, 1775, 1965. 

5. Deichar, Thesis, London, Univ., 1963. 

6. Grimley and Trapnell, Proc. Roy. Soc., A234, 405, 1956. 

7. Bennett, Thesis, London Univ., 1953. 

8. Massey, 
-0 I:erative Ions" 	,, Page o 	C,m1 	cre p-ic  -• 

Gundry and Tompkins, Quart: Rr,v., 14, 257, 1960. 

10. Nacrae, Surface Sci., 1, 319, 1961!. 

11. Culver and Tompkins, Adv. in Cata. , 11, 67, 1959. 

12. Park and Farnsworh, Surface Sci., 3, 287, 1965. 



189. 

13. Boreskov, Disc. Farad. Soc. 41, 1966. 

14. Asih and Boreskov, DAN SSSR, 152, 1387, 1963. 

15. Boreskov, et al. DAN SSSR, 164, 606, 1961. 

16. Tikhomirova, DAN SSSR, 159(3), 644, 1965. 

17. Florriooll end. Roberts, Proc. Roy. Soc., A173, 1, 1939. 

Adsorption of Hydrogen  

1. Roberts, Proc. Roy. Soc., (London), A152, 445, 1935. 

2. Roberts, "Some Problems in Adsorption", Cam. Univ. Press. 

London, 1939. 

3. Davis,J.Amer.Chem. Soc., 68, 1395, 1946. 

4. Beeck and Ritchie, Disc. Farad. Soc., 8, 159, 1950. 

5. Brunauer and Telle':,J.Amer.Chem.Soc., 60, 309, 1938. 

6. Mignolet, Disc. Farad..Soc., °, 105, 1950. 

7. Mignolet, J.-Chem. Phys., 20, 341, 1952. 

8. Mignolet, J. Chim. Phys., 54, 19, 1957. 

9 • 	Pliskin and Eishcens, Phys. Chem. (Frankfurt), — • s 11, 196n. 

10._ Hickmott, J. Chem. Phys., 32, 310, 1360. 

11. fiickmott and Ehrlich, J. Chem. Phys., 24, 1263, 1)56. 

12. Hickmott and Ehrlich, J. Phy. Chem. Solids,  5, 47, 1953. 

13. Zwictering and Van Heerden, J. Dhys. Chem. Solids; 11, 18, 

14. Gundry and Tompkins, Quart'. Rev., 14, 257, 1960. 

Adsorption of 'Jater Vt-117:01Jr 

1. SuhrmanZElectro. Chem., 56, 351, 1952. 

2. Law et, al. and Francois, Ann. 	Acad. Soi, 1 	 1 /./ 02'. - 4 0'7 • 



190. 

7 
	Suhrman, Ber, Bunsengc:I.,,J.Physik.Chem., 68,  -° 	' °n 1q64. 

4. Schaaff, -Physik, Chem. 826, 1+13, 1934. 

MEOW. 

5. Boer, Adv. In. Catalysis, 8, 67, 1956. 

Adsorption of Carbon-monoxide  

1. Brunauer and EMmett, J. Amer. Chem. Soc., 62, 1732, 1940. 

2. Beech, Smith and Wheeler, Proc. Roy. Soc., A177, 62, 1940. 

3.Lanyon and Trapnell, Proc. Roy. Soc., A22?, 3(87, 1955. 

4. Eischens, Francis and Pliskin, J. Phys. Chem., 60, 194, 1956. 

5. Eischens and Pliskin, Adv. In Catalysis, 10, 1, 1958. 

6. Eischens and Pliskin and Francis, J. Chem. Phys., 22, 1786, 1954. 

7. Yang and Garland, J. Phys. Chem., 61, 1504, 1957. 

8. Ehrlich, J. Chern. Phys., 34, 39, 1961., 

9. Redhead, Trans. Farad. Soc., 57, 641, 1961. 

10. Weble and Eischens, J. Amer. Chem. Soc., 77, 4710, 1955. 

Adsorption of Ammonia 

11. Joris and Taylor, J. Chem. Phys., 7, 893, 1939. 

12. Wehba and. gimbal_, Trans. Farad. SOC., 49, 1351, 1953. 

Viixed Adsorption 

1. Smith, Proc. Roy. Soc., 12, 424, 1863. 

2. Bering and Serpinskii, V.V. Zhoi. Fiz-Khim., 26, 253, 1952. 

3. Bering and Serpinskii, V.V. Izest. Akad. Nauk, S.S.S.R. at 

del. Khim. Nauk, 1997 (1952). 



191. 

4. Tompkins and Young, Trans. Fara. Soc., 47, 88, 1951. 

5. Lemon, et al. Phys. Rev., 14, 394, 1919. 

6. BrunaUer, "The Physical Adsorption of Gases and Vapour", 

Clarendon Press, 1945. 

7. Temkin and Pyzhev, AcLa. Physico-Chem., U.R.S.S.S., 2, 475, 1935. 

8. Grassi, Nucvo Cinento, (6), 11, 147 (1961). 

9. Pea:.c,J.Amer.Chem.,Soc., 45, 1196, 1923. 

10. Prichard and Hinshelwood, J. Chem. Soc., 127, 806, 1925. 

11. Temkin and Mikhailova, Acta. Physic() Chem., U.R.S.S.S., 2, 9, 1935. 

12. Schwab and Naicken, Z. Elecktro. Chem., 42, 670, 1956. 

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

15. Donnelly and Hinshelwood, J. Chem. Soc., 132, 1727, 1929. 

16. Tanner and Taylor, J. Amer. Chem. Soc.,-53, 1289, 1931. 

17. Brennan and Graham, Disc. Farad. Soc., 41, 95, 1966. 

18. Ponec, Knor and Cerny, Coll. Czech. Chem. Comm., 29, 3031, 1965.. 

19. Ponec, Knor and Cerny, Unpublished. 

20. Ponec, Knor, Coll. Czech. Chem. Comm., 27, 1443, 1962. 

21. Ponec, Knor, Coll. Proc. 3rd Int. Goner. Cata., Amsterdam 

(North Holland Co., Amsterdam 1965) P. 353. 

22. Roberts, Coll. Proc. 3rd int. Congr. Cata. Amsterdam (Forth 

Holland Co., Amsterdam 1965) P. 365. 

25. Ponec, Knor and Cerny, J. Cata., 4, 485, 1965. 

24. Beeck.and Wheeler, Disc. Farad. Soc., 3, 314, 1950. 

25. Knor, Ponec and Cerny, Kinet, Kataliz, 4; 437, 1903. 

26. Knor,-  Ponec and Cerny, 	Cat.,.4, 435 1965. 



192. 

-27. Farnsworth, Fschlier and Tuul, J. Phys. Chem. Solids, 9, 57, 1958. 

28. Campbell and Thompson, Trans. Farad. Soc., 57, 279, 1961. 

29. Suhrmann and Seiler, Ber-Bunsenges. J.Physr,hem. 5, 68, 1964. 

30. Bound, "Cata by Metals" (Acad. Press, New York, London 1962). 

31. Boreskov, Disc. Farad. Soc., 141, 263, 1966. 

K 
32. Temrin and Kulkova, DAN. S.S.S.R., 105, 1021, 1955. 

33. Asih and Boreskov, DAN. S.S.S.R., 152, 1387, 1963. 

34. Boreskov, ilasin and Starostina, DAN. S.S.S.R., 164, 606, 1961. 

35. Stephens, J. Phys. Chem., 63, 138, 1958. 

36. Chon, Fisher, Tomerskocd Aston Conger, Cata., 1, 217, 1960. 

37. Eley and Rochester, Trans. Fara. Soc., 64, 2168, 1968. 

38. Kubakawa, Takashina and Foyama, J. Physik, Chem., 68, 1244, 1964. 

39. Pliskin and Eischens, Z. Physik, Chem., 24, 11, 1960. 

40. Hans and Gruber, J. Phys. Chem., 66, 48, 1962. 

41. Johm, Benson and Boudart, J. Cata., 4, 704, 1965. 

Experimental  

1. Tompkins and Wheeler, Trans. Fara. Soc., 29, 1248, 1933. 

2. Porter, Disc. Fara. Soc., 8, 358, 1950. 

3. Crowell and Young, Trans. Farad, Soc., 49, 1080, 1953. 

4. Garden et al. Trans. Fara. Soc., 51, 1558, 1955. 

5. Liang, J. Apply. Phys., 22, 148, 1952. 

6. Liang, J. Phys. Chem., 56, 660, 1952. 

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



8. Liang, J. Chem. Phys., 33, 279, 1955. 

9. Webers and Keegom, Comm. Omnes Lab. Univ. Leiden, 1932. 

10. Los and Fergusson, Trans. Fara. Soc., 48, 370, 1952. 

11. Bennett and Tompkins, Trans. Fara. Soc., 53, 185, 1957. 

12. Hirschfelder, et al. J. Chem. Phys., 16, 968, 1948, 

Chem. Rev., 44, 205, 1949. 

13. Brunauer, et al. J. Amer. Chem. Soc., 60, 309, 1938. 

14. Hill, Adv..Cat., 4, 211, 1952. 

15. HarliSin, et al. J. Amer. Chem. Soc., 66, 1362, 1944. 

16. Rosenberg, J. Amer. Chem. Soc., 78, 2929, 1956. 

17. Bennett, Thesis, London Univ. 1958. 

18. Hayward, Thesis, Univ. of Liverpool, 1958. 

19. Keely, Anal. Chem., 38, 147, 1966. 

20. Lincoln, et al. Anal. Chem., 36, 819, 1964. 

21. Beebe, et al. J. Amer. Chem. Soc., 67, 1554, 1945. 

22. Davis, et al. J. Phys. Coll. Chem., 51, 1232, 1947. 

23. Kingston and Holmes, Trans. Fara. Soc., 49, 417, 1953. 

24. Haymes, J. Phys. Chem., 66, 182, 1962. 

Results and Discussion  

1. Gruber and Hans, J. Phys. Chem., 66, 48, 1962. 

2. Benson and Boudart, J. Cata. 4, 704, 1965. 

3. Kemball and Imai, Proc. Roy. Soc., A302, 399, 1968. 

4. Siddiqui and Tompkins, "Thesis of London Univ.", 1960. 

193. 

• -- 



5. Roberts, Proc. Roy. Soc., A152, 477, 1935. 

6.. Heyne and Tompkins, Proc. Roy. Soc., A292, 460, 1966. 

7. Abuja and Tompkins, "Thesis of London Univ.", 1967. 

191+. 


	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21
	Page 22
	Page 23
	Page 24
	Page 25
	Page 26
	Page 27
	Page 28
	Page 29
	Page 30
	Page 31
	Page 32
	Page 33
	Page 34
	Page 35
	Page 36
	Page 37
	Page 38
	Page 39
	Page 40
	Page 41
	Page 42
	Page 43
	Page 44
	Page 45
	Page 46
	Page 47
	Page 48
	Page 49
	Page 50
	Page 51
	Page 52
	Page 53
	Page 54
	Page 55
	Page 56
	Page 57
	Page 58
	Page 59
	Page 60
	Page 61
	Page 62
	Page 63
	Page 64
	Page 65
	Page 66
	Page 67
	Page 68
	Page 69
	Page 70
	Page 71
	Page 72
	Page 73
	Page 74
	Page 75
	Page 76
	Page 77
	Page 78
	Page 79
	Page 80
	Page 81
	Page 82
	Page 83
	Page 84
	Page 85
	Page 86
	Page 87
	Page 88
	Page 89
	Page 90
	Page 91
	Page 92
	Page 93
	Page 94
	Page 95
	Page 96
	Page 97
	Page 98
	Page 99
	Page 100
	Page 101
	Page 102
	Page 103
	Page 104
	Page 105
	Page 106
	Page 107
	Page 108
	Page 109
	Page 110
	Page 111
	Page 112
	Page 113
	Page 114
	Page 115
	Page 116
	Page 117
	Page 118
	Page 119
	Page 120
	Page 121
	Page 122
	Page 123
	Page 124
	Page 125
	Page 126
	Page 127
	Page 128
	Page 129
	Page 130
	Page 131
	Page 132
	Page 133
	Page 134
	Page 135
	Page 136
	Page 137
	Page 138
	Page 139
	Page 140
	Page 141
	Page 142
	Page 143
	Page 144
	Page 145
	Page 146
	Page 147
	Page 148
	Page 149
	Page 150
	Page 151
	Page 152
	Page 153
	Page 154
	Page 155
	Page 156
	Page 157
	Page 158
	Page 159
	Page 160
	Page 161
	Page 162
	Page 163
	Page 164
	Page 165
	Page 166
	Page 167
	Page 168
	Page 169
	Page 170
	Page 171
	Page 172
	Page 173
	Page 174
	Page 175
	Page 176
	Page 177
	Page 178
	Page 179
	Page 180
	Page 181
	Page 182
	Page 183
	Page 184
	Page 185
	Page 186
	Page 187
	Page 188
	Page 189
	Page 190
	Page 191
	Page 192
	Page 193
	Page 194
	Page 195
	Page 196
	Page 197
	Page 198
	Page 199
	Page 200
	Page 201
	Page 202

