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(1)

ABSTRACT

The ﬁixed adsorption of the following groups of gases O, +

2

Ha; H2 + 02; H20 + HZ + 02; H2 + H20 + 0.3 O2 f H2 + 02 + CO;

NH3 + H2 + O2 and CHEOH + H2 + O2 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);dthere is no evidence for incorporation of these-atoms
into the bulk metal. At higher temperatures (> 100°C), however,
the uptake of oxygen corresponds to twe 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 30000, 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 vhen 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:dycles confirm



(ii)

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 comp;icated by the occurrence of molecularly
adsorbed hydrogen molecules over the primary adlayer. These
molecules dre rapidly oxidised by oxygen to give water and simul.
taneously the primary hydrogen adatoms re;ct but more slowly.
Similarli; when water, or ammonia, or methyl alcohol, are added
to a clean film, dissociative chemisorptian (Pt-0OH, Pt-H; Pt-NH_,

2
Pt-H; Pt-CH,, Pt-OH) has probably taken place and again the primary

3
hydrogen adatoms are only slowly oxidised; the main formation of
water here proceedsvia the molecularly adsorbed hydrogen molecules
adsorbed on top ofngf;ary 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 effeét 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 273°k.

A separate series of experiments were performed in which water

was chemisorbed on platinum, iridium and on tungsten at 273% (the



(iii)

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

at these iow temperatures), followed by subsequent decomposition

at higher temperatures. Theie were marked differences in behaviour,
e.g+, hydrogen was evolved at 273°k uging 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-adsorbe@ at room temperature.
These'di%ferences are discussed in terms of a possible associative
chemisorption of water on platinum and iridium at 273°k, folléwed by .

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

- INTRODUCTION

1. General Asvects of Chemisorption

Vhen a gas or vapour is allowed to come to equilibrium with a
solid or liguid surface, the concentfation of gas molecules is always
found to ?E 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 adsorvtion is non-svecific and takes place on all sur-
faces. It is caused by physical forces comparable with those respon-
sible for the liquéfaction of gases. The molecules are bound to the
surface of the adsorbent by disversive férces 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 bondse.
Covalent bonds are formed if the adsorbent vpossesses orbitals with
unpaired electrons capable of entering into covalence. Co—ordinéte

bonds require the latter to have vacant orbitals cavable of. receiving



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 freeaom

are lost. Use of the cquation

AG=AH-T.AS (1)
then showswﬁhat AH 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

(1,2,3,4,)

coverage and three main explanations have been proposed.

(5) (6)

The earliest one, due initially to Constable and Taylor , 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-

(7) (8)

cules in the adsorbed layer, by Roberts. Finally Eley and

Schwale(g)

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. Cénsequently in either case, the heat will fall,
although Temkin(1o) developed the idea of heat decrease due to elec-
tron transfer involving a surface band system. Gundry: and Tompkin£11)
eriticised it on the ground that electrons in a surface electron band
of mefals would be in equilibrium with those in the bulk metal, which
during chemisorption would act as an almost infinite reservoir for
replenishment or depletion of the surface band., The magnitude of
the heat of adsorption in a gas-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

(12)

metal than the one succeeding it. Comparison of heats extra-

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

(13)

order Ti, Tad Nb>W, Cr>Mo>Fe>Hn'>Ni, CO>Rh> Pt, Pel >Cu, Au.

This trend cannot be considered as precise since there is a con-
siderable variation from one worker to another. TFor example the

variation of maximum heats measured for oxygen on Ni ranges from

(14) (15)

to 150 k cal e A similar wide variation occurs for

I
iron and oxygen, namely 100 k cal(16), to 130 k ca1(1 ), though these

105 k cal

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

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

This interpretation requires tﬁat the bond between metal and adatom

(21,22,23)

be essentially co-valent which is in accord with all the

(24,25,26)

experimental observations excepting some alkali metals on tungsten

where the interaction is more ionic in character.



The importance of the d-bond in gas-metal interaction is brought
out quite neatly by the work of Couper and Eley(ZZ) 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

(27)

by alloying with golde. Again Trapnell 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 rature 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.(zg’zg)
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 so0lid in order for chemisorp-

(30,31)

tion to occur. 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 ﬁhese elements than on non-
traﬁsition metals. To define a unique devendence of bonding upon
electronic structure of thé soiid it is necessary to examine the

adsorption of gaseous atoms. Semicuantitative data on the bond

energies of hydrogen atoms for a variety of surfaces suggest that



(32)

there is no particular dependence upon band structure. Thus H

(33)

atoms can be bound to typical non-transition metals like mercury s

(34) (35).

2luminium s potassium , and nitrogen atoms, for example, can

(26)

be chemisorbed on noble metalse. 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 8-1lt 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 devendence of
the heat of adsorption. The bond streﬁgths have been correlated
witﬁ the number of surface atoms contacted simultsneously, and with
their degree of unsaturatién. '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



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—monqxide on tungsten do not differ

(37)

greatly from hydrogen on tungsten. The heats fall in carbon-
monoxide tungsten system from 100 k cal ﬁ j—state, 70 k cal }32-state,
52 k cal, B-state to 20 k cal & ~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 ¥ -state, 20 k cal for the « -state and 87 k cal for the
ﬁ?-state. The mobility of adsorbed gas layers on metals has been

(38), Ehrlich and Hudda(qp) and Klein(qo)using

demonstrated by Gomer
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 thé field emission tip, was observed at about 27°%k for
oxygen and 20k 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
tq‘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 atits edge. The trap
sites wereafresumed 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-

(38)

face roughness. 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 4 atom permits it to be in contact
with almost its full gquota of V atoms even during diffusion. Studies

(41)

on nitrogen of the Y end o/~-state did not show any avppreciable



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(qa) discussed the weak binding state of
molecular adsorption on an immobile layer, where a random distribution
of pairs of 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 layers

Roberts, as well as Langﬁ&r and Tanksshj) 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 immobiley the two adatoms.formed by dissociation
of a single molecule need not go into adjacent sites on the surface.

However, Ehrlich(hq) 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 ¥ -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 devends on the crystal planes involved,

i.e. displays surface svecificity. The observation of weak binding
spates 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 nékure of the binding of weakly held layers is not yet
resolved. Evidence from surface potential and field emission inves-
tigations shows that most of the weakly held states resulté in a
decrease of the metal work functioning,for example, they have a dipole
with the positive end pointing away ffom 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 770kE39’45’46) The positive dipole
has been interpreted in terms of induced polarisation,(h7) charge

transfer of donar acceptor type or surface defects. Molecules on
the surface are incorporated vartly in the metal double layer, which

(48,49,50) so that the

has its negative end out from the surface
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 votentials in agreement with

the experimental resultse. For molecules, the donor acceptor inter-
action may also be relevant. For éxémple,the high heats of adsorption
of hydrogg& 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

(51) and Kisluik(sa). Ehrlich has

has been discussed by Ehrlich
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

(53)

reservoir from which chemisorption can occur. .Delchar 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 migratihg 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 filaménts 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 lgser crystallites at temperature far below the melting
point.(q) 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.
Under certain conditions germanium films may have an amorphous
structure when deposited at temverature below 3800, but are crys-

(3,4,5,6)

talline at higher tewmperature. Nickel and Aluminium films

condensed in a hydrogen atmosphere have structure and lattice para-

(?)

meters similar to those of the bulk materials. Films deposited

2)
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at 780k are composed of small crystallites, thé size may be as
small as 303 (8) (linear dimension) and the film is p&rous. 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%, the size increases to

(8)

2000 to 3000°A. 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 crystals have
been established for Ni films examined when deposition was carried
out at 2730k. 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 fhat 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.(g’g)
Normally it is found by chemisorption 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 -18300 are bronze in colour and the large areas
-(10)

are also proportional to film weight; 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.(11’12’13) (1) has

Mignolet
shown that the work function of the film increases with sintering
and approaches that of the normal metal.

Beecks reports regarding the enhanced catalytic activity of.
oriented Ni films also seems to be ekceptional 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-

(16)

ing even at as low a temperature as 1730k, as shown by electrical
resistivity for films deposited at low temperature, indicating that
.the atoms of the metals have high surface mobility. Investigation

(17) (16)

on the mobility of cadmium and on Pt and Pd atoms gives
substantial support to this contention. Direct investigations by
a number of complementary technigues have shown the role of surface
structure in affecting chemisorption. The importance of atomic
arrangement of the surface has been realised fér 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 microscovic 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%) occurs at a high rate, with a sticking probability of

(19) This is due to the

0.5 compared to 0.3 at room temperature.
presence of the = -state. DNitrogen probably is first trapped on
the (110) plane affer 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)'2%) 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% shows that two kinds of sorption occur, (i) an

"jrreversible" 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 adsorvtion was shown to follow a

(2)

Langmuir type isotherm.

N =No_ ° (1)
5+

where Nrev = no. of reversivbly adsorbed oxygen nolecules per unit

area.
N = no. of oxygen molecules (atoms) in a monolayer of
adsorbed oxygen.
p = the ambient pressure.

an empirical constant.

P

A study of the oxygen-Germanium éystem by Rosenberg et al(Z)
suggest that reversible adsorvtion may be physical in nature and

the value of ¢ which is less than one (0.5) is attributed to strong
repulsion between the adatoms. 3But it is likely that the molecules

of the reversible process may be one of the weakly chemisorbed species
on a heterogeneous surface Qith a system pf adsorntion energies. The

Ry
e

value of ¢ sugrests thatf{orocess is a dissociati¥€ one, but the study

(3)

of Kr adsorption on oxysenated Germanium at low coverage (10% to
50%) indicstes that a fracticnal pressure exvonent of equation (1)
may not imply that a dissociation of the adsorbed svecies has talen
vlace. The reversible =adsorntion of oxyeen takes place at (1950k)

(&)

but incerporation and oxidation is vronounced. Guinn and Roberts,
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(5)

in a photoelectric investigation and Delchar by surface potenﬁial
measurements showed an "incorporation process' for oxygen on
some of the transition metalse. The incorporation lies in the order
Cr 3Fe> NiD> Cu, The apparent activation energy of incorporation of
oxygen by Delchar shows that it was 1-2 k cal for Ni and 6 k cai 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 - (.- qaF) R (2)
where @ = activation energy for transfer of an oxygen ion from
the surface into the metal latices.
g = 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 @ 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 (3 for the transfer of a copper
atom into a thin oxide layer is 26.5 k cal. One would expect that
an anion such as O 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 incorvoration process.

In some cases, the oxygen is chemisorbed without being
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dissociated into atoms. The molecular adsorption in the form of i

C > ions may be the first step of atomic adsorption. Oxygen molecules

& (8)

haveipositive electron affinity of 2 to 3 k cal/mol. In the )

normal oxidation of alkali metals, like potassium,the o; ions are

found when lattices of superoxides result from the reaction of °
metal with oxygen (sz). When a Caesium metal surface was exposed

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

2

shows that the relatively small surface potential due to adsorbed

layer of oxygen as O, species. The surface potential investigation

oxygen was originally interpreted(9) to mean that adsorbed oxygen '
was essentially atomic in character. It was found by Macrac(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.(11) Park and Farnworth(qa) ’
consider agreement of photoelectric data with the Fowler curve
for metals as strong evidence for adsorbed oxygen being mainly

.. . 13
atomic in character. Boreskov( 3)

used isotopic exchange technique
to investigate the character of the oxygen bond on the metal surfaces
of Pt, Ag, Pd and Ni. He observed that it is oprobable 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-unifermity of oxygen on Pt film.

The heat of chemisorntion varies between 13 and 2h k cal/mol
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w
che
over 25% of {monolayer, 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

%% 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. PO is formed oﬁ Pt surface from the
adsorbed oxygen and the rate of heferogeneous 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 originél
value. After a large amount of oxygen adsorption, the specific
activity of the film avproaches 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 '

(16)

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

of anode polarisation to © = 1.,2v (i.e. before the formation of
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oxide planes on the Pt surface) various tyves éf 0, (chemisorbed) are
formed, differing in bond strength. However, when\th; same techniques
were used on the cathode side (i.e. during reduction of chemisorbed
02) 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
1,4000C, 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, ZEvaporation data are

however even more difficult to interpret with oxygen than with

hydrogen owing to the possibility of desorption as oxide.

L, 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 cleam metal surfaces at room temperature.
The chemisorbed layer of hydrogen on tungsten, for example, only
starts to evaporate in a géod vacuum at EOOOC. When tungsten
powder was outgassed at 75000,(5) hydrogen was adsorbed only slowly,
this may be attributed to a diffusion vprocess; 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 fof adsorption.
Beeck and Ritchie(q) have compared the volume of hydrogen chemisorbed
by an evaporated nickel film with the volumes, Vm of various gases
pﬂysically adsorbed into a monolayer. These volumes were obtained
from adsorption isotherms by application of the Brunauver-Emmett-

(5)

Teller equation for multilayer adsorption. From this, the volume

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

Then if each physically adsorbed molecule occupies an area aSﬁ%’
3

on the surface, and U oms of hydrogen are chemisorbed, the area

aéﬁ% occupied by each chemisorbed molecule is

Va

a2::

Hence a, may be obtained provided a, is known. TFor simple
molecules such as krypton, methane and nitrogen it may be assumed that
there is close packing in physically adsorbed monolayers, with a,
ecual to the cross-sectional area in the liquid phase. For more
complex molecules it is neceséary to assume some definite configura-~
tion on the surface. Vith 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 5.164°.

The value of a, obtained by Beeck and Ritchie are independent
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of the gas used in vhysical adsorption. V., was measured as the

2
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

2

respectively 6.15, 8.70 and 5.324°°, the mean being 6.72A02. 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 =
13.44A02. 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-

(6,7)

layer. This was first suggested by Mignolet as a result of
studies of the change in work function (u) on coverage (@). Often
p-€ curves are non-linear, shéwing 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.(S) The work function initially increases on adsorp-
tion, but then decreases, eventually giving an electro-positive
layer. Clearly, mutual devolarization cannot explain the result,

and ilignolet suggested that in the later stages a weak molecular

chemisorption is taking place through a Mulliken charge transfer
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(9)

bond. However, infra-red work by Pliskin and fischens shows
that this cannot be the case. These workers found b;nds 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 H2/D2 mixture was contacted with the platinum sample no
adsorption occurred at this wavelengthe 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 I Hs ‘

/ N\
Pt

Pt — Hs — Pt Pt

That is, the two chemisorptions are associated with different
tovographical 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. HOWeVér.if a filament is covered with gas at
liguid air temperatures and then flashed the curve relating the
rise in pressure due to desorption with rise in temperature shows

(1)

(10) X X
two peaks. Other veaks have at various times been claimed,
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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 2OOOk. 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-

(13)

tion has on the conductivity of metal films. 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 Vater Vavour

tWhen metai films are treated with water molecules, adsorption
occurs in the right temperature range, and chemisorption is effected
generally by donation of a lone vair of electrons from oxygen to
(1),

metal and a co-ordination type bond formed. The adsorption

of water molecules o germa:iumsdzvery low pressures using mass



2k,

spectrometry were studied by Law et al.(a)

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 reacheds. On heating to about 35000
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 1950k and at room temperature

(300%) almost all of it was desorbed.

Adsorption of water on nickel filmsaby recording the surface

caused

potential and electrical resistance change at 770 to S0 k, AL the

potential +to decrease, In this temperature range, the positive

ole of the dinole of adsorbed water molecule points away from the
P X

nickel surface. An increase of the vhotoelectric emlssion of Ft
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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

() On nickel films the

gas of the metal was observed by Schaaff,
water molecules decomnose at 195Ok and especially at 2730k, resulting
in an additional increase of g. 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, 90K and 77% is accom-
panied by a decrease in resistance which at 2730k can be reversed

. jme L (5)
by adsorption. Infchemisorption of water molecules on oxides,

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
- (1)

surface metal atoms. Brunauver and Emmett, for example, compared
the low temperature adsorvnbion of nitrogen on iron powders with
the extent of carbon-monoxide chemisorption. Unfortunately their
work is difficult to intervret as some low temperature nitrogen
chemisorption was almost certainiy taking place in addition to

X . - - . (2)
physical adsorption. However, similar work by Beeck et al.

on evavorated nickel films suggested that a single site chemi~

sorption of carbon-monoxide was taking place indicating a surface
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complex NiCO analagous to the bonding in nickel carbonyl. He
studied mostly nickel film, but also studied films of iron, cobalt,
Pd, Pt and Cuj; with the exceotion of Cu similar resulis were obtained. .
Cn Molybdenim and Rhodium films, on the other hand, Lanyon and
Trapnell(j) 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 onej and two-sites mechanisms., Only on Pt and Pd films

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

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

namely .
0
i
o 0 : o c &< o
i Il / N\ } ]
M — M M— M M— M
(i) (ii) (iii)

and no final decision between these is vossible on volumetric
grounds. This auestion and others have, however, been resolved

(Ls5)

by Eischens and his co-worker, they obtained infra-red spectra
of carbon-monoxide adsorbed on a number of metals, normally suppbrted
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 svectra of chemisorbed

carbon-monoxide. However, these single stage spectra do not reveal
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the relativé 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. Thneir 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 (¢) with the surface coverage.

In the case of palladium at room temperature both one and two
site adsorptiop 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 siteaadsorption was also observed, but both on
supported Pt and on evaporated films single site adsorption pre-
dominated.(s) However, tﬁe relative proportions of the two types
of adscorption varies with the nature of the support. Two site
chemisorption is rather more extensive on alumina supported than

6)

on silica supported vlatinum. This result may show that the
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nature of tﬁe support influences the electronic structure of the metal,
since a relatively greater donation of electrons by.the metal is
reguired 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

A
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(g) and by

Redhead(g)

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 spvacings.
An unexplained result which rélates to CO chemisorption is that iso-
topic exchange between CO molecules takes place on iron powders at

temperature as low as —3500.(10)

Q
Beo + '8 — 15¢%% + co
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At face value the result is difficult to explain. However, iron
vowders 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 invoives 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,(qq) ammonia

decomposition and the nitrogen exchange reaction both commence at

similar temperatures.

!
14 + 15N —_ 21IN15N
N 2
2
; (12) . .
At room temperature Wahba and Kemball have studied NH

3

chemisorption on tungsten, iron and nickel films, and found that
with Hickel 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 © 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 avpvears 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 evolutibh

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 + NH3 — MNH2 + MH

When this layer is exposed to excess ammonia, there will be '
a tendency for the chemisorbed hydrogen to be displaced by amine
radicals, vrovided the heat of NH3 chemisorption somewhat exceeds
the heat of hydrogen chemisorntion. 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

2UH 2 2l + H2

by ammonia chemisorvtion on the resulting vacant sites. The

overall ecuation for disvlacement is then

-H N MR H
MH + H3 — meZ + HZ
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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 NH3 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 amidé
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

1)

gas after another was reported by Smith( as early as 1863, In

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

there are three variables, temverature vressure, and amount adsorbed.
For a binary gas mixture the comvosition of the adsorbed and gas
phases at equilibrium must also ve knovm. Thus five variables

must be evaluated in order fully to characterize experimental

voint. At constant temversture, three of these variables may be
unambiguously devicted on a three dimensicnal plot. In other

words a mixed isothers is orcowerly revresented not by a line but

-~ =z B
bl . . - (4 . .
(2,5) Porokins and Young ~ depicted a mixed adsorp-

by a surface.
tien isotherm.

In mixed adsorption a nurber of processes may occur such as

the formation of comovlexes, surface displacement, acceleration or
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retardation of sorption of different components, or individual
adsorption of different goses on different planes of a polycrys-

(5)

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

(5)

vlacement is possible e.s., the disvlacement of hydrogen by nitrogen
and hydrogen by oxygen on I\Iolybdfm!m(-& He also stated that surface
diffusion of disvlaced atoms are essential before molecular desorp-
tion. If the surface is not coyered completely, e.g.)O is less than
one, the rate of hydrogen desorption by nitrogen is negligible up

to 600. The smaller the value of © and T the more likely will
displaced hydrogen adatoms be sucéessfully 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 sitesj this is conveniently known
as a Langmuir-Hinshelwood mechanisme. The rate of a reaction between
A and B is then proportional to the provability 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. ILet the

fraction of surface covered by molecules of the tyve 4 he &, and the

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

by

vm

) = k1P(1~g-@*) (1)

where P is the vartial vressure of Aj; (1-0-0') is the

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



is k-qg, and equating these rates gives
2 = kP (2)
(1-0-0")
In a similar way it can be shown that

3

(3)

where k is equal to k1/k_1
for the eguilibrium of the gas B,

1
) N k1P1

_ (1-0-01)
1 . . ~ 1 3 5
where P is the partial pressure of B and k¥ is eaual to the ratio

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

tion of equations (2) and (3) gives
6 = kP (4)
1+kPak D!
1 K 'p!
= ———3 (5) '
P

and e =
14k P4k

for the fractions covered by A and B resvectively.
The rate of the reaction, being provortionzl to the product of

(6)

these two fractions, mayv thvs be writien as,

= x.co
2 1.1
A
o k) < (7)
(141cPsx 1017
constant and P is varied the rate
A

1. .
P is kewnt
through a maxirum and then decreases.

If the vressure
also Tound. The vhysical explanation

first increases, passes
1.
is

similar variation with P
o
of the falling offdthe rate at high vwressure is that the more
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strongly adsorbed reactant disvlaces the other from the surface as
its pressure is increased. It is most convenient to cornsider a

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

Case (i) Sparsely covered surface:~ 1f the vressure P and PIl are
sufficiently low, the terms kP and k1P1 may both be neglected in
comparison with unity, and the rate eouation is

= kakk1PP1 : (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 eguation is

ap 2
-3 = kP (9)

and this integrates to

Pc
P = - (10)
1+Pokt

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

the reaction bvetween niiric acid and oxygen on glass °° and the

. T (8,9) :
reaction between ethylene and hydrogen on copper ' under certain
conditions of temverature,.
Case (3i):~ One reactant very weakly sdsorbed:- 1If reactent A

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

. . .y 1.1 .
be neglected in comparison with 14k P and the rate eouation
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becomes
-
k2kk PP
V= TS (11
(1 'P)

The rate is now proportional to the pressure of 4, but as the
oressure 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,(10’11’42) and in the exchange reaction between deuterium and

(132)

NH_, on an iron surface.

>
If reactant B is sufficiently strongly adsorbed so that k1P1

is much greater than unity, the rate equation becomes

ksz
U= ~ (12)
k'P

This rate is now inversely vroportional to the pressure of the
strongly adsorbed reactant B, TFor example under certain conditions,
the rate of the reaction between carbon-monoxide and oxygen on the

(14,15,16)

surface of quartz and Pt is directly proportional to the
vressure of oxygen and inversely proportional to that of CO; the
latter is therefore strongly adsorbed and as its vressure is increased
it disvlaces the oxygen from the surface. Another examvle is the

(15) the rate of

reaction between hydrogen and oxygen on Pt,
which, under certain conditions is inversely proportional to the

hydreogen pressure.
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Calorimetric measurements are reported by D. Brennan and M,J.
Grahém,(17) which show that oxygen adsorbed to saturation on Mo and
W at 780k, has the same energy as oxygen adsorbed on these metals at
2730k to the same coverage. The additional coverage at 273Ok,
either for a surface initially saturated at 77Ok/?2r a surface
maintained at 2730k throughout the adsorwntion is effectively the
same in both cases and is associated with the same energy which is
lower than that of the initial state and falls with increasing

coverage. 1t is argued that the final state of the adsorbed layer

on these metals at 2?30k is independent of the temperature path.

(18)
19)

Ponec studied that hydrogen displaced by oxygen from Mo surface;

. . . . (
on iron precludes the slow chemisorption of nitrogen

(20,21)

adsorption of H2

etc. Oxygen was pre-adsorbed on Nij hydrogen subsequently
admitted at 780k did not react with the pre-adsorbed oxygen; it

merely restricted subsecuent adsorption of H, fo an extent roughly

2
proportional to the part of the surface which had been left
unoccupied by oxygen. At room temperature an extensive interaction

tock place with the pre-adsorbed oxygen,(20’21)

but only if some
part of the surface had been left uncovered by oxrygen adscrption.
Interaction at 2980k and its absence at 780k, is evidenced by two
facts (a) change of the film resistance and of the work function
at 2980k, which is after admission of hydrogen to surface with
pre-adsorbed oxygen, the reverse of the normal change with clean

surfaces. The extent of H2 consunmvticn was severzl times greater on

surface with pre-adsorbed oxvgen (if the extent of oxygen pre-
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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 zmero, and no interaction can be
detected by measuring the film resistance.

However, under analogous conditions, Quinn and Roberts(EZ)
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

(23)

hydrogen is atomized in the gas phase. Platinum behaves in the

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

at 78% . The extent of H2 with pre-adsorbed oxygen at 273%
differs for various metals. On iron and Mo the extent is small,
on Ni(20’21) and Mo(qg) reaction stops after the pre-adsorbed oxygen

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

Pt,(24) Pd,(25)

greater than unity. On 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 H2 had been atomized in the gsseous
phase, it reacted easily with pre-adsorbed oxvgen. This reaction

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

and Pd, the product desorbs at 275% from the surface and makes

the continuation of the reaction vossible.

. . ryer O
Metals clearly differ in the vroducts of interaction at 273 kK
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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 vroceeds vrobably only to the stage of

formation of the OH group. This is indicated by Fschlier(27) and
(28) . R ‘ o
C. Thompson. The formation of the OH group at 273 k also agrees

well with the fact that H20 on the surface of Ni and Fe decomposes at

273% with the formation of H
(297

5 which is liberated into the gaseous

The fact that even with atomized H desorbable

phase. o -

products do not form on Ni, Fe, and Mo at 2730k, shows that
the addition of further H2 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 O2 at low
temperature), is probably formed by a mechanism other than that of
the mere addition of H+CH.

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 wnich H2 and oxygen interaction takes vlace,
is generally in good agreement with catalytic experience. There
is no direct connection between the catalytic activity and the presence
or absence of thé positive eifect on the film resistance against

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

kinds of chemisorvtion bonds of hydrogen. The same conclusion

20)

holds also for other catziyiic reactions of hydrogen.

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

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

(32)

correspoqding to several monolayers at 200°¢. The over-all
amount exceeds‘the solubility of oxygen in the metal and it is
probable that the sorbed bxygen penctrates into the surface layers
of metal to some depth. The homo—moiecular exchange of oxygen

on Pt films proceeds with an observable rate at 200°C. The activa-
tion eneré; is 16 ¥ 2k cal/mole, and the order with resvect to oxygen
pressure is c¢lose 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 exchanpge with adsorbed oxygen
measured at insignificant degrees of exchange. Hence, one may
conclude that the homo-molecular exchange reaction proceeds on a

(33)

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

rate of a homo-molecular exchange of 02 on Ag films is one order of

5
magnitude less than on Pt.(9+) The study of the exchange with sorbed

oxygen indicated that, in contrast to -FPt, the surface is uniform
at least over most of the surface.
The adsorption of oxyzen, hydrogen and cardon-monoxide on

(25)

evaporated Pd films was studled by S.J. Stevhens. The method
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used was to allow a monolayer ol adsorbed gas to react with a second
: the
gas, added in small doses and to follow reaction volumetrically and
the

by analysis of the gas whnse. ile found inyPd + O, +CO system that

2

| . . . o .
CO was found to react readily with a Pa—02 surface at 07, forming

CO2 gas and adsorbed carbon-mounoride. Reaction continued until about

90% of the adsorbed oxygen had been removed from the surface as

co after which Turther addition of CO resulted in an increase in

2!

CO pressure but little or no adsor»tion or reaction. The amount of

002 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 002 during the course of the reaction.
The O2 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 + O, + H2
system S.J. Stephen' 22 found that the upbake of H,.by a Pd-0,
surface Wwas similar in some respects to that of H2

by clean Pd. Hydrogen was taken uvp ravnidly and both strong and

weak adsorntion were found, However, the amount of hvdrogen taken
up by a Pd—-O2 surface was c-msiders»®ly greater than that by a clean
Pd surface, and is directly related to the avount of oxygen in the

adsorbed layer.

H

J.G. Astcn(36) has

studied tre chemisorntion of hydrogen and
oxygen on Pt black at low temverature by the titration method. The

; . , IS o
keat of adsorvtion of HE at 60, 120 and 27% k was neasured as =
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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
1OOOk ph&sically adsorhed hydrogeﬁ vndergo a transition to weak
chemisorption. VWeak chemisorption takes wvlace on bare Pt-sites

where strong chemisorption can no longer proceed. At sufficienf

high temperatures, weakly chemisorbed H._ can transform into strongly

2
chemisorbed hydrogen.

(37)

According to Eley, Moran and C.H. Rochester 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 H2' It is proposed that the hydrogen is adsorbed on Pt

(38)

oxide patches, possibly on Pt surface ions. The effect of
oxygen pretreatment is to reduce or remove the 2040 band, which
however, slowly appears in the vpresence 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 ovserve this band. It is
suggested that the 2C40 bend is due vo H atoms chemisorbed on Ft
and H bonded £o an adjacent OH . This may be formed by dissociative
chemisorption of water, or even by OH ionsdiffusing from the adjacent

supvort for alumina. Ixverimeants on CO rule out any vossible

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

g)

. . e (3€
the observations of Zischens and Pliskin. 7 These workers hnve
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measured the infra-red srectra of the chemisorbed species when
hydroren and deuterium are adsorbed on Pt, and concluded that

weakly bonded H2 is adsorbed as =toms on the top of, and essentially
cdvalently bonded to tre surface Pt ~toms. The infra-red data mave

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

(37)

Eley and Rochester confined discussion to the Pt-H inter-
face in the absence of other chemical species. However, the infra-

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

weight) was distributed in a &{-a2lumina 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 supvort in the chemisorption
vrocess, During the course of measurements of the infra-~red absorp-
tion bands attributed to chremisorbed HE it became clear that pre-~
adsorbed oxygen or water were having some effect which was therefore
also quantitatively investicated.

The ~dsorotion of hydro—en, oxycen znd CO on Pt-on-alumina
re-formine catalysts and on the alumina base was investigated by

(L0)

Gruber. 3y means of hydrogen adsorpiion the Pt surface area of

-y

. . 2
freshly orepared samvles was Ffound to be 200 to 270 cms /g. of Pt.
The decrease of Pt disversion due to heat treatment of catalysts is
stown. Several catalvsts were subjected to complete cxidation-

reduction cycles and the amounts of hydrogen and oxygen taken uv



in the differen£ steps of such a cycle were measured. A probable
mechaenism for the oxidation-reduction cycles was established. The
mechanism of CO adsorption on supvorted Pt was found to demend not
only on the nature of the suvnort 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 unsupportéd Pt catalysts has also been
studied by Boudart,(gq) 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 absorhs 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 chemisorntion.
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 suovnort, the method used by Boudart offers a
distinct advantage over conventional adsorption technicues with
hydrogen and carcvon-monoxide on pre-reduced samoles. The advantages
avpear decisive in the case of samoles containing swmall amounts of

platinunm.
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CHAPTER 2

APPARATUS AND EXPERIMENTAL PROCEDURE

1. laterials

Gases:

Oxygen

Oxygen was prepared by heating B.D.H. analar potassium perman-
ganate cr&étals, 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. Hydrogén was purified for egch experiment by diffusion
through an electrically heated (%25°) silver-palladium thimble.

The other gases were used without further pﬁrification 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:

H2 not less than 99.9995% pure

CO not less than 99.9% pure

Kr not less than 93.99% pure

Ammonia
Ammonia was purified on a separate apparatus, it was obtained
from a cylinder of gas supplied by Imperiazl 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 tulb. Before
being dJdosed on the film, it was passed through a trap cooled to

195k, after low-temperature vacuum distillation.

Water

; Pure walter was obtained by distillation from a soluticn of

potassium permanganate in distilled water. About 50 ml were

introduced into a 150 ml flask which was then jeined 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 vhich 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 iridiun wires vere

used for film deposition. Tungsten wire was supplied by Murex

ey oy

Limited.

- ™ e - 4 o B [ - EE
2. Lescrivtion of the Apnaratus




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
weré cut in this sheet to allow the passage through of the vacuum
line and insulated electrical wires and to allow Dewars to be raiéed
around the cell. The section sited above the sandenyo sheet was
that which it was necessary to bake oﬁt at high temperature. For
this purpose & furnace 2 feet high and 13 inéhes diameter was con-
strﬁcted 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 4500. The main pumping
leads were of 25 mm diameter to facilitate rapid evacuation and the
rest ofAthe apparatus was made from 6 to 12 mm internal diameter

tubings.

The Pumoing System

The vacuum system comprised the cell, Pirani gauge and glass
valves. It was evacuated by two high speed annular-jet

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

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

2
valves) and protected against condensable vapours by a system of
conventional cold traps (T1, TZ) situated in the dosing line, all

of which were bzked out at 300o by means of electrical heating

tapse.

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 glass
bulb (200 cmss). The pressure of the gas in the volume defined by
the first two taps was roughly measured on a mercury nonometer.
Gas in this volume was expanded into the large bulb and a small volume
(2.9 cmsB) isolated between the last two taps. This dose was then
admitted to the vacuum system (the section defined by the stopcocks

S Sz, Sh, 55, S6, and S7) and accurately measured by the McLeod

1’
gauge (M1) 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

to 107" torr.
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Pirani Gauge

fhe 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 didmeter and 155 ohms resistance uniformly stretched between
and spot welded to nickel ¢lips 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 s&éport rods were glass coated as far as possible and were
held in pinched or button glass metsl seals. Since the sensitivity
of the gauge is proportional to the tempefature 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, calibration the gauge

2
and all the traps were at cardice bath (1950k) except the trap T

3
vhich 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, haé 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/uA 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 (‘IO"6 torr) and 78%. Equilie-
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

i10 ohms occurred 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 AR = { Ro —Rq) where R, is the resistance cor-
responding to a gas pressure (Pq) measured on the MclLeod pressure.
During every run sufficient McLeod readings were taken to check the
calibration. The sensitivity of the gauge decreased rapidly above
9 x 'IO"3 torn above which pressure ail 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 lMcLeod readingsand, com-
paring them with known calibration curves either directly or by
intrapolation. The gaugé was also calibrated for water (Fig. 5) by

utting different tennc-ature baths around the cell (containing H.O)
o o <O

. e 2
o pRY
. . s . . o) R 5.
andyice bath arounc/?irani and trap T, (273"k)." It was also cali-~

brated for carbon-dicxide (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 cns” (Fig. 2). Two
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
Qashed and dried and a filamenc, previcusly cleaned by A.C. -
electrolysis in scdium hydroxidelwas spot welded to the tungsten
rods via nickel clips and finally the cell was sealed to the system.
Iridium ;ﬁd 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
Cross-section of the carillary of licLeod Cauge (Mq) = 7.84 21077

13 b
Z
Yolume of the bulb = 202.5 cms”
S
l,, = 3.877 x 1©

Where h,{mm) is the height of the enclosed gas in the capilliary
!

and h.{mm) the dirferencc in the height between the level of mercury
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columns in the closed and the open capillary and they were

. .. -L
measured with sufficient accuracy by a cathetometer. At 10 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 (5hk.7 cmsz) which had been calibrated
with water. Section I was defined by the stopcocks, S1, SZ’ Sh’ 85,
86 and S7, with the McLeod gauge (M1) and trap T2 in ligquid nitrogen}y
and section IJ was from stopcock S1 up to the cell with Pirani (P)

and Dekkers D1, D

5 and the water vessel with two stopcocks (88 and

59).

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 neasured 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 (PZ)' low the stopcock of the bulb (C) was opened and
the viessure recorded on McLeod (Pf). The relevant data wereobtalned

and the volume V> calculated from

v, (P,- P.)
V2 = 171 f

(P~ P.)
b p

J3|

where V{:the volume of the calibrated bulb (5LhL.7 cams”).

3y

The apparent volumes of different sections of the system

immersed in cold traps were measured by the above nethod.
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To calculate the number of moles in the gas phase at any pressure

the following constants have to multiply by equilibrium pressures units.

(o]
C(I + I1)

C(1+ 11

C(I + II
C(I + TI)

C(II) when cell and Pirani both were at 195°k = 5.063% x

3,78 x 10'5

Temperature Baths

when cell and Pirani was at 78%% = 9.91 x 10~
) when cell was at 1950k and Pirani was at 78k
y vhen cell was at 273°k and Pirani was at 78%k

when cell was at 328°k and Pirani was at 78%k

5

9.00 x 10‘5

I

8.2 x 10"5

"

I

8,094 x 1072

1072

The following organic liquid cooled to their melting points by

liquid nitrogen

were used to obtain temperatures below 2730k.

TABLE 1
Cold Temperature Baths

Baths Temperature Yk
Boiling Nitrogen 773
Boiling Oxygen 90.0
Melting Isopentane 113.5
Melting n~pentane 1.7
Melting Methyl Cyclohexane 146.6
Melting Ether 160.0
Melting Toluene 177.0
Solid C02>slurfy in alcohol 195.0
Melting Chloroform 210.0
Melting Diethyl Molonate 223%.2
Melting Msthyl Benzoate 260.6
Melting Ice 273%.0




i

A conventional thermostatted bath was used for temperature

above room temperature.

L, Evperimental 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’ iridium’ 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
aiameter 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
sclution 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

k)

in the Table 2.

Metal Diameter in mm Current in A
Cutgassing Threwing
Platinum 0.1 (on 0.3W) 6.4 8.0
Iridium 0.5 11.0 1.5
’ ~
Tungsten 0.25 6.9 2.C
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After fitting a weighed filament on the nickel sleeves and
sealing the cell, the sysitem was evacuated to 10*5 mm Hg, and
the outgassing heaters were switched on. The cell, Pirani and
g;easeless Dekkers values were baked outl 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

cue

stopcocks were protected against{higher temperature by circulating
cold water through polythene tuging ana by aluminium foil. The
furnace temperature was about 4500. Sections outside the furnace
were maintained at about 300°. In the first baking after four hours
the current to the heating taps of traps ‘I‘2 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 ?80k. When the temperature of the
furnace was sufificiently lowv (1060), the furnace was removed and
the vacuum was checked with the Pirani gauge. When the pressure
:as less than 10 ~torr, the filament was switched on for twenty four
hours in order to outgass it. When the filament was
oulgassed, the system was again baked out for a second time for

twelve hours.

il Throwing

Prior to throwing the film, traps T, and T, near the difusion
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pumps were cooled in liquid nitrogen. AU that point the furnace was
alloved 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% or
225%) 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 BOOok. 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 ?8Ok or at 1950k which was different from the rest of

the system. The necessity of such correction has been demonstrated

(1) (2) (3,4)

by Tompkins and Wheelar and Porter and other workers .

Various theoretical approaches have been made, oi theouse that due

,
- 6,7,8) ._ _. . ot en
to Llang(s' 17,8 is simple and easy to compute as compared with tne

(9) (10)
(11)

derivation of Webers and Keeson, which was later developed.

Finally Bennett and Tompkins suggested some modilications

to Iiang's empirical equation.
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where R = the ratio of the pressures in the two regions at

temperature T1 and T2.
1

i 2
o=y "/r,)

f = 1 for connecting tubes of internal diameter, d,1 cm
1.22 for connecting tubes of internal diameter, d,1 cms
X = P2d
& _ ~Smy—2 _
He = 3+70(1.70 - 2.6.1077T) (r=1,~-1,)
B

He = 7.88(1 - Em)

1.44

and values of dg(Ha)
#8(0,) = 2.87
g (Kr)

3.90

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

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

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

log ro = 0.43 + 0.24 log &g

The calculated values for P are plotted in (Fig. 7, 8, 9)

1/’P2

against log P2 for oxygen, hydrogen and krypton respectively for

-
v

various pressure and temperatures.
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6. Surface Area lMeasurements

The surface area of the metal was determineiusing the B.E.T.
equation for multilayer adsorption,(qj) the equation is
P 1 (C-1)P
, = +
V(Po~P) VmG YmG(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/ 0! 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

(14)

Hill, there is considerable evidence that the vaiues of Vm

(15)

obtained by Harkins and Jura with .weakly physisorbed molecules

on hetrcgenecus surface are acceptable.

The Krypton adsorption at 1iquid‘nitrogen temperature was used

(16,17,18)(by 5.5

.E.T.) which

(20)

for determination of small surface areas

(19)

was comparable with those of Keely and Lincoln and Carnevale
by a rapid X-ray line broadening technique.

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

S(16,20,22)

-ty

based on the accepted cross-section o

21 .

. o2 . s e s
nitrogen nolecules as 16.24 ~. Beebe, Beckwith and Honing have

various worker
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determined the surface area of an anatase sample obtained from
Harkins and found the cross~section of a krypgon molecule as
19.5 & RN |

Beebe(zq) found that the temperature of liquid nitrogen varies
from 77.5°k to 79.1ok 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.(aj)
However, due to the low values (’!O--2 torr) of the working pressures,

the value . of Po has little effect(zu)

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 19.5A02 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 L~ 1.91 L A16 .
No. of sites per cms for f.c.c. metal '3 x 10 ". The

. a
calculated values are given in the table below.

2 15

Metal Crvstal type a Eutes/cms ] % 107
Pt fecece 3.92 1e24
Ir f.c.c. 2.83 1.30
W bh.c.C. Z.16 1.91



The lattice parameters are taken from F.

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 1950k. The film was
deposited from a clean tungsten core at a bath temperature (50-
550C). 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 (15 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 waé then assumed that £he 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 zmount was laken up instan-
taneously =and .the remainder in the subsequent slow process. At
that stage the u?take of hydrogen wasAapproximateli three times
the zmount of oxvgen on the film. The residual hycdrogen was evacuated

O . , . -~
and the cell was heated at 60°C with the pum» isol

[

ted. Any



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 volune
was‘approximately 1500 ml. Consequently the water produced was

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

1
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%

Oxygen Adscrbed Hydrogen Adsorbed
45,5 x 10”8 91 132.d x 10"8 264
58.0 116 115.5 é}1
53.5 107 113.0 226
shL 109 110.0 220
56.3 113 108.0 216
53.9 108 106.0 212
49.5 99

- -3
371.0 x 10 62,5 % 10
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H 4
2]
- ~ - ) n - ] A
Total water Torried at ths end of 211 cycles = E2C » 10 MO1es.
Run 6 '
Cxreen adsorbed Hrdrogen adanrbed
moles acoms noles s.homs
3 o]
— . et —1
59.0 x 10 118 166.8 = ¢ 234
P
72.9 146 134.0 268
68.5 137 143.0 236
70.4 14 142.6 285
69.0 138 134.8 270
65.5 131
Lo5 x 10 721.2 x 10
-
-3
Total water formed at the end of all cycles = 520 =z 10 noles.
. a
In run 5 oxygen vas adsorbed sn{Tresh Pt Filaw at 19F
evacuation of the residual oxygen, hydrogeon wes adsorhed
treated surface. This DZ/H“ treatment iz called an 0,/75, crele.
In run 5 six D>/H> cycles were done and the zixth cyelc voz findched
7 [ )
with hivirogen treatment. Water was measured al the end of all crcies.
2
N . L 1wy FRE TN . A
run 6, oxygen was chemisorbed ongih.oh PL Sl ol and




7,
fTe

"

02/H“ cycles were done at that temperature. The last cycle was
[N
finished with oxygen treaiment. The water was measured at the

end cf all these cycles.

Explanotion

In run 5 the amount of oxygen adsorbed on a fresh Pt film at
1950k wvas 45.5 x 10_8 moles. It is assumed that the O2 is dis-
soclative adsorbed as chemisorbed atoms, so that there are 91 x N
sites on gﬁe Pt surface, where N is Avogadro's number. We shall

therefore abbreviate the description of the site number to 91

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

cile
covered completely with O atoms. The amount of H2 onoxygen=
treated surface was 132 x 10"8 moles. According to Gruber(q) and

(2)

Boudart the uptake of H, by a Pt surface is greatly increased

2

by the pre-adsorption of a O, monolayer. This is attributed to the

2

reaction,

Pt -0+ 3 H, = Pt - H + HO
7/, 2 2
2
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 1:3, 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.

AL

After each dose of hydrogen the suriace may be represente

as

[oF



7 H H 0 © ¢
i i i ! | i
Pt Pt Pt, and Pt PL Pt

Hence the oxygen taken
equal to %

left on the surface, which

€.5.,in run 570xygen taken up in

103.5 10“8

+ 115.5 =132,
A

In run 6 the comparitive

10"8

45.5 + 58

il

mol.

to % [%32 103.0 x

figures

mol . In run 5 the amount of

was 45.5 x 1O~8 mol and the aniount

was 132.0 x 1O~8 mol, so the ratio

doses was 1:2.9 in run 5 and 1:2.82 in run 6.

after each oxygen

up in the first two doses should be

irst two doses

This value should

—

s

treatmenc. '

= (total hydrogen taken up in these two doses minus that .

the first dose)

is equal to

be therefore equal
10-8 mol (that is, a good agreement).
vere 131.9 x 10™8 mol and 123.0 x
oxygen adsorbed on a fresh film

‘of hydrogen adsorbed subsequently i
between that oxygen and hydrogen

Finally, the ratio

between oxygen and hydrogen was always approximately 1:2 in all HE/OE

cycles except Tor the first cycle.

in forming water will be the total

during the whole process minus the

on the surface, when the cycle is completed by an

The total amount of oxygen used
number of oxygen atoms taken up
amount of chemisorbed atoms left

oxygen treatment.

Yhen the cycle was completed by a hydrogen treatment, all the oxygen

has been used to form wster, In run :)therefore (271 - h5.9) = 225.5 x
-8 .

10 mol were usaed in water formation. The total amount of hydrogen

used is calculated similarily, =acting that if the final treatment is

with hydrogen, the swrface is covered with chemisorbed H atoms and

has to be subtracted from the itotal zmount. In run 5 this is 648.5 x
-3
10 "mol. The ratio betweeun the tolal amount of oxygen and hydrogen
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sed in forming water is 684.§ﬁ, = 1:2.17. In run 6 the oxygen
‘ /325.5
) . - -8
and the H2 used in water formation was 3%6.3 x 10
107 mol respectively, a

mol and 721.2 x
ration of 721'%3&6.3: 1:2.08.

Similarly, the ratio of oxygen taken v in the second dose of
avrren to that adszorbed in th

e 1st dosc should be 3:2,

This follows
from the fact that the Tirst 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.
reacted with the

The second dose of oxygen
the surface with

chemisorbed hydrogen to form water, and then covered
chemisorbed oxygen.

’

Hence,additional oxygen was
used in the 2nd dose to remove the chemisorbed hydrogen and this
4

required half the amount of oxygen necessary to cover the surface
with chemisorbed oxygen atoms.

1.67.

So the ratio between the oxygen
adsorbed in the 1st dose and the >
In run 5 and 6 the actual

O_ adsorbed in the 2nd dose was

figures are 58

/

%2.9, .= 1.24 respectively. The
<759 ~ :

values is that

’h55=1.a7mm
first dose of ©

. [
29 WIienn ol

vrobable explanation for these low
some of the chemisorbed oxygen atoms formed from the
atea

[

0

took no further part

hSe]

with 4. remained on the surface and
in the catalytic production of water.
e number of active oxygen atéms that took part in water
Tormation may be desduced from g the number of oxygen atoms taken
up in the second dose, whereac the total number of all siles (active
and iInactive) is oblained from the first doc

{
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run the total number of sites is 118, of which 97 are active and

21 inactive. In order to obtain a mass bvalance H., nust have reacted
7

2 . I

q& % H

with inactive oxygen atoms; two obvious possibilities are P’ or 9/
ri

since separate experiments (see late¥) prove that water is chemi-

< o : : - :
sorbed on Pt at 1957k and 1s still present, at lcast in part, at

CH
200°C. The water complex gives a much better balance than does a Pt
complex. Thus in run 6 the H. uptake should be 3 x 97 + 2 x 21 = 333

2

H atoms compared withthe experimental figures 334. In run 5,
corresponding figures: total number of sites 91 of which 77 arc active

and 14 inactive hence H, upteke should be 3 x 77 + 2 x 14 = 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
~ / N 7/
H O 0

! ! i
eee. PL Pt eevss PE

g

active sites inactive sites

and only the active sites take part in the cycles.

Benson and BOudart(a) have used the titration uethod to measure

ct
*
}_
61
L’\
=
[
o
jiy
C
jo N
1-2e
«
Q
o3
e
O
£
4]
]
5

the surface area of the supported Fi

Ll

applicable to surface films, so we calculated the number of sites

[
O
o]
g
2

= O2 left on the surface in each oxygen-
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a
in the cr2le. In run £ the first exyzen dose adssrbeld on Sros’ TH
.
- -0 X o . - . ~o.

S vas 118 Matoms! fron which only 7 M"atoms" (Gré ol 2nd O dose)

were reactive throighout the cycling process. After tev hrdrogen
doze 97 hydrogen "atoms" were left on the surface for reacvion. In

3 rermis (] L Py . ! ey A+ cvrTan N 13- ey
second oxygen dose of 146 M"atoms", 48 react with 77 hylrozentatoms!

to give 11,0 leaving (1kS~48) = 90 oxygen "atome™ on the =i
2

the next Hz Gose of 268 Matoms" only 2 x 98 = 125 "atoms"

to form water leaving (268-198) = 72 H "atoms" on the surf

other oxygen and H, doses are treated in the same way,

2

for run 5 and 6 are given in the following tables.

1st oxygen

P

2nd oxygen 116

.
a

Active sites

1

- . .
Tnactive sites

-

so total sites

A

Measurement of
doseg 2z Matomg!
BN
RN R
P
et ok
A~
.U,‘ ot
226 1
U,

109 G

Run 5

91 atoms

atonms

(2nd dose of O2

g1 - 77 = b

):'?;:{116

active = 77 inactive = 1k
No. of "atoms" Tlo. of sites
used to form HZO oceumied
77 H
3% 0 720
156 H Rt
27 0 70D
%bJ ot & H
L3 0 65 ¢

The

values



220 1 1%2 H 88 u

113 0 Ll © 69 ©
216 K 138 E 78 H
108 © A 29 0 63 0
212 H 138 H 7L H

99 O 370 62 0

No. of O_ sites 78 70 66 69 69 62 Mean

2
\ Mean

No. of H2 sites 77 75 86 883 78 74 Mean

i}
~2
O

it
oo
Q,

Active sites = 7?7 and inactive = 14

231 H atoms

Active H2 =77 x 3 =
Inactive H= 1 x 2 = 28 H atoms
« I
Total H2 uptake = 231 + 28 = 259 H atoms

Total H, uptake in first dose is equal to 264 "atoms! and from

calculation it is equal to 259 "atoms'".

1st Oxygen = 118 atoms

i

2nd Oxygen = 146 atoms

Active sites = %(2nd dose o

by
o
~
i
WY
4
-
=
(oY
1"
O
~]

Inactive = 118 - ¢7 = 21

Total sites = 118 Active = 97 Inactive = 21



Yeasurement of No. of Yatoms"
doses as "atoms" used to form H20

U6 0 L8 o

268 H 196 H

137 © 36 0

286°H 202 H

141 0 b2 0o

285 H 198 H

138 0 43 0

270 H 190 H

131 © Lo o
No. of O2 sites = 98 101 99 95 91 Mean =
No. of HZ sites = g7 72 84 87 8o Mean

Active sites = 97 and inactive = 27

Active hydrogen = 97 x 3 = 291 H atoms

Inactive H, =21 x2 =42 H atoms

Total H, uptake = 291 + Lo = 233 H "atoms"

Total H2 uptake in first dose is = 33l Mgt
calculation it is 333"atoms'.

The total water formed is equal to the sum

il

javel
i e

‘No. of Sites

Occupied

97 0
98
72

101

8l

H

99
87
95
80
91

O
(@]



(e

oxygen "atoms'" used (column 2 in Table ) + % sum of hydrogen

1

ztoms" used (column 2 in Table J; in figures for run 5 the amount
. . e a ] -8

of water formed is equal to 253 + 2(781) = 6L43.5 » 1077 moles.

It may also be calculaied from (i) the total hydrogen uptake

'

minus that left on the surflace if c¢ycle is completed with K

Y

51 the
value in run 5 is equal to E8L.5 x 10-8 mole; and (ii) from the
total oxygen uptake in terms of oxygen atoms minus that left on the
surface ;f cycle is completed with oxygen. The value for run 5 is
(371 = b5.5) 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 éxperimentally is equal to 520 x 10-8 mol, thatis,
520 x 100 = 78.5% only. In run 6 the total amount of water formed
from ihe sum of the number of oxygen atoms + % sum of number of

hydrogen atoms is equal to 215 + % 883 = 656.5 x 10_8 mole. The

o

- -3
amount produced from total hydrogen uptake is equal to 721 x 10 "mol,

and from total oxygen uptake is (405 - 59) % 2 = 682 x 10 ~ mol. The

mean value is equal lo &S0

A

1 10 mol. The amount of water produced

experimentally is equal te 520 x 10 7 moles, that is 75. #.  The low

33 .

evperimental values zrz to be expected because of the adsorption
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™

the surface (in run 5), x are inactive and from chemisorbed water on

!
"
—

the surface with the first hydrogen dose, the remainder (91
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 hydrogep atoms per site,.

Hence 5(?1 - %) + 2x = 264

or = 273 - 3x 4 2% 264

I

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

i

Here theré 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.

Run 5
No. of oxygen and hydrogen sites when 77 sites active (from %
of 2nd 0.):
2
No. of O, éites = 786 70 66 69 69 62 lean = 7C
S lean = 75

6]
1l
-3
~J
.Q
A%
Co
[Op
o
oo
~J
(@5)
.Q
-
Iy
ja]
=
It
[ve)
"y

No. of H. sites
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NS
L.

No. of oxygen and hydrogen sites when 82 sites active (from

1st hydrogen).

75 67 63 66 66 59 Mean

()
]
=
ot
]
4]
It

No. of

"

66
\ Mean = 76
82 81 92 ok 84 80 Mean = 86///

Noe of H

1

n
o}
e
o
o
0]
t}

Run 6

No. of oxygen and hydrogen sites when 97 sites active (from %

of 2na 0,).
No. of O2 sites = 98 101 99 95 91 Mean = 97
/// Mean = GO

No. of H2 sites = 97 72 84 87 80 Mean = 8K

No. of oxygen and hydrogen sites when 77 sites active (from 3
of st HE)'
No. of 02 sites = 108 111 109 105 101 Mean = 107

Mean = 86

Ho. of H2 sites = 77 52 64 67 €0 Mean = 64

The mean of the number of sites from oxygen, hydrogen sites in

both cases are close to each other (as shown above) but scparately as
oxygen or hydrogen sites they are different particularly in run 6,
thereby showing how sensitive these calculations are to the actual

nunoer of active sites.

be brought close together
From a viewpoint of surface area determination lLhere are five

: . - . Bl . e s o 2 o
possible values. They are: (i) from first oxygen (ii) from § of

{

2né oxygenu(iji) from st dyfrogenj(iv) from the oxygen site number



(v) from the hydrogen site number.

(i) (i1) (iii) (iv) (v) Mean of (Giv) + (v)

Run 5 91 77 82 70 go 75
Rn 6 118 g7 77 97 Sk 0

The "true'" surface area should be given by (i) since this
includes.all sites (active and inaﬁtive). The usual titration
method is based on (iii), and should there be inactive sites, this
figure will be low. The mean of (ivs 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 tinme was given for the first hydrogen dose,
but in the subsequent cycling process, 6-8 minutes was the normal up-

take time. It would therafore appear that saturatio

joe
o
<
—
o
=
<
o
o
o}
S

with hydrogen requires a period of at least i hour, so the c¢ycle

-

results would have to be multiplied by a Factor of
}

.31 for run 6 to obtain the total number of all sites i.e. for a

measursment of surface area.

It is therefore suggested that oxygen adsorption may give a



{

requires little care in cleaning the Pt surface from oxygen, but is
largely a measure of the active surface; the fraction of the total
nunber of sites that are active will clearly be dependent on the
conditions of evaporation, anncaling and subsequent treatment. For
a catalytic process, the surface area of the active portion is

obviously the more useful value.




2. .System: Hydrogen + Platinum + Cxvgen
v 2 L] A

In the preceeding oxygen-hycrogen adsorptions on Pt we

adsorbed oxygen figst onAE?:sh film but in this system, hydrogen was
adsorbed first oan:zsh film, followed by oxygen and then by HE/OE
cycles. :
. Run 26
Bath  Temperature = 195°x
. Hydrogen Adéorbed Oxygen Adsorbed
moles atons  moles atoms
21,4 x 1070 43 16.5 x 1078 33
43.0 86 19.5 39
53.2 106 23.1 L6
62.1 124 27.0 54
70.2 140 30.0 60
76.4 153 30.7 61
326.3 x 1078 | 652 146.8 % 107 293

In run 26 hydrogen was adsorbed on a fresh
Fal ) . ""01 ) - - a I _8
Pt film at 195 k and the amount adsorbed was 21.% x 10 noles.
After the evacuation of the gas phase HZ' oxygen was introduced

-8 - .
and -the amount adsorbed was 16.5 x 10 ~ moles. Excess was punped
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out. TFive more H2/02 cycles were done and.the last cycle was finished

with oxygen adsorption. The amount of 02 and H2 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 20-10%.

Exglanation

W‘neﬂ‘H2 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

rom those which remzin after oxygen is first chemisorbed followed
the 0

by hydrogen. If one assumes thatfiast H -

uptake 76.4 x 107 moles

2

has been utilized in producing water by the usual process then there

n

are (2 x 76.4) = 51 active sites. The total H2 uptake throughout

4

the cycles (326 x 2) = 652 atoms and of oxygen thereare 293 atoms hence,
excess of H, corresponding to (652 - 586) = 66 H atoms, if no oxygen
is left on surface after final oxygen treatment (see NH3 run later),
hence there are hydrogen atoms originally chemisorbed on surface
still present. Thers were in fact only %3 adsorbed from the 1st
dose, so there is a slight discrépancy of (66 - L3) = 23 H atoms
which is not large. 1In the NHB run, we assumed Hg molecular adsorp-~
- we

tion when H_ chemisorbed firsi, hencefassume the same effect here.

W

Hencq{assume Lz H atoms in first layer and label ithese with

star to denote differences from lzter 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)
80 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 leaviﬁg
86 ~ 66 = 20 H atoms as 46& on top of 43 H* atoms on the surface.

2

So the total hydrogen on the surface is now L3H* + 10H2.

There is experimental evidence that about 20% of the hydrogen
adsorbed is desorbed without oxidation. The first desorption
possibie with the second oxygen dose of 39 atoms. When it is
introduced 20% molecularly adsorbed H2 is desorbed leaving 8Hé
in the second layer. The amount of oxygen adsorbed therefore
is 39 + 2 = 41 O atoms since H, evolution into the gas~phase
makes the measured uptake of O_ too low.

2

Now of these 41 O atoms, 8 are used for water production
leaving 33 O atoms on the surface. Of the second dose of 106
H atoms, 66 H atoms are used for water formation leaving LOH
or .?.OH2 molecularly adsorbed hydrogen. Due to the desorption
this hydrogen is reduced to 18H2 moles, and the oxygen dose must
be increased to 50 O atoms. So from 50 O 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

below.-
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Seguence

" 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 H2 is adsorbed first it reacts like NH3 (see NH3 run later)
i.e., it remains on the surface as unreactive primary adatoms and
take no ﬁért 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% H2 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 Hz adsorption on
top of the H atoms in the primary layer.

The difference witp NH3 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

NH, surface, where good agreement is obtained without desorption.

3



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 of 200°C is attained. It is assumed that HZO is dissociatively
adsorbed to give gi and éi on a clean Pt film. Unfortunately there
is no meéns of measuring the amount of adsorption of HZO in the
present apparatus because of the large adsorption on the glass
walls. Adsorption of hydrogen at 1950k 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 cyclgs, There
a fairly constant concentration of chemisorbed O atoms on the
surface after 02 uptake)and a small increase of H. molecular

2

adsorption as primary H atoms are removed.

Bun 38

Adsorption of HaO on fresh Pt film atl 27303

Bath  temperature = 195k

Cxyzen Acdsorbed Hydrogen Adsorbed
moles atoms ’ moles atoms
56.0 x 10 112

Lo.6 x 10” 81 34.0 168

is
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54,0 108 - 2.0 184

62.8 126 99.0 198

sh.2 108 93,0 186

53.2 - 106 96.0 192 .
265.0 x 10‘8 520 x 10‘8

In run 38)water was ad%orbed on a fresh Pt film at 273°k when
the Pirani gauge and trap T1 was also at 273°k temperature. After
S 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
Ta to . 78°1<‘ and a measured dose off hydrogen was adsorbed
on ths water treated film. The amount adsorbed was 56 x 10-8 moles.
The residual H2 was pumped oul and a measured dose of oxygen was
introduced. The amount adsorbed was 40.6 x 10-8 moles. Four nore
H2/O2 cycles were done at 1950k and the last cycle was finished with
a H2 uptake. The total amount of H2 and O2 in these S cycles was

520 x 10-8 moles and 265 x 10-8 moles respectively.

Explanation

In zksence of information of the extent of water adsorption -

the
we assumefzite number is given by the first hydrogen adsorption ¥ .
OH OH the
: T ] - T : 3 f A ! T R,
Hence one starts with 112 OH and 172 E,i.e. Pt - 5 Pt H’and therdZirst
- go

H2 does{on top as S5 moles hydrogen. This is oxidised by the second
and

. . 2 - T Loy e

dose of oxygen,fthe remaining oxygen oxidises some of the 112 H atoms,
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this number veing 2 owypen availsble to leave 0 atoms in like
npmber on the surface.

Hence of 31 oxvygen atoms, we requirs 36 to oxidise 55 moles
nydrogen leaving 81 - 38 = 25 oxygen atoms; +{25 x ) = 17 o on
the surface to taxe t

. e o i N . R . - s
= 8 oxidise 16 of the primary hydrogen afoms leaving(112 - 16)= 26 A

on the suriace

+
Y
~J
=]
23

€

o3
®
jas
[}
ct
o
=3
(0]
L]

The ~second hydrogen dose is 168 atoms; 34 are used for the 17

*

oxygen -atoms, but E atoms are not adsorbed on the surface so that
(168 - 2L) = 134 H atoms gzo on top as H7 i, moles.
The second oxygen dose is 108 requiring 67 for 67 moles hydrogen

in 2nd layer leaving 413 % of 41 arc deposited on the surface and

27 H are removed, sc there are now 62 H and 27 oxygen and so on.

I3

Sequence of T atowms on surface

112 96 69 g 22 G

Sequence of Chenmisorved nxygen

w727 27 20 23

Sequence of molecular H, adsorplion

10 ovygen atoms are in excess walch

O
~]
(s}
\n
-3
il
~J
[AV]
~]
Al

are unaccounted for

Total hydrogen used for water (520 - 73) = Bh7 x 10 7 noles;

. .o - - £ . . - . . .
to thig add 112, = 50 moles I, from dissocization of water. So that
. Ip - 3

the tolal equals W47 + 56 = 503 :x 10 ~ mole.



later is digsociatively adsorbed as OH and H. Thus hydrogen
is slowly oxidised but not replaced on the surfzace by hydrogen

adsorption from the gze phase. The main formation of water is

ion of molecular H. adsorbed in the second layer.

orygen cremisorbed on the surface as the rest is blocked by CH
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L, - System: Hydrogen + Platinum + VWater

In this system hydrogen was adsorbed on a fresh Pt
the ‘
film at 2730k and then onfhydrogen-treated surface,water was
adsorbed at 2730k. After evacuation of excess of water, the

temperature of film was changed to 1950k and Oa/H2 cycles were

done in the normal way.

Run 20

Adsorption of Hp at 273% = 275 x 1078 moles or 550 atoms

Vater was then adsorbed at 2730k

. ' Bath temperature = 1950k

Oxygeg adsorbed Hydrogen adsorbed
180.8 x 10’8' 362 265 x 10”8 | 530
107.0 214 220 A
107.4 215 207 Ll
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 onffresh fi

amount adsorbed was 275 x 10  moles. Excess of gas was pumped ou
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and the temperature of the Pirani gauge and trap T, was changed to

1
273% and water was introduced to the H, treated film withS, closed.
After 5 minutes the tép 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 T, was immersed in liquid nitrogen

1
baths and a measured dose of oxygen was introduceé. The amount
adsorbed was 180.8 x 10"8 moles. Then, after the evacuation of
the resiéual 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 10-8

moles and 1300 x 1078 moles respectively.
Explanation

1s run the film was apparently very thick. After the
adsorption of 275 x 10-8 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 layef as molecular
hy&rogen 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 H2 are oxidised by the first oxygen dose

which was 362 O atoms leaving{362 ~ 275) = 87 0 atoms on the surface.
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Doses of Oxygen & Oxygen-hydrogen Oxygen~hydrogen
Hydrogen in atoms used for Héo left on surface
530 H 17% B0 178 H, (moles)

214 0 178 H,0 36 0 (atoms)

kLo H 72 HZO. ' 184 H, (moles)

215 0 184 H0 310 (atoms)

L1h H 62 H,0 176 H, (moles)

210 0 176 B0 34 0 (atoms)

k22 B 68 H0 177 H, (moles)

99 0 177 H 0 22 0 (atoms)

Lo8 H . bl H,0 182 H, (moles)

199 0 182 H0 17 0 (atoms)

386 H 24 HO 176 H, (moles)

Oxygen sequence

% 3 3k 22 47

Hydrogen seguence

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 il.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 = 195ok
Oxygen adsorbed " Hydrogen adsorbed
moles atoms moles atoms
-8
46.8 x 10 gk
Oxygen treated surface is heated at 100°C for 1 hour
I -8
Lo 4t x 10 81 126 x 10 252
set (i) 55.7 111 1o . 298
56.54 113 126 252
57.0 114
513 802
Oxygen treated surface is heated at 3000C for 1 hour
-8
51 2 x 10 102
31.6 x 10“8 63 55.0 110
set (ii) 31.0 62 62.6 125
0.0 €0 56.3 113
292 185 626.0 450
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a

In run 24, oxygen was adsorbed onfiresh Pt film at 195%% 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
changed to 1950k and&iecond dose of oxygen was adsorbed; this fime
the amount adsorbed was 4O.L4 x 10-8 moles. After evacuation of the
residualvgas 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 195°k 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 O, adsorption. Now the film was again heated

2

at 3OOOC for one hour; after one hour the tenmperature was dropped

to 195ok and hydrogen was adsorbed first. The amount adsorbed was
51.2 x 10_8 moles. Then three 02/H2 cycles were done and the last

cycle was finished with H. adsorption. The cycles which were done

2

. O ' . . - '
after heating at 300°C are called the second set. -The total amount

the . 8
of hydrogen and oxygen adsorbed in(tvo sets was 626 x 10 ~ moles

-8 .

and 292 x 10 ~ moles respectively.
Explanation /

In the present ewperiment (run 24), 46.8 % 10 ~ noles of oxygen

s v s e} . e 5
were initially adsorbed at 195 k corresponding to S4 sites; after

- - . g A oﬁ

evacuation of the residual oxygen, the.-film was heated at 100°C

8

for one hour. There was no desorption of oxygen but 40.% x 10
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moles of oxygen could be adsorbed at 195Ok. Since no desorption
of oxygen, then presume that these 81 O atoms are incorporated.

In set (i)’total oxygen adsorbed (before and after heating)
vas $% atoms of which 84 incorporatéd (when heated at 1OOOC). S0

oxygen available on surface was (513 - 81) = 432 atoms. Total H2

was 802 atoms. However, from ¢ of mean Cz(in set (i)) 75 sites

were active and 1l inactive. Since the 1st set (after 100°C
treatment) finished with oxygen, then presume 75 O 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 Ll O atoms (of incorporated 02)
leaving 81 - 45 = 37 0 atoms. Of these 37onygen atoms, 19 are
probably inaetiVe on the surface, s0 fhat H2/O2 cycling at 1950k
can remove virtually all incorporated oxygen.

Now 195°k treatment (after heating at 100°C) in set (i) leaves
112 oxygen atoms) of vhich 7?5 are reactive surface oxygén atoms, and
the remainder 37 oxygen atoms are either surface inactive or incor-A
porated. This surface now heated to BOOOC for 1 hour and further
incorporation of surface oxygen takes place (no O2 is desorbed).
The first hydrogen dose of 2nd set (102 atoms) canlreduce 51 oxypen
atoms, so we presume these are éurface active oxygen atois, the
remainder (112 - 51) = 61 oxygen atoms arc probably all incorporated.
These cannot be removed by hydrogen treatment at 3950k 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. ?he Hz—(110 atoms) oxidises 55 oxyzen leaving
63 -~ 55 = 8 oxygen atoms én the surface‘presumagly on inactive
sites. - Hydrogen is apparently not adsorbed on this BOOOC surface,
but oxygen is. The second dose of oxygen comprises 62 O atoms and

atons
the 2nd H. dose is 1254 hence all oxygen atoms are removed. The

2
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 248 H; the excess
oxygen (11 O 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 o
(i) Oxygen atomsfincorporated at 100°C almost to give two
monolayers.

< . ar o

(ii) All oxygen was active for H, treatment at 195 k.

L. . . a0 .

(iii) Oxygen incorporated at 300 C (61 atoms) cannot de

. . o
removed by H2 treatment at 195 k.

Run 36
This run in the 1st two sets is similar to run 2@)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 ox¥gen will be incorporated atKﬁigh tem=
o] e . :
perature of 70 C. In the first set, a chemisorbed oxygen layer
P (¢} . o) -
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 7OOC
o . . ' o
to find whether I, desorption took place, and then hsated at 70°C
Z
in the presence of gas-phase oxygen; this was followed by normal

H,/0, treatment at 195%.

Run 36

Bath  Temperature = 195%

Oxygen adsorbed Hydrogen adsorbed
moles atoms ' moles . atoms
-8 -8 -
50.5 x 10 101 152.0 % 10 30k
75.5 141 140.0 280
set (i) :
69.5 139 141.0 282
70.0 140
Cxygen treated surface is then heated at 7OOC for % hour
Bath temperature = 1950k
- ~ -8 () f\—8 =z
21.0 x 10 L2 176.0 x 10 352
70.8 12 160.0 ) %20
set (ii)
81.0 162 155.5. 341

70.2 140 151.0 302
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Desorption of H. at 20°¢ = 25.6 x 10‘8 rol.

2

H2 left on surfacé-= (151 =25.6) = 125.4 % 10—8 noles

Adsorption of Oxygen at 70°¢ = 78 x 10—8 roles or 156 atoms

Bath Temperature

Oxygen adsorbed Hydrogen adsorbed
187.0 x 10’8 374
set (iii) 63.5 x 10~8 127 ©152.h 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 st set of three OE/HE cycies was

.. . . . . 0
finished with oxyvgen adsorption. Then the film was heated at 707C

for F hour. After heating, the temperature was again dropped to
o} . .
195k and four 02/H2 cycles were done as shown in the table (set
ii)e This set was finished with H, adsorption; the amount was
[
-8 . ., o) - -8
151 x 107" moles; The film was again heated at 70°C. 25.6 x 10
. o . .
moles of HZ desorbed at 70 C; after evacuation of this HE’ oxygen was

adsorbed at 7OOC and the amount adsorbed was 78.0 x 1O~8 moles. Then
the temperature of the film was again changed to 1950k and three HE/
02 cycles were done with 1st adsorption of hydrogen.

Explanation

From first oxygen there are 101 sites and from % of (second



103.

oxygen (141 x §) there are 94 sites active and 7 inactive. So
hydrogen sequences should be 3 x 94 + 2 x 7 = 296 H atoms;

hydrogen used experiméntally is equal to 304 atoms (in good agreement).

Site no. check for set (i)

o H
141 0 -« 47 ok 0
280 H - 188 92 H
139 0 - L6 93 0
282 H - 186 96 H
iho 0- 48 92 6

Site number is in good agreemeﬁt.

Set (i) was finished with an oxygen treatment. The film was
now heated at 70°C for 30 minutes and after cooling to 195°k, 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 & Hz/O2 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
x 10° /?giiiporated and 47 x 10-8 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 (i), assuming no sintering);

hence 642 - 47 = 595 x 10-8 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 O
atoms are used for oxidation, good agreement is found.

In the third set, the total amount of hydrogen added was
488 x 16’8 molesand the total amount of oxygen was 131 x 10'8 moles
+ 78 x 1078 moles used at 70°C, i.e. a total of 209 x 108 moles.
If we assume that the amount of hydrogen left of the surface at
the end of set (iii) is 26 x 10-8 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°£) 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 experimentél error or as is more likely,
there is desorption of adsorbed hydrogen (without reaction)
vhen 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 + Oxycen + Carbon-monoxide

Preliminary Run: (30)
a
Run 30 wasfpreliminary run in this systen. gen was adsorbed

on a fresh Pt film at 1950k. On the oﬁygen-treated surface hydrogen

was adsorbed. After the evacuation of residual H a second dose of

o0
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 002 formed was measured in this run
by putting an ice bath around the Pirani and with the cell and trap
, T1 at room tempsrature. . The 002 was pumped out and the temperature
of the cell was agaln changed to 195°k and the Pirani and trap placed
in the ?8°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 a2s shown in the Table

below.
Run 30
Bath temperature = 195°k
Oxygen édsorbed Hydrogen adsorbed
moles atoms moles atoms
=8 - -3

19.4 x 10 29 R 63.0 x 10 126
27.1 5h

Adsorption of CO at 105% = 80 x 10—8 noles

After the evacuation of 002 formed
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o
Bath temperature = 195k

—

Oxysen adsorbed Hydrogen adsorbead
moles atouns : moles atons
-8 -8
0.2 x 10 O.b 0.6 x 10 1.2
0.2 Ok 0.8 1.6 :

Explanation
-‘The first oxygen uptake on a fresh Pt film at 1950k vas
Bé atoms and £he secoﬁd was 54 atoms. TFrom the 1st oxygen
dose 26 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 =11k 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
= U5 of which 36 is reactive.
If we assume that the 36 active oxygen atoms oxidise CO
51 then there are 30 ~36 = Lk sites left on surfaceéo
i

Since there are L5 sites, then CO remains on surface as Pt
Co
0
3

to CO

(36 in number) and as (19 in number) hence requiring 45 co’
Pi
molecules, of which 4lt are available. Since reaction of gas
Cco

o . . . .
phase oxygen at 1957k with Pt is slow, no further adsorption

of oxygen or hydrogen is expected as is found experimentally.

Run 322

In run 30, an inactive surface was produced ariter CO



107.

treatment. In the following three runs, the amount of CO_ pro-

2

duced was measured. It was necessary to raise the temperature
o, . . . : ’ .

to 707C in order to react all the CO with gas-phase oxygen; in

this process all the CO was quantitatively oxidised to CO,. However,

2

as found previously, at 70°C, oxygen is incorporated into the bulk,
and it was of value to see vhether this was then available for
oxidation in a H2/O2 cvcle at 1950k. It was'also of interest to
find whether CO adsorption on an oxygenated surface at 195Ok

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 clesans up

contaminated sites (see below).

Bath temperature = 1957k

Oxygen adsorbed Hvdrogen adsorbed
set (i) 3.3 x 10‘8 69 110.2 x 10"8 220
Lz.3 87

Adsorption of €0 at 195% = 88.0 x 1075 moles

ey

002 formed = 16.5 x 1O~8 moles

: Q
- . C "= bl ®] - X
Adsorption of oxygen at 70°C = 137 x 10~ moles or 270t atoms

CO2 formed = 73.9 x 10 moles
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. o
Bath temperature = 1957k

Oxygen adsorbed : Hydrcgen adsorbed
194.7 x 1078 350
69 x 1070 138 146.6 293
set (ii) 6k.2 128 139.1 278
63.3 126 . 138.0 276
196.5 618.4

H2 used to form H20 = 618.4 - 194.7

L423.7 x 10—8 moles

Run 32 was similar in the beginning to run 30. After the
the
adsorption of{second Oé dose, CO was introduced; the amount adsorbed

was 88.0 x 10_8 moles. After the evacuation of the residual CO, the

amount of 002 formed was measured by the calibrated Pirani gauge.

' . . . o
The temperature of the Pirani and trap T1 was then changed to 1957k,

N o s v
The cell was already at 195 k. Both Dekker D1 + D, were opened wnile

2

R )
S1 was closed. The amount of 002 formed was 16.5 x 10 moles only.

This 002 was evacuated and the temperature of the cell was changed

. o . . , . . s Sr sy
to 70°C while the Pirani and traps was maintained at liquid nitirogen

nmn

temperature and a measured dose of oxygen was introcuced. The amount

~adsorbed was 137.0 x 10 7 moles. Again CO, Tormed was meacured Ly

2

the method descritezd above, the amount was 73.9 x 10 moles. liow
P .

s s ~ ~0 .
again the temperature of the cell was changed to 195 k and hydrogen
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. . o -5 .
was introduced first. The amount adsorbed was 194.7 = 10 noles.
After this Hé adsorption three 02/H2 cycles were done. The total

oxygen and hydrogen adsorbed in these three cycles was 196.5 x 10

8

moles and 618.L 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 hyéfogen required should be 3 x 58 + 2 x 11 = 196 H atoms..
The e#ﬁerimental value is iigher at 220 hence it would appear.that
the film was contaminated with chemisorbed oxygen over (220 - 196%,
are 2
= 12 sites; hence total sitesare69 + 12 = 81 of which 23[inactive.
After the first H2 dosg’SS active H atoms are left, the second oxygen
dose is(87 - 29) = 58 oxyzen sites (active).
The surface was treated at ?OOC later with 27 oxygen atoms,
were
hence the total oxygen is 274 + 58 = 332, of which 88fLused for CO
oxidation leaving (332 - 88) = 24h oxygen atoms, and since the site
nurber has not becn 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 K atoms (1st H2 atter 70°C treatment) added, -

ve assune 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, nence total hydrogen (in three cycles) is egual to

3

L423.7 x 10—8 mole and total oxygen (in three cycles) is 196 x 10~
noles. If 22 atoms or 11 x 10-8 moles of oxygen in second layer
are reduced, total oxygen is then 106 + 11 = 207 x 10-8 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 film{partly contaminated with oxygen (inactive).
(2) 70°C treatment gives three layers but only two react

with H, at 195%.

(3) CO apparently increases active site number (by cleaning

surface i.e. removing inactive oxygen).

(4) Neither Haruu‘CO react with oxygen atoms in third layer.

Run 34

Bath  temperature = 195%

Oxyvgen adsorbed Hydrogen adsorbed
roles atons noles atoms
33.2 % 10“8 65 100 x 10"8 - 200
set (i)
Lo 4 85 g92.6 185

Desorption of H., at 70°C = 10.2 x 1078 moles

2

_8
H, left on the surface = 92.6 - 10.2 = 82.1k x 107 mole

n

or 165 atorms
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Adsorption of oxygen at 70°C = 90 x 10—8 moles or 180 aztoms"

Bath - lemperature = 1950k

Oxvgen adsorbed Hydrogen adsorbed

moles atoms moles  atoms
180 x 10‘8 260
62 x 10'8 124 135 270
set (ii) 61.3 122 134 268
) 61.0 122

Adsorption ol CO at 1950k = 92.5 x 10-8 moles

COaformed = 25.82 % 10'8 moles

. o -8
Adsorption of oxygen at 70 C = 78 x 10~ moles or 156 atons

002 formed = 66.07 x 10_8 moles

Bath temperature = 195ok

Oxygen adsorbed Hydrogen adsorbed
noles EEEEE' moles atoms
160.65 = 10‘8 321
Lg x 10"8 98 123.0 2h6
set (3ii) 51.3 102 119.0 238
53.0 106 118.2 236
153 520.8

In run 3% first two oxygen-hydrogen cycles were done in the
5 :

.0 . e . - .\ .
normal way at 185 k. The second cycle was finished with I dsorpticn ;

2a
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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 2 hour. Some H, was desorbed;

2

the amount was 10.2 x'10—8 moles. So the H2 left on surface

after desorption at 20°C was 92.6 - 10.2 = 82.4 x 10_8 moles.

The temperature of the cell was again dropped to 195°k

o)
and H2 was introduced first) the amount adsorbed was 180 x 10 ©

moles. Three H2/O2 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-

. . o) o - 4.
face carbon-monoxide was adsorbed at 195 k. Some of it was oxidised

8

by preadsorbed oxygen to CC, but the amount was only 25.8 x 107

2

moles. Now the CO. was evacuated and the film was heated again at

n

o . . .
70°C and oxygen was introduced; the amount of oxygen adsorbed at
o - -8 . ot mq s
70°C was 78 z 10 moles. This oxygen oxidised all the CO present

on the surface to CO,; the amount was measured and was equal to

2;
-8 . . .
66 » 10" moles. This Co, vas pumped out and the temperature of
. . . ol . v oso s
the film again changed to 1857k and H2 was introduced first. The

amount adsorbed was 160.6 x 10—8 moles. After that three OZ/H2
cycles were done in this set and the third cycle was Tinished

with H, adsorption; the amount was 118.2 x 107 moles.

Explanation
This run should display some similar features to those found

after heat ireatment in run 2L.

[
ch

From first oxygen uptake there are 66 sites bu
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second oxygen uptake there are only (85 x %) = 57 active, leaving 9
inadtive. Hence first H., uptake should be 3 x 57 + 2 x 9 = 189 atoms

2
there
but experimental value is 200 atoms, hencefmay have been some con-

tamination e.g. 5 inactive oxysgen covered sites. Total sites are
now 66 + 5 = 71 (cp.run 24 where there are 75).

The second oxygen uptake is 85 atoms, from which Zﬁxigzd ‘
fof 57 active H2 leaving 85 - 28 = 57 oxygen atoms; the second Haldose
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
oxygen uptake is 130 atoms-of which 25 i22d for water leaving 180 -
25 = 155 oxygen atoms.

From set (ii)lg oxygen uptake (mean 0, in three cycles)
gives 82 active sites (whereas 71 above) so leaves 82 on surface
and 155 - 82 = 73 incorporated. (cp.wi£h heat freatment in run 2h

) o R . X
after heating at 100°C; 81 atoms of O, were incorporated). &

2
Now in set (ii) the totzal oxvgen uptake is (in three cycles)

368 atoms + 73 incorporated = 4h1 atoms. Total H, uptake is 898
used
atoms or 449 moleculesf to form water. Hence 4h1 is good agreement
with 449, 211 incorporated oxygen is removed in set (ii).
Carbon-monoxide adsorption starts with 82 oxygsen atoms on
surface and 1556 are added at ?OOC, so total oxygen is 56 + 82 =
238 atoms.
of 238 oxygen atoms, 93 used for CO oxidation leaving 238
~ 93 = 1I5 oxygen atoms.

. - . o~ - cm — S 7
In third set active oxygen (from % of 2nd dosecorrespond to £



11k.

sites, hence (145 - 68) = 77 incorporated at this stage and 68 on the
surface. The oxygen which was incorporated after Tirst treatment
at 7OOC above was 73 (and in run 24;81).4

Total H, used in set (iii) is 1040 atoms - 63 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 éxygen available is = 306 + 68 + 77
= 451 atoms in reasonable agreement with 486. All incorporated
oxygenxizmoved in the last set.
Summary

(i) First set iséhormai;leaving H2 covered surface.

(ii) Heating in oxygen leaves 73 incorporated (roughly two

layers).

(iii) A1l incorporated C. removed in set (ii).

2

(iv) Oxygen treatment after CO adsorption leaves 77
(incorporated).

(v) 41l incorporated 0, removed in the final set or (set

iii) leaving hydrogen surface.

Run 35

Bath  temperature = 195k

Oxyzen adsortad Hydrogen adsorbed
moles atons moies atons
-8 -8
29 x 10 58 108 x 10 216

set (i) . .
L5 0 a0 101.9 20k
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Desorption of H, at 70°¢ = 11.0 x 10_8 moles

H2 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 tenperature = 1950k

Oxysen adsorbed ' Hydrogen adsorbed
moles atoms moles atoms
165 x 107° 330
59.6 x 1078 119 128.9 258
set (ii)
60.6 121 130.8 262
59.0 118
Adsorption of CO at 195°k = 98 = 1078 oles
CO, formed = 50 x 10”8 moles
Adsorption of oxygen at 7000 = 70 x 10"8 moles or 140 atoﬁs
CO, formed = 50 x 10_8 moles
Bath temperature = 1950k
Oxygen adsorbed Hydrogen adsorbed
moles atons moles atoms -
154 x 1078 308
set (iii) 57 x 1078 114 121.4 243
5k.0 108 121.4 2b3

Run 35 was done exactly with similar procedure as run 3h.

It was done in order to confirm the results of run 3%, therefore
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all steps were similar in both runs.

§§Elanation

From the first oxygen there are 58 sites and from § of the
second oxygen (9 x ) = 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 1 (1st
hydrogen) gives 21€y = 73 sites; hence there must haje been cont-
amination. If contaZinated:sites are inactive then there are 18 of
them (i.e. 3§é) and the total site number is 60 + 18 = 78 sites.

60 H atoms are left on the surface from the first h&drogen
dose and there are 90 O atoms adsorbed from second oxygen dose,
of which 30 oxidise 60 H atoms leaving 90 - 30 = 60 O atoms on the
surface. The second dose of hydrogen was 204 H atoms of which 120
H atoms are used for the 60 O atoms leaving 204 ~ 120 = 84 surface
H atoms, of which 22 were lost on desorption so the amount of hydroéen
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. 6%2) for water leaving 150 - 31 = 119 O atoms; .
hence if the site number is 78 there are (119 - 78) = 41 oxygen
atoms incorporated.

. The ¢ of oxygen in the 2nd set (mean 02 of three cycles = 126 x &)
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 H2 dose in set (ii) is 330 atoms but leaves 80 ztoms 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 weans as before that all incorporated oxygen is removed.

Site no. check

119 -« 40 = 79 0

258 - 158 = 100 H hence fair check with O site number
121-- 50 = 710 | of 80, but H is alvays high because
262 - 142 = 120 H it reacts with incorporated oxygen.
18 - 60 = 580 |

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 {c¢p with previously 419) Thence 42 oxygen atoms incor-
porated if 80 sites (i.e. 122 - 80).

The £ of second oxygen (108 x & in set (iii)) gives 72 sites
vhich is good agreement with 78.

3 of first hydrogen would give 103 sites (first H2 from set
(iii) i.e. 30%,) hence some incorporated oxygen atoms are being

3 .
oxidised,

First H, is 308 atoms (in set (iii)) of which 72 H atoms

left on surface leaving 308 - 72 = 236 atomr which.

i}

could react with 118 oxygen atoms; since 122 are available This is

good agreement; alternatively 4 oxygen atoms may remain inside.
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 Total oxygen is 111 x 10-8 rmoles (57 + 54 in set (iii)) + 2
8

moles inside = 113 x 10’? moles. Total H. is equal to 243 x 10

2
moles (121.k + 121.4) which oxidised 121 x 10-8 noles oxygen and
we have 113 x 10-8 noles available;so again there 1s reasonable

agreement. ’ -
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7. System: Ammonia + Platinum + Hydrogen

A series of runs were performed in which ammonia was

adsorbed first, followed by HZ/'O2 cycles. It seemed likely from
4)

the work of Siddiqui and Tompkins "’ that hydrogen would be .
. NHs
adsorbed "on top" of NH3 and this would be oxidised leaving Ft

or Pt depending on whether NH3 was dissociativeadsorbed or not.

The details of the runs and the various conditions used are given
the
inftables.

Run 1

Adsorption of NHs at 195°k = 200 x 1078 motes

Hydrogen adsorbed ' Cxygen adsorbed
74 x 1070 148 b2 x 1070 84

set (i) 77.0 15k 4.0 , 80
82.0 164 38 76
78.0 156 b2 8k
311 162

’l

.
Oxygen adsorbed

rnoles atoms rioles gtons

o}
26 x 1073 52 26 x 107 52
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set (ii) 18 96 28 56
59 118 T 33 66
133 87

The NH3 gas was purified by putting a liquid nitrogen bath

around the side arm bulb (which was connected with the NH3 storage

bulb). The condensed NH, was pumped free of gaseous impurities with

3

all traps at cardice bath (195°%) temperature. After evacuation

the pump was isolated and a 195°k bath placed around the NH3 bulb.

Then a measured dose of NH, was introduced to the fresh film at

3
195°k. The temperature of the Pirani and all traps was also at 195°k.
The amount adsorbed was 200 x ’IO"8 moles. The residual NH3 was pumped
out in three minutes and the baths around the Pirani gauge and traps
changed to iiquid 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 L2 x

10‘8 moles. After this adsorption of oxygen, three more'HZ/'O2

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 NH3 was adsorbed. The amount

adsorbed this time was 46.5 x 10-8 moles. The residual NH3 was

pumped out in 13 minutes, and the temperature of the Pirani and
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traps was changed to 1950k and H, was adsorbed. Three H2/'O2

2

cycles were done in set (ii) and the third cycle was finished with an

oxygen adsorption. The total oxygen and H2

was 162 x 10_8 moles and 311 x 10“8 moles respectively and in set

adsorbed in set (i)

. -3 ‘ -3 .
(11),87 x 10 ~ moles and 133 x 10 ~ moles respectively.

Run L2

Adsorption of HHy at 1950k = 182.3 x 10_8moles

Hydrogen adsorbed Oxygen adsorted

moles atoms moles atoms
60 x 10“8 120 31 x 10“8 62
57 114 30 60
Set (i)
55 110 29 58
66 132 20 60
238 120
Adsorvtion of Nia at 195% = 40.0 x 10'8 noles
=2 -3
22 x 10 Lk 17.5 % 10 35
Set (ii) 34.5 69 2k.o 48
Lk 5 89 25.5 51
101 67

Run b2 was done similarly to run b1.
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Run 43

Adsorption of NH, at 195%

3

228 x 10’8 noles

124 x 1070 moles -

(i) Dose

1

(ii) Dose

Actual NH3 adsorbed = 228 - 124 = 1Ch x 10'8 moles

Bath  témperature = 1950k

Hydrogen adsorbed Oxygen adsorbed
moles atoms moles atoms
90 x 10’8 180 52 x 10’8 10l
set (i) 84 168 Lg 98
91 182 51 102
ok 188 56 112
359 208
Adsorption of NH3 at 195% = 34 x 10—8 moles
50 x 10'8 100 35 x 10’8 70
set (ii) 66 132 39 78
76 152 L2 84
192 116

-8 ) . -
In run 43, 228 x 10 ~ moles NH, were adsorbed and should
-
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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
punp 124 x 10™8 moles were desorbed. This was probably physically
adsorbed on top of chemisorbed NH, on the film. Hence the total

3

amount of chemisorbed NH, was (223 ~ 124) = 104 x 10—8 moles.

3

After that the procedure was same as in run 41 and k2.

Run 4h

_ Adsorption of NHz at 195%: = 208 x 10-8moles

Desorption of INH; at 195%% (with L.N tran) = 90 x 10"8moles

[}
NH; left on surface = 208 - 00 = 118 x 107" noles

i

Bath temperature 1950k

f

Hydrogen adsorbed Oxygen adsérbed
moles atoms roles atoms
86 x 10~ 172 53 x 1078 106
100 200 L6 92
98 196 ko 98
102 20k 50 1C0
97 194 ko 93

L83 2h7
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In run 44 we tried to confirm that some of the initially adsorbed

NH was desorbed. A measured dose of NH_, was introduced to a fresh

3 3
Pt film at 195°k. The amount adsorbed was 208 x 10’8 moles and the

amount of residual NH, left in the gas-phase was 214 x 10-8 moles.

3

So the total amount of NH3 in the system was 214 + 208 = 422 x 10°

moles. Now a liquid nitrogen bath was placed around trap T, and the

8

residual NH, condensed out. After some time when the pressure of

3

NH3 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 10-8 moles.
So the actual amount of NH3 which was left on the surface was
therefore 422 ~ 304 = 118 x 10-8 moles. A measured dose of H,

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 40’8 moles. After that, & more HZ/'O2 cycles'were
done and the last cycle was finished with the adsorption of oxygen.
in thi§ run only set (i) of the Ha/'O2 cycles was done. The total
amount of H2 and O2 adsorbed in this set (in all 5 cycles) was
equal to 483 x 10'8 moles and 247 x 10-8 moles respectively.

Various General Conclusions were evident from runs W1-4h4

In set (i) of all runs (41-4h4), a good 2/1 ratio was

obtained for the total hydrogen and oxygen in the set. This would
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xbegmeaningful if the surface was free of oxygen after the final
oxygen dose.

Total HZ/O2 in set (i)

Run 41
Total H, = 311 x 10'8 moles -
-8 good 2/1 ratio if no Oa.on surface
Total O2 = 162 x 10~ moles
Run b2 -
Total H2 = 238 x 10-8 moles
8 good 2/1 ratio
Total O2 = 120 x 10"~ moles
Run L4
Total H2 = 433 x 1O~8 moles
' -8 good 2/1 ratio
Total O2 = 247 x 10 ~ moles »
) the .
In/second set, after further NH, adsorption, the 2/1 ratio

3

was poor there being always an excess of oxygen. However, there
was a good general agreement of additional NH) adso ‘bed (as mole-

oxidation of NH

cules) and excess oxvgen (as atoms) suggestin 3

[£4]

-

possibly to hﬂ OH (hydroxylamine). Unfortunately no chemical

tests were made to confirm its presence.

Total HZ/O2 in set (ii)

Run 1
Total H. = 133 x 1o'8 moles .
ves iy E ol s =S5} Poor 2/1 ratio, too much wxjzon
L1373 — l'\ amA T - hed
N _ e =3 . = (174-133) =, 12 and Wig readsorbe
Total 02 = 7 x 10 moles | ;¢ ng. 5 x 10° moles.
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Run 42
- - ! .: n
Total H2 - 101 x 10 8 noles Poor 2/1 ratio, too much 0,
8 = 134=100 = 33 and NH, readsorbed
Total O, = 67 x 10~ moles - Lo x 10—8 moles
Run 435
Total H, = 192 x 10-8 moles Poor 2/1 ratio, too muchrO2
- -8 = 232-194 = 38 and NH3 readsorbed
Total O, = 116 x 10 ﬁmoles T 10«8 oles
Run Lh

No second set.

~ - . -
Further more)the second NH_ adsorption and the next hydrogen

3

edsorption was equal to the amount of the first H, adsorption in the

2
first set. This suggested that the JH competed for hydrogen sites

available in the last cycle (see the table below).

Coverage of NH3 ~ then H2

==1st HZ (from 1st set).

Runs an.NH3 + 1st H, (from 2nd set)

_9 _D . _»n -8
(41) L5.5 x 107° moles + 26 x 107" noles = 72.5. % 10 == 7?4 xz 10 “moles.

(42) Lo + 22 = 6b2==

(43) 34 4+ 50 = 8h= 90
{4L) no ligures
Conclusion

NH_, + H, compete for sites of 1st molecular hydrogen.

3 2
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Other obvious dependent relationships are given in the tables

below.

Correspondence of NH, and H

3 2

(43) 104 NHB’ a0 HE (mean) 24 NH3 in excess -
L Q o :
(W4) 118 NH3, 97 H2 (mean) 21 NH3 in excess

Conclusion

Equal amounts of H, and NH originally adsorbed but site

2 3

number only approximately equal if hydrogen adsorbed as H2.

Correspondence of NH5 and O2

I

(43) 1ok NHB , 2x52 104 oxygen atoms

(44) 118 NH59 2 x 50 = 100 oxygen atoms

Correspondence of H2 and 02

(43) 104 atoms of O2 , 90 moles of H

(44) 100 atoms of 02’ 97 moles of H

In the second NH3 adsorption, the NH. excludes H2 adsorption
in part but both are oxidised by the oxygen to give H20 or NHEOH.'

The calculations are as follows:

Check H., + NH3 for oxygen
=

- v aper . ~ PO el - L
1) 133 ﬂz + 46.5 ¥H, requires 173.5 oxygen - found 87 x 2 = 174
-
(k2) 101 H, + 40 NH, requires 1471 oxygen - found 67 x 2 = 13k
2 > :
(53) 192 H2 + 3k NHB requires 226 oxygen - found 116 = 2 = 23
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S —— —————

546.5 = (calculated) . (fd)= 540

In general the results of all runs in the first set could be

interpreted as follows] NHB is dissociatively adsorbed as NH2 and H

so 2ll primary H atom sites are occupied. Consequently H. was

2
molecularly adsorbed, the amount adsorbed being roughly equal to the
amount of—NH3 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_ adsorbed

2
Run 41
7h H, L2 O2 leaving 5 O,
77 Hy, 50, leaving 60, i.e. 60, left on surface after
] 4 a
82 H2 L O2 leaving 3 O2 ist set.
(] 1N ino
78 H, 15 0, leaving 6 OZ_J
Run 42
T vine ]
60 B, 1 0, leaving 1 O2
57 H2 51 02 leaving 2 O,
= no oxygen left on surrace
3 vins 3
55 H2 31 O2 leaving 3 O2
66 H, 330, leaving 0 ?EJ
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Run Lk

2
100 H, 56 0, leaving 6 0,

86 H, 53 0, leaving 10 O

T H I 1-_‘&_‘ “F
98 H, 55 O2 leaving 6 O2 6 O2 left on surface

102 1 56 0, leaving 5 0O

2 2
97 H, 5% 0, leaving 60

P

2 -

General Conclusions

is
(i) Hydrogenfndsorbed molecularly on surface covered with
NH . )

(ii) Oxygen oxidises this to water; some small amount of
oxygen may be physically adsorbed.

(iii) NH, blocks sites for oxygen adsorption on the Pt -

3

(iv) Thé molecularly adsorbed hydrogen may be partly replaced

by NH3 which is oxidised to NHZOH.
we the the the
Hence{ can explairfsood 2/1 ratio infZirst set and{zood agreement
the

of (NH3 + HZ) oxidised in/second set.
The sum of 2nd NZB + 1st hydrogen of second set equals the

first H, of set (i) indicating that molecular adsorption of H

2 the 2
and NH, occur onAzcme ""sites". Original NH, covers surface as chemi-
7 -
of

e

sorbed molecules and remains unchanged througout second dose,(Im3
largely remain on surface as molecularly adsorbecd, whereas there

appears to be litile molecularly adsorbed NH. initially. This is
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probably due to the fact that the evacuation time to remove gas-

phase NH, was appreciably longer than that used to remove excess

3

NH3 added after the first H2/02 cycle.
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8. System: Methyl alcohol + Platinum + Hydrogen

Methyl alcchol is expected to behave similarly to water
i.e. is dissociatively adsorbed on the clean film but CHB-Pt will
probably be not oxidised or cnly very slowly. Again}hydrogen is

always adsorbed as molecules.

Run 47

. -0
Adsorntion of methyl alcchol at 2737k

o
Bath temperature = 1957«

Hydrogen adsorbed Oxvgen adsorbed
moles atoms moles atoms
52 x 1078 104 27 x 1078 5h
56 112 53 65
67 | 134 37 74
70 140 32 - 78
81 162 38 76
82 164
408 a7k

In run 472metnvl alcohol was adsorbed on a fresh Fi film at

es it was evacuated for 10 minutes. Then

~ ] - ~ '-O‘ b RN > .

the temperature of the film was changed to 195 x and ihe Pirani and
o . .. -

trap T, to 787k, 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.

EEBlanation

In this run hydrogen is always adsorbed as molecules hence 52
H2 molecules (1st H2 after CHBOH) are adsorbed; the 54% oxygen atoms
in the first oxygen dose oxidises 52 H20 lea;ing S = 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 4 H atoms used for H20 leaving 54 H2 moles
660 0 sho o nonon " 12 0 atoms
134§ o 2hbg w LU R " 55 H2 moles
o4, 0 1 550 M nwowon " .19 0 atoms
MWOH . 38y womoow 51 H, moles

2
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78 0 atoms 51 0 atoms used for Héo leaving 27 O atoms
162H Sy H n " noon n 5k H, moles
76 0 © 540 » " "won " 22 0 atoms
16 g " by g o m n.ooonoowm " 60 H2 atoms
Hence the Sequence
' H2 molecularly adsorbed = 54 55 51 54 60

O atoms left in primary layer = 2. 12 19 27 22

Conclusion

(1)

Increase of oxygen site number probably means some oxida-

tion of CH_OH or gradually replacement of CH_OH by oxygen

(ii)

(iii)

3 3

atoms on the surface to build up to a limit of around 2k
(Mean of 27 + 22), then no further change.

Hydrogen is not adsorbed as H atoms but always as hydrogen
molecules.

Total H2 is 408 ~ 55(on surface at end) = 353 and.total
oxygen is 17k requiring 348 H2 (in good agreement with

353).
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1. System: Oxygen + Iridium + Hydrogen

134,

The interaction of oxygen and hydrogen on evaporated

iridium Tilm has been studied at 195°k and 273°kK.

deposited at a bath temperature (50—5500
approximately one hour and the current t

1l amperes.

Run 5

+
Y

Bath

Tenperature

The film was

The deposition time was

hrough the filament was

195%1

Oxysen adsorbed

noles atons

-8 ro

23h x 10 468

201 Loz

set (1)} 215 Lzo
217.7 L3k

214.5 L2g

1083

Hydrogen adsorbed

moles atons
Q

634 x 1077 1249
515 1030
L2k 8143
LL3 896
2021
3%
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Oxvgen adsorbad Hydrogen adsorbed
Lh1 x 10'8 882
236.5 x 10'8 L3 506.6 1013
254.8 510 481 é62 )
224 448 489 280
_2ho 180
955 : 1918

After evaporation the film was cooled to cardice bath
temperature (195°k) and a nmeasured dose of oxjgen vas introduced;
the amount adsorbed was 23L 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
OE/HZ cycles were done and the last cycle was finished with
oxygen adsorption. The total amount of oxygen and hydrogen adsorbed

' -8 -3
in 211 five cycles was 1083 x 10~ moles and 2021 x 10 ~ moles
respectively.

After the 5th cycle the temperature of the film was changed
to 2750k. There was no desorption of pre-adsorbed oxygen. Then
a measureé dose of hydrogen was introduced and the amount adsorbed

8

- o
vas 441 x 10 7 moles. Tour more O HE cycles were done at 273

B
L

o)
[
fe)
s
jony
o]

ast cycle was Ffinished with oxygen adsorption. The total

-}
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amount of oxygen and hydrogen adsorbed in these five cycles was

a55 x 10-8 noles and j918 X 10_8 moles respectively.

Ixplanation

In run 5 at 195°k, the general mechanism is similar to that
on platinum but thers appears to be two main differences (i) the
primary adsorbed oxygen is reduced in subsequent H2 treatment and is
gradually completely removed from the surface}(ii) at this lower
temperature some of the hydfogen is molecularly adsorbed over the
primary H-atom layer and is oxidised by the next oxygen.ireatment.
We do not lknow how many oxyvgen 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 a2ll these
react during the second treatment (although probably some are left
and react in 3rd and bth treatment) The site number calculation is

the oxygen value

s

he table. The H value is nuch in evcess o

hus if 210 nmoles H2

[#4]
|_l
[at
Q
o
Q
9]
[at
n
[
o
[§]
H
[
ot
]
@
4
3
]
£
[#2]
o
[}
el
s
§oh
o
[at
ct
2.
[0]
4]
e}
e
o
Q
o
oF

he

iere is a highe

b

go into 2nd layer (after ist zdsorption where %

amount adsorbed molecularly) the site numbers are as follows:

Site no. Calculation for seot (i)

which 364 used for 282 oxygen lzaving



1269 - 564 = 705 H atoms.

Now the surface is 186 O atoms 705 H atoms

402 ©
1030 H
kz0 ©
848 H
b3k 0
896 H

“Lk2g 0O

Seguence

total H :

The figure of 277 represents the higher

352
k72
284
292
278
312

292

268
705
150

277

50(+186 0) = 236 0O

568 H
146 0
556 H
156 0
584 H
137 O

236 146 156 137

568 556 584

148 136 164

210 210 210

adsorption on an oxygenated surface.

Site no. czlculation for

second set

lean

Mean

1

i

137.

146

150

molecular hydrogen

Before 2nd set starts there are 150 oxygen atoms on the surface.

150 0 atoms

582 1
182 0°

6he H
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510 0 - 325 185 0
962 H - 370 592 H
L8 0 - 206 o 152 0
980 H ~ 304 ' 676 H
L80 - 338 : 142 o -

Hence the sequence:

0: 150 182 185 152 1k2
Total H : 532 649 592 676

H.: 230 230 230 220

H: 122 189 132 216

As expected)slightly more oxygen atoms are reaciive at the
molecular

higher temperature; but the higher Hz,( 2t 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.
< Py
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2. System: High temperature treatment of Chemisorbed Czygen 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 = 2730k

Oxygen adsorbed Hydrogen adsorbed

112 x 107 224 30h x 1078 608

set (i) 118 236 250.2 500
118 236 2k 2 188

115.8 232
Oxvgen treated surface is heated at QOOC for %+ hour
Bath  temperature = 273°k

25 x 107 50 253.5 x 10~ 517

set (ii) 115.8 232 - 2h5.3 k91
112.5 225 | 252.7 505

-8
Desorpticn of Ha at 90°C = 14,7 x 10 “moles

1

-0 -3
Hydrogen left on the surface = 252.7 = 14.7 = 238 x 10"~ moles

118.6 x 10—8moles

. o
Adsorption of oxygen at 20°C

Bath temperature = 2727k
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Oxygen adsorbed Hydrogen adsorbed

259 x 1078 518

set (iii) 108.6 x 10“8 217 ' 233.2 ' L66
| 107. 4 215 232.3 Lot

In run (14), three oxygen~hydrogen cycles were done at 273°k
starting with the adsorptipn of oxygen. The first set of th?ee
OZ/H2 cycles was finished with oxygen adsorption and the finai amotnt

.8 of oxygen. .
adsorbed was 115.8 x 10 moles4 Then the film was heated at
9OOC for 20 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 rnoles, After the evacua~
tion of residual oxygen, hydrogen was adsorbed; the amount adsorbeda
was 258.5 x 10'8 moles. Then two nmore 02/H2 cycles were done in

set (ii) and the last cycle was finished with H, adsorption. Again

the film was heated at 90°C for % hour; k.7 x 1670 moles of W

2
weredesorbed on heating. Now the desorbed H2 was pumped out and a

measured dose of O, was introduced. The amount adsorbed was 118.6 x
-3 '
107" moles. After the evacuation of the residual gas, the tempera-
- , . -0 . - b
ture of the c2ll was again changed to 2757k and HZ was adsorbed first.
The amount adsorbed was 259 x 107 moles. The residual i, was

. o
evacuated and two more 02/312 cycles were done at 273 k. The last

cycle was finished with H2 adsorption.
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Exvlanation
' dose
From first oxygenfthere are 224 sites and from % 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 andfoxygen was 928 atoms, of which 798 used for water for-

mation leaving 928 - 798 = 130 O 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 O on surface and 608 - 300 = 308 H atoms.

Now 236 0O 154 82(+ 74 0) = 156 O

500 H 312 188 &
236 0 ok 12 0
488 1 28k 20k X
232 0 102 ‘ 131 0

Hence the seqguence:

O: 22 156 12 13

H: 308 188 20k

-

. P e s o] 1
Now at this stage the film was neated at 907C for % hour and

- , . . . R =0,
after that heating the temperature was again changed to 2737k an

[e )

oxygen was introduced; the amount adsorbed was 50 atoms but we assume

that there are still 131 O atoms on the surface. So the total
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oxygen is 131 + 50 = 181 O atoms, because there was no desorption
of oxygen at 9OOC}and the film still adsorbed 50 oxygen atoms so

that 50 oxygen was incorporated.

Site no. calculation for set (ii)

is
(a) When incorporated oxygenfused in first cycle.

Now total oxygen with incorporated oxygen was 181 atoms.

517 H - 362 155 H
232 0 -~ 78 154 0
591 H - 308 183 & '
2250 - 92 133 0
505 H - 266 259 H

Hence the sequence:

0o: 181 154 133

H: 155 183 239

In the above site no. calculation all incorporated oxygen

(50 atoms) used was removed by the first hydrbgen dose.

Site no. calculation for sect (ii)

some of
(o) Whew(incorporated oxygen used in 2nd and 3rd cycle of

set (ii), i.2. reaction with O is slow and only reacts in later
cycles.

Total oxysen on surface = 131 atous.
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517 H ~ 262 255 H
2322 0 - 128 10L (+20) = 12k 0
491 H - 248 ‘ 2z 1
225 0 - 122 103 (+30) = 133 0
505 H -~ 266 239 H . .
Sequence

0: 131 124 133

H: 255 o243 239

the
Here 211 the incorporated oxygen was used inf2nd and 3rd
cycle.
There are

A239 H atoms left on the surface at the end of second set.
Now the film was heated at 90°C for % 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 O atoms on surface.

Site no. calculation for set (iii)

5

Now before 3rd set startsthere are 132 0 atoms on the surface.
Let us assume that no oxygen was incorporated when the film was
o the
heated at 90 C forfsecond tine.

then 132 0

518 H - 26k 2Lk H



217 0 - 122
466 H - 190
215 0 - 138

Lok H - 15k

Hence the sequence:

H: 24k 276 310
95 77

95 0
276 H
77 0

310 H

1k,

These sequence of values (okygen decreasing, hydrogen increasing)

suggests that some of 132 oxygen atoms are partly incorporated.

Thus if we assume here that of 132 O atoms and 32 go inside on

are
heating at 90°C then 100fleft on the surface. We now
>

use

the incorporated oxygen in the 2nd H2 treatment in the calculation.

518 H - 200
217 0 - 159
466 H - 180
215 0 - 143
Lol 1 o~ 1Lk

The sequence then becomes more consistent but the avail

100 0O
318 H
58 (+32) = 90 0
286 1
72 0
320 1



145.

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 + Oyxwgen + 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-monoxide wasfadsorbed as shown

in the Table below. : -

Run 135

o
Bath temperature = 27%°k

Oxrgen adsorbed Hydrogen adsorbed
99.4 x 10™8 199 252 x 1070 504
set (1) 111.0 222

€O adsorbed at 2737k = 117 x 10~8 moles

002 formed = 76 x 10_8 moles

-8
Adsorption of oxygen at 90°C = 73.8 x 10 "moles

CO. formed = 42.6 x 1O~8 moles

2
Bath  temperature = 2730k

Oxygen adsorbed Hydrogen adsorbed
moles atoms moles atoms

238 x 10'8 L6

-8 - - -
91.3 x 10 183 197.3 395
set (1i) 89.8 180 194.5 389

87,4 175 ©192.2 ' 284
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a
In run (13), oxygen was adsorbed onffresn iridium film at 275°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
[t
8 a dose
amount adsorbed was 252 x 10 = moles. Thenf{second oxygenf{vas adsorbed;

the amount was 111 x 10 ~ moles. After the evacuation of residual
: the
oxygen, carbon-monoxide was adsorbed onfoxygen~treated surface; the

amount of CO adsorbed was 117 x 10_‘8 moles. Some of this CO formed
CO2 withyére-adsorbed oxygen and the amount was 76 x 10_8 molese.

This 002 formed was pumped out and the temperature of the cell was

changed to 90°C and a measured dose of O, was introduced; the amount

2

adsorbed was 73.8 x 10_8 moles. HHow this oxygen formed CO2 with
the

the rest of{CO which was left on the surface and the amount of CO2 was

L2,6 x 10—8 moles. This CO2 was punped out and the temperature of

. 0 . . .
the cell was again changed to 273 Kk and hydrogen was introduced
. . ~8 .
first. The amount adsorbed was 238 x 10 moles. After this H2 dose,

Fad

three 02/'H2 cycles were done and the last cycle was {inished with

hydrogen adsorption.

Erplanation

8

~

The total amount of oxygen adsorbed in the two sets was 552 x 0
-8
moles and the total amount of H2 was 1074 x 107~ moles. Since the
last cycle in the second set was finished vith H, adsorption, !
should be left on the surface at the end. The amount of CO adsorbed

A

was 117 x 10~ moles. MNow oxygen required for the oxidation of
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117 x 10—8 moles of CO to 002 vas 58 x 10-8 moles. So oxygen left

for oxidation of H2 was 552 - 58 = Lok x 10‘8 moles. This can

reduce 988 x 10-8 moles of O, to water leaving 1074 - 988 = 86

2

x 10-8 moles of H2 or 172 atoms at the end.

Now after COé formation, oxygen is left on the surface. The

total amount of oxygen adsorbed in set (i) was 284 x ‘10"'8 moles

(i.e. 99 + 111 + 74) and H2 adsorbed was 252 x 10"8 moles. Now

CO adsorbed was 117 x ’IO"'8 moles so from 284 x 10-8 moles of

oxygen 58 were used for €O, formation leaving 284 -~ 58 = 226 x 10'8

moles for H2 oxidation and of these 126 oxidise 252 x 10"8 moles of

H2 leaving 226 ~ 126 = 100 x 10-8 moles of oxygen on the surface.
Now 100 x 10'8 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 H20 formation and 40 are left on the
surface which react slowly in subsequent hydrogen treatmenté.

Now the first H, adsorbed in set (ii) was 476 atoms of which
320 were used for 160 oxygen atoms leaving 476 - 320 = 156 H atoms.

The 1st O, dose was 183 atoms of which 78 were used for 156

2
H atoms leaving 183 -~ 78 = 105 O atoms +40 already there on the
surface, so the total oxygen available was 105 + 4O = 145 O atoms.
Now 395 H atoms were added which oxidised (3933) = 132 0 atoms
leaving 145 - 132 = 13 oxygen atoms and 132 H atoms on the surface.
Then 480 O atoms were adsorbed of which 66 were used for 132

H leaving 180 - 66 = 114 O atoms + 1% 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 (38%,) = 130 0
atoms leaving 130 H atoms on the surface (no oxygen31eft 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 O atoms.
. Finally 38k H atoms were added of which 220 were used for 110

oiygen atoms leaving 384 - 220 = 164 H atoms.

Hence the sequence:

0: 200 145 127 110 Mean

145
H: 156 132 130 164 Mean = 145
Run 15

. Bath Temperature = 273°k

Oxygen adsorbed .. Hydrogen adsorbed

moles atoms moles . atoms
109 x 108 218 302 x 10~ 60k
128.8 258

CO adsorbed at 273°k = 186 x 10-8moles‘

co, formed = 103 x 10‘8 moles

Adsorption of oxygen at §0°C = 112.5 x 10’8moles

CO2 formed = 88 x 10—8 moles

Bath temperature = 273°k
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Oxygen adsorbed Hydrogen adsorbed

" moles atoms moles atoms
- -8
205 x 10 610
-8
120 x 10 240 275 550

116 232 258 ‘ 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 H2 with chemisorbed oxygen is slow and does not go
to completi&n i.e., some oxygen is left on the surface after the
first H, treatment but this gradually oxidised by subsequent ﬁa

treatments. Oxygen, however, completely reacts with chemisorbed

~ H atoms on the surface at each stage.
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4, System: Ammonia + Iridium + Hydrogen 4 Oxygen

In this system there appears to be two acceptable alter-

native nechanisns.

I.Mechanism i .

. . 4 : o, . . . .
At the high temperature of 273k, NH, 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 tor as molecular H2 and this is rapidly oxidised Qhen

oxygen 1s sdded. Additionally, some of the primary hydrogen alom

layer is also oxidised slowly.

Run 19

Adsorption of MH., at 195k

8

255.5 x 10~ x 10”8m01es

Desorption of NH3 at 273% = 3.5 x 10_8 moles

252 x 10—8 moles

1t

NH, left on surface = (255.5 - 5.5)
-~

Pold
+

According to run (21) only 72% of 1st dose NH, uas left on the

3 _
surface (the rest being desorbed by evacvation and liquid nitrogen
~3
trap). We therefore assume that 181 x 10 ~ moles of NH3 are
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-

. - o,
Bath temperature = 273k

Hydrozen adsorbed Oocvgen adsorbed
moles atons moles atons
- -5
74 % 10 148 8k.5 x 10 169
set (i)  164.0 328 98.0 196
187.8 376 ' 96.5 193
T 204, 7 409 97.4 195
-8

Adsorption of M at 195%% = 20 x 107" moles

. -8
Desorption of NH3 at 2?30“ = 2.8 x 10 moles

_0
NH3 left on surface = (20 = 2.8) = 17.2 x 107" moles

Bath temperature = 2793 k

Hydrogen adsorbéd Oxygen adsorbed
122 % 1070 2hh 66 % 1070 132
set (ii) 12k 248 66 ' ' 132
131 262 65 130

. . . - e o C
In run 19, NHB was adsorbed on a fresh iridium f£ilu at 125 ki

the Pirani gauge and all traps (excent T, which wasz not in.the.systenD
>

. -8
was also at 195%%. The amount adsorbed was 255.5 x 10 -moles. After

ot
=
(]

evacuation of the residual IiH., the temperature of the cell was

0 , - . . . . P
changed to 273 k and that of the Pirani aand 211 iraps to liquid nitrogen
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‘temperature. Some NHyWes decorbed at 2737k and the amount wos 5.5 x

A messured dose of hydrogen was introduced on the NH3~treated
surface. The amount adsorbed was 74 % 107~ moles. The residual

gas was punped out and oxygen was introduced. The amount adsorbed
was 8k.5 x 10-8 moles. After that, three more Ha/'o2 cycles were done
and the last cycle was finished with oxygen adsorpticn. Now again the
temperature of the cell and traps was changed te cardice bath (1950k)
temperature and a measured dose of NH3 was introduced. The amount
adsorbed this time was 20 x 10"8 moles. The temperature of the cell
was again changed to 275Ok and the Pirani and traps to 78Ok temperature7
2.8 x ﬂ0—8 moles of NH3 was desorbed at 2730k, s0 the amount left on

P

- o}
. -
the surface after desorpiion was (20 - 2.8) x 10  moles

17.2 x 40’8

1}

moles. After the evacuation of the residual NHB’ hydrogen was intro-

Q

&

-
duced at 273k and the amount adsorbed was 122 x 0 T

moles. The

residual gas was pumped out and a measured dose ol oxygen was

8

[oge]

introduced; the amount adsorbed was 66 x 10 ~ moles. Two more H2/
0., crcles were done and the last ¢ycle was finished vith oxygen

adsorpiion.

Run 20

hdsorption of NH at 195%

290.8 x 10-8 moles

Desorption of N, at 273% = 4.8 x 16~ moles
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o]
NI Jeft on surface = 290.8 -~ L.8 = 286 - 137 wol

[¢]
[e)]

is,
According to run 21 only 72% of st dose of NHBATeft on the

surface (the rest being desorbed)jwe therefore assume that 206 x

o
— . .
10 moles ofl NHB are adsorbed in the primary layer.

0
Bath  temvperatvre = 273k

Hydrogen adsorbed Oxysen adsorbed
123 x 1078 246 159.8 x 10-8 320
310 620 161 322
32245 645 161 322
525.5 651 159.5 219

: -8
Adsorption of NHB at 1950k = 25 x 10 ~ noles

o
. ) -
esorption at 273k = 2.82 x 107 moles

(25 « 2.3) = 22.2 = 10“8 moles

{1

NH, left on surface
2

-0
Bath temperature = 273k

Hrérogen adsorbed , Oygen adsorbed

noles atoms moles ; atons
16l % 10"8 328 . 107 % 10"8 21k
191 %82 104 208

202 1Ol 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.
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Run 21

. 8
Adsorption of NH, at 195%k = 297 x 10 moles

>

-8
Desorption of NH3 at 195°k (with 1liq. N2 trap) = 84 x 107" moles

NH3.1eft on surface = (297 - 84 = 213 x 10'8moles

-8
Desorption of NH3 at 273%k = 5.4 x 10" moles

NH3 left on surface = {213 - 5.4) = 207.6 x 10-8moles

Bath temperature = 273°k

Hydrogen adsorbed Oxyszen adsorbed

moles atoms moles atoms
133 x 1070 266 169.6 x 1070 340
324 4 649 162.5 325
334.,8 670 165.6 332
3374 675 165.0 330
331.0 662 159.5 320

In run (21) NH3 was adsorbed on a fresh Ir film at 1950k .

- -8
The ariount adsorbed was 237 x 10 8 moles, of which 84 x 10

L were condensation in the -8
moles {flesorbed by liquid nitrogen trap and 5.% x 10 = moles were

desorbed at 273°, So the total amount of NH, left after

3

desorption was 207.6 x 10—8 noles (i.e. 72% of 1st dose).

0
After the adsorrtion of ammoniaahydroqeh was adsorbed at 273 k.,

2
the amount adsorbed being 133 x 10 ° moles, The rest of the gas
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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 HZ/O2 cycles were done and the last cycle

was finished with oxygen adsorption.

§§glanation .
I Mechanism ‘

- Run 19

Frog-run 21 we assume that only 70% of NH3 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 adéorption
of NH3 is therefore 72'ﬁx$52 = 181 x 10_8 moles, occupying 181
Ir-NH, and 181 Ir-H sites.

In this mechanism NH3 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 Hé. Hence after the

adsorption of NHB’ the first dose of hydrogen goes on top as 74 x
10-8 moles. The first oxygen dose adsorbed was 169 O atoms; it
oxidised all the 74 x 10-8 moles of molecularly adsorbed

hydrogen to water leaving (169 = 74) = 95 O atoms on the su?face.
Of these 95 O atoms (§ x 95) = 64 O atoms are left on the surface
and 32 atoms are used for the oxidation of the 6k primary hydrogen
atoms. Now the second dose of hydrogen adsorbed was 328 H atoms

of which 128 H atoms were used for the 64 sﬁrface 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 = 1236 H atoms or 68 H, on top.
The rest of the oxygen-hydrogen doses were calculated in a similar

way and the sequences as shown below were obtained.

Seguence

H2 molecularly adsorbed = 74 68 59 70 Mean = 68

O atoms left on surface = 63 86 96 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 rerdered un-

reactive by the second NH3 adsorption, taken to be 17 x 10—8 moles

in all. Now before the 2nd NH_, adsorption, the surface is covered

3
with oxygen atoms and we assume that no H2 goes on top of these
§xygen atoms, since these react with.hydrogen and leave H atoms
in the primary layer. If NH3 converts these oxygen atoms to
OH radicals this could account for 51 O = 51 OH. In this process
N2 is evolved so that the amount of NH3 adsorbed as measured is low;
this may account for the discrepancy. In the first set, the 81
reactive sites (alternatively covered with O and H atoms) are not
sites for H2 molecular adsorptign; but after the second NH3 treatment,

the oxygen atoms are converted to OH radicals on which HZ adsorption

can take place. Hence for the second set H, adsorption, more H2

2
sites are available in the proportion of 181/ x 68 = 123, com-
100
pared with the amount of H2 adsorbed exverimentally which was

122 x 1O~8 moles. Oxygen then oxidises these H2 molecules to Hao
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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 H2 adsorbed experimentally
in set (ii) was 377 x 10'8 moles in good agreement with 394 x 10"8

moles.

Run 20

According to run 21, 72% of the first dose of NH3 was adsorbed

on the fresh iridium film and the rest was desorbed by evacuation

and condensation in the liquid nitrogen trap; the adsorption of
NH3 was therefore 206 x 10-8 moles. These occupied 206 NH, 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. molecularly adsorbed 123 11h 114 117 Mean = 117

2

1]

Of the 206 primary H atoms only 136 react and (206 - 136)

[t}

70
H atoms remain on the surface throughout.

In the second set of this run (20), the amount of H, taken up
is increasing with each cycle bgt that of oxygen is constant (see
table of run 20); this is similar to the effect always found (run
19-21) after the first NH3 treatment. It suggests that not all the

oxygen sites are poisoned by the second NH3 treatment, and some

primary hydrogen is being oxidised.

Run 21

In this run the adsorption of NH3 gives 208 NHé 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:

O atoms left on surface = 138 139 137 132 125 Mean = 13k

Hé molecularly adsorbed = 133 117 126 132 132 Mean = 128
Of 208 primary hydrogen atoms, 134 reacted leaving 74 throughout.
Summar,

(i). NH3 is adsorbed on iridium dissociatively giving Ir--NH2
and Ir-H sites.

(ii) H, is adsorbed molecularly on the primary layer and
is oxjidised 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 13k '
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 NH3 treatment, molecularly adsorbed

hydrogen is oxidised and no oxygen goes into the

primary layer.

II Mechanism

Run 19
In this mechanism we assumed that NH3 is adsorbed molecularly
gy gl |
as N N" ;3 and that the first hydrogen dose goes into the

| |
Ir Ir
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primary layer as H atoms. This is oxidised slowly as primary
h&dfcgen atoms were ih mechanism (i).

The first dose of hydrogen was 148 atoms and goes into the
primary layer. Now 169 O atoms were added which oxidise (% x 169)
= 112 H atoms leaving (148 - 112) = 26 H and 112 O atoms on the
surface. 4

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 6xygen atoms leaving (364 - 336) = 28 H;
hence the total hydrogen left on the surface was 112 + 28 = 10 H
atoms. Now 196 O atoms were adsofbed of which (§ x 196) = 130
react with the primary H atoms leaving (140 - 130) = 10 H atoms
and 130 O atoms on the sufface.

Now 376 H atoms were added +10 already on the surfaée, 50
the sotal was 376 + 10 = 386 H atoms which removed all the oxygen
adatoms (130 x 3 = 3%93) and 130 H atoms are left on the surface.
After that 193 O atoms were added of which (§ x 193) = 129 were
used for primary H atoms and 129 O atoms were left on the surface.

Now L09 H étoms 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 O atoms were added of which 75 were used for the 151 H

atoms leaving (195 - 75) = 120 O 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.

%8 W0 130 151 Mean = 142
Reactive O 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 O atoms and all are assumed to be active, but from the first
hydrogen uptake in set (ii) only (3 x 24k) = 81 sites are active,
50 that.(1201— 81) = 39 oxygen are "deactivated" by NHB'

Now 81 O atoms (active)

244 H atoms 162 H atoms used for H,0 leaving 82 H atoms
132 O atoms b1 0 n " " " " 91 0 atoms
248 H atoms 182 H ¢ " - " 66 H atoms
132 O atoms 330 W n " '" " 99 0O atoms
262 H atoms 98 v w uw w " 64 H atoms
130 O atoms 20 " " noon "' 98 O atoms
Sequence
H atoms left on surface = 82 66 64 Mean = 7&
O atoms left on surface = = 96

91 99 98 Mean
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~ The proportion of oxygen sites is now 9§/
122
available, so 122 - 96 = 26 oxygen sites are rendered inactive by

of those formerly

17 NH;, 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.

H atoms left on the surface = 246 214 214 21k4

O atoms left on the surface 21 214 214 214

In this run, this mechanism seems better than mechanism (i).

Run 21

NH3 is édsorbed molecularly, so that the first hydrogen dose

of 266 atoms goes into the primary layer.

266 H atoms on surface

340 O atoms 133 used for H,0 leaving 207 0 " "
649 H atoms hibh " for B,O " 235 H " " "
225 0 atoms 118 " for H,0 n 2070 " M "
670 H atoms 1y v for H,0 n 256 H " on "
332 0 atoms 1228 " for BL0 " 2060 n ow "
675 H atoms o8 v for HZO " 267 H n n oo
330 O atoms 134 " for O " 19 0 n "
662 H atoms 392 " for B0 " 270H oo "

320 0 atoms 135 " ofor HZO 1 180 n n wm
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Hence the seguence

O atoms left on the surface 207 207 204 196 185

il

[t

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
¢z O
iridium film in the primary layer as Ir , Ir and then further

adsorbed molecularly on the top. When H2 was molecularly adsorbed

8
onfmethyl-alcohol~treated surface, it partly replaced molecularly
adsorbed CHBOH and the oxygen then oxidised this H. and some of the

2

molecularly adsorbed CH30H.

Run 22

Adsorption of methyl alcohol at 273°k

Bath temperature = 273°k

.Hyérogen édsorbed ' Oxygen adsorbed

moles atoms moles atoms
L7 x 10’8 ol 125 x 10’8 250
258.0 516 164.0 328
340.9 682 18k.7 370
399.8 800 194.6 389
ko9.2 818 20k, L - ho9
Loz,5 847 ) 20h. L 409
1878.4 1077.7

Methyl alcohol was adsorbed on a fresh iridium film at 273%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 CHBOH,
\a measured dose of hydrogen was introduced; the amount adsorbed was
b7 x 10-8 moles. The residual H, was evacuated and oxygen was
adsorbed; the amount adsorbed was 125 x 10”8 moles. Then five-more
HZ/DZ cycles were done and the last cycle was finished with oxygen
adsorption. The total amount of oiygen and hydrogen adsorbed in

six cycles was 1077 x 10-8.moles and 1878 x 10-8 moles respectively.

ggglanation

In this run CH,OH was adsorbed dissociatively in the primary

3

layer and some of it further adsorbed molecularly on tope.

When H2 was introduced, it in part replaced molecularly
adsorbed CHBOHband oxygen then oxidised this H2.and some molecularly
adsorbed CHjOH.

dose -8

Now the first HZXhas 47 x 10 moles, s0 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,OH to form

)
aldehyde (HCHO) and H,O using one oxygen atom per mole CHBOH i.e. .
wete '
204 moles of CHBOHAbx1dlsed.
0O+ CHBOH sy HCHO + HéO
dose
Hence the second K, Acan be adsorbed on the molecular sites of Cﬂjoh

ve -8 to be adsorbed,
so that/expect 204 + 47 = 251 x 107" moles of HZA whereas in the second
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258 x 10—8 moles were taken up in good agreement.

8

adsorption of H2

This required 129 x 1_0'18 moles of O, leaving 164 - 129 = 35 x 10~
moles of oxygen for CHBOH'(m) oxidation.

Hence the amount of molecularly adsorbed H should be 258 + 70
=328 x 10-8 moles whereas the experimental value was 341 x 10-8 moles.
After this effect, in cyéle 3 there was largely oxidation_of

molecular Hé by oxygen, no oxygen being left on the primary layer.

Since both the H., and O, figures still show some increase, further

2 2
small replacements (without oxidation) of remaining CHEOH (m) probably
take place.
amount 8

Now the totalfof oxygen in the four cycles was 788 x 10~

moles and the total amount of H, was 1573 x ‘IO"8 moles which is a

good 2/1 ratio. Hence here H2 is molecularly adsorbed and this is

oxidised by oxygen but no oxygen goes into the second layer.

Conclusion
(i) CHBOH is adsorbed dissociatively in the primary layer and
£hen adsorbed molecularly on the top.

(ii) H. partly replaced this molecularly adsorbed CH,OH and

2 3
then oxygen oxidised this Hé and some CH3OH (m).
(iii) H2 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/b2
(ii) H,0/H,/0, (iii) H,/H,0/H,/0, 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 desorption (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 E.O vapour on Pt, Ir and VW film

2
(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 H2 and 0. to form Hater, similar experiments were

™

2
undertaken using Pt and Ir films to find out whether there were
significant differences in behaviour. -

-

Water was introduced to a fresh Pt, (¥ and Ir) film at 27) k
. . . . .0 o
with Pirani gauge, trap Tq and wvater bulb at 273 k. After Tive

minutes the water buldb was isolated and the excess water was

e

evacuanted from the cell for 20 minutes. Then the temperaiure of

. . . < o . . .
the Pirani and trap T1 was reduced to 75k and the film was heated
at different temperatures in order to follow the possible production
ol hydrogen.

- . o .

With Pt, no hydrogen was detvected below 200°Cj; heowever, wiith
increasing temperaturs evolution tool: place, the total pressures
-3

"

of hydrogen produced being 0.10, 0.4, 1.49 and 2.11 (x 10

at 230, 280, 350 and 400°C respectively (Fig. 12).

o
1

These resvlis show thalbl vater is strongly chemisorbed on a

O,

. s} . . . - )
Pt film at 273k and since I, is not evelved till 5007k has been

attained, it suggests that the chemisorption may be associative at

-~

0 as . . . . .
2737w but becones dissociative at the higher temperatures.
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. o .. o)
Iridium reacts similarly at 212, 300 and LOO C;the total pressure

of hydrogen produced was 0.47, 0.72, 0.38 (x 10~ torr).
With tungsten, hydrogen was however evolved at as low a tem-

perature as 2’7Z~Ok_3 The total pressure being 0.356, 6.69, 9.00, 9.73

o} . . -
B,torr) at O, 100, 200 and 300 C respectively (Fig. 13). _The

(3)

mechanism suggested by Kemball was

(x 10~

2’;!+H2O -3 YOH + WH- ceevenensas(T)

i.e. dlszociative chemisorption of water followed by reaction of
WH with a further dose of HzO:
WIT + Hzo -—3 YOH + H2 R ¢-3

With Pt and Ir, a possible mechanisn is
H

7~
Pt + Pt &— 0O
N I

1,

healpr _ o 4 Pt - 8 ..(3)

Tollowed by 2Pt - H — 2Pt + H2 P 9

her temperatures,

09

(and possibly at hi
2Pt - O ==y Pt + Pt O + H0 ).

There is no evidence for eaction (2) with Pt and Ir.

A further mzjor difference between Ir and Pt on the one hand

and YV on the other hand, is that
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hydrogen are free for re-adsorption (Fig. (LN

With ¥, there was no re—adsorption of hydrogen, sugresting

.|

that possible free metzl sites are not availsble. With iridium,
the hydrogen was re-adsorbed to a small extent at the actual tem~

perature of the decouposition « This may mean that HZO was

associatively aduo;bed on alternate sites (because of steric

difficulties) and H2 was produced at least in part as in equation
(5).

H
0 +H, evess(5)

\
Ir Ir

i
0o

The hydrogen is then re-zdsorbed on the accessible free Ir sites.
Indeed, this mzny Torm 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 M, occurs at the temperature of
decomposition. Yith W, bhecauze of the lower temperature for

evolution of hydrogen, we mey assume that after dissociative

-
'

further nolecular water  agdsorption on top of

probable hydrogen bonding of this molecule to the 0¥ and H radicals
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hence there is no re-adsorption of this gas vhen the system is
cooled down to room temperature.

There is further difference in the reactivity of VW ang Pt

2
He
1

surfaces. After chemisorption of oxygen on the Y surface, ad

tion of 1.0 (g) and heating to 100, 200 and 300°C causes H., to be

2 2
evolved (Fig 15), whereas with Pt and Ir this does not occur, at
o
least upto OO C. For VW, the surface structure postulated by

Kemball was WOE and W02H—analogous surface compounds with Pt are
evidently unstable.

Vhen a water-treated surface of VW was treated with oxygen,
there was a small rapid adsorption followed by a slow uptalke over
the next 30 minules. Very 1little hydrogen was evolved during this

. ’ o)
latter process at 0 C.
Similar results were found with Pt-liitle oxygen was adsorbad

- e
on top of the water-treated surface at 275k indicating strong

€

chenisorption of HEO, not renlaceable by 02. Mo hydrogen was
o}

evolved on raising the temperature to 373 k and little further

oxygen was taoken up at this tenm

%38

perature when an oxygen Qose was

-

ta s 20 - A . .
added. Turther heait to 230°C gave no evoluticn of HZ, although

- P S

a detectable amount would have been erpected. Presumadbly this was

evolved as water, formed by oxidation with the small anount of
. 2 L P ; . =20 4 thermal!

chemisorbed oxygen on the film, On cooling to 273k, a 'norma

aken up i.e. corresponding to that taken up by a
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the strong chemizorp

176.

=0 - . . -
at 2737k. These experiments give evidence of

tion of water on a Pt film.

I I U LT T -
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Genersl. Discussion

There is a rapid reaction between hydrogen and oxygen at 1950k
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. NMost of these édatoms are
catalytically active and reactive with hydrogen to Torm water leaving
an equivalent layer of hydrogen atoms on the surface. Some of the
oxygen ‘adatoms appear to bé inactive bﬁt, to preserve a mass balance,
these must te hydrogenated to form a stable chenisorbed water‘molecule,

. . . . o
which only decomposes to give hydrogen at temperatures above 2007C.

Hence wve may write

58
I
Pt Pt Pt Pt + O, ~) Pt Ft PL Pt + I, R 6.
H H
No/
| P )
—— PLHPL HPt EPt + (H0) Finally eceeeeresess(2)

A possible intermediate transition surface complex may be

H ¥ 1 H N

O 0 O t Pt H i t 300 ..(3
T ® ? 1 0 72 Y —3 Pt I Pt H Pt1l + 3 2C (3)
PtH PtH Pt H Pt

i.e. oxrgen adatoms arc covalently linked direcily to surface Pu

atoms; on addition of hydrogen, H adatoms may go into the

nrimpary

layer in superficial insterstitial sites, the O adatoms are trans-

formed to ~OH radicals and the second X adatom is one carrying

=
23 L=
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high dipole nositive outwards -~ the so-called protonic adatom as
' ()

found by Siddiqui and Tompkins for CO + H,, O, + ¥, on Ni, and

2 T2 T 2

possibly NI, + H., from the surface potential measurements. This

3 2

protonic H is highly reactive and not directly bonded to the metal,

Water evolution leads to Pt H Pt H Pt I FPt. Treatment of this

-

surface with oxygen definitely produces HZO and the agreement o
oxygen-site and hydrogen-site number suggests that the surface is
transfer}éd back to an O-acatom layer. In contrast, tungsten,
Roberth}ound that a molecule of hydrogen was desorbed for each

molecule of oxygen chemisorbed f.e.;

! —3 2V0 +
O2 + 2V 3 20 112,

whereas with platinum the equation is

/2 02 +'2Pu H -~°-) 2Pt 0 + HEO

T the chemisorbed I adatoms.

o]

showing the high reactivity

ki

L better comparison is for Pt films on which H, was, adsorbved

Hhy

irst, fnlloved by oxygen treatment. In this series, it appeared

£
o O3

~ - -~ - - T ~L
that about 20% of the hydrogen is desorbed as i, molecules and 803
react to give H 0. With continued cyeling, the Ha/“9 results becane

"normal' i.e., as if oxygen had been adsorbved {irst on the clean
film. t would appear that there are two types of chemisorbed I
adaiorms, those produced during cycling being o

(or pvari of them) formed by H, adsorption on a clean

is considerable evid



179.

which differ in bondinz characteristics. Thus, the differcnce 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 a2 chemisorbed H2 molecule formed during the cycling
procsss, provided two Pt c1tss were engaged thus:

H-H H-H

. ‘\ r ¢ ‘\

’ ’ L3

Pt P Pt P

Sich H-species are oxidised by (gaseous) oxygen freeing the Pt sites
Tor the final act of dissociative O adatom advornhnon. Similarly
in the complex (equation(3)), a2 process involving the chemisorption

of H

cvcle

/0,

5 molecule is not excluded. During oxygen treatment in a HZ/C2

2

e, water is formed so that the reaction in
0 ? 0
] !
Pt HFPt H Pt —3 Pt Pt Pt + HO

The agreement of - and O- site numbers at each step in the

confirms that no hydrogen is left in the chemisorbed layer.

S

This oxygen-~hydrogen treatment leads to a good method of

determining the surface area of a Pt surface, whether as a Iilm

or as a supported metal

adso

With

tota

area

rption on the support material must be applied where necessary)
a film, where under good conditions, we may assume negligible
o~ h)

1 contamination of the film, we may distinguish belween total

, and reactive area for the H_/C, reaction; this area may well

22
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v,

be different than the reactive area for snother catalytic reaction,
say, CO + 02 reaction; the present results show hovever, that such
differences are probably slight. TFor sunported metzl, the reactive

area only may be obtained since the extent of the original contanina-

=N

tion and it

6

pogsivle removal by 212/02 cycling is unknoun. The advan-

tage of the netnom of using the extent of H

=

5 uplake after an ini

low tempf?a»ure treatment with ovygea is that by removal of H2O
produced (e.g. by the support or/and liquid nitrogen trap); the uptake
is three times thatl necessary for a monolayer of H adatoms. The site
calculation generally shows that the degree of monolayer coverage is

sentially the same for H and O atdatonms; this agreenent could mean

that a value of 8 = 1 is bheing closely approached in the present
3 1 1 RN OO‘ v, . = —3
experiments, vhere the conditions are 195 k and zbout 3-5 x 10
torr. In certain cases, there is evidence of molecular HE adsorp-
tion in the second layer and is shown by the discrepency in O and
pency

I adatoms site numbers

) Ls mentioned above, there aprears to be some diffsrence in the
LE bonding in the primary laysr depending on the order of the
adsorption. IF H

formed by disscciati

3 N . e W
metal, it appears t

cycles, but finally, after sulficient cycling, the "mormal

behaviour found when O, is the first adsorbent is usually ootaineu;
<
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this result indicates that all the initial primary H adaioms 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 hiéher
temperature (usually adsorption at 1950k, raising the temperature,
say to 3650k and subsequent further adsorption of oxygen ab 155 k),
there is some incorporation of some of the 0 atoms into the bulk
(2nd layer) and at higher temperature, 3rd layer incorporation).

t appears that second layer incorporated oxygen can be removed
fairly readily and completely by the i, in the X / rciing, or
by treatment with CO at 7OOC, but 3rd layer incorporation seens to
be unreactive under the mild conditions of temperature used herec.
Sintering of an O-zdatom layer is not evident at 707C but at a
100°C some loss of "area! or Ureactivity" of the surface O-layer

is found.

- After O_~treatment in a HZ/OZ cycle, the surface is covered with

\V]

O-zdatoms. From the work of Heine, these should be removed by

(6) .

carbon-monoxide. Thus Heyne fournd thal some 20-305 of an O-

layer was reduced to CC, virtually instantaneously a2t 7

<
N

4]
oy
Q

wed that more could rezct -2t higher tenm

3 o

bout s Ird of the O-layer above wes converted vo CO

2
and all could be removed abt YO C with oxygen. The original rw_z/u2
1 2 ac@ n I b Y mn e m. 3
cycle could then be repeated at 1957k without much change. This
N 5 _ - ~ r 0 L [N, | o~ f"'\)
particular proc (production of CO, at 70°C after urtake of CO
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could zlso be used as a means of determining a sur
convenient.

Ividently at lower temperatvres some surface complex, e.C;

=0

HiereO= 2

4-
[

is formed but the Ydesorption" energy is not suifficiently rapidly
&I v v d o
- ] 9
¢ whereas it is at 70°C. Ahuja has also found

. o
acquired at 195
evidence for the chemisorption of CO on an oxysenated Pt surface

(without production of 002 at the lower temperature).

Preadsorption of water vapour and ammonia were undertaken with

the assumption that these are dissociatively adcsovved. The former
b1

would lead to O ; OF some gsimilar structure so that by further
Pt Pt

H2’ and later 02 treatment, a normal H_/O_ cycling series could be

however, the surface, possibl , does not

3

induced. Vith NI

have the necessary basic structure and a likely mechanism based on

the structure of the transition complex is wear chemisorpiion of

the same time the oxidstion of cowe rrimary He-

Indesd when Il. is adsorbed {irst on a clean Pt surfeace, il seems
=
that wealc decomposition of HE molecules proceeds on top of such I
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layer and hence sowme are probably physically displaced (wit

2
cr
[
)y
fo
(e
oo
o}
o
Q
cr
bt
-

oxidation) when 02 is irntroduced. It may be note
the presorption of H.O and NH. an associative adsorption on alter-
Py Fy 2 5 p
H H H H

native Pt sites, e.g. N7 \
- ] S O O

[
Pt Pt Pt

H2 adsorption proceeds would be reasonably consistent with the

N

on which wealk molecular

experimental rcsulmaykth water, some slow desorption of the water
proceeds during Hz/O2 cycling therceby Treeing some Pt sites; and
with NH3 one would assume some oxidation of the adsorbed NIE oy
“oxygen (not necessary with complete removal of all the H atoms, or
the N-atoms).

In the 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 adeorbent, there is éroduction of an O-adatom
layer by dissocistive adsorption like P but there are two main
differences (i) t%e orimary ads orbcd oxysen~ada
HEO nore slowly and some of thsse remain on the surface but ave

.

slowly reduced in subszequent hz

from the surface j (11) at lower temperature H2 iz molecnlarly
adsorbed over the primary H-ztom layer and is oxidised to waler by
the next oxygsn treztment.

Uhen NH_ is adsorbed on iridiunm there appesrs ©o be Lwo =2ccept

alternative mechanisms {i) is similar to that of Tt in
L6
. 2
assuned to be zdsorbed dissocictively =z N U and in
{ f
T T
e S L
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N -

molecularly and the surface possibly comprises

W

e
(0]
0]
6]
7}
o
3
[0
[oN
(v{‘
o]
o
&)
o
[aF
o
o]
=
cr‘
()]
o

Ir Ir 7r . In this case the hydrogen does go into the primary layer
a5 Headotoms. These H-~adatoms oxidised slgwly 25 primary hydrogen
did in mechanism (i).

For carbon-ronoxide and CH.OI the mecheniem on iridium is the

same as on platinum; oxygen was incorporated when the film was heated

4

o . . : S .
at 907C and this could be later used for carbon~dioxide formation

v

s in the case of Pt. Similerly, CHBOd is adsorbed on iridium

jxh}

. OH
A

dissociatively as for Pt and the surface structure is probably Ir Ir

The only difference is that in the case of iridium some CHBOH was also

adsorbed molecularly on top of the dissociatively adsorbed CH_OH
These are partly replaced by H2 admolecules;then oxygen oxidised these

to water but no oxygen goes into the second layer.
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