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INTRODUCTION.

This report is divided into four chepters:-

Chap 2o dezls with some experiments on the Absorption of hydrogen
atoms by pallcdium, and pelledium-gold clloys. This work was cerried
out in connection with some ecrlier work on the catelytic effect of
these nctals and olloys on the roconbination of hydrogen atoms.
ChapterIl. dcals with some experiments on the attack of a number of
petals by molecular and atomic oxygen to discover in which cases there
were consider:zble differcnces in rete.

Chapter ITI. deals with some experiments on the recombination of
oxygen atoms on the surface of the alk:li metal tungsten dronges.
Chapter IV. describes a pressure gouge which hes been devised for the
repid and convenient measurement of pressures in mixtures containing
cldorine at pressures of the orcer of 1 nm. the accuracy being about
+ 0.01 om. The experiments on the recombinetion of chlorine atows
have not yet recched = stage at which a report is worth-while.

In addition, during the period of this grant, work wes carried out
on the reactions of atows at metal surfices. In these experiments
oxygen ct..s effused through a small hole oprosite which wes ¢ small
disc coated with silver, copper, chromiun ¢tc. A complete report of
this ~ork wes given in tac report subnitted in December 1963 (pages t - 1i

of that report). Consequently ro further lescription of that work is

included here.




CHAPTER 1.

Absorption of Hydrogen Atoms by Palladium and Palladium Gold Alloys.

Introduction, by D, M. Hirst and J. W. Linnett.

Some time ago we mede some measurements on the recombination of
hydrogen atoms at the surfcce of palladium, gold end palladium-gold
alloys. This work is about to be published in a paper entitled
"The Recombination of Atoms on Pd-Au Alloys" by P. G. Dickens,

J. W. Linnett and ¥, Palczewska in the Journcl of Catalysis (The work was
supported by the Office of Aerospace Research of the U.S. Air Poroce:
Grant: AF BOAR 62-6). It was found thet palledium was more actis than
gold in catalysing the recombination, that small percentages of gold

in the palladium did not reduce the initial ectivity dbut that larger
amounts did. However, another interesting result was that the activity
of pelledium, and the palladium rich alloys, decreased with time as

the foil was exposed to atumic hylrogen. It was concluded that the
presence of vecancies in the netallic d-band enhanced the catalytic
activity of the msterials, but that these vacancies could be filled
either by alloying gold with the palladium, or whezn atomic hydrogen

was absorbed br the metal or slloy. That is, when atomic hydrogen was
absorbed, its electron was contriduted to the completion of the d-band
with & consequent fall off in the activity. This hypothesis demands that
palladiun and its alloys slould absorb hydrogen when exposed to hydrogen
containing atomic hydrogen under the conditions in which the cetalytic
experidents were carried out (i.e. hydrogen pre:sure about 10”2 ..
percentage of atoms about 10%; room temperature). This was the re~-un

why these experiments were carried out. Saaples of the metals and alloys
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were suspe:l.. “rom & micro-balance and then =»xposed $0 hydrogen
containing atoms. The increase in weight with time (if any) was
fOJ.lond .

Brief Survey of Related Work.

Palledium is known to absord large quantitiies of hydrogen. If it
is exposed to hydrozen at about 2 atmospheres pressure it will teke
up about 0.6 gm. atoms of hydrogen for every grem atom of palladium.

The hydrogen diffuses &s atoms into the palladium lattice. The initial
solution produces what is known as the € -phese., This is accompanied
by a gradual expansion of the face-centred cubic palladium lattice
spacing from sbout 3.883 to 3.894 A at a concentration of about 0.2 gm.
etoms of H per gm. atom of pallelium. At this concentration the

lattice suddenly expands to 4.018 A with the formaiion of the

7 -phase which is also face centred cubic, The lattice spacing remains
constant for concentrations between 0.2 and 0.7 or 0.8 gn. atoms of
h;drogen ner gm. atom of palladium but at higher concentrations it increases
again. Concentrations higher than 0.9 gm. atoms of H per gm etom of
palladiun do not seem to heve t.en attained. The J -phese can be super-
saturated with hydrogen by electrolytic charging, the ecixcess hydrogen
being lost when the charging process ccises.

The nagnetic susceptibility of pelledium decreases linearly with
the hydrogen concentra.ion becuming gero when there are about 0.66 gnm.
atoms of H per gu. atom of palladium. Pelladium atoms have 10 electrons
beyond the closed core consisting of the 1s, 28, 2p, 3s, 3p, 34, 4s and

Lp orbitals. The 4& and 5s stomic orbitels produce, in the metal, a

broed s-band and a narrow d-band which can accomodate 2 and 10 electrons
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respectively. The electrons occupy levels in the two bands up to the
same energy level, There are, per atom, 9.4 electrons in the d-band
and 0.6 in the s-band. Thus there are about 0.6 holes in the narrow
d-band. The electrons of the absorbed hydrogen atoms are presumed to
enter these holes in the G-band. Norberg (Phys. Rev., 1952, 86, 745)
showed, using nuclear megnetic resonance spectroscopy, thet the hydrogen
is present in the lattice in the form of protons. The magnetic
susceptibility drops to zero when the holes in the d-band are filled.

The kinetics of the absorption of hydrogen by pellaiium from
ordinary hydrogen gas has been investizated by Holt (Proc. Roy. Soc.,
1914, 9QA, 226), Temmann end Schneider (Z. anorg. Chem. 1928, 172, 43),
Spith and Derge (J.A.C.S., 1934, 56, 2313) and Kruese and Kahlenberg
(Trans. Electrochem. Soc., 1935, 68, 449). Most of the experiments
showed that there was a linear rate of upteke initially which was followed
by a falling off in the rate cos the amount absorbed epprocched a
limiting velue, The rete, and the amount teken up were very dependent
on the previous treatment.,

Pelladium and gold produce a continuous series of solid solutions.
The structwre is faoce-centred cubic and the.e is no evidence of a
super-lattice. The specing varies almost exactly in a linear manner
with concentration. Vogt (inn Physik, 1932, 14, 1) found that the magnetic
susceptibility decrecses as the proportion of gold increases becoming
gero at about 55 atomic per cent of gold.

Couper end Eley (Disc. Parady Soc., 1950, 8, 172) studied the
ortho-para hydrogen conversion on p:lladium-gold alloys and obtained

results similar in form to those of Dickens, Linnett and Palcyewska
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for the r.combination of hydrogen atoms. Couper and Eley also observed
that hydrogen exerted a poisoning eifect on the reaction they studied.

Schneiderman {Ann., Physik., 1932, 13, 761) investigeted the
solubility of hydrogen in palladium-gold alloys. The alloys were
charged electrolytically. He showed that the solubility decrecased as
the gold content increased.

Experimental Method,

The sample of metal or alloy weighing about i gn. was suspended
in 2 vertical tube of about 4 co. in diameter from one arm of a
micro-balence cepable of measuri g a change in weight of ‘IO.6 gas.,

The vertical tube was Jjoined at its lower e¢nd to a horigontal tube
along which hydrogen at 1/10 mon pressure wes flowing. This hydrogen
had been passed t rough aa electric discharge and so contained atonms.
These diffused up the vertical tube to the semple. By tiis ceans
theefore a steady condition could be mainteined indefinitely. That
ie the flow rate, pressure and proportion of atoms at the lower end of
the tube cont:ining the s:mple was constant for es long as wes needed
for the experiment. Moreover the appcratus could be left operating
unattended.

In order that there should be no contamination by electrode materials,
an electride.ess dischcrge wes used. This waa maintained by 13% Mc/s
rediation -~ an R.C.A. radio frequency oscillator (type ET-4336-8), a
helix of s..e. z" copper tubing being wrapped rounl the tube through which

the hydroger wes flowing. In the discharge region there will de

present ions, electrons, etoms and molecules some of which #ill be in
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excited states., The charged species will decay rapidly and will not
reach the test region. Beczuse the first excited state of hydmgen

atom is more than 10 eV above the ground state and the first excited
state of the hydrogen wolccules is purely repulsive, it is extiemely
likely that the gas in the test region will consist of a mixture of

atots and molecules in their ground states.

The hydrogen was prepared by the electrolysis of a 1% solution
of sodium hydroxide saturated with barium hydroxice to prevent the
evolution of any carbon dioxide. A current of 5 amps from the 100 volt
D.C. supply wcs used and the cell w s water-cooled. ZAny oxygen was
removed from the hydrogen by passing through a tube cunteining palladised
asbestos at 400°C. The ges could be dried by passing through a trap
cooled in liquid oxygen and then through e column of phosphorus pentoxide.
If the g=s was neeaed moist it was passed through a humidifier containing
water at u controlled temperatice. The flow of the hydrogen wes
peasured by determining the pressure drop across a tube containing a
plug of sintered glass wool. The flow of ges from the high pressure
(atzoapheric) region into the low p:cssure part was controiled by an
Bidwards fine control needle valve LBI.. The flow meter, saturator
and necdle valve werc immersed in a watcr beth aaintained at 23°c by a
Tecam Tempunit.

The pucping system consisted of a large high speed single stage
mercury pump backed by a saeller two stage mercury pusp. Ihese were
backed by an Edwards "Speedivac® 1S 150 rotary oil pump. The pumping
line was made of 4 ca. diameter tubing and contained two large volumes

to act as flcw stadilisers. A block diagram of the epparetus is shown

™



in Pigure I.1.

The balance used was a Sartorius vacuum Electrono-microbalance.

It could operate on seven ranges ot sensitivity -f 1, 2, 5, 10, 20, 50
and 100 ug per scale division. The results could also be recorded

on a Leeds and Northrup "Speedomax H S" recorder. The micro-balance
was mounted on a tracket of %" s.eel me:suring 18" by 6" which wes
fixed into the wall, 6" being in the wall., A piece of slate, supported
on two strips of lead was placed on the bracket. A sheet of fairly
hard rubber §" thick wes stuck onto the slate and the micro-balance
placed on top of this. The sample wes supported Ly a silice hook which
was att. ched to a silica suspension fibre which was in turn hung from
the steel suspension wire on one arn of the balance. A counterweight of
approximetely the same weight as the sample was ung from the other
arm,

The sample was situated in e verticel tube which was 4 cm. in
diameter. This tube was of silice and the vertical section was 45 ca.
long. It was connected to the microbalznce through a flange. This
verticel tube wes made into e furnace so thet the scmple could be
heated up to 800°C. The teuperature wes meesured with a platinum/
pletinum-rhodium thermocouple, Additionel thermocouples were contained
in the tube to measure the tcemperature gradient in the region of the
sample.

The gas pressure wus measured with a Nclcod gauge with a compression
ratio of 1000:1. The atom concentration in the neighbourhood of the
sample could be messured with a Wrede-Harteck g-uge fused into the well

of the silica tudbe, The pressurcs inside and outside the gauge were
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measured with micro-Pirani pressure gauges waich we constructed.

Experimental Results,

Semples of foil, 2/1000" thick, conteining O, 12, 31, 45, 72 and
100 atomic per cent of gold were used. The alloys were kindly loaned
by the Mond Nickel Company.

After a number of rather unsatisfectory experiments with dry gas it
was decided to use wet gas. This increeses very grectly the production
of hydrogen atoms. If cny oxygen atoms are formed they will bde converted
ropidly to OH end H by the r.action

0 + H2 = H + OH
and eny hydroxyl radicels to hydrogen atcms by

OH «+ H2 H20 + H,
Conscquently at the test sample, the materisl will be exposed to hydrogen
molecules and etoms together with a small proportion of water molecules.
Experiments were carried out on pure gold with dry gas but on all the
other samples with wet gas. The samples weighed cbout ¥ ge. end measured
2% or 3 cms. by 25 or 3 cams.

Pigure I.2 shows the results for palles?iun, the increcse in weight
being plotted egainst time. In this case the measurexments of atom
concentretion were unreliable but in the 2nd and 5th runs the calculated
percentages were 63 a.d o respectively. Table {1 Zives the details of
the experinent together with the liriting up-take of hydrogen measured in
parts per million (by weight), The results for the palladium-gold alloys
are shown in Pigures I. 3, «, 5, 6 end 7 and similar de%ails are

included in Table /| . The results for gold are shown in Pigure I 7.

Table II lists the limiting amounts of hydrogen :aken up by the

I - ——




differert metals and alloys expressed as gm. atoms of hydrogen (x) per
mole of salloy, PﬂyAu(1 -y These are plotted egeinst the atomic percent-
sge=s of gold (i.e. 100(1 - y)%) in the alloy in Figure 1.8.

When the discharge was switched off at the end of a hydrogen-absorption
experiment; there was usuelly a steady decrease in weight., The hydrogen
sturts to desorb as soon as the source of atoms is removed. Figure 1.9
shows the loss in weight ageinst time for three experiments with palladium.
With the eiloys the desorption took place in & similer way but the rates of
desorption were rether varisble from experiment to experiment (initiel
rates of loss wers 40 to 150 gms. per hour).

Undexr these conditions only a part of the hydrogen was lost.

However, if the sample wes heeted, the rest of the [:ydrogen could be
driwen off, When the palladium szmple was heated up. the loss staerted
st about 90° or 100°C and tock about a quarter or half an hour. With
the samples containing 884 and 69% of pelladium the results were
essentially simiiar, but with the sample conteining 55% polladium,
though the loss commenced at 90° it took place rather nore slowly.
Discussion.

The most striking feature of these experiments is the enormous
absorption of hydrogen which occurs when palledium and pellecium-gold
alloys containing more than 40 evomic per cent of palladium are exposed to
partielly dissociated hydrogen at pressures of the order of 0.1 mm. Hg.

The absorption from moleculer hydrogen is necgligable ot such pressures.

Because the results are veriable it is not possivle to reach eay
very definite conclusions regarding the rate of uptoke of hyldrogen by the

different samples, However there are two rather general commeiits thes can
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be made. W, Jost (Diffusion in solids, liquids and gases, Academic

Press Inc., New York, 1952) hes shown that if the uptake is diffusion

c=~-c
controlled then it is to be expected that the function log, . =

10 c; = Cp
should vary linearly with the time, where ¢, and ¢, are the initial and

i 4
final concentrstions of absorbcd material and ¢ is the average concentration

at time t. It was found that this is true for the initicl up-take of the
hyd:ogen. This is shown for two experiments with the pelladium-gold
alloy containing 88% palladium in Figure 1.10, Here it is seen that the
points lie on a straight line for about the first five hours. Similer
results were obteined for other allcys., However, for the later steages,
this relation ¢id not hold., It was found that the results were then
treated best in terme 01 diffusion through e film of increasing thickness
(analogous to the treatment of the formation of oxides when a coherent
film is formed). Under these conditions the square of the weight increase
is & linear function of the time. That this holds, at eny rate approximately,
for two experiments with the same e«lloy is shown in Figure I.11.

If this is & correct interpretstion of the data, then one reeches the
oonclusion thet the up-take of atomic hydrogen must be regardéd in the
following way. To begin with the hyirogen is tuken up .nd diffused into
the metal or allcy, the part contuining the hydrogen being & uniform
phase topzther with the metal., Thus the up-toke is contrelled by a simple
diffusion process. However, &s more is taken up, th. outside Mayer
which now conteins a lot of hydrogen becomes a new phase and the build up
c¢f this phase from the inner part of the sample is controlled by diffusion
of hydrogen atous through this layer which tucomes thicker anc thicker

with time, the thickness being proportioneal approximately to the weight

- .
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increase. Tiis may be relatecd to the phasc changes in the solic, though
if these were to be identified siiply as the o4 and ¢ phases one would
have expected the change-over irom simple diffusional behaviour to occur
at a lower hydrogen content,

It was shown that when an elloy was satureted with hycrogen atoms

and the source cf hydrogen atoms then switched _off some hydirogen was
c - ¢

lost, It is shown in Figare 1.12 that if log is plotted against

G, = €

time for some results for an alloy containing 6;% palladium a straight
line is obtained, This shows that the process is & diffusionel cne., It
is difficult to see how this is to be linked with the results for the
up-take of atomic hydrogen though one must bear in mind th:t; in the
desorption experiment, molecular hydrogen is being lost from the surface.

The results in Figure 8 show that the total amouut of hydrogen
absorbed decrecses as gold is added. It can be concluded that when
hydrogen is ebsorbed tic electrons enter the d-band. Also when gold is
added the additional electron, beyond the closed shells, enters the d-band -
consequently as gold is added the number of vecancies in the d-band decreases
and consequently the ability to absordb hydrogen atoms decreases.

It eppears from Figure 8 that when 5§ atomic per cent of gold has been
added the d-bend is full and no more hydro:en can be absorbed. This
agrces fairly well with the results quoted in the Introduction, namely that,
in palledium there are 0.6 holes per atom in the d-bend.

These results fall into line with those obtained by Dickens, Linnett
and Palczewska on the poisoning effect of both gold and atomic hydrogen
on the activity of pelledium as a catalyst for the rccombination of

hycrogen atoms. It seems thet high ectivity is to be associated with
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vecancies in the d-band as has been proposed. However the alloy
conteining 72 atomic per cent of gold does show an activity markedly
greater than thet of gold which would not be expected on the simple
argunents given above, It may be that the electronic conditions at the
surface are rather difficult from those in the bulk and that there are
d-shell vacancies for the surface atoms when there are essentielly no
d-band vecancies. Nevertheless, broadly speeking, the present results

confirm the interpretation of the ecarlier catalytic results.
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Resulte for Pallediium ~ G2ld Alloys

Aanealing Cooling Bzposure Pressure ol % p.p.n.M
(hre) te H(hre) () absorbed

Pd 68 A 22

800°, 9 ars 24 23 $=-34bre 1% 6.5
3$-6 Discharge failure
‘ - 1 1,703 '.5

'.
Bun
>
o
[1
24-23 138 5.4 3952

F 800°, 3 hre 24 3 -5 134.4 5.9
(—

S
!

|

1.10 1”0‘ ‘o.
22-23 1%.7 0.9 3400

PSR

790°, 2} hrs 24 284 -4 1%.0 3.0
$-7 137 4.5
0-9 1%.5 4.7
22-224 1%.2 6.4 292

N6 a3
000°, 7 hre 24 )] N4 1M.3 6.4
224-23 139.710.3 1828
L2 790°, 6 hre o 2y N4t 1%6.6 12.7
22-224 140 8.8 1746
3 810%, 5 hre 24 26 2-0 1% sa
L ‘ D-22% 137.9 4.5 17%0
M S5S Au 43
e
o Fo weight
p 1 80, Jhre 2 _ARGTOSRY
2 790%, 3 nre 2¢ 2% 1-10 1%.9 9.0
224-23% 137.2 2.1 647




[
Annseling Cooliag Expesure Pressure % p.p.a.M
! (hrs)  to H(hre) () adacrbed
! M 55 Au 45 (oms.)
b —————— ——
TS 190°% 4wre 2} 23 1 =114 137.8 10.4
’ 224-2% 157.5 8.4 N3
P——— — -
M 28 Au T2
P ——
RS 700°,6¢ hre 2% 9
" 150°, 2 hre N-23% 136.7 12.5 0
2 780 - 800°, 5 o4 -8 135 M7
4 ars 23 0% 1%.7 8.4 O
| ES———
= Malladiwe .
+ 1 010%, ¢ are 24 ] M- 119.7
/- 129 e
¥ | 000% 4 are X 4 3 -1 126.3
' 7} 1.5 6.9
%4 1%.9 “n
S S
3 705°, 3 ars 24 N N-6 iM.3 o
22-22¢ 1%1.2 e
4 - 79° Thars 24 14 -1 114.9
8 -5 19.9 6640
s 790° 6 Ars 2% 2% 3 -5} 124.6
7 -10. 1%2 |
2%-23% 1%.2 $ 1017
§ 1%°% 2w 2 4 =1 1371
23-2%% 1)8.5 6822
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Run  Aanealing Cooling  Bxposure 'rnum olf p.p.a.i
(are).  to 4(hre) aDeorbod

Qeld
1 800° 14 hre 2 22§ -4 Disedarge failure
‘ - . 1”01
3 -25% 1% 0
2 810°, 14 hre 2% 41 9 -10 1%99.7
26-264 140.1
$4=47¢ 138.7 0
s 010°%, 4 hrs 24 23 2~ % 139.9
224-140 140 0




TADLE 1.1X
Solwbilities of hydrogen ib palladive - go0ld allers

Alloy M.Vt Rup Wen. @n.atoas M/
PeD.R.) & .80l .alloy
rd 106.4 1 7185 0.764
2 6681 0.711
3 6867 0.7%1
‘ 6640 0.706
s 7017 0.747
¢ 6822 0.726
N 88 117.27 1 3952 0.463
du 12 2 3400 0.399
3 2923 0.343
M 69 134.49 1 1828 0.246
4u 31 2 1746 0.29%
3 1750 0.2%%
M S 147.17 1 0 0

du 43 2 647 0.095

b 718 0.106
M 28 171.63 1 0 0
Au T2 2 0 0
Au 197 1 0 0

2 0 0
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CEAPTER 1J.

The Oxidation of Metals by Atouic and Molecular Oxygen.

Introduction by R, Heckingbottom and J, W. Linnett,

The present work concerns a study >f the oxidation of metals by
oxygen stoms and molecules. An R,F. discharge has deen used for producing
the atoms and the uptake of oxygen by the metals has been determined
gravimetrically. The maein object has been to determine for which metals
the rate cnd extent of reaction with oxygen atons differed markedly from
that with molecular oxygen. In view of the small amount of previous work
on the subject the emphcsis has been on conducting 8 survey of & wide variety
of metals, in the hope of detecting some pattern of behaviour.

The oxidetion of metals has been, for many years of great interest
to the chemist, both for its obvious practical importence and because it
has been a fruitful field for testing many ideas basecd on sclid state
theory. However, though the effect on oxidation rate due to variation of
either the temperature of the system or the composition of both wetallic
and gaseous phases, has often been studied in detall, that due to dissocistion
of the attacking gas has received relatively little attention.

It was felt that further work in this latter field was desireble for
two main reasons. Mirstly where work of this kind has been attempted the
effect of atoms has someiimes been shown to be considersble. Secondly as
interest in the upper stmosphere - a region where a relatively high
proportion of molecules ere dissociated or excited - increeses, the subdjeot
grows in technological importance.

Previcus work with dissociated or activated oxygen.

The most narked contrast in dehaviour, towards oxygen atoms on the

one hand end molecuies on the other, is shown by silvsr,
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In s recent detailed survey, Czanderna (J. Phys, Chem. £8

’

2765, (1964)) has shown that between -77°C and 351°C oxygen is

2 and 02, but that coverage

never exceeds & nonolayer. Thic confirms earlier work and the oxidation

chemisorbed on silver, probebly as 0, 0

of silver bv molecular oxygen has only once been reported (Menzel and
Menzel-Kopp, Surface Science 2, 376, (1964)), when crystallitics of Ag,0
were observed on silver at 250°C under 35 atmospheres of oxygen.

In contrest, several workers have observed the oxidation of silver
by oxygen atoms even at roo~ temperature (e.g. Linnett and }.arsden,
Pifth Int. Symp. Combustion, 685, (1955)). Silver probes have in fact
been used Lo give 2 me. sure of atom concen.ration (Jenninge Zuert Rev,
45, 237, (1961)), *hese prches being quickly blackened due to oxide
formation., However, there has been only one previous investigation
of the kinetics of the reaction (Tyapkina and Dankow, Doklady Akad.
Nauk. S.S.S.R. 59, 1313 (1.48)). Even bere observations were linited
to the first twenty minutes of reaction; the uptake was fourd tc follow
the parabolic rece law approximately.

Severcl workers uave tound that the presence of oxygen atoms
increases the rate of oxidation if the oxide formed is wvoletile.
Rossner e.d illendorf (J Chewm. Phys. 40, 3-41, (1964)) have found
thet between BOO oC and 1JOCOC etoms increease the rate of oxidstion of

molybdenun by a fector of about twenty - MoO,, the rmedin product, is

3
volatile at thesc tempersturcs., Similerly, Pryburg (J. Chem, Phys. 24,
175, (1955)) has shown th.t platinun is oxilised to volatile Pto,,
at 1,00000 and that oxygen atous are up to four wrdred tiges as effective

as nolecuies. Furtier, Sutclilfe (D.Phil. Thesis, Oxforé (1964)) reporte
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that etoms greatly increase the oxidetion rete cf chromium above 1§O°C

due to the formation of CrO3 which is volatile ebove this temperature
According to Drawnieks (J. Amer. Cher. Soc., 72, 3761, (1950)),

the effect of oxygen atoms on the oxidation of copper is complex due

largely to the fact both Cu,0 ard CuC mey be present in the oxide scale,

2
Atoms tend to incr:ese the rate of oxidation during the initial period
when only Cu20 is formed and also to shorten this period, W.en doth
oxides were present, etoms hcd little effect,

A little oxidation work has also been carried out using oxygen
activated by a tesla coil, notebly by Leibowitz et 21. (J. Electrochem,
Soc. 108, 1166, (1961)) who found that the rate of oxidation of

uranium to the non-protective UD, was increased by up to twenty foid

2
on switching on the coil,

In eddition several workers e.g, Heuife and Engel (2. Blectrochem.
57, 773 (1953)) and Dickens axi Sutcliffe (Trans. Paradsy Soc., 60,
1272 (1964)), have shomn that the presence of activeted or dissociated
cxygen increases both the amount of chenmisorbed oxygen and the conductivity
of several oxides. Thus in the case of a growing oxide these changes
in the surfece concentration rmay well alter the concentration gradients
ir the bulk and hence influence the cxidetion rete. Previous to the
present work however there appe.rs toc have veen no attezpt to relate the

cffects of atoms tc the general cxidsticn thecry proposed by Wagner.

Bxperimental ..

The expcrimenzel sethod may be outlined as follows. s controlled
supply of oxygen flows first through an RF discharge, resulting in

partial dissociation of the gis, end then past the open end of a vertical
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side arm. The latter is closed at its upper end so that there is no net
flow along it; atoms diffuse inte the tube under & concentration gradient.
Tha sample, suspended from the arm of a microbelance, is situated in the
vertical side an and its oxidation is followed gravimetrically. In
¢Wition the nice arm could be hcated so that oxidations could be studied
at any iemperature between 25°C and 800°C., This appears to be tha first
apparatus to be used that combines tie continucus production of atoms
with the direct gravicetric investigation of oxidation.

The oxygen was produced cle “rolytici1ly and used in its undried
state as the presence of about 2% -ter rapc - increases the degree of
diszociation of oxygen .1 ..e RF dischaiye . ~om about 2% to 10%.

The opereting pressure was about .0 microns, the gas flow being controlled
by & thermostat=d necedle ve =, Pirani geuges were used Jor pressure

measurenent at nermal opr-ating precssures, ani pressure of around 10'5

am used in cutgassing prc ecw.res were recorded on a Penning gauge.

The sample wos sust..ded by & gquartz fibre from one arm of a
Sartorius microbale..ce. This balance was capable cf detecting changes
of ¢+ {1 pg or g sa2ter and *otel weight charges up to 10& p& cculd de
followed, Samples weighing up to 1 g could te used, the greater part
of the .oad being off set by counterweights.

The ve ticil diffusion arm was heated by 4 nichroce wire furnace
wound onto :is8 _utsite, end the sample teaperature durirg runs was
measured by a thermocouple on the furnice will, [rovicasly ¢ libr tod cgsinss
DaeoXd tiwr eouaie 1 ool in ot onmora } oo 1o pooiiioal Tiu teoporature
coul’ bu ncdntind atiiin 2°c o ary aesine. valae Loleulm »:E‘OC i 800%C.

Paffling -l & cooling {1 ~ore dntroduced (o rrotoct tie bdalince 3ead o
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the turn = rugl o the dischurge tube was -1so fan cooled,

Atom concentrations were determined with silver tipped thermocouple
probes and thur only a relative measure was obtained., However comperison
with earlier work on similar systems, using both probcs and ¥rede gauges
(Linnett «nd Greaves, Trans. Faredey Soc. 54, 132%, (1958)), suggested
that the atom concentration in the sanple region wes equivelent to
a pressure of 6 ¥ at room temperature. Unfortunetely at higher temperatures
the silica wails of the surfoce became much more active toverds ator
recombination and the atom concentration in the sample region msy fall

> 1 vy 750°C.

to as low as 10~
One probe was placed in a small aide arm just downstirean of the
discharge tube, to monitor the atom concentretiion duri=g runs. A second
similar probe, tippe?d witn the metal undcr investigstion could also
be introduced, by neans of a siie arm in the furncce, intc the narae’
(but vacant) sample positicn. The puipose of tnis wes twofold; first
the probe wes usel to check the releti.e atom concentrations under
various coraitions and second, &3 itne sample temperature rises in the
presence of a.oms just ©3 that of 2 probe does, the megnitude of this

rise is required for eech metal. Thus =~ that the sampl- teaperature

would be the s==ze for runs with and without the discharge on. the furnace

wall tempersiure wos set Bt an sppropriately lower temperstur= L. the

he the texpersture eff.at due (o atoms
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the tenperature riuse is ebout 15°C occwrring over the first five
minutes of the run, anl this must be berne in mind when anelysing the
results quantitatively.
One furcher correction was necessery, «s the thermomolecular effects
were large at the operating pressure. I"or't:".zmzdcely if' the sample was
brought to temperature uncer a vecuun of 10-5 rm or better and the
oxygen was then intrcduced the thermomoleculer effect registered immediately
and hence could recdily determined.
Te metel samples were normally prepared as follows:- a) abrasien
with & finz _rede emery puper, b) rinsing with carbon tetrachloride
¢) drying in a current of warm air and d) outgessing at ?OOOC and
10'5mm. for 3C minutes. In the case of zirconium, process &) was
replaced by & chenmical polish in o solution containing 45% HQO, L57%
cone HNO3 and 10% HF. 2inc and cadmiwr could not bz outgassed as in
d) due to their Ligh vapour pressures, this stags w.s slso omitted in
the case of tin foil oxddstion due to its low melting point.
Results.
The fourteen metals:- nicksl, csbalt, iron, silver, copper,
zirconium, elwrinium, tentalusw, tin, zine, cadmium, palladium,
platinun end gold, heve been stucied. The main results will now be
given mctsl by metel.
All the oxidations showed a parabolic time dependence and the presence

of «toms incre:ssed the rate constant consideredly in all cases as shown

in Tsble 1.
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TABLE 1.

The Oxid:tion of Nickel.

Run Tenpercture Ges phase k.
° species gmz./cmﬁ/sec

12 4,28 o, 453 o 1071
1b 430 0 +0, 1.53 . 107
fe 545 0, 1,21 . 07
12 545 0 +0, 7.28 . 417
2 L9k 0, 2.45 . 40
4 490 0 +0, 2.43 . 10
3 648 0, 5.08 . 107"
5 650 0 +0, 4.38 . 10712

The results of runs 1e, 41b, 1c and 1d are shown in Pig. II.1.
The ratio k (atoms)/kp(molecules) wes obout 10 ot 600°C and some what
higher ot lower teuperaturcs, the activetion for oxidotion being
38 keel./nole in the presence of nolecules and 33 keal/mole in the
presence of atons: ¢nlv four points were available for deternining each
figure however,

The grey blacl sccle wes considered to be NiO.

Cobalt,

The oxidetions agein foilowed & parzbelis tine law. At lower
tempercturca {below about 660°C) etoms coused only a slight increcse in
the rote but at higher te.peratures (about 700°C) a norked increase
resulted, the ratio kp (atomq/kp(molccules) being evout &. This is borpe

out by the results in tcble 2 and confirmed in a quclitative nenner by

the results of successive runs on sanple | as shown in fig. I1I.2

T s A A LW I !«

T T St




-19 -

TABLE 2.

The Oxidation of Cobalt.

Run Temperature Ges phase k

° species gmz./imh/sec
2 564 0, 8.46 . 10712

3 563 0 +0, 1.00 . 10711

" 73 0, 1.02 . 10711

5 3 0 +0, 6,12 . 1071

te 73 0, 1.23 , 10"

11 7 0+, 7.21 . 107"

At the lower teuperature (ruas 2 end 3) both Co0 and Co50, were

present in the scale, at tae higher teuperciure oniy Col was found.
Investigation of the thermel decomposition of the scile formed in runs
2 end 3 showed that the 0050# content wcs about 31% by volume in each

ca3e,

Iron.

When single runs were carried out on samles the parabolic rote law

was followed end ¢-oms hacd nc detectable eifect, as shown in Table 3.

TABLE 3.
Run Teaperature G:.s phosc k
0 . 2 Py
C srecies gn./cn /sec
3 652 0, 1.60 . 1072
N 651 0 +0, 1.61 . 1072
5 652 0+0 1.69 . 1077

Further runs at 22700, 49500 and 56500 confirned that atous had no

effect, Data from these runs were not snclyscd quentitotively however as
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several runs were carried ocut on the seaice senple leading to devietions
fron the parabolic law. Above ebout 570°C the bulk of tne sccle was
assued to be wainly non-stoichiometric FeQ with successive layers of
Fejoh and Fe203 outside it, below 5jO°C the Fe0 lcyer is known to
discppear or to remein only as e thin subscale sn top of the metel.
silver,

The results of oxidising silver by atonic oxygen ~re shown in table 4,

TABLE L.

The Oxidetion of Silver.

Run Tempereture kp kc
° 31:12/ cm. 1*/ sec 5::.2 J cnl'/ sec
1f 277 5.81 . 101
1g 225 1.5 . 10~
1" 168 1.82 . 1071
14 540 1.52 , 10710
13 65 1.40 , 10 M
2b 657 5.53 . 410 '¢

Thus, in the main, the oxidation follows a per:b»olic rete lew
with devictions towards cubic in sone instences, see Fig. II.3. The
najority of runs were carried out on the scpe sanple as the silver wes
rcgenereted between runs by hecting the oxide to above }SOOC at 10-5 no.
The oxidation rate is seen to be remarkably fost for such low terperatures
(c.f. kp for Co or Ni at 600°C - 700°C) this being largely due to the low
temperature coefficient for the process detertiined here es 10 + 3.5 kcal/uole

for the tenperature range 170°%C to 310°C. Below 170°C the rate is even

fastcr than would te expected 1ron en extropolation of the higher temperetere
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results, Above 170°C only Agzo arpecrs in the scale but at roorn
tenpercture both Agzo and an outer layer of .g0 are vresent, sbout
LO% of the oxygen being in the latter.
Copper. |

The results obieined for copper fell into two groups - below 25000
where only thin oxide films rre formed and above 400°C where thick films
are obtained., The thin film region will be consicdered first. With
02 the upteke wcs coo small for the date to be encliyscd -ccurately.
In the presence of avowns the uptelze w.s increesed by a foctor of zbout
seven, Eeriier work (c.g. by G cthrmey et. el. acta Metallurgico &4,
145, 153, (1956)) hes shovm th-t the rate of oxid-ticn depends on th
crystel fece exposed; the r-te with ztons is five or six tires frcier
than the fastest racc observed with 02. Initiglly at about 15000 the
upteke followed a logarithnic lov tut the later sicg.s ot the ruas could
21so be represented by a cubic plot. The range of eppliccbility of the
cubic lew increcsed with tempereture eitending over 3 corplete run by

o) ] L
200°C. The cubic rece cons.ants were«-

Tonperature kc
) 3 6
C gn.”/en. /sec
140 5.62 . 10719
163 112 . 10718
213 8.73 . 10719

and the cctivaotion - nergy w-s 18 kc-l./role., The scale w.s bleckish
indicating thot it as nestly Cud,
N . s
Above LOG'C the ox:lztion M :wwiour wes somewhat more complex. In

. L9
molecular oxygen 2t O W the rate wis linvar e g, et 53 C,

] - . ST e WS et et g i
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kp = 9,33 . 10_9 gma/cm.?/sec., but ot 19,2 cn presswre of 02 the rate

was per.bolic, (kp = 2.77 . 10~ gg.%/cu.h/Sec.) conpc.ring well with

rctes observed by otner workers oo siniler precsures (e.g. Volenci Rev.
Met:11 45, 10, (1948)). The line r rite constant incre:sed aliost
linecrly with pressure (see Fig. II.4 for s:aple 6 et 57500) until by
the tine the pressure recched 0.5 nr. diffusion through the scele
becane rrte detirnining cnd the porcbolic rate lew wes followed.

In comperison, only o short lincir pecriod was observed in the
presence of atons and at coipcreble terpareiurcs onG pressures the

rate constent is cbout fifteen tiues grecter then with 0 Subseguently

2
perabolic luaw is followed, kp being comnarable with that obtained with

high pressures of 0,, se Pig. II.4. The activetion energy of 20.7 kcel/mole
from the parcbolic rote constants is in good agreement with Valenci's

velue of 20 41 kecel./mole. The scile wes sgein predoninantly CuQ though

it wos probeble c¢act, in the initial periods when the linear rete was

observed, only Cu20 was present. (Honjo, J. Phys. Soc. Jep. &, 330, (1949)).

Zirooniun.

The resulis obtained for the oxidation ot zirconium are shown in

t:ble 5.

T e et aome . et




-2} -

TABLE D.

The Oxid-tion of Zirconium.

Run Tenpernturc @ .s phosc k k

° specics gm?/gne/sec gnzjcm6/sec
20 518 0, 6.28 . 1071
2b 520 0+0, 0,62 . 10712
2¢ 636 0, 1.62 . 10
2d 637 0 +0, 2.41 . 101
6o 435 0, 4.00 . 1071
éb 435 0+0, 4,33 . 10714
7 498 0 +0, 5.28 . 10" 17
8 496 0, 6.10 . 107"/
3 535 0 +0, 1.71 . 10712
L 535 0 +0, 1.50 . 10712
5 535 0, hat8 . 10747

A ncan scuares analysis of the kp values gave cetivetion cnergies of
33.4 kcol,/mole and 38.8 keel./mole for nolecules end ctoms respect.vely;
the plots arce showm in Fig. II.5. The pruscnce of atons increoscd the
oxidution rate slightly e.g. ot 560°¢ kp (rtOLs)/kp(nolccules) = 1.46.

Other ietals,

The results for the other wtols - 111 rnow be consiicered nore briefly.
Aluniniui,
The inciroduction of atoi's zppecred to have no effect on the oxidotion

r te in the tenpernture ronge 285 °C to 660°%C (the .elting point of sluminiun).

e A A O AN NG g a
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Tentalus.

Ators cgadn appeared to ave little effceet when the scale ves
protective, the results were sorcwhat irreproducible however cs the
protcctivencss of the scalc viricl. In sore runs, where the rote of
uptcke wis zlnost linecr both the priscnce of ctons #nd higher pressures
of 02 incre<sed the rote,

Tin.

The effect of ctons on the oxidetion of tin foil (below 25200) we.s
snall and wes too small to be detected in the case of oxidetion of
liquid tin. Ir the latter crse the sccle crain efforded o verieble
degrec of protection.

Zinc and Cacniun.

Investigat:ons vere only carried out in the tenpercture ronge 25°C
to 15000, due to the high vapour pressurce of the ictils., No oxidation
was Jetcctable in che nresence of eilher ctounic or nolecular oxygen.
Palloiiuc,

Only thin oxide {i.:..s foruei on pallediun; et the higher tenperatures
(~bove 550°C) where, ot atiosphevic pressurcs, o thick oxide filn results,
the oxide deconposed ct the lov opercting preossurcs usco in Jhe present
work. The upteke in 21l cenpercture range 35000 to ASOOC wes cprroxineteoly
logorithnic bu. induc.ion pe:iods were observed initiclly. Atowms tended to
elinin-te the.c inquction - riols but did noc ciuse any increcse in the
tot-1l uptike.

Platinur and 50ld.

—— ———— > - .

Neitaer of these .etile were oxicised to any decectable extent by cither

. . . . 0 0
~tonic or nole. i rr oxygen, in the tunneraiure range 25°C to 500 C.
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Discussion.
Nickel,
When nickel is oxidiscd it foros & scole consisiing of the single
p-type oxide, NiO. accorling to the Wogner nicel tle scole grows 2s &

result of transport of fresh .etel to the gas oxide intcricce under a

. . . . . .24
concentretion gr-zient of nickel ion vacconciis, Ni“ . At the metal/oxice

. e . : . .
interfacc the Ni~ ' concentretion is cluost zer> but at the gos/oxice

interface it is auch lerger due co the recction

it . 20, = Ni0O + NiTHo s NPT, 0 E0 (1)

(when the gis is 02), K11l chirged spccics ere on the crtion sub-lettine
in NiO, & 5? is the pertiel nclesl stendaxd froe cnerg” of re.ction (4).

apnl;iing the lrw of ess 2ctiodn

2+ ..

(NiT7 ) (Ni5+)2 = P02§ exp (-1, Ei’/ar)-

. L . N , .2+
essuting thet concencratiocns ¢re of ¢l to retivities enc, thet (Ni%T)

end (Ni0O) are consccint. “hus froo (1) (N1 ) = %(Ni5+) cnd

AY

L+ -
(Niz*\;) =L P05 exg (-"-Gj’/m) (12)
When atoms are rresent the anclozus 2. recciion (1) is

2+ . 2+ e 3¥ =0 .
2Ni + 0 =Ni0 + Ni" 2 + 2ni7, L\Gz ————— -(2)
end ty si-iler cnalysis
.2+ . - L / =0 /20m 2
(NLI"7 ) = 4 - PO” exy &-LzGZ/)ﬁ;) (2-).
Thus the vocancy concentrcotion is i2re sensitive to the ~.essure of atome.

. . ; ve oo o =0 =0
More inmportunt, ho vir is e Ji.f conoo betwern O G1 and C\ug - surstrection

or (2) fro. (1) gives

24+ - - -0 N =0
! ~ ~ -~ A - \
(vi 3 = 4 C PO oexp (- c1/~\_r) LK (‘;Gj/)?-,‘
=0 3 ~
As '\ G 1s 2Csivive, &V cOuporeblic precsares, wevns led 1O IroLore valincios
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gr..dient across the scole rises by almist the szie frctor.

-5
At 65OOC anc 40 1 pr=csure PO, in atmosrheres is cbout 5.1C 7, PO,

2
when the discharge is °on, is ebout 1C 7 and under threse conditiuns the
il o _ 2+ _ R . ]
rates (Ni°72) (ato:s)/(N1°" ™) (molecules) is 11.13 in very gooc .greecent
with toc observed vilue of 4C,
The oxidetior rzte depcids on the product of the concentration and

the nobility of the nickel vi.zencices. Fence, in the nresence -2 0,, the

2’
.o s s € . 3 . . =0 -0 .

activecion encrgy for oxidation ic (A h1/3 + V) vhere 1}H1, is the standard

hect ot recetion (1) and V is the ctivocion energy ior ciffusion oi the

- . . . , o0
VIC NCr. TR 28003 ars pre-cat the activa icn cnorgr teconcs (A %?/3 +V)

=0 - =0 - 0 o . \ .
whurebﬁz = - A1 - /;ﬂd. L;Hd is ubout 59 kcel/nolc sc tlzt the presence

of eto.. shou:d lowicr the ~ctiv:i.ion encrg by ne:rly 2C keel/mole.
In fect t.e activation cnergy in the presence of 0 vw..s only about

5 keod lower thin in the zresince 91 0 kost o1 this discreponcy mcy be

2'

attribut.a t2 o trace of iron innurity shown by spectroor. nic anilysis

to be "resent to t.e extent of ctou: 1pom. This is surficient to exnlein
the rather high wrlies of k_ ot PO, = 5.10 7 =nd as the iron acs nost eff.ce
at the lower te -eratur. o the slishtly low velue for the ectivoticon energy.
Purwer 1t will reluce t.e Observel ¢fi ot due to c.0.83 . gzin in the low

< R P Ly EERON AR v 34 . Ay s Loy =
tempereture roaze 2s conmpred with tht ~rolict.d for fure nicke .

cobait.

At the hishor tempeturcs ashore only Jol is formed, the situistion is

v - N [ 4 \ 53 -~ T R A~ g Y e Y Lo 3
simiz.r to oth v izscusseld for NiQ ond cldis Couse . LLTge chinge Iin tiw
A + N 3 RN -~ .- -~ e P
K velue. oli,0 numericd Sifferonoel aocar tocsus.e of Inore sel associstion

Ar Ll ltsoin the SCade .., the Ly looue of ooLc.ion vt is
2+ s S i+ i+ Ie
bY¥al - -~ ~ -
Cce + 30, = X + (o™ . . Cc”) + Co
z
s e maee o B T S ¢ e -
ard the conooniracion of cor Loxel votincieo i T0.%; inm the yrestnce o
<
: 2z
LLOUE At CoUriiagly boodoes POC
e T S ramra - SRR ———
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The radn discreooncy betveen theors nad proetice orises fro the

feet thet on outer layer of Co shoull still be thoeriicdynimicilly

3
stablc ot 7CO°C in the prescnce of atons but none could be detoctel,

Two feoctors pay account for this:= ot thec. te.ourctures the orriv.l rate
of cto.is is ro longer such groater thon tiae incorpor-tion roic of 2xygen
by the scale asd this iy ie. .4 to non~cquilikriw. concitions =t the
surfrce, further, s with silver and pallociuw, it wos found th-t the
criticel tc.cerature ot which cn oxide teca.e unst. bl in the grescnce

of stors wes .haot a2: which i1ts .cco .posi.ion rate, in the orosence of

0

becoiie very rapic, agzin s ggecting thot kinceosc factors were playin

m

2)
an inportant role.

At the low.r tc reresturcs, t.ao bulk of the senlc is still Zo0 nd
as it is bounied by tu. Co/Co0 2nd the CoO/Co}O# interficus itc growth
rate 15 1:rg.ly indevenient of chnnges 1n che oxyszern powen:ii l in che gos
rhese, Thus theor; tredicis thit the jrosonce os ~tooc will af

2 . H - 3 - ~ N . ? N L f A U T S U B 1 " .
the winer constitucrnt in the e ly ~no thelir osfoct will be =2.071ie Tho

e - . 3 A Moy - - T, e (IS e, Y
finel precdetion is correct but Loare sl nd oviaente wnit the o0
)

RER
*» A M ~Aaae 3
contert nad inorean. i,
Iron.
——
- p
a + - & = = ~ > ~ - * = i
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phose = this ;oint will be corsidere’

on n-tyre oxilos,
Silver, .

In the roview of provious work it was pointed out that oxygen is

che..isorbel on silver o= to 3100, 2resent work shows clecrly

thet 1t 18 aot dif.usion 301120 thot proven.s this

[
t
Iy
w
la
o

forring an oxit. scalc. ve that owccul r oxygen is not

"

i~ the

o

issocintively . 'sorbed on the silver ot terpocatures below

o it - 2. {45598 Pl s et
oxices of siiver nro stoble (05 °C for ﬂgzo when Poo = 1)‘
The low activ tion vnergy fe. ox:i-cion is in keeping with th

. . . v s 4
ZLTIvATIon énergy 10r 10nic C: d ciffasicn in severel other

silver goit p-ty - cxilce the high rote of oxi‘ation

abservel ¢t €5°C wili, =t 1= st 3n part, to lJue to the consid.rable
incrense in P2 with dhe reduction i ternoercture.  The situntion is

- B 0 . P . -
. i L .. B T . -~
Ne."ri ~+O/‘J 01 .hd ReRVIUY X . Snigriuns < _.'y’ < an: FO RN
o I RO I N 1 - AN B . N - 0 - oy
- - « A e ' ot o - -~ A -~ &
O The TCsULTD Lo 0 TOI3Iv sl ol S CLilY T [ 8 I S0 N I
N e O SR B L I C U e ~ - T e A e
to be ZAVerTwd O HKINCeid 7 ller V0N VIO L TL I I0TLT8.
Copper
¥ Ie
Ty = ; - -y e - im s 2 fnn e
Ir the low fooreraturs rewlon the Looroore oanoupeske Zdur ooo.on
- TY O e - Lt o ATy e P -~ e e ~= N R A
ay ®Woaa D o SoUsSel U I LJASIU AL L. ToL ISJUnT 21 I8 LTl S TR0
PRS- e e giiet - * -, € 23 Yers v s ~ AR e
LAsertx i, owaite BAJ L el aire ek Aot Vi < e - B e Y R
< - - - . - .
- S " -~ - - ~ A e T Tl e e 2R P L e
5 N ..Sf‘tk sl [ S N S A 2 2 O ERY e i ot il e VG »h(. . Ao NN S v
-~ oo - Fali s . - N -
INCIe s DRSS ¢oinEto r.t.z 3 MWL TV L.
¢ - - - C s - - ~¢ [ S Y -
AL Rlghor e TolLrie ololom ron.oLon 2 02 the 23i.ul.2
e e} - -~ - . . - N + - - - ~ - - Py ~y Y g B ARt ) Y
throush the sols tosier ton the v ction tothe gus/oxide interl oee

in grestor Zetoil in the scction

2Xygen

low




Thus incrcesing the oxygen potential in The gis phese, either by
increesing the »ressure of 02 or by introducing aetons, causes a lurge
incresse in the cxilation ratc. When the extent of oxidation Is large
hovever, both Cul end CuZO are prescre in the sceile and the effect of
etons or of wariation in P02 is small,

Metals Oxidising to fori n-type oxidcs,

Thas group includes the netals Zr, &1, 2Zn, Cd, To and Sne In the
oxidebiua of zirconian, the 2r0, scale grows at the Zn/ZrDZ interface
foiloving transport of frcoh oxygen through the scale by neans of anion
vacancies, The concentration of these vecancies is large at the netal/oxide
interfece and virtuolly zero; even in the presence of 02, at the gas
oxide interfoce. Thus the presence of ctons in the ges phzse only
brings the lower councentration even closer to zero and their effect is
consequentiy negligible. Similarly the supply of interstitiscl zinc
responsio. ‘or the treonsport of fresh uatericl ceross a growing scale
of Zn0 on Zn is govers . elpost entirely by the Zn/Znd interface reactions.

In the casces where the scale reneined protective this predicted
behavioi.r was in general observed for the metsls investigated in this
work. The snall but definite inecrcase in kp values, due to atons,
observed for zirconium is probably comnected with the surfoce preparation.
Gulbrensen ~nd indrew (J. Metals 9, 394, (1957)) have shown that after
on electrocheric2l volish the rete of oxidation of zirconium is slower
and r.ore likely to follow the parabolic tiime law than after abreasion.

The resulss prescnted here confirm the predominance of the narabolic

rate law ~fter this preparction and the kp values for 02 arc in good
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agrceient with Gulbransen's. The effcct of ctons is rather less thon
tnat of ebrasion; both probarly influence the subscele forned et the
netal oxice interface, the bulk of thc scele bebaving as predicted by
the theoreticel nodel,

Pzlladiun, platinun and gold.

The resuits for palladiw. oxidation support the idea thet the
initiel nucleation end growth of the oxide ore speeded by the greater
ablurdance of 0 or 0 on the surface resulting fron the presence of
atm;s: in the gos phoses  fAgain the presence of atous Jid not increase
the tenperature range over which the Pd0 woas stable cs would be expected
on therpnodynanic grounds. The inactivity of gold and platinuc in the
nresence of oxygen appears to be due to a property of the netals,

possibly connected with their high first ionisetion potentials, anc does

not depend on the state of the oxygen 28 is found for silver.

Cenclusions,

The survey has shown that the effect of oxygen atons in the gas
phese, on the oxidation of a wide range of netals, can be ecxplained in
a seniquentitetive nanner by the existing theories of oxidation.
"Yaxinun effects were found es predicted, when the scale conc.sted of
a single ype oxide such as NiQ and very spmall effects resulted when
an n-type oxide such as Zx‘O2 or a pulti-oxile scele such as I.’e:()/l“eSOlb/FeZO3
was formed, Further work with oxides like NiQ in conjunction with a wnore
abundant and varieble, known aton concentration would provide a nore

rigorous tcst of theory, as the pressure dependence and activation energy

in the presence of atcus could then be deternined accurately.
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The work on silver suggests that in this ccse it is the absence

of dissocistive adsorption of 0, thrt prevents oxicoation in nolecular

2
oxygen. Here, s with cobelt, further work with large known atom
concentrations should nrovide nore inforr.ction about the interesting

problen of the stebility of higher oxides in the presence of atouic

oxXygen.
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CHAPTER _III.

Recombinetion of Oxygen ctons on Oxide Suri-ces: Pert 2., Cotolytic
Activities of the alkeli ictodl Tungsten Bronzes, by P. G. Dickens cnd

M. S, Whittinghan.

Abstract,

The reconbination of oxygen ctons h#s been studied on the surfices
of the alkili retel tungsteh bronges of genercl fenuwla ?5?03 where
M =1Li, No or K, ant 0 < x € 0.8C. The rcconbiration coufficients, .,
defincd cs the fraction of ctoiic coilisions with tle swricce which
results in recormbinacion, werc rieasured % 300°K by & sidv~crm riethod.
Catalytic aetivitics were found to be closcly reloted to the clectronic
properties of the bronzes.

Recombinncion ueasurcients were supple.ented by studies of elcetricel

resistence 'nd crystal structurc.
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The activity of - cetclyst oy be deterined by both electronic and
geonetric factors. The -lkzli rot-l tungsiten tronzes of corposicion
MXWD5, whcre 0 € x & 0.80 provid« .n intcresting sericas of graductec,
steble, coupovnds in »lich c¢he e€lectronic nsropertics change in a nirked
end controllable wcy but in which lattice parriicte s zre only slightly
affected. They erc, therefo.uc, uscful systers Lo study in tcsting the
role of the c¢lectrcnic factor in cotrlycis.

The cryst.l structure chonges little with co.posicion. The high
x-v.lue sodiun znut lithiur bronzes hove the percvskite structure
(fig. III.1) and s x Cecreases the structure beco. ¢s progressively
more distorted, possing tarough two teircgoncl phoses to tie triclinically
distortcd struciure of '&’03.2 The Potcssiw. brorzes have only tetregonal
ond hexcgonal structurcs over (Choir norrom conposition rsngc.5 The
lectrical properties of the tungsten bionzes are well known.a They are
n-type sciiconductors for x « 0.25 and :cteallic conductors for x > 0.22
with one 'frec clectron' per olkeli nctcl -ton. This chenge in
conductivity type ey be correiciec with the crystal structurc. Por
x < 0.25 the alkcli .ecal nto:s ney roside a2t the dizgonally opposite
corners of the cube; however when x > 0 25 the 1etal -toos must resice
et corners on the scme 12cc of the cube., Here the inceracoric ldistaice
is very siniier o thei in the pure .ct-l e.p. Tor soiiw 3.82 X in the
bronge cg inst 3.72 S in the pure .c*cl., It is rcesoncble to suppos:
that the cctivivy os the bocnzes for orygen @ tonm reconbiuciion, which
involves clectron trensfe: beiwecn ~dsorbote nd cdsorbent will be

couposiiion dcoerdent.,
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The r-conbinztion of oxygun cto:s on other oxidz surf .ce. ot
roon tcapercture nos boen found to be rirst ocder with respect teo
P et )

g..seous atous.  The rote Zeteruining scep is prob-bly

“(uus, oy
o(g) + 0 (aus.) ; 02(5\ * Y golid)
/

gggyrimentgl.

atoric recoubinction cocificicnts were rcasuired by the side-arn

1

4
met .od of Suitl” using on cppretus siidilar to thct described in P oxt 1.

*1

. . . . . o
The side "rm w.g enc-s 1 in - w ter=-jockt iegt ot 30C K, anc the
oxyge pressure »0s 28 . S.anles of the catrlyst were coctod onto
the in.  » of Pyrix ¢ linders fro.. an icctone or water slurry of the
powler The Pyrex cylinders, which were 15 ¢ long x 3 cn dicreter,
fitted closely insi’« the sice~arr., The nethod of :casurecent znd

. N s U . . C 1
calcul tion of the rocombinction cocf:riciencs, is w.scusscd in port 1.

The bronces were prepore. .ocoréing :2 the ciuzion

I-2x

. : X . .
k.270“ + ‘--‘*5 ,5'05 + gﬂ' .xﬂ)j

by hceting the opyropriste tungstouve, tungstic oxid. and tungsten

rols

N

nowler in -noal.win. boot ot 85000 ur<er vocuw: (10 7 terr) for five
hours. < szl of purte tungstic Oxiuw s ootud in the soe lrmwer.
The bronge: sery washed succosoively with very oi1late toiling Nalli,
water, conc, HC1, woter and ~ccione., e Snoctra sidwel the presence

of less thin 0.2 of iop: cetcls and nolybdenws) in the

e}
Pt
«*
(8
e
(2]

——
b
>
v
]

14

storting sotericls. The sodiun tungsten bronces were analys.’ for

sociuT content using neutron sctiv. tion anelysis witll sodiun cerbtonsate

ss standeri., The 2.76 £V feek w25 occunted using a > -spectroidticer
scintilla ion countir., The lith.w. rnd rotessiw. Sromzes were enclysec
At’ - ) b L —
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for clkell retel content by flenc spectrophoconctry using & 'nicem SP 900

model. Thesc bronzes were brought into solution by fusion in 1 Ne,C0,:3 N-NO

3

pixture, Standard solutions were nocde fron lichiuw or potescium nitrate

3

and sodium nitratc to match the sodium content of the unknown solutions
fror the fusion mixtiure.,

Surfece arces of the powders were cetc.nined by the 2,5.7. nethod
using krypton adsorption «t liquid nitrogen te.pereitures. The volue
19.5 22 wes us-d for the area of a krypton unolecule.

X-ray photogrephs were token with e Guinner-de Wolff ceamere using
CuK, rodiation with uxposure tiucs of 72 hours; thoviz wes uixed with
the sanples to act =s a stancerd.

The electriczl conductivitics of pelleted sznples were neeasured at
‘iO-5 torr using a Wayne=-Kerr R.F. Bridge and ~n Avo electricel test
neter. deasurenents on the R.I. Bridge werce restricted to resistences
over 25 ohiis. M asurerents on pelilets are unsatisicctory for low
rcsistence meteriels, when the intbrgfinular resistonccs aay be
relatively lerge. The resistances of the scmples fell sharply fron pure
tungstic oxide to the metellic bronzes, teble 1, This is in agreenent

4

with previous results.

Results.

Within experinentel accuracy, oxygen atou recombination wrs found
to be first orcer with respeet to gascous atons at 300°K on all thc
surfoces studied. Teble 41 lists the vilucs of the reconbingtion
coefficients, which ere thc me:n of four runs on two senples znd their

standord deviations; the surfece areas which ere the ucon of two




Table 1 Collected Regults

COM”0SITION SURFACE AREA  RECOMBINATION  SPECIFIC CRY;TAL
5 COLFFICIENT  RESISTIVITY  STRUCTURE®

Nominal Analysed m"/gm ¥ x 100 OHN=CM
WOz - 2.247 3.71+40,01 5200 WOz
Na 0,10 0.102 0.317 2.6140,08 150 I
Na 0,20 0.212 1.304 1.,8940.02 25 1,11
Na 0.25 0,260 - 1,83+0,08 - -
Na 0,30 0.313 1.476 2.58+0.11 <10 II
Na 0,40 0.402 - 3.9440,50 - 11
Na 0.45 o454k 1,582 4,264+0,36 <10 -
Na 0.50 0.500 - 3.82+0.03 - (11),C
Na 0.60 0.600 0.767 0.70+0.03 <10 c
Na 0.80 0,801 0.400 0.42+0,02 <10 C
Ii 0,05 0.026 2.247 5.60+0,44 - Wo3 :
Li 0.10 0.086 0,125 2.8640.33 - 1 |
Li 0.15 0.130 0,112 2.76+0,01 - i !
Li 0.25 0.217  0.228 2.1540.02 - 1, (e}
Li 0,30 0.262  0.239 2.87+0.01 - (1),
Li 0.35 0.295  0.208 2.960.04 - (1), 3
Li 0.40 0.348 0,213 3.91+0.19 - -

0,40 0.399  0.065 3.93+0.05 - -
K 0.475 0.474  0.267 4,2140,07 - X

0.55 0.547  0.888 2.1240,02 - -

* I and II - tetragonal I and 1II phases 2, C « cubic, X - some less
symmetrical system,
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deterninations; the :lectricel resistivicy ot roon tewperaturc; the

analyticcl date ond the x-ray structurcs.

Discussion.

Oxygen etoi. reconbination is & ver, rapid rcaction and so only the
exposed outer leyers of the cctalyst surface cre likely to be cvailable
for rewction. Sone cvidence for this is provided by the potassiun
bronzes which heve sinil.r cetivitics to tie sodiunm conpounds end yet
heve very different surfoce ercecs. A quantitative expression for the
effect of surfece arca on recorbination coefficient is derived in the
apxndix, Fig. III.3, corpiled from this expression, shows thet the
overall activity patt;rn is insensitive to chenges in surfece are:.

Fig. I1I.2 shows that the pattern of cotelytic cetivity for oxygen
aton recoubination is cpproximetely the s:me whether Mis, Neo, Li or K
in wao3' This is a clear indicction thet cicctronic factors dominetc
the catalytic beh~viour. .s the crystcl structure is depcndgnt on the
alkeli metel prescnt, it cennot hove cny norked effect on the activity
pattern, It is intercsting to note th-t the chonges in surfoce earee
correspond almost exectly to the ch.nges in crystal structure.

The conduction bond in the bronies cen be consicdered ~s nace up
either by overlap of the nikeli metel p ox‘bi’(sals6 or by overlap of tl
tungsten 54 (tzg) orbitals.7 The forner sugg.stion secns the more likely
as the lattice dimcnsions peruit eppreciabl. overl:ip of the elkeli
netel p-orbitcls, whercos little overlen of the tun-sten 54 orbil:ls
would be c!pcctcd.6 However only when there are sufiicient alkali petal

atoms, x > 0.25, will appreciable overlap of p orbitsls be possibdble.

L me
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When this occurs ¢neir energy will fell relstive to those in the free

aton. The s orbitcls overlap appreciably with the filled WO, orbitals

3
thus increasing their cnergy, by elcctrostatic repulsion, reletive to
the free atom. N.N.R. studics'' show thet the s orbitals of sodiun do
not contribute to the conduction band, Por x < 0.25, the alkali metel
electrons are localised and conduction will take plece by a 'hopping!
process probably involving sone excited stete in the WOB conplex,
Beyond this composicion renge the alk.1li metal electrons will becone
dclocalised end rw :1lic conduction will take plece via the p-band.

It is probeble thet oxygen in the presence of oxygen ctoms is
sdsorbed predouinantly as o-kads) icns.] If the direct recoubination
reection

%) * O (eae) -—> &) * (so112)
is rate Getermining, then low activetion energy for this reection and
high coverage will prormote the recorbination rate.

In the seniconducting region, x <. 0.25, the Ferni level will
increase wi.h increcsing slkeli cetal content., According to the
boundary loyer theory of chemiSOrption,e oxygen will be edsorbed
depletively to low coverages on n-type oxicdes, such as the bronges
within this connosition range. The activation erergy for the reaction
is determined by the position of the Ferud level. As the rate depends
exponenticlly on the ectivcotion energy, and directly on the covcrage,
which is proportion:l to the squore root of the ipurity content,e
it is most probable thet the cffect of incre._sing activation energy

will be voninant. Thus catalytic activity is predicted to decrease

————— e
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3 to NaQ.ZSWOB.

As x increases fron 0.25 the alkeli uetel p-orbitals will becone

fron pure WO

stabilised due to nutucl overlap, end the Fermi level will decrease
sharply. This will ccuse & decrecse in the cctiveation energy enu an
inereese in the coverage., Hence the co clytie activity should increase
sharply.

The p-band is thought to be tairly wide, ca 3ev5, and so the
energy levels within this band will be wilely spaced. .As the socium
content increcses t.is bend will fill and ot sore composicion the
Ferni level will r<verse its general downwerd trend znd increcses in
v. luc oiodne Thic 411 ¢ uwoce noinerc s in the-.ctiv tion cner -y of tle
reoetion cpe-denee  leilew iin to 2 decrerse in the catalytic cctivity with
incer.osdng sediun content,

The L .8urvd v-lues. of the reco.binciion cocificicnts thus coniirm the

general pzttern predicted by the bund thgory.

APPENDIX,

— o

The Effect of Surface Area on the Recorbination Coefficicrts,

A sinple nodcl is postulcted, co orising ¢ cylindrical coating of
powder with open-endcd pores of length 21 and redius r. (Pig. IIT.4)
A is the totel surfece arco/gn.

A, is the geouuorical surfuce arcs/gn.

¢ 1s the reasurcd density of thc coating.




gas

2r
—
2
el 2l — powder
glass
F¢: .4, Dimensions of rore in oxide conting.
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Yo .13 tbe apperent velue of X' calculoeted on the wssu.pntion thet the
area ¢xposed by 1 gi. of natericl is the correspon’ing georetric are
of cylinder, A1.

Yt s c‘he true recorivinction coufficicnt, celcul-ted on ¢ besis of the

actual cvaileble ore fgn., Az.

f is the fraction of surf ce used, AZ/A.

v i3 thc mean spoo? of oxygen ctons in the ges pheosc.
n is the conceniration of rto.:s in the gos pnasc.
Rate of reection per unit are. of cylinder = Y6 w/f
=V vmefe,
= v, A/ A,
Thus Yo =Xl iy

If dizfusion is tie on.s meens of trinspert o1 rocceing species
into the pore then tiae chenge in esnceutrecion in [ .e pore is
an = -~ roDex a%n/ax’
where x is the discrnee clon: the pore, c.d D is Xrudaen's diffusion
coefficient. At ejuililiriny, this is t.lenced by atoi. removel
v, Wmir/2 = e alnfax”
Using the bounlary conditiors n = n_ whin x = 0 cnd that dn/ix = 0 at

X = ] incegra.ion gives

n =n_ ‘osh [ h(1-x/1) / Jcosh n
where
1
h =1 (X, ¥2rD)?

Differenti:tin: (n/dx = hn /1 - sinh/ h(1-x/1)_//cosh b.

<.

The rewe of reection per half-pore is the rote .t which reactent flows in

A A N




i.e, ‘ﬂ‘r% tines the concentration gradient at x

It
o

rate --ﬂ'i'zD Lao tenh h/1
If the pore arca were corpleteiy eveileble the rote wo.ld be

27 rl {t v na/u

Hence
£ =40 r2D hn  tonh h/2 or 1%~ ¢ v n
= tanh h/h
Now
D=2rv/2
and10

-~

r=20(1-8) g A

where 8 is the porosity ot the nrtericl, g is the roughness fector, and
assuiiing t.oat the pore wills nave the sii properties os other surfeces.
Hence the ecuaiion for reconbing:zon in the ~or o is

Yo T ‘Sltﬂ tenh ‘n/n“h
For the smooth surfoce "’o = ox - As 9 represents the fraction of the
geovetricel arez exposcd to the rioo tluix by th. pore ncuths, the
coi.bined velue teco.ies

\;0:(1 -9 SYt + & vy A tanh B/AL L.

The x-rcy lensitics of the bronzes ore atout 7.2 g&oen 7. The

e
-
ry
[~
o+
:"?
=
«
i
£
“4

porosily of the coatings was elijntly less taen
will be uscd here for si plicity. Th r-u-hmess f ctor will be aszsuzed
to Dove L vilue of 2. The ores arc oasuiel 1O peneirc.e S Lo BYeVOge
half the listénce .r>. the co . ting surfuce to tne gl ss cyilmer, For a

coatirc weignt of 1.5 gr. in z cylinler 1% L lona enl 2.3 cn die :iter.

< S WA s e 7 e - Sm e e - . e =
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l=2.23x 10“3 cn

A, = 62.3 cn%/gn

1

702 vftg where A is in m%/gm.

=
i

1

1
Yo - (t [1 + 0.116 tonh (70Ax't 2) / .\f’tEJ

In fig. 3 xé and Y£ ere plottcd egainst composition for some of the

sodiun bronzes., This siows thet the voriation in surface arec fron

powde

1.

2.

10.

1.

r to powder does not elter significcntly the pettem of the

cetalytic cctivities.,
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CHAPTLR IV, ‘
z
4 Guoge to Mecsure Chlorine Prossures in the renge 0.4 - 10 an Hg. z,

By Y. H, Booth end J. W. Linnett, {.

In the course of work on the recombinztion of chlorine atous, it wes
found neccssary to devise o gauge copoble of neasuring pressures of
chlorine in the rengc Q.1 - 10 uz. Hg. This posed certein problcis,
since chlorine is & very reactive gos, cttacking rereury and nmost other
netels. The nethod of recsurenent hed to be sensitive, and elso give
values of pressure independent of Lu. azture of the ges. The latter
condition ...s tssentiel, oince the gauge .ol to be ¢ librated ageinst e
Mecleoa gauge with ¢ cas inert to mircury, end elco sine: the pressures
of pixtures cont:ining chlorine eonu sther geses would be required.

A ce acite..co 1 eti06 wrs chicsen, since e proximity neter is obteincble
which cen detect viry sncil changes in ccpecitance. he principle of the
nethod is thel sneli changes in level of a wercury U-tube monometer
are rcecrdea as capacitince chonges. Eoch 1incb is cbout 4.5 em. dicneter.
The ncrecury surfoce in the aru cxmosed to the chlorinc is protected with
a leyer of dioctyi phvhalate. The other erm contains & bross plate serled
into the gless so thet its surfece is a few milliiictres above that of the
nercury. These two surfaces for.: the cendeaser, the mercury being eerthed
via & tungsten secl, anc dibutyl phthelate ecting as tae di-electric medium,
since it has a foirly high di-elsctric constant (6.45 at SOOC) en: a low
.apour presaure. ‘The brass plate is connected to the proxinity meter,

The total cepecitance is of the oriler of 4OuF, and the droxinity neter can

detect changes of 0.001 pF ot mexirnwun sensitivity. However, the nost
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sensitive renges were not needed, ond in rny casc require o very gre:ct
control of wechenical st bility coné texzperature, Even so, the geuge is
on & rigid shelf of the woll, an: is connected to the rest of the
appar<tus, which is subject to vibration from the rotery puip, by
ilexible tubing. .lso, the gauge ond the capacitance bridge box are
enclosed in a thermostated perspex box.

The cxact distance between the brass plrte and the nercury surfece
can be altercd by wecns of & wmercury reservoirt to give ap-roximately
the required range for 2 suitaoble sensitivity setiing of the neter., To
use the gaugc, tie reierence arn is evacueted and i1solated, e charcoal
trer in liquid nitrogen ensuring & constant pressure. o suiteble
pressure range for a —crticuler experinent is obtainea b~ subjecting the
gauge to the lowest required pressurc, and boloncing this out. The
sensitivity is adjusted so that the highes® requi.ed pressure is at the
upper end of the scale. The gouge is then c-libreted against e Macleod
goeuge, the cclibrovion being lincur except at the top end of the scale
or cuv very high sensitivity values.

The gauge hec been founa oo be guite satisfactory in use, giving

reproducible pressure reedings to 0.01 . Hg.
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