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" PREFACE -

Heterogéﬁeous catalYSis-ié a well known phenomenon.' In'almbs£ 
all gaseous reéctions there ‘are substaﬁces which increase or decreasé
the rate ofbféaé£ionvbut'dobhot theméeiVés ﬁndergo any permanent change;
Substances of this type,are~calied catalysts.ahd‘Ehéifvindustrial |
impo?tance,has generated a great number "and vériéty.of research pro-
grams. Howe?ér, to date there is no'general'theory which exﬁlains the
complete process of catalysis and why éome catalysts accelerate a
particular réaétioﬁ-and other; do not.

" In this study the oxidation of several gases (H2, NH_., CO) was

. _ 3
‘catalyiéd oﬁ a platinum filament‘at veryrléw presSufes, (10—6>torr).
During the reaction exo-electrons were emitted‘by the catalyst and this
emission was relatedvto the rate of reaction, which was mohitpred by a
mass spectrometer.

Exo-electron emission is a general term for any form of
electron emission other than the usual thermal, photoeiectric or field
emission effects. _Exo-electron emission occﬁrs whenever a solid sur-
face is disturbed by élloying; éintering, grinding, melting, anneaiing,
a phase change or oxidation. A survey of this phenomenon was doné by
L. Gruénberg,in 1958. In a catalytic proces; one or more of the reac—
tants are adsorbed by the catalyst. ‘The idea of relating eko—electron-
emiséibn to catalysis follows from the work éf T. Delchar who observed
thgt adsorption of oxygen.by nickel induced exo—electron emission. If

iii
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adsorption occursfhefore'catalysis, one.mightrexpect electron emission
to occur during catalyeis;

Another reason for egpecting that there is a.connection between
exo-electron emission and'catalysis comes from the work of V. J. Lee and
W. Hsulin 1967. They showed that the frequency of an AC electrlc field
conld affect the rate of cataly51s of benzene to cyclohexane over brass.
Lee found similar reenlts in oxidation of carbonbmonoxide over nickel
oxide. fhe rate of;conversion was a maxinum for frequencies between.
100 and 200 Hz at 22,0002yolts.~ Also in 1967 Sato and Seo observed a
linear relationshipibetneen exo-electron emissfon and the rate of oxi-
dation of ethylene over AgO. This phenomenon is thought to .occur -in
many catalytlc relatlons and it was the hope of developlng a monltorlng
technique that led to thls study.

Beyond merely monitoring catalysis one would hope to actually
control the rate of reaction, perhaps by means of an external electric
field. The phenomena involved are not yet clear but electric field
effects on semiconductor adsorption are well known. In 1963 F.
Volkenstein presented a theory explaining how one'might expect adsorp-
tion and catalysis to be effected by electric fields because of bending
of Fermi level at the surface.r_Thie theory was ralid only for semi-
conductor catalyste.r Hoenig and‘Lane experimentally verified that
electric fields—Can effect adsorption'of oxygen'on ainC»oxide.

At the moment no.theoretical connection between‘metallic
catalysis, eonelectron emission and electric fields has been offered.

We shall suggest that catalysis induces surface mass migration of the



catalef itself and this,fesulfs in-exo—electroﬁ emission._ If this"
$urface_migration is affected by external eleétric—fields this would
expiain our fesults. At the moment this iatter ideé is pﬁre speculafion.

The author is deeply indebted to Dr. Stuart A;>Hbenig for both
the initial conception and:his continuous support of_this p?ojeét. Dr.
Hoenié;é génefous contfiﬂuﬁibns in assistance and scientific advice
were invaluabié. S , PRI .

TheAautho£ would also like to thank Mr. Chriétian W. Savitz
for ‘his technical assiétance in building the apparatﬁsﬂﬁsed in this
study. |

This program was supported by the National Aeronautics and
_Space Administration undér Grantvﬁoﬂ NéL 03—Q2-0i9.

vfhe author ﬁould-aiso iike to thank Dr. Charleé L. Thomas of
Témpe, Arizona and Dr. William R. Salzman, Assistant Professér in
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ABSTRACT

Exo-electron emission was observed during catalytic oxidation

of CO) Ho» and NH3 on hot platinum;' The emission current was used to ,
monitor the rate of reaction. It was shown that suppressing or enhahc—_.
\ ’ ) '

ing the exo-electron current.decreased or increased the rate of reaction. -



CHAPTER 1 .
INTRODUCTION

_Hﬁman knowlédge and!use of c§talysi$ dateé to_the beginning of
hiétofy. One of'the earliest obserﬁed reactions was. a biocatalytic
process, alcoholiq fermentatign [17. -This is believed to hgvegoccuxred
at fhe beginning of £he NeolithiC»ﬁeriod which is chsiderablf'éégiiéfi“
than tﬁe discdvery of the metallurgies of brénée and iron.

In the 19th cgntqry rigorous studies byiscientists like Kirch-—
hof,'Thinérd} Davy,»Dobéreiner,and:buloﬁé demoﬁstrgtéd that some sub-
stances weré capable of starting of speeding up reactions in a gaseous
or liquid media, simply by their presende and withopt themgelves under-
going any changes [1]. In 1836, Beréelius grouped together the first
scieﬁtific data on guch substances and gave. them the name cataiysts;

He concluded as follows: "It has been‘proveﬁ that a number of simple

and composite soluble and inscluble substances possess the property of

exercising‘upon other_substancés an effect quite different from cﬁemical
affinity. By.means'of this effect they produpe decomposition of the
elements ofvthese substances and different recombinations of the same
elements, - from which they remain separate [in' Prettre, 1, p. 2].™

- Throughout the. 19th century discovery of new_catélysts depépdgd  i;;
on pure chance and progress in.this area was limited due té iéck of
knowledge of the laws of chemical reac£i§ns and'especially to the role

of catalyst poisons.



.AChemical kiﬁet;cs was'féunded-betWeén earl? iSSO ;ndilQOO‘by' '-
investigatorsrsuch”as.Yah‘t-prf>apd'ArrHeniﬁs;v The precise study of 
catélytic reactiéhévéhd-anaiysisvof their‘méchénisms'aid not»really_geé"
“under Qay until theidecade bétween'192O and 19303

| In 1927 Taylor Sﬁégésted fhaf catalysis took place'ét ceftain:
locations on the surface~which he called ?aétive sites.” He was no£
able té explain the exact process occﬁfring at these sites ti£j2l;
" Later WOrks~éhowed that thefeVWas no general;relationship between these -
sites ana visible sgrface featﬁrés, and the true existence énd nature
of-“actiye si£es" isvstill a matter of conjecture. Since 1927 new éata—
lytic synthesés'and'transfbfmétiéns have beén discovered at an increas-
ing rate. The.synthesis of -methanol, the synthesis of_liquidifuels,‘
Petroléuﬁ,chemistry, synthétic rﬁbber, plaéticsbana resiné'ate.a few
examples'of“such catalytic syntheses. 

Aé a resﬁlt of years of research and investigation, vast -

amouhts of data ahd-a'number of theéries on catalysis ha&e been pre- -
sented, .but no theory has been genéfally accepted. »Neyerthéless, these
Vconcepts and resﬁlfs form the‘basis,of‘the science of catalysis todéy.
It‘is.important to investigate the poésibilities of monitoring and
controlling a catalytic reaction and to study any parameters that may
influence the rate of reaction. It will be shown that exo-electron
emission at the surface of the catalyst can be used té monitor the rate
of reaction. This phenomenon was also used to study the diverse ef-
fects of increasing or decreasing the exo—-electron emission level, on

the steady state rate of‘a catalytic reaction.



CHAPTER 2
DEFINITIONS

-  Aséqming«there.is ho catalytic interVentioﬁ;'chemicél‘réactions;"'
can bé aivided ihto two groups.. Thé first are reactions fhat do not
invol&éva-cﬁain;meChanism. When-they occuf in the presencé of ajgata—!}
lyst they display certain pfopertieé_that are érouped undef»thé title_€ 

of true.catalysis.i'These reactions can only be accelerated; i.e.,

.catalyzed, as defined above by Berzelius. The second group consists of .

chain reactions whose rates are very sensitive to the presence of

.certain catalytic substances. Such reactions, unlike the non-chain

reactions make up the generalized concept of catalysis [1]. Both chain- o

reactions and reactions under the heading of true catalysis normally
ipvqlve several chemical steps before the final stage of thé reéction
system. In chain reactions, under cerfain experimental conditions( the
initial step prodﬁces very unstabie, but.very reactiﬁe, atoms or free
radicals. 'These species react with the molecules of the system to pro-
" duce the final produét and to generate morevatoms or ‘radicals that
behave the same_way.-

Stages involved in true catalysis; however, occur successively
and the slowest one determines the rate of'the overall :eaction. In
“true catalysis several reactioﬁs occur in series before the final

product is formed, but in chain reactions séveral reactions, all



producing the final product, odcurvsimultaneously in paraliel. To
acéelerate the overall reactién:iﬁ true catalysié, the slowest‘ProceSs;
caﬁ be réplaced byié sequeﬁcefof.more_rapié steéé that'a;e:not possible
without the presence of £heicatalyst itself; A catalyét must meet this
conditioh, otherwise it.iéﬂineftffor,tﬁe:reaction;_  | | |

Trﬁe éatélysié_qaﬁﬂge'furthef:diVided_iﬁto'two different
‘categories:’ homogeneoﬁs catalisié and hetefogeneous,datalysis,_depénd—.
- ing on whether or not the catalyst'aﬁd.all fhe reacfants belong to a’
singlg-phaée. The most'common’examéies of héterogeneous catalysis are
thoge in which tﬁe reactants are éither gaseous or liquid in the pres-
ence of a solid catalyst.

It is ipteresting to note that reaction at the surface of a
solid dafalyst is ﬁsually-mucﬁ %bierrapid thén'at any dthef éoint
throughout the rest.of the_fluid system, - even though the molecular
collision rate per. unit area atffhe surface of the catalyst is mu&h
smaller than the rate in the other parts of the system.  This is due to
the fact that the catalytic'feaétion rate at ﬁhe surface of the catalyst
does not usually depend upon tﬁe collision rate. In the gas phase, the
reaction rate for the rest of the system is a function of collision
rafe. For a second order réaction (a ieaction in which the rate is
proportional to the second power of the concentraﬁion of a reactant)
the rate varies directly with the’éollision>rate [3].

For a biomolecular reaction, the surface collision rate is
appfdximately 1012 times slower than that in the gas. For an acceler-

ating effect to take place, a proéess’of chemical nature must take place
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at the'surfacé involVing‘the qaﬁalySt and the'éétaiyzgd material. Suqh_
processes,_which ﬁésult in new chemicél:bopas between the separatg*’,
rea¢ténts:ahd fhe surface of thefcatalyst, are éélled,chemiéal adsorp-
tioﬁ or éhemﬁsorption. It is usdally.sﬁatea ﬁhaf in order for a
catélytic reaction to take place one or both ofiﬁhe reactants must 5e
rédsorbea. It is on this basis that we say.adsorpﬁioﬁ‘musf'precéde
catalysi#.. Sinée the adsorption sfep is- the rate-limiting one ig most
hetérqgeneous:catalystic reaétions.the éﬁﬁdy of adsorption is intimately"
related to any investigatiop‘of.caﬁalysis.” Thé number_of4éhemisorbed.
atoms 6r moleculéé is usually’only a small fraction df fhefnumber 6f
PhYéically.adsorbed molecules but their .removal ffom the solid»inyolves :
strenuoﬁs reduction and outgassing teéhniques. Experiments have shown
héatsvéf'cheﬁisorptioh to be éompérable foiheats usuallyvihvolved in

chemical reactions.



CHAPTER 3
_ KINETICS OF CATALYSIS )

In_a.hetefogenéous catalytic reaction involving gases, the .
reaction rate may be a complex function of the teactant pressures and
temperatures as well as the catalyst properties. Several méchanisms

involving these parameters are discussed below.

" Diffusion Theory of Nernst

In 1904 W. Nérnst afgued‘that equilibrium is::eachedrvery
quickly atlﬁhe intg?facéﬁbetween the metal catalyst"ana the gaseous
‘feactants.-~ﬁe éiéo.éésgulaféa fha£ fhebiafé.éf.anj-éhemiéél chénge
occurring .at the surface depends priﬁarily on the rate of diffusion of
a reactant (or reactants) to the phése boundary [in 4].

In 1906 M. Bodenstein and C. G. Fink [in 4] explained tﬁat
catalytic oxidation of sulfur dioxide to sulfuf trioxide, (fhe oxide of
sulfur used to make sulfuric acid, an important industrial. chemical)"
through Nernst's diffusion theory. In fact, they_obtained,data which
,shqwed that the rate of produqtion of sulfur trioxidé was.iﬁdéed a
L function'of diffusi@n rate, the initiai conceﬁtration of sulfur dioxide
and the émount.of sulfur trioxide férmed. .They.fﬁrther explained that
the rate of reaction_wés determined by the diffusion of the sulfur
dioxide: to the Cgtalytic'surfaée through a gasebus layér of sulfur

trioxide.



Langmuir-Hinshelwood Mechanism

Langmuir suggested that in order for two molecules A and B to
react they must be adsorbed on adjacent sites [32_4], also referred to as
"active centers.”" This is known as an adjacent interaction or adjacent
adsorption mechanism. Assuming that the velocity of reaction is depen-
dent on interactions occuring in the adsorbed layer, and not by rates
of adsorption and of desorption, then the rate should be proportional
to BA GB where GA and GB are the fractions of equivalent sites covered
by substances A and B respectively. In this case, the rate R is given

by

R=X®H96_ 0 (1)

where K is a constant. Now if eA and OB are functions of the pressure

of "A" and "B" it follows that,

R=Kk, Kk

1 "2 Pa Pp (2)

where kl and k2 are constants and Py and Py represent the partial pres-
sures of gases A and B respectively.

Equation (2) is generally valid for 6A<< 1 and GB<< 1, i.e.,
both reactants are weakly adsorbed. From Equation (2) it is apparent
that for the case of strong adsorption of both reactants, the rate of
reaction depends directly on how much each or both reactants are
adsorbed. Equation (2) also suggests that when neither reactant is

strongly adsorbed the rate depends on the partial pressures (concentra-

tions) of the reactants.



Another case exists when gas A is weakly adsorbed (9A<< 1) and

gas B is strongly adsorbed (GB ~ 1). For this case R is given by

R = (K k;/k) (p,/Py) - (3)

This indicates that as Py increases, more sites are covered by B mole-
cules. This leaves fewer sites available for A molecules and the net
effect is a decrease in reaction rate R. 1In a later work, [in 4],
Hinshelwood supported Langmuir's theory for reactions on metals. He
concluded that Langmuir's eguations, based on adsorption theory, gave
an adequate description of the kinetics of surface catalysis. He also
suggested that the catalyst surfaces contained centers of activity
(active sites) but that the surfaces were not as uniform as Langmuir
had assumed. In fact, it appears that the adsorption sites for two
different gases are not the same. The blocking effect suggested by
Langmuir (Equation 3) does not usually occur. Here again we must note

that true nature and existence of such sites is still under study.

Absolute Rate of Heterogeneous Catalysis on Metals

In 1931 B. Topley proposed that the rate of reaction involving

a single gas adsorbed on a metal surface, would be given by:

R=F n exp(- E'/RT) . (4)

. . -2 .
Where R is the gas constant in molecules cm sec , n is the number of

2 .
molecules adsorbed per cm and F is the frequency factor, taken equal

1 - . . . . 5
to 10 2 sec l. Equation (4) is an application of the Arrhenius equation.



The term F exp(- E'/RT) is just the Arrhenius rate constant for a sur-
face reaction with activation energy E', [3]. E' is the difference in
energy between a transition state on the surface, E*, and energy E of
an adsorbed molecule of the reactant on the surface. A transition state
refers to the state of molecule in which a bond is in the process of
being broken or formed. This molecule is often referred to as the
activated complex. For molecule A to be converted to B it is necessary
for it to be activated to energy E* (activated complex). This is true
for the reverse reaction as well. Only collisions with energies equal
to or greater than the activation energy result in a reaction. For this
reason fast reactions generally have very small activation energies. 1In
this case almost every molecule that arrives at the surface reacts and
the reaction rate is limited only by diffusion. Topley's equation can
be applied to surfaces of known area and uniform activity [in 4].

For zero order reactions (reactions in which the rate is

015 cm—2 which

independent of the gas pressure, € ~ 1) Topley let n =1
is the number of molecules in a close-packed monolayer. He then found
E' experimentally for several reactions and observed a result very close
to those calculated by the use of Equation (4) with F = 1012 sec-l.

He found similar results with first order reactions (reactions
in which the rate is proportional to partial pressure of a reactant) in
which he found n as a function of pressure and temperature befor apply-
ing it to Equation 4,

Many other theories have been suggested to explain mechanisms

involved in specific catalytic reactions. Presently, however, there
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are no explanations available that could be applied in a complete
fashioh to all catalytic reactions. Design of catalysts is still a -

black art today simply because catalysis itself is not well undérStobd.>



CHAPTER 4

METAL CATALYSTS

Propoged.Theories df Catélysis by Metalé

Caﬁalysis,by me£é1§ haéfbééﬁ”aéscribediby many investigators in
terms of the électron'fheory o£ metals. There are also ?roposea expla-
nations relating the behavior of sémiéonductor-catalysts to-metai
catalysts. Volkenétéin,wrbte; " "In most.cases a meﬁal is enclosed in a
‘semiconducting coat and the procesées which apparently take placé on
- the surface of the ﬁétal éctually‘téke éiace'on the'surface”of this
semiéonductiﬁg coat, whereas the underlying métal frequéntly takes
practically no part in the process [ig_VOlkenStein, 5, p- 156]."

Formation of ‘such a layer on the éatalyst surfaée may explain
the effect of electric fields on the :eaction if it is treated as a
semiconducting layer on the metal surface. Volkénstein [5] argues that
applying an electric field of the proper polarity to a semiconductor
layer of thickness L,»could have the following effects: . the concentré—
tién of electroné onvone.of the éurfaces (x =ho) would bevincreased and
the hole concentration lowered, i.e., the Fermi level Qould be displaced .
upwards. Similariy at x = L, the elecfron concentration would be lowered
" and the hole conéentration raiéea, i.e., the Fermivlevel would be dis-
placed downwards. This'effect would increase the adsorption capacity

for.electron.acceptors at one surface (x = o) and decrease it at the
|

11
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other (x = L). This effect was demonstrated by Hoenig and #ane [6].
Since adéérption‘preéedes,catalysis it is expécted that the catalffic
activity of the specimen must also change, which injfurn wduld change
-the rate of-reaction.’ This theoreﬁicaliy expected effect héé not been
ékamined‘e#periméntally.. |

:.ﬁSginéki presented a new quantum.méchanical approach.td gasQ
'vmétal catélysié»&hd about'thé same time E. K. Ridéai and O. H.
' Wansbrough-Jones discovered tha£ the activation energy E for‘oxidation
6f plétinpm, tungsteﬁ~and carbon, was reléted to the work functién 0] as
¢ - E = constant [22;4, p. l26].

Rideal Iig_4, p; 127]'suggestéd that during édsorption,,thé,
'V ;e§ctan£:mQ1écqles ente; the intrinsic.field of the metal su;faqe and
%ﬁe.deférﬁéd._ Thié déformatidn:Qbuld.increése the.poﬁeﬁéial.énérgy of .
tﬁe system and thereby promote the reaction. He fufther proposed'thét-
this source of potential eéenergy lowéred'the required activation’enérgy
permitting the transfer of an electron from the adsérbent atom'éo_the
adsofbate atom. Rideal, howevef, failed toAclarify.how-deformation of
adsorbate molecules due to adsorption causes them to gain potenﬁial
energy.

Aﬁothér well known theory for metal catalysts is the d-band
theory of Dowden [ 71. He noted .that mést common metal catalysts are
all transition elements. These elements have incomplete valence ban@sr
possessing electron vacancies. This pr&perty enableé these metals to
take electrons furnished by adsorption of an ionized molecule. They

cah»also provide electrons for molecules with strong electronic affinity.
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--Any prbcess affecting the number ofi"électron vacanéies" in thesé
mef%ls chénges-theif'adsérption piope?tiés,; Pfoducing dislocations in
,thé metéi or any other disturbance in»thevqrystal'lattice, chanéeS'the
pésitibn_bf energy bands. Introduciﬁg.iméurities.into the c:ystél
laftiée by substitption or insertion also‘éhéngeé the.chemisorptive'
préééftiés [47.

Cataljsié over metals invOlﬁésffﬁe gasorption of the reactants.
inVoived;,.From this point of view it is‘ihtexeéting to.observe some'bf‘
the effects of adsorption on metalrsﬁrfaCes?- In 1954 Shurman [in.11-
found that mgtallic filﬁs.exposed ﬁo Variéus gases eghibitea changes'in'
Vtheir,electrical resisténce‘and photoeleéfric seﬁsitivity, When an,i
easilybionized material is adsorbea, at_léésf one electron i§ taken up
by_the.aasorbent phase. This iﬂcreasés-£he eleéﬁfon.deﬁéity in the
adsofbent;‘the electrical resistance is.reduced;.and_the photéelectric
sensitivity is increased. The situation is reversed When the material
being adsorbed has a much higher electronic affinity. This results in
remo?al of electrons from the solid. The variations in this case are
exactly opposite to those observed in the previous case. The resulting
>ion§ in both cases are held to the surface-by the reduced image forées.

‘Shurman also examinéd the case when a covalent bond is fofmed.
This case occurs when the difference in eiectronicraffinity is not‘high
enough for complete removal of ‘an electron,from one of the two phases.
Instead a covalent bond is formed which immobilizes the electrons on
the'adsprbent phase on the surface. in this case the photoelectric

sensitivity and the electrical resistance of the adsorbent are increased.



14

Surface:MobiliEy bf'MetaiiAtomS‘j

Experimehfs have éhownxthét:certain_Qas reéctibns'and gas
:jédsérptiénévén metal surféées inaudevability‘of ﬁhe-métal‘atoms.‘-The
Ltendencgrforvsﬁch mobility seems to be much higher Qhén ﬁhin-metal filﬁs i
aré‘ﬁééd.' | |

In 1908 Turner [in 4] perfofmea aniiﬁteresting experiment in

;Which 5e;heated a'thiﬁ'film of silVér.aﬁd exposed it to“ﬁarious.géses;

'iifhé'silver filﬁ'was first heaﬁed in vacuum to 5d6°c. There was no
'obSéxvébleichahge; fThe’same_proéedure waé repeated in the presence-of
ox&éen at 15 torr preséure:and thg film\tufned_into;a white ppwdery
1ﬁateri;1_with much smaller bulk_éveﬁ thoﬁgh neither'thé-weighf of the
ifilm ndr the volume of the oxygeﬁ"héd chaﬁged. Tﬁrﬁer suggested that
the”fihely divided silver was at equilibrium with its.oxide in’a
"peculiar amérphous fashiqn.ﬁ

Thin films exhibit-mobilify in vacﬁum at temperatures far below
éhe melting poinﬁ of the metal [4]. .In>1917 Andrade -showed that sur-
face mobility'occurs above a criticai tempe?ature'which'depends on the
thickneés of the'metai film. He also concluded that the gas like layer
'.might be ohe or more atoms thick. Copper'haé’bEen shown to  form dif-
- ferent pattérns on its;various crystal suffaces when expésed.to
differen£ ambient gases. | | |

- Diffraction patfern observatipns by Swanson and Bell [8] showed
that oxygen contamination of platinum wés_nearly~impossible‘to remove.
VThey also concluded that adébrption of oxygen on platinum caused rear-

rangement of the top layer of platinum atoms (the rearrangement of
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atomsvwés actuall? observed by field ion ﬁicrésboﬁié ﬁeéhniques). The
samé phénoménon did hot'occur:ih}adsorption’of éarboh ﬁonoxide;7cesium,t"* h
:'hydroéen and hitrogeh,'rlt is»suggésted that sﬁch a rearréhgement-may be
thg~source of exp—electrpn,emission during catalfsis, Swansqn and.Beli,.
iidid nét mention whethef such a rearrangement occurrgd continﬁously
during onyéﬁ adsorptiéh §r Whether it took placé.aﬁ fhe'beéinning of .

'eprsure‘and.remained'ih:a steady state condition the rest of the time.

Platinum Catalysts .

Platinum in a nearly pure form, or‘alldyed with a smali quan-
tity of another metal, ié a good catalyst in oxidations, hydrogenera- .
tions‘énd-aehydiogenationé,' Piatinum may also bé‘uéed_as,a supported
catalyst. This means fhat a small quantity of platinum élong with a
cérrier substance is aeposited on a substance like alumina which is the .
support. The aluminavis fhen heated to activate»therdeéosited éatalyst..
This'support technique is usuélly used becagse of the very highicost éf
the metal, bﬁt there may be catalyst-support intéractioné‘which result
in improved broperties.: Silica gel is often used as a piatinum:support
for industrial oxiﬁation of pure sulfur dioxide because it produces an
Veffec£ive sufface areéften-to twénty times greater tﬂan'alﬁmina [4].
Pure platinum in the shape of-a very fine .gauze is the solelcétalyst
usedltoday fdr high temperature-oxidation of ammonia to nitric ogide.

“This was one of the reactidns investigated in this study.
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_.Platinﬁﬁ catalyéﬁs have té.bg écti&afediby vaﬁidus methods dé—
pendiﬁgfpn tﬁe_ieaction-tﬁéy aré éoingftq'be ﬁsed in._'High'temperétﬁre
heatihg invultra high_vacuqm,ié'ofﬁeh ﬁééd”télevaporate"éertain impuri-
fieé off the surface. - Other imburities diffuée deep inﬁo the bulk of’
the catalyst where'they do not interfere With-tﬁé processes occuf;ing
at the surface duripg catalysis; ’Carbon iméuritiesVaré removed by pro-.
loﬁged high temperature exposﬁre_to'oxygen at low preSSurés;

Microscopic examination of'the'surface aftér a prolonged ﬁigh
temperature freatment reveals that.pits and grbdves.have replaéed the
ofiginaily smpoth-surfacé. This typeaqﬁzsﬁrfaée_hasra'much higher
ca£alytic activity than the original smooth éufface; [4].

| ; Surfacefreduction by hydrogen is alsp_used té clean the sur-
facg._ Pééitive ion bombardment is aﬁofhef mééhod fhét‘islsoﬁétimés
used‘tq activate the surface. This process produces defects oﬁ the
surface and sputters off-fhe impurifies._ 200 - 600 ev ions are used
in a background gas of argon at ;OéS fort.

it is very. important to "activate" éf "clean™ the catalyst
suffécé of all:impurities. Some impurities act as "poisons“ that
partially or completely block the catalytic process. Lead and espe-
;ially sulfur, are»welivknéwn céﬁaljtic poisons.r Less than a ﬁonolayer
of sulfur may éoﬁpletely neutralize platinum of its catalytic proper-
ties. This ié the phenomenon.which led»tQ the belief that‘catalysis'is
a'locélizéd brocess (active sites) and does not occur uniformly over

the whole surface.
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More research is needed to investigéte thé mechanisms by which
 these poisons neutralize a catalyst. Clarification of such mechanisms_':

may yield a better understanding of catalysis itself.



" CHAPTER 5
DESIGN OF EXPERTMENTAL SYSTEM

Vacuum System

The vacuum system consisted of arVaxian type stainless steel
chaﬁber with-copper gaskets, a Welch Duo—séal rotary mechanical pump;

a 300 watt Consolidated Vacuum Company oil diffusion pump, a 50 litér/
second Varian Vac-Ion pump, a Consolidated Vacuum Company Pirani
vacuum gauge‘for pressure aboée 5 microns, and,a_Vacuum’Industries dis-
chargé vacuum gauge for monitoring low pressure rahges (Figuﬁe 1).

| Tﬂe system was First pumped down by the mechanical pump to a
pressure of :05 torr at which point the oil diffusion pump was turned
on. After the components inside the vacuum system had outgased, the
diffuéion'pump brought the pressure downAto the Vac-Ion pump range,
about 16—4 torr. At this stage the Vac-Ion controller was turned on
.and the system was isolated from the diffusion punp by means of a high
vacuunm. valve. After 12 hours, pressures at or beléw 10—7 torr were
achieved with no bake out of the system.

The vacuum chamber contained the ionizer assembly of the Quad
;250,'the filament assembly, and the electron collector screen. The
Vac-Ion pump and the reaction thamber were connected in such a way that
the opening of the pump was not in a direct line with the electron
collector. Tests were made to see if ion pumﬁ operation affected the-
"electron measuring system. Resulﬁs were:ﬂegative.

18
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Mass Spectrometer

An Electronics Assogiates, Incorpofatéd Quadrupole 250‘residﬁal
gas analyzer was used fo monitor the concentrations of gases and ions
present in the syétem. The relative concentrations were displayed on a
HP-130C oscilloscope as amplitude versus m/e ratios (peaks). The mass .
spectrometer could be-adjuéted to continubﬁsly scan any number of such-
peaks in the.raﬁge of mass numbers 1 to 50. The output of the mass
rspectrometer was recorded on film or a chart recordér; ‘Figure 2 shows

a typical scan of mass numbers from l'tQ 34;

Thé Reaction Chamber

The .reaction chamber is shown schematically:in Figure 3. All
trical candections intsc the Chailer were wade tiiwouyh Varlaa high
vacuum connectors.

.The catalyst-filaments were supported by brass terminals and
were isolatedAfrom groupd by a boron nitride support. Three filaments
were installed at a time to avoid frequent pump down of the system in
case of burn out. A chromel-alumel thermocouple welded onto one of the
filaments was used to record the filament temperature. A Hewleft—
Packard 425A DC micro volt-ammeter was used to measure the thermocouple
potential. The output of H?—425A was plotted‘by a servo-recorder as a
measure of the time variations.of temperature.

Exo-electroné from the filaments were detécted by a'semi—
circular stainless steel screen collector biased at +30 volts. The

currents from the collector were measured by a Keithley 417 high speed

picoammeter whose output was again plotted by a recorder.
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The‘Quad 250 ionizer‘assémbly wés Sitqated such‘that.ﬁhé
vionizer'opening,'theyacqelerétor, focussing plates,jquadrupoles aﬁd the
 >e1ectron mﬁltiplier:wefé directly'in line'with the"catalyst'filaments.
~This reduced the réspénse tiﬁe.between the start.of a catalytic reaction
-énd tﬁe time when the reaction products:were observed.

The .catalysts were in the.form,of,wires .25 mmCin diameter. A .
catélyst assembly consisted of three such wires, each;approximately 10
~ cm long, which were twiéted together.. The catalyst materials were high
purity Qrade platinum (99.995%), silver:ahd pailadiuﬁ.' The gases used

‘were commercial'grade CO, NH_, H2, and 0., taken from standard cylinders.

3

Power Supplies and Recording Instruments

"~ The catalyst filaments were heated by AC current which was .
supplied by a cémbination of an'isolation transformer and a variac.
This allowed the filaments to be biased above or below AC ground. The
filament bias potentials were provided by a Fluke 407D power supply.
éias voltage could range from fo* (ground) to 600 V DC. Time variation
of catalyst temperature, exo-electron current, and relative peaks of
reaction products {(Quad outpuf) were recorded by three Heathkit EUW-20A

servo-recorders.



" CHAPTER 6

EXPERIMENTS AND RESULTS

Chemisorption Effects
" The first experimental‘studies-involved oxidation of CO, NH3

and H with gaseous O

5 The.reactant partial pressures were held at

5
about'l.lo-—6 torr during experiments. The total ?ressure was also
observed to notefahy loss of préSsufe'due to overheating of the Vac-Ion
- pump. '

To investigate the backéround effects the filament (catalyst) .

11nAad AnAd sl
ROCGCO &G Cad

was wpiased at +30 volis wiih ilie pres-—
sure at 10_8 torr. Each of the gases under study was‘admitted through
a leak valve until the system pressure increased to 10—6 torr. For
each gas, the platinum filament was gradually heated from 20°C to 800°C.
The mass spectrometer and the picoammeter were used to look for cata-
lytic products and exo-electrons respeétively. (It should be noted
that the mass spectrometer and the picoémmeter could not be used simul-
‘taneously since some ion émissioh from the spectrometerbionizer was
picked up by the exo-electron collector.) Therefore when making exo-
electron measurements, the ionizer waé élways turned‘off.

In these studies no réaction products were observed. - However,

there was some exo-electron emission due to changes in the work function

of the filament induced by chemisorption and surface rearrangement [°2].

24
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The effects are shown. in Figure 4.- Oxygen increases .the work function

‘while hydrogen decreases it. Emissions with NH_ and CO were lower than -

3

the vacuum level.

Catalytic Reactions

The first catalytic reaction studies was thaf'of o#idatién of
hydrogen by oxygen over platinum. This reéctibn took place even at
room temperature but the rate was very slow. The rate of catalysis',
rose sharply as thé filament waé heated to the operating temperature of
775°C. Figure 5 .shows how exo-electron emission followed the rate of
Catalysis,‘ Here the rate K is given in.arbit?ary units* and emiésionu
" Ie is given'in'amperes. K and Ie are plotted ésva funétion of time.
The data on 'K was obt&ined by recorcding the water peak using the mass
spectrometer. Water is ﬁhe product of the oxidation of hydrogen and
the rate of reaction is directly proportional to its concentration.

Notice that the exo-electron current follows the rate of re--
action and is somewhat erratic until X reacheé a steady state value,
at which time Ie drops to a slightly lower level. Similar data was
obtained aé the experiment was repeated. It was noted that at higher

.filament temperatures it took less time for K and Ie. to reach steady

state. Similarly at lower temperatures the time to reach a constant

*The value of (K) cannot be given in absolute units because
the electron multiplier in the guadruple was subject to changes in
efficiency as a function of the ambient gas in the vacuum system. The
efficiency is known to rise in the presence of CO and drop when O_ is
introduced. These long term drift effects do not invalidate our
conclusions.
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‘ levelnincreased,. At 800°C it took:7 miﬁu£es‘fdr K t§ drop and Ie fell

o the.lower'leﬁel. .At 700°C a longer time (15 minutes) was requiréd°
It seemed that-énce the steady state_conAition was achieved,

. the system was quite stable.. A variation of catalyst temperature by

+ 50°C didvnot appreciably effect K or Ie.

Figure 6 shows similar results fér‘oxidatiOn of CO. Notice the
surge in bétﬁ K aﬁd Ie as the filament is turned off. This is not an
électriéal transient efféét.r Thé heating current was observed'on an
oséi}losébpe to check for any transient effécts_or~surges,at'the time .
when the filameﬁt was furned off. All tests were negative and at a
lafer point we shall sugéest that this'"cooling" surge is due to sur~
face mass migration as the éatalyst cools off. At‘this point we will

.'only commeﬁt on the almost linear relationship betwéen the ratéléf
reaction (K) and the exo—electrén current Ie. )

The qualitative behavior in oxidation. of CO was very similar
to that of oxidation of H2. In FPigure 7 results of the catalytic
oxidation of,NH3 are shown. Here again exo-electron emission follows
the reaction. The "cooling” surge was observed again. This phenomenon
seemed to occur whenever the catalyst was cooled down to room tempera-~
ture from its operating teﬁperature, and we must note that the decay
time is much too long for it to be a switching transient. It will be
noted later that the form of the curve decay following the surge was
effected by changes in the filament bias. It will be'suggested that
surface mass migration is responsible for the "cooling" surge in exo-

electron emission, [9].
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iTempefature Effects
Figure 8. shows the effect of;chaﬁging the.operatingitemperature,A

for different reactions under identical Conditions,,on the reaction rate

~ K and the electrbn current Ie.  The reaction under study was oxidation

of amﬁonia; _This data demonstrates the possibility of following é
réaction by exo-electron qurrenft (Thefmal effects occur at tempera-
turesvagove 800°C.) It must be;noted that rate of heating effected the
overallﬂactivity of the filament and the rate of cooling changed the
form .of the'final decay. To avoid this.difficulty the»filaments wére
turned on and off with a'snap switch tb'decrease the heat up time.

Slow warm up of the filaments decreased the activity of the catalysts.

This phenomenon was also reported by Bernstein, Kearby, Raman, Vardi,

and Wigg, in oxidation of NOx over monel [10].

Activation Energy Comparison

-

For relatively small temperature rangés, dependence of rate

constant on temperature is given by an empiridal equation proposed by

Arrhenius, [in 3],

k = A exp(- Ea/RT)

where A is the frequency factor also known as the pre-exponential
factor and»Ea is the activation energy. The above eguation can be

written as

Log k = - E_/(2.303 RT) + Log A (5)
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Since K values recorded experimentally are all -relative, let

k=fK ' (6)
whe:e;f is a ccnstént.‘ Then,
Log K = - E_/(2.303 RT)7+7Log A - Log f A7)
or
Log K = - [E_./(2.303 R)]jl/TK]-+ cOnsﬁant'.‘ (8)
Simiiafly,
Log Te = [- EaIe/(2.303’R)][l/TIe] + Constant ; (2)

It must be noted that £ is also‘a fgnction of concentrations of
reactants of the reaction in question. Dependence of £ on concentra-
tion varies with the order of the reaction. |

Equations (8) and (9) were used to produce the Arrhenius plots
shown in Figure 9 fbr both K and Ie. The data was obtained from the
plots in Figure 8 for temperatureé’betweén 583°C aﬁd 986°C., Slope of
each'line represents the activation energy of the qorrequnding process.
Activation energies of the two processes involving K and Ie respectively
wefe'éalculafed to be 7.3 and 8.1 kcal mole—l respect}vely,'clearly very
close in magnitude. This is df importance if one process is related to

the “other.
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Turning to other experimental results we should note that
~. throughout this text whenever a particular effect is reported with the

oxidation of CO, H2,:Or NH the  same effect is seen in experiments

3’
with the other two gases. If the results are qualitatively similar,

the matter is not discussed any further. Howéver, any signifidant.

differences are febortéd in the text.

"Electfichield Effects
In the early'experimeﬁts én eiectric field effects, the cata-
~ lyst was biased to enhance or reduce electron emission to see what
effect, if any, there was on cataiysis;. The-catalyst was heated to

its operating temperature (770°C) and then biased ﬁo-i28 volts. The
data indicated that changing the hiag wvoltage in the middls of 2
reaction changed the vélue of Ie but the value of X was unaffected. A
different effect was Qbserved-when the filament was biased before the
catalyst was heated. This is éhown in éiéure'lo for oxidation of CO.
A -28 volt bias increased.both Ie and X over the no bias wvalues while
a +28 volt bias decreased both Ie and K below the no bias values. It
should be noted that the positive bias potential was not nearly as
effective in lowering K as the negative bias was in increasing it. The
no bias K value is much closer to the K = +28 level than the K = -28
.level, and it was not shown to avoid confusing the figﬁre. Figure 11 .
shows more detailed data on the effect of filament bias voltage on K.
Bias voltage was changed eéch time the filament was cooled to room

temperature (approximately 20°C). Then the catalyst was heated to 770°C

and held there until K reached a steady state level. At this time the
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filament.wés.ééolea'back.to 20°cC. - Thendéta showgd that for higher
négatiQe‘poteﬂtials K increased. rapidly when the,fiiament_was turned
on aﬁa diéd out qﬁiékly when iﬁ waé turned off;i The pulse_occurriné aﬁl"
cooling was much steeper and'stronger; At low voltageslhowever,‘(—3OV).-
'the*;isé occurs .much more élowly and the decay is significantly-loﬁger.

:Other’ex;eriments showéd that small posiﬁive,filaménﬁrbiaé
.voltages (+28V) reduced K slightly whereas higher positive voltages.
.(+80V) did not have noticeable effect. It‘mﬁst be noted that the exo-
_Velectron emission.currént at (+80V) was nearly down-to Zero.

vThere was eﬁiaence that when‘a filament was positively biased
during a reaction it was conditioned such that the effecf was carried
on‘to the next reaction also. In other»words, a filament which was
used previously in a catalytic reaction with a positivevbias was less
active than a filament which was éreviously eithei grounded or nega-
fively biased. We suggest that positive bias can condition the fila-
ment against catalysis. This effect is shown in Figure 12. Here K
was-plotted against time for three consecutive runs. It must be noted
that the plot shows only the time during reactions and the filament
heating time after the second reaction is not shown. The reaction
under study was oxidation of Cb._ The filament was first biased at +30
volts to retard exo-electron emission. It was then cooled to 20°C and
-30 volts was applied. 'The increase in K was significantly lower than
that usually observed at -30 volts. It is suggested that the positive
bias had somehow "formed" the catalyst into an ineffective state. The

catalyst was then annealed by heating at 950°C in vacuum without any

/
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applied potentiél for one hour and cooléd down to room température.
:4.The,Same eXPeriﬁent was repeated ﬁith_f3ov bias, (K) inéreasedrto its
normal level at.this;potential;.’ |

One stﬁdy was. done to determine if the emitted exo-electron
current h%d a coﬁple# energy spectrum. This ;pectrum might be related
to the presence of "activated complexes” as reaction intermediates,

'[ é]._ To do this, the filament was. turned on-withﬁhd bias and the
reacﬁioﬁ waslallowed to stabilize. Then the filament letage was in-
" creased very slowly in steps to +33V. The exqrelectron current mono-

. tonically decreased as the fiiament voltagé increased. No structure
other than capacitive switching effects was observed in the Ie versus
voltage curve. One would expect that the intermediate active states
involved in a catélytic reaction would emit électrons at characteristic
energies. If these states existed in this reaction they should have

appeared as discontinuities in the plot of bias versus Ie. The results

were negative.

Effects of Removing One of the Reactants

<

The next group of experiments involved shuting off one of the

gases, either the oxidizing gas (02), or the reducing gas (CO, NH3, H2),

after the reaction reached steady state. The electron emission levels
were recorded and compared with the three gases. The resulting data is
shown in Figure 13. It is clear that presence of oxygen alone lowered

the emission subs%antially. Electron current level with both reactants

present is higher than that with only oxygen present. This may be due
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to féfmation of an adsorbed oxide layer at the,surfaqéVWhich changes |
the work function of the metal surface;', |

Further study was made to see if highly oxidized catalyst was
‘more active than a reduced catalyst. To do -this, ‘a platinum filament
was heatéd in ammonia at 900°C for 5 hours at a pressure.of 2.x,lO--'6 mm
Hg.  This was done to reduce (clean) the suffacefof all oxidés, The
-f£ilament was :then cédled.down to room temperature. After 3OVminutes of
vcooliné, the filamént was heaﬁed up again to 700°C in ammonia at- a
pressure of 2 x 10—6 mm Hg., and the waterpeak (one-of the prodﬁcts of
'oxidation‘of ammonia) was recérded. It must be notgd that the only
oxygen present in the sYstem was part of the backgfound gas, approxi—
hately 1 x 10—7 torr, while ammonia was coﬁstantly being fed in.

The same experimeht was repeated except thét‘the initial heat
treatment at §OO°C was done in oxygen at 2 x 10_6 mm Hg., instead of
ammonia. It was observed that the filament was approximately 5 to 10

percent more active after being treated in oxygen.

Oxidation of Alcohol Over Silver

Another reaction examined in this study was oxidation of
alcohol over silver. The reaction started at about 200°C. The optimﬁm
temperature was about 560°C. The length of time to reach steady state
depended on the filament temperature as was the casefwith platinum.
ThekCétaiytic activity seemed to vary greatly with:

1. The lengtﬁvof time before the previOQS'reactiqn.

2. Ratio of mixture.

3. Pressure.



Thefé was aisé evidende that’loﬁgér'"re§t4periods" bétwéen
reaétiéhs iné?éééed activity. This‘was also true whén the filament
was héated in oxygen;apd cooled again béfore the reaction.

Two‘cqnsécutive'reactions seldom showed identical activities
although corresponding test runs of two different‘sets of experiments
showed similarities in behavior. Due té this property it-was very

X D .

difficult to keep all parameters constant in orderito study the effect

of electric fields on the filament's activity.

‘Comparison of Activity in Platinum and Palladium

Final phase of this study involved comparison of the catalytic

activities of platiﬁum and palladium. It was pointed out earlier that

anme nf +he thenriecce valatina ratalvecic +n Avivadal f*fr\nm}'\-'—v'}y' oA Fa11~A
some of the Theories yelating catalveis o cxygtal noty

since similar geometries did not exhibit similar catalytic activities.

Eight runs were made for each filament at various temperatures. Oxi-

dation of hydfogen was monitored and the steady state H2O level was
recorded for each run. The data is given in Figure 14. As expected,

the platinum filament had higher activity. This was the case for all

gases tested.
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CHAPTER 7
DISCUSSTON AND CONCLUSIONS

Exoéeleétron emission can c¢learly be used to monitor the raté
of certain reactions. A -linear felationship ﬁetween exo—-electron
émissidn and.oxidation rate of ethylene over silver oxide was reported
by Sato and Seo [11}. Although emission level in our study was not
significant for slow reacfion which took place at or near room temper- -
ature, it was definitely a measurable qﬁantity varying very nearly in

the same fashion as the rate of reaction at temperatures above 500°C.

ThcAchange in clcetren omission and rate of catalysis will: electric
fields indicates that some reactions can be partially controlled by
external electric field potentials.

The méchanism for thesé phenomeﬂ; is not entirely clear at
this time, but it is suggested‘that the large values of\K and Ie
observed during the induction period are due to mass migration on the
catalyst surface, [9]. Surfécé migration during catalysis is well
known, [12]. Catalyst surfaces are often grooved and twisted after
long use.

Delchar [13] has observed exo-electron émission from nickel
during adsorpﬁion of oxygen, but the electron current level dropped'as

the surface bécame saturated. Similar phenomenon was observed in this

study and it is suggested that the steady state electron current is
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due to the.aasdrption step in the reaction. ‘It is further suggested
that the steady_;tate ;evel.ihdicatgs a ‘continuous adsorpfion'which
would~be(necesSafy f§rva.dogfinaoﬁé cétéi&%ig‘activity.

fhe’suxgéﬂseen durin§ cdoling magkbeidue toirelaxétion of the
"activated" sﬁrféqe;Lwhich_égists duriﬁg'Cataljsis; back to 1ts normal
state;ffEffeéts of this nature have béenlreported iﬁ:thermal‘faceting
of silver, [147. The;mal_facets at.865?C disappeared as the tempera-
ture was_raised ahd,Ieappeéredkéé'tempéfé£é¥e went down again. Copious
exo~electron emission woula resﬁlt from such-éxtensive surface migra-
tion [9j.

It Qas shown earlier that electric fields are effective (if
at all).6nlvahenka§plied befgfé the cagéi§5t is heated for reaction,
Electric fiélds, if applie@ during surface réérrangeﬁént, have been
shown to change>the final state of a surface in thin films, [151. In
that study, the electric field was applied.during deposition and was
shown to effect the orientation of_the deposited film. The electric
field was not effective when applied to the completedAfilm. Kennedy,
Hayes, and Alsford [16] demonstrated that for a given metal f£ilm thick-
nessAhigher resistivity films are obtained for evaporation onto én
electrically isolated substrate, whereas lower resiétivity films result
from the application of an electric field (10 volts/cm) in the plane of
the substrate or by removal of residual electrostatic positive charges
from the inciaent vapor stream. In their experiment the major struc-
tural effects took place at the early stages of .growth. Other studies

by Sinclair and Calbick [17] on orientation effects of applied DC
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. electriCmfields,on se@ium ehloridéffilms'deposited_on silica‘glass[

‘

and one by Little [18]-on;inhibition of condensation by intense.electro—,;
magnetic fields, indreate-tﬁat_electric.fieldS'have.a definite effect
onvformatiOn ofbthiﬁ £ilms wﬁen apblied during their growth. A catalyst.
surface at the beginhing of a catalytic reaction may be compared to_a-
thin film during gr0wthadue to rearrangements caused by surface migra-.
tion. It is suggested rhét the finalvsurface state, after thevmass
migration has ceased, is different for cases where electric fields are
applied during the formation. It must be noted that‘the parallelism
used here is not exéct. The materialsvgsed in References 15, 16, 17
and 18 were not the same as our cétalysts and the fields were in the
same direction as the-planes.of films rather than perpendicular to
them. These experiments are brought up as examples of phenomena which
take place during the-induction period when aﬁ external field is
applied. Similar processes mey be occurring on the catalyst surface
which would explain the'observerions of the effect of electric‘fields.
In other studies'an'increase in reaction rate, for oxidation
of isoprepyl alcohol over srlver at 476°C, was reported [19] due to-
application of a‘negative bias. However, the text does not show
whether the field was applied during or before the catalyst was heated.
Lee and Hsu [20] demonstrated that catalytic activity may be
effected by AC bias voltages of various frequencies. Lee [21] also
showed that catalysis could be effected by applying fields that could

be varied both in amplitude and frequency.
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Stadnik ahd Fensik [19] havéléuggestéd that the applied field‘
may.havg}induCed excess electron eﬁission from'thébcatalyst. This -
agreed.with‘the results in this study. |

| The éxéeriment on palladiumisﬁowed that although palladium ﬁas
a vefy similar crystallinekstructure_to platinuﬁ, it does not exhibit
similar catalytic activity. It is further sqggested that the initial
'clean.mgtal surface is "covered" by a,sémiqonducting gaé—metal com~
pound, formation of which brings about the surface migration discussed
earlier. .This happens at the start of the feaction and accounts fgr
the initiél instabiiity of exé—electrbn emission current. After a
stable "surface state" is reached the emission levei and the reaction
rate both reach a steady state level. Electrqns are emitted as reduc-
ing gas "molecules" are oxidized upon collision with the gas-metal
interface. ©Negative electric potential increases catalyfic activity
possibly by increasing the adsorption capacity of the semiconducting
layer due to bending of the Fermi level at the surfaces, (Volkenstein).
Increésed adsorption brings about an increase in contact between the
reducing gas and the surfacé layer.

It is also suggested that ébsencevof oxygen reduces this
semiconduéting layer and exposes the cleén'metal surface which accounts
for the sudden increase in exo-electron emission, even though the
reactioﬁ rate goes to zero. This was shown in the last set of data.
Same data showed that formation of the proposed gas-metal layer re-
quires the presence of both oxygen and the ;éducing gas. The final
surge is due to disappearancé of the surface layer as the temperature

drops.
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