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It has become increasingly clear in the last few years that
heterogeneous catalysis studies have been hampered by pooriy
characierized surfiaces and by an incompiete understanding of the
nature of the adsorbad species. In an attempt to rectiiy this situation,
a number of new experimental techniques have been developed permitiing
the study of surface reactions under highly ideealized conditions. These
include contact poiential diffesrence measurements, flesh filament
tion speciroscopy, low energy electron cifiraction, and Iield electron
and ion emission microscopy. All of these techniquas, except for flash
filament spectroscopy, differ from those previously emploved in that,
during the course of a reaction, the behavior of the adsorbed layer is
studied directly rather than inierred from the appearance oif species in
the gas phase.

Although it may not be possible to study surface reactions under
conditions that prevail during caialytic processes, it is important at
this time to develop an understanding of reactions of simple reactants
on well defined surfaces. The technigues iisted above are sufficiently
new that, with very few exceptions, they have not been applied to any
of the classical problems in surface chemistry such as the ammonia

synthesis, the catalytic hydrogenation of unsaturated hydrocarbons,



the Fischer-Tropsch synthesis, or catalytic oxidation reactions.

“"No problems in surface chemistry have been more hotly debated
than the adsorption and hydrogenation mechanisms for ethylene; and few
debates have resulted in such meager conclusions." This view was held
by Selwood in 1962 (1) and restated in the last major review of the
subject by Bond and Wells in 1964 (2). It is hoped that the use of
modern techniques will bring a measure of order to the field.

A recent field electron emission study in this laboratory (3) of the
decomposition of acetylene ahd ethylene on a face-centered cubic metai,
iridium, has provided new insights. into the decombosition reactions of
simple hydrocarbons. It has long been recognized that, in general,
face~centered cubic metals are orders of magnitude more active in hydro-
carbon decomposition and hydrogenation reactions than body-centered
cubic metals. As a result, the bulk of research activity in this area has
been concerned with the former type of metals. However, it is of
considerable interest to determine how the surface reactions on the two
types of metals differ, and, if possible, toclarify which properties of
metals are important in catalytic activity. This investigation has been
undertaken to establish the nature of the chemisorbed speciés and

surface reactions of acetylene and ethylene on tungsten.



LITERATURE REVIEW

The field eleciron emission microscope has seen its greatest use
in studies of the chemisorption of alkali metals and diatomic gases. The
technique has only rarely been applied to more complicated systems.

Arthur and Hansen studied the decomposition of simple hydrocarbons
on iridium (4) (5). They reported that ethane was only weakly chemi-
sorbed with desorption occurring neér 100°KX. Ethylene chemisorbed on
iridium with dissociation abové 1009K. The desorption of hydrogen from
the ethylene covered surface occurred in two equal steps. The rate of the
first was determined by the rate of hydrogen desorption from the metal,
the rate of the second being determined by the rate of dissociation oi
the acetylenic residue that remained. Acetylene was strongly chemisorbed
and appeared similar in its dissociationto the acetylenic residue left
from the dissociation of ethylene.

Azuma recorded photographs of the field emission patterns
resulting from the reactions of ethylene with tungsten (6). From these he
concliuded that the decomposition of ethylene took place at temperatures
in the order of 19509K and above.

The chemisorption of ethylene on evaporated tungsien films has
been studied volumetrically by Beeck (7) and Trapnell (8) . From the

volume ratio of adsorked hydrogen to adsorbed ethylene of 2:1, it was



concluded that ethylene adsorption required four sites. Since the
decomposition of ethylene was observed, ethylene adsorption was
represented as requiring two sites for an adsorbed acetylenic species and
two sites for the two hydrogen atoms resulting from the decomposition. In
addition, self-hydrogenation was observed. The general features of the
reaction are illus’trated in Figure 1. The initial addition of ethylene to the
film resulted in adsorption of ethylene until 82% of the surface was covered.
As more ethylene was added, point A, ethane appeared in the gas phase.
The total o&er—-all reaction was represented by

2W + 2C,H, - W,CoH, + C,Hg (1)
At point B, the production of ethane was complete and ethylene appeared:
in the gas phase. The number of ethane molecul'es produced equaled the
number of ethylene molecules adsorbed. The ethylene adsorption
reached a limit at point C. |

The interpretation of these findings was as follows: The

ethylene initially chemisorbed dissociatively, freeing hydrogen which
remained adsorbed. This process was formﬁlated as

4 + CpHyle) - CpHy + 2H @
Beyond point A, the self~hydrogenation reaction occurred, the formulation
which was presented as

CyHalg) + 2H - CyHglg) + 2% (3)

of, if the complex reacted



(12}12 + 41;3[ —»C:,“tlﬁ(g) + 6% (4)
The self-hydrogenation reaction continued until the surface was covered
with acetylenic resicues.

Acetylene was not observed to undergo self-hydrogenation reactions
on tungsten, nor could adsorbed acetylene be hydrogenated with
gaseous hydrogen (7).

The work on tungsien evépora‘ced films is subject to a number of -
criticisms. The films were deposited in vacuum conditions no better
. 3 : - R ; )
than 1$ = torr. At this pressure, the rate of arrival of gas molecules of
unknown composition to the surface is sufiicient to cover the surface
with a monolayer per second if the sticking probablity is one. In
addition, the number of sites not occupied by ethylene was determined
by admitting hydrogen gas io the film and assuming the amount of
hydrogen adsorbed was proporiional to the number of unoccupied sites.
Hydrogen is notable for its variability of extent of adsorption on
evaporated films. In addition, no account was taken of the self-hydro-
genation reaction which could creaie more sites for ethylene adsorption;
thereiore, co.nclus'ions as to the extent of ethvlene adsorption based on
the hydrogen:ethylene ratio are subject to some doubt.

Nothing is known about the dependence of hydrocarbon chemisorption
on variocus crystallographic planes. Beeck has found that 110 oriented

nickel films are 5 to 7 times more active than non-oriented films for



ethylene self-hydrogenation; however, the reason for this enhanced
activity is not understood (9; .

It has been as sumed.that chemisorbed”ethylene and acetylene are
immobile since the heat of adsorption of the two gases is high (in the
order of 100 kcal/mole (7) ). However, the ratio of energy of diffusion
to energy of descrption varies from 0.1 to 0.7 depending on the gas. It
would not be surprising if ethylene and acetylene were found to be mobile
at room temperature, but so far, no investigations of mobility have been
reported.

One has to conclude that there remains much to be learned-about
the chemisorption and surface reactions of acetylene and ethylene, and

in particular about the state of the adsorbed species.



FIELD ELECTRON EMISSION MICROSCOPY

In field emission microscopy, a cathode consisting of a very
sharp metal tip (radius of the curvature commonly 1000-3 000‘(’?&) is caused
to em'it electrons by applying a high voltage between the tip and the
anode. The emission current depends on the applied voltage, but it
also depends on the work function of the enﬁtter, which in turn is
sensitive to the number and type of molecules adsorbed on the emitter
surface. It is therefore possible to monitor the course of surface
reactions by measurement of the changes in work function accompanying
them.

The field emission tubes used for modern studies are, in principle,
descendents of a microscope developed in 1937 by E. W. Miiller (10).
" Figure 2 shows the basic features of a microscope tube. A portion of the
inside of the tube is coated with a phosphor so that it becomes functionally
a small television screen. The electrons siriking the screen cause it to
phosphoresce producing an image of the tip which reflects the variation
of work function over the tip surface. The tip is sufficiently small that
its normal preparation leads to a single crystal emitter.

Since the electrons emerging from the tip (assumed spherical over
the emitting portion) fbllow the lines of force radially from the tip to the

screen, it is readily seen, Figure 3, that tnhe image is magnified by the



ratio R/r where R is the tip to screen distance and r the tip radius. With

5

o —
tip to screen distances of 2-5 cm and tip radii of 1000A (10 * cm), the

S to 10°. The resolution is in the order

magnifications are in order of 10
of ZOX .

Figure 4 shows the pattern of clean tungsten photographed in the
field electron emission microscope. This picture corresponds to the
orthographic projection of a hemispherical cubic crystal with[110] in
the axis, Figure 5. The bright areas correspond to regions of low work’
function and consist of higﬁ index planes. Conversely, the dark
areas locate the planes of high work function which consist of closely
packed low index planes.

Theory of Field Electron Emission

The potential energy diagram for electrons in a potential well
representing the metal is shown in Figure 6. The potential inside the
metal is assumed to be everywhere constant such that the electrons
can be described by the particlé in a box model. They are accommodated
in pairs ' .a_s a consequence of the Pauli exclusion principle, in the
energy levels that result from confinement in a finité volume until the
supply of electrons is exhausted. The energy of the highest occupied
level at OOK is the Fermi energy i, and the energy difference between the

Fermi level and the top of the barrier is the work function & of the metal.

An external field F(volts/cm) superposes an additional potential



-eFx; the total potential energy curve including the field contribution
2

is also shown in Figure 6. There is in addition an image potential - ;Z}_{_
resulting from the electrostatic attraction of the electron and its image

in the metal; this is omitted for simplicity in Figure 6 and in the direct
presentation of the theory which follows although modifications to account
for it will be mentioned.

Electron emission occurs when electrons leave the potential well.
Classically, this is only possible if energy is provided sufficient to
promote the electrons over the top of the barrier. The density of energy.
levels in the metal is such that most of the eléctr.ons have an energy near
the Fermi energy, so an energy & must be supplied to promote them ovér
the barrier. This energy is conveniently supplied thermally, the
resulting phenomenon is called thermionic emission, and the emission
current is approximately proportional to exp -—%,%

Because of the wave properties of electrons, it is possible for
electrons, in the presence of an applied field, to escape the potential
well without surmounting the barrier. Electrons incident on the barrier
are not totally reflected; some are refracted, attenuated, and, if the
barrier is 9f finite thickness, pass through the barrier. In field emission
the barrier is reduced to finite thickness, and its thickness is controlled

by the applied field (as is evident from Figure 6, the stronger the field,

the thinner the barrier). Since the distribution of electrons over the
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energy levels of the metal is only weakly temperature-dependent, the field
emission cunént density is also only weakly temperature~-dependent, but

it is strongly field-dependent. For any energy, the rate of impact of

electrons on the barrier can be calculated by kinetic theory and the trans-
mission probability can be calculated by quantum mechanics. The product

is the contribution to the current density due to electrons of that energy.

When this is integrated over the electron energy distribution the total

current density is obtained. The result is the Fowler-Nordheim (F-N) equation
which can be considered the basic equation of field emission.

J=6.2x10° gu/@)l/z P2 exp(-6.80 x 107 3°/2/8) . (5)

. (u+d)
The current density is given by J in amps/cm2 if F is the field in volts/cm.

This equation is generally adequate for interpretations needed for studies in
catalysis. For-a quantitative evaluation of absolute work function, the
Fowler-Nordheim equation must be modified to account for the image
potential, The resultant equation is

7 =1.54 x 1076 P2 exp (-6.80 x 107 2%/2 v(y)/7) - (6)

®

The function v{y) is an:' elliptical integral of the variable y =3.79 x 10‘4%
and for most common experimental conditions is inthe range 0.8< v(y)< 1.0,
The field is related to the applied voltage by F =l1£r (k ~ 5) and

the current density to the current by I = JA where I is the current in amperes

.and A is the emitting area. The abbreviated form of the F-N equation is then

I=av2exp(-b 32 v(y)/V) ‘ (7)



11

A review article by Good and Muller (l1) contains a thorough account
of the derivation of the F-N equation. Dyke and Dolan (12) reviewed the
quantitative investigations of field emission phenomena. An extensive
discussion of the theory and practice of field emission microscopy is
presented in a book by Gomer (13) which ié the most complete single
source of informati_on on the subject.

Work Function Change by Chemisorptipn

The adsorption of gas on metal surface modifies the potential
barrier at the surface. While the details of the modification are not well
understood, éxperimental evidence has suggested a classical model which
has wide applicability.

For example, Gomer and Schmidt (14) have measured the work function
change upon adsorption of potassium on tungsten by field emission
techniques. The result is presented in Figure 7.

The salient feature of the curve is its linearity for surface coverages
up to nearly a monolayer. Since the potential difference between two
parallel plates of uniform charge density is proportional to the product
of the charge density and the distance between the plates, the surface
potential can be understood as arising from the formation of a dipole
layer which results in a charge density of Nseq, where l\TS is the total
number of sites per unit area, 6 the fraction of filled sites, and q is the

charge. If d is the distance from center of the adatom to the surface,
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the surface potential would then be
A% = 4mN_6qd = 4nN_6M =3.76 x 107 °N_oM (8)
where M is the dipole moment in debyes per adatom and is assumed to
be independent of coverage. The adsorption of .01 mopolayers of an
adsorbate (with a dipole moment of only 0.5 debyes) results in a 0.02
ev change at tﬁe-surface. This can be resolved by field emission
techniques.
Determination of Work Function
Since term b of equation 7 is insensitive to the applied voltage the
work functio'n can be evaluated from the slope of tne F~N plot of
In I/V2 vs 1/V. The slope is
dn/vA = -ba* 2sy) = s (©)
d(1/v)
where s(y) varies only slowly with voltage (I1); therefore, it is assumed
to be constant for work function determinations. Let S o and Syq be the

slopes obtained for clean and partially dosed surfaces. Following adsorp-

tion, @'ad can be calculated from

s Saa 0 boN2/3 5
ad “(s—o‘—) By @ ° (10)
For most chemisorption studies, the ratio (bo/bad) may be assumed
unity.
A tempting alternate method of d'c_a_t_ermining fhe work function change

is to relate the work function to the voltage required to give a constant

emission current. Equating the right sides of equation 7, it is easily



o
(€%

shown that 9
’ v v

“d . 3/2 ad ao 0 .
d/ VO & / + 3 in T {11)
A be, /7 %qV%a

For many systems of interest, the second term on the right {equation 11}

is small compared to the first, so that to a good approximation

- V.~ -
Io) aay @ .
aa T o {12)

Furthermore, ifaé/fl’o is much less than one equati - I

to give

// V\ . ,
. {13)

4 Vc/@ 0

[1o]
]
co] )

d experimentally for each system

Both equations should be verifie
studied beiore they are used to determine work function changes.

In the case of an actual field emitier tip, where the strface
consists of regions of different work function, the measured curr

the sum of the individual paitch currents such that

7 — lT{ —_ 5 f o1 & 3/2 2 4]
i = X =% a exp{-b & °/V} (14)
= k 75— k k k 'x
VT V2 -
Defining an average work function 8 as
) __3/2
i =& exp(-bs /V) (15)
v°
it cen easily be shown that
_ ; ‘W 3/2
5%/2- pi Pe sy (16)
kKT b

Y
The quantity i, /I is functionally a weighting factor in averaging the

work functions of the different crystal faces. Since the low work funciion

wa
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faces emit most strongly they are most strongly reflected in the average,
which therefore tends to épproximate the lowest work function represented.
FPor example, if only iwo faces of equal area and work functions 4.5 and
5.0 contribute to the current the average work function obtained from
the F-N plot will be‘ 4,53 volts. It is apparent that caution must be
exercised in the interpretation of average work function changes as
related to surface events in that, for many systems of catalytic interest,
the emission anisotropy changes as the reaction 6ccurs.

Effect of Barrier Shape

Since field emission is a quantum mechanical phenomenon, involving
the tunneling of electrons through a potential barrier, the work function,
as measured by field emission techniques, depends on barrier shape as
well as height. Thus, field emission measurements of work function may
differ in a significant way from measurements obtained by contact
potential or thermionic methods which do not depend similarly on barrier
. shape.

For a qualitative evaluation of the effect of barrier shape, it is
instructive to consider a simple rationale of the exponential of the "
Fowler-Nordheim equation (13). The probability of transmission, D, of an
electron through the barrier is, according to the Wentzel-Kramers-

Brillouin method

X .
D(V,E) ~ expl ;/.g‘_[) Wi - B ax 17)
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For the clean surface of Figure 8a, V{x) =+ & - eFx , therefore

——atamm

D(V,E) ~ exp(- |=r ’ (h+8 -eFx-E)%dax  (18)
in”
Now the number of electrons with energy between E and E +AE

™

increases sharply with E as long as E <y, but no electrons (at least
at OOK) have energies greater than u . Because of this and the form of
the exponential, we may expect that almost all of the emission will be

due to electrons for which E ayu. We shail therefore be principally

concerned with the transmission probability

8 ¥o - /2
D) ~ exp(-’ r—’% f (8- eFx)” “dx (19)
A o
and the integral simplifies to 3/2
[g/eF /2 28
S (&-eFx)" dx = " ggF (20
(o] .

The transmission probability is then

2 8m @3/2
e wat- (B )
ol

which is identical to the exponential of the Fowler-Nordheim equation.

Using this approach, it is relatively simple to investigate the effect
of barrier shape on the work function measurement. Three perﬁnent
barrier shapes are shown in Figures 8b, 8c, and 8d.

For Figure 8b, the addition to the surface of a'uniform dipole layer
of thickness d has increased the work function by an amount A& . The

transmission coefficient becomes

{"‘g | 1/2 *o
m .
D({V) = exp (— LJ (®+ A—%‘{ - eFx) dx + o (3+ A 3-eFd - eF

1/2
(x - ) dx_j (22)



o
D

Evaluating the integral on the left, equaticn 22,

~d R Z 3/2 )
i [ -x (eF-=—) ] dx =- 28 (l1- (ep-2£8/4)dT-1) (23)
Jo d 3 eF- A% N L 3 -
Sl
Now since (eP A% /8)/8<<
3/2 i

[1- (eF - A3/d )d] w~1-3/2 (eF-£2) 4 (24)

T 5 . o 3

/2 .

by the binomial theorem, and the integral reduces to & d.
If the integral on the right is similarly evaluated, to

a first order approximation the transmission coefficient is found io be

| notmasl N
D=exp (-2 [8m (8+08)%7) exf(+n 8 d [om ) (25)
3VRZ  eF 28 VZyRe

Only ‘f:he first exponential term of the above expression is field dependent,
so that the Fowler-Nordheim plot gives a correct evaluation of the work
function change. It is interesting to note that the field independent
exponential is greaier than one (i:ends to increase the field emission
current) if A&is positive; the field dependen’c exponential is of course
decreased if A% is positive.

If the adsorbate were fo act as a dielectiric layer of dielectric
coefficient X, the potential barrier would be modified as shown in
Figure 8c. The evaluation of this effect proc.eeds by similar arguments

and leads to a transmission probability of

3 ~
D = exp _<~ 2 {8m_ & /ij‘exp( 8m dd l/2< 1 -} )
3¥EZ oF {7 2 X - (26)
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in the first order approximation. Therefore, it is apparent that the effect
of adsorption of a dielecfric layer is to change the intercept of a Fowler-
Nordheim plot although the slope (from which the work function is
calculated) rerﬁains unchanged.
. For the adsorption of a polarizable surface species of polarizability a’p .

an additional field dependent work function of

A3 = 4T Nseoc eF (27)

p P ,

would have to be added to the barrier potential. An -analysis of this

effect, however, shows that the transmission probability is

3/2~

( / @- )exp\ /Sm m 41TNse,ocp> (28)

Again, the slope of a Fowler-Nordheim plot is independent of any
polarizability terms. Such terms affect only‘ the intercept.

There are conceivable adsorption models for which F-N plots
conv’entionally interpreted would lead to erroneous work functions.
Consider an adsorbate whose presence adds a deeply atfractive potential
well of radius r, to the barrier (Figure 8d). The transmission probability
is readily found to be

D= exp( ZrOQI/2 ‘/Er-n) expi’ ‘/EFZ;]' 2@3/2 +r efd\ ] (29)
| né \3er SVZ/J
Therefore, the slope of the Fowler-Nordheim plot is

dny/FY) =- [Bm( 28¥/2 + xeeF2d 7 (30)
d( 1/ VA2 ™ 3e g/¢ 4
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so that the work function is not evaluated correctly by the I-‘owlef-
Nordheim plot. For this model the F-N plot should show curvature at
“high fields .

For a more quantitative evaluation of the effect of barrier shape,

one should include the image potential term.
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APPARATUS AND EXPERIMENTAL PROCEDURES

Design and Construction of Field Emission Microscopes

The field electron emission microscope must satisiy two requirements.
First, it must be an ultra-high vacuum device operating at pressures no
greater than 2 x 10710 torr in order to maintain surface cleaniiness for the
duration of the experiment. In addition, provision must be made for
introduction of gas into the microscope in such a way that molecules which
do not adsorb on the tip are pumped away immediately. This is particularly
important in surface diffusion studies where the tip is initially shadowed
with a directed gas source.

There are two basic tube designs suitable for chemisorption studies.
The first is a tube designed for total immersion in liquid helium or
hydrogen; such a design has b.een used by Gomer (13) and Arthur (3). The
second is a continuously pumped tube designed by Mtller for field ion
emission studies and later adapted for field electron emission investigation
of chemisorption by Ehrlich (15). The total immersion microscope is the less
versatile, but is outstanding in the ease with which ultra-high vacuum
conditions are obtained, and for this reason was used exclusively in
fhis work. A typical total immersion tube is shown in Figure 9.

While Gomer (13) has discussed generally the construction of total

immersion field emission microscopes, the author has found a number of
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techniques, not well described in the literature, to be particularly
convenient in preparing satisfactory instruments. These techniques are
illustrated by the following preparations:

Tungsten to glass seals

Because the field emission tubes require elecirical feed-throughs,
glass to metal seals are an integral part of the microscope. | ri‘hese éeals
must be absolutely reliable since even small leaks would prevent the
realization of ultra-high vacuum conditions in the microscope.

The tugstento glass seals were made from .050 in sealing grade
tungsten wire and Corning 7750 Nonex glass. The tungsten was cut to
length on a carborundum cut-off wheel, cutgassed with a torch, and
cleaned by etching at 10 volts ac in a IN sodium hydroxide solution. The
ends of the rod were polished at 30 volts to avoid spurious emission and
washed carefully to remove all traces of sodium hydroxide. The tungsten
rod was then oxidized in a bushy, fuel-rich flame by holding the wire in
the flame until it barely began to glow, after which it was removed
quickly. The color shouldvary from a deep purple to dull blue. TUnlike

uranium glass seals the degree of oxidation is not particularly critical.

A Nonex sleeve was sealed on using an oxygen rich flame. The beaded
sleeve was cleaned in concentrated hydrochloric acid to remove the lead
and then thoroughly washed. The remainder of the seal was constructed

in the normal manner (3). Press seals of Nonex up to 25 mm in diameter
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can be sealed directly to Pyrex glass.

Conductive coating

The best anode arrangement is a conductive, transparent film of tin
oxide beneath the phosphor screen.

The conductive coating, D of Figure 9, was applied by blowing,
with nitrogen gas . fumes of anhydrous stannic chloride into the tube which
was held at temperatures between 500°C and 550°C in an oven. Very
clear and conductive films resulted if a genile siream of air was blown
into the tube simultaneously with the stannic chloride. It was necessary
to cover with platinum paint all portions of the tube which were not to
be coated. After dep”osition of the film, the platinum paint was removed
by hydrofluoric agid or an ammonium bifluoride solution. Unwanted
coating can also be removed by covering that portion of the coating with
zinc dust and adding dilute hydrochloric acid, or by dipping the coated
glass in hydrofluoric acid.

Connection to the conductive coating was made by a tungsten
hairspring contact, Figure 10 . The hairspring contact was consiructed from
a tungsien single lead press seal using a nickel rod between the
hairspring and tungsten rod. This contact was satisfactory for
most applications, its only disadvantage being that it was not.completely
reliable. Apparently after three or four bakecuts, the tungsten spring

annealed and had a tendency to draw away from the conductive coating.
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Screen

The screen, I, was applied by the puffer technique (13) using
Sylvania type CR202 aluminizing phosphor. Eight to ten drops of
concentrated phosphoric acid were dissolved in one ml acetone. Four
drops of this solution were added to the tube and spread using a few glass
beads. After evaporation of the acetone, the phosphor was blown on
using a puffer, Figure 11, until an opaque screen cf uniform density was
obtained. After the excess phosphor was removed and the tube cleaned
the screen was baked at 500°C for two hours .

Tip assembly

The tip support assembly is shown in Figure 9. The filament was
0.010 in tungsten wire, 7 cm in length. The potential sensing leads used
for temperature control were 0.003 in fungsten wire.

Tip temperatures were obtained by using the filament as a resistance
thermometer, the resistance being determined by measuring the current
and the voltage across the filament. Since the ends of the filament were
always at thg temperature of the refrigerant, the filament temperature at
steady state conditions was not uniform, but very nearly parabolic.
Therefore, the potential leads were placed sufficiently close to the
center of the filament, 0.5 to 0.7 cm, that the average temperature
measured did not differ more than 1% from the temperature at the tip.

For adequate temperature control, it was necessary to insert an
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alloy as a thermal barrier between the filament and refrigerant. This was
necessary since, for pure metals, not only thermal and electrical
conductivities but also their rates of change with temperature become so
great at low temperatures that sudden large temper~ture changes can

" occur for small current changes. Al cm length of 18 gauge nichrome wire
was used for the filament support with 2 cm lengths of 28 gauge nichrome
wire used for support of the potential sensing leads.

Tip preparation

The preparation of tips, free of contaminants, with sufficiently
small radii is one Vof the more difficult techniques in field emission
microscopy. Tips are normally formed by electrochemical etching, ihe
specific technique depending on the metal, the degree of recrystalliza-
tion, and the presence of confaminan‘cs in the metal. There are .three
characteristics that all tips should have if possible. (1) They should
bé ‘éharp with radii of 1000—50008. . If it is difficult to resolve the end
of the tip at 400-500 x magnification, this requirement is generally
satisfied. (2) The tip should have a long slender smooth taper.. Tibs with
high tapers tend to blunt excessively on heating. (3) Since it is necessary
that the tip assumes the same temperature as the filament, the total length
of the tip should be as short as possible.

A technique that generally produced good tungsten tips is

illustrated in Figure 12. A .005 in or .010 in wire approximately 2 in
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long was nearly completely immersed in the etching solution, 1IN NaOH,
and etched at 4 volts ac until it was sharply pointed, Figure 12b. The
tapers shown are exaggerated for clarity. The wire was then cut off a
short distance from the sharpened end and the thin end was spot-welded
onto the filament. At' this stage, the entire tip assembly was immersed
into the solution and briefly etched at 4 volts so as to avoid spurious
emission. The wire was then inserted as nearly vertically as possible
into the etchant to a depth where the efchant nearly touched the filament,
Figure 12c. The wire was etched at 1 V until it broke off (the break occurred
near the filament) and the etching process was terminatied immediately.
At this stage the tip had the general shape shown in Figure 12d. A final
brief etch at reduced voltage was sometimes necessary for the .sharpest
tips.
Vacuum System and Gas Handling

For chemisorption studies, the microscope tube has to be processed
by normal ultra-high vacuum techniques before it is loaded with the gas
under investigation. The reasons for this are two-fold. First, before
the tube is loaded, the tip should be cleaned and inspected for spurious
'emission. Pressures less than 1 x 10~7 torr are required since, at
higher pressures, the tip is bombarded by ions formed in the field near
the tip and the tip is desiroyed. Second, the phosphor screens contain

appreciable quantities of adsorbed and occluded gas which is liberated
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when the electron beam from the tip impinges on the screen. As a result
the work function of the emitter changes during the time interval required
for measurement. Baking the microscope ét 450K under ultra-high
vacuum conditions greatly reduces the degassing of the screen.

The vacuum system used for this work is shown schematically in
Figure 13. The components enclosed in the dotted line were mounted on a
vertical transite board. This area was bakeable by a portable oven. The
glass between the diffusion pump and the cold trap and between Vi and Vy
could be baked by heating tapes. Valves Vj and Vy are Granville-Phillips
Type C ultra-high vacuum valves. Valve Vy is a Granville-Phillips Type
C high pressure valve which received the gas botfcle on the high pressure
side. Valve V4 is a stopcock to an independent pump for the gas handling
portion of the system.

The ethylene gas used Was Phillip Research Grade with a épecified
purity of 99.98 mole percent. It was used without further purification.

The acetylene used was from Matheson Company with impurities
of 0.5% methane, 0.5% ethylene and ethane, and 0.5% nitrogen. There
were trace impurities of oxygen, argon, and carbon monoxide. The
acetylene was purified by repeated distillations from a cold finger
cooled by a n-pentane slush (143°K).

Cryostat
The use of cryogenic technigues for field emission microscopy

requires only minor modifications of standard cryogenic practices (13).
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The cryostat must have unsilvered windows in both helium and nitrogen
dewars for photogfaphic purposes. In addition, provision must be. made
‘to stop the nitrogen bubbling while photographing the image. This is
easily accomplished by pressurizing the nitrogen. The cryostat used
for these studies is shown in Figure 14. A is the transfer port; B is the
high voltage feed through, consisting of a wire incased in an evacuated
glass tube, needed-to prevent a high voltage dischérge in the gaseous helium;
C is a port leading to a pop-off valve and a vacuum pump; D a stopcock
leading from a pump to the inner dewar jacket; E is a press seal
providing electrical connection o the silvering in the inner dewar serving
to shield electrical noise; F are rubber tubes; G are the unsilvered
portions of the dewar; H is a vent for the liquid nitrogen jacket; I is
the electrical feed through for the microscope; J is a pipe flange
supporting the inner dewar; and X is an O—rihg for the flange assembly.
Electrical Equipment

The principal elecirical requirements for field emission microscopy
are a high voltage (1-30 kv range) power supply, an electrometer for the
measurement of current in the range 10‘14 to 10~° amperes, a voltage
FPigure 15. For reliable data in catalysis studies, the work function
changes need to be determined within .02 ev. In practice, this requires

that voltages of several thousand volts be determined to within 0.1%,
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and currents of 1010 to 10-6 amperes to within 1 to 3%.

The power supply is a Sorenson Model 5030-4, with an output of 5
to 30 kilovolts. .'I‘he regulation of the power supply is 0.05% with ripple
less than 0.02%RMS. The ammeter is a Cary Model 31 vibrating reed
electrometer,

The voltage divider is shown in detail in Figure 16. Four Shallcross
Model 505-5 meg ohm high voltage resistors were connected in series to
provide a 20 meg ohm total resistance. R; is a 1 K ohm resistor used for
calibration of the divider. Ry is a 10 K ohm helipot that is adjusted such
that the voltage drop across it is 1/1000 of the voltage appearing at the
output cables of the divider. R3 and Ry are 1 X ohm helipots. The divider
was calibrated by applying a known voltage across the whole divider and
measuring the voltage drop across cable II and Rl' Thereafter, .Rz was
adjusted so that the digital voltmeter, Fairchild Model 7100, read to within
0.1%, 1/1000 of the voltage drop across cable II.

The curreht-voltage data for the Fowler-Nordheim plots were
recorded on an X-Y recorder with the voltage ploited on the X axis and
cuwrent, obtained from the output of the electrometer, plotted on the Y
axis. The 1.3 V mercury battery and Ry serve as a zero suppressor. R3
and Ry are adjusted so that the recorder voltage scale is in the order Qf
25 to 50 volts per inch on the X axis.

The analysis of the kinetic data is simplified if the reactions are -
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carried out isothermally. The tip, initially in thermal equilibrium with
the liquid helium, must be heated rapidly to the desired temperature
(between 5090 - 2000°K) and held at temperature with no overshoot.

The control was achieved employing a Kelvin double bridge circuit (16).
The circuit is shown in block diagram in Figure 17. The differential dc
amplifier senses the error signal from the bridge and rapidly adjusts the
heating current from the power supply until the standard and loop
resistances are egual.

Only a minor modifiéation of a normal power supply is necessary.
Since a no-current condition is also a null, this null has to be eliminated
by passing a small constant current through the' bridge. The small current
(100 ma) can be most easily obtained from the pre-regulated output of the.
power supply. Depeﬁding on the voltage at the tap-off point, the resis~
tance R is selected to achieve the current level.

The bridge is shown in greater detail in Figure 18 . Included is' a
switching circuit so that the filament may be operated in different modes.
The four switch positions are: Position 1, an ouigas mode which supplies
approximately 5-7 amps from a 20 volt power supply for outgassing the
filament and tip; Position 2, a heat mode which connects the double
bridge to the filarﬁent and connects the recorder to the filament such that
a voltage drop proportional to the heating current through the filament

appears on the X axis, and the voltage drop across the sensing leads of
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the filament appears across the Y axis; Position 3, a monitor mode for
filament temperature where a 0 to 100 ma current passes through the filament
so that the resistance (temperature) of the filament may be determined.
for calibration purposes or to check filament temperature after & flash;
and Position 4, a Fowler-Nordheim mode which connects the recorder to
the voltage divider and the output of the electrometer.

The differential dc amplifier is a Sanborn Model 860-4300 with a
( gain of 500 and a very low zero drift, + .l mv referred to the output,
for 40 hours, In 'practice, this meant that the resistance calibration
versus dial setting on the double bridge changes less than 1% per month
and was independent of the of the filament in use.

The power supply for the controllzsr had a maximum output current ‘of
3.5 amps. As‘a result, it was the limiting factor in the time required for
the filament to reach temperature. The performance of the bridge is
illustrated in Figure 19. The dotted line is the line of constant resistance.
The time interval between B and C was .25 sec., between C and D, 0.1
sec., and between D and E 0.05 sec. The small overshoot between C
and D is due to the mechanical inertia of the recorder pen. The time

interval between A and B was 5 sec.
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RESULTS

Surface Diffusion

The field emission microscope lends itself nicely to surface
diffusion studies, providing visual evidence of the variation in surface
forces acting on migrating adatoms. By suitable arrangement of the tip
and gas source, only a portion of the emitting area is covered with adsor-
bate if the initial temperature' of the tip is sufficiently low. Subsequent
heating results in surface diffusion which can be photographed.

There have been three general types of diffusion observed (13), the
type of diffusion being markedly dependent on surface coverage and
temperature.

Type I diffusion: Characterized by a sharp boundary which moves
nearly uniformly over the tip. |

Type II diffusion: Characterized by a sharp boundary which moves
non-uniformly over the tip .

Type III diffusion: Characterized by non-uniform diffusion with
lack of a boundary.

The observation of sharp'boundary is, in itself, interesting because
it implies diffusion with rapid precipitation on a restricted number of
sites. The density of sites must be such that the average site to site

distance is less than the resolution of the microscope. The diffusion
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can be considered most simply as a random walk process where the

cdistance traverssd by the boundary in time t is

X = 2Dt (31)
where D is the diifusion coefficient. The diffusion coeificient is
given by

D =12y, exp {-E_/RT) (32)

Here 1 is the average jump distance, ¥4 is the frequency facior (on
the order-of kT/h) and E’ the activation energy for diffusion.

Tyoe I diffusion occurs between upper and lower temperature limits

at high initial surface coverages with activaticn energies of diffusion

-

O
Fiy

0.5-3 kcal. The mechanism appears ioc be the migration of physicall
K Yy

jo2]

dsorbed gas on top of an immobile chemisorbed layer with precipitation
at the edge of the chemisorbed layer (17). "

Type II diffusion has been shown to be the migration of the
chemisorbed laver (17). The diffusion occurs at hicher temperaiuras
arnd lower coverages than Type I diffusion, with corresponding higher
energies. The rate of d_iffusion is strongly dependent on crystallographic
direction and is generzlly greate;t along the 110-112 zones which consist
essentially of 110 terraces and aré closely packed. Type II diffusion

has been ascribed to the migration of the chemisorbed layer across

c~

or

diffusion sites with precipitation in {rap sites, the density of the itrap
sites being sufficiently large that the average distance between trap sites is

less than the resolution of the microscope (17).
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Type III diffusion, which occurs at low surface coverages, differs
from Type II in that a sharp boundary is not observed and the activation
energies for diffusion are normally higher (13). Here again, the diffusion
has been ascribed to migration of the chemisorbed layer with precipitation,
except that for Type III diffusion, the average distance between trap sites
exceeds the resolution of the microscope.

For partially dosed emitters, moving boundaries are observed for
both acetylene and ethylene over the temperature range 709K to 100°K.
The diffusion is clearly a Type I process since it occurs at suci'l low
temperatures and has both upper and lower temperature limits. However,
the boundary does not move uniformly across the l’cip, in contrast to all
other gases studied (which have been exclusively mono-atomic and
di-atomic gases).

Diffusion of acetylene

Figure 20 shows the diffusion sequence for acetylene. Figure 20a
is a clean tungsten pattern. In 20b the emitter, held at approximately
509K, has received a dose on the upper half of the tip. The boundary
has moved nearly uniformly until the central 110 plane is encountered.

By Figure 20d, the 110 plane has been encircled by the layer surrounding
the plane and filling in from the back side; there is no evidence of migra~
tion across the 110 plane. At this point, the diffusion stopped, apparently

because the supply of phfsically— adsorbed gas was depleted. Figure 20e
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and 20f show the pattern changes as the emitter was heated for 20
seconds at the temperatures indicated. By 450C0K, surface reactions
have occurred as evidenced by the pattern changes, but the boundary
has not mov;éd. Thefefore, acetylene does not exhibit Type II diffusion,
i.e., chemisorbed acetylene is immobile.

The apparent motion of the boundary around the 110 plane might
be due to an inability of this plane to adsorb acetylene at all, éo that
acetylene is effectively repelled from the plane. This explanation is
untenable, for at 509K the order of mégnitude of van der Waals inter-
action energy is sufficient to insure strong physical adsorption of any
gas whose normal boiling point is as high as that of acetylene (189°K).
We must suppose, therefore, that acetylene in fact moves onto this
plane. To account for the boundary behavior then, we must suppose that
the density of sites for acetylene chemisorption on the 110 plane, far from

being zero, is much greater than on the surrounding faces, so that the

110 plane acts as an acetylene sink, depleting acetylene from immediately
adjoining regions. This explanation is tenable, and in fact accords well
with the known spatial arrangement of tungsten atoms on this plane and

the expected geometry of acetylene chemisorbed on tungsten. Chemisorption
studies (1&) have suggested that acetylene is chemisorbed by forming two

o} -bonds with the surface metal atoms to give an ethylene-like structure.

Assuming that bond lengths are given by the sum of the covalent radii,
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the optimum tungsten-tungsien can be calculated, Figure 2i. The
following values for bond lengths are used:

(a) dyw-w ' 2.74R

) Swec  2.048

O
(¢) 9c=c  1.35A

The optimum dy,_, distance can than be calculated from
d -d
cos 6 = wow o eTe | (33)
2(rg + ry) :
assuming ¢ to be 120°. The optimum tungsten-tungsten distance can be

found to be 3 .39% .

| The 110 plane is shown in Figure 22. In the direction O-A the
tungsten-fungsten distance is 3 162 , and, in the O-B direction, 2 .743. .
The 2 .743 distance is clearly too short. If acetylene were to adsorb
on the 3 .163 spacing, the W-C-C angle would be about 117° iﬁstead of
the normal 120°. The strain on this bond is therefore relatively small,
From an examination of Figure 22, which shows the packing of a number
planes of interest, and Table 1, which gives the density of types of
sites available on a given plane, it is evident that the 110 plane has
the greatest density of 3 .168. spacings, followed by the 100 plane. An
examination of motion picture films of the diffusion process revealed that
the 100 plane behaved in a very similar manner to the 110 plane. Since
the 100 is completely lacking in 2. 74.%; spacings, this observation

tends to confirm that the 3.16% spacings are the pairs of sites involved
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in acetylene chemisorption.

The boundary was also deflected slightly in the area of .the 112
plane. From Figure 22, it can be seen that the 3 .16./% spacing involves
one tungsten atom which is in a trough. While there are no steric
factors to prohibit acetvlene chemisorption utilizing this site, it would
nevertheless seem to be unlikely since the tungsten atom in the trough
is nearly completely coordinated (it has a coordination number of seven).
This would suggést however that the 2. 742. spacings along the rows are
more likely sites for chemisorption. It may be that both 2.741(3. and 3 .163.
. spacing can chemisorb acetylene; however, this can not be resolved by
field electron emission microscopy.

Diffusion of ethylene

The Type I diffusioﬁ of ethylene is shown in Figure 23. In‘Pigure
23a, the upper half of the emitter has received a dose. In Figure 23d,
it is apparent that the 110 pléne does not behave as a sink for ethylene
chemisorption. Now the 112 plane appears to be retarding the boundary.
Pfom Figure 23e, it is also apparent that the 11l plane also represents
an area of high site density since the 112 plane abqve it has not been
encircled by the migrating layer. The diffusion ended, Figure 23f, when
the physically adsorbed ethylene was depleted. The boundary shown in
Figure 23f remained immobile at all temperatures where the ethylenic

species exists on the surface, i.e. Type II diffusion was not observed



for ethylene.

The reversal of the roles of the 112 and 110 planes for ethylene
diffusion compared to acetylene diffusion ié extremely interesting and
providés insight into the chemisorption of ethylene that, hithvélrto, has
been overlooked in the litezfature.

By analogy with acetylene, the associative chemisorption of
ethylene is generally shown as

I—IZ;Z‘ - C{Hz

*

where the bond lengths and angles are assumed the same as ethane

@ = 1,543, o = 1099The optimum tungsten-tungsten distance is

c-c
found to be 2.94% . The 2 .741% and 3 .163 spacings available on the
110 plane would distort the W-C-Cangle only 3° (a = 112° for the

2. 741% spacing and 106O for the 3.16% s;;acing).' Nevertheless, the
density of \sites on the 110 plane appears o be small for ethylene
chemisorption.

The 112 plane, which behaves as a sink for ethylene, has, in
addition to the 2.74 and 3 .16}? spacings, an abundance of 4 .473
spacings across the trough. Since it has already been established that
the shorter spacings are not important for ethylene chemisorption, the
4, 478. sites must be responsible for high activity of the 112 plane.

From Table 1 and Figure 22 the 111 has the next highest abundance

@] ‘
of 4,47A spacings. The behavior of the 111 plane as an area of high site



density is in complete accord with the assignment of the 4.47‘?\. spacings as
those reponsible for ethylene chemisorption.

Since the optimum tungsten—tungéten distance for "cis"
ethylene adsorption (the tungsten and carbon atoms in the same plane)
is 2.941%., it is evident that, to span the 4.478.- spacing, the chemisorption
of ethylene must be "“trans®, Figure 24, If ethylene were fully extended
such that the ’tungsten and carbon atoms were all in the same plane with
the tungsten atoms in a "trans" position the tungsten-tungsten distance
could be as much as 51?;; therefore, it is entirely reasonable that ethylene
chemisorbed trans” can span the 4.473 spacing.

Twigg and Rideal (19) discussed the geomeiric properiies of
associatively chemisorbed acetylene and ethylene on nickel. Their
results are shown in Table 2, (from Bo.nd (20), using more recent
_covalent radii).

They assumed that the 3 .501?; distance was too great for ethylene
chemisorption, and that the adsorption iook place on the 2. 473 spacing.
Apparently the possibility of a “irans” adsorption was overlooked, a
situation which persists in the present day literature (2, 20, 21, 22).

In recent years, olefins and acetylenes have been found to function
as ligands towards transition metals (23). Such complex species have

been described by 7 donor bonding with the transition metal. Bond and

Wells (2), in a recent review of the hydrogenation of unsaturated olefins,
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discuss the bonding of ethylene on a metal surface in similar terms. The
carbon atoms are still sp2 hybridized, and the carbon atoms and groups
attached to the carbon atoms are coplaner in a plane parallel to the

surface. Such species are written as

and only one metal atom in the‘surface is required for bonding although
others may be obscured by the adsorbed molecule. The field emi_s sion
evidence presented above, however, clearly rules out the ™ bonding
concept as a mode of adsorption for ethylene since the 110 plane,
which is the most closely packed plane in a body-centered cubic metal,
does not behave as an area of high site density.
Surface Reactions

To interpret work function data in terms of surface reactioxj.s , it
is necessary to examine the kinetics of surface reactions. The rate
equation for a simple isothermal surface reaction is

] n '
_ é@_ = ko - (34)

which, when integrated gives

-ln6/6 o =kAt ' : first order (n = 1)

l/eo - 18 = kAt second order (n = 2) (35)
where

k = v, exp(- AH/RT) (36)

Y 4 is the frequency factor and AH is the enthalpy of activation. It is

possible in principle to determine the order and energetics of a surface
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reaction by plotting kinetic data as suggested by equations 35 and 37.
Normally, when kinetic data for surface reactions are analyzed in this
manner, it is found that neither first nor second order plots yield
straight lines. Arthur found this to be. the case for the decomposition of
acetylene and ethylene or iridium (3). In most cases of chemisorption
it is experimentally found that the heat of chemisorption decreases
seriously with increasing surface coverage. This phenomenum has been
examined by deBoer (24) who reached the following conclusions.

1. The decrease of AH with increasing surface coverage is due
mainly tvo the change in work function of the metal by the dipoie layers formed
by the chemisorbed atoms. This ié termed a "work fﬁnction effect” and
leads to a linear decrease in A H with surface coverage.

AH = AH, - a8 | (37)

Boudart, assuming that the electrical doublz layer could be approximated
by a uniform dipole sheetA(ZS) , evaluated a to be

a =1/220% =276 NSM (38)
the factor of 1/2 coming from the assumption that the electron is located
halfway between the planes of the double layer, and, as a result, has to
do work against only 1/2 of the potential difference. The assumption of
a uniform dipole layer has been criticized by Gomer (26) who evaluated
the potential due to a discrete dipole layer and argued that, at low ©
values, the effect would be considerably smaller than that calculated by

Boudart.



2. The mutual depolarization of the surface dipole, due to dipole-
dipole interactions, may affect the lincarity of equation 38 since the
dipole moment per adatom is now a function of coverage. This e
can cause a maximum or minimum in the surface potential as a function
of © (24).

Nevertheless, there' is much experimental evidence (24) that A H
is nearly a linear function of © , and for a first order approximation,

A H will be assumed linear with & for the remainder of this discussion.

Combining equations 34, 36 and 37,

- de/dt =v 6™ exp(-AH,/RT) exp 6 /RT) (39)

n

At this point, it is interesting to examine io what extent n, AHO

-

and o can be uniquely determined from the rate equation. The problem
can be simply stated by writing equation 39 in ancther differential form.
d( 1n®)/dt = viexp(-AHg/RT) exp (a€/RT) forn=1

=y exp (—AHO/RT) exp (a0 /RT)6 forn =2

2 (40)

It is readily seen from equation 40 that, if }q{_@__ is approximately one
% _
or greater, it will be difficult to determine even the order of the reaction
since the expo'nential dependence on © will tend to mask any difference
between the first and second order analysis. This is not a trivial

problem, for values of & of 10-30 kcal/monolayer are quite common.

Consider, for example, a reaction for which A I—IO is 40 kcal/mole and



o is 20 kcal/monolayer mole., For the term ¢g /RT to be less 'thaﬁ
one requires that one limit the investigation to surfacc coverages of less
than approximately 0.07 monolayers.

Assuming that data can be obtained where «8/RT is less than one,
one can attempt an evaluation of A Ho and order of the reaction by
collecting the data at low surface coverages and assuming that, for
small coverage intervals, AH is nearly constant. Thereiore, equation
34 can be utilized, the order of the reaction being determined by comparing
linearity of plots of In6 vstandofl/ 8 vst. One should be aware,
however, of possible errors in judgement in the degree of linearity of
the two plots. If a reaction obeys first order kinetics and is analyzed by
the above mentioned procedure, the fcllowing equations apply:

d(lne )/dt =y 1exp(- AH,/RT)exp6/Rt)

-d(1/e) /dt =V, exp (- AHO/RT)exp (a8/RT) (1/6 ) first order reaction
: (plotted second order)
(41)
The second order plot of a first order reaction yields a sigmoidal curve
with a point of inflection at 1/6 = a/RT while the first order plot has no
infl'ection point. If this inflection point is near the middle of the
experimental range, the second order plot of a first order reaction may be
more nearly linear than the first order plot, and the kinetic order may be
incorrectly assigned.

This is illustrated in Figure 25. Suriace coverage vs time curves



N
no

were generated for a first order reaction using equation 39 with AH _ equal
to 30 kcal for two values of o, 20 kcal/monolayer mole and zero, Figure Z5A.

A comparison for first and second order plots of the ¢ &
: P X

However, for « equal to 20 kcal/monolayer mole, the reaction may mistakeﬁly
be supposed to be second order since, in Figure 25c, the 1/6 plot appears
to be more linear than the In € plot.

A similar analysis of a second order rate eguation shows that
identification of a second order reaction as first order is less likely.

The conclusion to be reached irom this discussion is that, for many
reactions in catalysis (adsorption, desorption, decomposition reactions,
etc.,) o is normally greater than 10 kcai/ monclayer mole; and, as a result,
it is not possible to detefmine uniquely the order of the reactionn, ¥V ,,
A Ho or ¢ by field emission or any other technigue now available.

Thus, it is necessary to reduce the rate equation to a three

parameter problem by establishing one parameter independently. It is

n

common 0 assume ¥ _ to be given by simple rate theory, i.e. v
i
H b (4 L4 . I4 1.1 1/2 £ |
equals (kT/h) for first order and (o 1w kT/m) for second order where O

is the hard sphere coliision diameter.

Integrating equation 39

ynexp(—AHo/RT)t EIX) - BiXo) n=1

o /RT| exp{=%)/X -exp(-Xo)/X, + (42)
EX)-E X, (n=2

i
-
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where Poo
El(X)=J exp(-y)/y dy -
' = 8 X.=_08 0
% X RT o RT

The values of El (X), the exponential integral have been tabulated (27).
Equation 42 can be vastly simplified if the following approximations are

made.

o]
© I

(1) Since, for 0< & < 0.8
£

. 06 exp(-y)/y dy =100 Jabo expl-y)/y dy . (43)
RT . KT

E;(X,) can be neglected combared to E; X).

(2) In addition, E;(X) can bé .approximated by (28)

E((X) = (/X exp(-K) (44)
where .72< f(x) s 1for 2< X <» and, to a sufficient accuracy for
the present purposes £(X) = 1.

Hence X

E (X) e

l ~

L
X
Equation ( 42) now simplifies to

t v, exp (- AHL/RT) = RTA 6 exp (-a RT) n=1

— — ‘ =4
2/6 exp (~a8 /RT} n=2 (45)

Taking v n from the simple rate theory expressions given, we have

T~ -08/69 + AHL/69 n=1

~ -a8/65 + AH_/65 n=2 (46)

which relates, at a constant time interval of 30 seconds, the coverage

as a function of temperature.
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Figure 26 illustrates generated data frcm equation 42 for a simple
first order cdesorption reaction where AI—IO = 45 kcal/mole, o = 20
kcal/monolayer mole and v 1= kT/h. For a desorption time interval
of 30 seéonds , the surface coverage was ploited as a function of
temperature, Figure 27. Over the range, .Z <6< .8 the plot is
‘indeed linear. From the intercept, AH, wes calculated toc Abe 47 .6
kcal/mole, and « , 21.5 kcal/monolayer mole which compares
favorably with those values used to generate the data.

To apply equation 46 to the work function data obtained for the
cdecomposition of the acetylene and ethylene, it is necessary to assume
that the total work function can be considered és the sum of the work
function of the clean surface plus the additional terms due to the
presence oi reactan;s and products. In general, the reactants and products
will have different dipole moments; therefore, as the reactions occur,
the total work function will change.

The surface reaction experiments were conducied in the following
manner. The emitter was first cleaned by flashing, cooled to 4°K, and
the field emission current and voltage data for the work funciion measure-
ments were collected. The emitter was then dosed with gas by warming
the source briefly. The dosing was carried out with the field turned ofif.

The emitter was heated to 70-809K, relying on Type I diffusion to cover

the entire emitting area of the tip. A work function vs temperature



plot was obtained by heating the tip to a temperature T for a time interval
of 20 seconds in the absence of the field, then cooling to 4°K and applying
a field. At this time the image was photographed and the work function
determined. By always taking work function measurements at 49K, field
induced reactions which might have occurred at higher temperatures were
avoided.

Acetvlene

Figures 28 - 32 show the emission patiern changes as the tip
covered with acetylene is heated from 100°K to 1050°K for peri‘ods of
20 seconds at each temperature. All photographs were taken at 1 x 10-7
amperes emission current.

Figure 33 shows the corresponding work funciion vs temperature
plots. The work function was evaluated by both single péint and Fowler~-
Nordheim techniques. The initial decrease in work function, as measured
b-y single-point techniques, in the range 75-1009K is due to the desorp-
tion of physically adsorbed acetylene. The physically adsorbed layer
acts as a dielectric layer which, as previously shown, affects only the
pre-exponential portion of the F-N equation. This is reflected in the
single point measurement since the dieleciric layer reduces the current.

The Fowler-Nordheim and single-point calculations of the work

function are compared in Figure 34. For temperatures between 100-600°K,

the relationship between the two determinations is given by
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"rom 1000K to 4OOOK the qualitative features of the work function
change with temperature are similar for both methods of evaluating the

1

work function. Upon adsorption of acetylene, the work function is lowere
by 0.5 ev and it remains unchanged at temperatumes up to 3006°K. In the
interval 300-450°K, the work function increases rapidly. There is a
definite change in slope in the curve between 450° and 5759K. Between
5759 and 700°X, the curve is nearly linear. The work function reaches a
maximum at 7259K, remains constant until 850°K and then decreases.
Preliminary mass snectrometmc studies of ace

have indicated that above 100°K, hydrogen is the only desorption product
and that the hydrogen evolution is complete by 800°K {29). The increase
in work function in the temperature intérval 300-3800°K is therefore due to
a surface reaction and not simply the descorption of acetylene. The
simplest model for the decomposition reaction is

CzHZ - 2H + C2 (48),

%k % %

where C,) represents the carbon residue left

work function is then given by
C) Hy Co i

&)

fe =4 max. 6)C‘ZI-IZ +A2 max. GCZ

For the present, assume that the hydrogen produced by the

decomposition reaction desorbs at all temperatures so that only C,H and
& 2 7
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CZ are present on the surface.

Then eguation 49 becomes

and since 902 + GCZHZ =1,

then
; (no-ne 2 e 22 ag? )
fa . = ) v— @ Q -
Y CqoHy ¥ max max. max. (51)

Cy CoHy
As A® max and Aé ... are constant and from the exireme value of the
CCoHy Co
work function plot, i.e., A® pay = -0.48 evand A% 4, = 0.48 ev,

" the work function is linearly related to the surface coverage of
acetylene. Figure 35 shows the werk function curve that would have been
obtained had the hydrogen produced by the decomposition been desorbed

-

at a rate that was fast compared to the decomposition. In the temperature
interval 300-600°9K, the measured work function is greater than predicted
on this basis and the discrepancy is due to the presence of hydrogen on
the surface. Hydrogen raises the work function on a clean tungstien
surface (17). The work function vs temperature plot for hydrogen is also
shown in Figure 35.

The shape of wo:rk function curve can now be related to the suriace
reactions oif acetyleﬁe.‘ At temperatures beiween 100~3 00°K, acetylene is
associatively chemisorbed on the surface; neither the work function nor

eleciron image changes with temperature. In the temperature interval
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300-4500K, the work function increase is due to the decomposition of
acetylene producing hydrogen and a carbon residue on the surface.

Gy —Gp + 28 (52)
In the interval, 450-600°9K, the hydrogen desorbs from the surface

o G

251 - I—Iz(g) (53)
and above 6009K, the hydrogen desorption is fast so that the only |
surface species are CZHZ and CZ‘ By 750K, the decomposition is
complete and the work function remains constant until 850°K when it
decreases. The decrease is apparently due to a redistribution of carbon
which is mobile at these i*.emperatures‘, and possibly also to a decrease
in surface concentration of carbon due io the diffusion of carbon inio
the bulk of the metal (30).

The dependences.. of surface concentrations on temperature can be
obtained from the work function plot and are shown in Figure 36. The
parameter 6 should be understood as relating to the extent of the
reaction and not as implying that, for & equals 1, all tungsten surface
atoms serve as occupied sites.

Using equation 46 AH, and o are found to be 50 kcal/mole and

23 kcal/mole monolayer from the slope and intercept of Figure 35.

Since these values refer to the decomposition reaction,

Gl Gt R W
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it is necessary to examine more carefully what is included in these terms.
For the reaction of equation 53, A H is given by

AH= MH. - (54)

*comy cpH, YC, O 0y
where AI—I(') is the enthalpy of activation for the dissociation. Since the
C, I species forms a dipole layer positive out, and carbon one negative
out, the carbon dipole layer, as a result of the work function effect, will
increase the enthalpy of activation for the dissociation. Hence, the
o Cze Cy term is positive in equation 54. Substituting for ecz, we have
AH =AH' + a
) o

o )9C (55)

-(a +
Cy CpHp Gy CyH,

It is probable that a oHy equals & bz since A% ° max for both species
is 0.5 ev. Therefore, a C2 Hy and a o are equal to 11.5 kcal/monolayer
mole; and A Hy' is 38.5 kcal/mole.

The decomposition of acetylene was also studied on a ca;bon-
tungsten surface. This surface was produced by covering a clean tip with
- acetylene and heating to 800°K to decompose the acetylene, leaving a
carbon residue on the surface. The tip was then cooled ‘to 509K and
redosed. ']_.‘he work function blot, as determined by the single point
technique, is shown in Figure 37. The field emission patterns are shown
in Figures 38, 39 and 40. The decrease in work function between 100~
200K is possibly due to a surface rearrangement., The plateau between

200°K and 5009K suggests that acetylene is associatively chemisorbed

over this temperature interval. The nearly linear increase in work function
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between 500-800°K would then be due to the decomposition reaction,
Gia= o+ 28
2, '35t H (9) (56)
the desorption of hydrogen being fast. Evaluating AHYS as before,
AHé equals 44 kcal/mole assuming tiﬁe occz given previously. This is
greater than the value of 39 kcal/mole obtained for the clean surface.

Decomposit ion of et hylene

Figures 41 - 45 show the emission patterns from tungsten covered
with adsorbed ethylene. Thé experiments were conducted in the same -
way as those for acetylene.

The change in work function with flash temperature is shown in
Figure 46. The decomposition of ethylene is clearly a two step
process. At temperatures below 200°9K, the work function is constant,
indicating that ethylene chemisorption is associative at these
temperatures. 'I'l';e féllovs;ing séquence of reactions accounts for the
behavior of the work function plot.

1. 200-300°K  CyH, < 2H + #CyHy
2. '300-450°K '%CZHZ*-» ZEI + g
3. 450-700°K  «C,Hyx~ 2H + Cp
2 Pt E)(g) (57)
The stars, *, represent metal sites and are placed to distinguish between

~ "cis" and "trans" adsorption.



Step 1 is apparently nearly complete by 300°K since the work
function change with femperature is tending to zero as 300°K is
approached. The acetylenic residueé , which must be on radically
different sites than acetyvlens itself would occupy, nevertheless,
decompose over nearly the same temperature range as acetylene

(300-700°9K). The work function goes through a maximum at 500°K

instead of just a change in slope, as was the case for acetviene

-~

because of the greater amount of hydrogen on the surface. Both the

jod

ydrogen desorption and decomposition reactions are apparently complete
by 700°KX and the work function remains constant over the interval
725-8509K. Above 850°9K, the work function decreases again, probably
due to a surface rearrangement or diffusion of carbon into the bulk of
the tungsten.

Some of the paitern changes observed can be interprated in light
of the sequence of reactions previously proposed. Between 100-200°K,
the 'pattern changes very little. Above 200°K, the first darkening
(indicative of an increase in work function) is in the area of the lll planes
:yvhere it was previously proposed that the site density was high. By
t.27 5-300°K, the areas around the 110 planes are emitting in a manner
somewhat reminiscent of acetylene patterns at those temperatures. The
400K patterns for both acetylene, Figure 29a, and ethylene, Figure

42f, are very similar which tends to support the proposed reaction
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sequence for ethylene. Above 500°K, however, the differencé in
patterns for the two gases is considerable. This is not too surprising
since it has already been proposed that the two gases occupy very
different types of sites.

The images for the 800°K and above flashes show the characteristic
crystallites that appear for carbon on most metals (3, 30). The rings
around the 110 plane are not due to a decrease in work function but to an
increase in local field strength on the sharp edged lattice steps. A field
ion examination revealed the steps to be in the order of 10-2 0}1 in
height (30).

A comparison of the work function as determined by both single
poirﬁ: and Fowler-Nordheim techniques is also shown in Figure 46. Below
100°K, phyéically adsorbed ethylene is present on the surface and
behaves as a polarizable, dieleciric layer. As was the case fox;
acetylene, the presence of the physically adsorbed layer did not affect
the Fowler-Nordheim determination of the work function. Above 425°K,
the single point determination yieids too low a value for the work function.
This result is extremely interesting since the modifications of the Fowler~
Nordheim theory to account for polarizability and dielectric properties of
an adsorbed layer, as previously discussed, will always lead to a single
point technique work function which is too high rather than too low.

Metallic adsorbates, which lower the work function, have been known
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to enhance the emission current above that expected from the work
function change (14) and indeed, if the positive ion core be};aved as an
attractive square well, the emission current would be given by equé.tion
30. Carbon, however, is an electronegative adsorbate, and, as such
it is not clear how it could constitute an attractive potential well.

The 0.5 ev increase in work function for the carbon residue on
the tip is in disagreement with Klein, who reported that carbon increases
the work function only slightly (31). However, Klein determined the
work function by the single ;'oointlte.chnique and apparently at lower
carbon concenirations, and it is therefore likely to be in error.

The compgrison of the two.mhethods of determining the work function

as shown in Figure 47 yields

MP.N.= 1.10 MS.P. - .15 (58)
for temperatures up to 400°K. Above 400°K, it is clear that no simple
rélationship exists between A? PN, and A% l

The change in the pre-expohential of the Fowler-Nordheim equation
is shown in Figure 48. The decrease in - log A between 75 and 100°K
results from the desorption of ihe physically adsorbed ethy.lene. This
clearly illustrates that the pre—exponential was responsible for the
difference between A% F.N. and Ad S.p. at this témperature. The pre-

exponential starts to decrease as the decomposition of ethylene begins

(at 200°K) but does not appear to be sensitive to the sequence of
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reaction steps occurring on the surface. It is confirmed from this data
that carbon does increase the pre-exponential. The change in the log
of the pre-exponent of 0.5 means that the current is three times as
great as would be expected from work function changes alone.

The decomposition of ethylene on a tungsten-carbon surface was
also studied. The work function data, determined by Fowler-Nordheim
evaluations, is shown in Figure 49. The images are shown in Figures
50 and S1. The tungsten—carbon surface was prepared by dosing a
clean tungsten surface with ethylene, heating to 1000°K for 30 sec and
redosing it 50°K. The work function data indicates that a surface
reaction is occurring in the temperature interval 100-300°K in contrast
to ethylene on clean tungsten which did not start to dissociate until
temperatures in the order of 2000K. The linearity of the work function
plot between 350° and 750°9K suggests the hydrogen desorption from the
surface is fast and the rate‘ limiting step in the dissociation is the
decomposition reaction. The following steps are proposed to account
for the shape of the curve.

1. 100 °-300°K CoHy» Coly + ZH

2. 300°-3750K CZ§4 - ngz + ZEI

ZI:I - I-I2 (@)
3. 3759-750°%K EZHZ - C, + 2H
7 * % %

2f f8st g (o)
5 2
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The evident early decomposition of ethylene on the carbon-
tungsten surface is very interesting when coinpared to acetylene decompo-~
sition which was inhibited'by the presence of carbon. This can nct be
accounted for by the "work function effect" since the decomposition
reaction always results in an increase in total work function. Apparently
the carbon residue on the surface is still blocking the most favorable
sites for ethylene chemisorption so that the adsorbed ethylenic species
are in a strained configuration. Too little 1s known about the state

of the surface to speculate further on this point.



DISCUSSION

It is worthwhile to compare the resulis cbhiained on tungsien with
those obtained on iridium (3). The work function data for hydrogen,

J

acetylene, and ethylene on tungsten and iridium are summarized in
Figure 52. It is appareni that the only major diiference between the
work function plots for the two metals results from the presence of
hydrogen on the tungsten surface at temperatures below 4509X. The
heat of desorption of hydrogen on tungsten, AI“’O, equals 35 kcal/mole,
and for iridium, 24 kcal/mole (32). As a result, the rate de'terminiqg
step in the dissociation of ethylene on iridium above 300°K is the rupture
of C-H bonds and not the desorpiion of hydrdgen from the surfiace. This
is true for tungsten only above 550°K.

The activation enthalpy for the dissociation of acetylene, as
determined by equ§tion 46, is nearly the same for both metals, 50 kcal/
mole on tungsten and 48 kcal/mole on iridium.

or the first step of the dissociation of

&)

l'—h

he activation enthalpy

]

ethylene on both metals can cnly be crudely estimated but it appears
to be in the order of 20 kcal/mole for both metals since the reaction is
nearly complete by 300°K.

Diffusion experiments such as those performed on tungsten were

=
(oM

not carried out on iridium; thus, those resulis can not be compared.
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. points:
1. The heat of adsorption of ethylens on tungstien varies from 100
The

al/mole and on nickel from 60 to 23 kcal/mole (7).

1o 20 k¢
larger value refers to the heat of ad clean surface

and the smaller value is the he

covered suriace
hydrogen varies from 35 to 10 kcal/

he heat of adsorption of
ckel (7.

ten (32) and 30 to 15 ,<0cl/.1.ole on ni

The activation energy for the hydrogenation of ethylene

3.
For W

Co, and Fe is 10.7 kcal/mole (9j.

on Rh, Ni, Pd, Pi,

and Ta it is 2.4 kcal/mole (7).
4. The variation in rate constant, k, with lattice constants (8)
is shown in Figure 53, Ii is interesting that tungsten is 10%

times less active than rhodium although the activation energy

is less on tungsten.
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5. Oriented 110 films of nickel are five to ten times more

active than non-oriented nickel films (9).

6. When ethylene is admitted to a film, it is rapidly adsorbed.
No ethane appears in the gas phase until the Surface is saturated
with ethylene (21) (approximately 25% of the hydrogen monolayer
capacity).

7. If ethylene and hydrogen are admitted separately, the in;ltial
rate of hydrogenation depends on the order of addition of reactants
(9, 21). The initial rates are ordered as follows:

Hydrogen admitted first > Simultaneoug addition > Ethylene
admitted first.

At later times, the reaction rates for thé different modes of
addition become equal.

8. When ethylene and hydrogen are admitted together, the

reaction rate may be expressed as (9)

1 0

di

(60)

9. The reaction of ethylene at very low pressures with pre-

adsorbed hydrogen at 194K is practically instantaneous. The
self~-hydrogenation of ethylene does not occur at this temperature (7).
10. Acetvlene does not hydrogenate on tungsteﬁ, but the

hydrogenation does take place on face-centered cubic metals (7).
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The rate of hydrogenation of acetylene is usually about 1073 that
.for ethylene hydrogenation.

1ll. When acetylene undergoes hydrogenation on the face-centered
cubic metals, ethylene appears. in the gas phase; however, there
~is no evidence that the adso;ption of ethylene itself can occur
reversibly (22).

" 12. Body-centered cubic metals tend to become less active as the
hydrogenation reaction proceeds (7). For tungsten, the initial rate
is at least ten times faster than the final rate.

13. If acetylene is pre~adsorbed on a metal surface, the hydrogenation
reaction of ethylene does not occur (7).

There have bean a number of mechanisms proposed for the hydrogenation
of ethylene (20, 21, 22). In general, they fall into two basic ‘types,
bneglecting intermediate steps:

Mechanism I: Ethane is formed by the reaction of chemisorbed

ethylene with chemisorbed hydrogen

Mechanism II: Ethane 1s formed by the reaction of gaseous

ethylene with chemisorbed hydrogen.

The normal‘ proceduré has been to suggest a series of surface
reactions with rate constants for each step of the reaction, make
appropriate steady gtate assumptions, and show that thg resulting

rate expression has the form of equation 60. Proponents of each of
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the many mechanisms have found short range arguments to support their
viewpoints, but no mechanism has been proposed that adequately accounts
for the hydrogenation reaction in a comprehensive way. Indeed, all
itreatments of this type have neglected the dependence of activation
energy on surface composition and coverage, and it is easy to see

from the magnitudes of variation already quoted that such neglect is
totally unjustified. It has .already been shown that it is rarely possible

to determine unambiguously the order of a reéc‘cion, n,y n» AHgoOr

a .

Flash filament experiments have demonstrated that Type I mechanisms
are not important for ethylene hydrogenation reactions. Hansen, et al.
(33 determined that, when adsorbed ethylene on iridium is not in
equilibrium with the vapor, ethane is not produced in the gas phase
regardless of filament temperature. Roberts (34), dosing iridium
films at 300°K with ethylene, found that ethane was produced rapidly.
Roberts dosing conditions were such that the rate of impact of
ethylene with the surface was 105 times as great as those in the
experiments of Hansen, et al. The conclusion to be reached is that
iridium can hydrogenate ethylene in equilibrium experiments, therefore
failure to observe ethane m flash filament studies implies that Type I
mechanisms can not account for major steps in the reaction.

Both mechanisms I and II are subject to the criticism that they
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fail to account for the remarkable consistancy in activation energy for
the hydrogenation reaction, ;egardless of the metal catalyst. In view

of the rather large variation in heats of adsorption of hydrogen and
ethylene for the different metals it is surprising that the activation energy
1s constant for hydrogenation.

Mechanism II also fails in view of "fact 6.", For both tungsten
and iridium, the evidence is that the adsorption of ethylene occurs
dissociatively and that hydrogen is a dissociation product. Yet it is
observed that no' ethane appears in the gas phase until the surface
is saturated with ethylene.

Neither mechanism I nor II a.ccounts for the greater activity of
110 oriented nickel films nor the fact that rhodium is 104 times as
active as tungsten.

On the basis of the field emission evidence, it is possible to
suggest a new mechanism that adequately accounts for the hydrogenation
reactions of ethylene. The reaction scheme is as foliows:

1. CoHy (g) - ’62}734

2. *czzj4 2 wCpHpx + 2H

3. CyHy(9) + 'CHy - CyHg () + »CoHyx

4. Hy(g) + *CyHyx ~CyHy

* - ' '
5. «CyHy* ~2CH or CyH, or C) +2H (61)

%

3
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As befofe, the stars, *, represent metal sites and are placed to
distinguish bgtween "cis" and "irans" species. The symbol C;,;z I;IZ
is meant to describe a chemisorbed species differing from the |
acetylenic residue *C, HZ %. Both species will be described in
greater detail later.

Ethylene initially chemisorbs on the surface and dissociates to an
acetylenic residue and hydrogen. As a consequence of the vafiation in
activatibn enthalpy for the dissociation reaction, the addition of more
ethylene to the surface results in a quasi- equilibrium with undis sociatéd
ethylene existing on the surface when the activation enthalpy become
prohibitively high for the dissociafion. Then associatively chemisorbed
ethylene exists on the surface as a dipole with the positive end away
from the surface.’ “The hydrogenation reaction results from the addition
of hydrogen from the acidic surface ethylene to the basic gaseous
ethylene producing ethane, step 3. The slow step in the hydrogenation
process is the production of surface ethylenic species 'by'step' 4,

The surface becomes poisoned by the irreversible reaction expressed
by step 5.

The source of hydrogen for the hydrogenation of the gaseous
ethylene is then the surface ethylenic species and not the metal.
Referring to Figure 24, when ethylene is chemisorbed "trans", two

hydrogen atoms point away from the surface and the other two lie in
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a plane parallel to the surface. The former hydrogen pair would then

be involved in the hydrogenation reaction. The envisioned activated

complex is shown in Figure 54a. The evidence is that ethylene alwéysl
lowers the work function of a metal (i.e. electrons are withdrawn from
the ethylene molecule to the metal). One might expect a weakening

. of the C-H bond on this basis.

The activated complex for the formation of the ethylenic species
from the "cis" acetylenic species is depicted in Figure 54b, The lov
activation energy of 10.7 kcal/mole for most metals for this step
probably results from the acetylenic species being in a strained |
configuration across the 4.47.?\ sbacihg. From this model one would
also suspect that the activation energy would be roughly independent
.of the metal since this step does not involve the making or breaking
of surface bonds. This model also accounts for the observed order
of the reaction since the rate of productibn of fhe "trans"” ethylenic
speciesﬁ is proportional to the rate of arrival of hydrogen gas at the
surface. Therefore

dPc aHg = kPlH2 ' (62)
' dt

It is now of interest to inquire as to the fate of the acetylenic
residue produced by steps 2 and 3. It is clear, that on tungsten, the
acetylenic residue is left on a site where the tungsten~tungsten

distance is 4.473 which undoubtedly puts strain on the carbon-metal
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bonds and carbon-carbon bonds. The most favorable tungsten-
tungsten distance (calculated from geometric considerations) was
found to be 3 .43 . There are two possibilities for the dissociation
of the acetyleﬁic residues and these are e}{pressed in step 5.
'Either the carbon-carbon bond breaks , forming C-H species, or one
carbon-metal bond breaks and reforms on one of the 2.74 or 3 168
spacings available. Either process would be irreversible and would
lead to a reduction of sites formerly available for the ethylenic species.
For the face-centered cubic metals the metal-metal distance is not
as great as tungsten; therefore, the reaction expressed by}equation S
would be slower.

It was found that 110 oriented nickel films were five to ten times
as active as non-oriented nickel films. The 110 plane of a face-
centered cubic metal is shown in Figure 55. It is very similar to the 112
plane of a body centered cubic metal and contains the greatest density
of sites for ethylene adsorpfion.' It is not silrprising then that the
110 oriented nickel is more active since the adsorbed ethylene
concentration is highest there.

The model probésed accounts for "fact" 7, i1f hydrogen were
4 pre-adsorbed on the metal, two effects would insure that the initial
chemisorption of ethylene would be associative. First, concentration

effects would drive the equilibrium of step 2 to the associative species,
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and secdnd, the "work function effect" favdrs associatively chemisorbed
ethylene. In addition, the presence of hydrogen may inhibit the
reaction expressed by step 5.

The pre-adsorption of acetylene inhibits the hydrogenation reaction
because it drastically reduces the number of sites available for ethylene
chemisorption. The heat of adsorpfion of acetylene on metals is higher
than that for ethylene, therefore ethylene can not displacé adsorbed
acetylene. This suggests an experiment which might ine support to
the proposed hydrogenation mechanism. I-‘rom. the field emission results
for the decomposition of acetylene on tungsten, it was determined that

.hydrogen and acetylene can exist on the surface below temperatures of
4509K. Therefore, if one were to preadéorb both hYdrogén and

acetylene on a tungsten surface and then admit ethylene, the hydro-
genationﬁ reaction should nof occur on the basis of the proposed mechanism
since there are no ethylene species on the surface. If the reaction did
occur, it would indicate that the adsorbed hydrogen on the surface was

the source of hydrogen for the hydrogenation process.

The observation that gaseous ethylene is produced by the
hydrogenation of acetylene on face-centered cubic metals although the
chemisorption of ethylene is irreversible has puzzled a number of
investigators. (See, for example, referances (2) and (22) ). In light

of the surface diffusion experiments, which revealed that ethylene
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did not chemisorb *cis", it is apparent that the ethylene formed from
a "cis" acetylenic species (which chemisorbed on the short spacings)
will be in a state of high potential enérgy and desorb.

It would appear that only Ypoint 9" is at variance with the
proposed mechanism, Beeck(? felt that this experimental fact, which
was determined only for a nickel catalyst, supported Type II mechanisms.
It should be noted however, that ethylene chemisorption on another
.face-—centered cubic metal, iridium, was dissociative even at this
low temperature and one would guess that ethylene would dissociatively
adsorb on nickel at 194°K also. In addition, pressures in Beeck's
apparatus were determined by mercury manometers; it is doubtiul
that the small amount of ethane formed as predicted by the proposed
mechanism could have been detected by Beeck.

The proposed mechanism is further supporied by exchange
experiments with ethylene and deuterium over nickel catalysts.
Turkevich et al. (35) found that, in spite of pretreating the catalyst
;Nith deuterium, when ethylene and deuterium were admitted the first
ethane evolved was C2H6 closely followed by C2 I-I5 D and to a lesser
extent, C,H,D, . Later C,)H D, C,H D,, C HD, and C,D,
were observed; the C2 D 5 appeared only after the reaction was 70%

complete. In addition, considerable ethylene exchange was observed

D,.

with C 2 H 3 D the predominant product at first but C ) H 2 Dy
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C 2 HD3 and C2 D4 appeared later in that order. Eventually ail
species were consumed by the hydrogenation.

The speculation was made that hydrogen added during the
hydrogenation reaction must have come from another ethylene molecule,
but no hydrogenation mechanism was proposed. The proposed
mechanism given in equation 61 accounts for the initial product of
C 9 I—IG. Also, the addition of deuterium to the acetylenic species,
step 4 of equation 61, results in an' ethvvlenic species with either two
hydrogen atoms, or one hydrogen atom and one deuterium atom, or two
deuterium atoms pointing up from the surface. Therefore fhe appearance
CoHg, Cyp Hy D and Cy Hy Dy can be accounted for with no
modifications of the mechanism. To account for the appearance of
the higher substituted ethane molemcules, it is only necessary to account
for the appearance of the substifuted ethylene molecules since once
these species exist, all the substituted ethane molecules can occur.

Since ethylene chemisorption is irreversible, the exchange of
ethylene must not result from a surface reaction between chemisorbed
ethylene and deuterium but rather from gaseous ethylene and a
deuterium source on the surface. The simplest model is to assume
that not all gaseous ethylene collisions with chemisorbed ethylene
result in hydrogenation, but that some collisions result in exchange

of hydrogen. It is reasonable to suppose that not all collisions result
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in the activated complex shown in Figure 54a. It also may be that exchange
can occur by a reéction with the hydroge;n or deuterium on the surface.

It should be noted that the proposed mechanism may not be
applicable to other olefinic hydrogenation reactions. For example,
cyclohexene, which can be hydrogenated over these same metal
catalysts, most certainly would not hydrogenate by the scheme
presented here. Type I mechanisms would be more likely to account

for that reaction.
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SUMMARY

The chemi sorption and surf a‘ce reactions of acetylene and et hyleﬁe
on a tungsten surface were st udied by field electron emission microscopy
techniques. These investigations were conducted in a liquid helium
cryostat so that the surface reactions could be studied from 49K to
higher temperatures under ultra-high vacuum conditioﬁs .

Acetylene reacted with a clean surface in the following manner:

1. Between 100° and 300°K, acetylene chemisorbed associatively.

2. Between 300° and 450°K, the chemisorbed acetylene decomposed

to yield adsorbed hydrogen and a carbon residue.

3. Above 45 0°K, the adsorbed hydrogen desorbed at a rate

comparable to the decomposition reaction.

4, Above 600°K, the desorption of hydrogen was fast compared to the

decomposition reaction.

5. The decomposition reaction was complete‘ by 7259K leaving a

carbon residue on the surface.

The activation enthalpy for the dissociation reaction was found to be
coverage dependent, and given by A H = 50 kcal/mole -23 g kcal/mole
n.lonolayer. |

From the work function data, the relative surface concentrations of

the carbon residues, hydrogen, and acetylene were obtained as a
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function of temperature.

The decomposition reaction of acetylene on a carbon-tungsten
surface was studied and found to differ from those on the clean surface.
On the carbon-tungsten surface, acetylene reméined in a associative
state at temperatures up to 500°K. Between 5000 and 800°K, the
chemisorbed acetylene decomposed, producing hydrogen,which desorbed
rapidly, and a carbon residue. By 800°K, the reaction was complete.

Ethylene reacted with tungsten in the following manner:

1. Between 1000 and 200°K, ethylene chemisorbed associatively

on the surface.

2. Between 200° and 300°K, ethylene decomposed to yield a

acetylenic residue and adsorbed hydrogen

3. Between 300° and 450°K, the acetylenic residue decomposed to

yvield adsorbed hydrogen and a carbon residue,

4, Above 4509K, the desorption of the surface hydrogen proceeded

at a rate comparable to the dissociation reaction.

5. By 7000, the decomposition reaction was complete, leaving a

carbon residue on the surface.

The decomposition of ethylene on a carbon~tungsten surface was also
studied. Ethylene dissociated to adsorbed hydrogen and an acetylenic
residue in the temperature intervél 100° to 3009K. Between 375° and 7509K,
the acetylenic residues decomposed to gaseous hydrogen and a carbon

residue.
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reaction.

It is apparent the variation of rate constanj:s of surface reactions
can be very dependent on the crystallographic orientation of the surface.
The field electiron emission microscope should play an increasingly

important role in the elucidation of surface processes.



Figure 1. The chemisorption of ethylene on evaporated metal films.
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Figure 2. Field electron emission microscope. Electrons travel
radially to the fluorescent screen producing a magnified
image of the tip.
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I

/V R scresn

Figure 3. -Schematic diagram showing that the magnification, M, is the
ratio of the tip to screen distance, R, to tip radius, r.



Figure 4. Field electron image of a clean tungsten tip indexed
crystallographicaily.
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Figure 5. Orthographic projection of a hemispherical cubic crystal
oriented with 110 plane in the axis.
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Figure 6. Potential energy diagram for electrons in a metal in the presence of an applied field. The

electron wave, -1,

is represented schematically as a standing wave in the potential well,

undergoing quasi-exponential decay as the electron penetrates the barrier, and decreasing
in wave length as the electron saves the barrier region with increasing momentum.
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Figure 7. Work function change for the adsorption of potassium
on tungsten.
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Figure 8. Potential energy diagrams for four barrier shapes: (a), clean
surface; (b) adsorption of dipole layer on the surface; (c), adsorp-
tion of dielectric layer to surface; (d) addition of deeply
attractive potential well.
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)

o U » 3 .
Figure 9. Total immersion field eleciron emission microscope: A. nichrome

heater; B, ball of Sauereisencementi; C, platinum strip inter-

rmediates between nichrome and tungsten to tungsten wells; D, tin
oxide conductive coating; E, metal ilament; F, potential sensing
leads; G, nichrome insert; H, tungsten rods; I, phosphor screen;

T, tip; X, high voltage lead-in. :
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TUNGSTEN

. NONEX

< NICKEL

PYREX

TUNGSTEN HAIRSPRING
CONDUCTIVE COATING

s N
S .1 I e

Figure 10. Diagram showing construction of the hairspring contact to the
conductive coating.
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Figure 1l1. Diagram of the phosphor puffer for screen deposition.
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Figure 12. Field emission tip etching procedure. (a), The wire is immersed
in the etchant and etched until it is sharply pointed. (b), The
sharp end is clipped off and spot-welded to the filament. The

assembly is nearly completely immersed so that the tip length
will be short, (c). The result is shown in (d) with the actual

tip size exaggerated.
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Figure 14. Diagram of cryostat for total immersion tube: A. transfer tube
inlet; B, high voltage lead sealed in evacuated glass tube; C,
port to pump and pop-oif valve; D, stopcock of inner dewar
jacket; E, press eal making elecirical contact to silvering
on inner dewar; F, rubber sleeve; G, windows; H, liquid
nitrogen inlet (vent not shown); I, electrical lead-in; J, pipe
flange; K, rubber O-ring.
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Figure 15. Schematic block diagram of electrical equipment required for field emission studies.
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Figure 16. Schematic diagram of the voltage divider used for voltage
measurement: R, a 1000 p resister; Ry, Rz and Ry,
1000 Qhelipots.
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VOLTS

2A

0 i ] ]
| : 2 3

AMPERES
Figure 19. Performance of the tip temperature controller. The dotted line is
the line of constant resistance. The time interval between B and
C was 0.25 seconds, between C and D, 0.1 seconds, and between
D and E 0.05 seconds. The small overshoot between C and D is

due to the mechanical inertia of the'pen. The time interval
between A and B was 5 seconds.



Pigure 20.

() Clean tungsten.

(c) Further migration at

85%K.

(e) Flashed to 300°K for

20 seconds

Type I diffusion of acetylene on tungsten.

(b) Emitter has received a
dose on the upper half of
the tip. The tip temperature
is 85°K. .
(d) The boundary has stopped
due to depletion of physically
adsorbed gas. The tip
temperature is 859K,
(f) Flashed to 450°K for
20 seconds.
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Figure 21. Geometiric model for the chemisorption of acetylene on tungsten.

86
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100 PLANE 110 PLANE
0-A 3.16 A 0-A 3164
0-B 4.47 A 0-B 2.74A

111 PLANE 12 PLANE
0-A 4.47R 0-A 447 A
0-B 4.47A 0-8 27 A
0-C 4.47A 0-C 3.6 A

Figure 22. Diagrams of the prominent planes in field electron images:
(@), 100 plane; (b), 110 plane; (c), 1l1 plane; (d), 112 plane.



Figure 23. Type I diffusion of ethylene on tungsten.

(@) The emitter has received (b) Tip is heated to 85°K.
a dose of ethylene on the
upper half of the tip.

(c) Further diffusion at 85°K. (d) I-‘ugther diffusion at
85-K.

(e) Further diffusion at 85°K. (f) The boundary has
stopped due to the
depletion of physically
adsorbed gas.
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!

' 0
Figure 24. Chemisorption of ethylene "trans" across the 4.47A spacings:
on tungsten.



Figure 25. Effect of the variation of enthalpy with surface coverage in
~ the kinetic analysis of surface reactions. (a) Generated ©

vs time curves for a lst order reaction with enthalpy given by
AH= AH, - adwhere AHy is 30 kcal. Temperature was
taken to be 4509K (upper curveq = 20 kcal/monolayer, lower
curve o= 0). (b) Kinetic analysis of the a= 0 curves of
16 (a). (Note that lst order plot is linear.) {c) Kinetic
analysis of the = 20 xcal/monolayer curve. (Note that the
2nd order plot is more nearly linear than the first plot.)
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AH, = 45keal. '
O — a = 20 kcal. / monolayer
v= KL
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Figure 26. Generated first order desorption isotherms, AH, equals 45 kcal/mole, 0 equals
20 kcal/monolayer mole, and p equals kT/h.
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Figure 27. Surface coverage as a function of temperature. These results were obtained from
the generated data of Figure 26 for a constant time interval of 30 seconds.,
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Figure 28.

The decomposition of acetylene on clean tungsten. The
tip was flashed to the temperature indicated for 20 seconds.

(a) Clean tungsten. (b) Dosed with acetylene 75°K.
(c) 150°K (@) 2000K
(e) 250°K (f) 300°K
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Figure 28. The emitter of Figure 28 flashed to the iemperature indicated
ior 20 seconds.

(a) 400°K {(») 425°K
{c) 450°% (d) 475°K
(e) 500°K (£} 525°K
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Figure 30.

The emitter of Figure 28 flashed to the temperature
indicated for 20 seconds.

() 525 (b) 550
(c) 575 (d) 600
(e) 625 () 650
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Figure 31. The emitter of Figure 28 flashed to the temperature indicated
for 20 seconds.

(a) 675 ' (b) 700
(c) 725 (@) 750
(e) 800 , | (f) 850
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Figure 32. The emitter of Figure 28 flashed to the temperature indicated
for 20 seconds.

(a) 900 - (b) 950
(c) 1000 (d) 1050
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Figure 33.

TEMPERATURE
Work function change, evaluated by Fowler-Nordheim and single point techniques,
versus heating temperature for an acetylene covered tungsten emitter. The emitter

was held at each temperature for 20 seconds. The work function of clean
tungsten is 4.51 ev,

LTT



118

Adgey,

-0.2 | —

-04 L =
|

-0.3 -0.1 O Ol 0.3 05
A p

Figure 34. Comparison of the Fowler-Nordheim and single point work
function measurements.
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Figure 35. Work function versus temperature curve for the decomposition of acetylene showing
the contribution of hydrogen to the measured work function., The dotted line
represents work functions due to the acetylene and carbon on the surface.
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Figure 36.
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TEMPERATURE
Surface coverages of acetylene, hydrogen, and carbon species as a function of.

temperature. The parameter 0 should be understood as a relative surface coverage,

there is no way to relate absolutely the surface coverages of acetylene and
carbon to that of hydrogen.

021



0.4 — ' ;///////ﬁf“~\ﬁx —
: - DECOMPOSITION OF A

ACETYLENRE ON

0.2 |- CLEAN TUNGSTER
Ad
S DECOMPOSITION OF
ol ACETYLENE ON 7.
CAREON COVERED
TUNGSTEN SURFAGE
0.2 |- -

I I | I I | - | [
100 200 300 400 500 600 TOO 800 200 10600
TEMPERATURE
Figure 37. Decomposition of acetylene on a carbon covered tungsten surface as determined by

single point techniques. The carbon-tungsten surface was produced by decomposing
an acetylene covered emitter at 800°K. The tip was then cooled to 509K and redosed.
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Figure 38.

The decomposition of acetylene on a carbon-tungsten surface.
The carbon-tungsten surface was produced by decomposing
an acetylene covered emitter at 800°K. The tip was cooled
to 509K and redosed. The tip was then flashed to the
temperature indicated for 20 seconds.

(a) carbon-tungsten ‘surface (b) 100°K
(c) 1500K (d) 200°K
(e) 2500K . (f) 300°K
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Figure 39. The emitter of Figure 38 flashed to the indicated
temperature for 20 seconds.

(a) 350°K (b) 400°K
(c) 4500K (d) 500°K
(e) 550K (f) 600K
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Figure 40. The emitter of Figure 38 flashed to the indicated temperature
for 20 seconds. '

(a) 650K o) 700°K
(c) 7502K (@) 800°k
{e) 850°K

() 1000°K
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Figure 41. The decomposition of ethylene on clean tungsten. The tip was
flashed to the indicated temperature for 20 seconds.

(a) Clean tungsten (b) Dosed with ethylene,
then heated to 100°K
(c) 150°K (@) 2000K

(e) 2259K (f) 2500K
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Figure 42. The emitter of Figure 41 heated to the indicated temperature
' for 20 seconds.

(a) 2759K (b) 3009K
(c) 3259K (d) 350°K
(e) 3759K | (f) 4009K
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Figure 43. The emitter of Figure 41 heated to the indicated temperature
' for 20 seconds.

(a) 425°Kk (b) 450°K
(c) 47521{ (d) 500°K
(e) 525°K -~ - .

(f) 550°K



133

e-
L
o
'gl
=




Figure 44. The emitter of Figure 41 heated to the indicated temperature
for 20 seconds.

(a) 575°K (b) 600°K
(c) 62ng (d) 650°K
{e) 675°K . (f) 700°K
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Figure 45. The emitter of Figure 41 heated to the indicated temperature
for 20 seconds.

(a) 750°K (b) 800°K
(c) 900°K (d) 1000°x
(e) 1100°K () 1200°K
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DECOMPOSITION OF
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N
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TEMPERATURE
Work function change, evaluated by Fowler-Nordheim and single point techniques, versus
temperature for an sthylene covered emitter., . The emitter was held at each temperature
for 20 seconds, The work function of clean tungsten is 4,51 ev, '
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Figure 47. Comparison of the Fowler-Nordheim and single point work
function measurements for ethylene on tungsten.
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Variation of the logarithm of the pre~exponential of the Fowler-Nordheim equation,
- log A, with flash temperature for the decomposition of ethylene on tungsten.
The value of -log A for the clean emitter was 7.0,
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Decomposition of ethyléne on a carbon covered tungsten surface as determined by
Fowler-Nordheim techniques. The carbon-tungsten surface was produced by

decomposing an ethylene covered emitter at 1000°K. The tip was then cooled to
50°K and redosed.
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Figure 50. The decomposition of ethylene on a carbon-tungsten surface,
The carbon~tungsten surface was produced by decomposing
an ethylene covered emitter at 1000°K. The tip was cooled

to 509K and redosed. The tip was then flashed to the
temperature indicated for 20 seconds. '

(a) carbon~-tungsten surface. (b) 100°K
(c) 150°K ‘ - @) 200°k
(e) 250°K (f) 300°K
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Figure 51, The emitter of Figure 50 was heated to the indicated
temperature.

(2) 600°K (b) 700°K
(c) 800°K
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Figure 52. Work function versus temperature plots for the surface reactions
of hydrogen, acetylene, and ethylene on (a) iridium and (b)
tungsten. '



Figure 53.

Rh
-10 |- Pd -
Pt
-2.0 I~ Ni(l10) -
(o]
-3.0 Ni (randoin) -

LOG k

3.0 3.5 _ 4.0 4.5
LATTICE DISTANGE (A)

Variation in rate constant, k, with lattice spacings available on various metals
for the hydrogenation reactions of ethylene.
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Figure 54.

148

(@), Side view of the activated complex for the ethylene
hydrogenation reaction. The hydrogen atoms in a plane
parallel to the tungsten surface are omitted for clarity.
(b), Side view of the activated complex for the formation
of surface ethylenic species from acetylenic species
and gaseous hydrogen.



Figure 55,
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o-B 247 A

Diagram of the 110 plane of nickel, a face-centered cubic metal.
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Table 1. Density of sites available on various crystallographic planes

o=-2
Plane . Number of sites per unit surface cell area (A )
o o)
2.74A 3.16A 4,472
110 0 .2 1
110 .23 .23 0
111 .05 0 L1
112 .163 .08l 163
Table 2. Optimum and available metal-metal spacings for the
chemisorption of acetylene and ethylene
Metal Optimum site Optimum site Available site
for C oH 9 _ for C LH 9 spacings
o)
Nickel 3.33A 2.873 2.473, 3.508

o) o) o) o) o)
Tungsten 3.39A 2.94A 2.74A, 3.16A, 4,47A
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