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Exo-electron emission from a silver catalyst during partial oxidation of ethylene
has been studied by measuring simultaneously the exo-electron emission rate and the
rate of ethylene oxide formation. The silver catalyst emits exo-electron continu-
ously In a temperature range 150-210°C and its emission rate is proportional to the
rate of ethylene oxide formation. The temperature dependence of the exo-electron
emission obeys the Richardson relation for thermo-clectron emission from semi-
conductor, whereas the rate of ethylene oxide formation fits to the Arrhenius
equation.

This eontinuous exo-clectron emission 1s discussed using a schematic diagram
of electronic levels of the silver surface with conclusions that the exo-electron
emission from the silver catalyst during partial oxidation of ethylene is regarded
as a thermo-electron emission from a thin semiconducting oxide layer on silver,
the work function of which is reduced by adsorption of ethylene in the form of
ethylene oxide. No cxo-electron emission and no ethylene oxide formation are
shown to occur from metallic copper, nickel oxide and iron oxide, with which only

complete oxidation of ethylene proceeds.

INTRODUCTION

It is known that the exo-electron emis-
sion, vaporization of very low energy elec-
trons from solids, can be produced in a
variety of ways, abrasion (1), mechanical
deformation (2), irradiation by energy
particles (3, 4), light illumination (4, 6),
and chemical reaction (7, 8). The exo-
electron emission in most cases is sensitive
to structural defects of the surface and
bulk of the solids, and thereupon it has
been applied to studying the surface of
metals (9), the electronic level in lumines-
cent solids (10, 11), and the activity of
solid catalysts (12).

In the field of catalyst a few investiga-
tions on the relation between the exo-
electron emission and catalytic activities
have been made for silver (12-14), zine
oxide (15), and ferric oxide (16): In these
studies the exo-electron emission and the
catalytic activity were measured separately.
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The chemically stimulated exo-electron
emission has been found by Lohff (8) to
occur with the oxidation of zine, and by
Seidl (7) with the oxidation of copper.
Recently, Nassenstein and Menold (12)
found using a Geiger-Miiller tube that an
exo-electron emission takes place at 200-
400°C from silver catalysts which have
once been subjected to the partial oxida-
tion of ethylene. This faet was confirmed
in our laboratory with an additional result
(13) that the emission activity is propor-
tional to the catalytie activity. We (14)
also found by making simultaneous meas-
urements of the exo-electron emission and
the ethylene oxide formation that a chemi-
cally stimulated exo-electron emission oc-
curs continuously from a silver catalyst
during partial oxidation of ethylene.

This paper describes the continuous exo-
electron emission from a silver catalyst
and confirms the relationship between the
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exo-electron emission and the rate of ethyl-
ene oxide formation. Furthermore, metal-
lic copper, nickel oxide and iron oxide are
examined for exo-electron emission and
catalytic activity during oxidation of
ethylene.

EXPERIMENTAL

Figure 1 shows the block diagram of the
apparatus used, which consisted of a
Geiger—Miiller tube with a fine tungsten
wire anode and a stainless-steel tube cath-
ode; the stainless steel was used because
it was catalytically inert to ethylene oxi-
dation. The center of the tube had an
aperture at the center of tube wall that
opened directly into a quartz reaction
compartment, in which the sample catalyst
5 ¢ in weight could be heated from below
by a small external furnace. The G-M
tube was always kept at room temperature
with a cooling water jacket, and the tem-
perature of the sample was controlled
programmatically.

The gas mixture, 91.8% argon, 3.4%
ethylene, and 4.8% oxygen, was used for
the reaction gas of ethylene oxidation. This
gas mixture also worked fairly stably as
a quenching gas in the G-M tube at an
anode potential 2100 V even with the
sample heated in the temperature range to
be examined, provided that decrease in
ethylene concentration during measure-
ment was small. The background count of
the G-M tube was about 100 counts/inin
at the sample temperature lower than
400°C'. The counting yield of the G-M
tube was measured using a radioactive
phosphate whose emission activity had
been estimated by a 2#-counter. Table 1
shows the counting yield of the G-M
tube at different radioactive phosphate
temperatures.

The gas mixture was allowed to flow at
a constant speed through the counter tube
and the reaction compartment. The rate
of cthylene oxide formation was measured
by a high-sensitive gas chromatograph
while the measurement of the exo-electron
emission was being made.

The silver catalyst was prepared after
Hirasa and Hirayama (17): An alkaline

OXIDATION OF ETHYLENE

Fig. 1. Block diagram of apparatus for measure:
ment of exo-electron emission. F: Furnace. VP-
Vacuum Pump. G: Gas. S: Sample. TC: Thermo-
couple. HV: High Voltage Supply. SC: Scaler.
PA: Pre-amp. MA: Main' Amp. RM: Rate Meter,
R: Recorder.

solution (36.5 ¢ KOH in 30 ml water) was
slowly added to a AgNO; solution (273 g
AgNO, in 300 ml water) at 10°C. After
precipitation of silyver {I) oxide, 12.5 ml of
30% HCHO solution was added to the
solution, which was then kept for 30 min
then boiled for 1 hr. The precipitate was
then filtered, washed with distilled water,
treated with 2% HNO, solution for 2 or
3 min, and washed again with distilled
water until no nitrate ions were detected.
This precipitate was finally dried at 80°C
before experiments.

Iron oxide (Fe;0,-nH.0) was prepared
by precipitation using FeSQ,, Fe.(SO,).
and NaOH solutions. Copper metal powder
and nickel oxide (Ni,O,:-nH,0) were of
commercial grade.

TABLE 1 .
RevarioN BrrwrrN Counting Yieup or G-M
Tusr AND RapI1oAcTIVE PHOSPHATE
TEMPERATURE

Temperature (°C) Counting yield (%)

20 32
100 39
150 44
200 49
250 53
300 58
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Fie. 2. Time variation of the rate of exo-electron emission from a silver catalyst during partial oxida-
tion"of ethylene'lat 250°C; the exo-electron emission rate, J (counts/min), in the ordinate includes the
back ground counts.gCatalyst temperature is shown in right-hand ordinate.

REsuLTs

Continuous Emission of Exo-electrons

Figure 2 shows the change in the rate
of exo-electron emission from the silver
catalyst during partial oxidation of ethyl-
ene at 250°C. Also shown is the catalyst
temperature. The exo-electron emission is
seen to occur continuously for an extended
period of hours.

Figure 3 shows also the rate of exo-

electron emission from the silver catalyst
at 250°C in the absence and presence of
oxygen in the flowing gas. In the absence
of oxygen the measured count rate was of
the background level, indicating no exo-
electron emission occurred. When oxygen
was introduced into the gas, its composi-
tion was then 91.8% argon, 3.4% ethylene
and 48% oxygen, a rapid increase in the
counting rate was observed reaching a
steady rate at which the emission con-
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Fic. 3. Time variation of the rate of exo-electron emission from a silver catalyst at 250°C in the absence
and presence of oxygen in the flowing gas; the exo-electron emission rate (counts/min) in the ordinate
includes the back ground counts.
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tinued as long as the composition of the
flowing gas was kept constant. At the same
time, formation of ethylene oxide was de-
tected by gas chromatography, indicating
that partial oxidation of ethylene was
taking place on the silver catalyst. Re-
moval of oxygen from the gas resulted in
again no exo-electron cmission and no
ethylene oxide formation. From these ex-
periments it is evident that the presence of
oxygen in the gas is essential for the exo-
electron emission to occur as well as for
partial oxidation of ethylene on a silver
catalyst.

Figure 4 shows the effect of temperature
on the emission rate of exo-electron and
on the formation rate of ethylene oxide,
for which the temperature of the silver
catalyst was raised step-wise from 25°C
to 210°C followed by a descent to 25°C.
Simultaneous measurements of the rate of
the exo-electron emission and the forma-
tion of ethylene oxide at each level of
temperature were made as a function of
time. With the aid of the counting effi-
ciency of the G-M tube shown in Table 1,
it was estimated that one exo-electron was

227

emitted with production of 2 X 10'* mole-
cules of ethylene oxide at 200°C.

Temperature Dependence

From the measured count rates shown
in Fig. 4 and the counting yield of the
G-M tube shown in Table 1, we can esti-
mate the true emission rate of exo-
electrons as a function of temperature.
Figure 5 shows the Arrhenius plot for the
rate of ethylene oxide formation and the
Richardson plot for the rate of exo-
electron emission assuming thermo-electron
emission from a semiconductor. The appar-
ent activation energy for the formation of
ethylene oxide 1s estimated to be 14.2 keal/
mole (0.62 ¢V), and the apparent energy
required for the exo-electron emission to
be 18.7 keal/mole (0.8 eV).

Exo-electron Emission from Copper,
Nickel Oxide, and Iron Oxide

Copper, nickel oxide, and iron oxide
were used as catalysts instead of silver,
and the same measurements as above were
made using the gas of the same composi-
tion. With these catalysts, no exo-electron

Time ( hr)

CHO (%)

Fic. 4. Effect of temperature on the rate of exo-electron emission and on the formation rate of ethylene
oxide in the temperature range from 25° to 210°C; the exo-electron emission rate in the ordinate includes

the background counts.
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Fia. 5. Richardson plot of exo-electron emission and Arrhenius plot of ethylene oxide formation; the
background counts are substracted for the exo-electron emission rate.

emission and no ethylene oxide formation
were observed, and only the reaction taking
place was complete oxidation of ethylene
to CO, and H,O. Figure 6 shows a time
variation of the counting rate for a copper
powder catalyst during oxidation of ethyl-
ene at 320°C. The counting rate 1s seen to
be at the background level.

Discussion

Exo-electron emission previously re-
ported in the literature are all temporary

phenomena and last for a limited number
of exo-electrons depending on the kind and
extent of pre-excitation which the solids
have received.

Our experiment, however, demonstrates
that a continuous exo-electron emission
oceurs, without any pre-excitation, from
the surface of silver on which partial oxi-
dation of ethylenc is taking place. This
continuous exo-clectron emission suggests
that the partial oxidation of ethylene on
the silver catalyst causes chemical excita-
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Fic. 6. Time variation of the counting rate and of

the complete oxidation rate of ethylene for metallic

copper at a reaction temperature of 320°C; the counting rate is equal to the background counts.
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tion of the silver catalyst with energy
enough for electrons to vaporize from its
surface.

There have been in literature two differ-
ent approaches to the mechanism of exo-
electron emission from solids. One 1s based
on the fact that for ionic erystals the exo-
electron emission activity is related to the
concentration of lattice defects such as
color centers (18, 19) and luminescence
centers (20), and assumes that the exo-
clectron comes from donor levels associated
with lattice defects (33). The other, which
is based on the faet that the exo-clectron
emission from metals in vacuum is mark-
edly affected by the presence of residual
gas (21), emphasizes the role of gas ad-
sorption on the metal surface, and assumes
a decrease of the work function (22-25)
or creation of a high electric field (26) at
the surface.

The work function of silver has been ob-
served by Kummer (28) to increase by
0.2 eV when silver adsorbs oxygen at
200°C. Tilov (29), however, has found
that the work function of silver may in-
crease or decrease depending on the tem-
perature and the oxygen pressure, and as-
cribed a decrease in the work function to
the penetration of adsorbed oxygen into
the surface layer of silver. The oxvgen
penetrating into the surface layer would
form a silver oxide, probably nonstoichio-
metrie silver oxide with lattice defects,
which may trap excess electrons, as sug-
gested by Feller—Kniepmeier (30).

Qur previous report (27) has shown that
adsorption of oxygen on silver results in
formation of Ag.O with molecular oxygen
ion, O,, adsorbed on it even at tempera-
tures higher than 190°C at which bulk
Ag,0O is thermodynamically unstable. Kth-
vlene is known to adsorb on oxygenated
silver as an clectron donor (37).

If we assume here that ethylene adsorbs
on nonstoichiometric silver oxide in the
form of ethylene oxide with a fractional
plus charge orienting out of the silver
surface, then a reduction of the work func-
tion of oxygenated silver would be ex-
pected to oceur in the presence of adsorbed
ethylene because of its dipole alignment,

which would contribute to the emission of
electrons from the defective silver oxide
where electrons are trapped.

Exo-electron emission from a silver
catalyst during partial oxidation of ethyl-
ene may now be interpreted as follows:
During partial oxidation of ethylene the
silver surface is simultaneously oxidized
by oxygen and then reduced by ethylene.
This means that during the reaction the
formation and decomposition of the silver
oxide containing excess clectrons takes
place at the same time. The excess elec-
trons trapped in the oxide can be emitted
by assuming that the adsorption of ethyl-
ene which forms ethylene oxide lowers the
work function. The continuous cmission of
electrons would oceur as long as the oxide
layer 1s renewed continuously. The mecha-
nism of catalytic oxidation of ethylene on
silver has not vet been made clear. How-
ever, it has been suggested (32-35) that
the adsorbed molecular oxygen contributes
to the formation of ethylene oxide and
that the complete oxidation proceeds
through the adsorbed ionie oxygen. This
mechanism scems to be widely accepted at
present. Based on this mechanism, we pre-
sent in Fig. 7 a schematic diagram for the
clectronic level of the silver surface in
terms of the band model of a semiconduet-
ing oxide layer.

It can be seen in Fig, 7 that adsorption
of ethylene on the oxygenated silver sur-
face results in a reduction of the energy
barrier from E, to Ky so that electrons can
jump from the Fermi-level into the con-
duction bhand at the surface. Since E, is
larger than E,, &, the work function of
the Ag—0. system, is larger than &,, the
work function of the Ag-O,~C,H, system.
It may therefore be concluded that the exo-
electron emission from a silver catalyst
during partial oxidation of ethylene is a
thermo-electron emission from a thin semi-
conducting oxide layer formed on silver,
the work function of which is lowered by
adsorption of ethylene in the form of ethyl-
ene oxide.

Thermo-electron emission from a semi-
conductor can be given by the following
Richardson equation.
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J = Dn2AT* exp(— & /kT)
& = Ey + x

(2.,r)1/2k5/2m1/2 12
I

1)

where j is the emission rate per unit area
of the semiconduector on the oxygenated
silver surface, D the mean transmittivity
of electron, » the number of electron in
the conduction band, m the effective mass
of the electron in the conduction band, and
@, the work function of the semiconductor.
If the exo-electron emission from a silver
catalyst is a thermo-electron emission from
a thin semiconducting oxide layer formed
on silver, the exo-electron emission rate,
J, can be given by the following equation.

a) Ag-0, System

SATO AND SEO

J = 0j, 0 = 8, exp(—Q/kT) @)

where 6 is the fractional coverage of the
silver surface by the semiconducting oxide,
@ the heat of formation of the semicon-
ducting oxide, and 6, a constant. By sub-
stituting equation (1) into equation (2),
we obtain

J = Dn'2A T4, exp (—

E,
Q +kT + x) ®)

Since the relation between log J/T%¢ and
1/T in Eq. (3) is linear, (@ +E,+ x)
can be estimated from the slope of the
straight line obtained in Fig. 5. Thus we
estimate (Q + E; + x) — 18.7 keal/mole
(0.81¢V).

The formation rate of ethylene oxide,
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FiG. 7. Schematic diagram for the electronic level of silver surface in terms of the band model of semi-
conducting oxide layer. ®, work function of silver. x, electron affinity of a thin silver oxide. ®,, work func-
tion of a thin silver oxide in Ag-O» system. &, work function of a thin silver oxide in Ag—0,-CyH, system.
E, surface level of silver oxide in Ag-O, system produced by adsorbed oxygen. K., energy difference be-
tween E,* and the bottom of the conduction band at the surface. E., surface level of silver oxide in Ag-O»-
C:H, system produced by adsorbed ethylene in the form of ethylene oxide. K, energy difference between
E} and the bottom of the conduction band at the surface. AE, energy difference between the conduction
band and the donor level of silver oxide. E;, Fermi level of silver oxide. E;, donor level of silver oxide.
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Ve can be given by the following
equations

V(‘;H,o = aj[ (4)
M = 86 )
8 = Boexp(—Q'/kT) (6)

where, o 15 the proportionality constant,
M the amount of adsorbed ethylenc oxide
on nonstoichiometric silver oxide, € the
adsorption heat* of ethylene oxide, and B,
a constant. By substituting Eqs. (2), (5)
and (6) into (4), we obtain

ch,o = afiyfo eXp[— (Q -+ Q/)/kT] (7)

From the linear relation between forma-
tion rate of ethylene oxide and 1/T shown
in Fig. 5, (@4 Q') is estimated to be
14.2 keal/mole (0.62 eV).

In our previous report (36) for ethylene
adsorption on oxygenated silver, we have
estimated that the amount of adsorbed
cthylene is small and the heat of ethylene
adsorption during oxidation of cthylene is
about 3.5 keal/mole. Therefore, we con-
sider that ethylene adsorbs on oxygenated
silver in the form of ethylene oxide, and
then @’ is expeeted to be about 3.5 keal/
mole (0.15 eV). Hence, @ is 10.7 keal/mole
(047 eV) and (E,+4x) 80 kcal/mole
{0.35 eV). Also if we assume that the elec-
tron affinity, y, of the nonstoichiometric
silver oxide ix not o different from that of
Ba0 with y = 0.3 eV (87), E, is estimated
to be nearly zero. This implies that the
Fermi level of the thin silver oxide with
adsorbed ethylene would he equal to the
level of the bottom of the conduction band
at the surface.

SUMMARY

A chemically stimulated exo-eleetron
emission oceurs continuously from silver
catalyst during partial oxidation of ethyl-
ene, and the emission rate of exo-electron
is proportional to the rate of ethylene oxide
formation. No exo-electron emission occurs
from metallic copper, nickel oxide and iron

* () corresponds to the heat of adsorption only
when the coverage of adsorbed ethylene oxide is
small.

231

oxide in ethylene-oxygen mixture, all of
which has no catalytic activity for ethyl-
ene oxide formation but for complete oxi-
dation of ethylene.

This exo-electron emission from silver
catalyst during partial oxidation of ethyl-
ene 1s interpreted as a thermo-electron
emission from a thin semiconducting oxide
on silver, the work function of which is
lowered by adsorption of ethylene in the
form of ethylene oxide. The energy re-
quired for the formation of the thin semi-
conducting oxide and its work function are
estimated to be 10.7 keal/mole (0.47 ¢V)
and 8.0 keal/mole (0.35 eV}, respectively.
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