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ABSTRACT
THE INTERACTION OF CERTAIN ELECTRICAL
AND CATALYTIC PROPERTIES IN
CUPRIC AND ZINC OXIDES
by
William C. Petterson

During previous work in this laboratory, Murphy,
Veerkamp, and Leland developed a relationship to describe
the charge transfer process between a semiconducting cata¬
lyst and a chemisorbing gas.

The expression derived states

that for certain pressure ranges of the adsorbing gas, a
plot of In a versus Q for a p-type semiconductor will be
linear with a slope of -1/1-Xs(e/K).

The Xg term represents

the fractional extent of electronic inhomogeneity in the
catalyst in terms of distinct surface and bulk regions.

The

first part of this work evaluated the behavior of cupric
oxide relative to the theory.

The results show cupric oxide

to remain virtually homogeneous electronically during both
anionic and cationic adsorption.
Photodesorption of carbon dioxide from zinc oxide was
studied as a possible mechanism for the photocatalytic
effect observed for the oxidation of carbon monoxide over

zinc oxide.

The results of the study indicate that ultra¬

violet light of energy slightly greater than the ZnO band gap
energy (same wavelength as the light which caused the photocatalytic effect) does not enhance the desorption of the CC^.
As a consequence it is concluded that the photodesorption of
carbon dioxide is not explicitly involved in the photocatalytic mechanism.
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SUMMARY OF NOMENCLATURE

electrical conductivity

a

-

k

= Boltzmann's constant

h

= Planck's constant

e

= electronic charge

Q

= thermo-EMF

E£ = Fermi energy level
a

=

proportionality constant in the relationship between
charge carrier mobility and temperature

m^

=

effective mass of positive charge carriers (holes)

I

= ionization potential

vii

INTRODUCTION

This research was divided about equally between the
study of the relationship between the electrical conductivity
and thermo-EMF in cupric oxide and the study of carbon di¬
oxide photodesorption from zinc oxide.

Both studies stem

from previous work in this laboratory on the kinetics of
selected reactions over zinc oxide and the effect of ultra3 22
violet light on these catalytic reactions. ’
During this previous work a relationship between
electrical conductivity and thermo-EMF in a powdered catalyst
was developed to explain charge transfer behavior between a
semiconducting catalyst and a chemisorbing gas.

The theory

states that for a semiconducting catalyst under certain con¬
ditions, a linear relationship will exist between the logarithm of electrical conductivity and thermo-EMF.

The slope

of such a plot serves as a measure of the electronic homo¬
geneity in the catalyst particles.
The relationship between conductivity and thermo-EMF
was validated in the previous work for zinc oxide, an n-type
semiconductor.

To determine the validity of the relation¬

ship derived for a p-type semiconductor, cupric oxide was
chosen for this study.

Cupric oxide has an electrical
1

2
conductivity and thermo-EMF which were within the range of
the available instruments and was relatively easy to press
into wafers.
The study involves separately adsorbing electron at¬
tracting and repelling gases on the catalyst and monitoring
the changes in the two key properties, conductivity and
thermo-EMF.

Cupric oxide was expected to be homogeneous dur¬

ing the adsorption of electron attracting gases and inhomo¬
geneous in the presence of electron donating gases.

This

would be just the opposite of the results presented for zinc
oxide.

However, my work shows cupric oxide to be virtually

homogeneous during adsorption of both types of gases.
The photodesorption of carbon dioxide from zinc oxide
was conducted in an attempt to explain the pronounced effect
ultraviolet light has on the oxidation of carbon monoxide
over zinc oxide.

22

It is known that carbon dioxide poisons

the catalyst for this reaction,

so it had been hypothesized

that the ultraviolet light might increase the reaction rate
by causing desorption of the CC^ poison.

The results ob¬

tained indicate that ultraviolet light does not enhance
desorption of CC^ from the zinc oxide surface and therefore
it is doubtful that this is the mechanism for the observed
photoenhancement of the reaction.

THEORY

Semiconductivity
The key to the study of the electrical and catalytic
properties of cupric oxide and zinc oxide is the semiconduct¬
ing nature of these materials.

As the name "semiconduc¬

tivity" implies, the electrical conductivity of a semiconduc¬
tor is between that of an insulator and a conductor.

The

cause of the intermediate conductivity is easily described
graphically in terms of energy bands or allowed electronic
energy levels in a crystalline solid.

The two outermost

bands are the most important with the higher energy of these
called the conduction band and the lower the valence band.
This is shown in Figure 1.

The bands are composed of the

overlapping electron energy levels of individual atoms.

The

overlapping makes electrical conductivity possible by allow¬
ing electrons to move throughout the material.
In a conductor the valence band is full and the con¬
duction band is either partially full, allowing free movement
of electrons within it (Figure 1-a), or it overlaps the
valence band, allowing free movement of valence band elec¬
trons into and within the conduction band (Figure 1-b).

An

insulator has a full valence band and an empty conduction
3

Figure 1.

Energy Band Structures of Typical Conductors, Insulators and
Semiconductors

4
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band separated by an energy gap too large to be bridged by
electrons under normal conditions (Figure 1-c).

Because the

valence band is full no net charge movement can occur in it.
An intrinsic semidonductor resembles an insulator in band
structure, however, the energy band gap is small enough to
allow promotion of electrons from the valence band to the
conduction band at moderate temperatures.
Semiconductivity can be either intrinsic or extrinsic.
Intrinsic semiconductivity occurs with the movement of an
electron across the band gap forming a vacancy in the valence
band and producing an electron in the conduction band.

Thus

electrical conductivity can take place in both energy bands.
Extrinsic semiconductivity results from the presence
of impurities or imperfections in the crystalline lattice of
the material.

Substitutionally and interstitially added

impurities of valence higher or lower than the basic material
will create either an electron excess or deficiency in the
lattice.
Figure 2.

In terms of energy levels, this is shown in
Because these impurities are low in concentration,

their energy levels do not overlap with other similar atoms
to form energy bands but form isolated sites in the band
structure.

The higher valence atoms will act as donor levels

with the excess electrons moving into the conduction band
where they are free to move throughout the material.

The

electrical conductivity resulting from these electrons or
negative charge carriers is called n-type semiconductivity.

Conduction Band

0- -0- -0- -0- -0- -0-

-0- -0-

Acceptor Levels
Fermi Level

Valence Band

Fig. 2-a

Acceptor Levels in a P-type
Semiconductor

Conduction Band

Fermi Level
Donor Levels

Valence Band

Fig. 2-b

Figure 2.

Donor Levels in an N-type
Semiconductor

Acceptor and Donor Levels in
Semiconductors
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A lower valence atom will act as an acceptor level for a
valence band electron creating a vacancy in that band.

This

vacancy or hole acts as a positive charge carrier and charac¬
terizes p-type semiconductivity.

Crystal imperfections such

as dislocations or nonstoichiometry in compound semiconduc¬
tors create acceptor and donor levels as a result of charge
alteration in neighboring atoms to compensate for the imper¬
fection.

The mere presence of a lattice imperfection or an

impurity does not ensure the existence of an acceptor or
donor site, however, because the energy level of the avail¬
able electrons or the empty sites must lie within the energy
band gap of the basic material.
The electrical conductivity of a semiconductor ex¬
hibits a unique relationship with temperature which is oppo1 2
site that of a conductor, *
Conductivity in a conductor
decreases as temperature increases because of reduced mobility
of the conduction electrons.

In a semiconductor, conduc¬

tivity increases with temperature because as the temperature
rises increased numbers of electrons are promoted to the con¬
duction band or to acceptor sites.

The resultant increased

charge carrier concentration overrides the effect of de¬
creased carrier mobility causing increased conductivity.
The other electrical property of primary interest in
this study is thermo-EMF, which is also referred to as
thermoelectric power and the Seebeck effect.

It is the

natural formation of an EMF or a potential difference across

8
a temperature gradient in a material.

The temperature dif¬

ference causes a shifting of the energy levels across the
gradient which affects electrons to migrate toward the more
energetically favorable end of the gradient.

In a p-type

semiconductor, the positive charge carriers or holes will
migrate toward the cooler end while electrons will move
toward the cooler end in an n-type semiconductor.

The migra¬

tion of charge carriers causes an electron distribution
gradient which produces the observed potential difference.
Thermo-EMF (Q) has the units volts per centigrade
degree, and is related to temperature by the equation
QT = (E£-Ev) - 2kT

(1)

where E£ and Ey are the energies corresponding respectively
to the Fermi level or work function of the semiconductor and
the top of the valence band.'*'

The sign of QT will be posi¬

tive for a p-type semiconductor and will increase in value if
the relative influence on conductivity of the positive charge
carriers is increased.

Alternatively, if a change in tem¬

perature causes the relative influences of negative charge
carriers to increase the value of QT should decrease.

Chemisorption on Semiconductors
Chemisorption on semiconductors generally involves
the transfer of electrons from or to the adsorbent, similar

9
to chemisorption on metals.

In metals, however, only a very

shallow surface region is affected by the charge transfer,
whereas in a semiconductor, because of its much lower charge
carrier density, the effect of the adsorbed species extends
7
relatively very deep into the material.
The region in¬
fluenced by the adsorbate is called the space charge region.
An example of its formation is shown in Figure 3 for the ad¬
sorption of an electron donating gas such as hydrogen on a
p-type semiconductor.
Assuming an initially clean surface with the absence
of external influences (Figure 3-a) the adsorption of an
electron donating gas on surface site involves the transfer
of an electron to the semiconductor with an energy of chemi¬
sorption equal to (E£-I)q, where

is the Fermi level

energy, I is the ionization potential of the adsorbate and q
is the charge transferred.

As more gas adsorbs a positive

surface charge builds up and the electrons transferred to the
adsorbent deplete the positive charge in the subsurface
region.

Both processes cause a downward bending of the

energy levels near the surface, as shown in Fibure 3-b.

7
*

This bending creates a barrier, E^, to electron movement from
the surface to the bulk region, which ultimately acts to
prohibit further charge transfer and thus limits the extent
of adsorption.

The limit will be reached when, due to bend¬

ing, the surface energy level

of the adsorbed species coin¬

cides with the Fermi level of the bulk seminconductor

•H

bO

to
Ctf

•H

b0

Pn

Adsorption of an Electron Donating Gas on a P-Type Semiconductor

I
to

Figure 3.
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(Figure 3-c).

7

Further adsorption would result in an in¬

crease in the free energy of the material, which is thermo¬
dynamically unfavorable.

The coverage limit in this

depletive type of chemisorption is generally much less than
a monolayer, with coverages being on the order of less than
7
1% of the available sites.
A condition under which a space charge would not de¬
velop is the adsorption of an electron attracting gas such
as oxygen on a p-type semiconductor.

In this case the gas

abstracts electrons from the abundant supply in the valence
band increasing the number of positive charge carriers in
the band and thus the electrical conductivity of the material.
Because of the large charge carrier concentration present,
the space charge region is vanishingly small.

This condition

is similar to the surface charge double layer which occurs
during chemisorption on metals.

Since no barrier is formed,

the material will remain homogeneous with no space charge
region and the adsorption will not be limited.

This process

is called cumulative chemisorption.

Relationship between Conductivity
and Thermo-EMF
During previous work in this laboratory on the cata¬
lytic kinetics of selected reactions over zinc oxide it
became advantageous to be able to characterize the electronic
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interaction of the adsorbing gases and the semiconducting
catalyst.

To this end a relationship was developed using the

electrical conductivity and the thermo-EMF of the catalyst
3
to describe changes caused by chemisorption.
For a p-type
semiconductor the relationship is: (see Appendix A for deri¬
vation)
-Xs
- ! lo - ^-xs)ln %

+

lnr
[l+X (

^
o
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X
-1 ] -

-5. -

l)]

2

s

a

s
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_/7

- ln[2ea ( —)0/Z]
n
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where Xs is the fraction of the conduction path composed of
surface regions distinct from bulk regions, resulting from
electronic inhomogeneity in the catalyst particles.
A number of assumptions are made in the theoretical
derivation of the above equation that are critical to its
validity in a given material.

Primarily it assumes that one

type of charge carrier dominates the electrical conductivity
to the exclusion of the other.

The presence of a primary

charge carrier is assured by proper behavior of the plot of
QT versus T from Equation 1.

For a p-type semiconductor QT

will have a positive value and the slope of the QT - T plot
should be positive.

This indicates that holes are the pri¬

mary charge carriers and that their influence on conductivity

13
is increasingly more dominant as the temperature is increased
Therefore, the minority charge carriers, the electrons, may
be neglected.

Also necessary to the derivation is a linear

relationship between lna and 1/T for the material.
for this requirement is described in Appendix A.

The basis
When these

conditions are met for a given material a plot of lna versus
Q should produce a straight line with a slope of -e/k( -,)

^s
For a completely homogeneous condition, Xg will equal zero
and the slope will be simply -e/k.
Depletive chemisorption will generally occur with the
adsorption of an electron attracting gas on an n-type semi¬
conductor or an electron donating gas on a p-type semiconduc¬
tor, both resulting in deviation from homogeneity in the
catalyst particles and thus a deviation from the simple -e/k
slope in the lna-Q plot.

The extent of deviation from -e/k

is measured by Xg which expresses the fractional electronic
inhomogeneity in the particles.

If the space charge does

not develop or is dissipated, the material will remain homo¬
geneous and the simple -e/k relationship should hold.

For

an extrinsic semiconductor depletion of the space charge
could occur if the acceptor or donor sites were not isolated
but formed a narrow energy band in themselves.

Thus the

charge depletion caused by the addition or abstraction of
electrons from these levels could be dissipated throughout
the material.

This could possibly occur when the acceptor

or donor sites are energy levels in the atoms of the basic

14
semiconductor material.
The plot of lna versus Q can be produced by the adsorp
tion of electron attracting and donating gases on the semicon
ductor, thus increasing or decreasing the charge carrier
concentration in the material.

Both conductivity and thermo-

EMF are significantly effected by this change.

COMPOUNDS STUDIED: PROPERTIES
AND RELATED WORK

Cupric Oxide
Cupric oxide is a p-type semiconductor with an intrin12
sic band gap of 1.4 eV.
It can be reduced easily by C^O
or Cu with hydrogen or carbon monoxide or with more difficulty
13
by evacuation at temperatures above 350°C.
Compared to
other oxide catalysts such as nickel oxide and zinc oxide,
CuO has received little research effort.

Some work has been

done recently with cupric oxide on the oxidation of hydro8 9
carbons * and on selected reduction or decomposition reac¬
tions .^

This compound has also been studied as a com¬

ponent of some mixed oxide catalysts.
14
Early work by Bobleter and Fessier, Baumbach,
1 r

Dunwald and Wagner

1 /

and Hogartli

attempted to relate elec¬

trical and catalytic properties in cupric oxide but few
experiments have been reported since.

This early work pri¬

marily studied the effect of adsorbed oxygen and air on the
electrical conductivity of the catalyst.

The results indi¬

cated little more than the cupric oxide is a p-type semicon¬
ductor.
Studies of the conductivity mechanisms and band
15
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structures of the transition metal oxides, particularly NiO,
have been reported but with virtually no reference to cupric
17 18 19 27
oxide.
* * *
Although the conclusions presented in these
studies conflict on some points, a general idea of the band
structure and conductivity mechanism of CuO can be derived
from them.
It may be assumed fairly safely that the valence band
of cupric oxide is formed by the 2p band of the oxygen atoms
and the conduction band by the 4s band of copper.

Most con¬

flict arises in the explanations of the conductivity mecha¬
nism which vary from hole movement in the 2p band to electron¬
hopping between isolated 3dl0 levels of the copper atoms.
The most plausible explanation is based on the formation of
holes in the 2p band by the promotion of electrons to the
3dl0 levels which overlap sufficiently to form a very narrow
energy band.

The p-type semiconductivity is then the result

of a difference in mobility between the 2p holes and the elec¬
trons in the 3dl0 band.

The narrow 3dl0 band severely

restricts electron movement in it, thus allowing the mobile
2p holes to dominate conduction.

Additional explanations

suggest impurity levels and lattice defects to create the
acceptor levels for 2p electrons.

In this case the acceptor

levels would probably be isolated in deference to the band
type nature of the 3dl0 acceptor levels.
these mechanisms may exist in actuality.

A combination of

17
Zinc Oxide: Properties and Previous Work
Zinc oxide is an n-type semiconductor with an intrin¬
sic band gap of 3.2 eV.

Its n-typeness is due to intersti¬

tial zinc atoms which act as donor levels for the conduction
band.

It has been studied extensively as a catalyst^**»30,31

and for the effect of light on its catalytic behavior.22,32,
33 Additional work has been devoted to the study of infrared
spectra of zinc oxide in the presence of many chemisorbing
34,35,36
gases. 7
Several studies of carbon monoxide oxidation over ZnO
22 29 30 31
have been conducted * * ’
with the most recent being re¬
ported from this laboratory.

The carbon dioxide product of

this reaction is known to be a strong poison for this cata26
lytic reaction.
Reducing the CO2 partial pressure over
the catalyst by trapping out the product causes increased
reaction rates but does not completely remove the carbon dioxide from the zinc oxide.

7y 7
*

Carbon dioxide has been

shown in IR studies to adsorb on zinc oxide in a number of
different forms with the most strongly held species,

the CO2”

ion, requiring prolonged evacuation at elevated temperatures
36
to remove it from the surface.
The results of the recent
work by Murphy, Veerkamp and Leland

show that ultraviolet

light of energy greater than the ZnO band gap energy, causes
a pronounced increase in the CO oxidation rate over ZnO,
which is virtually independent of the CO2 pressure in the

18
system.

This result is in agreement with that presented by

other workers.

The conclusion derived by the workers in

this laboratory was that the poisoning CC^ species was photodesorbed allowing the reaction to proceed at a much more
rapid rate.

22

The mechanism for photodesorption was sug¬

gested to be the neutralization of the CC^

ions by positive

charges created in the valence band by the irradiation.

Once

neutralized the carbon dioxide could easily enter the gas
phase.

The same mechanism was used to explain the effect of

light on the reaction orders of the participating reactants,
CO and O2.

EXPERIMENTAL APPARATUS, MATERIALS
AND PROCEDURES

Cupric Oxide Study
The cupric oxide used in this work was Fisher "Certi¬
fied A.C.S." powdered Cupric Oxide.

The lot analysis of the

material is shown in Table I.

TABLE I
LOT ANALYSIS OF CUPRIC OXIDE

Insoluble in dilute HC1
Carbon compounds (as C)
Chloride (as Cl)
Nitrogen compounds (as N)
Sulfur compounds (as SO4)
Free alkali
Substances not precipitated by Hydrogen
Sulfide (as Sulfate)
Ammonium Hydroxide precipitate

0.0041
0.0071
0.001%
0.001%
0.003%
to pass test
0.09 %
0.04 %

The powder was pressed into 1.9 cm. diameter wafers
in the press diagrammed in Figure 4. The pressure used in
2
the pressing was 5400 kg/cm . Approximately 1.5 grams of
cupric oxide were required to make a substantive wafer.
first two samples used in the experimental work were made
19

The

20

Figure 4.

Catalyst Wafer Press

21
with this minimum weight, but the third one, which was used
in the study of photo-effects, was made with 2.5 grams of
powder to allow extra shielding of the thermocouples embedded
in the wafer.

The surface area of the pressed wafer was

2

1.3 m /gm as determined by the BET method (see Appendix B),
which represents approximately a 17% reduction in surface
area from that of the unpressed powder.

This degree of

change compares favorably with the 18% reduction observed for
pressing ZnO wafers determined using more accurate surface
area measurements during previous work in this laboratory.

3

Assuming then all particles to be smooth spheres, the mean
particle size in the wafer is 7700 A (Appendix C).
Two fine gauge (0.005 inch diameter wire) coppercons tanta n thermocouples from Omega Engineering, Inc. were
embedded in the catalyst wafer during the pressing operation.
These served the multiple purposes of measuring the tempera¬
ture gradient, the average temperature and the electrical
conductivity in the cupric oxide, in addition to physically
supporting the wafer in the test vessel.
The configurations of the test vessels are shown in
Figure 5.

The straight-walled tube was used during the work

on the first pellet since photo-effects were not being
studied.

The second tube, which was used for the remainder

of the CuO work, contains a 1" dia. x 1/8" thick Suprasil
2 window, made by Amersil, Inc.

This window allows passage

of a wide energy band in the visible and near ultraviolet

22

Figure 5.

Test Vessels for Thermo-EMF Studies
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regions.

Heating of the catalyst was achieved by wrapping

two heating tapes around the glass tube with the separation
of the two tapes aligned with the middle of the suspended
wafer.

A layer of aluminum foil was placed between the glass

tube and the heating tapes to reduce induction effects on the
electrical measurements caused by the on-off controlling of
the temperature controller.
A Wheelco controller was used to maintain a constant
average temperature.

The control thermocouple was located on

the outside surface of the glass tube.

The temperature gra¬

dient was then established by variation of the current supply
to each of the two heating tapes.

This provided good control

of the average temperature and the temperature gradient, with
the average temperature staying in a range of one to one and
one-half Centigrade degrees while the temperature gradient
was being altered.

When the temperature gradient was altered

the new equilibrium was generally reached in twenty to thirty
minutes.

The temperatures in the wafer were followed on a

Hewlett-Packard strip chart recorder.
The electrical conductivity of the cupric oxide was
measured using the copper thermocouple leads and a Wayne-Kerr
Universal Bridge.

The resistance of the copper wires was

very small compared to that of the cupric oxide and was also
considered to be constant throughout the experiments and
therefore was neglected.

A value for the specific conduc¬

tivity was obtained by simply dividing the measured
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conductivity by the distance between the thermocouple beads
in the wafer.

The range of conductivities measured was 30 -

2000 microMhos, which was well within the range of the instru
ment.
The temperature and thermo-EMF measurements were made
with a Leeds and Northrup millivolt potentiometer using ice
water as the reference temperature.

The average temperature

was taken as the arithmetic mean of the two measured tempera¬
tures.

Considering the small temperature gradients used, a

maximum of 10 C°/cm., the assumption of a linear temperature
gradient necessary to use the arithmetic mean is satisfactory
The potential difference across the wafer, the basis of the
thermo-EMF

measurement, was determined using the copper

leads.
In the measurement of the thermo-EMF, or Seebeck
effect as it is often called, the electrode lead material
can have a substantial effect on the potential observed.
This is a result of the natural thermo-EMF of the metal used.
The relationship between the thermo-EMF of the metal and the
semiconducting catalyst is given by the following equation:
Q

= Q

- Q

(3)

where o, sc and m refer to the observed, semiconductor and
metal respectively.

This equation is simply the bimetal

relationship basic to the function of a thermocouple.

The

influence of a change in the electrode metal on the observed

25
potential can be seen in Figure 6, where copper and constanIf the observed thermo-EMF1s obtained using

tan are compared.

different metals are subtracted, the result would be:

Q

01 "

Q

02

=

Q

m2 '

Q

ml

^

The right hand side of this equation represents the thermo¬
electric effect generated by a bimetallic thermocouple of
metals 1 and 2.

Using data observed for a vacuum point of

cupric oxide at 200°C, we find values for

QQ

of .630 mV/C0

and .683 mV/C° using the copper and constantan leads respec¬
tively.

The difference between these two values, 0.053 mV/C°,

matches the value of the copper-constantan thermocouple
calibration factor at 200°C, 0.053 mV/C0.^4
of copper metal is 0.0003 mV/C°.

The thermo-EMF

Being so small relative to

the observed thermo-EMF it could be neglected and the observed
value taken as the thermo-EMF of cupric oxide itself.
The observed thermo-EMF value was obtained by measur¬
ing the potential difference between the thermocouple leads
at three separate temperature differentials.

An example of

the plot generated by these data is shown in Figure 6.

The

thermo-EMF is merely the slope of this plot.
In all cases only one instrument was connected to the
thermocouple leads in the wafer while a reading was being
taken, so as to prevent interference and reduced accuracy.
To facilitate the required switching, a Leeds and Northrup
Type 31 switch was used.

26
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The mercury-free vacuum system consisted of a liquid
nitrogen trapped oil mechanical pump for rough evacuation
and a Varian Model 911-0001 Vac-Ion pump for obtaining pres-7
-8
sures in the range of 10
to 10
torr. The arrangement of
the pumps and manifolds relative to the test vessel is shown
in Figure 7.
Also shown in Figure 7 is the manifold for the intro¬
duction of the test gases.

The specifications for the gases

used are given in Table II.

TABLE II
SPECIFICATION OF IMPURITY LEVELS IN TEST GASES

Oxygen :

co

2

1 ppm

N

H20

3 ppm

AT

16 ppm

CH4

9.6 ppm

Kr

8 ppm

°2
Hydrogen:

°2
N

2

2

5 ppm

99.95% min
1 ppm

D.P.

85°F

5 ppm

CH4

.2 ppm

Carbon Dioxide: Coleman Grade
Nitrogen:

99.991 minimum purity, 3 ppm max. moisture

The oxygen and hydrogen were passed through a liquid
nitrogen trap before introduction to the test vessel.

A dry

ice and acetone trap was used for the carbon dioxide.

The

Figure 7.

General Apparatus for Thermo-EMF Studies

Vac-Ion Pump
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nitrogen described was used in the second phase of this work
involving the photodesorption of CC^ from ZnO.
During both phases of this research the light source
used was a Bausch and Lomb grating monochronometer with a
visible range grating and an Osram HBO 200 Watt Super Pres¬
sure Mercury Lamp.

In order to prevent stray light of higher

energy from entering the system, long pass filters of just
slightly shorter wavelength than the specified wavelength
were used.

For the cupric oxide work the relationship be¬

tween wavelength and the energy flux density is given in
Table III.

TABLE III
FLUX DENSITIES AT THE TEST WAVELENGTHS

Wavelength
8000 Â w/7000 Â filter
7250 Â w/7000 Â filter

Flux Density
1.25 mW/cm2
1.48 mW/cm2

5500 Â w/5400 Â filter
4800 A w/4700 Â filter

16.
5.5

mW/cm^
mW/cm2

4000 Â w/3900 A filter

5.8

mW/cm2

The energy flux densities were measured with a HewlettPackard 8330A Radiant Flux Meter.
The plot of lno versus Q was generated by the evalua¬
tion of the properties of the material first in a vacuum,
then after stepwise increases in the pressure of a particular
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gas over the catalyst.

After each increment of pressure in¬

crease, equilibrium was established before the thermo-EMF and
the electrical conductivity were measured.

The measurement

procedures have been described in the preceeding paragraphs.
When the study of a particular gas was completed the system
was evacuated at 300°C for over four hours and a vacuum
point reproduced.

Photodesorption of CO2 from ZnO
The zinc oxide used in the photodesorption study was
a sample of Super Purity -500 obtained from the New Jersey
Zinc Company, the same material used in previous work in this
laboratory on ZnO.

3

The lot analysis of this material can

be found in Table IV.

This material was used in its finely

powdered form and had a surface area of approximately
2

2.2 m /gm.

The weight used was 3.296 grams.

The catalyst was placed on the Supracil II window of
the apparatus shown in Figure 8.

Pretreatment was the same

used in the previous work on the oxidation of carbon monoxide
on ZnO.

That is, heating in vacuum at 300°C for approxi¬

mately five hours, followed by holding at the same tempera¬
ture with 100 torr of oxygen over the catalyst.

It was then

cooled to room temperature, the test temperature, and evacuated to about 5 x 10

_7

torr.

Radioactive carbon dioxide was obtained by two methods.

Figure 8.

Photodesorption Test Vessel
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TABLE IV
LOT ANALYSIS OF SP-500 ZnO
(NEW JERSEY ZINC COMPANY)

Fe

0. 004 %
0. 0001 %

Cu

<0. 0001 %

Mn

0. 0001 %
0. 0008 %
0. 00001%
0. 0005 %

SOg (as S)

PbO
As 2^2
CdO
Al

<0. 001

%

Ca

<0. 001

%

Na

0. 0003 %

Si

<0. 0003 %

Mg

<0. 0004 %

The first two batches were made by acidifying barium carbonate (C^)
according to a procedure outlined by Calvin, et^ al.
third and last batch was purchased as C^C^.

The

All radioactive

materials were purchased from the Amersham-Searle Corporation
and handled according to the regulations established by the
Chemical Engineering Department of Rice University.

The

barium carbonate had a specific activity of 52/mCuries/mMole
and consequently so did the carbon dioxide produced from it.
The purchased C

had a specific activity of 50 mCi/mM.

The apparatus used in this phase is essentially the
same system used in the reaction studies on ZnO performed
previously.

The equipment necessary for the radioactivity
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counting operation was added.

The complete apparatus is

shown in Figure 9.
A Nuclear-Chicago Model D-47 Geiger-Mueller detector
was used in conjunction with a Nuclear-Chicago Model 192A
Ultrascalar and Power Source for the counting measurements.
The detector was separated from the internal, low pressure
system by a mica window.

This window allows maximum trans¬

parency to the beta radiation emitted by

while still

maintaining a vacuum tight system.
In the photodesorption work on ZnO, after pretreatment,
the catalyst was exposed to the C 14 O at a pressure in the
2

range of 0.5 - 2.0 torr. After 5.0 minutes of exposure the
14
C C was condensed into the storage cell with liquid nitro¬
>2

gen.

Nitrogen gas was then introduced over the catalyst at

an approximate pressure of 7.0 torr, and the system was al¬
lowed to equilibrate.

Equilibrium was determined by a con¬

stant count rate for a period of at least ten minutes.

Once

equilibrium was assured, the 3650 Â ultraviolet light, which
corresponds in energy to the 3.2 eV band gap of ZnO, was
focused on the catalyst.

The radiant flux density of the

light at the catalyst was 6.5.mW/cm .

At this point if de¬

sorption were induced by the light, a rise in the count rate
would be observed.

Approximately twenty minutes were al¬

lowed for this to occur and a new equilibrium to be reached.
Then normal carbon dioxide was introduced to test for the
actual presence of C^02 on the ZnO.

This was based on the

o
I

Figure 9.

<$>

g
Complete Apparatus for Photodesorption Study

Ionization
Gauge
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observation of a rapid C 14

- C 12

exchange reaction under

these conditions in the early part of this study.

A blank

experiment was also run using this same procedure in the
absence of ZnO.
The apparatus, being merely a modification of an
existing equipment, was somewhat ill-designed for the de¬
tailed analysis of this photodesorption effect.

This is ex¬

emplified by the six to seven minute diffusion time observed
between the catalyst and the count site.

Attempts were not

made to improve the configuration because the results ob¬
tained were satisfactory to answer the question of whether
light causes the desorption of CO 2 from the surface of ZnO.
However, because of the negative result obtained, it would
have been desirable to study the kinetics of the carbon di¬
oxide exchange reaction, but such was not possible on this
apparatus.

RESULTS

Cupric Oxide Study
In the derivation of the thermo-EMF - electrical con¬
ductivity relationship, a number of assumptions were made
regarding the basic nature of the semiconducting material.

3

Prior to evaluation of the behavior of these properties dur¬
ing adsorption of gases on the material it is necessary to
determine the validity of these assumptions.
The assumption that the value of (Ev - ç), in which
Ey is the energy at the top of the valence band and ç is the
electrochemical potential per electron, is relatively inde¬
pendent of temperature can be evaluated by the construction
of an Arrhenius plot for the electrical conductivity in the
material.

The plot of lna versus 1/T for cupric oxide in

the temperature range 314 - 569°K is shown in Figure 10.

The

linearity of the data assures the validity of this assump¬
tion.
An activation energy for conduction can be obtained
from the slope of the Arrhenius plot.

From these data it is

calculated to be 0.098 eV which agrees very well with the
0.1 eV value reported by other workers.

*

The physical

interpretation of the activation energy calculated in this
36
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manner has been the subject of some debate, but probably is
related in a complex manner to many factors including charge
carrier mobility and the ionization energy of the acceptor
sites.
The other critical assumption in the derivation is
that the presence of the minority charge carriers may be ig¬
nored.

This is evaluated by plotting QT versus T, as shown

for cupric oxide in Figure 11.

The positive value of QT

indicates that the CuO is a p-type semiconductor and there¬
fore that holes are the majority charge carriers.

The posi¬

tive slope indicates that as temperature is increased in this
range, the positive charge carriers have an increasingly more
dominant effect on the electrical conductivity.

These two

conditions allow us to conclude that the minority charge car¬
riers, the electrons, may be neglected in cupric oxide in
the neighborhood of 200°C.
Since these two assumptions are satisfied by cupric
oxide at 200°C, it is expected to behave according to the
derived theory during the adsorption of selected gases.

The

results of the evaluation of thermo-EMF and electrical con¬
ductivity during the adsorption of oxygen, hydrogen and car¬
bon dioxide on three different cupric oxide wafers are shown
in Figures 12, 13 and 14.
For wafer number one a vacuum point was obtained as a
reference followed by stepwise additions of oxygen to the
system.

The first few oxygen additions required three to
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Figure 11.

Plot of QT vs. T for Cupric Oxide
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Plot of lna vs. Q for
CuO Wafer Number 1
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TABLE V
DATA FROM CuO WAFER NO. 1

Gas Pressure

Electrical
Conductivity

Thermo-EMF

T emp. (ave.)

Oxygen:
Vacuum
4.44 mm Hg
7.64
12.0
88.6
199.
317.
507.
Vacuum
38.8
150.
222.

286 yMho/cm
911
947
1079
1150
1230
1276
1260
176
950
1230
1240

.598 mV/C°
.481
.468
.465
.452
.409
.441
.448
.632
.474
.451
.447

202.3°C
202.8
202.7
203.4
203.6
202.5
202.3
202.8
203.2
202.4
202.9
202.5

Vacuum
.19 mm Hg
.59
2.09
5.69
10.81
20.4
39.6
74.3
142.5

284 yMho/cm
272
258
259
500
550
523
559
567
566

.600 mV/C°
.655
.614
.625
.610
.572
.590
.589
.586
.601

202.5°C
202.5
201.9
202.2
202.5
202.2
202.7
202.1
202.6
202.7

Hydrogen:
Vacuum
.06 mm Hg
.08
0.10
0.12
0.24
0.68
1.92
3.3
6.6

222 yMho/cm
156
125
117
110
104
107
132
158
200

.619 mV/C°
.624
.644
.648
.658
.657
.666
.690
.661
.646

201.7°C
200.9
201.5
201.5
202.3
200.9
201.2
200.9
201.7
201.8

Carbon Dioxide:
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TABLE VI
DATA FOR CuO WAFER NO. 2

Gas Pressure

Electrical
Conductivity

Thermo-EMF

Oxygen:
Vacuum
.024 mm Hg
.048
.097
.193
.482

843 yMho/cm
1042
1183
1441
1639
1828

.641 mV/C°
.620
.615
.590
.570
.572

200.7°C
201.6
201.1
201.4
201.0
201.7

906 yMho/cm
789
684
609
548
474
434
416
375
350
331

.652 mV/C°
.667
.672
.690
.693
.700
.709
.711
.730
.735
.741

200.9
200.7
201.2
201.4
201.3
201.0
200.9
201.2
201.0
201.2
201.4

Hydrogen:
Vacuum
< .01 mm Hg
< .02
< .03
< .03
< .04
< .05
.05
.07
0.14
0.43

Temp.

(ave)
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TABLE VII
DATA FROM CuO WAFER NO. 3

Gas Pressure

Electrical
Conductivity

Thermo-EMF

741 yMho/cm

.648 mV/C°

201.7°C

Temp,

(ave)

Oxygen:
Vacuum
. 03 mm Hg
light off
light on

1039
1042

.612
.610

201.9
201.8

.05
light off
light on

1183
1182

.605
.604

201.4
201.6

.30
light off
light on

1435
1431

.572
.568

201.4
201.2

off
on

1932
1931

.562
.562

201.4
201.3

off
on

2220
2220

.549
.549

201.5
201.7

.62
light
light
.81
light
light
Hydrogen:
Vacuum

788 yMho/cm

.649 mV/C°

201.9°C

< .02 mm Hg
light off
light on

638
638

. 660
.663

201.7
201.9

.04
light off
light on

497
497

.689
.689

201.5
201.5

.065
light off
light on

415
419

.701
.699

201.9
202.1
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four hours for the properties to approach an equilibrium
value so that accurate measurements could be made.

As the

oxygen pressure increased and the effect of each oxygen ad¬
dition on the catalyst became smaller, the equilibration
time decreased to just over one hour.
Oxygen adsorption on cupric oxide caused substantial
increases in the electrical conductivity and decreases in
the thermo-EMF.
O

2

, 0

Since oxygen generally adsorbs as an anion,

or 0 , causing an increase in the positive charge

carrier concentration in the material,^ it was expected that
oxygen adsorption would have these effects.

The data for

successive oxygen additions follow the -e/k slope very
closely, indicating agreement with the theoretical deriva¬
tion.

This means that during oxygen adsorption the cupric

oxide particles remain homogeneous with no space charge being
formed.
Following the oxygen experiments, the catalyst was
evacuated at 300°C

and a vacuum point reestablished in

preparation for the carbon dioxide tests.

The CC

>2

data were

also obtained by observing the effects of incremental addi¬
tions of the gas.

The first of two CC^ adsorption series

shown in Figure 12 is indicated by the open hexagons.

The

inconsistent behavior of these data necessitated the second
run which is indicated by the solid hexagons.

Neither adsorp¬

tion series describes clearly the carbon dioxide adsorption
process on cupric oxide.

In general the CO

2

caused an
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increase in the electrical conductivity of CuO, but only a
slight decrease in the thermo-EMF.

Because of the unpat-

temed behavior of the data in each run, no evaluation of a
slope or curve was made.
Following another evacuation at 300°C, hydrogen was
adsorbed on the catalyst.

In this case great care was taken

to introduce very small increments of H2 to minimize the
possibility of reducing the CuO before any data could be ob¬
tained.

The adsorbed hydrogen caused a decrease in the

electrical conductivity and an increase in the thermo-EMF,
indicating that the hydrogen adsorbs as a cation on cupric
oxide.

For several additions of the gas the data follow very

closely the -e/k slope, demonstrating that homogeneity exists
in the catalyst particles even though the conditions suggest
that depletive chemisorption and inhomogeneity should occur.
After the sixth hydrogen point the CuO began to be reduced
and the data began to deviate from the pattern of decreasing
conductivity and increasing thermo-EMF.

The reduction of

the cupric oxide was confirmed by the change in color of the
wafer from the black of CuO to a reddish-brown similar to
that of cuprous oxide.

Once the cupric oxide was reduced it

could not be regenerated for reuse.
The second wafer was evaluated with oxygen and hydro¬
gen in the same manner as described above.

The oxygen points

are much closer to the vacuum point in this run because much
smaller oxygen pressures were used.

Again the results
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indicate that oxygen adsorbs as an anion, hydrogen as a
cation and that the cupric oxide remains homogeneous in the
presence of each.
The difference between the location of the vacuum
point, in terms of the conductivity and thermo-EMF values,
for the first wafer and that of the other two is due to a
different pretreatment procedure being used for the first
wafer.

The second and third wafers were evacuated at 300°C

for approximately eighteen hours before use while wafer num¬
ber one was evacuated at 300°C for only a couple of hours.
The slopes of the hydrogen data are essentially equal
to the value of -e/k, -11.6 C°/mV, resulting in Xg values of
zero.

The oxygen data show slightly less slope, being

-10.5 C°/mV for wafer number one and -11.3 C°/mV for the sec¬
ond wafer.

These slopes give negative Xs values of -0.10 and

-0.028 respectively.

In both cases a condition of essen¬

tially complete electronic homogeneity is indicated.
The third cupric oxide wafer was used to study the
effect of irradiation on electrical conductivity and thermoEMF during the adsorption of oxygen and hydrogen.

The data

obtained are plotted in Figure 14 with the solid marks indi¬
cating the irradiated condition.
had no substantial or consistent

The light, 1.8 eV in energy,
effect on the catalyst.

Higher energy light of the intensities listed in Table II of
the Apparatus Section were shown on evacuated cupric oxide
to determine whether any photoeffect possibly could be
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generated, but with the same negative result.

It is believed

that at 200°C the charge carrier concentration is so high in
the cupric oxide that the effect of light is insignificant.

Photodesorption of Carbon Dioxide
from Zinc Oxide
The evaluation of the effect of ultraviolet light on
the desorption of carbon dioxide from the zinc oxide surface
was performed using isotopic carbon (14) dioxide to identify
the adsorbed species.

The radioactive was adsorbed on

the zinc oxide sample and then removed from the gas phase by
trapping out with liquid nitrogen.

Inert nitrogen gas was

then added to raise the system pressure to approximately
seven torr, in preparation for the photodesorption experi¬
ment.

Desorption was studied by measurement of the gas phase

radioactivity as shown in the results of the two runs plotted
in Figures 15 and 16.
O

When the 3650 A (3.4 eV) light was shown on the cata¬
lyst, an increase in the gas phase radioactivity would be
expected if desorption were induced.

Both runs indicate the

light caused no increase in the count rate.

In Figure 15 a

dotted line is drawn simulating a 200 count per minute in¬
crease in the count rate after the light was turned on.

This

degree of change is approximately three times the sensitivity
of the counting operation as determined from the standard
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deviation of the data.

Two hundred counts per minute also

represents the desorption of approximately 10 ^ mMoles of
the adsorbed from the zinc oxide surface.

From data

presented by Murphy, Veerkamp, and Leland, a typical CO oxidation rate in their work was on the order of 10
min.

mMoles/

Therefore, the apparatus should have adequate sensi¬

tivity to detect a photodesorption effect of the magnitude
necessary to produce the previously observed photocatalytic
effects.

Because no increase in the gas- phase radioactivity

was detected, it is concluded that this ultraviolet light of
3.4 eV does not induce desorption of carbon dioxide chemi¬
sorbed on zinc oxide.
During preliminary work in this study it was observed
that when normal CO

2

was introduced to a system of C^C

>2

ad¬

sorbed on zinc oxide, the gas phase radioactivity increased
substantially, indicating the occurrence of a
C

12

C^Cgas) interchange reaction.

^ (ads) 2

This reaction was subse¬

quently used as a test for the presence of C^C

>2

lyst surface.

on the cata¬

In both runs, following the photodesorption

experiment, normal carbon dioxide, which by itself caused
virtually no increase in count rate, was introduced to the
system.

Each time a very large increase in the count rate

resulted, signifying the presence of substantial amounts of
adsorbed gas.

An attempt was made to qualitatively evaluate

the effect of the irradiation on the interchange reaction,
however results were inconclusive.

Radioactivity in Gas Phase (1000 counts per minute)
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Time (Minutes)
Figure 15.

Photodesorption of CO2 from ZnO Test Run Number 9

Radioactivity in Gas Phase (1000 counts per minute)
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Time (Minutes)
Figure 16.

Photodesorption of CC^ from ZnO Test Run Number 10
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By measuring the specific activity of the test
carbon(14) dioxide and noting the ultimate count rate ob¬
tained after the interchange reaction had reached equilib¬
rium, a level of coverage of the zinc oxide surface could be
calculated.

A surface coverage of approximately 4% was indi¬

cated (see Appendix E).

This value is strictly an approxi¬

mate value because of the inaccuracy in the measurement of
some of the values used in its calculation.

DISCUSSION OF RESULTS

Cupric Oxide Study
The purpose of this phase of the thesis project was
to evaluate the behavior of the electrical conductivity and
thermo-EMF of cupric oxide during chemisorption.

Specific¬

ally, the behavior of these two properties was compared to
the following theoretical expression derived previously in
this laboratory.

3
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The experiments performed served to show the validity of this
expression for a p-type semiconductor and to characterize
the behavior of both the adsorbent and the adsorbate during
chemisorption on cupric oxide.
The data definitely indicate that the cupric oxide
tested was a p-type semiconductor.

This is primarily deduced

from the positive sign of the thermo-EMF and the effect of
54
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oxygen on the conductivity.

The positive Q value signifies

that positive holes have more influence than the negative
charge carriers in the conduction mechanism.

It can safely

be assumed that oxygen will chemisorb as an anion, abstract¬
ing electrons from the material and therefore increasing the
conductivity of a p-type semiconductor as was experienced
for the cupric oxide samples.
The slope of the lna versus Q plot follows the e/k
slope very closely as one would expect for oxygen adsorption.
The result was expected because the adsorption of an electron
attracting gas on a p-type semiconductor is typically cumula¬
tive chemisorption, in which a space charge does not develop.
The cupric oxide particles therefore, remain homogeneous and
the relationship holds.

A similar condition was reported

previously for hydrogen adsorption on zinc oxide.
The inconsistent result

3

obtained for carbon dioxide

adsorption is probably due to a complex adsorption process
involving a number of different adsorbed species.

The CO2

molecules may adsorb initially as a weakly held specie and
then undergo a transition with time to a more strongly held
specie.

This would explain the difficulty experienced in

establishing equilibrium during the adsorption of this gas.
The most interesting result was obtained during the
adsorption of hydrogen.

The lno versus Q plot was not ex¬

pected to follow the -e/k slope as it did, because the ad¬
sorption of an electron donating gas on a p-type semiconductor
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generally will occur as depletive chemisorption.

In deple¬

tive chemisorption a space charge region develops causing
inhomogeneity in the catalyst particles which would result
in deviation from the -e/k slope.

Such a condition was re-

ported for the adsorption of oxygen on zinc oxide.

However,

the data clearly indicate that the cupric oxide particles
remain homogeneous in the presence of hydrogen.
There are two possible explanations for this appar¬
ently unorthodox behavior.

The first is that the acceptor

levels are not totally isolated but can communicate elec¬
tronically with each other.

The second possibility is that

the acceptor levels can communicate easily with the valence
band.

Each could account for the distribution of electrons

throughout the catalyst resulting in dissipation of a space
charge and thus explain the apparent homogeneity of cupric
oxide in the presence of hydrogen.
It could be argued that communication between the ac¬
ceptor levels and the valence band is doubtful when the CuO
results are compared with the results observed with zinc
oxide.

3

The activation energy for conduction in ZnO is re-

ported to be 0.04 eV by Morrison

20

and 0.12-0.15 eV by Gray.

Not pursuing the cause of discrepency, we might assume the
real value to be in that range.

Because of the deviation

from the -e/k slope when oxygen is adsorbed on ZnO, exchange
between the donor levels and the conduction band must not be
sufficient to dissipate the space charge.

Then for CuO with

21
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an activation energy of 0.1 eV, it seems that the exchange
between the acceptor levels and the valence band might also
be insufficient to dissipate a space charge.

This argument,

however, neglects the influence of preexponential factors,
which could greatly effect the simplicity of such a compari¬
son.
A more tenable explanation considers the possibility
of electron movement directly between the individual acceptor
sites.

This phenomenon, however, is connected to the complex

conduction mechanism of CuO, which along with that of the
other

transition metal oxides has been the subject of con¬

siderable uncertainty.

The most likely explanation is that

the p-type semiconductivity is due to holes in the 2p band
of oxygen and the acceptor levels are either the 3dl0 level
of copper or the result of impurities.

Some workers have

indicated that the 3dl0 levels overlap sufficiently to

form

a very thin band in which low mobility conduction can take
place.

If this is the case and the 3dl0 band is the ac¬

ceptor level, it explains the results obtained.

The possi¬

bility of impurities influencing the conduction mechanism and
the observed results cannot be discredited,however, without
further evaluation of different samples of purer cupric
oxide.
Three factors can be used to explain the absence of a
photoeffect on the electrical conductivity and the thermo-EMF
in cupric oxide at the conditions used in this study.

Two
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are the relatively high temperatures used and the relatively
narrow intrinsic band gap of this oxide (1.4 eV).

Under

these conditions any change in the number of change carriers
due to the absorption of radiation is probably insignificant
compared to the large numbers already existing in thermal
equilibrium.

The third factor, the presence of impurity

levels in the band gap, has the same effect of increasing the
equilibrium charge carrier concentration and thus diminishing
the effect of light on the electrical conductivity and
thermo-EMF.

Photodesorption of CO2 from ZnO
The purpose of this study was to evaluate the photode¬
sorption of carbon dioxide from zinc oxide as a mechanism for
the photoenhancement of carbon monoxide oxidation over zinc
previously observed in this laboratory. 22

The results indi¬

cate rather conclusively that the 3650 X light does not in
itself cause the desorption of the carbon dioxide, suggesting
that a strict photodesorption mechanism is incorrect.
An alternative possibility for the photoenhancement
is the weakening of the CC^-ZnO bond by the ultraviolet
light.

As mentioned in the Results section an unsuccessful

attempt was made to qualitatively evaluate this possibility
by analysis of the effect of light on the CC^Cads) - CC^Cgas)
interchange reaction.

A more sophisticated apparatus than
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that which was used in this work would be necessary to study
this phenomenon in detail.

Conclusions and Suggestions
The results from the cupric oxide study indicate that
the theory derived by Murphy, Veerkamp and Leland

3

is valid

for a p-type semiconductor and that for the samples of cupric
oxide used, homogeneity of the catalyst particles is main¬
tained during both anionic and cationic adsorption.

The

first point extends the limits on the use of this technique
for the characterization of adsorption phenomena.

Unques¬

tionably, the successful analysis of only two materials,
22
ZnO
and CuO, relative to the theory does not totally sub¬
stantiate the technique for unlimited use.

Therefore further

study is necessary with other semiconducting metal oxides,
especially some for which the band structure is known and
the development of a space charge region can be predicted.
The second conclusion from this study was in part an unex¬
pected result.

The adsorption of hydrogen had been expected

to occur as a depletive process in which a space charge
region would form and the extent of adsorption would be
limited.

However the results indicate homogeneity during

hydrogen adsorption, the cause of which can only be conjec¬
tured.

Further work on cupric oxide might be justified, but

probably not before more knowledge of its band structure and
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conductivity mechanism can be obtained.
The photodesorption study showed that ultraviolet
light did not enhance the desorption of carbon dioxide from
the zinc oxide surface.

Therefore photodesorption is prob¬

ably not explicitly involved in the photocatalytic effect
observed for carbon monoxide oxidation over zinc oxide.

The

irradiation could still be affecting the adsorbed CC>2 specie
however, by weakening its attachment to the zinc oxide sur¬
face.

Additional work is therefore justified on the effect

of light on the C^-ZnO bond.

It might be studied through

analysis of the CC^ (ads)-CC^ Cgas) interchange reaction or
possibly a CO2(ads)-CO(gas) interchange reaction.

Either re

action could yield information regarding the bond strength,
however the second might prove very interesting as a poten¬
tial mechanism in the irradiated carbon monoxide oxidation
reaction.

APPENDIX A
DERIVATION OF THE THERMO-EMF - ELECTRICAL
CONDUCTIVITY RELATIONSHIP

Murphy, Veerkamp and Leland developed a relationship
between the thermo-EMF and the electrical conductivity in a
powdered semiconducting catalyst which characterizes the be¬
havior of the catalyst in the presence of chemisorbing gases.
The derivation along with supporting data for chemisorption
on zinc oxide is reported in an article to be published by
3
the above researchers.
The following paragraphs are in¬
tended to summarize the derivation as it relates to the cur¬
rent research project.
To analyze the thermo-EMF behavior of the catalyst,
a differentially small volume along a conduction path entirely
within a bulk region of the material is considered.

When a

temperature gradient exists along the conduction path a net
flow of charge carriers through the volume will occur until
an EMF of sufficient strength to oppose further flow is cre¬
ated.

A balance on this charge carrier flow simply yields

dNh = dN2 - dNx

(1)

where N^ and N2 refer to the charge carriers entering and
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leaving the volume respectively.

Holes or positive charge

carriers are especially pertinent to this research project
and therefore will be considered in the remainder of this
discussion.
The internal energy change in the volume as a result
of the charge flow is :
dU = dUh + U2dN2 - U1dN1

(2)

where dU^ represents the internal energy change as a result
of equilibration of the hole concentration in the valence
band with states above or below it.
For a sufficiently small volume we may assume 0^ to
be equal to tï2.

Then for sufficiently high temperatures and

hole concentrations we may use Maxwell-Boltzmann statistics
to write:
Ui - TT2 -

1 2 kT

^

(3)

Using equation (3) and the charge carrier balance, equation
(2) can be written in terms of thermodynamic properties as,
dU » TdS + çdNh + 1/2 kTdNh

(4)

where S is the entropy and ç the electrical potential of the
charge carriers.

Since we are considering only the bulk

region of the material this equation is a first degree homo¬
geneous function of extensive properties of the charge car¬
riers.

Because all the coefficients are single valued in the
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volume being considered we may apply Euler's theorem to ob
tain an absolute value for the internal energy:

U = TS + çNh + 1/2 kT Nh

(5)

This equation can then be differentiated to give:

(6)

SdT + Nhdç + Nh | dT = 0

which after dividing by

produces:

SdT + dç + | dT = 0

(7)

where S’ is the entropy per charge carrier.
From Maxwell-Boltzmann statistics we may write

m Nh

2 irm. kT
3/2
= ln[2( —Ij— )3/2]

E

*

v" ^
( -Jr- )

(8)

h

where Ev is the energy at the top of the valence band and m^
is the effective mass of the conduction holes.

The value of

Ev is uniform across the small differential volume and is
dependent on the total EMF acting on the charge carriers.
The relationship can be written as:

Ey = eE^ + constant

(9)

where E^ is the electrical potential or the EMF of the holes
in the valence band.
Combining equations

(8)

and (9)

to eliminate Ey,
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solving for ç and differentiating gives:

dç = kT 1/Nh dNh - ShdT - edEh

(10)

Eliminating dç in equation (7) with equation (10) yields:

kT dlnNh - edEh + k/2 dT = 0

(11)

By rearranging we can obtain the following equation:

Q

dE,
dlnN,
1 = k/e
2 + T
1

= ar

^/

-gr )

uz)

which defines the thermo-EMF in the material.
In considering electrical conductivity, if we assume
the presence of only positive charge carrier conduction in
the material, we may write:

%

= n

h e“h

(13

>

where the charge carrier mobility, y^, varies with tempera¬
ture as :
Mh - «T"372

(14)

If the logarithm of equation (13) is taken and equations

(14)

and (8) are substituted into it, the result is:

lna

2irm. k
In [2 ea ( —
li

(15)

This equation expresses the linearity between lna and 1/T
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which implies that (Ev-ç) is relatively independent of tem¬
perature.

This linearity is necessary in order to differen¬

tiate equation (8) to give:
E -ç

Tdlnn^
dT

= 3/2 - f1

v

kT

1J

(16)

which can be used to eliminate the (Ey-ç)/kT term in equation
(15).
Now combining the conductivity and the thermo-EMF ex¬
pressions, equation (12) and the modified equation (15),
produces :
2 inn. k 7/0
lna = - e/k (Q) + 2 + ln[2(ea)( — 7— )i/Z]

(17)

n

This equation expresses the relationship between the thermoEMF and the electrical conductivity in a homogeneous section
of a p-type, semiconducting catalyst.
Equation (17) may be applied to any homogeneous sec¬
tion in the catalyst particle.

In order to generalize the

expression for the inhomogeneous condition, the equation is
first applied independently to the surface and bulk regions,
then integrated over the entire conduction path.
expression for a p-type semiconductor is:

The final
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X
—
s
0
s

§Q0 - (l-Xs)lno0 - ln[

[i+xr

2ïïm k

- ln[2ea(

h

v2

oB

]

- 2

X s -1

- l)]

3/2,

J

(18)

J

where s and B refer to the surface and bulk properties re¬
spectively.
The value of Xg is the average fraction of the conduc¬
tion path composed of surface regions.

It is thus a measure

of the electronic inhomogeneity of the material in the
presence of the adsorbed species.
The second term on the right hand side of the equation
will be constant over certain pressure ranges.

When this is

the case a plot of lna versus Q should produce a slope of
1/(1-Xs)(-e/k) for a p-type semiconducting catalyst.

Thus

Xg may be obtained directly.
The primary assumptions made in the derivation are
the existence of a relatively high temperature in the mate¬
rial so that Maxwell-Boltzmann statistics are applicable,
the independence of (Ev-ç) of temperature as indicated by
linearity of a lna versus 1/T plot and that only one type of
charge carrier need be considered.

Each of these assumptions

must be satisfied for the relationship to hold.

APPENDIX B
SURFACE AREA DETERMINATION

The surface areas of pressed and unpressed cupric
oxide were determined by the BET method.

This simple tech¬

nique involves the observation of the pressure rise as nitro¬
gen is bled into first an empty chamber and then into the
same chamber containing the catalyst sample.

Comparison of

the data obtained provides sufficient information to gener¬
ate an adsorption isotherm for the catalyst.
Figure A-l shows an isotherm for each of the condi¬
tions run; pressed and unpressed cupric oxide.

By location

of the "Point B," at a relative pressure of 0.1, the surface
area can be obtained.

A surface coverage of 16.2

nitrogen molecule was assumed.

per

The average surface area for

the powder was found to be 1.58 m /g, and that of the pressed
wafers, 1.3 m /g.
The accuracy of this method for the determination of
low surface areas, such as that of these cupric oxide samples,
is not very good.

However, only a rough comparison of the

pressed and unpressed catalysts was desired.

It is felt that

this result was provided, indicating that the surface area of
the cupric oxide was not grossly effected by the pressing
operation.
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APPENDIX C
MEAN PARTICLE SIZE

The mean particle size of a catalyst can be calculated
if its specific surface area and the density of the material
are known.

The particle size of the catalyst sample is impor¬

tant in this study because it can be argued that for very
small particles, depletive chemisorption will produce homo¬
geneity rather than the expected inhomogeneity by altering
the properties of the entire particle.
The specific surface area of the compressed cupric
?

oxide was found to be approximately 1.3 m /g (see Appendix A)
and the density is 6.4 g/cm .*

The particles are assumed to

be smooth spheres of roughly equal size.

The diameter of the

particles will then be:
Diameter = |—
Sp

where S is the specific surface area and p is the particle
density.

Thus the mean particle size is:

Diameter = 7700 Â

*The density of cupric oxide is given in the CRC
"Handbook of Chemistry and Physics" to be between 6.3 and
6.49 g/cm3.
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APPENDIX D
ULTRASCALAR CALIBRATION

The Model D-47 Geiger-Mueller Detector requires con¬
tinuous purging with a "Quench Gas" (18.7% He and 1.3% Bu¬
tene) during operation.

The flow rate of this gas through

the detector greatly affects the counting rate observed on
the Ultrascalar.

For this reason it is necessary to calib¬

rate the Ultrascalar whenever the gas flow is started or the
flow rate changed.

The objective of the calibration pro¬

cedure is to determine the optimum voltage to be applied to
the detector filament.
The procedure involves measuring the count rate from
a mild radioactive source at fifty volt intervals along an
approximately 300 volt range in the detector potential.

This

will generate a "plateau" curve as shown in Figure C-l.

The

operating potential is then taken as the potential one-third
of the distance from the beginning to the end of the plateau
region of the curve.
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APPENDIX E
SURFACE COVERAGE OF ZnO BY C1402

The extent of coverage of the zinc oxide surface by
the carbon(14) dioxide test gas can be determined by relat¬
ing the increase in count rate caused by the C02(gas) C02(ads) exchange reaction to the specific activity of the
14
test gas. This assumes complete removal of the C 02 from
the catalyst surface.

This is a satisfactory assumption be¬

cause the results of the calculation show
sorbed is less than 1% of the amount of C

the amount ad12

02 introduced to

the reactor and there is no reason to expect more than this
percentage to remain on the surface after exchange.
The lack of accuracy experienced in determining a num¬
ber of the values used in this calculation reduce the result
to only an order of magnitude estimate.
It was very difficult to determine accurately the
specific activity of the C^402 in terms of counts recorded
by the Ultrascalar.

On the one hand the accuracy at very

high counting rates is limited.

On the other, the very low

pressures necessary to achieve reasonable count rates were
difficult to measure.

The values obtained yield a specific

activity for the test gas of
72
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Spec. Act.

43,800 counts/min
4.71 x 10~ mMole/cc
cpm
= 0.930 x 1010 mMole/cc

The primary difficulty in obtaining accuracy at high counting
rates is the limited resolving time of the detector.

The

resolving time is the time period (in ysec) which must sepa¬
rate the receipt of two particles or quanta in order for them
to be counted as two rather than one.

The observed count

rates can be corrected for the probable error incurred, but
these corrections for the Geiger-Mueller detector are on the
order of 10 - 20% as the count rate passes 100,000 cpm.
For the photodesorption run shown in Figure 15 the
corrected count rates before and after the exchange reaction
were 13,700 cpm and 142,600 cpm respectively.

From the dif¬

ference it is determined that

0
Amt. Adsorbed = —1-29 x.j;
x 161.1 cc
1
10 —££2
.93 x io
^P
"
u
mMole/cc

= 2.25 x 10mole
were removed by the exchange reaction.
If a CO2 molecule is considered to occupy approxi2
37
mately 20
when adsorbed on the surface,
it is determined
2
that 0.27 m of surface or 3.75% of the total available sur¬
face was actually covered.
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Similarly, for the run shown in Figure 16 the surface
coverage was calculated to be 4.05%.

Enough runs with dif¬

ferent amounts of adsorbed gas were not run to determine if
this is a maximum possible coverage, but on an order of mag¬
nitude basis the values do compare favorably to the less than
7
1% coverage limit predicted for depletive chemisorption.
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