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ABSTRACT 

CHARACTERIZATION OF SEMICONDUCTING CATALYSTS 

BY GAS ADSORPTION:. 

NICKEL OXIDE AND MAGNESIUM FERRITE 

By 

Eugene R. Allspach 

In previous work in this laboratory Murphy, Veerkamp, and 

Leland have derived a model that measures the fraction of a 

semiconductor catalyst participating in electronic surface effects 

due to gas adsorption. The parameter, xg, proposed in the model 

represents the fraction of the catalyst that has undergone 

significant changes in its electronic properties when compared 

to the properties that existed before gas adsorption. (The 

properties at the center of the catalyst particles normally 

remain unaltered so the comparison can be made between the surface 

and the center of a particle.) xg is calculated from an equation 

involving the thermoelectric power, Q, and an electronic 

heterogenity factor, f. The latter factor is determined using 

the linear slope of the lncrvs. Q plots obtained from gas 

adsorption on the catalyst, where a-is the electrical conductivity. 

In the model the quantitative value of xg for a catalyst is 

postulated as being a characteristic of that catalyst. If so, the 

x values for different catalysts can then be used to compare the 
u 

electronic surface effects which occur an different catalysts. 



In this work the model was tested with two catalysts: 

nickel oxide and magnesium ferrite. With nickel oxide reasonable 

x values were calculated from the model for the carbon monoxide, 
s 

hydrogen, and oxygen adsorptions which were conducted. The 

following xg values were found for the various adsorbates: 

0.0023 for carbon monoxide, 0.19 for hydrogen, and 0.037 and 

0.044 for oxygen. 

For magnesium ferrite a reasonable xg value Df 0.0065 

for carbon monoxide adsorption was calculated from the model 

but the x value for oxygen adsorption was greater than unity 
s 

which is meaningless. The failure during oxygen adsorption is 

attributed to the presence of significant numbers of holes 

compared to electrons. The number of holes present is assumed 

negligible in the theory. However, due to the small number of 

electrons available for conduction in magnesium ferrite, the 

loss of electrons to oxygen during adsorption significantly 

alters the relative proportions of electrons and holes and 

causes comparable contributions to the total conductivity by 

each. 
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I. Introduction 

Previous work in this laboratory by Murphy, Veerkamp, and 

Leland ^ has led to the derivation of a model that quantitatively 

measures the electronic inhomogenity at the surface of semi¬ 

conducting catalyst particles. The model's characterization 

parameter, x , indicates the fraction of each catalyst which is 
s 

taking part in electronic surface effects such as charge transfer. 

Since charge transfer during gas adsorption is recognized as an 

important step in several heterogeneous catalytic reactions, x 
5 

is proposed as an appropriate parameter for use in comparing the 

catalytic activity of different materials for reactions in which 

gas adsorption charge transfer is believed to be the limiting 

or an important step. 

x is calculated from an equation involving changes in the 
s 

thermoelectric power, Q, and an electronic heterogenity factor, 

f, as various gases are adsorbed on a catalyst surface. The 

electronic heterogenity factor is determined from the slope of 

the linear portion of a lncrvs Q plot, where <ris the electrical 

conductivity. The parameter xs represents the fraction of each 

catalyst that as a result of chemisorption has significantly 

different electronic properties when compared to those at the 

center of the particles. 

The theoretical analysis deals with powders. The 

applicability of the model was tested for catalyst powders which 

were compressed into cylindrical pellets. 
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Nickel oxide was used in this mark since it is a well 

studied.semiconductor, a practical catalyst and a typical 

p-type semiconductor. I\li0 is considered a good catalyst for 

42 
reactions involving chemisorption of oxygen and it is used for 

69 47 71 47 
N^O decomposition, CO oxidation, ’ oxidation, and 

47 
oxidation of ethylene. 

The second catalyst tested, magnesium ferrite, was the same 

material used for oxidative dehydrogenation of butenes to 

butadiene in another Chemical Engineering laboratory at Rice 

University. ^ it is an n-type semiconductor, but its semi¬ 

conducting properties are not so well studied as those of nickel 

oxide. 
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II. THEORY 

'A. Introduction 

The classification of a material as a metal, insulator or 

semiconductor is often made according to the conductivity range 

in uhich it falls. Characteristic room temperature conductivities 
i 6 -10 

are ID4 to 10 /ohm~cm for metals; 10- to ID- /ohm-cm for 

-93 1 14 
insulators; and 10 to 10 /ohm—cm for semiconductors. ’ 

The conduction process of metals and insulators can be illustrated 

by an energy band model shown in Figure 1. If an electric field 

is applied across a conductor, the electrons in the partially 

filled valence band can be easily raised to a higher energy 

within that band to produce a current. However, in an insulator 

the valence band is completely filled so in order to go to a 

higher energy, the electrons must jump to the empty conduction 

band. If the energy gap between the conduction and valence bands 

is large (compared with kT), the high energy necessary to excite 

appreciable numbers of electrons into the conduction band limits 

2 
the number of electrons available for conduction. 

The situation for semiconductors lies between metals and 

insulators. kJhen the energy gap between the conduction and 

valence bands is not large compared with kT, electrons can be 

easily excited from the filled valence band to the empty conduction 

band.(This increase in the number of charge carriers results in 

the observation that conductivity increases in a semiconductor 

with rising temperature in certain temperature ranges whereas 

it always decreases in metals with rising temperature.) 



ENERGY BANDS GF METALS AND INSULATORS 

FIGURE 1 



5 

Any form of energy can be used to excite the electrons although 

heat and light are the most common. This type of semiconduction 

is called intrinsic. ^ 

The other category of semiconductivity, extrinsic, arises 

not from latent properties of the pure material but from some 

form of "defect" in the material such as lattice imperfections, 

impurities intentionally incorporated in the material or 

impurities unintentionally occurring in the material. Specific 

examples of these "defects" are 1) dissimilar atoms inserted 

interstitially in the lattice or substituted for a regularly 

occurring component in the lattice, 2) vacant anion or cation 

lattice sites, and 3) excess similar anions or cations occurring 

interstitially. 

B. Semiconductor Background 

If an atom inserted interstitially or substitutionally in a 

lattice has a valence different from the valence of the regularly 

occurring atoms in the semiconductor, a charge imbalance mill be 

created. As an example consider a Group IU material in which a 

Group V element has been substituted. Four of the Group U’s 

valence electrons will be shared in bonds with the regular lattice 

but the fifth one will not. It will be attracted to the nucleus 

but it will not be bound so tightly as if being shared in a band. 

Due to the weak attraction it is relatively free and gives rise to 

n-type conduction. The substance which donates this electron is 

termed a donor. If instead, a Group III element were substituted 
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into this lattice, there uould not be enough electrons to form 

all four bonds and a positive hole uould be created. As uith the 

electron, the hole is attracted but not held strongly by the 

Group III element so it can jump to neighboring sites. This 

movement is called p-type conduction. Substances that accept 

electrons from the lattice atoms in order to complete a banding 

pair are called acceptors. The energy levels of a donor and an 

acceptor are depicted in Figure 2. 

The total conductivity in a semiconductor is the sum of all 

carrier sources, 

<r = cr1+a2+a^ (1) 

Using an intrinsic semiconductor as an example, the electron in 

the conduction band and the hole created in the valence band, 

contribute to the total observed conductivity, 

<r= CL + cr (2) 
n p 

Separating this into the separate components yields 

(r= We + Wh ’ q ‘/V’e + fVh) <3) 

Conductivity sources that have a negligible mobility or very 

small numbers of charge carriers can be neglected uithout 

introducing any appreciable error. If one begins uith an 

arbitrary p-type semiconductor at some temperature T (assume that 

at this temperature no electrons have been excited to the acceptor 

levels) and plots QT versus T, the conductivity carrier 

contributions can be qualitatively observed. As the 
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temperature increases, electrons from the valence band became 

sufficiently energetic to jump to the localized acceptor levels. 

This creates mobile holes that result in increases in both the 

conductivity and the product QT. The QT product will continue 

to rise until either all the acceptor levels have been filled 

or the electrons contain sufficient thermal energy to jump from 

the valence to the conduction band. With the former case, the 

mobility of the holes will be decreased with any additional 

temperature rise and QT will decrease. With the latter case of 

entering the intrinsic range, some of the mobile electrons in 

the conduction band will combine with the mobile holes causing 

smaller QT products. From a QT versus T plot it is possible to 

determine at what temperature the conductivity is mainly extrinsic 

and at what temperatures the conductivity is mainly intrinsic. 

Thus for a p-type semiconductor (if measurements are made in a 

temperature range where QT is increasing and well below the point 

where QT reaches a maximum, e.g., in the extrinsic range), it would 

be a valid assumption to neglect the conductivity due to the 

electrons. For an n-type semiconductor, a decreasing QT 

product well below the upward rise is the extrinsic range in which 

electrons dominate. 

The Seebeck effect or thermoelectric power is one of the essential 

measurements used in the model. When a temperature gradient is 

applied across the pellet, a voltage occurs equal to QAT where 

Q is the thermoelectric power or Seebeck voltage in 

millivolts/degree and AT is the temperature gradient imposed. A 

simple explanation is that if an isolated pellet that has had a 
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temperature gradient imposed across it is allowed to equilibrate, 

a transfer of energy from the hot to the cold region is 

necessary. The transferred energy is in the form of the mobile 

charge carriers, and a potential difference results. As a 

result, the cold region or junction will have the same sign of 

potential as the carriers. 

The Fermi energy or Fermi level, Ep, is equal to the 

electrochemical potential or partial molar free energy per 

electron. Since its origin will become an important 

factor in the discussion of the present results, a brief 

description of it will be presented here. A quasi-free electron 

in an allowed energy band is subject to the Pauli Exclusion 

Principle, and its most probable energy distribution will be 

determined by Fermi-Dirac statistics. This distribution function 

is given by 

f (E) 
1 

1 + exp CCE-EF)/kT) 
(4) 

where f (E) is the probability that an energy level E is 

occupied at thermal equilibrium by an electron. pQr -the 

cases in which (E-Ep)» kT, equation 4 reduces to 

f (E) = exp ((Ep-E)/kT) (5) 

and when (Ep-E)» kT, it reduces to 

f (e) = 1-exp ((Ep-E)/kT) (6) 

which are the classical Maxwell-Boltzmann distributions. 

Using the Maxwell-Boltzmann distributions it can be shown that 

for n-type semiconductors with localized levels and 
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(Ec - ED)»kT, 
10 

Er = 1/2 (E + E^) - 1/2 kT In (N /l\L) 
F CD eu 

(7) 

The Fermi level has also been related to the QT product 

although a specific form is not universally used. ^ ^ Hannay^ 

proposes that 

-QT = (E -E )/e + 2 kT/e 
C r 

Cs) 

for n-type semiconductors and 

QT = (Ep-E^Ve + 2 kT/e (9) 

for p-type. The other forms proposed are all similar except for 

the constant term. 

The generally accepted form for the activation energy 

required to produce a positive hole in a p-type semiconductor or 

an electron in an n-type semiconductor due to their defect 

structure is ^8,30,80 

0*= <r± exp (-AE/2 kT) (10) 

This can be derived from the temperature coefficient of the 

conduction process and differs by only a constant from that of 

the usual Arrhenius activation energy ^ 

0" = o~2 bxP (- fe/kT) (11) 

29 
Mitoff has proposed another form involving an activation 

enthalpy and l\li^+ concentration 
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cr= cr3 [l\li3+3 exp (-AH/RT) (12) 

28 
Heikes and Johnson have also proposed a similar form 

but involving temperature instead of l\li^+ concentration 

<r= (r^ T exp (-AH/RT) (13) 

The activation energy can be calculated from ln<rvs 1/T 

plots according to equations 10-13. In this work equation 10 is 

used to calculate these. 

Chemisorption of a gas on a semiconductor surface frequently 

involves charge transfer so the electronic properties of the 

surface can be related to the extent of chemisorption. If an 

atom such as oxygen (uhich usually adsorbs as a negative ion 

- 2- 

0 or 0 ) is adsorbed, electrons must be extracted from the 

semiconductor. The electrons in an n-type semiconductor that 

are readily extracted, those in the partially filled conduction 

band, are due mainly to the donor levels in the semiconductor 

and are limited in number. As these are extracted, the conductivity 

uill decrease, and uhen depleted, electrons in less energetically 

favorable levels must be extracted for continued adsorption. 

During adsorption negative charge accumulates on the surface and 

a positive charge develops in the semiconductor due to the loss 

of the electrons. This potential barrier or space charge layer 

forms rapidly and tends to force electrons away from the surface 

into the interior. When the potential barrier prohibits electron 

flou to the surface, chemisorption uill cease. 
2,6,10,15-17,19,24,27 
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Due to the decrease in conduction band electrons and rapid 

potential barrier formation, chemisorption should be limited 

21—26 
to only a small fraction of a monolayer. This type of 

2 25 27 
chemisorption is called depletive ’ or exhaustive 

chemisorption due to the reduction in the number of charge 

carriers. 

For oxygen adsorption on a p-type semiconductor the 

energetically favorable electrons in the acceptor levels and 

nearly filled valence band are plentiful, so chemisorption 

should proceed to a monolayer. Extraction of electrons from the 

acceptor level or valence band will create more charge carriers 

21-25 
thus increasing the conductivity and no space charge 

2 
layer should form. This type chemisorption is called cumulative ’ 

27 
or enrichment chemisorption since there is an increase in 

charge carriers. 

Depletive chemisorption occurs on p-type semiconductors 

and cumulative adsorption occurs on n-type semiconductors when 

electron donating gases such as CO or are adsorbed. 

Quantitatively the energy of chemisorption for the first 

atom of a gas adsorbing as G- on an n-type semiconductor mill be 

( A - 4>) (14) 

where A is the electron affinity of the atom and^is the work 

function of the oxide or the distance of the Fermi level below the 

2 15 IQ 25 
zero of energy. > » » As adsorption continues a space 

charge layer or potential barrier V builds up between the interior 

and the surface. The Fermi level falls by this amount and the work 

25 
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function increases by the amount of energy needed to move an 

electron across the potential V/ of the boundary layer, i.e., 

4>+ V. Equilibrium adsorption is reached when the potential 

energy of the electrons (i.e., the Fermi level Ep.) is equal to 

the potential energy of the adsorbate G~, or when the quantity 

(A-$-V ) is zero; V is the equilibrium U value. This process 
6 6 

is illustrated in Figure 3. 

If G were adsorbing as G+ on a p-type semiconductor, the 

electrons entering the semiconductor would cause the work 

function to fall. The initial heat of adsorption is 

4» - I (15) 

2 15 25 
where I is the ionization potential. ’ ’ Once again 

equilibrium will be reached when the Fermi level energy equals 

that of the adsorbate G+ or when (<$> —I—\/b) is zero. This process 

is illustrated in Figure 4. 

C. Proposed Model (See Appendix C for complete derivation.) 

In previous work Murphy, Veerkamp, and Leland developed a model 

that detected and quantitized any inhomogeneity in electronic 

properties at a particle's surface due to gas adsorption. The 

model was derived for catalysts that were semiconductors and 

powders and required measurements of thermoelectric power and 

conductivity during gas adsorption. This model is of interest 

since for reactions in which electronic surface effects (such as 

charge transfer) are important, the inhomogeneity parameter of the 
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model should be directly related to the catalytic activity of 

the material. A brief derivation of the model follows. 

Using a thermodynamic analysis it is shown that for any 

homogeneous region of a heterogeneous n-type material, steady 

electron flow and homogeneous conditions will remain if 

d E . d In n 
q = t (1/2 * T -g^ ) (16) 

Following a similar analysis for a p-type material yields 

d Eh 
d 

d In n. 
(1/2 + T d T' ) (17) 

Combining these equations with the conductivity relation¬ 

ships gives for an n-type material 

lntr= (e/k) Q + K (18) 

where 

K = 2 + In (2 ea(2ttm k/h2) 3/2) (19) 
e 

and for a p-type material 

lncr = (e/k) (-Q) + K (20) 

subject to these conditions: 

1. One type of charge carrier predominates so the minority 
one can be neglected. 

2. ln<rvs 1/T is linear in the range considered. 

3. Maxwell-Boltzmann statistics are applicable for the 
conduction electrons. 

If these assumptions are satisfied, then for any homogeneous 

semiconductor a plot of lncrvs Q should always produce a 
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straight line uith the slope e/k in absolute value. 

Since these equations apply to any homogeneous region in a 

semiconductor, they can be written for both bulk and surface 

regions. For an n-type semiconductor 

ln<rB = (e/k) Qg + K (21) 

and ln(rs = (e/k) Q + K 
s (22) 

This assumes that the mobility coefficient and effective mass in 

K are the same in both bulk and surface regions. If the 

temperature gradient in the material is considered linear, these 

equations can be combined to give the overall n-type 

conductivity of the conductors in series as 

lno^ = ( (e/k) - (e/k)2 ( (l-xa)/xs) (aD-QB)
2/2QQ) QQ + K (23) 

For a p-type semiconductor the relationship is 

lncr = ( -(e/k) + (e/k)2 ( (1-x )/x ) (Q -Qn)
2/2D ) 0 + K (23a) □ s s □ □ o o 

For small values of x , CL, is approximately equal to Q . 
S O V/3C 

Solving far small x and replacing Qp with D , 
s a vac 

(B/k)2 (Qp - quac)
2   

(a/k)2 (Q0 - qvac)
z - 2 Q0 (E/k) fn 

(24) 

for an n-type semiconductor and for a p-type semiconductor the 

relation is 

(B/k)2 (Q0 - Qv)ac)
2  

(B/k)2 - Quac)
2 + 2 Q0 (e/k) fp 

(24a) 



f is the electronic heterogenity factcr and is defined for an 

n-type semiconductor as 
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f = (m (k/e) -1) (25) 
n 

and for a p-type semiconductor as 

f = (m (k/e) +1) (25a) 
P 

Equations 24 and 24a are valid for the linear portions of the In çr 

vs. Q plot where the K terms in equations 23 and 23a are 

reasonably constant. 

It can also be shown that the relative barrier potential, 

V, between different systems with small x values (Q near Q ) 

is approximately, 

Vn = V
U1 = (IW fnV (

«„BC Vl <2S) 

for n-type semiconductors and for p-type semiconductors, 

% - Vh * %BC fpV Vl <26a) 

D. Nickel Oxide Background 

Nickel Oxide is a p-type semiconductor due to excess oxygen 

atoms present as lattice defects. 42,43,45 j|-lus 

nickel oxide is considered an electronic defect semiconductor as 

46 
depicted in Figure 5. 

The necessary oxygen excess in nickel oxide for semiconductivity 

28 29 
is estimated to be at least one part per million. Mitoff 

has calculated that pure nickel oxide may be made to contain 
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between 0.1% to 0.001% Ni^+ vacancies due to oxygen excess depend¬ 

ing on the ëquilibrium temperature and surrounding oxygen partial 

pressure. 

The color of stoichiometric nickel oxide is pale green, 

Uhen excess oxygen is incorporated into the lattice, such as 

during oxygen adsorption, the pale green turns tD black. 

IMickel oxide powder that is prepared below 500°C will usually 

. 25 
have excess oxygen. 

32-34 
Nickel oxide has a face centered cubic structure. 

At low temperatures there is a slight distortion in the cubic 

symmetry thought to be due to the size difference of nickel 

and oxygen ions but this distortion disappears at 250°C and is 

slight at 200°C. 32,33,53 

The band gap of nickel oxide is approximately 4 electron 

volts. 3®-/+1-* v/alues in the literature before 1959 cited a value 

38 
of 2.0 electron volts, but work by Newman and Chrenko showed 

this energy was associated with a different photo-ionization 

transition and not the band gap. 

Nickel oxide is antiferromagnetic below its Neel temperature 

of 523°K. 40,43,52 

Although surface areas of nickel oxides depend greatly on 

their preparation, reasonable agreement between the literature 

2 
and the 5.95 m /gm value measured in this work was observed. 

47 45 44 
Dry and Stone, Parravano, and Parravano and Domenicali 

2 
report surface areas of 1.4 to 2.2 m /gm from nickel nitrate 

49 
preparation. Larkins and Fenshaw report surface areas of 
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2 50 2 51 
21 m /gm, Hahn and Stone report 10.2 m /gm, and Winter 

2 
reports 5.5 m /gm all with a nickel carbonate preparation. 

44 
Parravano and Domenicali assumed a spherical shape of 

nickel oxide particles and a density for the particles equal to 

the bulk density of nickel oxide to calculate the average particle 

diameter d using 

d = -|— (27) 

Electron photomicrographs, used to determine the particle size 

distribution on the same material, gave excellent agreement. 

The former method was used to calculate an average particle 

© 
diameter of 1700 A for the nickel oxide used in this work. 

Even though nickel oxide is one Df the most thoroughly 

studied transition metal oxides, its conduction mechanism is 

not well understood. The earliest model by deBoer and Veruiey ^ 

assumed that due to the excess oxygen ions in the lattice, l\li^+ 

ions mere formed to maintain the lattice charge neutrality. At 

low temperatures these holes mere bound, but at high temperatures 

they could move, without requiring an activation energy, through¬ 

out the lattice by an exchange of electrons between Wi'3+ and 

...2+ • 
l\li ions. 

If the holes could move throughout the lattice without an 

activation energy, then there should be no temperature dependence 

for mobility. But thermoelectric power and Seebeck effect 

experiments indicated that mobility increased exponentially 

with temperature. Lithium doping results were interpreted as the 
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conductivity activation energy being due to mobility and not a 

variation in charge carrier concentration. Thus the former 

model was insufficient 35,43,62 ancj a thermally activated 

diffusion process (hopping model) mas introduced as the conduction 

28 
mechanism. 

Several years later the previously unsuccessful attempts to 

obtain direct mobility measurements mere successful. 

The mobility measured using the magnetic Hall effect did not 

increase exponentially with temperature as predicted by the 

, . , . . , . . 39,40,55,59-61,63,64,66 
hopping model, and a new model was needed. 

However, experimental problems encountered with the Hall measure¬ 

ments have prevented the determination of exact mobility data 

covering a wide temperature range. As a result the conduction 

mechanism is still not clear. Several authors ^6,59,39,63,64 

70 

have suggested a narrow band model as shown in Figure 6a, 

40 
but an alternate model has also been proposed as shown in 

Figure 6b. In the latter model the acceptor level contributes 

to conduction but whether or not it is a band is not clearly 

stated. 

Recent literature shows that the space charge layer theory 

does not adequately explain oxygen adsorption on nickel 

oxide. ’ ’ ’ The maximum observed adsorption is far 

below the monolayer adsorption predicted by the space charge 

layer theory. 

Three major types of oxygen adsorption have been 

2,30,41,42,67,68,70 
identified 
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1. Fast irreversible adsorption present at -7B°C to 
300°C. 

2. Fast reversible adsorption existing From -78°C to 
100°C. 

3. Slow irreversible adsorption at 100°C to 400°C. 

The fast irreversible adsorption has a low activation energy but 

30 67 68 
involves electron transfer. ’ ’ The most probable reaction 

is 
1/2 0Z Cg) + l\ii2+^:Cfd3 + l\li3+ (28) 

rather than 0~ adg. ^,30,41,42,67,68,70 y^g o g formation is 

exothermic, is more stable than 0~ . , and has been shown to 
’ 2 ads’ 

account for 90% of the adsorbed oxygen at room temperature, -^^l 

67,68 
The fast reversible adsorption is pressure dependent. 

The most probable species is 0^ ads with no electron transfer 
41,68 

or 0~ adg which is unstable, both of which are readily reversible. 

_ — cn 
At high temperature the 0^ ads reacts to form 0gds which 

accounts for the observations that the oxygen chemisorption is 

68 
almost entirely irreversible at 100°C and that there is no 

on 41 0„ . above 150°C 
2 ads 

The slow irreversible adsorption is also an activated process 

41 
involving electron transfer. The adsorption process is 

2- 

considered to start with 0ads going to 0ads which is rapid at 

temperatures of 200°C or above. 2>3C*»41>42,68 though O2- 

30 2- 
is not stable unless it is in a strong electric field, 0ado 

formation is important since it can be incorporated into the 

67 
nickel oxide lattice. The lattice cation field is strong 

enough to make it stable whereas the surface field may not be. 

68 
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2- 2+ 
Incorporation of Dgc|s in the lattice requires l\li diffusion 

to the surface ’ and the 0”^ to G^~s reaction requires an 

electron transfer which creates a hole. This hole diffuses 

somewhat into the interior leaving a negative charge at the 

surface ^ promoting IMi^+ diffusion tD the surface. Thus 

incorporation is more rapid at higher temperatures since both 

2+ 2- 
Ni diffusion and 0acjs formation are more rapid at higher 

temperatures. 

Each type of adsorption is proposed to correspond to a 

particular surface feature. 
67 

The fast irreversible adsorption 

is envisioned as occurring on a limited number of surface regions. 

These regions consist of l\li^+ ions which can easily transfer an 

electron to the adsorbed oxygen molecule. Regions associated 

with structural defects and which have ionic configurations 

allowing adsorption that does not involve electron transfer from 

the I\li2+ ions are proposed as sites for fast reversible adsorption. 

Slow irreversible adsorption is proposed as taking place at I\li2+ 

ion sites with higher than average energies but below the fast 

irreversible adsorption sites. The sites have enough energy to 

activate the electron transfer process but they do it slowly. 

□xygen can be desorbed from nickel oxide in the pre-treatment. 

2— — 67 
Since Dacjs is less stable than 0a(_jg, it is more easily desorbed 

and a reverse incorporation process occurs. The extent of 

adsorption after pre-treatment is a function of the pre-treatment 

42 
temperature, and different pre-treatments can give different 

44 
initial thermoelectric power values. 
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The effect of carbon monoxide adsorption on nickel oxide is 

complex since CD not only adsorbs but reacts with excess oxygen 

70 71 73 73 
in the nickel oxide. ’ ’ Keier and Kutseva reported that 

at an adsorption coverage of 5 per cent of a monolayer an amount 

of CO equal to 25 per cent of the volume adsorbed reacted with the 

73 71 
nickel oxide excess oxygen to form CO^. Parravano, in 

studying the catalytic oxidation of CO on I\li0, observed that the 

reactions occurred in tuo steps. The first step mas characterized 

by rapid reaction and a decrease in catalytic activity due to 

CO reacting uith the [\liO surface oxygen to form CD,-,. COr, is 

strongly chemisorbed and inhibits CO oxidation at room temperature 

42 
requiring temperatures of 200°C to remove it. CD is adsorbed 

irreversibly ^ on 0.3-2.3 per cent of the reactive sites ^ 

but in general CO forms a weak bond in chemisorption and is the 

47 
rate determining step in CO oxidation reactions. 

Hydrogen reduces nickel oxide. -^0,47,68,72 Parravano ^ 

has shown that uith a hydrogen pressure of 470 torr, 50 per cent 

of bulk powder I\li0 at 200°C can be reduced in forty minutes. Thus 

to get adsorption data very low hydrogen pressures and temperatures 

must be used. Hydrogen adsorbs irreversibly, forms a 

68 
strong chemisorption bond, and reacts at 100°C with excess 

lattice oxygen, fit low pressures and temperatures over NiD the 

hydrogen oxidation rates are slower than those observed for CO. 
47 



27 

E. Magnesium Ferrite Background 

Magnesium ferrite has an inverse spinel structure and is 

an n-type semiconductor due to excess metal atoms present as 

66 75 76 78 82 
lattice defects. ’ ’ ’ ’ The general formula for a spinel 

is with two possible combinations for valencies: X = 2 and 

Y = 3 or X = 4 and Y = 2. For magnesium ferrite X=Mg=2 and 

Y=Fe=3. The unit cell consists of 32 oxygen atoms, 8 Mg^+ atoms 

and 16 Fe^+ atoms. The oxygen atoms are in approximately close 

packing. There are 96 interstices between the oxygen atoms of 

which 64 are tetrahedral and 32 are octahedral. Of these, 8 

tetrahedral and 16 octahedral positions are filled by cations so 

that a symmetrical lattice is produced. In normal spinels the 

8 tetrahedral interstices would be occupied by the X atoms and 

the 16 octahedrals sites by the Y atoms. For the inverse spinels, 

such as magnesium ferrite, the 8 tetrahedral interstices are filled 

by 8 of the Y atoms and the 16 octahedral sites are filled at 

75 
random by the remaining 8 X and 8 Y atoms. 

Magnesium ferrite has magnetic properties that cause it to 

be a popular material for use commercially in applications such 

75 83 89 
as computer memory cores. ’ ’ 

The initial color of the magnesium ferrite used in this 

study was a rather bright orange. When CO was allowed to adsorb, 

the color gradually became darker and eventually turned brown. 

A spherical shape for the magnesium ferrite particles was 

assumed to calculate their diameter. Using Equation 27 the 

average particle diameter was calculated to be 1900 A. 
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The conductivity of magnesium ferrite can depend upon oxygen 

pressure. Oxygen can be easily lost from the surface ’ ’ 

to increase the conductivity as was observed in the pre-treatments, 

and it can also be incorporated into the crystal lattice by 

combination with the excess metal atoms at the surface. The 

combination can diffuse into the bulk but probably does not do so 

76 
at the temperature used in this work. 



III. MATERIALS, APPARATUS AI\ID PROCEDURES 

A. Catalyst Material 

The nickel oxide powder used in this work was 'Baker 

2 
Analyzed' Reagent grade having a surface area of 5.95 m /gm. 

The lot analysis is given in Table 1 below. 

TABLE 1 

Assay ClMiO) 99.5 % 
Nitrogen Compounds (as l\I) 0.003% 
Chloride (Cl) 0.003% 
Sulfate (SO, ) 0.005% 
Lead (Pb) 0.001% 
Copper (Cu) 0.005% 
Cobalt (Co) 0.005% 
Iron (Fe) 0.004% 
Zinc (Zn) 0.005% 
Alkalides and Earths (as SO^) 0.13 % 

The magnesium ferrite used was obtained from Columbian 

2 
Carbon Company. The surface area of the powder was 7.1 m /gm. 

The phase composition was determined by x-ray diffraction, 

Mossbauer spectroscopy, and elemental analysis in previous work. 

The analysis is 90% MgFe^O^, 5% «c-Fe^O^ and 5% MgO. 

B. Oases Used 

The oxygen used was Ultra High Purity grade obtained from 

Matheson Company with a minimum purity of 99.96 per cent. The 

analysis is given in Table II. 
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TABLE II 

co2 1 ppm 

H20 3 ppm 

N2 5 ppm 

Ar 16 ppm 

Hr 8 ppm 

CH4 9.6 ppm 

The carbon monoxide used was from Liquid Carbonic Company. 

The minimum purity uas 99.9 per cent CO. 

The hydrogen used uas Matheson Ultra High Purity grade uith 

a minimum purity of 99.999 per cent. 

C. Pelletizing Procedures 

The pellets uere made by compressing the nickel oxide pauder 

to a pressure Qf 90,000 psi and the magnesium ferrite pouder to 

54,000 psi at room temperature. The pellets obtained uere 

cylinders approximately 1.8 cm in diameter and 1 mm thick. 

Betueen 1.0 and 1.3 gms. of pouder uere used to make the pellets. 

The magnesium ferrite made a pellet mechanically strong so less 

pouder and thinner pellets uere possible. Copper-constantan 

thermocouples 12 inches long and 0.005 inches in diameter from 

Omega Engineering uere embedded in the pellet during the 

compression. These thermocouples permitted temperature and 

conductivity measurements and supported the pellet in the reactor. 

2 
The pelletizing decreased the surface area from 5.95 to 5.31 m /gm 
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far the I\liO. This 11% reduction is consistent with comparable 

surface area reductions in work with ZnO and CuO in this 

laboratory."3* 

D. Vacuum System 

The mercury-free, glass uacuum system used for this work is 

shown schematically in Figure 7. The main manifold was evacuated 

with a Welch Duo-Seal Model 1402 mechanical, oil sealed vacuum 

pump. To prevent any oil vapors from diffusing into the manifold 

a liquid nitrogen trap was positioned at the pump suction connection. 

Pressures of order 10~^ torr were possible in this manifold. For 

lower pressures needed during the catalyst pre-treatment, a Varian 

Vac-Ion Model 911-0001 Pump, with Model 921-0011 Control Unit was 

available in a parallel manifold. Pressures of 10 to 10 torr 

were possilbe by using this manifold. Pressures were measured in 

the main manifold with a Texas Instruments Fused Quartz Precision 

Gage; a Bourdon tube type gage. Pressures in the Vac-Ion manifold 

could be measured from the output current of the Vac-Ion control 

unit in the range of 10 to 10 ^ torr. All glass stopcocks were 

lubricated with Apiezon grease l\l which has a vapor pressure of 

—B _g 
10~ to 10~ torr at room temperature. Ground joints of the 

reactor were sealed with Apiezon grease L which has a vapor 

pressure of 10 *** to ID ** torr at room temperature. The 

adsorbing gas was admitted into the system through.a manifold and 

always passed through a fritted nozzle and then past glass 

beads all which were immersed in a liquid nitrogen trap. 
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E. Reactor 

The reactor used is shown in Figure 8. The reactor was made 

of 28 mm I. D. tube approximately ID inches long with a 1 inch 

diameter Suprasil-II quartz window glassblown in the side wall 

about 2 inches from the bottom. The lower portion of the tube 

was quartz in order to install the quartz window, and was connected 

to the upper Pyrex portion with a graded glass seal. A cold 

finger was installed on the side. The pellets were suspended in 

the tube as shown in Figure 8 by the thermocouple wires which 

were insulated with 1.5 mm diameter Pyrex tubes. The 

thermocouple wires passed through 1 mm diameter holes in the sides 

of a Pyrex suspension assembly connected to the reactor with a 

greased 24/25 ground glass seal. The pellet was positioned so 

that it and the Suprasil II window would be in parallel vertical 

planes and centered with each other. The 1 mm holes through 

which the thermocouple wires passed were then sealed with Apiezon 

LJ wax to support the wires and to provide a vacuum seal. 

The pellets were heated using two heating tapes wrapped 

around the reactor tube. The first tape was wrapped around the 

tube such that it would cover the upper half of the pellet; the 

second tape covered the lower half. A single unit, Uheelco 

Model 410B controller governed by a thermocouple at the junction 

of the two heating tapes was used which permitted the current to 

each tape to be independently varied by a rheostat. 
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Temperature gradients could be generated across the pellet 

by varying the current to the individual tapes. In order to 

facilitate heat transfer and prevent any inductive effects, 

aluminum foil uas wrapped around the reactor between the reactor 

and tapes and grounded. 

F. Electrical Apparatus 

The thermocouple wires were fastened by a nylon quick- 

disconnect junction by Omega Engineering to regular copper- 

constantan thermocouple wire. This led to an ice-water bath in 

which the constantan leads were submerged in a sealed glass tube. 

From the ice-water bath, copper wire was run to a Leeds and 

Morthrup Type 31 rotary switch, wired to permit rapid reading of 

all the necessary measurements. Thermoelectric power voltages 

across the pellet and temperatures of the embedded thermocouples 

were measured with a Leeds and IMorthrup Model 8686 millivolt 

potentiometer. This potentiometer was sensitive to 0.001 millivolt 

changes. A Model B 221 Llayne-Kerr Universal Bridge measured the 

conductivity across the pellet. The accuracy of the measurements 

was _+ 0.1%. 

Two light sources were used. The first one was a Hacker 

Instruments Model MDC 201 mercury light source. Filters were 

O 

used to select the 3110 A light range required. The second source 

was a Bausch and Lomb Model SP 200 mercury light source with 

Model 33-86-01 monochromator. The intensity with both sources 

was periodically checked and was always greater than 

2 2 
8 milliwatts/cm t and with a new bulb could be as high as 50 mw/cm . 
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G. Pre-treatment of Pellets 

Both nickel oxide and magnesium ferrite were sensitive to the 

pre-treatment procedures so it was necessary to follou the same 

procedure to get reproducible data. Fresh pellets of IMiB were 

heated to 300-325°C and thoroughly evacuated with the 

mechanical pump. After this evacuation, which usually required 

one hour, the pellet was isolated and evacuated with the Vac-Ion 

manifold for 8 to 10 hours. If pre-treatments using higher 

temperatures or longer periods were employed, the pellet would 

slowly reduce as observed by a decrease in conductivity and a 

color change. (Two possible causes of this reduction are 1) 

desorption of the excess oxygen in the lattice or 2) reaction with 

stopcock grease vapors. See Theory Section for a more complete 

discussion. ) 

Fresh pellets of magnesium ferrite were heated to 39B to 

400°C and thoroughly evacuated with the mechanical pump. After 

this evacuation, the pellet was isolated and evacuated with the 

Vac-Ion manifold for 18-24 hours. The magnesium ferrite would 

also reduce with more severe pre-treatments but not nearly so 

rapidly as the IMiO. Evidence for reduction could also be 

observed by the increase in conductivity and the color change. 

H. Admission of Gases 

Before adding gas to the reactor the entire system was 

thoroughly evacuated and flushed with the gas if another gas or 

any air had been in the manifold. The gas manifold and main 
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manifold mere isolated from the vacuum pump and gas admitted into 

the gas manifold. In order foa? the gas to pass from the gas 

manifold to the isolated main manifold, it had to pass through a 

fritted nozzle and past glass beads which were all immersed in 

a liquid nitrogen trap. Once the gas was admitted into the main 

manifold, it was isolated from the gas manifold and the pressure 

was recorded. The reactor stopcock was opened and the new 

pressure of the combined reactor and isolated main manifold 

volume was recorded. After recording the new pressure, the 

reactor stopcock was closed and the gas and main manifold were 

evacuated. 

I. Electrical Measurements 

After a suitable temperature gradient and average temperature 

were at equilibrium in the pellet, the following electrical 

measurements were made: 

1. Measurement of the top temperature of the pellet. 

2. Measurement of the bottom temperature of the pellet. 

3. Measurement of the thermoelectric power voltages across 
the pellet using the copper thermocouple leads. 

k. Measurement of the conductivity across the pellet using 
the copper thermocouple leads. 

5. Measurement of the top and bottom temperatures of the 
pellet to assure no temperature changes. 

To make these measurements required three to four minutes. 

The Leeds and Northrup potentiometer was zeroed before each series 

of readings. The series of readings was sufficiently short so 

that zero drift of the potentiometer could be ignored. 
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Since the thermoelectric power, Q, values of the metals 

and alloys used in thermocouples could be relatively high, the 

choice of the thermocouple used in measuring thermoelectric power 

of the pellet was important. The metal-semiconductor-metal 

circuit used to measure the thermoelectric power voltage measured 

the thermoelectric power of that circuit, 0 which was comprised sc-m 

of 

Q = Q - 0 (29) 
sc-m ^sc Tn 

where the subscripts sc and m refer to semiconductor and metal 

respectively. In Figure 9 the thermoelectric power voltages 

of I\li0 with 0^ adsorbed are plotted versus the temperature 

differences of the thermocouples for measurements using bath the 

copper and constantan leads. The çu was 0.397 mv/°C and 

^I\liO-Constantan 11)33 ^*^0 mv/°C* The difference in the actual 

Q values measured using copper and constantan leads was 0.053 mv/aC 

which agrees with the thermocouple calibration at 200°C. The 

values for the absolute thermoelectric powers of copper and 

constantan are 0.003 mv/°C and -0.050 mv/°C respectively at 200°C. 

Using equation 29 = 0.397 + 0.003 = 0.400 mv/°C for the 

copper lead and Q^g = 0.450 - 0.050 = 0.400 mv/°C for the 

constantan lead. The agreement was exact within experimental 

error. 

Copper was chosen as the lead to measure the thermoelectric 

power voltages of the pellets since it has a low thermoelectric 

power as well as a low temperature coefficient for Q. Use of the 

copper leads enabled the measurements actually read to be very 
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PLOT OF COPPER AND CONSTANTAN THERMOELECTRIC POWERS 
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close to the absolute values for the catalyst. 

Copper and constantan thermocouples also have good 

5Ô 
resistance to both reducing and oxidizing atmosphere. 

J. Experimental Procedure 

To obtain one data point (consisting of measurements of 

thermoelectric power, Q; average conductivity,and average 

temperature, T) required that three or four points be taken with 

varying temperature gradients across the pellet while maintaining 

a constant average temperature. The typical procedure to obtain 

these points was tD start at a large +AT and the desired average 

temperature. The electrical measurements were read and recorded 

as outlined in the prior section. The current to the heating 

tapes was adjusted to give a smaller +AÎ while maintaining the 

same average temperature. Approximately 20 to 30 minutes was 

necessary to reach the new + AT and equilibrate. Again the 

electrical measurements were read and recorded. This procedure 

was repeated two more times for a small -AT and a large -AT. 

The thermoelectric power voltages measured were plotted vs AT as 

in Figure 9 to assure that they were on a straight line and no 

erroneous readings occurred. The Q value was then calculated. 

To prepare the catalyst pellet for the next gas adsorption 

data point a small increment of gas was admitted into the reactor. 

The next measurements were taken when equilibrium had been reached. 

This was indicated by constant conductivity readings which usually 

occurred three hours after gas adsorption. 
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After each new pellet mas formed, sealed in the reactor, 

and pre-treated, a series of vacuum data points at various 

temperatures, both higher and louer than the constant experimental 

temperature used in gas adsorption, uere taken. When these were 

completed, a vacuum point was taken at the experimental temperature 

as a reference point. The vacuum data points and vacuum reference 

points were taken using the same procedure as outlined above for 

the gas adsorption points. At three or four different AT's having 

a constant average temperature, the conductivities and 

thermoelectric power voltages were measured. From these the 

average conductivity and thermoelectric power were calculated. 

Gas was admitted into the reactor initially in very small increments. 

Each additional increment was larger. The gas pressure admitted 

was between □ to 700 torr. After the upper gas pressure was 

reached the catalyst was evacuated and pre-treated again for 

another gas adsorption. 

If dataware taken both with and without light shining on the 

surface, the measurements were taken with no light first and then 

at a similar AT with light. Twenty to thirty minutes were 

necessary for equilibration after light had been turned onto 

the surface. After the light measurement, a new AT was established 

and the procedure repeated at the new AT. 

K. Calculations 

From the plot of the thermoelectric power voltages versus 

their respective temperature gradients, the value of thermoelectric 

power, Q, was calculated as the slope of the resulting straight 
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line which passed through zero. Since the definition of the 

electron flow is opposite the convention of the electric 

57 
current flow, the sign of the measured voltages was opposite 

to the defined electron flow. This was corrected by changing the 

sign of the Q value calculated from the measured voltages or by 

changing the signs of the individual measured voltages. 

The slopes of the ln<rvs Q and the In O'vs 1/T plots were 

calculated using a least squares method. 

L. Safety 

The gas adsorption experiments required the use of explosive 

and poisonous gases. To prevent a buildup of explosive mixtures 

of gases in the laboratory, the vents from the vacuum pumps were 

piped into a fume hood. A fume hood was kept operating at all 

times which provided a constant flow of air through the 

laboratory. Smoking was prohibited in the laboratory and open 

flames were used only when necessary and in well ventilated areas 

only. These same precautions were followed with the poisonous CO 

gas. As a qualitative indication of the CO level in the 

laboratory, the activity of a parakeet positioned near the CO 

adsorption apparatus was regularly observed. 

All electrical equipment was thoroughly grounded and all 

electrical connections was soldered if possible and taped to 

provide a strong insulation. 
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IV. RESULTS 

A. Nickel oxide 

Nickel oxide data ulérfe taken at 200°C in order to provide 

conductivities that were sufficiently large to measure with both 

electron donating and electron accepting adsorption gases. 

QT versus T is platted for each pellet to determine if 

one current carrier predominates. The positive slopes shown in 

Figures 10A and 10B indicate that holes are the majority current 

carriers and that the electron contribution to conduction can be 

neglected. 

One of the assumptions in the model requires that In or versus 

1/T is linear in the experimental temperature region. This 

assumption is satisfied as shown inFigures 11A and 11B. From this 

plot the activation energy for an electron to go from the valence 

band to the acceptor level can also be calculated yielding a value 

of 1.1 ev. 

The xs values calculated from the In <r versus Q plots for 

oxygen adsorption are 0.044 and 0.037 for Figures 12 and 13 

respectively. The oxygen pressure range for these adsorptions was 

0 to 675 torr and both produced linear slopes. 3110§ light 

(corresponding to 4 ev) was radiated on the surface but no 

conclusive differences were detected between the irradiated and 

non-radiated data as shown in Figure 12. 

The carbon monoxide adsorption pressure range was limited to 

0 - 0.10 torr. Data could not be taken at higher pressures 

because it was not possible to measure the thermoelectric power 

accurately at the low conductivities. (Several different instruments 
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QT vs. T PLOT FOR NICKEL OXIDE PELLET A 

FIGURE 10A 
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In cr vs. 1/T PLOT FOR NICKEL OXIDE PELLET A 

FIGURE 11A 
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In cr us. 1/T PLOT FOR NICKEL OXIDE PELLET B 

FIGURE 11B 



48 

In o- vs. Q PLOT FOR OXYGEN ADSORPTION ON NICKEL OXIDE PELLET B 

FIGURE 12 
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In o- vs. Q PLOT FOR OXYGEN ADSORPTION ON NICKEL OXIDE PELLET B 

FIGURE 13 



5D 

were used but all were unsuccessful.) The slope of the In cr versus 

Q plot shown in Figure 14 is initially linear but it curves upward 

with increasing pressure. From the initial linear slope, an 

value of 0.0023 was calculated at a pressure of 0.032 torr. 

3110 A light was radiated on the surface but from the scatter in 

the limited number of data paints, it was not possible to tell if 

the difference caused by the irradiation was significant. 

The hydrogen adsorption pressure range was only from 0 to 

0.35 torr since the thermoelectric power at higher pressures could 

not be measured accurately. An xg value of 0.19 was calculated at 

0.25 torr from the linear slope of the In <r versus Q plot in 

Figure 15. 

The relative barrier potential for the carbon monoxide to 

oxygen (Figure 12) systems is 1.77; for hydrogen to oxygen (Figure 

12), 1.24; for carbon monoxide to hydrogen, 2.00; for carbon 

monoxide to oxygen (Figure 13), 1.96; and for hydrogen to oxygen 

(Figure 13),1.37. 

B. Magnesium ferrite 

The negative slope of the QT versus T plot shown in Figure 16 

indicates that electrons are the majority current carriersand that 

holes can be assumed as a negligible conductivity source. The 

In <r versus 1/T plot shown in Figure 17 is linear both above and 

below the 320°C experimental temperature, satisfying an essential 

assumption in the model. From its slope an activation evergy for 

an electron to be promoted from a donor level to the conduction 

band was calculated as 0.49 ev. 
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lnq- vs. Q PLOT FOR CARBON MONOXIDE ADSORPTION ON 
NICKEL OXIDE PELLET B 

FIGURE 14 
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In <r vs. Q PLOT FOR HYDROGEN ADSORPTION ON NICKEL OXIDE PELLET A 

FIGURE 15 
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In <r vs. 1/T PLOT FDR MAGNESIUM FERRITE 

FIGURE 17 
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Magnesium ferrite data were taken at 320°C in order to provide 

measurable conductivities during both electron donating and accepting 

gas adsorptions and to duplicate the temperature used in the 

oxidative dehydrogenation reaction of butenes to butadienes in 

. 56 
previous work. 

Figure lfl contains a plot of In cr versus Q for the oxygen 

adsorption in which oxygen was both adsorbed (depicted by open 

circles) and desorbed (depicted by half-filled circles). For 

equal conductivities the desorbed points were obtained with a 

much lower oxygen pressure than were required for the adsorbed 

points. The desorption plot is thus shifted to the left and 

down. The pressure range was limited to 0 - 0.33 torr since 

at higher pressures accurate thermoelectric power measurements 

could not be made. (A Leeds and IMorthrup Model 8686 potentiometer, 

a Cary 31V electrometer, and a Cary Model 411 electrometer were 

all used unsuccessfully.) Both the adsorption and desorption 

slopes produced meaningless values of xs greater than unity, even 

though both slopes were linear. 

In the In versus Q frlot for carbon monoxide adsorption 

shown in Figure 19, the pressure ranges from □ to 350 torr. From 

the linear slope an x value of 0.0065 was calculated at 0.25 torr. 
s 

The relative barrier potential for the carbon monoxide to 

oxygen systems could not be calculated since the f values for the 

oxygen adsorption were unreasonable. 
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In <r vs. Q PLOT FOR OXYGEN ADSORPTION AND DESORPTION ON 
MAGNESIUM FERRITE 

FIGURE 18 



57 

In cr vs. Q PLOT FOR CARBON MONOXIDE ADSORPTION ON MAGNESIUM FERRITE 

FIGURE 19 
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TABLE 3 

Results 

Material 
Adsorbing 

qas f X 

Pressure of 
calculation 

Ctorr) 

I\li0 
°2 1.58 

—s 

0.044 0.25 

I\!i0 
°2 1.45 0.037 0.25 

IMiO CO 2.80 0.0023 0.032 

NiO H2 
2.21 0.19 0.25 

MgFe204 °2 -0.28 >1 0.25 

MgFe204 CO 0.62 0.0065* 0.25 

♦Starting with first positive slope data. 

Relative barrier Potentials 

UCD/V02(Fig. 12) 

UH2
/U02(Fig. 12) 

V
CO

/U
H2 

UCQ/U02(Fig. 13) 

UH2
/U02(Fig. 13) 

1.77 

1.24 

2.00 

1.96 

1.37 
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TABLE 4 

Data for Figures IDA and 11A 

Pressure Average Temperature Q Conductivity * 

(Torr) (°C) (mv/°C) C pi mho) 

Vacuum 271.45 0.5347 734.3 
Vacuum 222.90 0.5471 252.2 

Vacuum 197.14 0.5622 124.1 
Vacuum 171.74 0.5750 56.12 

Vacuum 149.34 0.5854 26.10 

Vacuum 121.66 0.6020 9.061 

TABLE 5 

Data for Figures 10B and 11B 

Pressure 
(Torr) 

Average Temperature 
(°C) 

Q 
(mv/°C) 

Conductivity * 
( jJkmho) 

Vacuum 294.49 0.5777 1002.2 
Vacuum 261.94 0.5939 571.5 
Vacuum 238.32 0.6174 333.4 
Vacuum 206.93 0.6432 146.3 
Vacuum 118.27 0.7308 6.646 
Vacuum 159.19 0.6823 31.28 
Vacuum 219.80 0.6270 192.6 

TABLE 6 

Data for Figure 15 

H„ Pressure 
(Torr) 

Average Temperature 
(°C) 

Q 
(mv/°C) 

Conductivity * 
( jJLmho) 

Vacuum 200.00 0.5609 136.4 
0.023 199.35 0.6504 82.59 
0.115 200.88 0.6222 133.0 
0.236 199.56 0.8216 7.255 
0.352 200.23 0.8903 3.082 
0.200 ** 200.72 0.9037 2.702 
0.011 ** 200.47 0.9289 1.674 

** Hydrogen removed. 
* The thermocouple beads were buried in the pellet in order to 

avoid heat effects while the light was shining on the surface. 
Their separation could not be measured so the conductivities 
represent the measured values with no correction for separation. 
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TABLE 7 

Data for Figure 13 

Dr, Pressure 
(Torr) 

Average Temperature 
C°C) 

Q 
(mv/°C) 

Conductivity 
(yjnho) 

Vacuum 200.61 0.6261 114.5 
0.131 200.12 0.6106 172.8 
0.209 200.30 0.5565 217.6 
0.310 200.17 0.5492 227.4 
0.585 199.92 0.5321 245.2 
0.957 200.30 0.5264 253.0 
1.544 200.37 0.5139 268.6 
2.477 200.27 0.5083 275.0 
3.980 200.03 0.5048 275.0 
6.577 200.43 0.5039 280.9 
9.697 200.16 0.5024 283.6 
19.71 200.37 0.4976 292.8 
25.66 200.26 0.5019 293.6 
40.03 200.01 0.4958 297.1 
74.55 199.91 0.4920 303.0 
120.7 200.16 0.4936 308.2 
174.3 200.08 0.4896 312.8 
292.6 200.52 0.4899 321.8 
449.6 200.21 0.4826 323.5 
647.2 200.00 0.4697 338.6 

TABLE 8 

Data for Figure 14 

00 Pressure 
(Torr) 

Average Temperature 
(°C) 

Q 
(mv/°C) 

Conductivity 
(jxmha) 

Vacuum 200.37 0.6341 103.6 
0.008 200.26 0.6083 94.00 
light on 199.99 0.6160 92.46 
0.016 200.35 0.6063 90.73 
0.032 200.08 0.6079 90.64 
light on 200.20 0.6071 91.80 
0.064 200.58 0.6344 50.14 
light on 200.19 0.6355 49.05 
0.096 200.12 0.6620 30.07 
light on 200.40 0.6570 30.14 
0.129 200.39 0.8528 2.215 
light on 200.25 0.8428 2.108 
0.105 200.29 0.8643 1.888 
light on 200.45 0.8562 1.837 

* See footnote in Tables 4-6 
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TABLE 9 

Data for’Figure 12 

0„ Pressure Average Temperature Q Conductivity 
(Torr) (°C) (mv/°C) (p.mho) 

Vacuum 200.08 0.6336 136.4 
0.084 200.36 0.6064 168.4 
light on 200.06 0.6101 165.8 
0.113 200.24 0.5848 205.2 
light on 200.60 0.5803 206.2 
0.154 200.12 0.5619 221.2 
light on 200.21 0.5571 223.8 
0.213 200.64 0.5571 233.3 
light an 200.30 0.5557 230.4 
0.293 200.29 0.5425 239.4 
light □n 200.16 0.5494 240.4 
0.364 200.08 0.5439 247.2 
light an 200.62 0.5425 250.6 
0.563 200.29 0.5351 263.0 
light on 199.66 0.5366 259.4 
1.331 200.39 0.5215 281.4 
light an 200.44 0.5256 282.2 
1.757 200.36 0.5126 286.1 
light on 200.26 0.5131 284.4 
2.324 200.21 0.5178 287.9 
light on 200.45 0.5207 289.9 
2.975 200.41 0.5154 290.8 
light on 200.32 0.5179 289.7 
3.500 200.37 0.5191 293.6 
light on 200.18 0.5165 292.2 
4.877 200.12 0.5145 294.4 
light on 200.42 0.5192 296.4 
45.78 200.18 0.5101 309.8 
light an 200.10 0.5089 308.7 
105.4 200.02 0.5105 313.2 
light on 199.90 0.5094 313.6 
193.4 200.55 0.5088 324.0 
light on 200.46 0.5014 322.4 
369.4 200.95 0.5058 326.2 
light Dn 200.56 0.5039 331.2 
671.5 199.66 0.5083 330.5 
light on 200.38 0.5048 336.8 

* The thermocouple beads mere buried in the pellet in order to 
avoid heat effects while the light was shining on the surface. 
Their separation could not be measured so the conductivities 
represent the measured values with no correction for separation. 
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TABLE 10 

Data for Figures 16 and 17 

Pressure Average Temperature Q Conductivity 

(Torr) (°C) (mv/°C) (JJL mho/cm) 

Vacuum 394.79 -0.3189 344.6 

Vacuum 37B.52 -0.3010 315.0 

Vacuum 337.5B -0.2969 230.5 

Vacuum 291.80 -0.2955 159.8 
Vacuum 256.84 -0.2674 115.9 
Vacuum 208.40 -0.2545 70.95 
Vacuum 179.18 -0.2447 50.37 
Vacuum 131.14 -0.2305 26.65 
Vacuum 77.78 -0.2178 11.21 

Vacuum 43.47 -0.2036 5.718 

TABLE 11 

Data for Figure 18 

□p Pressure Average Temperature Q Conductivity 
(Torr) (°C) (mv/°C) (p-mho/cm) 

Vacuum 320.05 -0.1952 93.85 
0.020 320.09 -0.1858 83.94 
0.090 319.39 -0.2070 68.87 
0.145 320.30 -0.2471 48.80 
0.229 320.18 -0.2999 33.07 
0.257 320.04 -0.3976 15.24 
0.265 319.94 -0.4820 6.125 
0.273 320.52 -0.6152 2.125 
0.330 319.51 -0.6416 1.610 

0„ addition stopped and desorbed incremently 
0.273 320.71 -0.6341 1.628 
0.189 319.90 -0.5791 5.737 
0.189 320.16 -0.6140 4.738 
0.129 320.20 -0.5454 8.806 
0.125 320.61 -0.5347 9.725 
0.109 320.74 -0.5138 11.75 
0.088 320.48 -0.4803 16.60 
0.080 320.54 -0.4603 18.12 
0.080 319.68 -0.4364 22.75 
0.080 319.96 -0.4306 24.44 
0.068 320.39 -0.4216 26.55 
-0- 320.97 -0.4041 32.96 
-0- 320.72 -0.3948 37.96 
-0- 319.90 -0.3733 50.38 
-0- 320.44 -0.3543 60.21 
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TABLE 12 

Data for Figure 19 

CG Pressure Average Temperature Q Conductivity 
(Torr) (°C) (mv/°C) ( jx-mho/cm) 

Vacuum 320.30 -0.2805 76.01 
0.012 320.58 -0.2879 84.59 
0.016 319.84 -D.2916 89.38 
0.044 320.25 -0.3030 105.0 
0.322 319.71 -0.3208 136.2 
0.402 320.08 -0.3149 155.8 
0.507 320.49 -0.3084 168.1 
0.225 320.04 -0.3065 182.9 
0.800 320.60 -0.3022 200.2 
0.917 320.33 -0.2924 213.7 
1.053 320.74 -0.2972 230.5 
1.214 319.84 -0.2849 241.2 
1.410 320.08 -0.2820 252.2 
0.635 320.13 -0.2747 284.2 
0.800 319.90 -0.2755 321.3 
3.120 320.18 -0.2687 328.5 
4.112 320.16 -0.2620 379.3 
6.175 320.18 -0.2289 628.0 
7.180 319.78 -0.2372 740.8 
8.008 320.40 -0.2068 879.5 
2.444 320.06 -0.2D54 1292. 
10.42 320.36 -0.1963 1400. 
10.78 320.37 -0.1889 1542. 
11.07 320.00 -0.1809 1873. 
4.615 320.71 -0.1610 2527. 
5.693 320.16 -0.1523 3464. 
7.148 320.14 -0.1509 3976. 
13.32 320.06 -0.1350 4872. 
37.80 320.53 -0.1295 6532. 
57.64 319.98 -0.1300 6904. 
92.37 319.86 -0.1231 7345. 
151.1 320.04 -0.1239 7614. 
262.6 319.71 -0.1188 7904. 
349.1 320.24 -0.1195 8319. 
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V. DISCUSSION OF RESULTS 

ft. Nickel Oxide 

The jump from the vacuum point to the straight line which 

the oxygen adsorption points follow in Figure 13 is thought to 

be due to a slight reduction in the catalyst from the stopcock 

47 
grease vapors. (Dry and Stone reported similar results which 

they eliminated with a liquid nitrogen trap.) In Figure 12 

reduction did not occur since the exposure time was too short 

(about 12 hours) for the grease vapors to reduce the catalyst 

surface, whereas in the former cases there were several days 

during which the grease vapors could reduce the surface. 

The darkened circles in Figure 12 represent data paints 

taken with 3110 Â light (corresponding to the 4 electron volt 

band gap reported for nickel oxide) shining on the catalyst 

surface, fts can be seen, this light did not cause an increase 

in conductivity due to the excitation of electrons across the 

bandgap. The reasons for this are complicated by the lack of 

current understanding of the nickel oxide band energy levels. 

If the excitation of the electron goes from the valence band to 

localized sites, the holes created may not be in sufficient 

quantity to show any appreciable effect. If the excited 

electron goes into a band where it can be mobile, it will likely 

recombine with the holes to cancel its effect on the conductivity. 

The vertical jump from the vacuum point to the first carbon 

monoxide point in Figure 14 is believed due to two factors. 

Initially the CO reacts with the surface oxygen to form carbon 
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dioxide which is strongly adsorbed and thus not immediately 

trapped in the liquid nitrogen finger. Carbon dioxide 

adsorption should cause the conductivity-'to increase and the Q 

value to decrease. However, the loss of oxygen in nickel oxide 

causes a rapid decrease in conductivity. The combination is 

that the carbon dioxide change in Q value and the decrease in 

conductivity due to an oxygen loss predominate to exhibit the 

observed effect. 

Once again the lateral jump in Figure 15 from the vacuum 

point to the straight line formed by the hydrogen points is 

believed to be caused by the combination of a loss of surface 

oxygen and adsorption of the reaction product, water. 

The x0 values calculated agree with the expected results. 

Oxygen adsorption on a p-type semiconductor such as nickel oxide 

is cumulative adsorption. When oxygen extracts electrons, 

the charge imbalance created can disperse easily in the semi¬ 

conductor and prevent the formation of a space charge layer. 

The x values for oxygen adsorption are small which does indeed 

indicate that the electronic inhomogenity at the surface is 

slight. Theoretically xg should be zero but as mentioned earlier 

nickel oxide does not obey the space charge layer theory 

exactly. -|-(nus deviation corresponds to the 

observed deviation of nickel oxide from the space charge layer 

theory. This latter deviation prevents the complete dispersion 

of the charge imbalance and permits a small space charge layer 

to farm 
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Hydrogen adsorption on nickel oxide is depletive adsorption. 

UJhen hydrogen donates an electron, the charge imbalance created 

can not disperse easily and a space charge layer is formed. The 

x value for hydrogen adsorption is relatively large which does 
5 

indicate that there is significant electronic inhomogenity at 

the surface. Thus there is agreement between the observed and 

predicted results. 

Carbon monoxide adsorption on nickel oxide is depletive 

adsorption. Results similar to those for hydrogen adsorption 

are predicted. However, the experimental limitations 

encountered prevented thermoelectric power measurements at 

0.25 torr. Since the other xg values correspond to this 

pressure, a comparison between them and carbon monoxide can not 

be made. Thus no conclusive results can be drawn on the 

compatibility of the predicted and observed results. 

B. Magnesium Ferrite 

Measurements in Figure 18 were taken during oxygen adsorption 

as well as during desorption. (The shift in the plots is believed 

due to irreversible oxygen adsorption.) xg values calculated 

from the slopes are meaningless since they are greater than unity. 

Perhaps this observation can be explained by the fact that 

magnesium ferrite is an n-type semiconductor due to its excess 

79 
metal content. It has a very IDW conductivity so this excess 

metal content must be small, and as a result, a critical property 

of the material. Any action that alters this content will 
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undoubtedly change the conductivity. When oxygen is adsorbed 

on the magnesium ferrite, it can incorporate with this excess 

metal content to rapidly reduce the conductivity. This rapid 

reduction, when coupled with the fact that there are initially 

relatively feu electron charge carriers, could make the 

assumption of one charge carrier invalid. This uould explain 

the xs value greater than unity. 

Another passible cause for the meaningless xg value could 

be a conductivity pressure dependence. In order to determine 

pressure effects on conductivity lno-vs In P is usually plotted. 

The slope should be 1/4 or 1/6 at high temperature depending 

2- 
upon uhether the oxygen species being adsorbed is 0 or 0 

29 30 48 53 54 74 
and should increase at louer temperatures. ’ ’ ’ ’ ’ 

The pressure to be plotted is the equilibrium pressure after 

adsorption. The apparatus and procedure did not permit 

measuring this pressure so this plot could not be made. 

Qualitatively, houever, it is very unlikely that the observed 

linear slope uould result if there uere a conductivity pressure 

dependence. 

The results for the CO adsorption are shoun in Figure 19. 

Although the initial lou pressure behavior is unusual, after the 

pressure has been increased to above 0.3 torr, the expected 

linear relationship occurs. The initial irregularities are 

probably due to a combination'of several factors. The initial 

CO reacts uith the surface oxygen to form strongly adsorbed 

CO^j uhich at first controls the Q values. Houever, the loss 

of oxygen increases the conductivity greatly and even overrides 
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the opposite effect the adsorbed CO^, has on the conductivity. 

A value of x equal to □.0065 can be calculated for the CQ 
s 

adsorption at 0.25 torr. Since CO donates electrons, the holes 

can be neglected (They could not be for the electron-accepting 

oxygen adsorption.) and the reasonable value is expected. The 

In crvs Q plot supports the low electron concentration asserted in 

explaining the oxygen adsorption deviation. The conductivity 

varies over a very wide range indicating that the CO donation Df 

electrons has an appreciable effect upon the number of charge 

carriers. If the variation of the ln<rterm is compared for oxygen 

adsorption on nickel oxide in Figure 12 and CO adsorption on 

magnesium ferrite, it is seen that for essentially the same 

pressures, the lncrterm varies more than 5 times more for 

magnesium ferrite than for NiO. 

The xg value calculated for CO adsorption on magnesium ferrite 

agrees with the expected result. Carbon monoxide adsorption on 

an n-type semiconductor such as magnesium ferrite is cumulative 

adsorption. The electrons donated during CO adsorption can 

disperse easily in the semiconductor and prevent the formation 

of a space charge layer. The x value for CO adsorption is 
s 

very small which does indicate that the electronic inhomogera.ty 

at the surface is almost negligible. The value agrees within 

experimental error with the theoretical prediction of zero. 

Oxygen adsorption on magnesium ferrite is depletive adsorption. 

The holes created due to electrons extraction during oxygen 

adsorption can not disperse easily in the semiconductor so a 
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space charge layer should be formed. However, xs values could 

not be calculated to verify this prediction since during adsorption 

one of the essential assumptions of the theory was violated which 

negated the model. 

C. Summary 

The basic abjective of this work was to determine if 

conductivity and thermoelectric power measurements obtained during 

gas adsorption can be used to characterize semiconducting catalysts. 

The model was tested for two semiconducting catalysts and the 

results indicated that the predicted behavior occurred in most 

cases and yielded reasonable values of the characterization 

parameter, x . Deviations from the predicted behavior results 
s 

in unreasonable values of x (x greater than 1.0) and were 
s s 

attributed to violations of the necessary assumptions of the 

theory. For all three adsorptions on nickel oxide reasonable 

values of x were calculated from the model. However, one 
s 

reasonable and one meaningless value were calculated for the two 

adsorptions on magnesium ferrite. In all cases where the theory 

appears to apply, the small x values indicate that the electrical 

properties in only a small fraction of the catalyst's outermost 

volume are perturbed by the adsorption. 

D. Suggestions for Future Work 

A number of changes can be made to improve the results. 
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An instrument that can measure potential differences at very high 

resistances is almost essential for future work. This would 

expand the pressure ranges that can be investigated for adsorption 

Df hydrogen and carbon monoxide on nickel oxide and oxygen an 

magnesium ferrite. 

The apparatus should be modified so that the pressure in 

the reactor can be monitored constantly. The equilibrium pressure 

can then be determined to investigate the conductivity pressure 

dependence and to calculate the amount of gas adsorbed. 

The thermal gradient across the pellet should be investigated 

to assure that it is linear. This assumption is essential in 

the theory and should be verified. 

For systems in which reactions are thought to occur, a means 

to detect the reaction product would confirm their existance and 

give a quantitative amount. This value could then be used to 

calculate the change in conductivity due to reaction. 

It would be interesting to detect the surface species by 

some spectroscopic technique such as IR or ESR. 
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APPENDIX A: SURFACE AREA MEASUREMENTS 

Surface area measurements were made on nickel oxide before 

and after pelletizing the powder. Two samples of powder were 

The average of the two powder tests was used to calculate the 

11 per cent decrease in surface area. 

The surface areas were calculated from BET theory of 

nitrogen adsorption at liquid nitrogen temperatures. A constant 

flow of nitrogen was admitted into a closed system. A blank 

temperature run and then a liquid nitrogen run with a sample 

were made. From the difference in pressure at equal times the 

volume adsorbed was calculated. The moles adsorbed per gram of 

catalyst vs. relative pressure were plotted. The moles adsorbed 

at a relative pressure of G.1D were taken as Dne monolayer and 

from this the surface area was calculated. 

2 
tested which gave surface area values of 5.9U m /gm and 

2 2 
6.DO m /gm. The surface area of the pellets was 5.31 m /gm. 
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APPENDIX B: PARTICLE SIZE DETERMINATION 

If the particles are assumed to be spheres of diameter d, 

the following volume to surface ratio exists: 

.Jl 
S 
P 

4 
3 
4 

A3 

A2 KZJ 

d 
6 

NICKEL OXIDE 

2 
Pellet surface area = 5.31 m /gm 

Pellet density = 6.67 gms/cm3 

d = 1694 A = 1700 A 

MAGNESIUM FERRITE 

2 
Pellet surface area = 7.1 m /gm 

Pellet density = 4.52 gms/cm3 

d = 1870 Æ = 1900 A 
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APPENDIX C: DERIVATION OF MODEL 

The model tested in this work was derived by U. R. Murphy, 

T. F. Veerkamp and T. Id. Leland and will be published soon. 

The derivation given here is directly from that paper but does 

condense and omit some explanations. For a more detailed 

derivation, the reader is referred to the original article. 

Idorking with catalyst powders requires an analysis to account 

for both bulk and surface regions for the powder particles. The 

thermoelectric power measurement in this characterization model 

lends itself to this analysis by enabling a thermodynamic analysis 

to be used to simplify the complex electronic analysis which is 

normally used. This analysis will be performed in both the bulk 

and surface regions and then combined to give the overall 

behavior of the heterogeneous powders. 

If a potential difference is applied across a pellet, the 

conduction through the pellet can be considered as many separate 

paths of the bulk and surface particle regions in series. 

Consider along any one of these conducting paths, a small length 

dLg which lies entirely in one of the bulk regions and is small 

enough to have a uniform electro-chemical potential and a uniform 

temperature. If these conditions are satisfied, an electro¬ 

chemical equilibrium is assumed to exist within this length. 

For the charge carriers this differential section may be 

considered as a constant volume equilibrium stage. In an n-type 

material in which a temperature gradient is created across the 
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pellet, a one-dimensional flow of conduction electrons will 

flow across the stage until the electron concentration gradient 

and resultant electrical potential gradient opposes all further 

electron flow. The steady state condition which then exists 

can be described analytically by a conduction electron balance 

on the differential section. If dn^ conduction electrons enter 

the stage, an additional dne conduction electrons within the 

stage are produced while establishing electronic equilibrium 

with energy states below the conduction band, dn may be positive 

if there is a gain from donor levels or negative if there are 

losses to acceptor levels. For steady flow dn2 = dn^ + dng 

electrons must leave the stage for a net change of 

dng = dn2 - dn1 (1) 

The internal energy change in this bulk region stage due to 

the conduction electron flow is 

dll = dUe + U2 dn2 - dn1 (2) 

where dU is the stage's internal energy change caused by the 

dng conduction electron population change, U2 is the internal 

energy of each of the dn2 electrons leaving the stage, and IT^ 

is the internal energy of each of the dn^ electrons entering the 

stage. But for a differentially small stage with uniform 

properties : 
(3) 
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If we assume that the temperature and concentration of 

conduction electrons is high enough to neglect the difference 

between Maxwell-Boltzmann and Fermi-Dirac statistics, then we 

can say that the electron flow and its interaction with the 

solid lattice does not disrupt a Maxwell-Boltzmann distribution 

for the conduction electron velocities. Using this and 

equation 3 

U2 = Ux = 1/2 kT (4) 

due to classical translational motion of Maxwell-Boltzmann 

particles in one direction. (Certain typesof interactions 

between the flowing electrons and the solid lattice do disrupt 

the Maxwell-Boltzmann distribution but these do not affect the 

application here.) 

Using equations 1 and 4,writing dU in terms of the 

conduction electrons thermodynamic properties within the state 

yields : 

dU = TdS + f dn + 1/2 kT dn (5) 
e e 

where S is the entropy and f is the electro-chemical potential 

of the conduction electrons in the stage. Since equation 5 applies 

only to the bulk region and it is a first degree homogeneous 

function of extensive properties with all coefficients uniform 

and single-valued in the stage, Euler's theorem can be applied 

to give the absolute value: 
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U = TS + f n + 1/2 kT n 
e e 

(6) 

Differentiating this equation produces an equation analogous tD 

the classical Gibbs-Duhem equation for solutions: 

S dT df n £ dT = □ 
e 2 

(7) 

which when divided by l\l gives 
6 

ÏÏ dT + df + -| dT = □ (8) 

where S is the entropy per conduction electron. 

Let us now examine the condition for equilibrium between the 

conduction electrons and those in lower energy states. For 

Maxwell-Boltzmann statistics the equilibrium density, n , of 

conduction electrons is 

In n = In 
e c f - E 

c 
kT 

(9) 

where Ec is the energy at the bottom of the conduction band. The 

effective electron mass, me, is constant within the stage. Since 

the stage is homogeneous, E is uniform in it but it varies 

significantly throughout the entire heterogeneous material. The 

electron energy E is determined by the total EMF acting on the 
c 

electrons and varies in proportion to it according to the 

relationship. 

E = e E + constant (ID) 
c e 
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where e is the electronic charge and Eg, the electrical potential 

of the conduction band electrons defined as in electrochemical 

cells. 

Eliminating E in equation 9 with equation ID, solving for f 
c 

and differentiating gives 

df = kT(l/n ) dn - S dï + e dE (11) e G e B 

in which the fact that 

(- 9 T/n,E 
= -S (12) 

has been used. Equation 11 may now be used to eliminate df in 

equation 8 to yield 

(13) 

Equation 13 can be regarded as the thermodynamic criterion for 

(kT din n + e dE + k/2 dT) = □ 
e e 

permissible variations in T, E , and n which will maintain steady 
6 6 

flow and homogeneous conditions in any small region of an n-type 

semiconductor. Rearranging equation 13 gives 

dE. 

Q = (1/2 + T 
din n 

-) (14) 
dT e dT 

where Q is the thermoelectric power or Seebeck coefficient of the 

homogeneous region. 

Using a completely analogous analysis for holes in the 

valence band in a homogeneous region yields 

(15) 

where E^ is the electrical potential of a valence band hole. The 

corresponding Q value in a homogeneous region of a p-type semi¬ 

conductor is 

(kT din n. + e dE. + k/2 dT) = 0 
h h 

Q = 
k dln nh 

+ £ (l/2 ♦ T -g^) (16) 
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ELECTRICAL CONDUCTIVITY 

N-type conductivity may be expressed as 

<rB ■= vr-a 
where JJC is the electron mobility typically represented 

Mr = aT 
-3/2 

(17) 

as 

(18) 

Substituting equations 18 and 9 into the logarithum of each side 

of 17 gives 

In <r = ln^ea^-rrm k/h^)'^) + (f-E )/kT (19) 
e c 

Linearity of In <r with 1/T implies that (f-E ) is relatively 
CJ 

independent of T. If equation 9 is differentiated assuming that 

(f-E ) is approximately constant over small temperature changes, 
c 

the result is 

T din n 
 -n^-5, = 3/2 - (f-E )/kT (20) 
dT c 

Using equation 20 to eliminate (f-E )/kT in 19 and replacing 
c 

T din n 
 -T?  with -(1/2 + e/kQ) from equation 14 gives for an 

n-type material, 

In cr = (e/k) Q + 2 + ln(2ea(2irm k/h^)^^) (21) 
6 

Using the same analysis for a p-type material with In 0“ linear in 

1/T produces 

In (T = (e/k) (-Q) + 2 + ln(2ea ' (2iTm^k/h^)^^^) (22) 

where m^ is the effective mass of a hole. The value of Q for an 

n-type material is negative; for a p-type material positive. 

Plotting In <r versus Q will produce a straight line with a slope 

of absolute value e/k far any homogeneous semiconductor at any 

temperature in the range where In <r is linear in 1/T and minority 

carriers can be neglected. 
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For a semiconductor with both electrons and holes as charge 

carriers the relation is much more complicated. The observed EMF 

difference between the hot and cold ends of the sample cannot be 

simply related to the separate thermoelectric power contributions 

of the holes and electrons but requires the knowledge of the 

relative mobilities of electrons and holes in the material. The 

model developed here requires that minority carriers can be 

neglected and the entire current may always be considered either 

electrons or holes. 

Since the analysis leading to equations 21 and 22 can be 

applied to any homogeneous region meeting the assumptions, it can 

be applied separately to both surface and bulk regions along the 

conducting path. The n-type bulk region equation is 

In crn = (e/k) QD + 2 + ln(2ea(2irm k/h
2)3/^2) (23) 

and the n-type surface region equation is 

In cr = (e/k) Q + 2 + ln(2ea(2trm k/h2)3^2) (24) 
s s e 

Equations 23 and 24 assume that the moblility coefficient and 

effective mass me are the same in the surface and bulk regions. 

For convenience during the remainder of the derivation let 

H = 2 + ln(2ea(2rtmBk/h
2)3/2) (24a) 

To combine these equations an expression for the overall 

thermoelectric coefficient measured in the heterogeneous material, 

one utilizes that the linear temperature gradient across the pellet 

is defined as 

(25) 

where X is the linear distance along the conducting path and c 



BD 

is a constant, fis shown by experiment, the thermoelectric power 

is linear and independent of the applied temperature gradient 

magnitude as long as it is small. Utilizing this 

dE 
Q = -rr 

dT 

i dE _1  o 
c dX 

(26) 

The subscript o indicates the overall experimentally measured 

value. It is assumed that this linear behavior applies in the 

bulk and in the surface regions as well as in the overall measured 

values, so that 

dE 

QB = FT 
B 1 dEB 

c dX 

dEc 
Q = -rr 
s dT 

B 

i dE _1  s 
c dX 

(27) 

(2B) 

where dE„ is the potential change along a path length dX0 through 
LJ LJ 

the bulk region and dE and dX are corresponding quantities in 
s s 

the surface region. 

Equations 23 and 24 can now be rearranged by means of 

Equations 25, 27, and 2B to give for an n-type material 

(In CTg) c dXQ = (e/k) dEQ + cK dXg (29) 

and 

(In cr ) c dX = (e/k) dE + cK dX (30) 
s s s s 

Integrations of equations 29 and 30 over the entire path 

length AL can be done if one assumes average conductivities in 

the bulk and surface regions between the two temperatures. 

Ordinarily the conductivity does not vary significantly over the 

small AT used in the thermoelectric power measurement. If it does 

vary and obeys a linear In cr versus 1/T relationship, it can be 
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shown that the proper average conductivity is the one evaluated 

at an average temperature defined 

Tavg " J1 - 1/2 (T2-T1> 
(31) 

for small values of (T^-T.^). These average values are indicated 

by ô=B in the bulk and 5^ in the surface regions. Integrating 

Equations 29 and 30 and adding the results give 

C(ALD In <F0 +AL In 5s ) = (e/k) AE + cKAL (32) 
Buss o 

UsingAEo = cQ^L and dividing by CAL gives 

xD In o=n + x In f = (e/k)Q + H (33) 
D D S S □ 

where x^ and xg are the fractions of the total path length 

composed of bulk and surface regions. 

If one now uses the expression for the average overall 

conductivity of conductors in series the result is 

In <r = In <rp - ln(x + x (ôi/<f )) (34) 

Expanding equation 34 in a Taylor series to second order about 

the homogeneous result or
s = = (T gives 

      2 
In cr = xp In ff + xn In <r - (x xp/2)(ln r) + • • • (35) 

o B g s s s B 

where 

r = = exp((e/k)(Qs-QB)) = exp((e/k)(QQ-QB)/Xs) (36) 

(K in equations 23 and 24 is assumed equal.) 

Substituting equation 35 into 33 gives 

In <F = ( e/k -(e/k)2((l-x )/x )(Q -QP)
2/2Q )Q + K (37) 

O S S O □ O Q 

for an n-type semiconductor and 

In <ro = (-e/k + (e/k)
2((l-xs)/xs)(Qo-QB)

2/2Qo)QQ + K (38) 

for a p-type semiconductor. 
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For small values of x , Q0 = Q since the small band 
s B vac 

bending due to phase termination at no adsorption is negligible 

to the first order. Salving for small x values and replacing 
b 

QQ with Q 
D vac5 

(e/k)201o- q^)
2 

Xs ' Ce/IO2^- Q^)2 - 2Q0(e/k)fn 

for n-type semiconductors and 

(39) 

(E/k)2(Q0- Q^)
2 

^ = -     - —   - - • 

s (e/k)2(Q -Q )2 + 2Q (e/k)f 
o vac o p 

(40) 

for p-type semiconductors, f is the electronic heterogenity 

factor defined for n-type semiconductors as 

(41) 

and for p-type semiconductors as 

(42) 

Equations 39 and 40 are valid for the linear portions of plots 

f = (mk/e - 1) 
n 

f = (mk/e + 1) 
P 

of In <r versus Q and when the K terms in equations 37 and 38 oo 

are reasonably constant. 

It can also be shown that the relative barrier potential, 

\J between different systems with small x values (Q near □ ) 
so vac 

is approximately, 

n-type: 

V = IVV, = (Q f )r>/(Q f ), n 21 ^vac n 2 ^vac n 1 

P-type: 

Vp = VU1 " ‘'WpV^Vl 
When comparing different gases on the same material, Q 

(43) 

vaci1 

(44) 
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should be the same for each ( but there can be differences). 

Equations 43 and 44 are useful for comparisons in a quantitative 

fashion. The absolute values are 

n-type: 

V/kT = (E -E„)/kT=(2Q /(Q -Q ))f -(e/k)(Q -Q ) (45) 
n s □ o o vac n o vac 

p-type: 

V /kT - (Eq-E )/kT=(-2Q /(Q -Q ))f -(e/k)(Q -Q ) (46) 
p B s o ^o vac p ^o ^vac 

The approximation is because one has only average E values with 

this model and Eg is assumed constant. Actually as QQ approaches 

zero, the slope m should approach e/k so that fn and f approach 

zero. Experimentally it is not possible to follow this due to the 

difficulties in measuring the slope at low pressures near the 

vacuum point and the difficulties in measuring (ln<r) D« The 

best that can be done now is to use the f and f values from the 
n p 

vac 
linear portion of the plot near Q 
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