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ABSTRACT

Methanol is synthesised industrially from a Hy/C0/CO9
mixture over a zinc oxide - copper catalyst. As yet, the
detailed mechanism of its action is unknown. The thesis to
be presented describes a research programme on just one
component of the catalyst, designed to contribute towards
identifying the active species and thus further general

understanding of the process.

Temperature programmed desorption experiments were carried
out on two samples of zinc oxide : one, a polycrystalline
powder and the other, long thin needles which expose mainly
the prism plane. The effective surface area of the powder
consists of both polar and prism planes. Thus, by

comparing the adsorptive properties of these samples crystal

plane specificity can be detected.

It is found that carbon dioxide adsorbs on the polar planes
to large fractional coverage, but not at all on the prism
plane. Methanol however, adsorbs undissociatively on
special sites on the prism plane, which are not oxygen
vacancies or polar planes, but probably step sites.

Decomposition products are also observed.

Hydrogen and carbon monoxide, in the feed gas, are both
reducing agents, and hence the zinc oxide component is
certainly oxygen deficient. Point defects have long been

associated with catalytic activity. The prism plane of zinc



oxide is stoichiometric, but oxygen vacancies can be
generated (to a maximum of 4% concentration) by heating the
needles to 800°C in vacuum. Stoichiometry is restored by
subsequent treatment in oxygen at ca. 615°C. By comparing
the behaviour of both defected and stoichiometric surfaces,

the role, if any, of oxygen vacancies could be determined.

In fact, the presence of oxygen vacancies makes no
difference at all, not only in the adsorption of methanol,
but also for the adsorption of oxygen, carbon dioxide and
nitrous oxide. No strong binding states (> 0.5eV) could be
detected. This has significant implications for charge

transfer adsorption models.
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INTRODUCTION

There have been two objectives in this research work:
1. To ascertain whether charge transfer adsorption can
be shown to occur over zinc oxide surfaces.
2. To determine any crystal plane/defect specificity for

methanol decomposition over zinc oxide.

Charge transfer adsorption theory states that an electron
(or hole) is completely transferred from the solid to the
adsorbate. Calculations to be presented in Chapter 6 show
that on an ideal stoichiometric (1010) surface this is
energetically unlikely. With oxygen vacancies present,

however, the likelihood of adsorption may increase.

Using long thin needles of zinc oxide, which exhibit

essentially the (1010) prism plane, it has been possible to
carry out temperature programmed desorption studies on both
stoichiometric and defected surfaces, in order to determine

the role, if any, of oxygen vacancies on adsorption.

Similar studies on powdered samples which have almost

equal proportions of polar and prism planes, should enable
any differences in adsorption properties to be attributed to
the polar plane. However, as will be seen, the steps or
active sites seem to dictate the adsorption properties of

both.

The thesis to be presented describes temperature programmed



desorption (TPD) experiments on several samples of zinc
oxide. The TPD technique yields valuable information

concerning the quantities and binding energies of adsorbed

species.

Chapters 1 and 2 give general background on the material and
TPD technique, Chapters 3 and 4 are concerned with specific
experimental arrangements and procedure, and Chapters 5 and
6 contain the results and discussion of the adsorption
studies of methanol, oxygen, carbon dioxide and nitrous

oxide on zinc oxide.



CHAPTER 1

MATERIAL PROPERTIES

1.1 The Structure of Zinc Oxide

Zinc Oxide crystallises into an hexagonal Wurtzite lattice,
of unit cell dimensions{l) a = 3.2495 + 0.005 &, c = 5.2069

+ 0.005 & and o< = 120° (see Fig. 1.1 and Table 1.1).

Each ion is tetrahedrally bonded to four of the opposite
sign. Three of the Zn-0 bond lengths are equal (1.9733),
but the fourth is slightly longer (1.9928). The Wurtzite
lattice is noncentrosymmetric and has a polar c-axis. A
series of double layers extend along the c-axis, and only
every alternate layer is identical. It is possible to
cleave the zinc oxide crystal to obtain a surface consisting
entirely of zinc or oxygen ions. These are the polar planes
and are designated (0001) and (0001) respectively. The zinc
Or oxygen ions are hexagonally close packed, giving

1.09 x 1019 ions/m2. By cleaving the crystal parallel to
the c-axis, the stoichiometric prism faces are exposed. The
(lOIO) prism plane is most frequently studied because of its
ease of preparation, and its atomic arrangement is shown in

Fig. 1.2, along with (1120) prism plane, for comparison.

The imbalance of charge at the surface of the crystal
suggests that the surface atomic configuration may become
distorted from the bulk structure of zinc oxide. For many

years, research workers have calculated, and tried to



FIG. 1.1 : HEXAGONAL WURTZITE LATTICE OF ZINC OXIDE
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TABLE 1.1

INTERATOMIC BOND DISTANCES AND ANGLES (from Ref. 1)

Zn-0 1.9928 (1)

Zn-0 1.9733 (3)

Zn-7n 3.2094 (3)

Zn-2%n 3.2508 (4)
VAN

0-7%Zn-0 108.1° (3)
\

0-Zn-0 110.8° (3)

(The numbers in brackets indicate the number

of distances or angles per tetrahedron.)




FIG. 1.2 : ATOMIC ARRANGEMENT ON (1010) AND (11_2-0) PRISM PLANES
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measure experimentally, the surface reconstructions on both

polar and prism planes.

The most recent experimental work to date(2), using angle
resolved photoemission spectroscopy, detects no significant
surface atom reconstruction or charge transfer between
surface and sub-surface atoms for either polar or non-polar
planes. The calculated density of states for ideal zinc
oxide surfaces are obtained(3). The results do suggest
however, that the zinc atoms on the (1010) prism plane do
relax slightly inwards by 0.4 + 0.05A. This is in agreement
with Duke et alf4), who, using low energy electron
diffraction reported values of 0.3 + 0.18 and 0.1 + 0.0534
for the zinc and oxygen sub-lattice relaxations
respectively. Almost immediately the calculations were
modified(5) and extended. The bulk parameters were changed
to those obtained by Abrahams and Bernstein(l) and
computational methods were improved. This led to the
currently accepted(®) surface structure of ZnoO (1010) to be
one in which the oxygen ions in the upper layer relaxed
vertically by 0.05 + 0.13 and the zinc ions by 0.45 + 0.1A
with no lateral displacements within the top or second

layer.

Low energy electron diffraction has been less successful for
the polar planes(®). To begin with, a six fold symmetric
LEED pattern is observed(7:8) instead of the expected three
fold pattern(ll). The six fold symmetry could not be

explained in terms of any type of reconstruction and so was



attributed to domains of unknown composition. Solomon et
al(10) pointed out that if there are steps on the surface,
only one double layer high, the atomic configuration on each
terrace would be related by a 60°rotation about the c-axis.
Each terrace would give the expected three fold symmetric
LEED pattern, but the combination of the two would produce
the experimental result: and this "pro tem" is the accepted

explanation.

There is now no evidence for surface reconstruction or
relaxation on the zinc or oxygen polar planes. The earlier
reported value of 0.2A(8,9) contraction in the zinc layer,
no longer applies if the more modern crystal structure
determination data of Abrahams and Bernstein(l) are used

instead of those of Wyckoff(ll).

1.2 Defect Nature of Zinc Oxide

Pure zinc oxide is an intrinsic semiconductor with a band
gap of ca.3.1leV. Under usual preparative conditions it
accommodates slight deviations in stoichiometry in the form
of metal excess Znj;y0 (x < ca.l073). Whether this is
manifested as zinc interstitials or oxygen vacancies is a
subject of continuing debate(12,13) - pboth have donor
properties. The existence of acceptor type defects in the
lattice has also been clearly established(15,16)_  a
detailed discussion of the defect structure of zinc oxide
can be found in Refs. 14-16, and the general concensus of
opinion{15,16) js that zinc oxide contains zinc vacancies as

the acceptor state and oxygen vacancies as the donor state.



Obviously the latter predominate, to give the observed

material properties.

The experimental methods used to elucidate the nature of
nonstoichiometry are described fully in the excellent review

by Hirschwald et al(14),

The concentration of defects in the bulk of the crystal is
governed by the conditions of preparation (1300-1600K).
Below ca.l000K bulk diffusion is negligible. At the surface
however, as will be explained more fully in Chapter 4, the
concentration of defects can be adjusted (to a concentration

of ca.4%) on heating in vacuo above 700K.



10.

11.

12.

13.

S.C. ABRAHAMS AND J.L. BERNSTEIN

Acta. Cryst. B25, 1233, 1969

W. GOPEL, J. POLLMANN, I. IVANOV AND B. REIHL
Phys. Rev. B 26(6), 3144, 1982

I. IVANOV AND J. POLLMANN

Phys. Rev. B 24(12), 7275, 1981

C.B. DUKE, R.J. MEYER, A. PATON, P. MARK AND B.W. LEE

Phys. Rev. B 15, 4865, 1977

C.B. DUKE, R.J. MEYER, A. PATON AND P. MARK
Phys. Rev. B 18(8), 4225, 1978

C.B. DUKE, R.J. MEYER AND P. MARK

J. Vac. Sci. Tech. 17, 971, 1980

C.B. DUKE AND A.R. LUBINSKY

Surface Science 50, 605, 1975

S.C. CHANG, B.W. LEE AND P. MARK

J. Vac. Sci. Tech. 13(1), 189, 1976

C.B. DUKE

CRC Crit. Rev. Sol. St. Mat. Sci. December 1978,
V.E. HENRICH, H.J. ZEIGER, E.I. SOLOMON AND R.R.
Surface Science 74, 683, 1978

R.W. WYCKOFF

Crystal Structures Vol. 1 (2nd Ed.) (1963)

John Wiley p.1l12

G. NEWMANN

Phys. Stat. Sol. (b) 105, 605, 1981

p.69

GAY

E. ZEIGLER, A. HEINRICH, H. OPPERMANN AND G. STOVER

Phys. Stat. Sol. (a) 66, 635, 1981



l4’

15.

l6.

W. HIRSCHWALD et al

Current Topics in Materials Science 7, 143, 1981
Ed. E. Kaldis, North Holland

W. GOPEL AND U. LAMPE

Phys. Rev. B 22(12), 6447, 1980

G.D. MAHAN

J. Appl. Phys. 54(7), 3825, 1983

10



11

CHAPTER 2

GENERAL REVIEW OF TEMPERATURE PROGRAMMED

DESORPTION SPECTROSCOPY.

The technique of temperature programmed desorption
spectroscopy (TPD) was first described in the literature by

Smith and Aranoff(l), in 1958.

Basic equations were presented to describe thermal
desorption from an energetically homogeneous surface, using
a linear heating schedule. As models for adsorption/
desorption have evolved, Smith and Aranoff's theory has been
subsequently extended by many research workers, not only to
accommodate different heating programmes, but also to take
account of surface heterogeneity, lateral interactions

between adsorbed species and precursor states.

This Chapter will be concerned with outlining the
fundamental principles of temperature programmed desorption
with regard to both experimental procedure and theoretical
analysis. Further details can be found in three excellent
review articles by King(Z), Péterman(3), and Dawson and
Anderson (4), Interpretation of the data is a subject of
continuing debate in the literature(SfG), and hence, for
completeness, several methods for extracting the kinetic
parameters from the thermal desorption spectrum will be

discussed.
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2.1 Experimental Criteria

After completing the adsorption of gas on the substrate, the
reaction chamber is evacuated for 3-5 minutes. At room
temperature, this removes any species from the surface, of
binding energy less than ca. 88 kJ mol~l. The temperature
programmed desorption experiment can then commence. The
sample is heated in this work, at a steady linear rate,
which can be expressed as T = Tg+Bt where T = Temperature (K),
To = Initial Temperature(K), B = Heating Rate (Ks-1),

t = time(s). The desorbed species is monitored using a mass
spectrometer and the resulting pressure vs. time
(temperature) curve is the thermal desorption spectrum. The
rate of change of pressure, dP/dt, represents a balance
between the desorption rate and the pumping rate, as shown

in Egn. (2.1) below.

dP = -dN x A x 1 - SP (2.1)
at dt v 3.24 x 1019 '
where N = Surface coverage of desorbing species per unit

area (molecs cm~2)

A = Area of sample (cm2)
S = Pump speed (1ls—1)
V = Volume of system (1)
P = Pressure (torr)
1 torr litre = 3.24 x 1019 molecules at 298 K

Introducing the characteristic pumping time, T = vV/Ss, it

can be seen that for high pumping speeds (T°--> 0) the final
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term in Egn. (2.1) dominates, and hence the desorption rate,
dN/q¢ is proportional to P; and in our case P is
proportional to the mass spectrometer signal.

Chan and Weinberg(7) have shown that for this latter
condition to be satisfied the reciprocal of the product of
the heating rate and pumping time constant must be greater
than ca. 0.5. A typical value in this research work is 3.3

(see later for values of V, S, and B).

2.2 Basic Theory of Temperature Programmed Desorption

Spectroscopy

The rate of desorption can be described by the Arrhenius
Equation :
-dN = kN® = \) exp :g) x N (2.2)
dt ( RT
where, k = rate constant [s~l for m = 1, s~l(molecs cm—2)-1
for m = 2]
\) = pre-exponential (or frequency) factor [s~1 for
m =1, s™l(molecs cm=2)-1 for m = 2]
E = activation energy for desorption (J mol-1l)
m = order of the reaction
R = 8.314 JK~1 mo1-1
As the temperature increases, so the exponential term
increases, but this is counteracted by the decrease in
surface coverage. Consequently the desorption rate rises to
a maximum then decreases. From the desorption peak,
information about surface coverage, the activation energy
for desorption, the pre-exponential factor and reaction

order can be obtained.
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2.2.1 Determination of Surface Coverage

The amount of material adsorbed on the surface before
commencing a TPD experiment is represented by the area under
the TPD curve. Thus N, = t[/-an) dt (2.3)

o dt
Provided t ranges over the entire curve, Ny is the initial

surface coverage.

2.2.2 Classical Determination of the Activation Energy for

Desorption

Redhead(8) introduced a method for determining the
activation energy for desorption using only the temperature
of the peak maximum (Tp) from the TPD curve. The condition
for a maximum d2N/dt2 = 0, can be satisfied by
differentiating Egn. (2.2) with respect to t and equating to

zero. The following relationships arise:

E =V exp ( -E for m = 1 (2.4a)
2
RTp B RTp
E = 2N,V exp / -E for m = 2 (2.4b)
2
RTp B RTp
where, Np = surface coverage at T = Tp

It will be shown later that 2Np = Ny for second order

desorption.

These equations can be solved for E using Newton's
Approximation method. The computer program to do this is
listed in Appendix A. Obviously this method enables a quick

determination of E, once a value has been assigned to \)
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This is usually ca. 1013 -1 (for m = 1), the molecular

vibration frequency.

2.2.3 Other Methods for Determining the Activation Energy

and Pre-exponential Factor

(a) Using T, and Peak Width

It is possible to determine E quite independently, using Tp
and the width of the TPD peak at half the maximum height
AW}y = Tp - Ty or the low temperature half width

&= Tp - T1 (see Fig. 2.1.) The equations were originally
derived for thermoluminescence peaks (9) using empirical
computational analysis. Equations analogous to (2.4a),
(2.4b) and (2.2) were solved using Newton's Approximation
and/or Series Expansion to obtain values for Tp, maximum
rate and T; and T2. The expressions below, relating E

to AW orS could then be obtained using the integral form
of Egn. (2.2), the condition for a peak maximum and by
approximating the area under the curve (or part curve) to a
triangle. The pre-exponential factor, \VV , can then be

obtained by substituting back for E in Egn. (2.4a) or

(2.4b).
E = 2.52 [RT,2 2RT for m = 1 R
= 2. rRTp2\ b =
or E = 1.52 RT ) - 3.16 RT
S
(2.5).
E = 3.54 (RT 2) - 2RT, for m = 2
AW
or E = 1.813 Rsz - 4RTp J
6
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2.1
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AW is an easier parameter to measure, as Tp is not always
precise. This method should only be applied to well

resolved peaks.

(b) Using a Set of TPD Curves

Several other methods have been devised for determining both
E and \) without any assumptions about reaction order, but

they require a set of thermal desorption spectra(2-4,10,11)

(i) Variation of T, With B, Keeping N, Constant

Rearranging Egn. (2.4a) gives:
- 2
ln(E_)+ E = 1n/[Tg (2.6a)
RV
Hence, if Tp is determined for different values of B, a plot

of ln(sz/B) vSs. l/Tp yields a straight line of slope E/R.

Second order desorption reactions can also be analysed in
this way provided N, is constant. Alternatively Egn. (2.2)
gives:

ln {-dN) = 1ln (\)Npm‘) - E_ (2.6b)

( at/p RTp

where (dN/dt)p is the maximum peak amplitude.
Hence, a plot of 1n(dN/dt)p vs. l/Tp, obtained at different
heating rates and constant Ny, yields a straight line of

slope -E/R.

The heating rate has to be varied over at least two orders
of magnitude for accurate values of E to be obtained, which

is not always feasible.






In (dN/dt) /Nm vs.

1/T

gives a straight line (if \) and E

are independent of coverage) of slope -E/R and intercept

In v (see Fig. 2.3).

19
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FIG. 2.2

First and Second Order Desorption Profiles - Variation with

Coverage
FIRST ORDER

Rate arbitrary units

N

SECOND ORDER

Rate arbitrary units
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2.2.4 Determination of the Order of the Desorption Process

If a set of spectra is available the order of the desorption
process may be inferred as in Section 2.2.3 (b) (ii) and (iii).
Otherwise the peak shape itself can be used to discern the

order. From Egqn. (2.2)

= V.RTp% 2.(1-A) exp ( ) (2.8)
B E RTp
where A = 2RTp (see Ref. 4)

E
using (2.4a) and (2.4b)
for m =1, 1n{No\ = (1- A)
<Np)
= el-4A = 41

EQ. =

Np

Np = Ng
2.718

Thus, for first order desorption, an asymmetrical curve
results where almost 2/3 of the amount originally adsorbed

has desorbed before the peak maximum.

for m = 2, 1 -1 = (1-4)

No = 2Np
A peak which is symmetrical about the peak maximum,

indicates second order desorption.
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2.3 Variations from the Ideal Case

The discussion so far has been concerned with ideal cases
where only one adsorption state is involved and E and \V
are independent of coverage. Unfortunately for simple
analysis, experimental results usually deviate considerably
from these ideals, so necessitating modifications to the

theory.

2.3.1 Multiple Binding States

Different adsorbed species will obviously have quite
individual binding energies, and therefore results in a
multi-peak spectrum. A single species, adsorbed at
different types of site would also give a similar result.
On an atomic scale, few surfaces could be considered
perfectly homogeneous. Some sites for adsorption are
particularly stronger than others - for example at a step in
the surface. If the difference in binding energy at these
sites is sufficiently large, quite distinct well resolved
TPD peaks will arise. Usually however, the peaks overlap
resulting in one rather broad peak, or a shoulder appearing
on one peak. The individual binding states cannot be

unequivocally resolved(l3), in this instance.

2.3.2 Lateral Interactions Between Adsorbed Species

Lateral interactions between adsorbed species can be of
attraction or repulsion. A single adsorbate however,
experiences Van de Waal's interactions which, although quite

small have a significant effect on the TPD spectrum.
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Grunze et al(l4) have computed TPD curves to illustrate the
effect of attractive lateral interactions on first and
second order desorption, with and without a precursor state
(see also Sec. 2.3.3). They have used E in the form

E = Eo; - WO in the desorption expressions, where,

Eo, = activation energy with no interactions (Jmol-l)

W = interation energy (Jmol-1l)
© = coverage = number of occupied sites = N
total number of available sites Ng

(see also Sec. 2.3.4)

It is immediately apparent that attractive interactions
(negative) reduce the peak width, and shift the peak maximum
to higher temperatures as © increases. Conversely,
repulsive interactions broaden the peaks and shift the peak
maximum to lower temperatures as 6 increases(15) (Compare

Sec. 2.3.3). 1In extreme cases peak splitting occurs.

Lateral interactions therefore, can lead to
misinterpretation of thermal desorption data - particularly
if the variation of Tp with No is being studied

(Sec. 2.2.3(b)(1i1i) ).

2.3.3 The Effect of a Precursor State on the TPD Spectrum

The concept of adsorption, initially into a weakly bound,
mobile precursor state was introduced in the 1950's guite
independently by Kisliuk(16) and Ehrlich(20), Kisliuk used
a successive site statistical model which was later modified

by King and Wells(1l7) to take account of lateral
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shown (4) that desorption from several types of site,
distributed evenly within an energy range, results in a

broad flat topped peak (fairly constant desorption rate).

If however, E is assumed to be a linear function of 6 (as
could arise due to lateral interactions or a precursor
state), the resulting spectrum is broad, but no longer flat

topped.

More complex distribution profiles of E(©) have been
used(21l) to simulate TPD spectra. Sharp peaks correspond to
regions of constant E, and where E(96) changes rapidly broad

peaks result.

2.3.5 Complete Analysis and Desorption Isotherm Method

Falconer and Madix(10) ang King (13) have devised similar
methods for determining the kinetic parameters and their
coverage dependence, using a set of TPD curves, obtained at

different values of Ng.

Desorption rate isotherms are constructed at several
temperatures (see Sec. 2.2.3(b)(iii) ). Then, for a
particular coverage, a plot of ln(rate) vs. 1/T gives a
straight line of slope -E/R. The coverage dependence of E
can be observed by repeating this plot for different values
of ®. The intercept on the ln(rate) axis is equivalent to
lnV (N) + mlnN. A plot of this intercept versus 1n N, if
linear, indicates that V is independent of coverage, and is

given by the new intercept. The order of the desorption
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process can then be obtained from the gradient of the line.
If non-linear plots of [InU (N) + mlnN] vs. In N arise,
“ifferent values of m have to be tried, to determine V (N),

which does lead to ambiguities.

A~ Distortions to the Peak Shape Due to Vacuum System
Parameters

It should also be mentioned that TPD peaks can be distorted
due to particular experimental arrangements. The basic
theory, already outlined, has been derived for single
crystal/filament samples in vacuum systems where desorption
and detection occur in the same chamber, and the pump speed
is very large (T — > 0). Re-adsorption on, or desorption
from, the sample, and also the walls of the vacuum chamber,
have been disregarded, although they can have a profound

on the spectrum: reducing the peak amplitude,
generally broadening the curve and shifting Tp to higher
temperatures. For rapid pumping speeds this assumption is
acceptable, but if the desorption reaction and subsequent
analysis occur in different chambers, separated by a finite
conductance (K2 ), it may not be correct to ignore these
re-adsorption effects. Powdered samples in particular are
likely to give broad TPD spectra, not only due to
re—adsorption effects but also if the desorption process is

diffusion controlled (22)#

For a single chamber vacuum system, the TPD curve is
expected to lag slightly behind the actual desorption curve,

due to the pumping time constant ( )-  The intervening
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vacuum system by a single time constant, particularly if Ko

is small compared to the pump speed.

In the analysis chamber, Va, the difference in flow rate in

and out is given by:

VA.dPA = Fryv2 - SPp
dt

where, Fryp = flow through leak valve 2

(2.9)

This, in turn, is governed by the conductance of the valve

and the pressure gradient across it :

Frv2 = Ko (PR - Pa)

(2.10)

Similarly, in the reaction chamber (Vg) the difference in

flow rate is given by :
VR.dPg = -dN - Ko (PR - Pp)
dt dt
Substituting Egn. (2.10) in Eqn.
Va.dPp = KPR - Pp(S + Kj)

dt

(2.11)

(2.9) gives

(2.12)

The rate of change of flow rate can be obtained by

differentiating Eqn. (2.12) :

Vp.d2Pp = KpdPR - dPa(S + Kg)
at? dt dt

Substituting Egn. (2.11) and Eqgn.

Vp.d2Pp + dPp  KoVp + Ky + S

dt? dt VR

(2.12)

(2.13)

in Egn. (2.13) gives

+ K2.SPp = -Kjy.dN

VR

Vg dt

(2.14)

Donnelly et al(23) yged an approximate solution of Egn. (2.2),

and imposed the conditions of Eqn.

(2.14) to investigate the

effect of Ky, S, Va and ViR on the TPD curve, obtained from
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such an experimental arrangement. The most significant
distortions seem to occur to the high temperature edge of
the TPD spectrum. This is known as "tailing" and it occurs
even for comparatively optimal values of Ky, S, Vp and VR.
Reduction in peak amplitude and increase in Tp occur when Kj
and/or S are considerably small compared to Va and/or VR
(ratio Kp/VR(or Vp) £1/4, for an effect on the amplitude,
and <1/25 for an effect on Tp). The effect of heating rate
however, was not discussed. An increase in heating rate
increases the peak amplitude and shifts Tp to higher

temperatures(lZ).

Edwards (24), by contrast, expresses the temperature shift
AT = Tp - Tp as a function of BT /A W and X where,

Tp is the maximum in P(t) profile, Tp is the maximum in
-dN/dt profile, and <X equals E/kTp

He has shown that for BT/ A W <£0.1 the instrumental
distortion to the TPD curve is low, and hence B can be

selected to achieve this condition.

Two other effects : temperature gradients across the

sample (25), and chemical reactions occurring during the
desorption process(26) also cause "tailing" in the high
temperature part of the TPD curve. The former is discounted
here because the differential winding of the furnace
provided a constant temperature profile in the central
region, and the sample was contained in small diameter glass
tubing. The latter could be a factor for consideration

particularly for methanol decomposition/desorption.
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It is more acceptable therefore to assume a value for \J

and then determine E(8). Sometimes other experiments can be
performed (e.g., measuring the isosteric heat) to determine
whether E is independent of 6. Temperature programmed
desorption alone, is not usually enough to determine kinetic
parameters accurately. Additional experimental techniques
are required. Consequently temperature programmed
desorption has been used in this research work mainly as an
analytical tool to determine the nature and amount of
species adsorbed, with only a general consideration of

kinetics.
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and (to a lesser extent) carbon dioxide. This still occurs
using a thoriated iridium filament but only to ca.l0% at
10-6 torr. The problem is more acute at lower pressures

(ca.10-8 torr).
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occurs, and so, the adsorption studies on this sample,
where coverages of 1% and greater are involved, are

effectively on the (lOIO) prism plane alone.

3.3 Adsorbates

All of the gases used in this work were supplied by the
British Oxygen Company in 1 litre flasks of research grade
quality. The flasks were attached to the gas admission line
and the seals were broken only after evacuating and baking

the lines.

Methanol (Aristar 99.8% pure), was supplied by BDH Chemicals
Ltd. This has a vapour pressure of ca.l00mm Hg at room
temperature, and so once the line had been evacuated and the
methanol vacuum distilled, no further assistance in

vaporisation was required.
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FIG. 3.3

Transmission Electron Micrograph of Sample (a)

FIG. 3.4

Scanning Electron Micrograph of Sample (b)
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FIG. 3.5

Optical Photograph of Sample (c)
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3.4 Calibration Procedure

The thermal desorption experiment requires knowledge of the
mass spectrometer sensitivity and the pump speed for each
gas studied if a quantitative analysis is to be made. This
is immediately apparent from the expression given below
which is used to calculate the amount of gas adsorbed on the

surface, from the area under the desorption curve.

N=yxCxGxS x 3.24 x 1019 (3.1)
o

A
where N = number of molecules adsorbed per unit surface
area (molecs cm~—2)
Y = number of squares under the curve
C = size of square (volts deflection vs. time in secs)
G = gain factor setting on mass spectrometer, to
convert volts into amps (A/V)
O = sensitivity of mass spectrometer (A/torr)
S = pump speed (1l/s)
A = surface area of sample (cm2)
1 torr litre = 3.24 x 1019 molecules at 298k
A, y, C and G are easily obtained, but the sensitivity of
the mass spectrometer and the pump speed have to be

carefully calibrated for each gas.

It was necessary to calibrate the ionisation gauge against
an absolute pressure gauge (in this case the "Baratron"
gauge) in order to use it in subsequent calibration of the

mass spectrometer.
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3.4.1. Ionisation Gauge

There are mnay articles in the literature discussing errors
in pressure measurement with ionisation gauges(5) and most
books on vacuum practice give the problem good coverage.,
Briefly, factors arising from the gauge itself, such as
gauge pumping, reactions at the hot filament and desorption
from the grid are important, but so is the position of the
gauge within the system. It is therefore essential to
calibrate the ion gauge against an absolute total pressure

gauge.

Such a calibration was carried out "in situ" against the
absolute "Baratron" gauge, using a pressure expansion
technique(6). 1In this technique the reaction chamber was
filled with nitrogen to an accurately known pressure
(ca.0.2 * 0.001 torr). The nitrogen was then allowed to
expand back into the evacuated gas admission chamber, with
the pump valved off. Leak valve 1 was then closed and leak
valve 2 opened, to allow the nitrogen to expand into the
evacuated analysis chamber, also with the ion pump valved
off. In each case after valving off the pump the pressure
in Vp was allowed to reach 10-7 torr before LV, was opened.
The expansion ratio in each step was ca.50, thus giving
final pressure readings 2500 times lower, in the 10-5 to
10-4 torr range. This final pressure is sufficiently above
the outgassing level of an unpumped system, namely ca. 10-7
torr, for adsorption, desorption and outgassing effects to

be negligible.
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In all, ten calibration points were taken (two of which
required a second back expansion into Vg). These are
tabulated below.

TABLE 3.1

Ion Gauge Calibration

Po Pcalc(true) Pgauge Pgauge/Pcalc

0.192 9.237 x 1073 2.739 x 1073 0.296
0.2236 |1.076 x 10~4 3.089 x 10-> 0.287
0.161 7.745 x 105 2.188 x 10-5 0.2825
0.1464 | 7.043 x 105 2.145 x 10-3 0.3045
0.2406 | 1.157 x 10-4 3.698 x 107> 0.3195
0.2029 | 9.761 x 10~5 2.699 x 10-5 0.2765
0.3017 |1.451 x 10-4 4.585 x 10~> 0.328
0.4323 | 2.080 x 10~4 6.221 x 10-° 0.299
1.6689 | 1.882 x 1075 5.005 x 1076 0.266

2.37 2.672 x 10-5 6.757 x 10~6 0.253

The average value for Pgguge/Pcalc = 0.29 + 0.02 in the
pressure range 1.882 x 10~2 to 2.08 x 10-4 torr. Hence, for
the standard gas nitrogen Pozic = Pgauge X 3.448.

The ion gauge pressure was monitored on a DVM from the mV
output on the pirani-ion gauge control unit (Vacuum
Generators) as this gave a clearer indication of the
pressure changes. An initial rapid rise (seconds) in
pressure occurred, as expected, which then levelled off

for ca.l0 secs. before the effects of the ion gauge acting
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as a pump could be observed, gradually reducing the pressure
(over a substantial fraction of an hour). It was the value

of the maximum which was used in the calculations.

The sensitivity of an ion gauge (X) is defined as
X =1Ipx 1, and since Ip = QIenL, X = QL
Ie P kT

where I = current of positive ions

I = current of electrons

Q = total ionisation cross section
n = P/kT = density of molecules

L = total electron path length

P = pressure

Each type of atom/molecule has an individual ionisation
cross section, and hence the sensitivity of the ion gauge

varies for different gases.

Absolute sensitivities however, are very dependent upon
minor fluctuations in the geometry of the gauge and control
circuitry(7) so a more useful parameter is the relative
sensitivity (Xgas/Xnitrogen). The relative sensitivity can
also be obtained from the relative ionisation cross
section(8), rable 3.2 gives experimental values collated
from the literature by Nakao(8) for both relative
sensitivity and relative ionisation cross section. Methanol
was the exception as no value for relative sensitivity is
recorded, but the relative ionisation cross section was

found in Ref.9.
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TABLE 3.2

Relative Sensitivity and Relative Ionisation Cross Section

for Several Gases

Gas Relative Sensitivity Relative Ionisation
Cross Section*

N2 1 1

o)) 0.87 0.96

COy 1.36 1.39

CoO 1.02 1.06

Hp 0.44 0.38

NoO 1.66 1.30

MeOH - 1.27

* at 75eV electron energy

Thus all pressure readings taken, are first corrected for
the gauge calibration and then for the relative sensitivity
of the gas.

Pgas = Pgauge X 3.448/Relative sensitivity of gas

3.4.2 Mass Spectrometer

The sensitivity of the mass spectrometer (in amps per torr)
was obtained by correlating the most prominent or
characteristic peak of the spectrum with the total pressure
(as read on the ionisation gauge). Both mass spectrometer
and ion gauge were initially degassed. The pressure
readings and mass spectra were recorded in a steady state,

continuous flow mode, controlled by LV,. Each sensitivity
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determination was an average of three or four values, taken

in the 10-7 to 106 torr range.

Regular determinations of the sensitivity were essential as
some gases such as oxygen, can impair the performance of
the channel electron multiplier, apart from the general
degradation with time. For this reason, values of relative
sensitivity should be treated with caution, unless both
sensitivities are determined within a short time scale

(which was not necessarily the case here).

Some typical values of the sensitivity are tabulated below.
TABLE 3.3

Typical Values of Mass Spectrometer Sensitivity

Gas (mass used) Sensitivity (A torr—l) =
No(28) 1.206 x 10-3
02(32) 7.588 x 10~4
CH30H (31) 3.860 x 10~4
CO5(44) 1.53 x 10-3
NoO(44) 7.65 x 10~4

* These values have been calculated using total
pressure readings which have been corrected for
absolute calibration and relative sensitivity

as described in Section 3.4.1.

It can be seen that the sensitivity of the mass spectrometer

genuinely varies for different gases. This is due to the
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fact that, as in the ionisation gauge, the initial positive
ion production occurs, by electrons emitted from a hot
filament, bombarding the gas molecules, which is a process
dependent on the ionisation cross section. The sensitivity
of the instrument is also governed by the gain of the
electron multiplier and the quadrupole transmission, which
in turn are dependent upon the mass of the species

detected.

Further variation in the sensitivity will arise if anomolous
cracking patterns occur due to successive electron

impacts (2), Madix et al(16) consider all of these factors,
and also the yield, for each mass fragment in the cracking
pattern, when evaluating correction factors for their
desorption spectra. Subsequent calibration against a known
standard is then essential for quantitative results. Such
analysis is circumvened here, by calibrating the mass

spectrometer against the ion gauge for each gas.

3.4.3. Pump Speed

The pump speed was determined using a variation of the
"pipette exhaust" technique(10)_, A known amount of gas was
put into the reaction chamber (PRrVgR) at room temperature,
then with LV; firmly closed the gas was passed slowly
through LV into the analysis chamber, monitored by the mass
spectrometer, as in a thermal desorption experiment. The
ion gauge was off throughout the experiment. From the area
under the curve, the amount of gas (N) could be determined

in terms of the pump speed (S), from Egn. (3.1) viz:
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N=y xCxGxS x 3.24 x 1019
o

A
This was equated to the amount put into VR, and hence S
evaluated:

S=PRVRXG;XAX 1

G y 3.24 x 1019
At least three determinations were made of each pump speed,
and the average values are tabulated below.
TABLE 3.4

Some Experimental Values of Pump Speed

Gas (mass used) Pump Speed (1s-1l)
N»o (28) 1.80 + 0.2
0o (32) 2.00 + 0.4
CH30H (31) 0.96 + 0.08

On comparison with the literature values of relative pump
speeds (11/12) the value obtained here for oxygen seems high.
The different experimental methods used therefore, were
carefully scrutinised. Bance and Craig(11) adopted the two
gauge method(13): the flow rate of gas (Q), is determined
by measuring the pressure drop (P1;- Py) across a known
conductance (C). Now, Q = C(P; - P3) and the throughput

of the pump, also Q, is equal to SP;. Therefore,

S = C[(P1/P2) -1]. Obviously this does not require absolute

pressure measurement and has immediate appeal.

The method used in this research however, was carried out

"in situ", quite conveniently, and is believed to give a
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true result for this vacuum system. The foundation of this
assertion rests on the fact that because oxygen molecules
are decomposed at the the hot filament in the mass
spectrometer, subsequently forming carbon monoxide and
carbon dioxide, the value for y (number of squares under the
curve) in Egn. 3.1 would be reduced because the mass
spectrometer only monitors mass 32, and hence S would
increase. The mass spectrometer essentially acts as a
second chemical pump - and because the mass spectrometer is
used in the TPD experiments it will be operating then as

well.

No literature value exists for the relative pump speed of
methanol or nitrous oxide specifically, but low molecular
weight hydrocarbons (acetylene in Ref. 11) are reported to
have pump speeds 90-160% of the nitrogen value(12), Kelly
and Vanderslice(l4) observed that a carbonaceous layer
gradually forms near the gas entrance port and over the
cathodes of the ion pump, when pumping benzene or toluene at
pressures even below 10~ Storr. This carbon is difficult to
sputter, and thus reduces the pumping action. (Momentary
large increases in pressure could completely cover the
cathodes with carbon, and thus pumping would cease).
Similarly, the decomposition of methanol in the ion pump

discharge could also affect its pumping action.

The pump speed for carbon dioxide and nitrous oxide were not
measured by this method but were taken to be 1:8 1s~1 (the

same as the nitrogen value(l2)), They had been measured
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previously however, using the rate of rise method(15), which

for completeness is outlined below.

A steady flow rate of gas was established via LVy, into Vp,
and the equilibrium base pressure (Pa) noted from the mass
spectrometer. The ion pump was then valved off, and the
increase in pressure with time was monitored. Using the
equation Vp x dP/dt = SPp, S was evaluated. This method is
reportedly rather inaccurate because the equilibrium base
pressure should ideally be at least ten times the background
pressure, so that desorption from the chamber walls would be
negligible. 1In these experiments Pp was three to five times
greater than the background, at the most, due to limitations
on monitoring dP/dt. This method was also used for nitrogen
and oxygen before suspicions were finally aroused over the
methanol (mass 31) value of 0.1 1s-l. (The values for
nitrogen, oxygen, carbon dioxide and nitrous oxide by this
method were 3.66 1s~1, 3.84 1s-1, 3.69 1s-1 and 4.7 1s-1
respectively). Monitoring a different mass in the cracking
pattern, did not give the same result. This indicates that
the cracking pattern changes as the pressure is increased,
which should not happen, and can only mean that the
background spectrum is interfering with the initial
measurement of Pp or that chemical reactions are occurring
at the hot filament. The latter is most probably the
answer, particularly for oxygen, nitrous oxide and methanol,
as the system is not pumping during the experiment. Thoria
coated filaments do produce carbon dioxide to a large

extent(15) (28 being one of the mass fragments) which could
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explain why even nitrogen (an inert gas) gives such a high
value for the pump speed by this method. This method was
therefore abandoned and the following values used:

TABLE 3.5

Pump Speeds Used.

Gas Speed (1s—1)
No 1.8
02 2.0
CH3O0H 0.96
CO» 1.8
co 1.8
N2O 1.8
Hp 4.8

The pump speed for nitrogen, oxygen and methanol in

Table 3.5 were measured experimentally. The values for
hydrogen, carbon monoxide and carbon dioxide were
calculated, using tabulated values (12) of the relative pump
speed (compared to nitrogen). Nitrous oxide and carbon
dioxide are isoelectronic, and therefore, assigned the same

speed.
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CHAPTER 4

EXPERIMENTAL PROCEDURES II

Before any temperature programmed desorption experiments
could commence the zinc oxide samples had to be cleaned
thoroughly to remove surface contaminants. Then in order to
establish a reproducible, well characterised starting state,
the samples were "treated" prior to each experiment to yield

stoichiometric or defected surfaces as required (see below).

The cleaning procedures adopted for the different types of
sample used in these experiments, have many similarities.
They all consisted of heat treatment in oxygen/hydrogen/
vacuum in order to oxidise/reduce/volatise any impurities
present on the surface. Diffusion of impurities from the
bulk of the crystal to the surface obviously has a more
pronounced effect on samples with a low surface area/volume
ratio (large single crystals) compared to those with a high
surface area/volume ratio (powdered samples). Consequently,
the cleaning procedure for the latter is less critical,
because the percentage impurity concentration at the surface
is fairly small. The needle crystals used in these
experiments would have correspondingly less percentage
contamination than a large single crystal. Green and

Lauks (11) discuss this more fully in their paper.
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4.1 Polycrystalline Powdered Zinc Oxide

For the polycrystalline powdered samples, a fairly standard
cleaning procedure, similar to that of Boccuzzi et al(l),
was adopted. This involved heating the sample in oxygen
(ca.0.4 torr) to 723K (450°C), and maintaining these
conditions for ca.l hr., in order to burn off oxidisable
impurities such as carbon. Subsequent heating in vacuo at
723K for 15 mins. to outgas the sample, concluded the
experimental preliminaries. Care was taken not to exceed
773K as several reports of sample decomposition and
conductivity changes at this temperature have appeared in
the literature(2,3), his is probably due to sublimation

from the zinc polar planes(4).

For experiments carried out at I.C.I. New Science Group, the
sample was cleaned by heating in vacuo to 723K and then
pre-treated in hydrogen, ostensibly to simulate conditions
during methanol synthesis. The sample was heated in 1 torr
hydrogen at 555K for 15 minutes, then on evacuation of the
chamber the temperature was raised further to 700K to desorb
any hydrogen species. It is questionable whether hydrogen
actually reduces the zinc oxide at these temperatures (1,5),
Infra red spectra recorded during various stages of
oxidation/reduction cycles implied that heating zinc oxide
in vacuo or in hydrogen at 433K produced the same effect,
namely, removal of hydroxyl and carbonate species. Only by
subsequent cooling of the sample in hydrogen to room
temperature was a less stoichiometric surface obtained(l).

A detailed review of hydrogen adsorption on zinc oxide can
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be found in ref. 6. Quite recently however, Braid et al(7)
have published conflicting assignments for some of the infra

red bands.

4.2 Thin Needle Crystals of Zinc Oxide

The prism plane of zinc oxide is stable to heat in vacuo up
to ca.700K. Above this temperature both zinc and oxygen
sublime(819), but at different rates, thus giving overall
deficiency in oxygen. This can be represented
quantitatively as a concentration of oxygen vacancies, and
is dependent only upon the temperature of sublimation and

the pressure of oxygen above the zinc oxide sample.

Green and Lauks (10) conducted a rigorous investigation of
this system, and have established, quite precisely, the
temperature and pressure ranges required to generate a
particular concentration of oxygen vacancies. Their results
are summarised in Fig. 4.1. Clearly, in the temperature
range 888-993K and 0-0.45 torr oxygen, the vacancy
concentration can be adjusted between 0-4%. It is the two
extreme cases which are of particular interest here. The
former will be referred to as a stoichiometric surface, and

the latter as a defected surface.

Several corroborative experiments were considered necessary,
in order to establish precise pre-treatment conditions.
These will be outlined below as the work by Green and Lauks

forms the starting point for the adsorption experiments on



FIG. 4.1

Fractional Surface Oxygen Vacancy Concentration, 6, as a

Function of Oxygen Pre-treatment Pressure at Various

Temperatures.

(Taken from I.R. Lauks, Ph.D. Thesis,

London University 1977.)
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stoichiometric/defected surfaces to be presented here.

The zinc oxide needle crystals were initially cleaned by
heating them in ca.0.11 torr flowing oxygen to ca.l073K, and
maintaining these conditions for several hours. It has been
shown that this type of sample can be cleaned by heat
treatment alone(ll) provided the diameter/surface area ratio
is sufficiently small. Chemical etching, and argon ion
bombardment were not employed. As a Precautionary measure,
the temperature was not taken above 1073K, because
irreversible changes in surface structure (12) have been

reported at 1100K.

Before each experiment, the sample was heated to ca.l050K in
vacuo for 15 minutes to remove any surface contaminants and
also to produce a defected surface. If a stoichiometric
surface was required (or a surface with an intermediate
concentration of vacancies, in the range 0-4%) the sample
was then cooled to a specified temperature, LV; was closed
and LV] opened, to exXpose the zinc oxide to a prescribed
pressure of oxygen for ca. 20 minutes. After evacuating the
reaction chamber (through the gas admission chamber), LVy
was closed and LVy opened while the sample cooled to the
required adsorption temperature. 1In order to generate a
stoichiometric surface, the conditions used were as follows:
cooling to 880K and exposing to > 0.5 torr oxygen for 20
minutes, then cooling in the gas to ca.773K before

evacuation.
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It is apparent that having generated a stoichiometric
surface, a subsequent TPD experiment, to 1050K, monitoring
oxygen should yield a peak which ultimately represents 4% of
the surface area. Consequently, this method was used to
determine the total surface area of the zinc oxide "fur",
when the conventional BET method was proclaimed not
sensitive enough (see Appendix C). As a bonus this "in
situ" measurement, enabled regular monitoring of the sample

and any degradation with time.

Green and Lauks used this procedure of temperature
programmed desorption to derive their "map" of pre-treatment

conditions.
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