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SUMMARY

After an introductory chapter on the theory of electron
microscopy, which was the predominant technique used in this study,
the work described in this thesis was divided into two parts, namely,
the thermal decomposition of ammonium metavanadate and the use
of vanadium pentoxide as a support for rhodium catalyst.

The thermal decomposition of ammonium metavanadate, up to
400°C in air, was studied by thermogravimetry, differential thermal
analysis, infrared spectroscopy and x—ray diffraction. The possible
identities of the decomposition products are discussed. Complementary
morphological and structural investigations were made by scanning and
transmission electron microscopy. The parent material and its
calcination products were found to be subject to radiation damage in
the transmission electron microscope. High resolution lattice imaging,
combined with the minimum dose technique, has allowed a
correlation to be made with the structural features of AMV,
intermediate products and final vanadium pentoxide material.

Prior to its use as a support for rhodium catalyst, the
microstructure of vanadium pentoxide, produced from the thermal
decomposition of ammonium metavanadate, was investigated by high
resolution electron microscopy in correlation with scanning electron
microscopy and gas adsorption measurements. Examination of
ultrasonic dispersed crystals in the transmission electron microscope
showed that some features could be mistaken for pores in these
crystals. However, high resolution electron microscopy examination of
crystals prepared, for this technique, by thin sectioning, provided no
evidence of porosity, in agreement with krypton gas adsorption and
scanning electron microscopy studies.

A catalyst was prepared by impregnation of vanadium 4pentoxide
with a rhodium salt. The catalyst thus prepared was characterised by

x—ray diffraction, infrared spectroscopy, temperature programmed




reduction, carbon monoxide chemisorption and electron optical
methods. The reduction of the catalyst at different temperatures
showed that the support, vanadium pentoxide, is reduced to lower
oxides; this reduction being catalysed by the presence of metallic
rhodium at its surface.

The catalyst action was studied in the hydrogenolysis of butane,
reaction for which rhodium metal is known to be among the most
active catalysts, using a continuous flow fixed bed apparatus at
atmospheric pressure. For comparison, an alumina— supported rhodium
catalyst was prepared and tested under the same conditions.

On both supports, rhodium proved to be active in the
hydrogenolysis of butane, with better activity when it is supported on
v -alumina. Except at high conversion rates where the
alumina— supported catalyst showed some multiple hydrogenolysis, only
single hydrogenolysis, with better selectivity for central bond rupture,

occurred with both catalysts.
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ELECTRON MICROSCOPY
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1.1.1— INTRODUCTION

The idea of using electron beams for microscopy is often
assumed to have been a logical consequence of the hypothesis of the
wave nature of the electron due to de Broglie (1924) and its
experimental confirmation (Davisson & Germer, 1927; Thomson &
Reid, 1927). In fact the initial investigations of imaging by Knoll &
Ruska (1932) were based on studies by Busch (1926, 1927) which
treated electrons as classical charged particles. As Ruska (1980) makes
clear, it was only later that the wave formulation was pointed out to
them, opening up the prospect of attaining a very high resolution.

The transmission electron microscope (TEM) was developed in
the 1930's and 40's (Ruska, 1934; von Borries & Ruska, 1939;
Burton et al., 1939; Hillier & Vance, 1941; von Ardenne, 1944;
Hillier & Ramberg, 1947), and has been commercially available since
then. In the ensuing half century, it has developed far beyond the
vision of its originators, Knoll ﬁnd Ruska, in its physical and
engineering aspects as well as its applications, which now reach into
almost all scientific disciplines.

Modern day commercial electron microscopes, such as the JEOL
JEM 1200EX at Glasgow University, are now achieving resolution of
better than 0.3nm routinely. Higher accelerating voltage instruments,
such as the Cambridge 600kV microscope (Cosslett et al., 1979),
can approach atomic resolution, for suitable specimens, and have
achieved lattice resolution of less than 0.1nm (Hall & Hines, 1970;
Murata et al., 1976; Iijima, 1977; Fryer, 1983; Marks & Smith,
1983; Smith et al., 1983a, 1985) allowing better understanding of




material structure in many diverse fields (Hirsch et al., 1965; Murata

et al., 1976; Fryer & Smith, 1984; Buseck, 1985).

The history of electron microscopy and diffraction has been well
documented (Mulvey, 1967; Ruska, 1980; Goodman, 1981; Cosslett,
1981, 1987; Hawkes, 1985) and the optical theories and development
of the instrument have been extensively reviewed (Zworykin et al.,
1945; Hillier & Vance, 1945; Cosslett, 1951; Magnan, 1961; Hirsch
et al., 1965; Hall, 1966; Grivet, 1972; Hawkes, 1972; Cowley, 1979;
Geiss, 1979; Spence, 1980; Wischnitzer, 1981; Watt, 1985). Electron
microscopy has also been the subject of several local and

international conferences since 1949 (conferences).

1.1.2— PRINCIPLES OF THE ELECTRON MICROSCOPE

An electron microscope uses a series of magnetic lenses to focus
an electron beam that is accelerated, by a high potentiai, through
the specimen. Electrons are greatly influenced by the medium
through which they pass and have almost no penetrating power. They
can only travel for any reasonable distance in a vacuum. Accordingly,
the pressure in the column must be maintained at 10~ 3Pa or less
and the specimen must be very thin.

The main features of a modern electron microscope are shown
schematically in Fig. 1.1. An electrically heated cathode at selected
negative potential emits electrons. A tungsten hairpin filament (Haine
& Cosslett, 1961; Hall, 1966) is usually employed. However, better
brightness can be obtained using a special pointed tungsten filament
(Wolf & Joy, 1971) or from a lanthanum hexaboride cathode
(Ahmed, 1971; Batson et al. 19’76, Yonezawa et al., 1977); the use
of a field emission gun (Crewe et al., 1968) as an alternative to
electrical heating, derives similar benefits. The electrons are
accelerated by the electrical potential difference between the filament

and anode and are focussed, via a double condenser lens system with
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Fig. 1.1: Schematic diagram of high resolution transmission electron

microscope.




field— limiting aperture, onto the specimen. An image, or diffraction
pattern, from the specimen is obtained on a fluorescent screen via a
three— or four—lens magnification system and can be recorded on a
photographic plate. Image contrast may be enhanced by the use of
an objective aperture, and the area for diffraction may be selected
by a selected area aperture. The image is focussed with the objective
lens and magnification is controlled by the excitation of the
intermediate and/or diffraction lens.

In the case of the JEOL JEM 1200EX electron microscope used
in this study, either a pointed tungsten filament or a lanthanum
hexaboride cathode was used as source for electrons. The image
forming lenses number six; namely, an objective lens, an objective
mini— lens, three stage intermediate lens and a projection lens. Using
this configuration the magnification may be altered from 50 to
1,000,000. The whole optical column is maintained at a vacuum of
107 SPa. This microscope has an accelerating voltage of 120kV and
as such an electron beam wavelength of 0.003nm. This is
considerably smaller than x—ray wavelength of 0.1 to 0.2nm and so
electron microscopy, at first sight, should allow the direct imaging of
atomic details. As will be seen later, however, the spherical and
chromatic lens aberrations (and other aberrations) set a practical limit
to the performance of the electron microscope. Nevertheless, in
general the accuracy of operation and calibration of the instrument
controls the quality of electron micrographs, and the precision with

which they can be analysed quantitatively.

1.1.3— BEAM-—SPECIMEN INTERACTION

The interaction of a high—energy electron beam with a solid
specimen generates a variety of signals all of which yield information
on the nature of the solid (Fig. 1.2). The events of interest to

transmission electron microscopy, where very thin films of solid are




Incident Characteristic x— radiation

electon beam
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Fig. 1.2: Schematic representation of the wealth of information
resulting from the interaction between the electron beam and the
specimen in:

(a) scanning or analytical electron microscopy,

(b) conventional and scanning transmission electron microscopy.




— 8_..

studied, are indicated. When interacting with the atoms of a solid,

impinging electrons may suffer two types of scattering processes:

(a) elastic _scattering, due to interaction with the nuclei in the

specimen — this does not involve transfer of energy to the atoms.

(b) inelastic scattering due to interaction with the orbital electrons in
the specimen thus involving' energy transfer and absorption.

Although TEM will make use of both elastically and inelastically
scattered electrons, the major imaging techniques are based on the
elastic processes, which deserves, consequently, a somewhat more
detailed presentation (Hirsch et al, 1965; Humphreys, 1979) and are
dealt with in the next paragraph.

The ratio of the directly transmitted electrons to that of
elastically scattered is related to the contrast of images in TEM.
Images of crystalline specimens are largely influenced by Bragg
reflections. Inelastically scattered electrons may cause chromatic
aberration in the image formation process. The absorbed energy i.e.
the energy which scattered electrons have lost while passing through
the specimen, results in excitation of the atoms and atomic nuclei in
the specimen. This causes heating, magnetism, ionisation, etc. When
an incident electron has high energy, part of the energy may
sometimes give rise to radiation damage of the specimen by

irreversibly ejecting the atoms from their positions elastically.

1.1.4— IMAGE FORMATION AND CONTRAST

The result of the interaction of the electron wave with the solid
is to form, at the exit surface, a transmitted wave which may be
interpreted as being the sum of an unscattered plus a set of scattered
waves. The second step of the process is the propagation of this
transmitted electron wave along the optic axis of the objective lens

of the microscope.

Fig. 1.3 schematises the formation of an image by the objective




_9__

lens. The principle is the same as that of Abbe theory for gratings
in light optics (Abbe, 1873). If the wunscattered and the scattered
beams can be made to recombine, so preserving their amplitudes and
phases, then a lattice image of the planes which are diffracting may
be resolved directly (phase contrast). Alternatively, amplitude contrast
is obtained by deliberately excluding the diffracted beams from the
imaging sequences by the use of suitably sized apertures, placed in
the back— focal plane of the objective lens. Such an image is called
a bright field image (Fig. 1.4.a). Alternatively, a dark field image
can be obtained by excluding all beams except the particular
diffracted beams of interest (Fig. 1.4.b).

The Abbe theory of imaging may be conveniently translated into
mathematical form for thin specimens (less than 10nm), where only
single scattering events occur (Cowley, 1975). This is termed
kinematical conditions and 'the relative intensities of the scattered and
transmitted beams can be calculated (Hirsch et al., 1965; Gevers,
1978). As indicated in Fig. 1.3, the distribution of the wave
amplitude Ag(u,v) in the back— focal plane (the diffraction pattern) is
related to the amplitude Ay(x,y) of the transmitted wave at the exit

surface of the specimen (object plane) by a Fourier transform:

Afu,v) = FlAq(x,)]

where x,y and u,v are coordinates perpendicular to the optic axis in
the object and back—focal plane, respectively.

The waves will then propagate from the back— focal plane to
the image plane, where they interfere to give the amplitude
distribution Aj(x,y). This interference may be represented by a

second Fourier transform:

Axy) = FALuY)] = FEAxN]
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Fig. 1.3: Schematic diagram of the formation of an image by the
objective lens in a TEM. The mathematical formulations of 'the'

wave amplitudes in various planes along the optic axis are

indicated.
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Fig. 1.4: Imaging modes in the TEM: (a) bright field, and (b)
dark field. ‘




This formulation expresses that the imaging process, i.e. the
operation of obtaining the amplitude and phase distribution in the
image given that in the object, can be regarded as two successive

Fourier transforms:

Fourier inverse
SPECIMEN Tansfort DIFFRACTION PATTERN—F-:T IMAGE

For a crystal at the exact Bragg orientation, the appearance of
a sharp spot in the diffraction pattern reflects the periodic oscillation
of the transmitted wave amplitude with a frequency 1/d. The
oscillation reproduces the regular spacing of the set of diffracting
planes. If both the unscattered wave and the diffracted wave are
allowed to pass through the objective aperture, their interference in
the image plane will bring about a periodic variation of the intensity
in the form of fringes which may be interpreted as a magnified
imagé of the lattice planes. This is the phase contrast effect, which
governs the appearance of the image in the high resolution electron
microscope (HREM).

The effect of insertion of an objective aperture in the
back— focal plane is to remove some of the spatial frequencies. As a
result, the amplitude distribution in the image is no longer an exact
reproduction of the transmitted wave. If the specimen is limited to a
point, its image will not be perfect point but a small disk (the Airy
disk), of diameter Dp with:

Dp = 0.61(Nay)

where oy is the maximum scattering angle that is admitted through
the objective aperture. D is the well—known resolution limit of any
wave optical instrument in the absence of lens aberration.

As the electron wavelength is much less than interatomic

distances, atomic details should be, in principle, clearly revealed.




Unfortunately, electron lenses are far from perfect. The main defect
is spherical aberration Cg. Its geometric effect is that the scattered
waves are focussed in slightly different image planes for different
values of the scattering angle 26. It may be shown (Heidenreich,
1964) that this phenomenon is identical to the introduction of a

phase delay:
x = — xCy(26)42\

to the waves scattered by an angle 26.

Another alteration of the phases of the waves must be
considered. Indeed, if the focus of the objective is varied so that the
image plane is shifted along the z axis by an amount AF (the defect
of focus or defoéus) from its former position, the distribution of the
wave amplitude in this former image plane may be obtained by

introducing a phase delay (Heidenreich, 1964):
XF = wAF(26)2/\

As 20 = Nd (Bragg law), the total phase delay which is a

rearrangement of Scherzer's expression (Scherzer, 1949) becomes:
X = wNAAF — Co\2/2d2) (1)

If the unscattered and the scattered waves are out of phase,
their interference in the image plane will not give a faithful image
of the wave transmitted by the specimen. If this transmitted wave
contains only one spatial frequency 1/d, it is possible, using equation
(1), to adjust AF to compensate for the phase delay introduced by
Cs. The spacing of the fringes, which are then obtained in the
image plane, corresponds to the spacing of the lattice plane. The

problem of imaging together several different spatial frequencies is



more complex. It may be demonstrated that these frequencies may be
all faithfully reproduced on the image if sin x = 1 for all of them.
Sin x is called the phase contrast transfer function (PCTF) (Hanszen,
1971; Erickson, 1973).

Some examples of the variation of the PCTF as a function of
the spatial frequency 1/d are shown on Fig. 1.5. One observes that
there exists an optimum value of AF for which sin x = 1 within a

fairly broad range of 1/d frequencies. This value is given by:
AF = 1.19/)\Cg

and is called the Scherzer focus (Scherzer, 1949). It is around this
defocus value that the most faithful image down to the smallest

structural detail will be obtained. The objective lens may thus be

considered as a "filter" which retains, for imaging, only the range of
spatial frequencies within which sin y = 1.

The resolution limit D,,j, of the microscope is usually defined
as the largest value of d for which sin x = 0 at the optimum

defocus. Calculation (Eisenhandler & Siegel, 1966) gives:
Dmin = 0.65Cg1/4)\3/4

It follows that the improvement of resolving power requires reduction
of Cg (i.e. a more perfect lens) and of N\ (i.e. a higher operating
voltage). However, in real life the performance of the microscope is
determined by other complicating factors, such as the instabilities in
the high— voltage supply and lens current (chromatic aberration) and
the finite illumination source size (partial spatial coherence), which
impose an ‘envelope' function (Hanszen, 1971; Misell, 1973; Frank,
1973; Beorchia & Bon_homme, 1974) on the calculated transfer
function, and ultimately sets a limit even to this resolution.

Consequently, the PCTF has to be modified to allow for the effects
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of chromatic aberration and partial coherence as shown below,
sin x' = sin x.E,.E.

where E, is the envelope function representing damping of the PCTF
due to partial coherence, and E_. represents the PCTF modification
due to chromatic aberration (Frank, 1973; Fejes, 1977).

Fig. 1.6 shows the same PCTF as in Fig. 1.5, this time
incorporating the effects of partial coherence and chromatic
aberration envelopes.

Furthermore, effects of multiple scattering of electrons within the
sample become important in all but the thinest of crystals. The
kinematical calculations lose their validily, and to obtain the exact
amf)litudes and phases of the scattered waves, the more rigorous
dynamical treatment must be applied (Cowley & Moodie, 1957; Lynch
& O'Keefee, 1972; Allpress et al., 1972; Goodman & Moodie, 1974;
Cowley, 1975; Whelan, 1978).

In the type of 100kV microscope, used for the classical studies,
the point resolution was of the order of 1nm (Hillier, 1946; Menter,
1956). Nowadays lenses and goniometer stages can be so constructed
(Hawkes, 1980; Kuzuya et al., 1984) as to permit, firstly, a point
resolution of 0.2nm (Harada & Watanabe, 1978; Hutchison, 1982)
and, secondly, the facility of orienting the specimen so as to allow
the imaging of essentially any particular projection of its structure.
With such resolution, details of the projected surface atomic
structures of certain materials can be assessed (Hutchison, 1978;
Bovin et al., 1985; Bursill et al., 1985; Buseck, 1985; Hutchison &
Briscoe, 1985; Smith, 1985, 1986; Iijima, 1986; Kang et al., 1987;
White et al., 1987).

When microscopes are operated at their highest level of
resolution, the object under investigation experiences intense electron

irradiation. Problems do, therefore, arise because of specimen
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damage, and sometimes it is not possible to fully utilise the
resolution  capabilities due to the beam sensitivity of the

material.

1.1.5— CALIBRATION OF THE MICROSCOPE

Accuracy in calibration of the instrument for high resolution
imaging or diffraction pattern is critically important for quantitative
microscopy (Haine & Cosslett, 1961; Agar, 1965; Edington, 1974;
Hines, 1984). There are two types of calibration:

(a) permanent calibration which is always obtained for a new

microscope then checked periodically during its life, or if the
instrument is modified. This calibration is normally adequate for most
purposes.

(b) imaging system alignment which is a routine (regular) calibration

and has to be performed each time one wants to wuse the
microscope.

The following three factors are the most important in controlling
image quality:

(a) alignment of the objective lens axis: misalignment of this lens

seriously reduces the resolving power of the instrument because of
increased spherical aberration, and sensitivity to chromatic aberration.

(b) adjustment of objective astigmatism: astigmatism arises from

rotational variation in the focal length of the lens. A compensating
field is applied to correct it. This is, conventionally, established when
a symmetrical Fresnel fringe is obtained around a hole in a holey
carbon support film or when the grain of a carbon support film
appears symmetrical (Haine & Mulvey, 1954).

(c) illumination conditions: they influence the quality of both images

and diffraction patterns. As the beam intensity increases the following
effects occur:

(i) specimen contamination which consists largely of deposition




on the specimen of polymerised hydrocarbons present as residual
gases inside the microscope (Hillier, 1948; Ennos, 1953; Fryer, 1979)
or non— deposited species present that react with the specimen
or adsorb on it (Hartman et al., 1974; Moodie & Warble,
1974).

(ii) local specimen heating increases, producing differential
thermal expansion between specimen and support grid which causes
more specimen drift.

(iii) electrical charging of the specimen may increase.

(iv) the coherence of the illumination is reduced.

All of these effects reduce resolution in the image. The first three
factors above may be minimised by spreading the electron beam, but
this reduces the coherence of the illumination and therefore the
resolution of the image. Consequently, the choice of illumination
conditions is a compromise. Thus the beam must be bright enough to
keep exposure times less than about 5s to minimise loss in resolution

from specimen drift.

1.1.6— RADIATION DAMAGE

Most materials undergo some form of alteration during
examination in the electron microscope. To the extent that such
alterations affect the integrity of the information sought from the
specimen, they are referred to as 'radiation damage', but, when the
effects prove incidental to this information, they are largely ignored.

Radiation damage frequently occurs in minerals and other
inorganic materials (Burton et al., 1947; Hobbs, 1979, 1984, 1987;
Csencsits & Gronsky, 1987; Dahmen et al., 1978; Sharma et al.,
1987; Smith et al., 1987). As the present work is concerned with
inorganic materials, it would be useful to consider here the wvarious
ways in which electron microscopical examination of the materials can

be hampered by their radiation sensitivity and to mention some of




the methods employed to alleviate the problem. This project,
however, whilst being directly affected by the problem of radiation
sensitivity was, nevertheless, not concerned with a study of the
processes involved. The purpose of this section is thus to provide an
introduction to the problem of radiation damage.

The subject of radiation damage has been extensively studied by
a large number of workers. The consequences and the precursor
mechanisms of radiation damage and how they may best be avoided
or minimised during examination have been addressed extensively
(Burton et al., 1947; Glaeser, 1975; Jones, 1975; Makin, 1978;
Fryer, 1979; Hobbs, 1979, 1984; Urban, 1979; Holland et al., 1983;
Brown, 1987).

There are basically two avenues for electron beam damage in
the TEM:
(a) "Knock—on" displacement from the bulk (McKinley & Feshbach,
1948; Seitz & Koehler, 1956) which involves the interaction of the

incident electrons with cores of atoms in the specimen and occurs
above critical energy thresholds.

(b) radiolytic mechanisms which involve the transfer of energy from

the incident electrons to the electrons in the specimen leading to
bond breakage and consequently to the possible alteration of the
structure (Hobbs, 1987).

Many attempts have been made to minimise irradiation damage.
Encapsulation of organic crystals by carbon films proved to be
extremely successful (Fryer & Holland, 1984; Holland, 1984) and
image intensifiers have been used to aid focus adjustment at low
beam doses (Reynolds, 1968; English & Venables, 1971, 1972; Hart
& Yoshiyama, 1975). A system that permits photography of beam
sensitive specimens with a minimum dose in the high resolution
region has been developed (Williams & Fisher, 1970; Fujiyoshi et al.,
1980). This system was named the Minimum Dose System (MDS) and
is compatible with the JEOL JEM 1200EX electron microscope used




in this study.

Fig. 1.7 shows the principle of operation of the MDS. Basically,
the operation of this system consists of three modes: search, focus
and photo. The condenser lens and deflector are designed to be
automatically controlled in each mode as required. The specimen is
thus subjected to electron beam exposure only for the duration of
the photographic exposure.

The MDS has been wused effectively in taking HREM
photographs of beam sensitive specimens, without sacrificing the
resolving power of the electron microscope (Fujiyoshi et al., 1980;
Uyeda et al., 1980; Fryer, 1983).

The additional use of either nuclear track emulsion (Kuo &
Glaeser, 1975) or x—ray films (Fryer, 1978) for image recording,
have also been reported as providing further useful gains (Fryer et
al., 1980).

1.1.7—- OPTICAL DIFFRACTION ANALYSIS

Optical diffraction analysis is an extension of the Abbe— Porter
treatment (Abbe, 1873; Porter, 1906). Following the appearance of
the Ilaser in 1960, diffraction became a practical vehicle for
data— processing. Details of the method, with applications to
microscopy, have been described by many authors (Thon & Siegel,
1970; Horne & Markham, 1973; Power & Pincus, 1974; Pincus, 1978).

The source of illumination is a laser which radiates a coherent
monochromatic illumination. The input is a micrograph and the
resulting optical diffraction pattern (ODP) is the two— dimensional
Fourier transform of the input image. This transform is a graph of
the distribution of orientations and spacings of the elements in the
input.

The optical bench equipment used in this study is schematised in

Fig. 1.8. The source of illumination is a helium— neon laser (Spectra
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Physics, Model 132) in a Polaron optical diffractometer. The system
can be used for several purposes. It is much easier to identify the
separate periodicities, from the ODP of a micrograph -containing
overlapping periodic objects. Instrumental defects, such as astigmatism
and specimen drift and instability, can be diagnosed and image
filtering and reconstruction can be carried out although care must be

taken to avoid artifacts (Fryer, 1979).

1.1.8— ELECTRON DIFFRACTION

Electron diffraction patterns (EDP) and microscope images are
closely related by the fact that electrons scattered by a specimen
provide EDP at the back— focal plane of the electron lens which are
in turn Fourier— tansformed so as to form images. Thus the EDP
and the intermediate image are always present in the microscope
(Fig. 1.9), and the intermediate lens setting determines which is
projected onto the image plane. Accordingly, the structure of the
specimen can be examined by correlating the EDP and the
microscope images. The intermediate lens can be focussed at the
back—focal plane of the objective thereby allowing the EDP to be
observed on the screen and photographed. If an aperture of diameter
D is placed in the first intermediate image plane (Fig. 1.10), only
electrons passing through an area D/M on the specimen can reach
the final screen (M is the magnification of the objective). The
apertures inserted in the plane can typically be as small as 20um.
With an objective magnification of 50 times, a selected area of only
0.4pum in  diameter can be analysed. This is called selected area
electron diffraction (SAED). The procedure for performing the SAED
has been described by Agar (1960) and Phillips (1960), and it is
based on the approach of Le Poole (1947).

The geometry of the diffraction (coherent scattering) by

crystalline solids is essentially the same whatever the nature of the
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incident wave (electron, x—ray, neutron, etc...). Since the wavelength
of an electron is very much shorter than that of x—ray radiation
(for a 100keV electron beam, A = 0.0037nm whilst for the x—ray
Ky line of Copper A\ = 0.154nm), the radius of the Ewald reflection
sphere (1/\) increases to the extent that it can be assumed that part
of the sphere is a plane. Accordingly, by using a reciprocal lattice, a
diffraction pattern can be analysed fairly simply.

The formation of the EDP is shown diagrammatically in Fig.
1.11 for a set of lattice planes, spacing d, at an angle ¢ to the
electron beam. If R is the distance between the incident and the
diffracted. beam at the plane of the photographic plate and L the

camera length, which is dependent upon the lens excitation, then:
R/L = tan 24
The Bragg law (n\ = 2d sin ) for first order diffraction (n=1) can
be applied. The value of ¢ is very small, as for 100keV electron
wave: A = 0.0037nm £ d, and hence:
tan 26 = 2sin 8 = 26
Therefore, by substitution:

RIL=1d or Rd= AL = K

where K is a constant for a particular set of operating conditions

and is called the camera constant. L is the effective camera length,
which is equivalent to the physical distance between the diffraction

plane and the final image screen, given by:

L = f,M,M,M,
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where f0 is the focal length of the objective lens and M,, M, and
M, are the magnifications of the intermediate and projector lenses.

In practice, a standard specimen of known diffraction spacings
(e.g. graphite), is used so that K is obtained and the unknown is

studied under the same microscope conditions. Thus:

dunknown = X/Rmeasured

Generally, the identification of a substance from an electron
diffraction pattern is accomplished by comparing electron diffraction
data with the available x—ray diffraction data published by the Joint
Committee on Powder Diffraction Standards (Philadelphia, USA). If
many fine particles are within the area selected, the EDP obtained
will be in form of rings, somewhat similar to those observed by
x—ray powder diffraction; an individual small particle will give spot
single crystal pattern. However, unlike x—ray diffraction where the
crystal is rotated, the electron microscope specimen is stationary and
therefore only lattice planes approximately parallel to the electron
beam give reflections that can be recorded. Thus the relative
intensities of the diffracted beam are often different, and in some
cases forbidden reflections occur, caused by multiple scattering within
the specimen. Tﬁis restriction, however, can be used to determine
the orientation of the specimen.

The EDP contains the structural data, periodicities and
orientations for the plane projected normal to the electron beam.
Formulae are available which allow calculation of interplanar spacings,
angles between planes, zone axes and angles between zone axes for
common crystal systems (Andrews et al., 1971; Beeston, 1972;
Edington, 1975). Displacements and changes in intensities of specific
reflections can provide information about changes within a specimen
(Hirsch et al., 1965) and fading of a diffraction pattern under

electron beam irradiation gives a correlation between the dimensions




of fine structure in a specimen and its radiation stability (Fryer,

1979).

1.1.9— SAMPLE PREPARATION

Most materials are initially in an unsuitable form for TEM
examination and a number of standard procedures have been
developed by which specimens may be prepared for examination
(Keown, 1974).

In the course of this study, two techniques were used, namely,
ultrasonic dispersion and ultra—thin sectioning. This section is

concerned with the description of these two techniques.

1.1.9.a— Ultrasonic dispersion

An agate mortar and pestle were used to crush the solid powder
before being transferred to a micro test tube containing water or
ethanol and placed in an ultrasonic bath. A slurry of the solid/water
mixture was then withdrawn from the test tube using a finely drawn
Pasteur pipette and a drop placed on a standard 3mm copper grid
which had previously been coated with a film of carbon. The grids
were then allowed to dry at around 30°C, in a laboratory oven,
before transfer to the microscope.

The thin carbon films were prepared by the Bradley process
(Bradely, 1954) which is schematised in Fig. 1.12.a. Spectroscopically
purified graphite was evaporated on to a cleaved mica substrate using
the high vacuum evaporating system schematised in Fig. 1.12.b. The
films were then floated off the mica onto distilled water and picked

up on specimen grids.
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1.1.9.b— Ultra— thin sectioning

The procedure evolved in material ultra— thin sectioning, called
also ultramicrotomy, has been detailed elsewhere (Reid, 1974; Watt,
1985) and is briefly introduced here.

Ultra— thin sections were prepared by embedding the crystals in
Scandiplast metallurgical embedding resin, followed by sectioning, as
shown diagrammatically in Fig. 1.13, on an ultramicrotome fitted with
a diamond knife. The thin sections were then picked up on uncoated

copper grids.
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SCANNING ELECTRON MICROSCOPY



1.2.1— INTRODUCTION

The modern development of the scanning electron microscope
(SEM) has been almost entirely due to the work started in
Cambridge by McMullan (1953) and continued there under the
direction of Professor Oatley (Oatley et al., 1965; Cosslett, 1967:
Oatley, 1972). The instrument was improved and was commercially
available a decade later. The reason for its popuiarity originally  was
the strikingly three— dimensional manner in which the surface of solid
specimen could be imaged. However, now in addition to imaging,
many other modes of operation are possible (Everhart, 1960; Wells,
1974; Heinrich, 1975; Reimer, 1976). These are illustrated
diagrammatically in Fig. 1.2. Each one can be used, in conjunction
with an appropriate detection system, to provide a particular
information about the properties of a specimen.

This chapter considers the mode of operation which has been
used in this study. This is the emissive mode which produces
micrographs showing the topography or surface shape of the

specimen.

1.2.2— PRINCIPLE OF THE INSTRUMENT

The principle of the SEM, used for examining a solid specimen
in the emissive mode, is closely comparable to that of a
closed— circuit TV system (Fig. 1.14).

In the TV camera, light from the objects forms an image on a

special screen, and the signal from the screen depends on the image




intensity at the point being scanned. This signal is then used to
modulate the brightness of a cathode—ray tube (CRT) display (van
Essen, 1979). '

In the SEM, the object is scanned with a fine probe of
electrons and the electrons scattered back from the surface are
collected and amplified to form the video signal. The emission varies
from point to point on the specimen surface and so an image is
obtained. The probe is typically a few hundreds of Angstrom units in
diameter, and carries a current of between 10~ 0 and 10~ '2A at a
voltage of 2.5 to 50kV. The principle of the method is outlined in
Fig. 1.15. The beam emerging from the triode electron gun (usually
a tungsten filament) is focussed into a minute probe on the specimen
by means of two or, as here, three magnetic electron lenses. It is
then deflected in a regular raster by scannixig coils situated before
the final lens, which is fitted with a stigmator to allow correction of
its astigmatism. The specimen surface is arranged at an angle to the
beam axis, to ensure a high yield of scattered electrons into the
collector. The collector consists of a scintillator, to which a bias
voltage may be applied, connected by a light pipe to a photo—
multiplier and a video amplifier. The output from the latter is used
to modulate a CRT which is scanned synchronously with the scan of
the probe on the specimen. For visual display a tube with a
long— persistence screen must be used, operating at frame repetition
frequency of the order of one per second owing to the weakness of
the signal. The electron optical column and specimen chamber are
evacuated to a high vacuum of less than 107 “4mbar by independent
systems of rotary and oil diffusion pumps. For photographic
recording, a short— persistence high— definition tube is used, the
exposure being made in the form of a single frame scan over a time
of 1 to 10 minutes. The magnification obtained is given by the ratio
of the width of scan on the tube to the width of scan on the

specimen, and is conveniently controlled by varying the latter, as




indicated in Fig. 1.15. The resolving power of the instrument
(Simon, 1970) is governed by a number of factors: the shot noise in
the electron image, the current density which can be focussed into
the probe, the properties of the electron gun, the aberrations of the
electron lenses and the properties of the collector system.

In the SEM wused in this study, Philips SEM 501B, three
magnetic lenses are used, which produce an electron probe of a
minimum diameter of about 25nm. This microscope can be operated

at an accelerating voltage of 1.8 to 30kV.

1.2.3— IMAGE FORMATION

The mechanism of contrast formation in the image is
complicated, depending on the physical and electrical conditions over
the surface and on whether the collector receives only the true
secondary electrons (of low energy) or the reflected primary electrons
(of high energy), or both (Pease, 1971; Everhart & Hayes, 1972).
Normally the secondary electrons are much the more numerous and
convey more information, but the reflected electrons give greater
contrast.

Three factors chiefly determine the image contrast, their relative

influence depending on the nature of the specimen examined:

(a) Surface topography: variation in the local angle presented .by the
surface to the incident beam profoundly affects the fraction of the
electrons, primary and secondary, which is collected.

(b) Chemical constitution: The yield of secondary electrons depends

on the secondary emission coefficient. For most materials, however,
this coefficient differs very little from unity and only rarely does it
contribute appreciably to contrast. The yield of reflected electrons, on
the other hand, depends on the atomic .number of the element
encountered. The back scattering coefficient varies by a factor of

about six over the periodic table, so that contrast differences will be
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observable whenever the specimen surface contains elements of widely
differing atomic number.

(c) Potential variations: since the secondary electrons leave the

specimen with very low energies, their trajectories are strongly
influenced by the local potential on the surface, so that the

proportion reaching the collector will vary.

1.2.4— SPECIMEN PRAPARATION

Specimens for examination in the SEM were suitably mounted
on aluminium stub spindles. The sample in the form of a dry
powder was sprinkled onto the surfacé of a very thin adhesive layer,
with either silver paste or carbon cement being used as the mounting
medium. They were then coated, by vacuum deposition, with gold in
a sputter coater to minimise the severe charging effects that proved
to be characteristic of the materials examined. As well as providing a
conducting film, the coating layer also performs the useful function
of giving enhanced electron emission from the specimen surface.

All samples examined by SEM were pre—coated using an
Emscan coater (Kent, U.K.) and run on a Philips SEM 500B
microscope (Eindhoven, The Netherlands) operated at an accelerating

voltage of 15— 30kV, using a spot size of 100nm in diameter.
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The oxides of vanadium, in particular vanadium pentoxide, have
been studied extensively because of their interesting physical
properties (Goodﬁough, 1971). Vanadium pentoxide is used in a
variety of industrial processes because of its catalytic properties
(Kosuge, 1967; Seone et al., 1980). Like other d— metal oxides, it is
generally a good catalyst for oxidation and ammoxidation processes
(Murakami, 1977; Andersson & Lundin, 1979, 1980; Dadyburjor et
al., 1979; Andersson, 1981, 1982a; Gellings, 1985; Andersson et al.,
1986).

The well—known industrial applications of sulphuric acid have
made the oxidation of sulphur dioxide to sulphur trioxide a process
of technological importance. A wealth of papers have been published
on the vanadium pentoxide catalysed oxidation of sulphur dioxide.
They cover basic research and also research applied in the sulphuric
acid industry (Kenney, 1980; Urbanek & Trela, 1980).

Vanadium pentoxide is also used in the production of phthalic
anhydride by the vapour— phase oxidation of ortho— xylene or
naphthalene (Wainwright & Foster, 1979), Table 2.1 lists some of the
important oxidation and ammoxidation reactions in which vanadium

pentoxide is used.

2.1.1— PREPARATION OF VANADIUM PENTOXIDE

Vanadium (V) oxide can be obtained by burning finely divided
vanadium metal in excess of oxygen, but contamination with lower
oxides is then common and the main source of its production is the

roasting of ammonium metavanadate (AMYV) recovered from the




Table 2.1: Oxidation and ammoxidation processes using vanadium

pentoxide— containing catalysts.

Reactants Products References
Oxidation
anthracene anthraquinone Bhaskarannair et al., 1974

Giancard et al., 1976

benzene maleic anhydride Bielanski & Inglot, 1974, 1977
1—butene | maleic anhydride Kerr, 1966

Stefani & Fontana, 1976
ethylbenzene | styrene Christmann & Teel, 1974

Belomestnykh et al., 1976
ethylene acetaldehyde Evnin et al., 1973

Forni & Giraldi, 1976
ethylene acetic acid Seoane et al., 1980
methanol formaldehyde Sharma et al., 1980
naphtalene naphthoquinone D'Alessandro & Farkas, 1956

phthalic anhydride { Pyatnitskii & Golodets, 1975

ortho— xylene | phthalic anhydride | Grabowski et al., 1975
Wainwright & Foster, 1979
Bond & Konig, 1982

-propene acrylic acid BASF, 1968; Ono et al., 1972

toluene phthalic anhydride | Martin et al., 1976
Ammozxidation

3— picoline nicotinotrile Andersson & Lundin, 1979, 1980

Andersson, 1981

toluene benzaldehyde Murakami et al., 1981
Niwa & Murakami, 1982




hydrometallurgical treatment of some vanadium— containing ores
(Morette, 1958).

Due to charge transfer, the oxide, prepared from purified AMV,
is bright orange colour; but it may appear reddish— brown when
prepared by thermal decomposition of commercial grade AMV in
oxygen (Reuter & Jaskowski, 1967) or dark blue if it has not been

prepared under fully oxidising conditions.

2.1.2— AIM OF THIS STUDY

The knowledge of the process of thermal decomposition of AMV
is important in obtaining the oxide at a temperature at which no
appreciable sintering occurs. The thermal decomposition of AMV is
however not fully understood and literature reports are conflicting. It
was therefore necessary to examine the decomposition process by
characterising the intermediates formed during heating as well as the
parent material and the final product. The process has been
monitored by thermal analyses, infrared spectroscopy, x—ray powder
diffraction, scanning electron microscopy and, predominantly,
transmission electron microscopy. For the latter, high resolution
imaging of the crystal lattices was combined with the minimum dose
technique to correlate the structure of the parent AMV with the

intermediate products and finally vanadium pentoxide.

2.1.3— THERMAL DECOMPOSITION

Application of the term thermal decomposition to a chemical
process is, in general, intended to signify the breakdown of one or
more constituents of the reactant into simpler atomic groupings by
temperature increase (Galwey, 1975; Brown et al., 1980). In general
usage, a more restricted meaning of the definition has become

acceptable and is specifically applied to those processes in which




bond redistribution yields a solid residue of different chemical identity
from that of the reactant. The thermal decomposition of a solid is,

therefore, represented by:
A(s) —— B(s) + C(g) )

where A is the reactant, B and C are the product or products and
(s) and (g) specify the solid and gaseous phases, respectively. The
stability of the compound obtained by this process, at a temperature

T, is determined by:
AGO = AHO® — TASO

where AG? is the standard free energy change. AH? and AS? are the
variation of standard enthalpy and entropy, respectively, and do not
change much with temperature. Since AS® is positive for the process
(1), AG? becomes more negative for the decomposition reaction by
increase of the temperature. This is the driving force for the thermal
decomposition.

One of the main distinguishing features of reactions involving
solids is that the chemical transformation occurs within a restricted
zone of the solid, characterised by locally enhanced reactivity. This
mechanistic representation has been widely applied in interpretation of
observations on solid state reactions and there is ample experimental
evidence for its existence in most, but not all, systems.

In fact, the reactivity and chemical properties of solids are
strongly influenced by the relative immobility of the constituent ions
and molecules in the lattice of the reactant phase, and perhaps also
in the product phase. Because nominally identical chemical groupings
in a solid reactant may occupy different positions in the crystal
structure, and because this structure may contain imperfections, it

follows that the reactivity of such groups may vary with their




position in the solid. In regions of local distortion and at crystal
surfaces, the forces of lattice stabilisation may be relatively
diminished, with consequent increase in the probability of reaction.
Thus, during rate processes in solids, it is often observed that there
are localised regions or sites of preferred onset of reaction. These
zones are often referred to as the reaction interface. Such initiation
usually occurs at the surface, leading to the development of a zone
of preferred chemical transformation, which thereafter progressively
advances into adjoining volumes of unreacted material. The initial
formation of particles of such a product phase, nucleation, is
sometimes possible only at a restricted number of specific surface
sites, but in other systems rapid formation of a coherent product
layer occurs all over reactant surfaces. Once this product layer is
formed there is growth in its volume through an advance at the
interface of reactant— product contact.

The study of the thermal decomposition is intended to identify
the sequence of steps by which a crystalline reactant is converted
into products and also the parameters which control the reactivity of

the participating species, including any intermediates formed.

2.1.4— DECOMPOSITION OF AMMONIUM OXO—SALTS

Ammonium oxo—salts resemble hydrates in several respects
since, like water, the ammonia molecule may occupy a variety of
bonding situations from which it may be removed unchanged. There
is general agreement that, for most ammonium oxo— compounds, the
first step is proton transfer (Brown et al., 1980). The consequent
accumulation of protons in the neighbourhood of the oxygen network
of oxyanions results in the elimination of water, accompanied by
condensation (or continued condensation) of these anions.

Since the decomposition of many ammonium oxo— salts evolve

ammonia and water simultaneously, or consecutively, in a 2:1 molar



ratio, it is often convenient to represent the formula of such salts in

the form:
m(NH ;) ,O.n(metal oxide).xH,O

where m,n and x are integers.
Determination of the influence of crystal structure and reactant

environment on deammination and dehydration processes s

complicated by the several solid phase transformations that are a
characteristic feature of many ammonium salts. Sublimation and/or
melting may also occur. Deamminatibn and dehydration steps are
generally reversible. At high temperatures, however, particularly in
the presence of a radical oxide product or a strongly oxidising anion,
some of the ammonia initially released may be oxidised (Park, 1972).
The final composition of the volatile substances formed may thus be
sensitive to the effective contact between gaseous and solid products
during reaction. The thermal properties of these compounds have
been predicted from the calculations of their enthalpies of formation
(Luft, 1955; Shidlovskii, 1960).

Thermal analyses of 26 ammonium salts were reported by Erdey
et al. (1964) and more references to ammonium salts are to be

found in Duval's book (1953).

2.1.5— THERMAL DECOMPOSITION OF AMV

2.1.5.a— Preparation of AMV

This compound presents a particular interest since it can be
precipitated from solutions containing vanadium, thus allowing titration
of the latter as well as its purification and preparation of its
derivatives. |

In solution, an ortho— or pyro— vanadate undergoes a marked



hydrolysis represented by:

2V0,3~ + H,O0 v,0,9 + 20H™

v,0,4 + H,O 2vOo,~ + 20H"

The equilibrium of the last reaction is displaced from left to right by
diminishing the hydroxide ion concentration which can be done by
addition of ammonium jons. Sefstrom (1831) found that AMV is
deposited when solid = ammonium chloride, more than sufficient for
saturation, is placed in a solution of a vanadate. Gerland (1877)
showed that if the solution was made alkaline with a potassium salt
then the precipitated metavanadate is contaminated with the alkali;
but with sodium salts, the precipitate was not affected.

Solutions of vanadic anhydride, neutralised by an excess of
ammonia and to which an ammoniacal salt has been added, led also
to AMV (Berzelius, 1832).

AMYV has also been prepared by saturating an ammonia solution
with moist vanadium pentoxide and crystallising the reaction product
(Lachartre, 1924).

High purity AMV can be prepared by dissolving AMV in hot
water, making the solution basic with ammorﬁa and precipitating the
AMYV with saturated ammonium chloride solution. This operation
should be repeated three times. The product obtained is finally dried
in vacuum between 30 and 40°C (Morette, 1958).

The AMYV crystals are colourless or pale yellow. Berzelius (1832)
obtained yellow crystals, probably because they contained impurity of

acidic vanadates.

2.1.5.b— Review of the literature

The overall reaction for the thermal decomposition of AMV is:




2NH, VO, —— V,O, + 2NH, + H,O (2)

This corresponds to a total loss of 22.2% from the original mass.
The decomposition does not, however, occur in a single stage, but in
several stages and there is little agreement on the intermediates
formed. This disagreement stems from several factors. Firstly, the
intermediates are very dependent upon the nature of the starting
material; secondly, the conditions of temperature and surrounding
atmosphere during the decomposition, and thirdly — wunder certain
conditions — the ammonia formed may be oxidised or -catalytically
decomposed by the vanadium pentoxide formed, giving products other
than those in reaction (2). Furthermore, Trau (1962) showed that the
geometrical shape of the sample not only influences the character of
the decomposition curve and the kinetic equation of the reaction, but
can also be responsible for the appearance of new effects in the
thermogravimetric traces under suitable conditions.

The early investigators thought that when the colourless crystals
of AMV are heated in air, they lose ammonia and acquire a colour
varying from lemon— yellow to reddish— brown (Berzelius, 1832;
Roscoe, 1870; Norbald, 187S5). Roscoe (1870) found that when heated
in oxygen, the pentoxide alone remains as a residue, and if heated
in a covered crucible, a mixture of vanadium nitride, dioxide,
trioxide and one of the V,0,.V,O. oxides is formed.

Lachartre (1924) studied the decomposition of AMV in vacuum.
When heated to 210°C, the salt yields anhydrous ammonium
trivanadate "NH,V_,O,", which is reduced at higher temperatures
leading to a compound which is largely constituted of lower vanadium
oxides.

Several investigators have wused only the mass—loss during a
particular stage to characterise the intermediates and have been
misled into believing metavanadic acid (HVO,) to be one of the
products (Duval, 1953; Erdey et al., 1964). The same intermediate




has been described by Hakomori (1929) and Duval & Morette (1950)
who believed that AMV loses its entire ammonia between 134 and
198°C (Hakomori, 1929) or 134 and 188°C (Duval & Morette, 1950)
to give the metavanadic acid which is not stable and starts to
dehydrate at 206°C to give vanadium pentoxide at 448°C. However,
Tashiro (1931) reported 700°C  as the lowest temperature for
obtaining vanadium pentoxide whereas Kato et al. (1939) gave 650°C.

Sesbes (1955) postulated a stable intermediate of the composition
NH,(V,0.)2H,0 between 280 and 320°C. This compound
decomposed above 320°C and was entirely transformed to vanadium
pentoxide at 460°C.

Taniguchi & Ingraham (1964) have pointed out that several
possible reactions, leading to different intermediates, can give almost
the same mass— losses and they suggested the use of the ratio of the
amounts of ammonia and water evolved as the factor determining the
stoichiometry. They suggested that the intermediate is ammonium
hexavanadate (AHV) “(NH,),V O, ".

Dubois & Breton (1938) obtained at 200°C AHV in air, which
started to decompose at 275°C leading to vanadium pentoxide at
440°C. In addition, they obtained another intermediate corresponding

to the formula:
(V,04).5(NH,),0

Bhatnagar et al. (1972), on the basis of their nitrogen analysis
of the intermediate, ruled out the formation of the metavanadic acid
as an intermediate. However, it was difficult for them to choose
between NH,(V,04)2H,O, reported by Sesbes (1955), and AHV as
suggested by Satava (1959) and Subba Rao & Mulay (1970). After
x—ray diffraction and infrared spectroscopy analyses they were
inclined to accept AHV as the intermediate compound.

Sas et al. (1978) concluded from their study that the




decomposition of AMV in air proceeds in two stages: between 160
and 230°C the AMV decomposes in air leading to AHV which gives
vanadium pentoxide when it decomposes between 270 and 325°C.
Trau (1966), from the results of a thermogravimetric study in
air, concluded that an intermediate corresponding to (NH ),V O,,,
ammonium bivanadate (ABV), is formed with a mass—loss of 11.1%
at lower temperatures (below 180°C); this decomposes in turn, below

210°C to give the hexavanadate:
6NH, VO, ——> (NH_),V,O,, + 2NH, + H,O
3(NH,),V,0,, ——— 2(NH,),V O, + 2NH, + H,O
Finally, above 300°C:
(NH,),V,O,, —— 3V,0, + 2NH, + H,O

However, Lamure & Colin (1964) pointed out that the bivanadate is
only formed with small sample masses, slow heating rates and
removal of product gases.

Most of the studies of the thermal decomposition of AMV have
been dynamic thermal analyses and little attempt has been made to
obtain the detailed kinetic and mechanistic information. An exception
to this is the work of Deaschanvres & Nouet (1967) arising out of
their study of the preparation of oxygen bronzes of vanadium and
ammonia (Deschanvres et al., 1965). Using mass spectrometric
methods, they studied, over the temperature range 130—180°C, the
kinetics of the first stage of the decomposition of AMV in vacuum,
which corresponds to a loss of 14.8% of the original sample mass.
The solid product has the empirical formulae of AHV sometimes

represented as the trivanadate (NH,V,O,).
Brown et al. (1974) determined the kinetic parameters and the




thermodynamic data of the various stages involved in the
decomposition in various atmospheres and studied the mechanism of
the decomposition (Brown et al., 1975). |

When Selim et al. (1980) heated AMV in the presence of air,
it gave rise to products almost identical with those obtained in vacuo
by Brown et al. (1973) at temperatures lower than 350°C. Thus at
180 and 230°C the trivanadate, 3V,0..0(NH,),, is obtained; which
decomposes at 300°C to give the monohydrate vanadium pentoxide.
At 350°C the vanadium pentoxide is produced with traces of the
monohydrate. The latter disappears at higher temperatures, producing
vanadium pentoxide with a well defined crystalline structure.

Although the bivanadate has been suggested as an intermediate,
it has not been isolated. Hydrated forms of this compound have,
however, been prepared as a precipitate obtained on boiling an
aqueous AMV solution (Calvo, 1954) or by adding ethanol to the
cooled solution after boiling and filtering (Lachartre, 1924). Attempts

to obtain the anhydrous form were unsuccessful (Lamure & Colin,
1964), leading instead to the hexavanadate. Furthermore, studies of

the phase diagram of the system NH_ —V,O,—H,O at 30°C
(Kelmers, 1961a) and 25°C (Fedorov et al., 1967) indicated that the
only stable solid phases were AMV, AHV and vanadium pentoxide.
However, the hexavanadates have not the same composition; Kelmers
obtained AHV with the composition (NH,),V.O,,, whereas the
AHV described by Federov was (NH,),V.O,,. The difference in
composition may be due either to the effect of temperature or to the
use of different methods of analysing the solid phase. A number of
other ammonium polyvanadates compounds have been reported in the
literature. All of these appear to be unstable with respect to AHV or
else do not exist at 25 or 30°C.

Although AHV has been proposed as a decomposition
intermediate in most studies, there is some disagreement in the

reported x—ray powder data for this intermediate (Tarama et al.,




1952; Satava, 1959; Kelmers, 1961b; Lamure & Colin, 1964;
Taniguchi & Ingraham, 1964) which has also been prepared from
acidified AMV solution (Beltran & Guillem, 1957; Kelmers 1961b).

Controversy over the nature of the final solid product . of the
decomposition of AMV has arisen largely from the differences in the
prevailing conditions of temperature and surrounding atmosphere.
Vanadium pentoxide is thought to be formed first, but if the gaseous
products (ammonia and water) are allowed to accumulate, as when
large quantities of sample are wused, or in the presence of
atmospheres of reducing age