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Abstract. The formation of b-phase Bi,M 0,04 catalyst from aprecursor precipitate
has been studied using the in situ combined XRD/QUEXAFS technique and DSC
during calcination. Accordingly the precursor was observed to undergo anumber of
changes in both the molybdenum (V1) coordination and long-range ordering during
this heating. Initially the two other forms of bismuth molybdate (a-and gphases)
were observed to form from the poorly crystalline precursor at about 230°C, however,
the b-phase eventually crystallised after prolonged heating at 560°C.
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1. Introduction

Bismuth molybdate materials having the general chemical formula Bi;,O3.nM 003 (where
n=3, 2 or 1 and correspond to the a, b and gphases respectively) are known to be
excellent catalysts for the partid (amm) oxidation of light olefins"?. Although
compositionally very similar, they are structurally quite distinct with the a- and b-phases
often described as possessing defect fluorite structures, whereas the gphase is considered
a classical example of an Auruvillius structure.>® The coordination of both the bismuth
(1) and molybdenum (V1) cations within these materials is also different with, for

example, the & and b-phases both containing BiOg units and MoQ, tetrahedra (although
in the former case the presence of afifth oxygen at 229 A is often considered as evidence
that molybdenum is in 5-coordination geometry) whereas both environments in the g
phase are considered to be distorted six-coordination geometry.>= Since the first patent
dealing with the use of bismuth molybdate as catalysts,’° several research articles and
patents have appeared in the literature, many of which detail new preparative methods or
catalyst formulation.?™™*® In general, these materials are formed via coprecipitation

techniques'® in which appropriate amounts of a bismuth source (normally bismuth

nitrate) is dissolved in water, and to this is added a source of molybdenum ions in

solution, normally through the dissolution of ammonium heptamolybdate. At this stage
the pH is adjusted before the mix is aged, washed and dried to yield a precursor material,
which is then calcined at elevated temperatures (between » 400 and 700°C) to remove
any volatilites and to form the final crystalline material; this method being preferred to
the heating of a mixture of solid oxides since it is both quicker and allows for reactant
mixing at the atomic level and thus avoids sample inhomogeneity problems. However,
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the preparation of stable, pure phase of these materials is often difficult to achieve, since
the crystallisation of more than one phase occurs at these temperatures.?°

Whilst there have been many studiesto accurately determine both the structure of these
phases and the origin of their catalytic behaviour, their production from the respective
precursor is poorly understood. Recently we reported the results from an in situ study into
the formation of the a and gphases using hydrothermal methods?'. However, we found
it difficult to prepare the b-phase using such methods and hence we adopted the
conventional precipitation method to prepare this highly catalytically active form of the
bismuth molybdate family. Here we report an in situ XRD/QUEXAFS>% study
(supported by measurements carried out using DSC, SEM and XRD) of the formation of
the bphase from the precursor gel. The advantages in using the in situ XRD/QUEXAFS
approach is that the technique allows us to compare changes in long- and short-range
coordination during the activation process giving us an insight into the possible
mechanism of formation; such an approach has previously been employed to understand
the formation of the gphase from a precursor gel as well as for the study of phase
transformations in other solid state systems.?>?*? Our investigation clearly showed that
the poorly crystalline precursor material underwent a number of changes in both short-
and long-range ordering before the final b-phase was observed to form fully when the
calcination temperature reached 560°C.

2. Experimental

For the preparation of the bismuth molybdate precursor with the stoichiometry
Bi,05.nM00; (Where n =2) we used similar procedures to those previously reported.”®
Stoichiometric amounts of acidified bismuth nitrate solution were mixed with ammonium
heptamolybdate tetrahydrate dissolved in dilute ammonium hydroxide. The pH of the gel
was adjusted to » 4% before the excess water was boiled off and the pale yellow solid
precursor was placed in an oven held at 100°C overnight to dry.

The XRD pattern of the as-synthesised material was recorded using Siemens D500
diffractometer (of Bragg—Brentano geometry) equipped with a copper target. DSC
measurements were carried out using a Shimadzu DSC 50 with the samples heated in air
at a rate of 10°C/minute from room temperature to 600°. Scanning electron micrograph
(SEM) pictures were taken using a Jeol 733 Superprobe with an Oxford Instruments ISIS/
INCA system for EDX analysis.

In situ XRD/QUEXAFS measurements were carried out at station 98 of Daresbury
Synchrotron radiation source, which operates at 2 GeV with a typica current of 150 to
250 mA. The station was equipped with a Si(220) double crystal monochromator, and ion
chambers for measuring incident and transmitted beam intensities for recording X-ray
absorption spectra. For diffraction measurements, a position sensitive INEL detector was
used. In a typical experiment, about 40 mg of the bismuth molybdate precursors were
pressed in to a disc of 13 mm diameter. These samples were then placed into an in situ
cell that permits the measurement of combined XAS and XRD data. The samples were
heated at 5°C/min from room temperature to 560°C and this temperature was maintained
for 120 min. Mo K-edge XAS and XRD data were collected sequentially, throughout this
activation process. The time taken to record the Mo K-edge XAS pattern was 380 s and
180s for XRD data resulting in a total cycle time of 10 min, which included 40 s dead-
time to move the monochromator back to the starting point. XRD datawere collected at a
wavelength of 0928A, (well below both the Mo K and Bi Llll-edges) to avoid



Crystallisation of Bi,M0,0q catalyst 527

fluorescence effects. The INEL detector was calibrated using a NBS silicon standard and
a 10rm Mo foil was used to calibrate the monochromator position. XAS data were
processed using the suite of programs available at Daresbury laboratory, namely
EXCALIB (for converting the raw data to energy vs absorption coefficient) and
EXBROOK to obtain the normalised XANES part of the spectra.

3. Results

First we discuss the results obtained from the XRD measurement of the dried precursor
before we analyse the results obtained from the DSC and finally we follow the changes
that took place during the calcination process using the in situ combined XRD/QUEXAFS
technique.

In figure 1 we show the X-ray diffraction patterns of the dried precursor starting
material and the final crystalline product of Bi,M0,0qy. The pattern is dominated by a
strong but very broad reflection at » 28°2q along with additional reflections present at
» 2449 and 4640°2g Although the presence of a reflection at » 28°2q is a common
feature in the XRD patterns for al three of the catalytically active forms of bismuth
molybdate (as well as for MoO3z and both the a and bforms of Bi,Os) none of these
peaks can be indexed to any of these known phases.?® This pattern may however, be due
to the formation of a bismuth containing heteropolymolybdate that has been postulated to
form under the conditions used here to prepare the precursor and are thought to be
important for specific phase (particularly the a-phase) to form.?’

In figure 2 is we show the DSC plot for the dried precursor during heating in air to
560°C. The plot contained a number of distinct exotherms at 60, 130, 170, 230 and
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Figurel. XRD patterns of (a) the b-precursor prepared by coprecipitation and after
drying overnight in an oven at 100°C and (b) after calcination at 560°C for two hours.
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Figure2. DSC tracerecorded during the course of heating the b-precursorinair up
to 560°C.
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Figure3. Stacked XRD plot obtained using the position sensitive | NEL detector,
during the course of heating the b-precursor, from room temperatureto560°C & a
rate of 5°C per minute. XRD patterns were collected at a wavelength of 05028A.

between 350-400°C. In figure 3 we show the stacked plot of the XRD data recorded,
using the combined XRD/QUEXAFS for the b-precursor during calcination in air to
560°C. It is clear that the XRD pattern shows number of changes during this process
indicating that the poorly crystalline material is transformed in to crystalline systems.
Initialy, between 30 and 80°C, only small changes in some of the peak intensities present
in the diffraction pattern of the original precursor were observed. On reaching tempe-
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ratures in excess of 130°C some of the reflections present at 80°C, disappeared leaving
(with the exception of the broad peak at » 17°20), an essentially featureless pattern. A
number of new reflections began to appear when the temperature is raised above 230°C,
which can be readily identified as being due to the formation of the a and gphases.
Beyond this temperature and up until the temperature reached 560°C only subtle changes
in the XRD patterns were observed which involved an increase in peak intensity and
decrease in peak width (FWHM). However after almost two hours of heating at this
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Figure4. (a) Stacked Mo K-edge XANES data (for clarity we show only the small
region, although the entire Mo K-edge XAS pattern was recorded within 380 s)
recorded sequentially with the XRD pattern shown in figure 3. (b) Vaiationinthe
intensity of the features A and B with temperature. The main changeswereseento
occur at temperatures above 230°C, which were due initially to the growth of a
mixture of a- and g-phases containing molybdenum in ahigher coordination than the
precursor. On reaching 560°C the decreasein intensity of the XANES feature marked
A and increase in feature B heralded the appearance of the b-phase containing
tetrahedral molybdenum.
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temperature the reflections belonging to a and gphases had disappeared with only
reflections for the b-phase present in the XRD patterns.

Close inspection of the stacked Mo K-edge XANES data in figure 4a (recorded
sequentially with the XRD data plotted in figure 3) clearly indicated that a change in
some of the well-defined features of the spectrum had also taken place during calcination,
suggesting that a change in the local coordination around molybdenum had occurred.
Initially the XANES is dominated by the pre-edge feature marked in the figure as B
which has previously been taken as evidence of Mo(V1) ions in atetrahedral environment
surrounded by four oxygens.®?*** However on calcination above 230°C the declinein the
intensity of this feature (figure 4b) and an increasesin prominence of feature A coincided
with the crystallisation of the a- and gphases which possess a higher coordination
number. The features of the Mo K-edge XANES then remained unaltered until the
calcination temperature reached 560°C at which point the intensity of feature A began to
decline, whilst simultaneously, feature B began to grow. The SEM photograph of the
sample obtained after heat treatment at 560°C for two hours is shown in figure 5. The
sample appeared to be inhomogeneous and contained a number of particles possessing a
variety of different shapes and sizes.

4, Discussion

The Mo K-edge XANES data for the b-precursor lead us to conclude that initially a four
coordinated Mo(VI) containing material is formed and that this undergoes a number of
changes during calcination to form the final bb-phase material. In the early stages of heat
treatment (<250°C) the long-range ordering of this precursor material undergoes a
number of changes as evidenced from the changes in the XRD patterns and a number of
exotherms in the DSC trace. The largest of these exotherms (at »250°C) corresponds to
the crystallisation of both the & and gphase from the precursor with no sign of the b

Figure5. Scanning electron micrograph (SEM) images (magnified " 8000) of theb-
phase formed after calcination of the respective precursors at 560°C. Thewhitescae
bar =5 mm.
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phase observed until the calcination temperature reaches 560°C. The XRD results are
consistent with the XANES observation that local coordination around Mo(lV) takes
place corresponding to the formation of & and gphases above 230°C. It appears,
therefore, that the formation of this phase is via a solid-state reaction between the a- and
gphases which are formed at the initial stages, as observed from changes in both the
XRD and XANES data, after decomposition of the precursor at » 250°C. Such
observations are consistent with previous work in which it had been noted that this phase
is very difficult to form using a copreciptation approach at low temperatures but that the
phase does form readily from a solid mixture of the a- and gphases heated at high
temperatures.?®?8 |t may be that prolonged heating at high temperature, necessary to form
this phase, results in the particle coalescence leading to the formation of a variety of
particle shapes and sizes seen in the SEM image.

In summary, this study has shown clearly how the b-phase forms from a precursor that
initially transforms to a- gphases of bismuth molybdate which reacts further, after
prolonged heating at 560°C, to yield the final product. Furthermore this study has also
demonstrated the need to employ either high temperatures or long calcination times to
prepare this material since a failure to do so may result in a catalyticaly inferior or
structurally unstable material.
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