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ABSTRACT

Synchrotron-based X-ray techniques, such as Diffraction and Absorption Spectroscopy (XAS), can be
readily employed to study catalysts in action, thereby offering great potential for revealing the
mechanism and behaviour of catalytic solids both during preparation and reaction. The continued
advancement of X-ray generation and collection mean that it is now possible to obtain high quality data
from catalysts under reaction conditions with second/sub-second time resolution. In this paper, we
describe in detail a specific setup which can be used to obtain transmission in situ data. It is able to mimic
industrial preparation/reaction environments and has been developed to such an extent that such
measurements are now routine. To illustrate its applicability, we present time-resolved diffraction data
obtained from an iron molybdate-based catalyst under pseudo industrial operating conditions revealing
its bulk solid-state chemistry and stability, and further show how the catalyst behaviour changes as a
function of the Fe/Mo ratio. We also illustrate the versatility of this setup in obtaining data using
simultaneous multiple techniques (including non-X-ray-based methods, e.g. UV-vis) from an iron
molybdate catalyst under methanol/air-flow. We conclude with a brief outlook towards the future, in
which we identify new possibilities for studying catalysts in action which could yield insight into their
preparation and behaviour.

© 2009 Published by Elsevier B.V.

1. Introduction

The study of catalysts under relevant reaction conditions
enables the catalyst scientist to identify and understand the
important steps in a catalyst’s lifetime, e.g. the formation of active
sites and reaction intermediate states, activation/deactivation and
modes of regeneration. In reality the study of catalysts under true
operando conditions is often too practically demanding to be
feasible (e.g. large volume reactors, high pressures, etc.) leading to
the need to make experimental compromises, resulting in the more
generic term of ‘in situ’ studies. Critical to the acquiring of such
insight has been the development of characterisation methods as
well as the design and construction of appropriate in situ cells and
reactor probes [1-14].
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In situ synchrotron-based X-ray techniques, such as diffraction
and XAS, are routinely used nowadays to investigate the chemistry
of dynamically changing systems. Such studies have been made
possible due to the nature of synchrotron X-rays (e.g. highly
collimated, high brilliance, wide range of available photon
energies) and the technologies associated with their detection.
To date there have been a number of applications of synchrotron
methods to the study of both catalyst preparation and operation,
although perhaps not as many as one might expect. Thus such
techniques remain seen as being far from routine. This may be
because many researchers in the catalytic community are both
unaware of what is now feasible (both technically and financially)
and the relative ease of performing such studies, as well as the
increased industrial accessibility to synchrotron technology (either
directly or through academic collaboration). In this paper we aim
to demonstrate the relative ease in which high quality scattering
and spectroscopic data can be gleaned from catalysts undergoing
reaction and the usefulness of such techniques in revealing and
rationalising the chemistry involved. Much of the paper is
dedicated to the practical considerations in the development
and use of a plug-flow in situ capillary reactor, which, notably, has
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been comparatively cheap to develop. We demonstrate the use of
such apparatus with results taken from the study of iron
molybdate, an important industrial catalyst used on the produc-
tion of formaldehyde by direct oxidation of methanol. We also
demonstrate its versatility for obtaining combined multiple
technique data (using combined scattering and spectroscopic
techniques) in order to investigate the catalyst in pseudo industrial
operating conditions, and investigate the effect of Fe/Mo ratio to
the activity and stability of the catalyst. We summarise with a look
to the future of in situ X-ray studies which we believe offer great
potential for further elucidating and understanding heterogeneous
catalytic processes. We hope that this paper is of use to researchers
in the field, both in academic and industrial institutions.

2. X-ray diffraction and scattering methods as a tool to probe
the solid-state

Diffraction is widely employed in angle-dispersive reflection
mode (sometimes referred to as powder diffraction) as a sample
characterisation technique to identify polycrystalline compounds.
However, the advent of more powerful and intense X-ray sources,
coupled with the advances in data recording instrumentation, now
allows for the collection of medium-to-high quality transmission
diffraction signals on a second or sub-second time-scale. This
approach is now being realised as a useful method for studying
catalyst materials both during preparation and in action [15-21].

The diffraction signal is generated by the coherent elastic
scattering from Bragg planes in well-structured crystals. The
spacing and intensity of recorded diffraction maxima can be used
to identify, quantify (typically to mass fractions as low as 1%) and
monitor structural changes in crystalline materials. The amount of
non-crystalline material can also be quantified by addition of a
known mass of (benign) crystalline material, so called spiking. In
addition the degree of crystallinity can be derived from the
sharpness of the recorded maxima. Such information is useful for
deciphering the mechanisms both in the formation of catalysts
(mostly bulk materials) and indeed catalyst systems under
reaction conditions.

It is also possible to probe systems which do not show long-
range order using X-ray scattering techniques. Generally the
techniques of diffraction and scattering can be differentiated as
follows: diffraction being the elastic scattering of radiation from
structures with long-range order, whereas scattering, which can be
both elastic and inelastic, is typically employed to study samples
that are organised on a smaller scale. Scattering is then also
commonly delineated into two ‘types’: small angle X-ray scattering
(SAXS) which probes structure in the nanometer to micrometer
range (large length scale structures) by measuring scattering
intensity at 20 scattering angles close to 0° and wide angle X-ray
scattering (WAXS), which concentrates on larger 26 scattering
angles. Often the two scattering techniques (SAXS/WAXS) are used
in conjunction, particularly for studying the self-assembly
processes during catalyst formation [22,23].

3. Probing the local environment of an atom type using EXAFS

X-ray absorption spectroscopy (XAS) has been successfully
employed on numerous occasions to study catalysts under in situ
conditions. The origin of this success can be attributed at least in
some ways to the following two simple observations: (a) the
technique can be employed to study both crystalline or amorphous
materials where the element of interest can be as low as 0.1 weight
%, and (b) the nature of the light source (highly penetrating and
brilliant) in conjunction with the high availability of suitably
robust X-ray transparent material avoids large compromises in cell
design away from the operando ‘philosophy’.

An X-ray absorption spectrum can be effectively divided into
two parts: the X-ray absorption near edge structure (XANES),
which concentrates on the region around an absorption edge
(approximately 50 eV below and above) and extended X-ray fine
structure (EXAFS), which is concerned with the analysis of data
recorded some 100-1000 eV above the edge. Both aspects are
sensitive to changes in a specific element’s oxidation/coordination
state, although it is also possible in some situations to obtain
details on the absorbing element spin state.

Typically X-ray absorption spectroscopy can be measured in
situ in two manners; transmission or fluorescence/emission.
Normally the in situ time-resolved approach demands that a
number of data must be collected in a short time period. Such data
can normally be obtained with second to minute time resolution
using quick XAS techniques (QEXAFS), which scan across and
above an absorption edge by moving a monochromator incremen-
tally and rapidly. Alternatively, an entire XAS spectra acquisition
on heterogeneous catalyst samples can be obtained in the sub-
second time regime (typically ms although experiments with a
time resolution in the s regime have recently been attempted) in
energy dispersive mode (EDE), or via the use of fast sequential
energy scanning QEXAFS monochromators [24,25]. With this
propensity for rapid data acquisition, XAS has proven to be an
extremely popular method to study both catalyst solid-state self-
assembly processes and heterogeneous catalytic reactions, nowa-
days often in tandem with other scattering and spectroscopic
techniques (e.g. SAXS/WAXS, IR, UV-vis, Raman, etc.) [22,26-30].

In order to achieve the time resolution required, both
diffraction and EXAFS require a high spectral brilliance source,
such as is available at a synchrotron. Whilst the rest of this article
will focus principally on the benefits this can bring, it is worth
mentioning at this stage some points of caution. Firstly that one
should be aware that in some cases exposure to such X-rays can
induce sample damage [31]. Secondly that, not surprisingly, the
benefit of the higher time resolution has meant that more data can
be collected. This coupled with the potential complexities of
handling data derived from these techniques often leads to time-
consuming analysis.

4. The suitability of small tube reactors for in situ studies

There are two considerations when designing sample cells and
cell environments for in situ measurements: (a) that the setup and
reaction conditions remains as close to being industrially relevant
as possible and (b) that the design does not, or to the most limited
sense, impinge on the quality of the data collected. However, often
such designs make a compromise between these two ideals [13].
When considering measurements in transmission mode an
important consideration is working at or near an ideal sample
path length, i.e. the length of sample material/reactor wall through
which the incident light must pass. This is dependent on the
absorbing nature of the material under study and the wave-
length(s) to be used, and also requires that the sample is uniformly
‘transparent’. The ideal path length is calculated according to the
stoichiometric approximation [32] from the component elements
mass attenuation coefficients [33] (Figure S1, in electronic support
information, shows the ideal path length as a function of
wavelength for iron molybdate, a component in the Fe-Mo-0O
mixed oxide catalyst system). Clearly, even at high energies (e.g.
100 keV) there is still significant self-absorption. In this regard, cell
designs in which the sample is mounted as a pressed pellet/wafer
are well suited. However, there are two drawbacks associated with
this type of cell design for studying gas-phase reactions. Firstly the
diffusion of the reactants/products is impeded, and secondly, the
shape of the catalyst sample results in there being a limited
amount of space around which to perform additional comple-
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mentary measurements. Owing to such restrictions we have
focussed on using packed-bed capillary-tube reactors with a
controlled particle size distribution, which resemble more closely
the conditions/circumstances found industrially. The suitability of
such reactors has already been demonstrated [14,34-37].
Capillaries and small diameter tubes, by their cylindrical nature,
can support comparatively high pressures for small wall thick-
nesses, e.g. a standard borosilicate 0.5 mm diameter capillary with
a wall thickness of 10 pm can withstand a pressure of 30-50 atm.
Thin walls and small sample volumes allow fast transmission of
heat and allow for design of finely controllable heating environ-
ments. Such volumes obviously require less sample which can
have advantages from a synthesis view point. It follows that small
catalyst volumes require relatively small reagent volumes, which
have safety-related benefits when working with flammables/
explosive reagents. Glass-walled capillary tubes have the addi-
tional advantage over capillary tubes constructed of high X-ray
transmission materials such as beryllium [32] and boronitride in
that the sample is visible; this helps when loading the sample (to
know for instance, that the sample is evenly distributed) and
importantly allows for additional measurements to be made using
visible/near-visible light such as UV/vis, Raman, etc. Additionally,
it is relatively easy to recover studied samples (perhaps for further
analysis by, e.g. TEM to elucidate deactivation phenomena) from
such sample cells. However, it should be noted at this stage that the
use of mounted capillaries is not without its disadvantages. For
example, it can be difficult to load samples, especially when using
@ < 0.5 mm capillaries; the symbol @ indicates diameter. The
sample should be uniformly loaded and of sufficient thickness to
ensure a good quality signal whilst, at the same time, allowing for
sufficient gas permeation without a too significant pressure drop
across it. A standard protocol is used to prepare the sample for
investigation in which it is first pressed into a pellet (care must be
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taken not to over press the sample which would lead to damage,
manifesting as stress-broadening) before it is crushed and sieved
to the required fraction range. This fraction is then packed into the
reactor using a combination of thin wire (@ < 0.3 mm) and gentle
tapping on the side or the use of a corrugated edge (e.g. a coin or
small screw) to coax material to drop down into the tube. Either
side of the sample are placed two quartz wool plugs (to prevent
sample blow out). The end of the capillary is then scored with a
glass scorer and broken off. We use Glasinstrumentumacherme-
ister Wolfgang Muller capillaries that are typically 80 mm long
inclusive of a typical bulb length of 10 mm. At this stage we slide a
PTFE ferrel over the capillary and glue it into position. The capillary
and ferrel is mounted in a gas stub, a check is carried out for gas
flow, and finally the capillary/gas stub is aligned with respect to the
beam and the experiments performed.

A second problem concerns the sensitivity of the data to the
experimental setup. In Fig. 1, we show the effects of catalyst sieve
fraction size and beam position on the quality of the transmission
diffraction and XAFS data obtained on Cu/Zn/Al,O3 catalysts. As
can be seen from the figure, these parameters have a significant
influence on the data. These differences are caused essentially by
variations in the diffracting/absorption volume (and for XAFS by
the sample uniformity) and affect more significantly the XAFS data
than the diffraction. Perhaps most interesting is the effect of
particle size. The desired lower particle packing efficiency
associated with larger catalyst particles results in a significant
reduction in the overall quality of the XAFS data (due to a smaller
absorption volume) and its amplitude since it is akin to a severe
‘pin-hole’ effect. This effect is extreme in the case of large particles,
becoming increasingly less so as the particle size decreases and has
obvious implications when trying to extract EXAFS information
(particularly with respect to coordination number). Differences in
the quality of the diffraction data are also noticeable. For larger
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Fig. 1. Comparative XAFS data ((a) and (b)) recorded at the Cu K-edge (8.789 keV) and WAXS data ((c) and (d)) recorded at 1.398 A illustrating the influence of beam position

and catalyst sieve fraction size on data quality.
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sized particles a lower number of counts are recorded on the
detector thus making it difficult to resolve weakly diffracting peaks
unless longer count times are employed. Slight variations in peak
intensity can also be seen which are most probably due to
preferred orientation.

The influence of the beam position/sample angle on the
differences in the XAFS and diffraction data can be explained to
a large extent (as mentioned above) in terms of the variation in the
diffracting/absorption volume element. However, the shift in the
XRD peak positions occurs due to the change in sample-to-detector
distance.

5. Required components for in situ studies and our setup

Performing in situ experiments requires some or all of the
following components: gas delivery system, vapour pressure
control system, heating and temperature control systems (fur-
nace), exhaust gas analysis and the possibility to include additional
measurement probes. In building apparatus for in situ experiments
at synchrotron radiation sources it is strongly desired that the
apparatus is safe, is easy to use, is both portable and durable, and is
not cost prohibitive. Here we describe the components that we
have developed for our in situ studies (a typical setup may include
the components indicated schematically in Figure S2). Similar
types of setup have been previously described (e.g. [16,34,38-40])
and bespoke setups for particular synchrotron stations have been
developed [41,42].

Gas delivery, was carried out using Bronkhorst F201CV mass
flow controllers (MFC) with a capability to deliver an output flow
rate of 0-50 ml/min (with a control interval of 2% of the
maximum). Typically 3 types of gases were selected for any one
experiment: a diluent inert gas (e.g. nitrogen, argon or helium), an
oxidant (oxygen typically 5% in an inert gas) and a reductant
(hydrogen also 5%). These devices are controlled electronically
using a 0-5 V continuous signal to deliver a flow of 0-50 ml/min at
a working inflow range of 1-3 atm. The input voltage is regulated
via a MFC control box, which possesses also the capacity to receive
a bespoke 5V TTL external trigger (initiated by the experimental
acquisition software; most synchrotron stations have 5V triggers
such that events can be triggered to coincide with data acquisition
events), that would allow for switching between gases (at set
desired delivery rates). MFC'’s are then supplied from gas cylinders
of pure or pre-mixed gases via, preferably, stainless steel gas
tubing since Teflon type tubing is known to be pervious to small
atmospheric gas molecules such as oxygen. Occasionally oxygen
and water scrubbers are attached to the inlet lines to ensure the
reactant gases are of the best purity. We observe also that it is
important to have double-stage regulators for bottles to avoid
variations in the MFC inflow gas pressure.

In the cases where the reactant at room temperature is a solvent
(e.g. methanol used in selective oxidation experiments) yet the
reaction is carried out in the gas phase, a bubbler is employed
through which a carrier gas is pushed through by one of the MFCs.
Cleary this can only work if the vapour pressure of the solvent in
question is sufficiently high enough to obtain the required amount
of reactant for the catalytic process under study. Furthermore the
bubbler should possess a significantly large enough ‘dead volume’
above the reservoir of liquid reactant in order to allow for good
mixing with the incoming carrier gas resulting in a steady supply of
reactant in the gas stream. Alternatively, the solvent can be
introduced via a loaded syringe/syringe pump arrangement which
allows for a much more controlled introduction. When using a
bubbler it is necessary to heat it in order to obtain the required
vapour pressure and therefore required amount of reactant.
However, this also means that not only the reservoir of solvent
needs to be heated but also the transfer gas lines (preferably both

into (for preheating) and out of the bubbler) need to be maintained
at a similar temperature in order to avoid condensation. Here, the
pipe that delivers the gas from the bubbler to the sample cell is
held at constant temperature by being bathed (by virtue of a larger
diameter pipe) in circulating heated oil which by conduction heats
the metal components. This method is reliable for maintaining
vapour pressure. It has been our experience that maintaining
vapour pressure through the use of heating tape and insulation has
been difficult to achieve, since it is difficult to eliminate every cold
spot by this method.

Typically our in situ experiments have been conducted with
0.5-1 mm diameter capillaries. The use of capillaries requires a gas
tight seal. This is achieved by use of a PTFE ferrule which is slid over
the capillary and glued against the capillary bulb (using superglue).
During the experiments the PTFE ferrule is sufficiently far from the
heating zone that it is not deformed by heat. The ferrule is secured
to the gas stub via a standard Swagelok nut, see the schematic and
photographs in Fig. 2. The gas stub consists of a rotating seal
(suitable for work up to 4 atm, above this a gas stub without
rotating seal is used) and quick fit pipe (gas inlet) connector. The
stub can be mounted into a standard 6 mm goniometer such that
sample alignment can be achieved. Although we have a working
and tested rotating seal we have not successfully used this with a
standard motor driven goniometer as spinning requires consider-
able torque (spinning the capillary in powder diffraction is
desirable, as it averages crystallite orientations, but not necessarily
arequirement). In this cell, the capillary is not sealed on the output
side, though many cell designs incorporate a seal, e.g. [14].

Heating is achieved in one of two manners; radiative heating
furnaces or hot air blowers. A general type bespoke furnace (here
referred to as the mark 1 furnace) used with 1D detector systems
(such as the RAPID-2 or delay-line curved INEL detectors) is shown
in Fig. 3. The heating element consists of kanthal wire of 1 m in
length (with resistivity of 11.1 £ m~! wound into a coil) supported
on a pyrophyllite ceramic; the latter material chosen for its
thermal and machinability properties. Coiling the filament wire
and threading it through the ceramic ensures that there is
sufficient length to achieve resistance of at least 10 (). This also
serves to better concentrate the heat around the capillary and
results in a compact heater cage design. The heating cage is
insulated from the aluminium body by glass wool, ceramic plates
and fire-board. The body has been machined with a 10 mm
incident X-ray window, and a 10 mm wide 120° exit X-ray
window, both of which are kapton covered; the exit window is air-
cooled. The aluminium body is maintained at a safe handling
temperature with external water-cooling circulating via wrapped
copper piping. The furnace is controlled by the commercially
available Eurotherm 2204 furnace controller fitted into a specially
designed power supply box. The furnace/controller is capable of
running heating/cooling programs with ramp rates of up to
30 °C min~! up to temperatures of ~950 °C, beyond which there is
a risk of the heating wire burning out. The mark 2 furnace (shown
in Figure S3), has a slimmer body such that a standard capillary will
traverse the body in order that the outflow end of the capillary is
easily accessible and that the product gasses can be easily
collected. A drawback of this furnace is the open filament heater
cage, which makes it incompatible with the measurement of UV/
vis data due to its signal being overwhelmed by black body
radiation. A second ‘shielded filament’ heater cage was designed to
overcome this problem; with this cage the furnace is less
responsive (~5 °C min~') and can only operate up to 650 °C.

We have also employed heater guns as an alternative heating
method. The use of guns has the primary advantage that they give
greater sample access space, and as such are suitable for use with
2D detectors with additional probes (a typical setup is shown in
Figure S4).
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Fig. 2. Top schematic of capillary in gas stub. Bottom left photograph of gas stub (the gas inlet is via a quick push fit pipe connector suitable for 4 mm ¥ pipe). Bottom right

capillary glued into PTFE ferrule.
6. Selected results

The studies presented below aim to illustrate the suitability of
small tube reactors for in situ studies. The results represent work in
progress on rationalising the behaviour of the iron molybdate
catalyst (Fe;(Mo0O4)3/Mo003), used in the industrial production of
formaldehyde by direct oxidation of methanol (MeOH).

7. Probing solid-state redox behaviour

The importance of the solid-state chemistry between the
respective crystalline phases (Fe,(MoO4,)s, 3-FeMo0O4 and MoOs) of

the iron molybdate catalyst was studied using a rapid powder
diffraction setup, which allows for the collection of refinable full-
pattern data in 1s [21]. This allowed us to follow the time-
sequence of interplay between these component phases and, in
particular, how differences in the rates of solid-solid reactions in
5% H, or O, were important for maintaining the catalyst’s stability.

Fig. 4 shows selected results from the reduction-oxidation
cycling of the iron molybdate catalyst at 472 °C. Fig. 4(a) shows a
typical diffraction pattern from the experiment. The three
crystalline phases (Fe;(MoQg4); (high temperature form), MoOs,
and P-FeMoO,) were clearly identifiable. No peak remains
unexplained and the main intensity mismatch is attributed to

Fig. 3. Mark 1 furnace, left showing the X-ray exit window and the water-cooling jacket; centre heater cage and the internal insulation, water and air cooling inlet and right
mounted on station 6.2, SRS. The furnace has body dimensions of &5 = 150 mm and height 80 mm with an X-ray entrance exit window of 10 mm x 120°. The pyrophyllite
heater cage has dimensions 25 mm length, external barrel ¢f = 20 mm, internal barrel ¢ = 8 mm, with an X-ray entrance window of 10 mm x 2 mm and exit window of
10 mm x 120°. A standard capillary will not traverse the body of the Mark 1 furnace; a mass spectrometry line can be inserted at the capillary outlet, but with difficulty.
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Fig. 4. (a) A magnified section of part (26 = 18-32°) of the background-subtracted
powder diffraction pattern from the catalyst during an early reduction stage against
the three component fitted phases: (- - -) Fe;(M0Oy)s, (- - -) B-FeMoOy, (- - -) M0oOs.
(b) Phase composition (% mol weight fractions) of Fey(Mo00O,); (solid black line), 3-
FeMoO, (dashed gray line) and MoOs (solid light gray line) as derived by multiphase
quantitative Rietveld fitting to the data in (b).

the MoOs phase (due to the preferred orientation of its lamellar
structure). The data were refined independently, using the Celref
[43] and Fullprof [44] packages to obtain the respective phase
weight fractions and intensities proportional to those for the
respective structures. Fig. 4(b) shows that Fe;(Mo0Q,4); forms 3-
FeMoO,4 (and MoOs, see Eq. (1)) in the presence of H, but reforms
again in the presence of O, (Eq. (2)). However, as can be seen in
Fig. 4(c), reduction appeared to be a much slower process than the
reverse re-oxidation reaction; the rapidity of which was revealed
during studies performed on a 2-s time interval basis and shows
that the oxidation reactions are virtually completed within 15 s (it
is worth noting at this stage that this solid-state reaction between
3-FeMoO,4 and MoOs3 occurred at a rate never seen before in nature
under such mild conditions). In comparison reduction was much
more gradual, taking place over a number of minutes.

H, + FEZ(MOO4)3 — Z(B—FEMOO4) + MoOsz +H,0 (1)

2(B-FeMo04) + MoOjs + 30, — Fe;(M00y); 2)

Further investigative redox studies were performed as a function
of molybdenum concentration in order to determine further its role
in the solid-state chemistry of this catalyst. Three samples were
compared in which the Mo:Fe ratio varied from 1.5:1 (Fe;(MoQ4)3)
up until 3:1. Shown in Fig. 5(a) is a plot of the data for the Mo:Fe 3:1

sample during both reduction and oxidation cycling. The phase
composition plot in Fig. 5(b) details the rate of 3-FeMoO, formation
(reduction), where it is clear that the rate of reduction is much
quicker for the sample containing more molybdenum. Although not
shown here, the rate of re-oxidation was also found to be fastest for
the 3:1 sample. Peak shape profiling revealed that at the point before
reduction began, the peak widths for the Fe;(MoO,4); phase were
very comparable, thereby eliminating the possibility that such a
difference originates from the difference in particle size.

From these studies it was possible to rationalise the behaviour
of the catalytic system as follows. In a 5% H,/Ar atmosphere the
Fe;(Mo004); phase in the mixed Fe-Mo-O catalyst undergoes a slow
reduction according to Eq. (1) but undergoes rapid regeneration in
5% O,/Ar according to Eq. (2). The observation appeared contrary to
the previous work [45] in which it was stated that reduction of
Fe;(Mo0,)s is much easier than oxidation of 3-FeMo00O,4. Reduction
does however occur more quickly with higher molybdenum
loadings, although it is not clear why. This might be due to the
higher loaded sample possessing a larger surface area, or else may
possibly be due to some sort of promotion effect by the MoOs, or a
partial substitution of Fe>* in the Fe,(Mo0Q,)s structure. Since it has
been well documented that Fe,(MoO,4)s; is active for MeOH
conversion [46] this difference in reactivity could be critical for
maintaining phase stability and therefore the catalyst activity. This
and the absence of any additional phases suggested that reaction
(2) proceeds so quickly that other solid-state side reactions leading
to deactivation (3) cannot occur. This observation, coupled the
increased rate of re-oxidation with increasing molybdenum
concentration, implies that adding an excess of MoOs in the as
prepared catalyst is beneficial for maintaining the stability of the
active phase as well as for replenishing any sublimed molybde-
num. This then appears to be a key step in understanding the
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Fig. 5. (a) Time-resolved plot recorded from the Fe;(M00O4)3/MoO3; (Mo:Fe ~ 3.0)
during H»/O; cycles. (b) Plot of relative formation rates of 3-FeMoO, as a function of
[Mo].
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catalyst’s longevity. Thus we propose a new ‘role’ for excess
molybdenum in the catalyst formulation.

Z(B—FEMOO4) + %02 — Fe;03 + 2Mo0O3 (3)

8. Activity in MeOH

H, was used as the reductant in the previous studies since it is
known that polar solvents such as MeOH, formaldehyde or water
can cause molybdenum volatilisation. Such an effect could have a
negative influence on the rate(s) of solid-state reaction and was
therefore avoided. However, it is far more relevant to compare
catalyst activity/behaviour using MeOH and therefore MeOH and
0, cycling experiments were performed. In these experiments,
MeOH was passed over a series of catalysts during temperature
ramping in an attempt to determine the effect of increased
molybdenum loadings on the light-off temperature. Our rationale
was that under typical aerobic conditions, little variation in the
light off temperature would be observed when compared to
anaerobic conditions, where differing molybdenum loadings
(ranging from Mo:Fe=1.5 to 3.0) may influence significantly
oxygen transfer through the bulk. Such differences then may lead
us to further understanding of the role of excess molybdenum in
the catalyst formulation.

Fig. 6, contains a stack plot of the data recorded for a
Mo:Fe ~ 3.0 system. The catalyst, somewhat unexpectedly, under-
went a number of changes during temperature ramping. The peaks
corresponding to both the Fey(MoO4); and MoOs phases were
observed to gradually disappear (via the appearance of MoO, and
possibly [3-FeMoQ4) with increasing temperature so that on
reaching the end of the temperature ramp (440 °C) only weak
reflections at 32.79°, 47.90° and 59.11° 26 remained against a
broad (increased) background. The remaining Bragg peaks were
too weak to assign definitively to a particular crystalline phase,
although it was possible to rule out the presence of any known iron
molybdate or molybdenum oxide. Based on pattern matching, the
most likely phase assignment is MoC, although the increased
background suggests that amorphous phase(s) might also be
present. On switching back to air however, the MoC phase was
observed to first disappear before the mixed Fe,(MoQ4)3/M00Os
phase reformed (also via MoO,) in an identical ratio to that seen at
the start of the reaction (FeMo/MoOs, 1:1). The peaks were
however slightly sharper, suggesting that sintering had occurred.
Similar behaviour was observed for all catalysts studied and
further studies are in progress in order to understand why this
occurs.

9. In situ multi-technique study

The simplicity of the capillary setup means that it can be easily
transferred to other beamlines to perform complementary
measurements. Furthermore its ‘open’ design allows for the
performing multiple measurements at the same time, potentially
enabling greater insight into the catalyst’s behaviour. The multi-
technique approach has the obvious advantage that it allows the
experimenter to capture information under one set of experi-
mental conditions, i.e. they do not need to be recreated for each
individual measuring technique. As an example, Fig. 7 shows
WAXS/XAFS/UV-vis and mass spectrometry data recorded during
temperature ramping in MeOH, although to the slightly lower
temperature of 350 °C. As observed previously (Fig. 6), heating in
MeOH led first to the disappearance of Fe;(M004)s and MoOs and
the gradual formation of MoO, along with diffraction amorphous
material. Interestingly, and in contrast to the previous study, no
MoC phase was observed to form which is probably due to
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Fig. 6. (a) Time-resolved stack plot recorded for the Fey(Mo004)3/MoO3
(Mo:Fe ~ 3.0) during MeOH/O, gas switching during temperature ramping (to
440 °C). (b) Graph detailing the evolution of crystalline phases (for clarity the
evolution/disappearance of the small amount of MoC phase is not shown) as a
function of temperature and atmosphere. Closed symbols correspond to the phase
evolution under MeOH and open symbols under O,. Note actual intensities were
used.

differences in the temperature/heating method. The changes in the
WAXS were accompanied, on reaching reaction temperature, by a
shift in the Mo K-edge energy to lower energies and also a decrease
in the intensity of the pre-edge feature (at 19999.95 eV) [20,47].
Both changes are consistent with a reduction in the Mo oxidation
state from 6+ to 4+ and therefore the data correlated well with the
observed formation of M0O,. A stack plot of the accompanying UV-
vis data revealed that an increase in absorption occurs on reaching
160 °C (before changes were observed in the WAXS and XANES
data) and continues to increase for the remainder of the
experiment until essentially the sample is so dark that no UV-
vis signal can be recorded. This change in color is consistent with
the appearance of black MoO,. The observation that the changes in
the UV-vis data occurred before those observed in the WAXS and
XAFS indicates that reduction of the catalyst occurs to some extent
(most likely on or near the surface) prior to changes in the bulk. The
mass spectrometry traces for m/z =18 (H,0), m/z =30 (HCHO) and
m/z =31 (CH307) suggested that small amounts of formaldehyde
began to form at temperatures ca. 270 °C, before peaking 7 min
after reaching isothermal. Peak formaldehyde activity coincided
with the presence in the sample of both MoOs; and MoO,, but a lack
of Fey(MoQOg4)s. Later however, increasing amounts of MoO;
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Fig. 7. Combined in situ WAXS (a), Mo K-edge XANES (b), UV-vis (c) and mass spectrometry data (d) recorded during the heating of a Fe;(M00,4)3/Mo0s catalyst under MeOH/
He. The peaks marked * and +in (a) correspond to peaks due to MoO, and MoOs respectively. Feature ‘A’ in (b) highlights the 1s-4d peak at the Mo K-edge. The shift to lower
energies and decrease in intensity of the pre-edge feature are consistent with oxidation state change from 6+ to 4+.

coincided with a decrease in the amount of formaldehyde,
therefore suggesting that under these conditions, MoOs is the
most selective/active for this reaction.

10. Summary and future perspectives

The examples discussed above serve mainly to illustrate the
possibilities of applying X-ray-based methods for the study of
packed-bed capillary reactors under reaction conditions. A number
of examples exist in the literature, where such methods have been
successfully employed and new insight has been obtained. Until
recently, studies of this kind, were almost certainly the preserve of
research groups that invested considerable time and effort in such
endeavours. The fact that these studies were not more widely
accessible was due, amongst other things, to the difficulties in
gaining access to synchrotron time, the complexity and expense
associated with building the appropriate apparatus, and the
difficulties associated with analysing the data. However, greater
availability of beamlines (and synchrotrons in general), decreasing
costs of equipment, and the development of more user-friendly
software, mean that such ‘problems’ almost cease to exist and such
measurements should now be considered fairly routine. Continuing
technological developments are yielding further/deeper insights
into ‘catalysts in action’. For example, increased brilliance and better
performing detectors allow for better time resolution and the
possibility to study/identify the ‘active sites’ in materials with low
concentrations [48]; the availability of higher energy/shorter
wavelength photons permits the collection of both elastically and
inelastically scattered signals [49], even through relatively thick
sample containment environments. Another area of exciting
development is the imaging of catalysts in action using X-ray-based
methods, including those methods described in this paper. As an

example, diffraction has been used to directly image the distribution
and composition of metal oxide species in catalyst bodies [50].
Imaging dynamic systems is also possible, e.g. time-resolved 1D
diffraction traverses of in operando catalyst beds have been carried
out showing that there is significant process variability along the
length of the catalyst bed. Most recently, 2D time-resolved X-ray
absorption [36,37] and diffraction has been undertaken to study
evolving catalytic systems. Such developments show that in situ/in
operando X-ray methods offer great potential for studying catalytic
systems. We hope that these methods stimulate and enthuse the
interest of the catalyst scientist.
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