


function of multicomponent catalysts is naturally more complex

than particle models or binary systems may suggest. In

particular, the potential interaction or cooperative function of

specific phases often cannot be accurately determined based

on studies of model or binary systems alone. For example,

catalytic performance may be influenced also by pure metal

oxide phases (e.g., MoO3 or CoO) as well as mixed or

intermediate phases (e.g., FexCo1-xMoO4 or Bi3FeMo2O12) that

may act as selective, promotor, inert or unselective phases.[12–13]

Consequently this complicates the collection of meaningful

data describing the presence and interaction of individual

phases in industrially-relevant systems, such as quaternary

MMOs.

In selective propylene oxidation, four-component

Bi�Mo�Co�Fe oxide systems are known to show enhanced

catalytic activity compared to pure binary bismuth

molybdates.[9,14–15] At the same time, for MMO catalysts the

choice of synthesis method and pre-treatment can strongly

impact catalytic performance.[16–18] As catalyst complexity

increases together with the number of individual metal oxide

components present (e.g., from binary bismuth molybdates to

quaternary Bi�Mo�Co�Fe oxide systems), the challenge of

monitoring the distribution and interaction of the individual

MMO components likewise becomes greater. Characterisation

of complex quaternary MMOs is therefore recognised as a

significant challenge, but also necessary in order to rationalise

the often superior catalytic activity and selectivity observed as a

consequence of cooperative phase interaction, for example.[7,9]

The use of spatially-resolved and phase selective analytical

techniques therefore becomes increasingly relevant in order to

accurately address the catalyst structure.[19–21] For example,

common techniques such as laboratory powder X-ray diffrac-

tion (PXRD) or synchrotron radiation-based X-ray absorption

spectroscopy (XAS) can reveal valuable information on crystal-

line and amorphous phases, including active site properties

such as metal oxidation state and coordination environment.

However, conventional bulk measurements on powders or

packed beds result in averaged data, which may lack the

sensitivity needed to identify dilute or minority species present,

particularly in quaternary MMO catalysts. Ideally, a complete

knowledge of all phases is the ultimate goal to allow full

understanding and rationalisation of both catalytic performance

and the phases contributing to this. No single analytical

technique can solve this problem, rather the careful application

of cooperative techniques is required.

In this work, we applied a range of advanced spatially-

resolved chemical imaging methods for characterisation of

MMO catalysts across multiple length-scales. A highly active

quaternary Bi�Mo�Co�Fe oxide catalyst for selective propylene

oxidation to acrolein was taken as a case study. The chemical

imaging approach is demonstrated starting with scanning

electron microscopy (SEM) and Raman spectroscopic mapping

for 2D phase characterisation of metal oxide species over

extended regions of powder samples.[22–23] Moving beyond 2D

composition towards entire single catalyst particles, we em-

ployed a combination of hard X-ray fluorescence nanotomog-

raphy (XRF-CT) and phase contrast holotomography to observe

the distribution of each elemental component in 3D within the

particle ensemble. Furthermore, the complex crystalline phase

structure was partially deconvoluted within a single catalyst

particle using hard X-ray diffraction microtomography (XRD-CT),

which can non-invasively identify and locate individual phase

contributions in 3D space.[24–28] To highlight the power of these

advanced 3D techniques, we compare them to global character-

isation of the MMO catalyst after reaction by PXRD, XAS and

Raman spectroscopy, which could isolate relatively few struc-

tural components. By using such modern spatially-resolved

characterisation tools, we can re-evaluate long-standing MMO

particle models, such as olefin oxidation over Bi�Mo�Co�Fe

oxide catalysts, which can be refined in future using the

chemical imaging approach shown here.

Results and Discussion

Catalytic tests

A quaternary Bi�Mo�Co�Fe oxide catalyst (9/52/29/11 mol%)

was prepared by a hydrothermal synthesis method reported

previously.[18] It represents a modern complex-structured MMO

catalyst and serves as a model system to those used in industry.

The hydrothermally-prepared Bi�Mo�Co�Fe oxide catalyst was

tested for its catalytic performance in propylene oxidation. For

comparison, phase pure -Bi2Mo3O12 prepared by hydrothermal

synthesis (HS), and a Bi�Mo�Co�Fe oxide reference catalyst

prepared by co-precipitation (CP), were also tested. The specific

surface area was measured for each catalyst after synthesis and

calcination but prior to catalytic testing, with values of 5 m2g�1

(2-component Bi�Mo, HS), 7 m2g�1 (4-component

Bi�Mo�Co�Fe oxide, CP), and 19 m2g�1 (4-component

Bi�Mo�Co�Fe oxide, HS) obtained. The results of catalytic

testing are shown in Figure 1.

For feed streams from 27.1 to 81.3 mmolpropylenegcatalyst
�1h�1

(weight hourly space velocity (WHSVC3H6) ranging from 0.57 to

3.42 h�1), the hydrothermally-synthesised Bi�Mo�Co�Fe oxide

catalyst was best performing. For instance, at WHSVC3H6=

1.14 h�1, 63% propylene conversion and 76% acrolein selectiv-

ity were obtained. Under the same conditions, pure -Bi2Mo3O12

showed 22% conversion and 89% acrolein selectivity and the

co-precipitated Bi�Mo�Co�Fe oxide catalyst showed 54%

conversion at 63% selectivity. Furthermore, the presented

multicomponent catalyst showed a higher acrolein selectivity at

similar propylene conversions. At around 39–45% propylene

conversion, the selectivity increased in the order of: CP:

Bi�Mo�Co�Fe oxide (64% at 1.71 h�1) < HS: -Bi2Mo3O12 (74%

at 0.57 h�1)<HS: Bi�Mo�Co�Fe oxide (80% at 2.28 h�1). In

general, the acrolein selectivity increased with higher WHSVs.

The main by-products observed were CO and CO2, whereas the

co-precipitated Bi�Mo�Co�Fe oxide showed a high selectivity

toward acrylic acid. The specific surface area of the 4-

component hydrothermally-synthesised catalyst decreased to

7 m2g�1 after catalytic testing, closely matching the initial

values for the other catalysts. Overall, catalytic performance

tests illustrate how activity and selectivity are strongly improved
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for the quaternary Bi�Mo-Fe�Co oxide systems, which can be

explained in principle by the cooperation of interacting phases.

This includes phases which may not be present in simple binary

or model systems. Furthermore, the performance clearly also

depends on the synthetic history of the catalyst material. Due

to the excellent performance of the hydrothermally-synthesised

quaternary system, the specific phase composition and possible

interactions were investigated further by both global and

spatially-resolved techniques.

Global characterisation

Laboratory PXRD was performed to access the overall composi-

tion of crystalline phases, revealing in particular -CoMoO4,

Co0.7Fe0.3MoO4, -Bi2Mo3O12 and -Bi2MoO6 as major compo-

nents. Based on the PXRD pattern acquired after catalytic

testing shown in Figure 2, it was not possible to distinguish

between Bi/Mo/Fe or Fe/Mo phases such as Bi3FeMo2O12 (the

former indicated by SEM-EDX, Figure 3) due to overlapping

reflections. In general, the PXRD reflections both before (see

ESI) and after testing were highly convoluted and accurate

phase assignment of such complex ensembles was therefore

challenging. Quantitative crystalline phase analysis can in

principle be achieved via Rietveld refinement, but is challenging

on a complex mixture of up to four components with an

unknown total number of phases present. Furthermore, PXRD is

only sensitive to crystalline phases, while MMO catalysts may

also contain amorphous or disordered features, which require

complementary characterisation by XAS or Raman spectro-

scopy, for example.

In the current study, XAS was performed on pellets of the

quaternary hydrothermally-synthesised catalyst after reaction

(see results in ESI). Analysis indicated the presence of species

including -Bi2Mo3O12 and -Bi2MoO6 (based on Mo K edge and

Bi L3 edge) in agreement with PXRD, and -CoMoO4 (based on

Co K edge). For conventional PXRD, Raman spectroscopy and

XAS however, the challenge of distinguishing major and minor

phases depends on the focal spot size of the beam relative to

the separation or distribution of microstructural features in the

Figure 1. (a) Illustration of a simple binary particle and a complex quaternary
Bi�Mo�Co�Fe oxide particle model according to Ref. [8–10]; (b) comparison
of acrolein selectivity over propylene conversion at 380 °C; (c) comparison of
combined CO and CO2 selectivity over propylene conversion at 380 °C.
CP=co-precipitation, HS=hydrothermal synthesis. Data point shading
indicates WHSVC3H6 of the measurement.

Figure 2. PXRD pattern of the hydrothermally-synthesised catalyst after
catalytic tests. Assigned phases: * -Bi2Mo3O12 (ICSD: 2650), -Bi2MoO6

(ICSD: 47139), ◇ -CoMoO4 (JCPDS no. 21–868), Co0.7Fe0.3MoO4 (ICSD:
280035) and Bi3FeMo2O12 (ICSD: 45).

Figure 3. SEM-EDX images of hydrothermally-synthesised Bi�Mo�Co�Fe
oxide catalyst after testing with colour coding for individual metals, and the
overlap between: (a) Fe, Co, Mo; (b) Fe, Bi, Mo.
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material. Due to the averaging nature of the measurements in

this case, they are not sufficiently sensitive to minor phases. A

spatially-resolved approach in 2D or 3D is necessary to avoid

convoluted or superimposed spectra of different metal oxide

components which may be difficult to isolate.

SEM-EDX mapping

To illustrate the heterogeneity of the hydrothermally-synthes-

ised catalyst, SEM-EDX mapping was performed after catalytic

testing. As shown in Figure 3, larger irregular shaped particles

were found intermixed with sub-micrometre-sized and well-

defined crystals. Area mapping with SEM-EDX gave access to

the elemental distribution, revealing agglomerates of mainly

binary Bi�Mo oxide as expected, but additionally clear

indications of mixed binary Co�Mo oxide and ternary Bi�Mo-Fe

oxide species. Notably, the larger homogeneous areas coin-

cided with Co�Mo oxide agglomerates, with several smaller

areas associated with Bi�Mo-Fe oxides. However, while SEM-

EDX mapping is useful in determining elemental distribution, it

is not sensitive to the phase composition of the sample (e.g.,

bismuth molybdate morphology present in Bi�Mo oxide areas).

In principle, the phase composition can be studied with

selected area electron diffraction (SAED), but this is only

suitable for analysing local composition in a small area with

potentially invasive sample preparation. For the same reason,

transmission electron microscopy (TEM) also has limited

practical use in this case due to observed heterogeneity on the

micrometre scale and the highly localised nature of the images

which can be acquired. For more complete phase identification

of MMO catalysts in their native form as microscale particles,

alternative spatially-resolved techniques such as 2D Raman

spectroscopy are required.

Spatially-resolved Raman spectroscopy and 2D mapping

By employing a focused laser beam, Raman spectroscopy is

especially suited for spatially-resolved 2D sample mapping and

is additionally sensitive to both crystalline and amorphous

phases. Here Raman mapping was performed on the hydro-

thermally-synthesised quaternary Bi�Mo�Co�Fe oxide catalyst

after testing by raster-scanning a focused beam over the surface

of the catalyst sample (532 nm laser, laser spot size: 0.38 m,

area 56×56 m2, 0.2 m raster step size; Figure 4a). For each of

the 78,400 single spectra recorded, a direct classical least

squares (DCLS) component analysis was performed using

reference spectra including pure -Bi2Mo3O12, -Bi2Mo2O9, -

Bi2MoO6, -CoMoO4, -CoMoO4, -FeMoO4, Fe2Mo3O12,

Bi3FeMo2O12 and MoO3 (Figure 4c-h, not all references are

shown).

Notably, the phase distribution observed was quite hetero-

geneous. Numerous overlapping regions of -Bi2Mo3O12 (dark

blue spectrum) and -Bi2MoO6 (red spectrum) were observed as

larger well-distributed agglomerates (Figure 4c,e). This can also

be observed in the spectrum extracted from ROI 3 for example,

Figure 4. (a) 2D Raman spectroscopic phase distribution obtained from
DCLS-based component analysis and plotted over the optical microscopic
image of HS: Bi�Mo�Co�Fe oxide after testing. (b) Averaged Raman
spectrum for the whole area, and spectra extracted from regions of interest,
which were colour-coded assigned to certain phases based on DCLS
component analysis: (c) -Bi2Mo3O12 (blue), (d) -Bi2Mo2O9 (magenta), (e) -
Bi2MoO6 (red), (f) / -CoMoO4 (cyan), (g) FeMoO4 (green), (h) Bi3FeMo2O12

(yellow).
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where in addition to main features from the -Bi2MoO6

reference, additional bands at 901 cm�1 ( -Bi2Mo3O12) and

935 cm�1 ( -CoMoO4) are clearly visible. This indicates an

intermixing of the above phases. On the other hand, -Bi2Mo2O9

(pink spectrum) appeared mainly in isolated domains, indicated

by the good match of the relevant reference with the ROI 2

spectrum (Figure 4d). However, the -Bi2Mo2O9 content was low

and it was neither detected by PXRD, nor in averaged Raman

spectra of the scanned area, due to overshadowing or

convolution with more intense neighbouring bands. The main

visible component was / -CoMoO4 (light blue spectrum), as

evident from the average spectrum (Figure 4b) and the large

proportion of matching coloured areas in Figure 4a. It is

uncertain whether this phase was particularly highly concen-

trated, or whether it could essentially not be resolved from

neighbouring phases due to the spatial resolution of the

measurement (see ESI). FeMoO4 (green spectrum) was occasion-

ally present in smaller particles and highly dispersed, compared

to the Co and Bi molybdate phases mentioned previously. A

Bi3FeMo2O12 mixed phase (yellow spectrum) was also found in

the form of randomly dispersed micrometre-sized particles,

indicated by the good match between the reference spectrum

and ROI 6 (Figure 4h). This is in agreement with the presence of

Bi/Mo/Fe domains found via SEM-EDX. However, no Raman

bands corresponding to Fe2Mo3O12 and MoO3 were found.

The apparent low amount of binary Fe2Mo3O12 phases by

both Raman mapping and SEM-EDX on the microscale is

significant, as it implies incorporation of iron into a ternary

Bi�Mo-Fe oxide form, which has been linked to improved

acrolein selectivity as observed here.[11,29–30] While limited

amounts of MoO3 were suggested to be beneficial for the

catalyst in terms of replenishing reduced oxide species, excess

MoO3 has been linked with decreased activity for propylene

oxidation. This was particularly observed for catalysts with

relatively higher Mo content.[9,31] The absence of any visible

isolated MoO3 species here is also in agreement with the

generally high catalytic performance.

For proper data interpretation, the limitations of Raman

spectroscopy must be considered. Since inelastic Raman

scattering is generally a weak effect, quantification is not easily

achievable especially for minority phases or those with weak

Raman bands. The absence of some phases in the measured

Raman spectrum might originate from low scattering intensity,

even though spatially resolved acquisition was performed. In

addition, the resolution of >0.38 m obtained here (see ESI) is

mainly restricted by the diffraction limit of visible light (532 nm,

100x objective, NA=0.85), and might not be high enough to

resolve neighbouring phases completely. Furthermore, phase

pure references are needed for DCLS analysis, which is

challenging and time consuming in the absence of standard

databases for Raman spectroscopy, such as those which exist

for XRD data. While the resolution can be increased using

methods like tip enhanced Raman spectroscopy (TERS),[32–33] this

may not be suitable for representative imaging of large samples

used in heterogeneous catalysis.

A clear distinction should be made between investigation of

simple binary Bi�Mo oxide systems, for which Raman spectro-

scopy mapping may be sufficient to address the structure, and

the much more complex quaternary Bi�Mo�Co�Fe oxide

systems. In addition, the limitations of 2D mapping over a

region of the catalyst surface (according to the penetration

depth), compared to examination of larger bulk particles should

also be considered. For effective chemical imaging at higher

spatial resolution on larger samples, it is therefore necessary to

consider hard X-rays as the more suitable probe.

X-ray holotomography and XRF-CT

The highly brilliant hard X-rays produced by modern synchro-

tron light sources offer excellent opportunities for catalyst

characterisation by means of chemical imaging in 2D and 3D. In

particular, hard X-ray tomography offers high penetration depth

for measuring samples with larger diameter, compared to

optical or electron microscopy. The acquisition of 3D spatially-

resolved data using tomography is therefore feasible on large

samples, which allows for deconvolution of internal structural

features. A range of contrast modes are also available based on

the interactions of hard X-rays with matter. Here, a single

particle of the hydrothermally-synthesised quaternary

Bi�Mo�Co�Fe oxide catalyst after catalytic testing was studied

at beamline ID16B of the European Synchrotron Radiation

Facility (ESRF), first using full-field phase contrast holotomog-

raphy, followed by nanofocused XRF-CT, with beam attenuation

measured simultaneously by tomographic scanning transmis-

sion X-ray microscopy (STXM-CT).

Phase contrast holotomography produced a macroscopic

view of the entire catalyst particle with around 25 nm voxel size

and an assumed resolution of >100 nm (Figure 5a), allowing

analysis of structurally diverse regions based on their relative

electron density. Three representative slices of the catalyst

particle are shown, from which needle or plate-like structures

were observed (Figure 5b). Comparing the holotomogram to

the sample attenuation measured at the same position by

STXM-CT (Figure 5c) supported the presence of highly absorb-

ing components attributed to metal oxides, together with

regions of low attenuation (see ESI, possibly from carbon

deposits or glue which was not fully segmented during visual-

isation). A non-discriminating imaging method such as holoto-

mography or STXM-CT is therefore highly useful for visualising

global sample structure regardless of composition, although

these methods cannot directly identify features contributing to

differing contrast regions.

Consequently, XRF-CT was applied to isolate individual

signals of Bi, Mo, Co and Fe within the catalyst particle

(Figure 5d). The needle or plate-shaped structures observed by

holotomography were thus composed mainly of Mo, in addition

to contributions of Bi. This is consistent with previous studies.[34]

However, while Mo was distributed rather homogeneously

throughout the entire sample, Co and Fe were often observed

as a pair and were mostly segregated from the other metals

(see overlay images in ESI). This indicates that phases composed

of at least two components (Bi and Mo) formed larger or more

extended structures, while Co and Fe may have formed in a
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more particulate or agglomerated manner around these

structures, in agreement with observations in the literature.[11]

Notably, Co and Fe species often overlapped, occasionally also

with Bi (see ESI). Due to the relatively high global composition

of Mo observed, this probably also indicates the presence of

some Co�Fe-Mo oxide species. This may partly explain the

relatively high selectivity towards acrolein, since the presence

of mixed Co�Fe molybdates was shown to be beneficial in this

regard compared to individual CoMoO4 or FeMoO4 phases.[11]

Compared to SEM-EDX (Figure 3), XRF-CT has the benefit of

non-invasively probing the metal speciation within entire

catalyst particles. However, it should be noted with caution that

Co and Fe have relatively low fluorescence signal due to the

high incident X-ray energy applied (29.6 keV). In addition, there

is strong potential for self-absorption artefacts from the

relatively low energy of Co-K and Fe-K emission lines

combined with high concentration of these elements in a

relatively thick sample. In addition, none of the above methods

are sensitive to specific crystalline phase, therefore the exact

same particle was further investigated by XRD-CT.

XRD-CT

XRD-CT was performed on a single particle of the hydro-

thermally-synthesised quaternary Bi�Mo�Co�Fe oxide catalyst

after testing. Crystalline phases within the entire particle were

measured with a beam spot size of around 650 nm. This

allowed us to deconvolute the diffraction patterns and identify

local phases within the catalyst particle, which is not possible

using conventional PXRD either in the laboratory or at the

synchrotron. Figure 6 shows diffractograms of selected regions

of interest (ROI 1–3) which revealed a heterogeneous phase

distribution across different regions of the catalyst particle,

compared to the average diffractogram of one complete slice

of the catalyst particle (Sum ROI – representative of a ‘typical’

PXRD pattern as shown in Figure 2). At the same time, the

relatively non-linear background shown in the average diffrac-

tion pattern further suggests some contribution of amorphous

species, although these cannot be identified with XRD. While

many crystalline features were still convoluted, based on

available reference patterns it was possible to partly assign and

isolate several individual phases (Figure 6), including: -

Co0.7Fe0.3MoO4/ -CoMoO4 (2 =10.06/10.07°), -Bi2Mo3O12

(11.04°) and Bi3FeMo2O12 (7.04°). Note that the features at 2 =

10.06/10.07° cannot be distinguished from each other, and are

therefore given an ambiguous label to indicate the presence of

either phase, or both phases. It was furthermore possible to

present the distribution of these isolated phases within the

particle, revealing a relatively homogeneous distribution of -

Co0.7Fe0.3MoO4/ -CoMoO4, also indicated by the strong feature

at 10.06° in the Sum ROI (Figure 6a). Several closely overlapping

Figure 5. (a) Holotomography visualisation of the entire HS: Bi�Mo�Co�Fe oxide particle following catalytic tests, with the sample glued to the top of a
tomography pin; identical orthogonal slices extracted from the tomographic volume showing individual signals obtained from (b) holotomography; (c) STXM-
CT; and (d) normalised XRF-CT showing absolute intensity (signal including 0–100% of histogram values) of each metal component.
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but heterogeneously dispersed regions of -Bi2Mo3O12 (11.04°)

and Bi3FeMo2O12 (7.04°), indicated by overlap of the intense

regions of these features in Figure 6b. This strongly supports

the results observed by 2D Raman spectroscopic mapping of

catalyst powder surfaces (Figure 4) and XRF nanotomography

imaging of the entire catalyst particle (Figure 5), whereby Fe

and Co species were found to agglomerate, and Bi3FeMo2O12

was present together with binary bismuth molybdate phases.

The strong overlap of binary Bi�Mo oxide and ternary Bi�Mo-Fe

oxide phases observed at the particle scale is consistent with

the concept of phase cooperation in selective oxidation

catalysis described by Grasselli.[35] In combination with the

overlapping binary Co�Mo oxide or ternary Co�Fe-Mo oxide

observed, these results may partly explain the superior catalytic

Figure 6. XRD tomography of a single catalyst particle after reaction: (a) spatially-resolved XRD patterns of selected areas (ROI 1–3) and summed ROI of all
pixels in an entire slice (Sum ROI) – the particle boundary is illustrated by a transparent rendering; (b) integral of selected reflections (highlights at 10.07°,
11.04°, 7.04°) from the XRD patterns acquired in ROI 1–3 – the slices on the left indicate the normalised individual pixel intensity of the selected reflection in
2D space, the volumes on the right show the pixels with top 15% measured intensity across all slices in 3D space; (c) illustration of the overlap between
selected reflections presented as a single orthographic slice through the 3D rendered volume (left) and the entire 3D volume (right). The selected reflections
shown contain 2 values characteristic of -CoMoO4/Co0.7Fe0.3MoO4 (10.07°), -Bi2Mo3O12 (11.04°) and Bi3FeMo2O12 (7.04°) as well as the overlap of all three
phases ( =0.05904 nm).
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performance observed in propylene oxidation for the quater-

nary compared to the binary system.[36] Due to overlap between

neighbouring features, it was not possible to conclusively

isolate more individual phase contributions from the XRD-CT

data obtained in this instance. We further emphasise that

without use of spatially-resolved techniques such as XRD-CT, it

would be challenging or even impossible to conclusively

identify close mixtures of phases with similar diffraction

patterns (see references in ESI). At the same time, due to the

apparent high heterogeneity across single particles of

Bi�Mo�Co�Fe oxide shown here, localised probes such as TEM

or SAED risk being unrepresentative of catalyst composition at

the particle scale. This demonstrates the importance of

analysing the complex phase structure of such catalysts by

spatially-resolved methods capable of probing at the particle

scale. Although hindered in this case by the high complexity of

the sample, XRD-CT still demonstrates the capability to define

the spatial distribution of crystalline phases in 3D-space. Thus, it

is possible to produce a physical visualisation of the simple

particle model, even considering more complex by-phases.

Nevertheless, XRD-CT is still limited to observation of crystalline

structure, therefore in future it may be advantageous to

consider tomographic XAS, total scattering or pair distribution

function analysis, which offer the necessary sensitivity regard-

less of the presence of crystalline or amorphous components.[37]

In the case of MMOs for selective propylene oxidation most

phases are probably crystalline, but this does not exclude

formation of non-crystalline features at surfaces or particle

interfaces. The results show the excellent potential of tomo-

graphic data compared to global analysis such as conventional

PXRD. It is of considerable interest in the future to further

address the structure of complex heterogeneous catalytic

systems such as MMOs using tomography.

Structural insights from spatially-resolved analysis

A multiphase system of quaternary Bi�Mo�Co�Fe oxide

prepared by hydrothermal synthesis was studied as highly

active and selective catalyst for propylene oxidation to acrolein.

The performance of the quaternary catalyst was shown to

exceed that of a binary Bi�Mo oxide system. The structural

complexity of this quaternary MMO catalyst is difficult to

analyse by global characterisation methods, therefore making it

an excellent representative case study for demonstrating the

importance and application of emerging spatially-resolved

analytical techniques in catalysis.

This work demonstrates that all the necessary tools are in

place for systematic investigation of complex quaternary MMO

catalysts. Indeed, a combined characterisation approach may be

necessary to conclusively identify interactions and synergy

between specific phases. Global methods including Raman

spectroscopy, PXRD and XAS are unable to address the catalyst

complexity in a sufficient manner. Therefore, a systematic

assessment was performed using 2D spatially-resolved SEM-EDX

and Raman spectroscopy mapping, and 3D spatially-resolved X-

ray micro- and nanotomography. SEM-EDX mapping gave an

overview over the heterogeneous metal distribution and

clustering of certain elements. With 2D Raman spectroscopic

mapping, phase identification and distribution of both crystal-

line and amorphous phases on a sub-micrometre resolution

was monitored, allowing identification of by-phases that were

masked during previous analysis with global characterisation

methods. Deconvolution of Raman data by DCLS-based analysis

allowed a deeper insight into the catalyst composition. This

makes Raman spectroscopy especially suitable for complex

MMOs, but notably depending on whether appropriate refer-

ence materials are available for DCLS.[38] In general, for MMOs

that are intermixed on the micrometre-scale, Raman mapping

offers a convenient resolution. Large scanning areas can be

sampled with modern Raman spectrometers on a reasonable

timescale (ca. 2 d). Combined with the latest operando cells,

MMO mapping is even possible during catalytic reactions.[39–40]

Nevertheless, Raman spectroscopy has a limited material

sensitivity due to the weak scattering signal, and additionally a

limited information-depth due to high attenuation of optical

wavelengths including near-UV, visible, and near-IR regions.

While Raman spectroscopic mapping can be applied with 3D

spatial resolution (e.g., confocal microscopy),[41] this has

typically been limited to micron sized samples at most, and it is

difficult to imagine this applied to larger catalyst particles on

the order of >50 m as studied here. In comparison, hard X-ray

tomography allows non-invasive analysis of large particles with

a range of contrast modes, including absorption, X-ray

fluorescence, diffraction and phase as demonstrated in this case

study. For the presented catalyst, crystalline phases and their

agglomeration and, thus, cooperation, was visualised for a

spent catalyst particle in 3D-space via XRD-CT. The crystalline

phases were identified by a relatively simple approach of

assigning specific individual reflections from known references,

but XRD analysis and phase mapping can be extended by

Rietveld refinement as demonstrated elsewhere.[27,42] Notably,

this approach is most successful when powder diffraction

conditions can be maintained during tomography acquisition,

and single crystal artefacts and preferred orientation of larger

crystallites are minimised. Despite the high complexity of four-

component catalysts, the information derived in this study

strongly complements the presently oversimplified binary MMO

systems ( -, -, -bismuth molybdates). Nevertheless, this

increased complexity and the presence of additional metal

oxide phases is directly responsible for the superior activity of

quaternary systems. Only through a careful characterisation

approach can the necessary information be extracted to further

develop and improve on well-known particle models which are

still in use today. In particular, while the current study presents

only ex situ characterisation, it is also crucial to consider

spectroscopic and tomographic measurements under in situ

conditions, which have the potential to track changes in the

catalyst structure and activity as a function of chemical

environment.[43]
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Conclusion

By exploiting the synergy between spatially-resolved techni-

ques, it was possible to advance from a simplified particle

model of interacting phases, to empirical 2D and 3D images of

the catalyst particle with identification of several main- and by-

phases. A clear distinction can be made between model or

binary systems which are less structurally diverse, and the

complex quaternary systems investigated here. The latter case

requires the use of advanced spatially-resolved characterisation

tools to aid in making meaningful observations on the catalyst

structure. The strong activity of the catalyst for selective

oxidation of propylene can be rationalised in part by: (i) the

presence of mixed ternary metal oxide phases including Bi�Mo-

Fe oxide and Co�Fe-Mo oxide in addition to binary Bi�Mo

oxide; (ii) the absence of isolated MoO3, which in excess is

known to hinder catalytic activity. These observations are

challenging without the use of complementary characterisation

tools sensitive to different elements, crystalline and amorphous

phases, and capable of deconvolution and colocation in 2D and

3D space. Future studies should aim to provide a complete

characterisation of the MMO structure by means of better

spatial- or energy-resolution during XRD-CT or alternative

methods, such as XANES-CT for individual mapping of metal

oxidation states and coordination environment, or PDF-CT and

total scattering for high quality analysis of nanostructured

phases. A modern spatially-resolved characterisation approach

must demonstrably consider multiple length scales, detection

methods and sample sizes, in order to unlock new information

about complex MMO systems. Strategies for handling and

evaluating the large quantities of data produced by such

detailed characterisation tools are an essential concern which

must be strongly in focus moving forward.

Experimental Section

Catalyst preparation

The four-component catalyst system (HS: Bi�Mo�Co�Fe oxide) was
prepared by hydrothermal synthesis according to a recently
established procedure.[18] The calculated precursor ratio is listed in
Table S1 (see ESI). The precursor (NH4)6Mo7O24 · 4H2O was solubilised
in 20 mL distilled water and stirred for 15 min. In parallel, a solution
consisting of Bi(NO3)3 · 5H2O, Co(NO3)2 · 6H2O and Fe(NO3)3 · 9H2O in
20 mL HNO3 (2 M) was prepared and stirred for 15 min. Both
solutions were combined in a Teflon® inlay and the pH was
adjusted (pH=7) by adding dropwise an aqueous NH3 solution
(25%) under continuous stirring. After additional stirring for 15 min,
the inlay was transferred to a stainless-steel autoclave. The
autoclave was heated to 180 °C for 24 h and afterwards allowed to
cool down to RT (24 h). The obtained solid was filtered off (G4 glass
frit) and washed three times with 10 mL H2O and three times with
10 mL acetone. Finally, the catalyst was dried for 48 h at room
temperature and subsequently calcined for 5 h at 320 °C. The
preparation of the two-component catalyst system HS: -Bi2Mo3O12

is described elsewhere.[44]

Catalytic performance tests

The setup for evaluation of the catalytic performance is described
in detail in the literature.[44] The hydrothermally-prepared and
subsequently calcined catalyst HS: Bi�Mo�Co�Fe oxide was ground,
pressed and sieved to give a fraction of 300–450 m. 800 mg of the
catalyst were placed in a quartz tubular reactor (6 mm inner
diameter). For preconditioning in the setup, all catalysts were
heated in synthetic air (N2/O2=80/20, 100 NmLmin�1) to 180 °C
(5 °C min�1). Afterwards, sequential ramp steps to T1,oven=345,
T2,catalyst=380, T3,oven=380, T4,oven=400 °C (2 °Cmin�1) under reaction
conditions (N2/O2/C3H6/H2O=70/14/8/8) with variation of total flow
(100, 150, 200, 300 NmLmin�1) at each temperature were per-
formed. Due to the exothermicity of the reaction, the oven
temperature was regulated during testing to keep the catalyst bed
temperature at 380 °C. The mass specific catalytic activity (MSCA)
was calculated according to Equation (1). The weight hourly space
velocity (WHSVC3H6) was calculated according to Equation (2) with _V:
volume flow rate [m3h�1], : density [gm-3], M: molar mass [gmol�1]
and m: mass [g]. Calculation of propylene conversion and acrolein
selectivity can be found elsewhere.[44]

MSCA ¼

_Vpropylene � 1propylene

Mpropylene � mcatalyst
(1)

WHSVC3H6 ¼

_Vpropylene � 1propylene

mcatalyst
(2)

Catalyst characterisation

The hydrothermally-prepared four-component catalyst (HS:
Bi�Mo�Co�Fe oxide) was characterised by N2 physisorption,
powder X-ray diffraction (PXRD), Raman spectroscopy, combined
scanning electron microscopy and energy dispersive X-ray spectro-
scopy (SEM-EDX), inductively coupled plasma optical emission
spectrometry (ICP-OES) and X-ray absorption spectroscopy (XAS).
Characterisation results and additional information for the HS: -
Bi2Mo3O12 catalyst can be found in the literature.[44] Where
characterisation was performed after catalytic tests, this indicates
the catalyst was removed from the reactor and characterised
directly without any intermediate steps.

The specific surface area of the samples was measured by N2

physisorption at �196 °C using a BELSORP mini-II instrument
(MicrotracBEL). Prior to the measurement, all samples were
degassed in vacuum at 300 °C for 2 h. PXRD patterns were recorded
on a Bruker D8 Advance diffractometer (Cu K ( =0.154 nm), Ni-K
filter, Vantec PSD) in the 2 range of 8 to 80° with a step size of
0.0165° and a dwell time of 2 s for each step. Phase assignment
was performed using Inorganic Crystal Structure Database (ICSD)
and Joint Committee of Powder Diffraction Standards (JCPDS)
references. Raman spectroscopy was performed on a Renishaw
inVia Reflex Raman Spectrometer using a frequency doubled Nd:
YAG laser (532 nm, 100 mW at source) and a Leica optical micro-
scope (100× objective). For 2D mapping an area of 56×56 m2 was
measured with a raster step size of 0.2 m and a laser spot size of
0.38 m. Spectra were recorded in the range of 60–1320 cm�1 using
a 2400 linesmm�1 grating with an acquisition time of 2 s. The laser
intensity was set to 1%. SEM-EDX measurements were conducted
using a JSM 7600F (JEOL) field-emission SEM at 20 kV, and an AZtec
EDX system (Oxford Instruments). Samples were first embedded in
epoxy glue and microtomed. The elemental metal composition was
determined by ICP-OES using an Agilent 720/725-ES spectrometer.
The sample was dissolved in 6 mL hydrochloric acid, 2 mL nitric
acid and 1 mL hydrogen peroxide by using a microwave operated
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at 600 W for 45 min. XPS measurements were performed using an
ESCALAB 250 xi (ThermoFisher Scientific) equipped with an Al K
source at 1.487 keV, with a beam spot size of 900 m (results shown
in ESI). X-ray absorption spectroscopy was performed at the ROCK
beamline of the Soleil synchrotron (St. Aubin, France). Spectra of
the catalyst sample after catalytic testing and of reference
substances were obtained on pellets of the corresponding materi-
als. For XAS data analysis the software package IFEFFIT[45] was used.
For further information on XAS data treatment and results see ESI.

X-ray tomography

The spent catalyst HS: Bi�Mo�Co�Fe oxide was investigated at the
hard X-ray nanoimaging beamline ID16B of the European Synchro-
tron Radiation Facility (ESRF, Grenoble, France). Experimental details
regarding: (i) full-field X-ray holotomography; (ii) scanning X-ray
fluorescence nanotomography (XRF-CT); and (iii) scanning trans-
mission X-ray tomography (STXM-CT) can be found in previous
work.[46]

The exact same catalyst particle was further investigated at the
hard X-ray microprobe endstation of beamline P06 at PETRA III
(DESY, Hamburg, Germany). X-rays with an incident energy of
21 keV were focused to 650×500 nm (h×v) beam size using KB
mirrors. Diffraction patterns were recorded at 50 ms exposure time
using an Eiger X 4 M detector (Dectris; 2070×2167 pixels, pixel size
of 75 m) while raster scanning the sample with a horizontal step
size of 0.4 m. The sample was scanned in a translate-rotate
measurement scheme over 138 horizontal points (field of view
55.2×55.2 m2) and 180° rotation range (approx. 0.5° step size).
The sample was then translated 0.5 m vertically and the acquis-
ition procedure repeated to record a 3D volume consisting of
approximately 50 slices. The calibration of the Debye-Scherrer rings
was performed using LaB6 as a standard. Azimuthal integration of
each sample point in the measured tomograms was performed
using the pyFAI package[47] resulting in 660 individual 2 bins.
Tomographic reconstruction was performed using maximum like-
lihood expectation maximisation (MLEM) algorithm.[48] Slice-by-slice
analysis and extraction of regions of interest from the tomography
volumes based on unique reflections was performed using
DAWN.[49] Image normalisation, labelling, colour-mapping and 2D
visualisation was performed using Fiji.[50] The Avizo 9.3 (Thermo
Fisher Scientific) software package was used for 3D data visual-
isation. For further information on XRD data treatment and
reference materials see ESI.
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