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An X-ray diffraction computed tomography data-collection strategy that allows,

post experiment, a choice between temporal and spatial resolution is reported.

This strategy enables time-resolved studies on comparatively short timescales, or

alternatively allows for improved spatial resolution if the system under study, or

components within it, appear to be unchanging. The application of the method

for studying an Mn–Na–W/SiO2 fixed-bed reactor in situ is demonstrated.

Additionally, the opportunities to improve the data-collection strategy further,

enabling post-collection tuning between statistical, temporal and spatial

resolutions, are discussed. In principle, the interlaced scanning approach can

also be applied to other pencil-beam tomographic techniques, like X-ray

fluorescence computed tomography, X-ray absorption fine structure computed

tomography, pair distribution function computed tomography and tomographic

scanning transmission X-ray microscopy.

1. Introduction

X-ray diffraction computed tomography (XRD-CT) is an

emerging technique that can provide spatially resolved

physico-chemical information from within the interiors of

intact objects. Originally demonstrated as a laboratory tech-

nique, this method has been most usefully applied when using

synchrotron X-ray radiation coupled with large-area two-

dimensional detectors (Harding et al., 1987; Bleuet et al.,

2008). Indeed, in the past decade, synchrotron XRD-CT has

been employed in several studies and has proven to be a

powerful characterization tool to investigate a wide range of

inhomogeneous materials (Stock et al., 2008; Álvarez-Murga et

al., 2011; De Nolf & Janssens, 2010; Basile et al., 2010; Artioli et

al., 2010; Palancher et al., 2011; Valentini et al., 2011, 2012;

Stock & Almer, 2012; Voltolini et al., 2013; Egan et al., 2013;

Ruiz-Martı́nez et al., 2013; Bonnin et al., 2014; Cedola et al.,

2014; Jensen et al., 2015; Vanmeert et al., 2015; Wragg et al.,

2015). Furthermore, the nature of the X-rays generated by

third-generation synchrotrons (i.e. high intensity and bril-

liance) allows for relatively fast acquisition times, enabling

dynamic XRD-CTexperiments (Jacques et al., 2011; O’Brien et

al., 2012; Beale, Gibson et al., 2014; Price et al., 2015;

Vamvakeros, Jacques, Middelkoop et al., 2015). In the field of

heterogeneous catalysis, such dynamic tomographic experi-

ments are of great importance, as catalytic solids can evolve

under operating conditions (Grunwaldt et al., 2013; Beale,

Jacques et al., 2014).
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2. X-ray diffraction computed tomography

As the name suggests, the XRD-CT technique is a marriage of

powder X-ray diffraction (PXRD) with computed tomo-

graphy (CT). Similarly to the first incarnation of traditional

X-ray computed tomography (X-ray CT), a pencil-beam

scanning approach is used but, instead of recording the

absorption of X-rays, the diffraction signal is collected to yield

a diffraction projection data set (Hounsfield, 1973; Elliott &

Dover, 1982). More specifically, the sample is translated along

an axis which is perpendicular to the beam axis while being

illuminated with a highly collimated or focused monochro-

matic X-ray beam, and the scattered X-rays are recorded with

an area detector (for best counting statistics/speed). In most

cases, the size of the translational scan is chosen to be larger

than the sample size to ensure that the whole sample is

scanned for all measured angles, while the size of the trans-

lation step is typically chosen to be the same as the horizontal

size of the illuminating X-ray beam. Ideally, as in the case of

every pencil-beam scanning tomographic technique, the

number of angles measured should be equal to the number of

translation steps times �/2 (the Nyquist sampling theorem),

but in practice this number can be decreased without signifi-

cant loss of quality in the reconstructed images and typically

the angular range covered is from 0 to � (Álvarez-Murga et al.,

2012).

As shown in Fig. 1, the raw XRD-CT data collected from a

single tomographic scan can be interpreted as an X� Y� R�

T matrix (i.e. a four-dimensional matrix), where X � Y is the

size of the acquired two-dimensional diffraction images, T is

the number of translation steps and R is the number of rota-

tion steps. After performing azimuthal integration of the two-

dimensional diffraction images, the size of the matrix is

reduced to R � T� d (i.e. a three-dimensional matrix), where

d is the number of observation points in the derived one-

dimensional diffraction patterns. The sinograms (i.e. the

projection data) therefore represent a volume, similar to the

case of traditional X-ray CT, but in the case of XRD-CT data

the third dimension is not spatial but spectral. If three-

dimensional XRD-CT is performed (by acquiring multiple

XRD-CT data sets at different positions along the third spatial

dimension), then the projection data are stored as a four-

dimensional matrix (three spatial dimensions and one spec-

tral). Five-dimensional diffraction imaging can also be

achieved by performing successive three-dimensional XRD-

CT scans (Beale, Jacques et al., 2014). In this case, the solid-

state changes taking place during the experiment are moni-

tored as a function of time, pressure or temperature, and the

data are stored as a five-dimensional matrix. Finally, the

reconstructed real-space images are obtained by applying

tomographic reconstruction algorithms (e.g. algebraic recon-

struction techniques or filtered back-projection algorithms) to

the projection data (Gordon et al., 1970; Kak, 1979; Beister et

al., 2012; Liu, 2014). An option is to perform peak fitting in the

projection data and reconstruct features that contain physical

or chemical information (e.g. phase distribution maps).

However, one has to be careful about this approach as there

can be areas in the sample where a specific phase is nano-

crystalline, therefore generating very broad diffraction peaks,

while in other areas the same phase may be highly crystalline,

leading to the formation of very sharp diffraction peaks. In

such a case, the peaks should probably be treated as a two-

phase problem, otherwise it is impossible to apply a correct

peak-shape function to fit the data. This can be easily under-

stood by considering the fact that the sum of two Gaussian

functions is not a Gaussian function. However, if there is a

distribution of crystallite sizes, then the peak-fitting process

becomes more challenging. An alternative option to obtain

the reconstructed images is the reverse analysis method where

the whole projection data set volume is reconstructed, leading

to a T� T� d matrix (i.e. a three-dimensional matrix). In this

case, every pixel in the reconstructed XRD-CT image contains

or corresponds to a single diffraction pattern (Bleuet et al.,

2008).

In dynamic XRD-CT, a number of collections are carried

out to yield a series of XRD-CT slices showing the spatial

changes in chemistry or physical form within a sample over

time. To date, the spatial and temporal resolutions in such

experiments have been fixed during collection by the choice of

acquisition parameters and these resolutions were traded off

against one another. High spatial resolution could be obtained

but with low temporal resolution and vice versa. The risk here

is that chemical or physical changes could occur during the

collection of a single XRD-CT slice, yielding only a partial

understanding of the relationship between spatial composition

and time.
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Figure 1
The sample is translated along an axis which is perpendicular to the beam
axis while being illuminated with an X-ray beam and rotated, typically
covering an angular range of 0 to �, while two-dimensional diffraction
patterns (size X � Y) are recorded with an area detector. The total
number of two-dimensional diffraction patterns collected is equal to T �
R, where T is the number of translation steps and R is the number of
rotation steps. The two-dimensional diffraction patterns are then
azimuthally integrated to give one-dimensional diffraction patterns
(containing d observation points) which are plotted as a function of
translations and rotations, yielding the sinogram volume (T � R � d
matrix). The reconstructed volume (T � T � d matrix) is derived by
applying a tomographic reconstruction algorithm to the sinogram volume.
The images shown in this figure were derived from the XRD-CT data
presented later in this paper.



2.1. Data-collection strategies
In this section, a review of the existing data-collection

strategies to perform an XRD-CT scan is provided (Table 1)

and the advantages and disadvantages of each method are

discussed in detail. The main aim of this short review is to find

the scanning approach(es) that minimize the dead time in an

XRD-CT scan. This dead time is mainly associated with

mechanical movement (i.e. how the sample moves during the

tomographic scan). Optimizing sample movement is essential,

as it can lead to a significant decrease in the overall acquisition

time of an XRD-CT scan.

2.1.1. Stepped scans. In the simplest approach, the sample

is traversed in fixed steps across the beam and diffraction

patterns are collected at each step. The process is then repe-

ated at a number of fixed sample angular rotations, typically

covering an angular range from 0 to �. However, this approach

is slow and alternative scanning strategies should be used. The

reduction of the time required to perform an XRD-CT scan

depends not only on the properties of the X-ray beam and the

efficiency of the detector, but also on the data-collection

strategy. Optimization of the XRD-CT data-collection process

is essential, as it not only leads to more efficient use of

beamtime but may also be highly desirable for specific

experiments. An example of the latter case is the application

of XRD-CT to track the evolving solid-state chemistry of

functional materials. In such dynamic XRD-CT experiments,

the solid-state changes taking place in the sample can take less

time than the overall tomographic scan.

2.1.2. Continuous scans. In another approach, the sample is

traversed continuously across the beam and diffraction

patterns are collected at a fixed interval, with the process then

being repeated at a number of fixed angular rotations (a step

angular scan). This collection strategy can significantly reduce

the time required to perform a single XRD-CT scan. A similar

approach is a continuous angular scan. In this case, the sample

is rotated continuously and diffraction patterns are collected

at a fixed interval, with the process then repeated at a number

of fixed sample traverse steps. The object is rotated at fixed

speed about the tomographic axis and diffraction patterns are

accumulated over a fixed angular range. This scanning

approach requires continuous rotation in the range from 0 to

�� for each translation. The continuous angular scan

approach should be the preferred option, as a much greater

portion of reciprocal space is collected compared with the

continuous traverse scan approach. More specifically, the

crystallites are swept into the diffracting volume, so their

orientations are constantly changed and all angles are sampled

equally with respect to the axis of rotation. This is important,

as the formation of outliers and spots in the raw two-dimen-

sional diffraction images generated by large crystallites can

potentially be mitigated. This is a frequently encountered

problem in XRD-CT experiments, as such single-crystal arte-

facts (spots) in the raw two-dimensional diffraction images

lead to hotspots in the sinograms and streak artefacts in the

reconstructed images (yielding distorted XRD-CT images).

The continuous angular scan approach does not guarantee the

eradication of single-crystal artefacts but there are strategies

available to remove them during the processing of the

collected data, post experiment, by applying appropriate

filters to the raw two-dimensional diffraction images

(Vamvakeros, Jacques, Di Michiel et al., 2015).

2.1.3. Infinite continuous rotation scan. An alternative

collection strategy is the infinite continuous rotation

approach. It is identical to the continuous angular scan

approach but in this case the sample is rotated from 0 to c�
instead of 0 to �, where c is a large integer number. More

specifically, the new angular position of the sample after every

traverse scan is not 0 but c�. For example, the angular position

is � after the first traverse scan, 2� after the second, 3� after

the third etc. This means that the dead time of the tomographic

scan is reduced, as the sample does not need to be rotated

back to 0 after every traverse scan. However, it may not

always be experimentally feasible to implement the infinite

continuous rotation approach. For example, in situ catalytic

experiments require gas lines, so more sophisticated reactor

cells would be needed in order to use the infinite continuous

rotation approach (e.g. a reactor in which the gas connections

allow for free rotation).

2.1.4. Zigzag scan. A zigzag scanning approach can also

significantly reduce the dead time of the tomographic

measurement without the need for specially designed reactors

(in contrast to the infinite continuous rotation approach). The

zigzag approach can easily be combined with all the previously

mentioned collection strategies (i.e. stepped and continuous

scans). For example, when the continuous traverse scan is

used, the sample is returned to the initial position after every

angular step. It is possible to avoid the dead time associated

with this movement by performing the scan at the next angle

but setting the new starting position (for the traverse scan) as

the final position of the previous scan (i.e. the starting posi-

tions of the sample will be alternately 0 and � for every

traverse step). As expected, the values in the three-dimen-

sional matrix of the projection data (the sinograms) need to be
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Table 1
Existing XRD-CT collection strategies.

Scan strategy Description

(1) Step traverse scan and
stepped angular scan

The sample is traversed in fixed steps across the
beam and diffraction patterns are collected at
each step, with the process then repeated at a
number of fixed sample angular rotations

(2) Step angular scan and
stepped traverse scan

As with (1), except the traverse and angle
sequence is swapped

(3) Continuous traverse
scan and stepped
angular scan

The sample is traversed continuously across the
beam and diffraction patterns are collected at
fixed intervals, with the process then repeated
at a number of fixed sample angular rotations

(4) Continuous angular
scan and stepped
traverse scan

The sample is rotated continuously and diffrac-
tion patterns are collected at fixed intervals,
with the process then repeated at a number of
fixed sample traverse steps

(5) Zigzag scan The new starting position of the sample at the end
of every traverse scan (in the case of a
continuous traverse scan) or angular scan (in
the case of a continuous angular scan) is the
final position of the previous scan



sorted appropriately before a reconstruction tomographic

algorithm is used. This is shown in Fig. 2, where a global

sinogram from a continuous traverse zigzag XRD-CT scan

(left) and the new sinogram after sorting the values appro-

priately (right) are shown.

3. Interlaced X-ray diffraction computed tomography

In this study, we report a new data-collection strategy, inter-

laced XRD-CT (IXRD-CT), which allows one, post experi-

ment, to choose between temporal and spatial resolution. In a

typical XRD-CT experiment, the number of translation and

rotation steps (or equivalently the total length and the angular

range to be covered) and the values of these steps define the

spatial and temporal resolution of the tomographic measure-

ment. Unfortunately, although both high spatial and high

temporal resolution are desired, there is always a trade-off

between the two when conventional data-collection strategies

are employed. This means that high spatial resolution scans

have low temporal resolution, while high temporal resolution

scans have low spatial resolution. IXRD-CT offers a way of

bridging this gap by providing temporal resolution inside a

high spatial resolution XRD-CT scan. The basic principle of

this method consists of performing subsequent XRD-CT scans

with low spatial but high temporal resolution, which can then

be easily combined, post experiment, to yield the same results

as the equivalent high spatial resolution XRD-CT scan.

In an XRD-CT scan, the spatial resolution is defined by the

traverse step size which is typically, but not necessarily, the

same as the horizontal size of the illuminating X-ray beam. In

an IXRD-CT scan, the time resolution is chosen before the

tomographic measurement begins. There are two types of

IXRD-CT scan: (i) the continuous traverse IXRD-CT scan

and (ii) the continuous angular IXRD-CT scan. Both methods

are explained in the following sections. The work presented

herein demonstrates the feasibility of performing IXRD-CT

scans and the advantages of applying such a scanning

approach in XRD-CT experiments. However, it should be

highlighted that the interlaced scanning approach can, in

principle, be applied to other pencil-beam chemical (i.e.

hyperspectral) tomographic techniques, like X-ray fluores-

cence computed tomography (XRF-CT), X-ray absorption

fine structure computed tomography (XAFS-CT), pair distri-

bution function computed tomography (PDF-CT) (Jacques et

al., 2013) and tomographic scanning transmission X-ray

microscopy (STXM) (Boisseau, 1986; Boisseau & Grodzins,

1987; Schroer et al., 2003; Wang et al., 2000; Johansson et al.,

2007).

3.1. Continuous traverse IXRD-CT scan

In the case of the continuous traverse IXRD-CT scan, the

value of the angular step size (Sa) corresponding to a desired

high spatial resolution XRD-CT scan is initially chosen (e.g. an

angular step size of 1.5�). The next step is to choose the

temporal resolution (Rt) of the IXRD-CT scan. This is defined

as an integer value which represents how many times the

temporal resolution is increased compared with the high

spatial resolution XRD-CT scan. For example, if the value of

Rt is 8, then the temporal resolution of the IXRD-CT scan will

be eight times higher than the high spatial resolution XRD-CT

scan. The IXRD-CT scan will therefore consist of Rt XRD-CT

scans with an angular step size of Sa � Rt. For example, if Sa is

1.5� and Rt is 8, then the new angular step size will be 12�.

As mentioned previously, the angular range typically

covered in an XRD-CT scan is 0–180�. The Rt XRD-CT scans

composing the IXRD-CT scan cover the same angular range

(i.e. 180� in total) and have the same angular step size but the

starting angular positions are different. These angles can be

calculated easily: 0, Sa, 2Sa, 3Sa, . . . , (Rt � 1)Sa. An example,

where Sa is 1.5� and Rt is 8, is provided in Fig. 3. The starting

angles of the eight tomographic scans are 0, 1.5, 3, 4.5, 6, 7.5, 9

and 10.5�. As can be readily understood, combining these

eight tomographic data sets, post experiment, will give results

identical to a high spatial resolution XRD-CT scan of 1.5�

angular step size covering an angular range of 0 to 180�. At the

same time, each one of the Rt XRD-CT scans has Rt times

lower spatial and Rt times higher temporal resolution

compared with an IXRD-CT scan.

The final step is to decide the order of the Rt XRD-CT

scans. This step is crucial and should be not treated lightly, as it

determines whether the temporal resolution will be directly

linked to the spatial one or not. In the case of the previously

mentioned example, the optimal order of the individual Rt

XRD-CT scans is shown in Fig. 3(c). These Rt tomographic

scans are referred to as ‘tomo’ numbers in Fig. 3 (i.e. tomo

numbers 1 to 8). Furthermore, combining tomo pairs k and

k + 1, where k is 1, 3, 5 and 7 (i.e. tomo numbers 1 and 2, 3 and

4, 5 and 6, and 7 and 8), leads to XRD-CT data sets with four

times higher temporal resolution and four times lower spatial

resolution compared with the complete IXRD-CT scan.

Similarly, combining tomo pairs k to k + 3, where k is 1 and 5

(i.e. tomo numbers 1–4 and 5–8), leads to XRD-CT data sets

with two times higher temporal resolution and two times lower

spatial resolution compared with the complete IXRD-CT

scan. It should also be noted that the results from successive
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Figure 2
Global sinograms of a 2%La–2%Mn–1.6%Na–3.1%W/SiO2 catalyst
collected during an XRD-CT scan under ambient conditions using a
46 keV monochromatic pencil beam with a spot size of 2.5 � 2.5 mm.
(Left) Raw data using the zigzag approach. (Right) The new global
sinogram after sorting the values appropriately.



IXRD-CT scans can be combined to yield new data sets [e.g.

the new IXRD-CT scan shown in Fig. 3(c)]. This could be

essential in a dynamic experiment where solid-state changes

can take place during a single tomographic scan.

However, if the order of the eight XRD-CT scans

composing the complete IXRD-CT scan is different from

those previously mentioned, then the spatial and temporal

resolutions cannot be linked appropriately. For example, an

alternative order for performing these scans is presented in

Fig. 4(a). In this case, half the spatial resolution (i.e. by

combining tomo scans 1, 3, 5 and 7) does not lead to double

the temporal resolution but to 7
8 of the temporal resolution of

the complete IXRD-CT scan. Similarly, 1
4 of the spatial reso-

lution (i.e. by combining tomo scans 1 and 5) does not lead to a

four times higher temporal resolution but only 5
8 of the

complete IXRD-CT scan. As a result, the full potential of this

IXRD-CT measurement (eight XRD-CT scans with an

angular step of 12�) is not reached.

At this point, it should be noted that the number Rt of

tomographic scans composing the IXRD-CT scan should not

be an odd number as the same problem arises. Although any

even number can be used, ideally Rt should be a power of 2

(e.g. 2, 4 and 8). In Fig. 4(b), an example is given when the

IXRD-CT scan consists of six XRD-CT scans. In this case, the

angular step is 9� and the optimal order for performing the

individual scans is shown in Fig. 4(b). However, it can be seen

that the spatial and temporal resolutions cannot be perfectly

linked even when the optimal order is chosen. More specifi-

cally, combining tomo scans 1, 3 and 4 gives half the spatial but

1.5 times the temporal resolution of the complete IXRD-CT

scan (instead of double). This happens because the time to

perform tomo scan 2 has to be taken into account too.

3.2. Continuous angular IXRD-CT scan

The basic principle of the continuous angular IXRD-CT

scan is the same as the continuous traverse IXRD-CT scan.

The only difference is that now the fast tomographic axis is the

rotation axis and the slow tomographic axis is the translation

axis. For example, if the slow-axis step size (i.e. the transla-

tional step) is a number l corresponding to a specific length

(e.g. the horizontal size of the X-ray beam) and Rt is chosen to

be 8, then the spatial and temporal resolutions of the complete

IXRD-CT scan will be identical to the previous continuous

traverse IXRD-CT example. More specifically, in both types of

IXRD-CT, the angular range covered is 0 to 180� with a step of

1.5� and the same length is covered with a step of l. However,

the sinograms change in a different way. In the case of a

continuous traverse IXRD-CT scan, as will be shown later,

combining different XRD-CT scans increases the number of

limits of the axis corresponding to rotations. For clarity, the

XRD-CT scans composing the complete IXRD-CT scan will

be referred to as tomo scans in the rest of this paper.

3.3. Demonstration and comparison of the IXRD-CT methods

A demonstration using the previous continuous traverse

IXRD-CT example is provided in Fig. 5, where the presented

sinogram corresponds to the global sinogram (i.e. the sino-

gram volume summed along the third dimension, which is the

spectral dimension) of an IXRD-CT experiment of a fixed-bed

reactor. More details about the experiment are provided in the

next section. The filtered back-projection algorithm (Kak &

Slaney, 1988) was chosen to reconstruct the sinograms as it is

very fast and easy to implement. It can be seen in Fig. 5 that

the direct reconstruction of the sinograms leads to artefacts in

the reconstructed images. This is apparent in the high

temporal/low spatial resolution scan (i.e. 1� in Fig. 5) where

there are intensity variations present in the reconstructed

images, suggesting that the sample is highly inhomogeneous.

Furthermore, there are regions in the images where the

intensity is higher than the background, implying that the

sample is present in these areas. However, both these
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Figure 4
(a) A potential order for performing an IXRD-CT scan consisting of
eight XRD-CT scans. (b) A demonstration of how the spatiotemporal
resolution changes in an IXRD-CT scan consisting of six XRD-CT scans.
The possible combinations of individual data sets are presented.

Figure 3
(a) A schematic representation of a continuous traverse IXRD-CT scan
consisting of eight XRD-CT scans. (b) An expanded section of part (a),
showing the angular positions of the individual XRD-CT scans. (c) A
demonstration of how the spatiotemporal resolution changes in the
IXRD-CT scan and the possible combinations of individual data sets.



phenomena are artefacts generated because of the angular

undersampling (Fig. S1 in the supporting information). Arte-

facts due to undersampling (i.e. the limited number of

projections) are a well known problem in traditional X-ray CT

(Kak & Slaney, 1988). Herein, these artefacts have been

mitigated by convoluting the sinograms with an appropriate

window function prior to reconstruction (by changing the

width of the Hann window accordingly). As expected,

reconstructing the filtered sinograms

leads to the lower spatial resolution

images shown in Fig. 5 but the

previously mentioned artefacts have

been removed. There are options one

can explore in order to optimize the

quality of the reconstructed images of

the high temporal resolution tomo

scans. For example, the effect of

different reconstruction algorithms can

be investigated (Figs. S2 and S3 in the

supporting information). However,

this is beyond the scope of the work

presented here.

In contrast, in the case of the

continuous angular IXRD-CT method

it is the sinogram axis corresponding to

translations that changes, while the

sinogram axis corresponding to rota-

tions remains the same. As a result, in a

continuous angular IXRD-CT scan the

resolution of the reconstructed XRD-

CT images changes during the IXRD-

CT. This is clearly shown in the simu-

lation presented in Fig. 6 (using the

complete sinogram presented in Fig. 5),

where the sinograms and the corre-

sponding reconstructed images are

presented. In a continuous angular

IXRD-CT scan, the traverse step size is

several times larger than the horizontal

size of the illuminating X-ray beam,

meaning that there are parts of the

sample that are not scanned, leading to

loss of information. Furthermore,

should a problem occur during acqui-

sition of the tomo scans (e.g. beam

refill, significant intensity variations of

the X-ray beam), the sinograms cannot

easily be corrected by applying a

simple scale factor as in the case of the

continuous traverse IXRD-CT scan

(i.e. if there are no solid-state changes

during acquisition, then the total scat-

tering intensity for every line scan

should be the same). In summary, the

problems that need to be addressed

with a continuous angular IXRD-CT

scan can be summarized as the

following: (i) the sinograms of the

corresponding tomo scans have to be

independently centred; (ii) the size of

the reconstructed images changes
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Figure 5
Continuous traverse IXRD-CT scan: the spatial resolution can be increased by combining different
XRD-CT scans. The limits of the sinogram axis corresponding to translations remain constant, while
the limits of the sinogram axis corresponding to rotations gradually increase, increasing the spatial
resolution of the respective reconstructed images.

Figure 6
Continuous angular IXRD-CT scan: the spatial resolution can be increased by combining different
XRD-CT scans. The limits of the sinogram axis corresponding to the angles sampled remain
constant, while the limits of the sinogram axis corresponding to translations increase gradually,
increasing not just the spatial resolution but also the size of the reconstructed images.



when sinograms from different tomo scans are combined; (iii)

there is a potential loss of information because the whole

sample is not scanned in every tomo scan, and this information

requires further data processing to be retrieved (if possible);

and (iv) the requirement for a stable X-ray beam. Taking into

account the previous reasons and the increased complexity of

data acquisition and processing without evident gain in

information or image quality, it was decided to perform the

present experiments using the continuous traverse IXRD-CT

approach.

4. Proof of concept

A fixed-bed reactor consisting of a 2%Mn–1.6%Na–3.1%W/

SiO2 catalyst bed supported with glass wool was tested at

station ID15A of the ESRF. Details of the preparation of the

catalyst are given in the supporting information. The reactor

was mounted into a gas-delivery stub, itself mounted on a

standard goniometer. The goniometer was fixed to a rotation

stage set upon a translation stage to facilitate the movements

required for the CT measurement. Heating was achieved by

virtue of two hot-air blowers heating each side of the catalytic

membrane reactor. A state-of-the-art PILATUS3X CdTe

300K hybrid photon-counting area detector, which uses

cadmium telluride (CdTe) as the semiconducting direct-

conversion layer, was used to record the two-dimensional

diffraction patterns. The acquisition time per point was 50 ms.

Tomographic reconstruction was performed using filtered

back-projection. IXRD-CT measurements were performed

using a 93 keV monochromatic pencil beam with a spot size of

25 � 25 mm. The IXRD-CT measurements were made with

180 translations over 180� in 1.5� steps covering a physical area

of 4.5 � 4.5 mm. Reconstruction of these data yielded images

of 180 � 180 pixels and 25 mm resolution. Each IXRD-CT

scan consisted of eight XRD-CT scans. The angular step of the

individual XRD-CT scans was 12� and the order of these scans

was the same as that presented in Fig. 3. Copies of the radially

integrated XRD-CT data can be found at http://tiny.cc/

C5CC03208C.

The data-collection strategy used in this tomographic

experiment is the continuous traverse IXRD-CT scanning

approach. The results from two successive IXRD-CT scans of

the 2%Mn–1.6%Na–3.1%W/SiO2 catalyst during temperature

ramping from 728 to 1038 K with a ramp rate of 4.5 K min�1

under He flow (30 ml min�1) are presented in this section. In

the interest of brevity, the two complete IXRD-CT scans will

be referred to as IXRD-CT scan 1 and IXRD-CT scan 2. Each

complete IXRD-CT scan is composed of eight XRD-CT scans

which will be referred to as tomo scans 1 to 8. We have

recently reported that the main crystalline phases present in

this catalyst under ambient conditions are cristobalite, tridy-

mite (both SiO2 polymorphs), Mn2O3 and Na2WO4 (Vamva-

keros, Jacques, Middelkoop et al., 2015). This catalyst is well

established for the oxidative coupling of methane (OCM) to

produce ethylene (Arndt et al., 2012). The melting point of

Na2WO4 in 1 bar pressure (1 bar = 100 000 Pa) is 968 K, which

is significantly lower than the temperature required for the

OCM reaction (Haynes, 2014; Goranson & Kracek, 1935).

This means that Na2WO4 is expected to be present in a molten

state under OCM conditions (Sadjadi et al., 2015; Vamvakeros,

Jacques, Middelkoop et al., 2015). Therefore, this catalyst was

considered to be an ideal system to test the feasibility of

IXRD-CT measurements as there are solid-state changes

taking place during temperature ramping, even under the flow

of inert gases. Herein, we will be mainly focusing on the

evolution of the Na2WO4 phase.

4.1. Space series

An appropriate mask, as shown in Fig. 7, has been applied

to all the reconstructed images presented in this work in order

to remove the contribution from the capillary and show only

the sample of interest. This mask was created using the

reconstructed image of the global sinogram shown in Fig. 5.

Also in the figures, where parts of the complete IXRD-CT

sinograms are used (i.e. less than eight tomo scans), the

respective sinograms were convoluted with an appropriate

Hann window function prior to reconstruction, as discussed

previously.

Fig. 8 presents the summed diffraction patterns of the two

IXRD-CT scans (summing the reconstructed volume along

the two spatial dimensions). Also shown are the main

diffraction peaks generated by two crystalline SiO2 poly-

morphs (i.e. cristobalite and tridymite), Mn2O3 and two

Na2WO4 phases. Minor peaks corresponding to SiO2 quartz

were also identified. It can clearly be seen that the peaks

corresponding to the high-symmetry (cubic) Na2WO4 phase

are not present in the IXRD-CT scan 2 diffractogram. The

transformation of the cubic Na2WO4 phase to a lower-

symmetry orthorhombic Na2WO4 phase will be discussed in

more detail in the following section.

In the 1930s, it was suggested that two phase transitions of

anhydrous Na2WO4 (phase I) take place above 858 K, the first

(phase II) being stable for only a few kelvin and the second

(phase III) being stable up to the melting point of Na2WO4

(Goranson & Kracek, 1935; Austin & Pierce, 1935). Later

studies showed that the high-symmetry cubic (space group

Fd3m) phase I of Na2WO4 changes to the lower-symmetry

phase III and the orthorhombic Pnam space group was

suggested after peak indexing (Pistorius, 1966). However, it

has to be noted that the high-temperature PXRD measure-

ment was performed at 901 K, which is significantly lower than

the melting point of Na2WO4. Further studies of the binary

Na2WO4–Na2MoO4 system by Bottelberghs & van Buren

(1975) suggested that different structural changes take place:

cubic Fd3m to orthorhombic Pbn21 at 861 K, Pbn21 to

orthorhombic Fddd at 863 K and Fddd to hexagonal P63/mmc

above 913 K. Recent high-temperature Raman studies showed

that there is a transition from the high-symmetry cubic

Na2WO4 phase to a lower symmetry above 833 K (Lima et al.,

2011). In that study, the Na2WO4 system was investigated up

to 918 K. To the best of our knowledge, there are no high-

temperature PXRD studies in the literature showing a crys-

talline Na2WO4 phase being present above 923 K. More
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specifically, two high-temperature PXRD studies of an

NaWO4-containing catalyst (i.e. an Mn–Na–W/SiO2 and an

NaCl–Mn–Na–W/SiO2 catalyst, respectively) have shown that

there are no crystalline Na2WO4 or other W-containing phases

present above 923 K (Hou et al., 2006; Hiyoshi & Ikeda, 2015).

In this experiment, the cubic Na2WO4 phase disappears

completely at approximately 873 K. The new Na2WO4 phase

starts appearing above 838 K, as suggested by Lima et al.

(2011), but only one peak can be observed from the diffraction

patterns. The summed diffraction patterns for every transla-

tional scan for the two IXRD-CT scans (240 in total) are

plotted in Fig. S5 of the supporting information. The new

phase is apparent above 858 K, where all the peaks are clearly

visible, and this phase disappears completely at approximately

933 K. No Na2WO4 peaks are observed up to the final

temperature of 1038 K.

Peak indexing can be very challenging as there are

numerous phases present in the catalyst and there are peaks

overlapping. For this reason, the space groups suggested by

the previous studies were used. The published crystallographic

information file after Pistorius (space group Pnam, PDF card

No. 00-020-1163) does not predict all the peaks associated with

the new Na2WO4 phase (Pistorius, 1966). Similar results are

obtained when the hexagonal P63/mmc space group is used.

However, when the orthorhombic Fddd space group is used,

all the peaks in the diffractograms are predicted, a symmetry

which has been suggested in the literature in the past

(Bottelberghs & van Buren, 1975). This is clearly shown on the

right-hand side of Fig. 8. In Fig. S6 in the supporting infor-

mation, Pawley whole powder pattern fitting was also

performed with the GSASII software using the appropriate

unit cells to ensure that no peaks were neglected after the

phase identification (Toby & Von

Dreele, 2013). The summed diffraction

from tomo scan 1 of IXRD-CT scan 2

was used for the Pawley analysis,

corresponding to a temperature range

of 893–913 K, as there is only the low-

symmetry Na2WO4 phase present and

no cubic Na2WO4.

First, the results from IXRD-CT

scan 1 are presented. In Fig. 9, recon-

structed images of cristobalite corre-

sponding to a scattering angle 2� of

1.85� (reflection 111) are shown. The

reconstructed images corresponding to

cristobalite define well the shape and

size of the catalyst particles as it is the

main crystalline phase of the catalyst

support. As discussed previously, it is

possible to combine the different tomo

scans composing the IXRD-CT scan

post experiment. Such an example is

presented in Fig. 9, where it is shown

how the spatial resolution gradually

increases when different tomo scans

are combined.

At this point, another major advan-

tage of the IXRD-CT method should

be highlighted: the diffraction peaks

present in the IXRD-CT data can be

treated independently. More specifi-

cally, observation points in the recon-

structed data corresponding to

diffraction peaks generated by a crys-

talline phase that does not change

during an experiment can be accumu-

lated over time (i.e. using different or

successive IXRD-CT data sets), thus

improving the statistics. One may

therefore argue that in fact there are

not two but three resolutions that can

be directly linked in IXRD-CT
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Figure 9
Reconstructed images corresponding to the main diffraction peak of cristobalite (i.e. reflection 111)
from the IXRD-CT scan 1 data set. It is shown that combining multiple tomo scans leads to a
significant increase in spatial resolution.

Figure 8
(a) Summed diffraction patterns for IXRD-CT scans 1 and 2. (b) A region of interest of the two
diffraction patterns, showing the main diffraction peaks generated by the two Na2WO4 phases,
Mn2O3, cristobalite, tridymite and quartz.

Figure 7
(a) The reconstructed image of the global sinogram of IXRD-CT scan 1 shown in Fig. 5. (b) The mask
created to separate the catalyst particles from the capillary (glassware). (c) The reconstructed image
after applying the mask.



experiments: spatial, temporal and statis-

tical.

In Fig. 10, reconstructed images of cris-

tobalite, Mn2O3 and two Na2WO4 phases

corresponding to scattering angles 2� of

1.85 (reflection 111), 2.79 (reflection 222),

1.42 (reflection 111) and 1.48� (reflection

111), respectively, are shown. These 2�
angles correspond to the highest-intensity

diffraction peaks generated by these

phases. Inspection of the sinograms reveals

that there is an Na2WO4 phase transition

taking place during IXRD-CT scan 1. It

should be noted here that it is fundamen-

tally wrong to reconstruct the sinograms

corresponding to the two Na2WO4 phases,

as the sample is not present in some parts

of these two sinograms. Here exactly lies

the advantage of an IXRD-CT scan: it

allows the tracking of solid-state changes

taking place during a tomographic scan,

and the reconstruction of the respective

sinograms does not violate the principles of

computed tomography. This will be

demonstrated in the next section. In Fig. 10,

it can also be seen that the Mn2O3 is not co-

located with the cubic Na2WO4, which is in

agreement with our previous study

(Vamvakeros, Jacques, Middelkoop et al.,

2015). This is important as it simplifies the

interpretation of the results. More specifi-

cally, it can be seen in Fig. 10 that the new

phase that appears is co-located with the

cubic Na2WO4 phase, suggesting that this is

another Na–W–O phase.

The results from IXRD-CT scan 2 are

presented in Fig. 11, where the sinograms

and the corresponding reconstructed

images of cristobalite, Mn2O3 and Na2WO4
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Figure 11
The sinograms from IXRD-CT scan 2 corresponding to cristobalite, Mn2O3 and Na2WO4 (low-
symmetry) phases, and their respective reconstructed images (temperature range 883–1038 K).
The sinograms correspond to scattering angles 2� of 1.85, 2.79 and 1.48�, respectively.

Figure 10
The sinograms from IXRD-CT scan 1 corresponding to cristobalite, Mn2O3 and two Na2WO4 phases, and their respective reconstructed images
(temperature range 728–883 K). The sinograms correspond to scattering angles 2� of 1.85, 2.79, 1.42 and 1.48�, respectively.

Figure 12
(Top row) Reconstructed images corresponding to the high-symmetry Na2WO4 phase. (Bottom
row) Reconstructed images corresponding to the low-symmetry Na2WO4 phase. Temperature
ranges: 728–767 K for tomo scans 1 and 2, 767–806 K for tomo scans 3 and 4, 806–844 K for tomo
scans 5 and 6, and 844–883 K for tomo scans 7 and 8.



(orthorhombic) are shown. The cubic Na2WO4 phase is no

longer present and the orthorhombic Na2WO4 phase disap-

pears at approximately 933 K. No other Na–W–O phases were

observed at higher temperatures. This is in agreement with our

previous study of a catalytic membrane reactor containing this

catalyst (Vamvakeros, Jacques, Middelkoop et al., 2015).

4.2. Time series

An example of the temporal resolution that an IXRD-CT

scan can provide is demonstrated in Fig. 12. The reconstructed

images presented correspond to the two Na2WO4 phases

(scattering angles 2� 1.42 and 1.48�, respectively) present in

the catalyst. The acquisition time of the complete IXRD-CT

scan was approximately 35 min, and therefore the recon-

structed images shown in Fig. 12 correspond to 1
4 of the overall

time (approximately 8.75 min). It can clearly be seen that the

orthorhombic Na2WO4 phase forms/grows when the cubic

Na2WO4 phase disappears.

In Fig. 13, the summed diffraction patterns from two tomo

scans (tomo scans 1 and 8) are presented. Both these tomo

scans belong to IXRD-CT scan 1. On the right-hand side of

Fig. 13, a region of interest of these two diffraction patterns is

selected, showing the high-intensity peaks corresponding to

the cubic and orthorhombic Na2WO4 phases (red and cyan

lines, respectively).

Finally, as discussed previously, it is possible to combine

tomo scans from successive IXRD-CT scans (Fig. 3). An

example is provided in Fig. 14, where it is shown that by

combining tomo scans 7 and 8 from IXRD-CT scan 1 with

tomo scans 1 and 2 from IXRD-CT scan 2, a new IXRD-CT

data set is created. Another possibility, also shown in Fig. 14, is

to combine tomo scan 8 from IXRD-CT scan 1 and tomo scan

1 from IXRD-CT scan 2. This is important, as it can be seen

that the reconstructed image of the

new sinogram corresponding to the

low-symmetry Na2WO4 phase yields

higher-quality images. In this case,

higher quality simply means that it is

easier to identify the high-concentra-

tion areas of this phase in the catalyst

particles compared with the complete

IXRD-CT scans.

5. Conclusions

We have presented a short review of

the existing data-collection strategies

during an XRD-CT measurement and

discussed the advantages and disad-

vantages of each method. A superior

data-collection strategy, interlaced

XRD-CT (IXRD-CT), has been

suggested as a method that allows, post

experiment, a choice between temporal

and spatial resolution. The main

advantages of the IXRD-CT method

can be summarized as the following:

(i) High spatial resolution can be

chosen when the system is not chan-

ging.

(ii) High temporal resolution can be

chosen when the system is changing.

(iii) Data from successive XRD-CT

scans can be combined.

(iv) Different Bragg reflections can

be treated independently.

This method not only enables

dynamic XRD-CT studies on

comparatively short timescales but also

allows for improved spatial resolution

if the system under study, or compo-

nents within it, appear to be unchan-

ging. In this study, the feasibility of
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Figure 14
Sinograms and reconstructed images of the orthorhombic Na2WO4 phase using different IXRD-CT
data sets. First column: IXRD-CT scan 1. Second column: IXRD-CT scan 2. Third column: the new
IXRD-CT data set derived by combining tomo scans 7 and 8 from IXRD-CT scan 1 and tomo scans 1
and 2 from IXRD-CT scan 2. Fourth column: the new IXRD-CT data set derived by combining tomo
scan 8 from IXRD-CT scan 1 and tomo scan 1 from IXRD-CT scan 2.

Figure 13
(a) Summed diffraction patterns of tomo scans 1 and 8 of IXRD-CT scan 1. (b) A region of interest
of the two diffraction patterns, showing the main diffraction peaks generated by the two Na2WO4

phases.



performing an IXRD-CT experiment was demonstrated using

an OCM catalyst that was studied during temperature ramping

under inert conditions. It was shown that increased time

resolution can be achieved and solid-state changes taking

place inside a complete IXRD-CT scan could be tracked

accurately. The real power in XRD-CT experiments is to be

found when the technique is employed in time-resolved mode

and the interlaced scanning approach is the best method to

retain the option of time versus spatial resolution without

suffering the consequences of an ‘incorrect’ choice when

measuring unknown samples whose behaviour may be less

predictable. In principle, the interlaced scanning approach can

also be applied to other pencil-beam chemical (i.e. hyper-

spectral) tomographic techniques, like XRF-CT, XAFS-CT,

PDF-CT and tomographic STXM.

6. Related literature

For additional literature relating to the supporting informa-

tion, see Pan & Kak (1983), Andersen & Kak (1984), Hansen

& Saxild-Hansen (2012), Censor et al. (2007, 2001), Land-

weber (1951) and Cimmino (1938).
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