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ABSTRACT: A combination of time-resolved synchrotron μ-
X-ray diffraction computed tomography (μ-XRD-CT) and μ-
pair distribution function computed tomography (μ-PDF-CT)
has been applied for the study of an individual Co/γ-Al2O3
catalyst pellet during reduction and the early stages of the
Fischer−Tropsch synthesis (FTS) reaction, revealing insight
into the solid-state changes occurring from within such
crystalline materials. Both sets of data were of sufficient
quality so as to be able to follow the spatial dependency of Co
speciation evolution from Co3O4 to CoO to face-centered
cubic (fcc) Co metal nanoparticles. These data revealed the
samples to be highly heterogeneous and contain two types of
Co species: small (≤6.5 nm) nanoparticles that interact strongly with the γ-Al2O3 support which are difficult to reduce
(remaining as CoO) and nanoparticles that agglomerate and have little interaction or else are weakly interacting with the support
but readily reduce in H2. The Co phase evolution under FTS conditions shows a strong dependence on the Co nanoparticle
location; the complementarity between the observations made using μ-XRD-CT vs μ-PDF-CT allowed us to conclude that at the
sample periphery a significant amount of agglomerated, weakly interacting with the support, small fcc Co metal nanoparticles
(≤7.5 nm) oxidize to CoO/Co3O4 during FTS, most likely due to the presence of water vapor produced during the reaction.
Catalytic tests demonstrated that this oxidation coincided with a decrease in CH4 selectivity and increased water-gas shift (WGS)
activity. This oxidation of fcc Co nanoparticles (i.e., the removal of the contribution to the XRD signal) also explains the
observation of sintering previously reported for such catalysts in the early stages of the FTS reaction.
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1. INTRODUCTION

Fischer−Tropsch synthesis (FTS), which produces long-chain
alkanes, alkenes, or alcohols using synthetic gas (“syngas”; a
CO/H2 gas mixture), has risen to prominence in the past
decade, primarily as a result of increased methane availability
and the effects of an increasing oil price.1 This method of
synthesis represents one of the more viable routes to replace
gasoline or diesel fuel produced in the refinery by providing
ultraclean fuels (without sulfur or other types of aromatic/
metal poisons), although it has also garnered much recent
literary attention, as the technology has proven flexible for the

production of light hydrocarbons and oxygenates.2−5 FTS
proceeds via a hydrogenation reaction to form olefins and
alkanes.
Olefin formation:

+ → +n n nCO 2 H C H H On n2 2 2 (1)

Alkane formation:
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+ + → ++n n nCO (2 1)H C H H On n2 2 2 2 (2)

For the synthesis of middle distillates and waxes, there is a
clear advantage to be realized by the utilization of cobalt-based
catalysts. They are a more economically viable choice than
active FTS catalysts based on ruthenium. They also produce
greater yields of linear C>5 and are generally operated at
temperatures lower than those for classic iron-based systems, as
there is less (no) need for appreciable water-gas shift (WGS)
activity.1,3,6

Cobalt-based FTS catalysts are usually comprised of cobalt in
its metallic form (Co0), dispersed as small nanoparticles
(typically <10 nm diameter) on a microporous/mesoporous
structure or an oxide support (Al2O3, SiO2, and TiO2). Co

0

particles are believed to be the primary active sites, as they are
present before, after, and during FTS and are thought to be
necessary for a high product selectivity.7−11 However, other
positively identified cobalt-containing species found in FTS
catalysts include Co3O4, CoO, Co2C, and cobalt−support
compounds (such as CoAl2O4 or CoTiO3).

12 The state of Co
under operational conditions, in order to determine the true
nature of the active species and particularly the state of a
deactivated catalyst, has been of much interest. Many reports
have observed an “evolution” of the Co nanoparticle structure,
including sintering, dispersion, and a decrease in scattering
density thought to be due to interstitial C species, as well as an
oxidation of (caused by water) to form cobalt oxides, all except
in the most extreme of cases, lead to a loss in activity.9,12−17

The vast majority of previous in situ and operando studies
utilize catalysts in powdered form, while industrial catalysts
comprise high-surface-area supports which are subsequently
extruded or pelletized into millimeter-sized “catalyst bodies” so
as to minimize pressure drops along the length of the reactor
vessel.18 In order therefore to obtain truly relevant information
on the performance of an industrial catalyst, it needs to be
studied not only under reaction conditions but also by using
the correct physical form of the catalyst. Furthermore, this
requires that catalysts not be simply studied as in the traditional
single-point, 0D manner but “chemically imaged” under
reaction conditions in two and preferably three spatial
dimensions in order to fully understand the importance of
catalyst structure with function.19,20 Currently this imaging
process results in each “pixel” of the acquired image containing
a full spectrum or pattern, allowing for a more detailed
appreciation of the complex behavior of real materials. Of late
this spatially resolved chemical imaging process as a function of
time has been referred to as 5D sample interrogation (three
spatial dimensions, time, and the spectral dimension).21 To
date only a handful of studies exist in which catalyst bodies have
been imaged dynamically, mainly during catalyst preparation
but more recently under catalytic reaction conditions. Some of
these recent examples include the study by O’Brien et al., who
used combined μ-XRD-CT/μ-CT to monitor a 3 mm Ni/γ-
Al2O3 catalyst body during methanation (hydrogenation of
CO) which focused on the nature and distribution of the active
fcc Ni species on the catalyst, and more recently Price et al.,
who studied μm-sized PtMo/C particles during the liquid phase
hydrogenation of nitrobenzene.22,23 However, particularly
relevant to this study has been the work by Cats et al. on
Co/TiO2 FTS catalysts, where a single particle of Co/TiO2 in a
25 × 25 μm field of view has been imaged using μ-XANES-CT
with 30 nm resolution and under FTS conditions.11,24

In this work we report the results from an in situ X-ray
diffraction computed tomography (μ-XRD-CT)/μ-PDF-CT
pair distribution function computed tomography study of a 3
mm Co/γ-Al2O3 catalyst in order to understand the evolution
of the Co environment during reduction and then under real
FT conditions (CO/H2, ratio 1:2) in order to follow the
evolution of the cobalt phases during these steps with the
principal objectives being the determination of the nature of the
active species under process conditions as well as insight into
how to design a better-performing catalyst.25

2. EXPERIMENTAL SECTION
2.1. Scattering Contrast Imaging Methodology. The

experiment was carried out at station ID15A of the European
Synchrotron Radiation Facility (ESRF, Grenoble, France) using
a monochromatic high-energy E = 93.028 keV (0.1333 Å), 50
μm square pencil beam with diffracted X-rays recorded on a
PerkinElmer flat panel detector. For each tomographic time
slice, diffraction was recorded at 70 translations spaced 50 μm
across the body each with 60 rotations of 3°, corresponding to
4200 diffraction patterns (see Figure 1). Each diffraction

pattern was recorded for 500 ms. Powder ring data were
obtained, and these were radially integrated (using datasqueeze
software) after calibrating the detector and its response with a 8
nm CeO2 standard.26 For each observed intensity in these
radially integrated patterns, a sinogram was constructed and
then filtered back-projected to a 66 × 66 pixel image. Features
were extracted from these reconstructed diffraction patterns
that are presented herein. μ-PDF-CT data collection was
performed immediately after the collection of each μ-XRD-CT
data set by moving the detector much closer to the sample (ca.
20 cm), such that very high values of momentum transfer, Q =
30 Å−1, were reached. On completion of μ-PDF-CT acquisition,
the detector was then moved back to a distance of ∼1 m for the
next μ-XRD-CT data set, and so this detector back and forth
translation continued until the end of the experiment (see
Figure S1 in the Supporting Information). The program
PDFGetX3 was used to extract pair distribution functions as
described previously.25,27,28 In order to identify peaks in the
experimental PDFs, we performed model calculations using
PDFGui, and the relevant crystal structures.27,28 The processing
and analysis of the considerable volume of diffraction/scattering
data collected (over 50000 diffraction/scattering patterns)

Figure 1. Schematic of glass reactor cell with a single vertically
mounted 3 × 3 mm pellet of Co/γ-Al2O3. X-ray measurements were
made in alternate μ-XRD-CT/μ-PDF-CT “mode”, profiling (70
translations and 60 rotations) a 2D cross section in the middle of
the sample. Note that each arrow on the left corresponds to the
incoming pencil beam.
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required the development of dedicated high-throughput
software.
A 3 mm cylindrical pellet of a 10 wt % Co/Al2O3 catalyst was

prepared by pore-volume impregnation of a γ-Al2O3 support
using a solution of Co(NO3)·6H2O followed by room-
temperature drying and calcination at 300 °C (ramp 5 °C/
min and dwell for 4 h). Catalyst reduction was performed in a
4.0 mm outer diameter (o.d.)/3.5 mm internal diameter (i.d.)
glass reactor cell at atmospheric pressure under 39 mL/min of
H2 from room temperature to 450 °C with a ramp of 2 °C/min
with dwell steps of 60 min at 150, 310, 350, and 420 °C. FTS
was performed at 250 °C under CO (5%, 20 mL/min), H2
(100%, 2 mL/min), and He (100%, 19 mL/min) giving a gas
hourly space velocity (GHSV) of ∼23000 h−1. We note that,
although FTS is traditionally performed at gas pressures of ∼20
bar and with lower space velocities (leading to higher CO
conversion), FTS activity data have previously been reported
for such catalysts under conditions similar to those used
here.29−31

As has been reported previously, interrogation of the sample
catalyst body took place after first mounting it within a 4 mm
quartz reactor cell on an alumina rod (using ceramic cement),
which was connected to a goniometer and rotation/translation
stage via a custom-built Swagelok fitting which delivered gas
from the bottom of the sample upward. Quartz wool was placed
between the pellet and reactor cell wall in order to minimize
reactant gas bypass. At the outlet to the reactor a loose fitting
“hood” with gas extraction lines was placed over the outlet of
the quartz cell, which prevents exposure to air via back flow. To
maintain the correct temperature at the sample, two heat guns
were mounted on the translation stage, which move with the
reactor, thereby maintaining a constant sample temperature.
The continuous flow of hot air around the cell from the two
heat sources ensures a uniform temperature distribution, as has
been previously shown.22

The data presented in this work are plotted in terms of
reflection area or else using scaled intensities when quantifying
the amount of cobalt present (as a ratio) of a particular
crystalline phase. Intensity data were obtained from reflection
profiling (via fitting of the Bragg peak using a Gaussian
function) of the Co3O4 (311), CoO (200), and Co fcc (111)
phases from their respective crystallographic data using
GSASII.32 Subsequently from the ratio of these intensities the
weight percent of Co fcc is plotted by working from the basis
that the total Co percentage is equal to CoO + Co + Co3O4.
On the basis of the reproducibility of the data-fitting process we
estimate the error on the quantities present to be ±3%.
2.2. Catalytic Testing. Complementary catalytic tests were

performed in a 9 mm o.d./7 mm i.d. quartz tubular reactor,
using two 3 mm cylindrical pellets of a 10 wt % Co/Al2O3
catalyst. Prior to the experiment, the catalyst was reduced under
H2 (81.2 mL/min; 4% H2 in He) at 450 °C (2 °C min−1 to 450
°C, held for 1 h). Subsequently, the reaction temperature was
fixed at 250 °C and FTS was performed at atmospheric
pressure using a 1:2 gas mixture of CO (23.2 mL/min; 5% CO
in He) and H2 (58 mL/min; 4% H2 in He). The output gases
were analyzed by mass spectrometry (Pfeiffer, Omnistar).

3. RESULTS
3.1. XRD-CT Data. The data shown in Figure 2 represent all

of the summed μ-XRD-CT data recorded from an entire 2D
cross section of the Co/γ-Al2O3 sample, acquired before and
after reduction in H2 and after FTS activity studies. Only three

cobalt phases are observed throughout the duration of the
experiments: the spinel phase Co3O4, CoO, and metallic face-
centered cubic (fcc) Co.7,10,33 At the beginning of the in situ
experiment and as expected, Co3O4 obtained after calcination is
the only cobalt-containing phase present in the XRD data. At
the end of the reduction treatment (@450 °C), the reduced
sample is dominated by contributions ascribable to fcc Co and
some unreduced CoO, as is typically observed in Co/γ-Al2O3
catalysts; this cursory analysis reveals that, in this instance, the
CoO phase appears to be the majority phase present.7,34 A
reduction in the intensity of the fcc Co (111) reflection
(∼30%) is observed at the end of the FTS process with the
remainder of the diffraction pattern comparatively unchanged.
In order to examine this more closely, shown in Figure 3 is a

plot of the 2D summed composition as a function of time/
reaction conditions using the following (scaled) nonoverlap-
ping reflections clearly ascribable to the respective crystalline
phases (see Figure S2 in the Supporting Information): the
(220) reflection at 31.30° 2θ (Co3O4), the (200) reflection at
42.50° 2θ (CoO), and the (111) reflection at 44.50°2θ (fcc

Figure 2. Summed XRD data over entire 2D data sets displayed as 1D
patterns for Co/γ-Al2O3 at beginning of the reduction (bottom), at the
end of the reduction treatment at 450 °C (middle), and during FTS at
250 °C (top). For clarity, the signal pertaining to γ-Al2O3 has been
subtracted and the angle corrected against Cu Kα1 radiation. Legend:
Co3O4 (*), CoO (▲), and Co fcc (■).

Figure 3. Composition profile compiled from the integrated and
scaled reflection intensities for the various cobalt-containing phases
(Co3O4 220, CoO 200, Co fcc (111)) from the summed 2D diffraction
data observed throughout the H2 reduction process and during FTS
on Co/γ-Al2O3.
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Co). It is noticeable that Co reduction appears to plateau after
7 h at 450 °C; the remaining CoO, however, is thought to
mainly reside at the interface of the Co fcc nanoparticle and the
γ-Al2O3 surface.

10,35 On switchover to FTS reaction conditions,
however, there is a significant reduction in the Co fcc 111
reflection intensity while, at the same time, a very slight initial
increase in the 200 reflection for the CoO phase occurs. After
these changes on switchover, little further change is observed.
The spatial dependence of the phase evolution presented

above was determined from the CT-reconstructed 2D intensity
distribution maps. These are shown in Figure 4a. Starting with
the initial Co distribution, on the basis of the intensity of the
220 reflection pertaining to Co3O4 which we take as an

indication of the distribution of cobalt in general, we observe
the distribution to be slightly unusual, ostensibly being
describable as egg white, since the Co is mainly concentrated
toward the outer 0.5 mm of the γ-Al2O3.

36 In addition and
further toward the center there is a second zone of high Co
concentration in the form of a ring some 150 μm thick. Moving
toward the particle center, the distribution appears increasingly
more uniform. A map of Co3O4 nanocrystallite size was
obtained from the full-width at half-maximum (fwhm) data of
the profiled reflection using the Scherrer equation (and
assuming the particles to be isotropic) and showed that larger
particles were typically present in the central 2 mm diameter of
the sample (10−12 nm) than at the outer 1 mm (7−9.5 nm)

Figure 4. (a) Reconstructed 2D integrated reflection intensity maps for Co3O4 (220), CoO (200), and fcc Co (111) observed under reduction and
during FTS conditions as a function of temperature and time. Since the acquisition of the 2D data took ∼60 min, there are 10 observation steps as
the sample is reduced, although there are only 3 during the initial temperature ramping. Multipliers depicted in the right-hand corner of some of the
intensity maps (particularly Co3O4) illustrate how the integrated intensity has been multiplied so to enable plotting on a common intensity axis. We
note that the Bragg reflection intensity for Co3O4 is very weak and therefore at the limit of what can be reliably determined, so that the proposed
distribution/presence of this phase is unlikely to be real in the data recorded at 310 °C. However, it is present at the sample edge in the
measurements made under FTS conditions. (b) Co3O4 (nano)particle size distribution map recorded at 150 °C during reduction in H2.

Figure 5. Reconstructed 2D weight percent composition maps for CoO observed during reduction in H2 and during FTS: balance Co3O4 (150 °C)
or else metallic fcc Co (Tr > 310 °C and during FTS). A corresponding phase composition map for the fcc Co phase is also shown in Figure S3 in
the Supporting Information.
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(see Figure 4b). We propose that such a distribution is likely to
have arisen as a result of the impregnation and drying stage in
the catalyst preparation process.37

The data shown in Figure 4 confirm the same global changes
reported in Figure 3, but in particular that spatially, during
reduction, the Co distribution is broadly retained irrespective of
Co phase as the Co3O4 → CoO → Co fcc metal phase
transformation occurs with time/temperature. The Co fcc
metal formation follows a “shrinking core” model for its
formation, but it is of particular note that the scattering
intensity increases (relative to the oxide phases) particularly at
the sample edge; this is suggestive of facile Co formation at the
sample edge where the oxide phases first encounter flowing H2.
Of particular interest is what happens during FTS, where
confirmation of a total reduction in the Co fcc (111) reflection
intensity plotted in Figure 3 can be seen, but that most notably
there is an increase in reflection intensity for both the CoO and
Co3O4 phases at the edge of the particle.
From the ratio of the integrated and scaled intensities the

weight percent of CoO is plotted in Figure 5, although this is
done on the basis that the total Co percentage is equal to CoO
+ Co and therefore, by ignoring the trace amounts of Co3O4
and by virtue of the fact only one peak is profiled, represents a
semiquantitative result. At 150 °C, the deep blue color indicates
the complete absence of Co fcc and conveys that Co3O4 is
predominantly present, although it has begun to reduce to
CoO. The prevalence of red coloration in samples undergoing
reduction between 150 and 410 °C is consistent with the
maximum amount of CoO initially being formed at 310 °C and
gradually being reduced to fcc Co, starting from the sample
periphery on reaching 350 °C and progressing inward.
Interestingly on reaching 410 °C three domains can be seen
in the sample which can be loosely described as comprising
∼40−50% metallic fcc Co (balance CoO) at the sample
periphery, followed by a 0.5 mm radial band containing only
∼20% metallic fcc Co, and finally a 2 mm diameter egg yolk
distribution tending toward the sample center comprising
∼20−50% metallic Co. These “domains” remain intact as the
reduction temperature reaches 450 °C, although the amount of
metallic Co increases overall (i.e., a per-pixel basis) by ∼20%.

Perhaps most striking is the observation that metallic Co is
present both at the periphery of the catalyst pellet and at the
core but that, in both cases, it represents about ∼60% of the Co
content. As shown previously in Figure 4a, the switchover to
FTS sees a dramatic reduction (tending toward 90% oxidation)
in metallic Co almost exclusively at the sample periphery while
the remainder of the pellet remains largely unaffected.
Figure 6 contains maps of the nanocrystallite size for the

tomographic slices of CoO and metallic cobalt Co fcc at the
end of the reduction and during FTS conditions. There is a
clear difference between the average nanocrystallite size
between the two phases; the average particle size (∼6.5 nm)
and range of particle sizes (5.0−7.2 nm) for CoO is in both
instances much smaller than for fcc Co (∼9.0 and 7−11 nm
ranges) in both the sample recorded in H2 and under FTS
conditions. As with the concentration (determined from the
corresponding reflection intensities) there is a gradient in
particle size across the sample with larger particles seen for both
phases in the center of the pellet and smaller particles at the
periphery (similarly sized for CoO ∼6.1 and 7 nm for fcc Co)
and larger particles, although more mismatched in the center (7
and 10 nm for CoO and fcc Co, respectively). There is a slight,
but nonetheless definitive, change in the average particle size on
switchover to FTS conditions, particularly for CoO, with
slightly larger particles seen on the inside of the sample and
slightly smaller particles at the periphery (Figure 6c,d).
However, for metallic fcc Co larger particles are seen in both
regions (Figure 6a,b): note that Figure S4 in the Supporting
Information shows the summed μ-XRD-CT data for the sample
delineated into the outer 0.5 mm periphery and an inner 2 mm
diameter core which allows us to compare the diffraction
intensity changes between the two regions in the sample after
reduction and under FTS conditions. The accompanying
histogram plots shown in Figure 6e illustrate these changes in
particle size distribution more clearly. Specifically, smaller
metallic Co fcc particles (≤7.5 nm) disappear under FTS
conditions (predominantly at the sample periphery) and larger
particles (≥9 nm) predominantly grow in the sample center.
The growth in the fcc Co nanoparticles as evidenced by
diffraction is likely to be due to oxidation of the small fcc Co

Figure 6. Reconstructed images of cobalt nanocrystallite size observed at the end of the reduction and during FTS for fcc Co (a, b) and CoO (c, d),
respectively. Note that the units for the scale bars in (b) and (d) are nanometers and that the scale bars are applicable also to the reduction data
shown in (a) and (c). In (e) is given a histogram plot detailing the number of times an average particle size is observed for the fcc Co or CoO phase
in images (a)−(d).

ACS Catalysis Research Article

DOI: 10.1021/acscatal.6b03145
ACS Catal. 2017, 7, 2284−2293

2288

http://pubs.acs.org/doi/suppl/10.1021/acscatal.6b03145/suppl_file/cs6b03145_si_001.pdf
http://dx.doi.org/10.1021/acscatal.6b03145


nanoparticles and therefore the removal of their contribution to
the shape of the Bragg reflection; this oxidation is the result of
water as a coproduct, which can readily oxidize small Co
nanoparticles under FTS conditions.8,9 However, it is not
possible to rule out that some of this growth might also be due
to further CoO reduction and/or sintering.10

3.2. PDF-CT. Total “diffuse” scattering data provide
structural information on the nature of the catalyst over
many length scales and is independent of the degree of long-
range ordering; thus, it is sensitive to the cobalt content present
irrespective of nanoparticle size.38 In the μ-CT form the first
demonstration of the method revealed the presence of XRD-
silent species (∼1 nm Pd particles) distributed within the body
of a supported catalyst;25 hence, a combination of μ-XRD-CT
and μ-PDF-CT allows for a more complete evaluation of Co
speciation.
The μ-PDF-CT data collected subsequently after each μ-

XRD-CT measurement on the same sample and displayed in
Figure 7 have been produced on the basis of the integrated
intensities from diagnostic peaks in the Fourier-transformed
data using reference compounds shown in Figure S5 in the
Supporting Information. As can be seen in Figure 7, the

distribution of Co-containing phases during three representa-
tive stages mirrors very closely the distribution observed in the
μ-XRD-CT data. However, the distribution is not entirely the
same with the μ-PDF-CT data recorded at 310 °C, suggesting
the CoO to be better dispersed, most likely due to the presence
of smaller nanocrystals not readily detected by XRD.
Furthermore, at the end of the reduction (450 °C), the relative
intensity of the μ-PDF-CT signal of the fcc Co is greater at the
sample periphery in comparison to the μ-XRD-CT results,
which suggests a large number of small Co fcc nanoparticles at
the sample periphery. During FTS conditions (250 °C), the
reoxidation on the outer part of the catalyst seen in the μ-PDF-
CT is the same as that seen in the μ-XRD-CT.
Figure 8 contains a difference map detailing the change in fcc

Co and CoO content present under reduction and FTS
conditions, from the perspective of μ-XRD-CT (a) and μ-PDF-
CT (b), respectively. The changes seen in this figure are
consistent with the overall differences already shown in Figure
4b and 7 with the Co at the sample edge seen to readily oxidize
under FTS conditions. However, these data also indicate a
greater amount of fcc Co in the center of the sample.
Furthermore, although there is general agreement with the

Figure 7. Reconstructed 2D integrated Fourier transform intensity maps based on the intensity of the Co−Co scattering features at ∼3 Å (CoO)
and 2.5 Å fcc Co (Figure S5 in the Supporting Information) observed under reduction and during FTS conditions as a function of temperature
(indicated on the left-hand side) and time.

Figure 8. Subtraction of the reconstructed images of metallic cobalt phase Co fcc observed before and after switch to FTS conditions. The blue
coloration indicates a gain of fcc Co, black indicates no change, and finally red indicates a loss of Co fcc from the perspective of (a) the μ-XRD-CT
image and (b) the μ-PDF-CT image.
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observations made with both imaging modalities, it is clear that
according to the μ-XRD-CT data the extent of reoxidation,
predominantly at the sample periphery, is greater than that seen
by μ-PDF-CT, which conversely sees a greater extent of fcc Co
formation.
3.3. Catalytic Testing. The FTS performance of the 10 wt

% Co/Al2O3 catalyst pellets was examined at 250 °C and
atmospheric pressure, using the same reaction conditions as
used for the in situ μ-XRD-CT/μ-PDF-CT study. As seen in
Figure 9, the evolution of the mass traces of CH4 (m/z 15),

H2O (m/z 18), C2/C3 hydrocarbons (m/z 27 and 41), and
CO2 (m/z 44) was followed during the course of the reaction.
Other masses corresponding to CO, H2, and hydrocarbons
were also measured (see Figure S6 in the Supporting
Information) but are not presented here for clarity. From this
figure, it can be seen that the investigated catalyst is active in
FTS, confirming the validity of the approach used for the in situ
study.
The results obtained show a maximum in CH4 (m/z 15) at

short reaction times (ca. 6 min), followed by a continuous
decrease during the course of the reaction. The formation of C2
and C3 hydrocarbons (m/z 27), in contrast, appears to increase
and stabilize after an initial spike, indicating a gradual increment
of the C2/C3 hydrocarbon to CH4 ratio with reaction time.
Interestingly, analysis of different mass fragments correspond-
ing to a number of olefinic and paraffinic species (i.e., m/z 30,
39, 41, 43, 55, 56, 57, and 58) suggests a major contribution of
ethane to the m/z 27 peak (see Figure S6 in the Supporting
Information), with only minor quantities of C2 and C3 olefinic
species being formed at short reaction times (t < 20 min).
According to the Anderson−Schulz−Flory (ASF) model, the
lack of C4+ products and the high CH4 selectivity (especially at
short reaction times) indicate that, for the conversion level
obtained here, the product distribution is shifted toward low α
(i.e., chain growth probability) values. Furthermore, the larger
amounts of paraffinic products formed (primarily ethane)
suggests that carbon chain growth is terminated by hydro-
genation rather than by β-hydride abstraction, although
secondary hydrogenation of olefins cannot be ruled out.39,40

The evolution of CO2 was followed by the m/z 44 fragment
and showed an upward swing in the rate of formation of CO2

after ca. 20 min of reaction. This CO2 response is counter to
that of CH4 and suggests an onset of water-gas shift activity.
Further evidence for the onset of WGS activity can be seen
when considering the behavior of the H2O (m/z 18) response,
which reaches a maximum at short reaction times/maximum
methane production (t < 15 min), although this eventually
drops due to the reaction of CO and the water vapor formed.

4. DISCUSSION
Both μ-XRD-CT and μ-PDF-CT demonstrate that the cobalt
environment in the sample undergoes a number of changes
during reduction and under FTS conditions, with these changes
showing a strong spatial dependence. Importantly, this spatial
dependence allows us to determine new insights into the
behavior of the cobalt species and perhaps more importantly
indicates spatially where the core catalytic chemistry is going on
in the sample.
Let us first consider the first stage of reduction of Co3O4 to

CoO. This begins already at 150 °C and is essentially complete
on reaching 310 °C, suggesting that the majority of cobalt-
containing species behave as if they are noninteracting (with
the support), agglomerated Co3O4 crystallites.41 We observe
that, although the Co distributions according to the μ-XRD-CT
and μ-PDF-CT are similar, they are not the same. The
difference between the two “observations” are most striking
during reduction at 310 °C, where the CoO phase appears by
μ-PDF-CT to be more evenly distributed than that observed in
μ-XRD-CT. Whereas XRD essentially measures/is sensitive to
crystallinity and is therefore particularly biased toward the
larger crystalline domains in a material, PDF is sensitive to
short-range scattering intensity irrespective of crystalline state.
As such, we interpret this mismatch as evidence for the
additional presence of significant amounts of nanocrystalline
CoO.
The second stage of reduction of CoO to fcc Co also begins

at 310 °C, although when the temperature reaches 450 °C
reduction is only ∼50% complete; this average value shows a
strong spatial dependence, with μ-XRD-CT data showing that
Co at the very edge and center of the sample are more reduced
(60%) than elsewhere in the sample (∼40% reduced). The very
intense μ-PDF-CT signal seen at the sample edge (especially in
comparison to the center) suggests the majority of the fcc Co
to be located here. The observed “shrinking-core” reduction
profile seen for the CoO → Co fcc metal conversion can be
understood not only in terms of a greater concentration of H2
reductant at the sample periphery but also in terms of a large
number of noninteracting/aggregated Co3O4 particles in this
part of the sample. We propose that this buildup of Co in this
particular part of the sample is a consequence of fast drying of
the sample after impregnation, which draws the remaining
mobile Co precursor using capillarity from the inner part of the
sample in as the water which acts as a transport medium
evaporates.37,42

Smaller particles are easier to reduce.43 If we consider that
the density of the Co3O4 and the fcc Co crystalline phases
decreases with increasing oxygen content, we can suppose that,
if only oxygen were removed from the Co3O4 nanoparticles,
their average size should remain approximately the same as the
nanoparticles transform to fcc Co (assuming the Co3O4
particles to be cuboidal and the fcc Co nanoparticles to be
spherical).43 The similarity of the average particle size of ∼9.6
nm and 2D distribution of particle sizes for Co3O4 in
comparison to that seen for fcc Co (∼9.0 nm) suggests that

Figure 9. Mass spectrometer traces of the products formed during
FTS at 250 °C. The respective m/z values for the product traces are
given in the key at the top right-hand side.
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the reduction process does not induce particle sintering
particularly. Since the molar volume of CoO is approximately
(90%) that of Co3O4, it is safe to assume nothing dramatic
changes with respect to particle size during this first stage of
reduction.
The unreduced CoO species are likely to represent particles

that are well dispersed and adhered to the γ-Al2O3 support to
reduce properly under the reaction conditions employed here,
as has been observed in previous studies; indeed, it has been
reported that temperatures tending toward 600 °C are needed
for complete reduction.34,41 Our data suggest that CoO
particles in close contact with γ-Al2O3 do not reduce if they
are ≤6.5 nm in size.
Under FTS conditions the fcc Co is seen to oxidize at the

sample periphery to yield mainly CoO but also a small amount
of Co3O4. This can be understood as an effect of the
coproduction of water (eqs 1 and 2) with catalytic activity,
particularly affecting the sample periphery, where it has been
argued that, due to the diffusional limitations of CO, the FTS
activity is likely to be largely confined.44 Indeed, a good
correlation is seen between the water evolved during the initial
stages of the reaction (t < 15 min; Figure 9) and the oxidation
of the fcc Co particles. Not all of this Co is oxidized, however,
with a significant portion of Co remaining in the metallic state
needed to perform the FTS reaction; there is also very little
difference in particle size (by μ-XRD-CT) of both fcc Co or
CoO before and after FTS in this region of the sample. This
observation regarding particle size retention taken in
conjunction with the observation of a bright fcc Co signal at
the sample periphery seen with μ-PDF-CT after reduction can
be interpreted in terms of an oxidation of a significant number
of small (<7 nm) aggregated fcc Co particles. Within this
context, it is interesting to note the shift in product distribution
from methane toward ethane with increasing reaction times,
which indicates a decrease in the methanation ability of the
catalyst at the expense of chain growth. Importantly, this shift in
selectivity appears to be related to the oxidation of the small fcc
Co particles in the sample periphery, which initially possess
enhanced selectivity to methane, as both observations occur
simultaneously (while the rest of the pellet is seen to remain
unaffected). This indicates a positive effect of (presumably) low
water concentrations (i.e., produced indigenously) on the
catalytic performance, as well as a certain contribution of the
small fcc Co particles to the presence of larger amounts of
dissociated hydrogen, necessary to produce methane.8,9,30,45

Regarding the WGS reaction, it has been previously indicated
that oxidized Co sites may be responsible for an enhanced
WGS activity under FTS conditions, also promoting methana-
tion.15,17,46 Although it cannot be discarded that (the initially
present) unreduced CoO particles partially contribute to the
WGS reaction, from the data obtained it can be clearly seen
that enhanced WGS activity is detected right after the small fcc
Co particles become oxidized, thereby indicating a certain
promotion of these species. Methane formation, in contrast,
monotonically decreases over the course of the reaction,
evidencing that oxidized Co particles (either present after
reduction or resulting from reoxidation) are not responsible for
methanation.
Finally, the oxidation of smaller particles may appear to

explain the slightly larger average particle size seen for the
metallic fcc Co phase during FTS (indeed, some of the smaller
particles in the histogram plot in Figure 6e disappear), which in
the past has been attributed to simple sintering behavior.10

However, we note further reduction/sintering of the Co
nanoparticles could still occur in the sample core at relatively
long reaction times (t > 2 h); while CO may be diffusion
limited, H2 is less so and is still able to reduce or even sinter
(possibly promoted by the water byproduct) the Co nano-
particles.

5. SUMMARY AND CONCLUSION
Using μ-XRD-CT and μ-PDF-CT to obtain information on the
spatial distribution of the various Co-containing phases over a
Co/γ-Al2O3 catalyst pellet during reduction and under FTS
conditions allowed us to examine the rich chemistry of these
Co/γ-Al2O3 catalysts as a function of the spatial distribution of
the sample. Some imperfection in the catalyst preparation
processes results in a range of species being produced, which
can be broadly classified as follows. (a) There are two types of
Co3O4 particles present at the beginningthose which are well
dispersed and therefore interact strongly with the γ-Al2O3
support, and those which are poorly dispersed/aggregated
that do not interact well with the support. The former, when
they are ≲6.5 nm, cannot be fully reduced and remain as CoO
during reduction treatment, whereas the latter reduce more
easily. (b) μ-XRD-CT and μ-PDF-CT suggest that the majority
of the aggregated particles can be found at the very edge of the
sample and, to a somewhat lesser extent, in the central 2.5 mm
diameter of the pellet. The smaller nanoparticles at the sample
edge appear to reduce more quickly than the larger particles on
the inside of the sample (we note that [H2] is likely to be
greater at the periphery so that it cannot be ascribed to simply a
particle size effect). However, these particles also oxidize more
readily on switchover to FTS (due to water produced in the
reaction), since we observe an average metallic fcc Co particle
size increase at the periphery.
The results obtained in this study illustrate the challenge in

creating a structured FTS-active Co/γ-Al2O3 pellet. They
suggest that the use of a high-surface-area γ-Al2O3 is not always
beneficial, as it will increase the number of Co nanoparticle−γ-
Al2O3 interactions which will require higher reduction temper-
atures (and/or time) or else the use of promoters in order to
reduce to an active fcc Co form.3,16 The risk of using these
higher temperatures (tending toward 600 °C) is the increased
probability of a solid-state reaction to form the inactive
CoAl2O4 phase.

35,47 Aggregated particles that are not in direct
contact with the support then could be considered the
preferred species, although the challenge here is to narrow
the particle size distribution sufficiently so as to eliminate
particles that are either too large (low turnover) or, as this
study illustrates, too small (≤7.5 nm) to remain in the active
metallic form (and to provide the desired product selectivity).
This reoxidation behavior for such fcc Co particles on Co/γ-
Al2O3 also illustrates the difficulty in translating a particular Co
particle size for FTS activity across different support types.29,45

Indeed, our results illustrate that not only are the smaller
species active in methanation but also they eventually become
active in WGS and hence are clearly very undesirable for the
production of C2

+ species. Clearly then at the μ scale, the
distribution of these stable and active species should be biased
toward the sample periphery for optimal activity, especially
toward C2

+ species.44

As is typical of all structured heterogeneous catalysts, a
mixture of Co-containing phases was detected in the sample
and these results act as a powerful illustration of how the
techniques of μ-XRD-CT and μ-PDF-CT can put changes in
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phase evolution into spatial context which could not be realized
when the bulk is measured via a single-point measurement.
With the advancements in synchrotron brightness, detector
performance, and sample environment these types of measure-
ments are becoming increasingly routine and will eventually
prompt us to consider that all industrial catalysts should be
chemically imaged in situ in order to put the evolving solid-
state chemistry into the context of catalytic performance.
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