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Introduction

Heterogeneous catalysis plays an important role in the produc-

tion of many chemicals, fuels, and consumer products.[1] How-
ever, despite their widespread application, the relation be-

tween the structure of a catalyst and its activity and/or selec-
tivity is not (yet) known in some important cases. It is for this

lack of knowledge that operando techniques have become

popular since the introduction of the term operando spectros-
copy in the field of catalysis.[2–6] Operando characterization

means that the characterization not only happens under reac-
tion conditions, but the catalytic activity is measured simulta-

neously by using, for example, a gas chromatograph (GC) or
a mass spectrometer (MS). Operando experiments are consid-
ered to be essential because both the (local) structure and

composition of the catalyst can change if it is taken out of the
reactor.

Herein we introduce the design and application of an oper-
ando instrument that can be used for simultaneous X-ray dif-

fraction (XRD) and Raman spectroscopy measurements of cata-
lytic materials under working conditions, at elevated tempera-

tures and pressures, and product stream analysis with a GC.
Whereas the operando setup is applicable to a wide variety of
(gas-phase) reactions and catalyst systems, we will here show-

case its application to the Co/TiO2 Fischer–Tropsch synthesis

(FTS) catalyst that was discussed previously.[7, 8]

Operando XRD is in itself not a new concept in catalysis.[9–11]

It has been used extensively to study different FTS catalyst sys-
tems, usually combined with X-ray absorption near-edge struc-

ture (XANES) or extended X-ray absorption fine structure

(EXAFS) spectroscopy.[12–18] In addition, Raman spectroscopy
has previously been combined with both XRD and XANES or

EXAFS, under reaction conditions.[19] However, all of these stud-
ies have been performed by using synchrotron radiation as the

source of the X-ray beam. On the one hand, this has certain
advantages in terms of beam intensity that enables researchers
to obtain high-quality XRD/EXAFS data with very high angular

or spectral resolution, respectively, in relatively short scan
times, thus providing a time resolution in the order of minutes.
On the other hand, experiments using synchrotron radiation
are limited by their total duration, because it is not common

to be granted more than a couple of days of beamtime at
a time. This limitation necessitates important compromises be-

tween number of samples and time-on-stream that can be mea-

sured. In contrast, the deactivation of cobalt-based FTS catalysts
is typically quite slow. For instance, we have shown in our previ-

ous work that the deactivation of the Co/TiO2 FTS catalyst under
study takes approximately 10 days.[7] This is one of the reasons

that the problem of cobalt FTS catalyst deactivation has not yet
been fully solved despite numerous studies using for example,

combined XRD/EXAFS under reaction conditions.[12–14, 16, 20–26]

Catalyst deactivation is one of the main problems facing the
industrial application of the FTS process, which converts syn-

thesis gas (CO and H2) into long-chain hydrocarbons. Given
that the synthesis gas can be produced from alternative

energy sources such as natural gas, coal, and biomass, FTS is
a promising way to deal with depleting oil reserves. Further-

A novel laboratory setup for combined operando X-ray diffrac-

tion and Raman spectroscopy of catalytic solids with online

product analysis by gas chromatography is presented. The
setup can be used with a laboratory-based X-ray source, which

results in important advantages in terms of time-on-stream
that can be measured, compared to synchrotron-based experi-

ments. The data quality was much improved by the use of
a relatively high-energy MoKa radiation instead of the more

conventional CuKa radiation. We have applied the instrument

to study the long-term deactivation of Co/TiO2 Fischer–Tropsch

synthesis (FTS) catalysts. No sign of Co sintering or bulk oxida-

tion was found during the experiments. However, part of the
metallic Co was converted into cobalt carbide (Co2C), at elevat-

ed pressure (10 bar). Furthermore, graphitic-like coke species
are clearly formed during FTS at atmospheric pressure, where-

as at elevated pressure fluorescence hampered the interpreta-
tion of the measured Raman spectra.
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more, FTS fuels are naturally very clean, because they are low
in sulfur and aromatics.[27–32]

It is for these reasons that our operando system was de-
signed to use a laboratory-based MoKa X-ray source. More spe-

cifically, we will show here that the constructed combined op-
erando XRD/Raman spectroscopy setup can be used for ex-

tended periods of time, for example, up to 10 days. However,
that is certainly not a hard limit, and even longer-term

experiments should be possible.

Results and Discussion

The design and construction of the novel operando setup are

described first, then the XRD and Raman spectroscopy results

are presented for the Co/TiO2 catalyst during reduction and
FTS at atmospheric pressure and elevated pressure (10 bar).

Finally, the catalytic activity results are given.

Design and construction of the operando setup

A schematic of the setup is shown in Figure 1 A, and a photo-

graph of the complete setup is shown in Figure 1 B. The setup
is based on a horizontally mounted capillary (outer diameter:

1 mm, wall thickness: 0.01 mm) that holds the catalyst materi-
al, perpendicular to the incoming X-ray beam.[33, 34] The sample

is held in place with two plugs of quartz wool on both sides of

the catalyst bed. The use of a laboratory X-ray source requires
that the height of the sample capillary can be adjusted to be

in the center of rotation of the X-ray source and detector. A
Raman spectroscopy probe is installed on a x,y,z movable

stage so that the Raman excitation laser can be focused on
the sample. Two photographs of details of the setup are

shown in Figure 1 C and 1 D.
During preliminary testing of the setup using a conventional

CuKa X-ray source, the measurements were hampered by
a low signal-to-noise ratio and a relatively high background.
The consequence of this is poor data quality even if using long

scan times. To improve the X-ray penetration into the capillary,
MoKa radiation with a photon energy of 17 479 eV and a corre-
sponding wavelength of 0.7093 æ was used. This resulted in an
improved signal-to-noise ratio and a lower background signal,

as shown in the comparison in Figure 2. Another benefit of

Figure 1. A) Schematic of the combined operando XRD/Raman/GC setup. I) He; II) CO; III) H2 ; MFC = mass flow controllers ; CT = cold trap; BPR = back pressure
regulator. B–D) Photographs of the setup as installed inside the XRD apparatus.

Figure 2. Comparison of the X-ray diffractograms of the 10 wt % Co/TiO2 FTS
catalyst as measured with CuKa (black) and MoKa (red) radiation. The posi-
tion of the diffraction peaks changes because of the difference in X-ray
wavelength. Both scans took approximately 20 min.
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using the MoKa radiation is that the diffraction peaks are shift-
ed to lower angles and the 2q range is compressed compared

to the CuKa radiation. This results in shorter scan times (hence
increased time resolution). Simultaneously, the maximum 2q

value is lower, which leaves more physical space in the X-ray
diffractometer setup for the operando Raman spectroscopy

probe.

Reduction behavior of Co/TiO2

The XRD results of the reduction of the 15 wt % Co/TiO2 cata-
lyst are shown in Figure 3. The diffraction patterns (Figure 3 A)
change during the reduction of the catalyst. First, the peak at

2q of approximately 78 disappears; this peak is caused by
Co3O4.[35] Simultaneously, a peak at approximately 188 is
formed, which is assigned to CoO.[36] Finally a peak appears at

approximately 208. This peak is caused by metallic Co in the
cubic closed-packed (CCP) crystal structure.[36] The same

changes can be seen in Figure 3 B, where four selected diffrac-
tograms are plotted separately. The assignment of the different

peaks is indicated by the vertical lines in Figure 3 B.

The composition of the catalyst (as quantified by Rietveld re-
finement and shown in Figure 3 C) indicates that the reduction

behavior of the 15 wt % Co/TiO2 catalyst follows a two-step
process. The first step (reduction from Co3O4 to CoO) starts

after approximately 40 min or 200 8C. The amount of CoO
reaches a maximum at approximately 50 min (250 8C). The

second step is the reduction from CoO to metallic Co. The

amount of metallic Co increases steadily until a plateau is
reached. From this point on (�90 min), no oxidized Co species

are detected anymore. Both the CCP and the hexagonal
closed-packed (HCP) crystal structures of Co are formed, ap-

proximately 10 wt % of CCP Co and approximately 15 wt % of
HCP Co. The peaks attributable to HCP Co are so severely

broadened that they are difficult to recognize in the diffracto-

grams (Figure 3 B). The crystallite sizes of HCP Co and CCP Co
will be discussed in more detail later.

The discrepancy between the calculated weight loading
(15 wt % Co) and the XRD quantification (25 wt % Co in total)

could be caused by a combination of inaccuracies during im-
pregnation and artifacts of the quantification procedure. Multi-

ple analysis of the catalyst sample to determine the chemical
content gave very similar results, indicating that the deviations

should be related to the XRD quantification procedure. A po-

tential source of inaccuracy could be the presence of amor-
phous TiO2 that would decrease the detected wt % of TiO2, in

turn leading to an overestimation of the Co content in the
quantification. In addition, the amount of amorphous Ti spe-

cies might change as Ti4 + might be (partially) reduced into Ti3 +

during the FTS experiment. Taking this point further, one could

imagine using the difference between the “real” (externally

verified) Co wt % and the detected Co wt % as an indirect
way to detect the formation of amorphous Ti species. Further

experiments would be needed to confirm the validity this
methodology.

As an alternative approach to solve the discrepancy, we
have tried to use anatase as an internal standard during the

Rietveld refinement, effectively fixing the anatase contribution

to 63.75 wt % (= 75 wt % (the amount of anatase in titania) of

85 wt % (the amount of titania in the catalyst according to the
impregnation for a 15 wt % Co/TiO2 catalyst)). This approach re-

sulted in significant contributions of amorphous material, ap-
proximately 10 wt %. Simultaneously, the detected amount of

Co decreased to approximately 24 wt %, still significantly
higher than the calculated weight loading from the impregna-

Figure 3. XRD patterns of a 15 wt % Co/TiO2 FTS catalyst during H2 reduc-
tion. A) XRD patterns as a function of time (and temperature on the right
axis). Black indicates low diffracted intensity, and white means high intensity.
The peak at 2q angle of 128 is not shown completely to increase the visibili-
ty of the other diffraction peaks. B) Selected diffraction patterns (full lines)
and corresponding Rietveld refinements (dashed lines) of time points as in-
dicated in A). The diffractograms are offset for clarity. The main diffraction
peaks of the Co species are indicated by symbols. Peaks caused by the sup-
port and minor Co peaks are not indicated. C) Results of the Rietveld refine-
ments. The weight fraction of the different Co oxidation states is plotted as
a function of time and reduction temperature. Standard deviations of the
fits are shown as the shaded area around the lines.
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tion. Hence, we decided not to use an internal standard for
the rest of the Rietveld refinements, because it did not solve

the discrepancy between the calculated and the detected
weight loadings. Instead, we are forced to accept that the

quantification cannot be used to determine the precise com-
position of the catalyst material in an absolute way. However,

we can still see important trends in the relative change in
composition, and draw relevant conclusions from that.

The two-step reduction behavior of supported Co/TiO2 cata-

lysts that we have seen for this catalyst has previously been
demonstrated by using temperature-programmed reduction
(TPR)[7, 22] and XANES spectroscopy.[16, 18, 24] Also the mixture of
the HCP and CCP crystal structures upon reduction of support-

ed Co catalysts has been observed before.[16, 37, 38]

Fischer–Tropsch synthesis of Co/TiO2

In a first series of experiments, the 15 wt % Co/TiO2 FTS catalyst
was studied under FTS conditions at 250 8C and atmospheric

pressure. The results of these experiments are shown in

Figure 4. As can be seen in Figure 4 A, the diffraction patterns
do not change significantly over the course of the experiment.

The 15 wt % Co/TiO2 FTS catalyst consists of approximately
12 wt % CCP Co and approximately 17 wt % of HCP Co, as

shown in Figure 4 B. Again, the amount of Co from XRD analy-
sis is higher than the calculated weight loading. The contribu-

tions of the two metallic Co crystal structures are stable for the

duration of the experiment (in light of the experimental error).
No contributions for CoO or Co2C are detected.

The crystallite sizes of the 15 wt % FTS Co/TiO2 catalyst
under reaction conditions (as shown in Figure 4 C) are approxi-

mately 20 nm for the CCP phase and approximately 2.5 nm for
the HCP phase. The particles sizes do not change significantly

during the reaction. If anything, there seems to be a downward
trend in the particle size of the CCP crystallites but this can

hardly be called significant in light of the experimental error.

Hence, no clear signs of sintering of metal nanoparticles are
observed. The stability of the catalyst is also illustrated in Fig-

ure 4 D, which shows four X-ray diffractograms, along with
their respective Rietveld refinements. There is an excellent

agreement between the refinements and the experimental
data.

In a second series of experiments, the 15 wt % Co/TiO2 FTS

catalyst was studied during FTS at 250 8C and 10 bar. The XRD
results of these experiments are shown in Figure 5 A. The data

at the start of the experiment are relatively noisy, because the
sample moved out of the center of rotation of the XRD appara-

tus, which has negatively affected the signal quality. After ap-
proximately 50 h the results stabilize; from that moment the

composition of the catalyst (as shown in Figure 5 B) is in ap-

proximate agreement with that of the same sample at atmos-
pheric pressure. The catalyst then consists of approximately

18 wt % of HCP Co and about 10 wt % of CCP Co.
Remarkably, after about 150 h there is a slow but steady in-

crease in the contribution of Co2C. After 250 h of reaction, the

Figure 4. XRD results of a 15 wt % Co/TiO2 FTS catalyst during FTS at atmospheric pressure and at 250 8C. A) XRD patterns as a function of time under FTS
conditions. Black indicates low diffracted intensity, and white means high intensity. The peak at 2q of 128 is not shown completely to increase the visibility of
the other diffraction peaks. B) The composition of the catalyst as a function of time on stream. The contributions of different Co species are plotted; standard
deviations from the fit are indicated as the shaded area around the lines. C) Particle sizes of three of the Co species as a function of time on stream. Standard
deviations are shown as the shaded area. D) Selected experimental diffractograms (full lines) and the Rietveld refinements (dashed lines) at the time points as
indicated in Figure B and C. Peak positions for the Co species are indicated by vertical lines. Diffraction peaks attributable to TiO2 support peaks and minor
diffraction lines are not indicated.
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catalyst contains approximately 2 wt % of Co2C. Along with the
increase in the detection of Co2C, a small but significant de-

crease in the contribution of CCP Co is detected. The contribu-
tion of HCP Co decreases also, but not significantly. This sug-

gests that primarily CCP Co is converted into Co2C. In Fig-
ure 5 C the particle sizes of CCP Co are 25 nm, those of HCP Co
2.5 nm. The particle size is higher than during the experiment

at atmospheric pressure (about 20 nm). The reason for this is
currently unknown. Sintering is not a likely explanation, be-
cause the particle size is high from the start of the experiment
(i.e. , there is no observed growth of the particles), however,

the data at the start of the experiment is extremely noisy. As in
the experiments at atmospheric pressure, the particle sizes of

both Co crystal structures do not change significantly during

the experiment. The HCP particles are approximately 2.5 nm
and the CCP particles are approximately 25 nm. The particle

size of Co2C increases from approximately 20 nm after 150 h of
reaction to about 30 nm at the end of the experiment. Howev-

er, the experimental error of the particle size is rather large
(�20 nm) because the contribution of Co2C is small, especially

during the first few hours after 150 h. As the amount of Co2C

increases, the uncertainty in the particle size decreases to
approximately 4 nm.

The formation of Co2C is clearly seen in the selected diffrac-
tograms that are shown in Figure 5 D. A small peak at the indi-

cated position of Co2C is visible in the diffractograms after
150 h and 200 h. This peak is not visible in the diffractograms

after 25 h and 100 h, which is consistent with the results of the
Rietveld refinement.

The XRD results suggest that the FTS catalyst contains both
small HCP particles (�2.5 nm) and larger CCP particles

(�25 nm) during the FTS reaction. This finding is in contrast
to the results from XRD experiments on the fresh catalyst,
which indicate that the catalyst consists of Co3O4 particles of

approximately 18 nm.[7] It is unlikely that reducing 18 nm parti-
cles somehow results in metallic particles of 2.5 nm. A solution
to this contradiction is that metallic cobalt particles are not
completely CCP, but small HCP domains exist within the parti-

cles.[39] The transition from CCP to HCP is a stacking fault. The
existence of stacking faults in metallic cobalt has also been re-

ported after reduction of bulk Co3O4
[40] and for alumina-sup-

ported cobalt nanoparticles.[39, 41]

Remarkably, during FTS at elevated pressure (10 bar) part of

the metallic Co is converted into cobalt carbide (Co2C). Re-
member that we did not find any Co2C during FTS at low pres-

sure. This suggests that the formation of Co2C is dependent on
a high partial pressure of CO. Furthermore, the conversion

starts only after approximately 125 h of reaction. The formation

of Co2C is accompanied by a decrease of CCP Co, whereas the
contribution of HCP Co does not change. Hence, it is probable

that the CCP crystal structure is converted into the carbide,
and not the HCP phase. This is corroborated by the particle

size of Co2C (�20 nm, increasing to �25–30 nm), which is

Figure 5. XRD results of the 15 wt % Co/TiO2 FTS catalyst during FTS at 10 bar and at 250 8C. A) XRD patterns as a function of time under FTS conditions.
Black indicates low diffracted intensity, and white means high intensity. The peak at 2q of 128 is not shown completely to increase the visibility of the other
diffraction peaks. B) The composition of the catalyst as a function of time on stream. The contributions of different Co species are plotted; standard deviations
from the fit are indicated as the shaded area around the lines. C) Particle sizes of three of the Co species as a function of time on stream. Standard deviations
are shown as the shaded area. D) Selected experimental diffractograms (full lines) and the Rietveld refinements (dashed lines) at the time points as indicated
in Figure B and C. Peak positions for the Co species are indicated by vertical lines. Diffraction peaks attributable to TiO2 support peaks and minor diffraction
lines are not indicated.
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much closer to the particle size of the CCP phase (about 25–
30 nm) than to the size of the HCP domains (�2.5 nm).

Cobalt carbide is generally accepted not to be active in FTS
catalysis, thus the conversion of metallic Co to Co2C is a possi-

ble cause for catalyst deactivation.[27, 42] Although not very
common, Co2C has been found in Co-based FTS catalysts
before. The presence of Co2C in spent Al2O3-supported FTS cat-
alysts was reported by Jacobs et al.[43] Using synchrotron XRD,
Karaca et al. observed a small amount of Co2C in their Co/Al2O3

catalyst after approximately 8 h of FTS conditions at a pressure
of 20 bar.[14] Co2C has also been detected in catalysts support-
ed on activated carbon.[44] According to Lynch, the formation
of Co2C could be directly correlated to the loss of catalytic ac-

tivity.[45] On the other hand, Claeys et al. reported that the for-
mation of Co2C is not a significant cause of catalyst deactiva-

tion.[33] With the aid of a combination of spectroscopy and mi-

croscopy we have recently reported results that suggest that
the formation of Co2C at the surface of metallic Co nanoparti-

cles might be related to catalyst deactivation.[8]

The presence of Co2C was reported to increase the selectivi-

ty towards alcohols in carbon-supported catalysts for the syn-
thesis of higher alcohols at pressures of 30 bar.[46, 47] This was

explained by calculations that show that absorption of molecu-

lar CO is easier on a Co2C surface than on a metallic Co surface.
However, hydrocarbon chain growth happened mostly on

metallic surfaces.[46]

Carburization of Co/TiO2

To study the formation of cobalt carbide (Co2C) in more detail,
the 15 wt % Co/TiO2 FTS catalyst was exposed to pure CO at at-

mospheric pressure and 250 8C, after reduction in H2 under the
same condition as used earlier. The results of the carburization

experiment are shown in Figure 6.
At the start of the experiment the catalyst is composed of

about 15 wt % of HCP Co and about 10 wt % of CCP Co, as

shown in Figure 6 B. Almost immediately upon exposure to
CO, there is a sharp increase in the contribution of Co2C. How-
ever, the complete conversion of metallic Co into the carbide
takes quite long, approximately 50 h. Even after 65 h under CO

there is still approximately 2.5 wt % of CCP Co in the catalyst.
Remarkably, the conversion of the HCP crystal structure is

quicker than of the CCP phase, in contrast to the experiments

under FTS conditions, where primarily the CCP phase was con-
verted into Co2C. Although conversion starts at a higher value,

the contribution of HCP Co is decreased to 0 wt % after
approximately 32 h under CO.

After approximately 67 h of exposure to CO, the gas flow
was switched to 1 mL min¢1 of H2 ; this moment is indicated by

the black vertical line in Figure 6 B. There is an immediate con-

version of Co2C into metallic Co. However, only the HCP crystal
structure is formed, whereas the contribution of CCP Co stays

constant at the value before the switch from CO to H2.

Figure 6. XRD results of a 15 wt % Co/TiO2 FTS catalyst during carburization and subsequent hydrogenation (both at 250 8C and atmospheric pressure).
A) XRD patterns as a function of time. The horizontal dashed line indicates the switch from CO to H2. Black indicates low diffracted intensity, and white means
high intensity. The peak at 2q of 128 is not shown completely to increase the visibility of the other diffraction peaks. B) The composition of the catalyst as
a function of time on stream. The contributions of different Co species are plotted; standard deviations from the fit are indicated as the shaded area around
the lines. The vertical full line at 67 h indicates the switch from CO to H2. C) Particle sizes of three of the Co species as a function of time on stream. Standard
deviations are shown as the shaded area. D) Selected experimental diffractograms (full lines) and the Rietveld refinements (dashed lines) at the time points as
indicated in Figure B) and C). Peak positions for the Co species are indicated by vertical lines. Diffraction peaks attributable to TiO2 support peaks and minor
diffraction lines are not indicated.
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The selective formation of HCP Co from Co2C is well accept-
ed in literature.[33, 39, 41, 48–51] Carburization followed by hydroge-

nation of Co FTS catalysts was even suggested as a way to
convert the CCP structure into the more active HCP struc-

ture.[52] However, it has been reported that Co/Al2O3 FTS cata-
lysts that were activated in CO or in syngas have lower activity

and selectivity than catalysts that were reduced in H2.[53] The
findings were explained by the increased methane production
of Co2C compared with metallic Co. Co/TiO2 FTS catalysts that
were pretreated in CO were carbidic at first, but they slowly
became more metallic during FTS, as shown by EXAFS and
XANES spectroscopy.[54] However, the catalytic activity and se-
lectivity were still lower than for the same catalyst that was re-

duced in H2.
The particle sizes of the different Co species are shown in

Figure 6 C. Initially, the CCP Co nanoparticles are approximately

20 nm and HCP Co nanoparticles are approximately 2.5 nm in
size. This is in line with the results under FTS conditions. How-

ever, upon exposure to CO, the particle size of the CCP crystal
structure decreases and stabilizes after about 32 h at approxi-

mately 5 nm. Meanwhile, the HCP Co particle size is more or
less stable at approximately 2.5 nm. The particle size of Co2C

starts off at approximately 25 nm, and this increases to approx-

imately 33 nm after approximately 15 h. The particle size then
decreases slightly to become stable at approximately 28 nm.

Upon exposure to H2, the HCP Co phase (HCP) consists of
bigger particles (�15 nm) than the CCP phase that disap-

peared under CO atmosphere (�2.5 nm). At the same time,
there is a sharp increase in the particle size of the minority

species (CCP Co), but the experimental error is relatively large

owing to the small amount of CCP Co that is detected in these
fits. In the diffractograms (Figure 6 D) we can clearly see the in-

crease in the Co2C peaks (marked with ’*’) with increasing reac-
tion time (diffractograms e–g), along with a corresponding de-

crease in both the CCP and HCP peaks.

Raman spectroscopy of Co/TiO2

Simultaneously to the XRD experiments, operando Raman

spectra were acquired. Bands attributable to Co species were
not detected because their bands are located below 750 cm¢1,

too low for the Raman spectrometer used.[55–58] The spectra in

the region of 1000–2000 cm¢1 for the 15 wt % Co/TiO2 FTS cat-
alyst during FTS at atmospheric pressure are shown in Fig-

ure 7 A and B. Two Raman bands are visible in the spectra, at
approximately 1350 cm¢1 and 1600 cm¢1; these bands are char-

acteristic of coke formation.[19] The band at 1350 cm¢1 is as-
signed to disordered-type graphitic carbonaceous species, and

it is commonly called the D band. The band at approximately

1600 cm¢1 is assigned to the graphite lattice and is called the
G band.[19, 59, 60]

There are large differences in the intensity of the Raman
bands over time. However, upon closer examination, we see
that there are also large fluctuations in the background signal
of the Raman spectra (especially visible in Figure 7 B as darker

horizontal lines in the spectra). The fluctuations in the Raman
signal are possibly caused by (small) changes in the sample
position (moving in and out of the focal point of the Raman
probe). In any case, we cannot assign any chemical significance
to the changes in absolute intensity. Taking into account the

fluctuations in the background, the intensity of the Raman
bands looks quite constant during the 250 h of FTS reaction. In

Figure 7 C and D we show a zoom-in of the Raman spectra
during the first 25 h of FTS reaction. The formation of the

Figure 7. Operando Raman spectroscopy of a 15 wt % Co/TiO2 FTS catalyst during FTS at atmospheric pressure and 250 8C. A) 3 D plot of the Raman spectra
as a function of time during the first 250 h of FTS reaction. B) Contour plot of the Raman spectra during the first 250 h of FTS reaction, using the same color
map as in A). C) 3D plot of the Raman spectra as a function of time during the first 25 h of FTS reaction. D) Contour plot of the Raman spectra during the
first 25 h of FTS reaction, using the same color map as C).
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1350 cm¢1 and the 1600 cm¢1 Raman bands takes approxi-
mately 5 h. The averaged Raman spectra at the beginning (10–

20 h) and at the end (230–240 h) of the FTS reaction are
shown in Figure 8 A. The spectra are essentially the same, and

we can clearly see the two Raman bands at 1350 and
1600 cm¢1. Based on these spectra we can define three spec-

tral regions to look at the intensity in a more quantitative way.
The two Raman bands are indicated by the grey vertical lines

in the spectra, and the background is defined as the region of
1800–2000 cm¢1. We can now normalize the two Raman bands

by dividing the average intensity in the peak regions by the
intensity in the background region.

The normalized intensity of the two Raman bands as a func-

tion of time is shown in Figure 8 B. The 1600 cm¢1 band (G
band) has a higher intensity than the 1350 cm¢1 band (D
band) for the whole duration of the experiment. There is
a rapid increase in the intensity of both Raman bands. The

inset graph shows that the majority of the increase in the in-
tensity happens in the first �6 h of reaction. After that

moment, there is a further, more or less linear increase in

the normalized intensity of the Raman bands. A continuous
increase in the amount of coke is observed.

The ratio of the intensity of the 1600 cm¢1 to the 1350 cm¢1

band (I1600/I1350) is shown in Figure 8 C. These values were calcu-

lated by dividing the average intensity in the 1600 cm¢1 by the
average intensity in the 1350 cm¢1 band. There is an initial de-

crease from a relatively high value of approximately 1.09 to

a minimum of approximately 1.02. After the initial decrease,
a slightly higher plateau at a ratio of approximately 1.03 is

reached after about 75 h.
In addition to the quantitative analysis described above, we

have also performed a deconvolution of the Raman spectra fol-
lowing the approach from Sadezky et al. ,[61] which has also

been used in our group for the analysis of coke formed on

propane dehydrogenation catalysts.[59, 60] First, the background
of the Raman spectra was subtracted. Then, a set of five Gaus-

sian and Lorentzian functions was used to find the best fit to
the experimental data. The set of functions is given in Table 1,

with the nomenclature of the bands as proposed by Sadezky
et al.[61] A Gaussian was used instead of a Lorentzian for the G

band; this resulted in visually better fits. Furthermore, we

found only one Q band, at 1297 cm¢1, which is probably
caused by the capillary. The D2 band at 1620 cm¢1 that was

mentioned by Sadezky et al.[61] was not detected in our
fits.[58, 59] The inability to resolve the D2 band indicates the
poorly ordered structure of the graphite that is formed.[62]

The deconvoluted Raman spectra during the experiment are

given in Figure 9 A. The spectra were averaged over a period
of 10 h to increase the signal to noise ratio. There is a close
agreement between the experimental data (black curves) and

Figure 8. Analysis of the Raman spectroscopy data of a 15 wt % Co/TiO2 FTS
catalyst during FTS at atmospheric pressure and 250 8C. A) Averaged Raman
spectra as measured from 10–20 h of FTS reaction (black spectrum) and
from 240–250 h of FTS reaction (red spectrum). Gray vertical lines define the
spectral regions of the 1350 cm¢1 and the 1600 cm¢1 Raman peaks. B) Inten-
sity of the 1350 cm¢1 (black) and the 1600 cm¢1 (red) Raman peaks, normal-
ized to the background (defined as the averaged intensity in the featureless
region from 1800–2000 cm¢1), as a function of time during the first 250 h of
FTS reaction. Inset: during the first 25 h. C) Ratio of the intensities of the
1600 cm¢1 to the 1350 cm¢1 Raman peaks during the first 250 h of reaction.
Inset : during the first 25 h.

Table 1. Characteristics of the Raman bands that are used in the decon-
volution of the Raman spectra.

Band Initial position [cm¢1] Shape Assignment

Q 1297 Gaussian capillary
G 1587 Gaussian graphite
D1 1320 Lorentzian defects in graphite
D3 1500 Gaussian amorphous carbon
D4 1220 Gaussian disordered graphite
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the spectral fits (red curves). The ratio of the G band intensity

to the D1 band intensity is shown in Figure 9 B. The G/D1 ratio
is seen to slightly increase during the first 100 h for the

15 wt % Co/TiO2 FTS catalyst (Figure 9 B). This is in broad agree-
ment with the results from the quantitative treatment of the

Raman spectra. This finding suggests that some of the defects

in the graphite sheets disappear during the first 100 h of FTS
reaction, or that the amount of graphitic carbon increases.

However, the increase in the G/D1 ratio is rather small and
hardly significant.

The position of the G band is an indication for the size of
graphite crystallites, with larger crystals causing the G band to
shift to lower wavenumbers.[62] On the other hand, a decreased

half width half maximum (HWHM) of both the D1 and the G
band is a sign of increased graphitization of the coke spe-
cies.[60] However, the positions (Figure 9 C) and the HWHMs
(Figure 9 D) of both the D1 and the G bands stay constant for

the entire duration of the experiment, within experimental
error. From this, we conclude that the coke species formed on

this catalyst are stable during FTS.
No Raman bands are discernible in the spectra that were ac-

quired during FTS at elevated pressure (10 bar) using the
15 wt % Co/TiO2 FTS catalysts, as the spectra (not shown in the
interest of brevity) are dominated by a large background of

fluorescence. The presence of the fluorescence in the spectra
makes interpretation of the Raman spectra impossible. The

contribution of the coke bands to the Raman spectra is over-

shadowed by the fluorescent background. However, this does
not mean that coke is not present during this experiment, or

even that the amount of coke is small. Only a small amount of
a fluorescent species is enough to cause a very high back-

ground. It is even possible that the coke species themselves
are fluorescent.

There is a strong indication that coke formation could be

(partly) responsible for catalyst deactivation, either by physical-
ly blocking the pores of the support, poisoning the Co surface,

or by physically blocking access to the Co surface.[27] The depo-
sition of carbon has been suggested to be a relatively slow

process, with the initial deactivation attributed to sintering of

Co.[64, 65] These findings were based on modeling approaches to
catalyst deactivation. In contrast, we have seen that the forma-

tion of Raman bands belonging to coke is rather quick.

Catalytic activity during Fischer–Tropsch synthesis

The catalytic activity was measured using a GC during the op-

erando XRD/Raman experiments. However, because an internal
standard for the GC was not used during the experiments, ac-

curate activity and selectivity data could not be calculated.
However, we can calculate the production of light FTS prod-
ucts (C1–4), which we will use as an approximation for the “real”
catalytic activity. We will express the catalytic productivity

as 10¢5 mol of product per gram of Co per second

(10¢5 mol gCo
¢1 s¢1).

The catalytic productivity during FTS at atmospheric pres-

sure using the 15 wt % Co/TiO2 FTS catalyst is shown in Fig-
ure 10 A. The production of CH4 decreases rather quickly

during the first �50 h of reaction. The production of C2–4 spe-
cies decreases at a similar rate. At the end of the reaction the

production of methane seems to increase a little again. This is

probably caused by hydrogenation of coke species, and not by
an increased activity of the catalyst.

The production of light products during FTS at a pressure of
10 bar of the 15 wt % Co/TiO2 FTS catalyst is shown in Fig-

ure 10 B. The production starts out by increasing to a maxi-
mum. The further decline in the production of FTS products is

Figure 9. Deconvolution of the Raman spectra of the 15 wt % Co/TiO2 FTS catalyst during FTS at atmospheric pressure and at 250 8C. A) Deconvoluted Raman
spectra averaged over different times under FTS conditions. Experimental data are indicated by black curves, fits are indicated by red curves; gray dashed
curves indicate the contribution of the different Raman bands; vertical gray lines indicate the idealized positions of the Raman peaks. B) Ratio of the intensity
of the G and the D1 bands as a function of time under FTS conditions. Horizontal error bars indicate the time the spectra were averaged over; vertical error
bars indicate the standard error. C) Spectral position of the D1 band (black, on the left axis) and the G band (red, on the right axis). D) HWHM of the D1 band
(black, on the left axis) and the G band (red, on the right axis).
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now less pronounced than in the experiments at atmospheric

pressure. However, there is still a significant deactivation.

Slower deactivation at higher pressure was observed by de la
PeÇa O’Shea et al. ,[66] who explained it by increased segrega-

tion of the surface of the catalyst at high CO partial pressure.
This roughening of the surface was said to increase the Co sur-

face area and lead to higher activity.[67] Second, the production
of both methane and the higher products is higher than at at-
mospheric pressure for the duration of the entire experiment.

The ratios of the production of CH4 to the production of C2–4

for the 15 wt % Co/TiO2 FTS catalyst at atmospheric pressure

and at 10 bar are shown as blue lines in Figure 10 A and B, re-
spectively. As the methane selectivity of Co FTS catalysts in-

creases if Co2C is present in the catalyst,[53, 54] an increase in the
CH4/C2–4 ratio during FTS could be an indication for the forma-

tion of Co2C. Indeed, the CH4/C2–4 ratio (blue lines in Figure 10)
is higher during the experiment at elevated pressure (at which
Co2C is formed) than during the experiment at atmospheric

pressure (at which Co2C is not observed in XRD analysis). Fur-
thermore, during the experiment at elevated pressure (Fig-

ure 10 B), there is a continuous increase in the CH4/C2–4 ratio,
after an initial steep increase. There are two artifacts after ap-

proximately 190 h and approximately 230 h, which are proba-

bly caused by pressure drops in the GC. The increase in the
CH4/C2–4 ratio suggests that the carburization of the catalyst

starts immediately upon exposure to high partial pressures of
CO. The Co2C is not seen in the XRD analysis until about 150 h

into the experiment, but this is to be expected if the initial
Co2C phase is amorphous or consists of small particles, only

to becoming crystalline after approximately 150 h of FTS reac-
tion.

On the other hand, the CH4/C2–4 ratio during FTS at atmos-
pheric pressure stays almost constant (after the initial steep

decrease) during the experiment. This is in line with the XRD
results, which did not show the formation of Co2C. However,
careful examination of the CH4/C2–4 ratio reveals that there is
a small increase in the ratio after approximately 200 h of FTS
reaction. This could suggest that an amorphous (hence not

visible in XRD) carbide phase is formed from this moment.
Even longer experiments can confirm or deny this hypothesis.

Conclusions

This paper discusses the design and application of an operan-
do setup for combined XRD and Raman spectroscopy, with

which the product stream is simultaneously analyzed with an
online GC. Many different reactions and catalyst materials can

be tested with the described instrument. A major improve-

ment over previous operando XRD/Raman setups[12–19, 24, 25] is
the possibility of using of a laboratory X-ray source, instead of

a synchrotron. This allows us to monitor catalytic reactions for
an extended time, without limitation of the amount of beam-

time that is granted. The use of MoKa radiation resulted in im-
proved data quality to that of conventional CuKa radiation.

We have applied the setup to study the long-term deactiva-

tion of a 15 wt % Co/TiO2 FTS catalyst. From the operando XRD
experiments it was found that sintering or bulk oxidation do

not play a significant role in the deactivation of the catalysts.
The particle size of the Co nanoparticles was remarkably stable

during the experiments, and the nanoparticles stayed com-
pletely metallic. Furthermore, there are many stacking faults in

the Co nanoparticles, resulting in small HCP domains (�3 nm)

in otherwise CCP particles (�25 nm). The metallic nanoparti-
cles were converted into Co2C, but this only happened during

FTS at elevated pressure (10 bar). No Co2C was found during
FTS at atmospheric pressure. This is probably because the for-
mation of Co2C is only feasible if the partial pressure of CO is
high enough.

The focus of the operando Raman spectroscopy experiments
was to study the formation of coke deposits during FTS. Un-

fortunately, the Raman experiments at 10 bar were hampered
by fluorescence, which overshadowed the Raman bands. At at-
mospheric pressure, there was clear evidence for coke forma-

tion in the form of the formation of Raman bands at about
1350 cm¢1 (D band) and at 1600 cm¢1 (G band). Quantitative

analysis and deconvolution of the Raman bands revealed that
the coke species were quite stable, in terms of graphite crystal-

lite sizes and number of defects in the graphite structure. The

catalyst saw a quick initial increase in the amount of coke,
with most of the coke band intensities forming in the first

�15 h of FTS reaction. After the initial increase there was
a slower increase in the coke band intensities. The intensity of

the coke bands of the catalyst kept increasing for the duration
of the experiment.

Figure 10. Catalytic productivity of the 15 wt % Co/TiO2 FTS catalyst during
FTS at A) atmospheric pressure and B) a pressure of 10 bar, both at 250 8C.
Black curves indicate the CH4 production; red curves indicate the production
of C2–4 species.
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Experimental Section

As was reported earlier, the fresh catalyst sample was prepared by
impregnating samples of �2 g of vacuum-dried TiO2 (P25) powder
with a saturated Co(NO3)2 solution (Sigma–Aldrich, >99 %) until
the pores of the support were filled.[7, 8] The powder was then dried
at 60 8C and calcined at 350 8C. This resulted in a catalyst with a Co
loading of 10 wt %. The process was repeated to reach a final Co
loading of 15 wt %.[7, 8]

The operando reactor that was used in this study was designed by
iKey, South Africa.[33, 34] Inert and reactant gases (He and CO and H2,
respectively (all from Linde)) were delivered to the reactor at ele-
vated pressures (up to 20 bar) to the reactor by using Bronckhorst
EL-FLOW select mass flow controllers that are calibrated for flow
rates between 0 and 1 mL min¢1. All gas lines were heat-traced to
preheat the reactant gases and to prevent condensation of liquid
products. A RT trap was inserted in the gas line downstream of the
reactor to collect the liquid products. The pressure in the capillary
reactor was controlled by a Bronckhorst pressure sensor coupled
to a control valve.

Samples of the product stream were analyzed with an on-line In-
terscience TraceGC 1300 gas chromatograph (GC). The different
gases in the product stream were analyzed on three separate
channels, one flame ionization Detector (FID) for the analysis of
C1–C6 hydrocarbons and two thermal conductivity detectors (TCD)
for the analysis of He and H2 and the permanent gases (CO, CH4,
O2, N2, CO2 and ethane), respectively. The separation of the FID
channel was performed using an Rtx-1 precolumn and an Al2O3/
Na2SO4 main column. A backflush was performed on the precol-
umn after the elution of C6 hydrocarbons. The permanent gases
are separated on a Molsieve 5 A column.

Preliminary XRD experiments were performed by using a Bruker
D8 Discover using a CuKa X-ray source and a MoKa X-ray source. A
similar XRD apparatus with a MoKa X-ray source was used during
the operando experiments. The XRD data were obtained in paral-
lel-beam geometry. X-ray diffractograms were measured from 2q

angles of 58 to 498. Step sizes between 0.028 and 0.058 were used.
Scan times were varied as a compromise between data quality and
acquisition speed. Shorter scan times were used when relatively
quick changes in composition and/or crystallite sizes were expect-
ed (i.e. , during the reduction of the catalyst). Longer scan times
(with better data quality) were used when changes in composition
and/or crystallite sizes were expected to be slower, such as during
the FTS reaction.

XRD data analysis was performed by using the fundamental pa-
rameters approach[68, 69] as implemented in the Bruker Topas soft-
ware, which allows semiautomated fitting of multiple XRD patterns
at the same time. Full-profile fitting (Rietveld refinement) was per-
formed to extract the composition of the sample and the crystallite
sizes of the relevant species. Background subtraction was per-
formed by fitting 3rd or 4th order Chebychev polynomials to the
data. The diffraction patterns of the support (i.e. , anatase and
rutile) and several cobalt species (i.e. , Co3O4, CoO, Co2C, and metal-
lic cobalt (CCP and HCP crystal structures)) were taken from the
PDF-4 + 2015 database by the International Centre for Diffraction
Data and used in the Rietveld refinement, without further refine-
ment of the unit cell parameters. Instrument parameters (most no-
tably the instrumental line broadening and the X-ray emission pro-
file of the source) were obtained from a previously measured,
highly crystalline Si sample. R-values were approximately 8–9 for
the high quality data and 10–11 for the lower quality (faster) scans,
which is comparable to previous experiments by Rayner et al. on

a similar catalyst system.[70] Crystallite sizes for the relevant Co spe-
cies were estimated using the Scherrer equation, assuming k =
0.89, and after correcting for the instrumental line broadening.

Sample amounts of approximately 10–20 mg of catalyst material
(10 wt % or 15 wt % Co/TiO2 FTS catalyst) were loaded into a boro-
silicate glass capillary (length: 8 cm, outer diameter: 1 mm, wall
thickness: 0.01 mm). The catalyst was held in place by two plugs
of quartz wool. A thermocouple was mounted inside of the capilla-
ry, immediately against the quartz wool. The catalyst bed length
was chosen such that all catalyst material was within the heating
zone of the infrared furnace. The capillary was attached to the
holder with rubber ferrules. The setup was then checked for leaks
at 10 bar with He.

The catalyst was first reduced in H2 (flow rate: 1.00 mL min¢1) by
heating from RT to 350 8C with a ramp rate of 5 8C min¢1. Quick
XRD scans (5 min per scan) were measured during this period. The
temperature was then held constant for 2 h, while slightly longer
XRD scans (10 min per scan) were measured. The catalyst was then
cooled down to 250 8C. We have selected this reaction temperature
as we anticipated that sintering would be faster at 250 8C than at
lower reaction temperatures. The catalyst was then exposed to FTS
conditions: 1.00 mL min¢1 H2 and 0.50 mL min¢1 CO. For the tests
at high pressure, the pressure was slowly increased to 10 bar, this
took approximately 3 h. After this, the flows were reduced to
0.66 mL min¢1 of H2 and 0.33 mL min¢1 of CO. The pressure was
kept constant at 10 bar. The pressure was kept constant at 0 bar
(relative to atmospheric pressure) for the experiments that were
performed at low pressure. XRD scans of 1 h each were measured
continuously. A sample of the product stream was analyzed ap-
proximately every 23 min. Raman spectra from �750 cm¢1 to
�3500 cm¢1 were measured continuously with an Avantes Ava-
Raman-532TEC spectrometer fitted with a 532 nm laser light
source (10 s integration time per spectrum, 24 spectra averaged).
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