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ABSTRACT: Cobalt nanoparticles play an important role as catalysts for the Fischer−
Tropsch synthesis, which is an attractive route for production of synthetic fuels. It is of
particular interest to understand the varying conversion rate during the first hours after
introducing synthesis gas (H2 and CO) to the system. To this end, several in situ
characterization studies have previously been done on both idealized model systems and
commercially relevant catalyst nanoparticles, using bulk techniques, such as X-ray powder
diffraction and X-ray absorption spectroscopy. Since catalysis takes place at the surface of
the cobalt particles, it is important to develop methods to gain surface-specific structural
information under realistic processing conditions. We addressed this challenge using
small-angle X-ray scattering (SAXS), a technique exploiting the penetrating nature of X-
rays to provide information about particle morphology during in situ experiments.
Simultaneous wide-angle X-ray scattering was used for monitoring the reduction from
oxide to catalytically active metal cobalt, and anomalous SAXS was used for distinguishing
the cobalt particles from the other phases present. After introducing the synthesis gas, we found that the slope of the scattered
intensity in the Porod region increased significantly, while the scattering invariant remained essentially constant, indicating a
change in the shape or surface structure of the particles. Shape- and surface change models are discussed in light of the
experimental results, leading to an improved understanding of catalytic nanoparticles.

■ INTRODUCTION

The Fischer−Tropsch synthesis (FTS) is a set of chemical
reactions that forms hydrocarbon chains from a mixture of CO
and H2. The product can be upgraded to petroleum substitutes,
for example synthetic diesel.1 Typical commercial FTS catalysts
consist of cobalt nanoparticles of diameter ∼20 nm dispersed
on a porous support material,2 such as γ-alumina. Optimal
particle size, temperature, and pressure are required for
obtaining high activity and high selectivity to long-chain
hydrocarbons. The reaction output is dependent on the
temperature and the pressure in the reactor cell; the standard
industrial process operates at T ≈ 220 °C and pressure of 25−
45 bar, conditions favorable for producing waxes.1 At ambient
pressure the CO conversion is still high, but the products are
predominantly short molecules, thus tending to remain in the
gas phase.
The FTS shows an initial stage lasting a few hours where the

conversion rate increases to a high level, followed by a much
slower decrease of the reaction rate that continues on a time
scale of days and months.3 Understanding the mechanisms
behind this behavior is of high commercial and academic

interest. Tsakoumis et al.3 combined in situ X-ray absorption
spectroscopy (XAS) and X-ray powder diffraction to investigate
the cobalt catalyst nanoparticles during the FTS synthesis. The
deactivation was detected by mass spectrometry, but no
apparent changes in the X-ray signal could be observed, and
thus no observable bulk-related changes, emphasizing the need
for in situ surface characterization of the cobalt particles during
FTS. Schulz et al.4 measured changes in activity and selectivity
during the initial hours of FTS and noticed that since CO
chemisorbs strongly on cobalt, the reaction of CO with the
metal surface can be assumed to induce surface restructuring.
Wilson and de Groot reported restructuring of a Co(0001)
surface to triangular cobalt islands when exposed to CO
hydrogenation conditions.5 The CO-induced surface restructur-
ing was also confirmed by polarization modulation−reflection
absorption infrared spectroscopy.6
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The Fischer−Tropsch synthesis has previously been studied
using a variety of techniques, including Auger electron
spectroscopy and electron energy loss spectroscopy,7,8 temper-
ature programmed studies,9−11 infrared spectroscopy,11,12 X-ray
powder diffraction,3,13 transmission electron microscopy
(TEM),14,15 X-ray absorption spectroscopy,3,13,16 thermogravi-
metric analysis,9,10,17 X-ray photoelectron spectroscopy,10 mass
spectrometry,3,12,13 scanning tunneling microscopy,18,19 and
Mössbauer emission spectroscopy.17 Previously, we have used
environmental TEM for studying the reduction of cobalt
particles prepared in the same way as the samples in this
study,15 with the only difference being that the cobalt particles
were supported on α-alumina instead of γ-alumina. However,
none of the above techniques are capable of yielding surface-
specific structural information under relevant processing
conditions. Consequently, it is obvious that a technique
sensitive to changes of the surface of the Co catalyst particles
is in demand. Because the FTS conversion from gas to liquid
necessarily needs a certain pressure, the FTS processes cannot
be studied using techniques requiring high vacuum, such as
TEM.
Due to their penetrating nature, hard X-rays of energy

≳5 keV can be used for studying processes that require high
pressure and bulky sample environments. Small-angle X-ray
scattering (SAXS) denotes the elastic scattering of X-rays by
inhomogeneities in the electron density in the size range from
∼1 to 100 nm, typically representing particles or pores. From
SAXS patterns, structural information about these electron
density inhomogeneities can be obtained,20 and SAXS has
previously been used for monitoring changing size,21 shape,22

and roughness23 of particles in situ. Preux et al. have used SAXS
for monitoring expansion and faceting of viral capsids,24 and
Braun et al. have used ultra-small-angle X-ray scattering
(USAXS) for studying cobalt precipitates in silica aerogels
before and after reduction.25 Grazing-incidence small-angle X-
ray scattering (GISAXS) has been used, for example, for
monitoring the evolution in the size distribution of nano-
particles deposited on surfaces in situ,26−29 and for quantitative
analysis of faceted islands on surfaces.30

Here, we apply in situ SAXS to Co nanoparticles supported
on γ-alumina under realistic FTS conditions and find that the
Porod exponent changes markedly upon switching from
hydrogen (H2) to synthesis gas (H2 + CO). This is an
intriguing result in its own right, and a discussion of this result
in the light of possible underlying mechanisms is given.

■ SAXS ANALYSIS FOR HETEROGENEOUS
CATALYSIS

A schematic SAXS setup is shown in Figure 1. For a
monodisperse collection of identical randomly oriented
spheres, the SAXS intensity can be written as31

ρ∝ Σ
Ω

= Δ | |I Q Q n V F Q S Q( )
d
d

( ) ( ) ( )2
p

2 2
(1)

where dΣ(Q)/dΩ denotes the differential scattering cross-
section for a spherically symmetric collection of particles
normalized by irradiated volume. The wave-vector transfer is Q
= |Q| = (4π sin θ)/λ, where θ is half the scattering angle, and λ
the wavelength of the incoming X-rays. n is the number density
of scattering objects in the sample, and Vp is the volume of one
scattering object. Δρ is the difference in scattering length
density, or “contrast”, which is proportional to the difference in
electron densities of the different phases of the sample, in the

present case including cobalt, cobalt oxides, the γ-alumina
matrix, and pores. Δρ depends also on the X-ray wavelength
through energy-dependent dispersion corrections.32 F(Q) is the
form factor amplitude which contains information about the
particle shape; for spheres it can be calculated analytically to be
Fsphere(Q) = 3[sin(QR) − QR cos(QR)]/(QR)3, where R is the
particle radius.33 The structure factor S(Q) describes the
interference of scattering from different particles and thus
contains information about the spatial correlations between the
particles. For dilute systems, S(Q) = 1 and can be neglected.31

SAXS patterns tend to exhibit a linear “Porod” region at
comparably large Q when presented on a double-logarithmic
plot. The scattering intensity, I(Q) ∝ |F(Q)|2, calculated in the
limit QR ≫ 1, yields34,35

∝ α−I Q Q( ) (2)

The power-law exponent α, known as the Porod exponent, is
related to the surface structure and to the shape of the particles:
α = 1 for thin rods, α = 2 for thin discs, and α = 4 for smooth
3D objects. Moreover, 1 < α < 3 for mass fractals, 3 < α < 4 for
surface fractals, and α > 4 for particles with a continuous
interface transition.36,37 Schmidt et al. have studied porous
silicas37 and observed α > 4, which they ascribe to the interface
between the pore and the matrix being continuous rather than
abrupt. Implementing a graded interface can be done
analytically by convoluting the density function ρ(r) with a

Figure 1. Schematic figure of the experimental setup. (a) The quartz
capillary containing the sample powder was mounted between Cu
blocks for heating and connected to gas lines. The red cross indicates
the X-ray beam going into the paper plane. (b) Side-view of the SAXS
and WAXS geometry. (c) An example of measured data; the raw data
are on the left, and the 1D scattering pattern obtained after azimuthal
averaging is on the right.
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Gaussian,38 which by the convolution theorem modifies the
form factor amplitude F(Q) in eq 1 to become

σ= −F Q F Q Q( ) ( ) exp[ ( ) /2]graded surf
2

(3)

Thus, on a double-logarithmic plot as in Figure 4, the
enveloping slope becomes steeper as the standard deviation
of the Gaussian distribution, σsurf, increases. Changes in α can
thus be attributed to changes in the surface morphology of the
scattering objects.33

Another main feature in classical SAXS analysis is the
presence of a flat region for low Q, the so-called Guinier region,
which yields the radius of gyration, Rg.

33,34 However, for
heterogeneous and polydisperse systems, as discussed here, this
analysis is hardly reliable and will not be further elaborated
upon here.
The scattering invariant,

∫=
∞

G Q I Q Q( ) d
0

2
(4)

depends on the mean square fluctuation of electron density in
the sample and not on the specific structure causing it.35

Consequently, for scattering objects only undergoing reshaping,
such as faceting, G should remain constant, while changes in
densities or amount of material will cause G to change. The
integration limits for Q are not feasible experimentally, and the
commonly used solution is to extrapolate the measured SAXS
patterns, by the Guinier analysis for low Q and the power-law
analysis for high Q. However, it was not possible to use the
Guinier analysis here due to the presence of large cobalt
agglomerates for which the low Q flat region could not be
determined from our SAXS measurements. Instead we use the
approximation

∫* =G Q I Q Q( ) d
Q

Q
2

min

max

(5)

i.e., integrating within the measured range. However, this
approximation needs to be used with care, as changes in the
scattering pattern could cause changes in G*, even if G itself is
in fact constant. The scattering invariant for a multiphase
system can be modeled by39

∑π ϕϕ ρ ρ= −
<

G 2 ( )
i j

i j i j
2

sl, sl,
2

(6)

where ϕi and ϕj are the volume fractions, and ρsl,i and ρsl,j are
the scattering length densities, for phase i and j, respectively.
In anomalous SAXS (ASAXS) experiments, the pronounced

element-specific dispersion occurring near absorption edges are
exploited for increased contrast. The scattered intensity from a
two-phase system can be understood as a sum of three
terms,40,41

= + +I Q E I Q E I Q I Q E( , ) ( , ) ( ) ( , )11 22 12 (7)

where (1) represents the phase containing the element that has
the absorption edge close to energy E. Calculating the
difference between one measurement taken near the edge,
and another measurement well below, yields ΔI(Q,E) =
αI11(Q,E) + βI12(Q,E), where α and β are proportionality
constants. Notice that we are left with the terms that contain
phase 1 (I11 and I12), while the term containing only phase 2
(I22) has been canceled out.

■ EXPERIMENTAL SECTION
The catalyst samples used in this study consist of rhenium-
promoted cobalt particles supported on high surface area
porous γ-Al2O3 (Puralox SCCa from Sasol GmbH). The
nanoparticles were prepared by coimpregnation of Co(NO3)2·
6H2O and HReO4 to give 20 wt % Co and either 1 wt % or

Table 1. Summary of Experimental Parameters Used in the Current and Related Studiesa

current SAXS study

16 keV expt 7 keV expt Rønning et al.13

sample A sample B sample A FT1/FT2 Tsakoumis et al.3

sample catalyst
composition

20 wt % Co,
1 wt % Re

20 wt % Co,
0.5 wt % Re

20 wt % Co,
1 wt % Re

20 wt % Co,
1 wt % Re

20 wt % Co,
1 wt % Re

support γ-Al2O3 γ-Al2O3 γ-Al2O3 γ-Al2O3 γ-Al2O3

reduction ramp rate
(deg/min)

3 3 3 3 3

set point T (°C) 350 350 350 400 400
gas used H2 H2 H2 H2 H2

gas flow (mL/min) 2.5 2.5 2.5 2.5 2.5
time at set point
(h)

4 4 4 4 4

pressure
increase

T (°C) − − 180 170 180

pressure (bar) − − 1−10 1−10 1−18
gas used − − H2 H2/CO H2/CO
T (°C) 180−210 180−210 180−210 170−210 170−220

induction ramp rate
(deg/min)

1 1 1 − 1

gas used H2/CO H2/CO H2/CO H2/CO H2/CO
TOS (h:min) 1:20 2:40 3:50 − 7:00

FTS cond. T (°C) 210 210 − 210 220
TOS (h) 7 2 − 2 32

aDuring the reduction, the set-point temperature was lowered in the current study to avoid sintering, as a temperature of 350 °C was found to be
sufficient for reducing the sample.
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0.5 wt % Re for samples A and B, respectively, with the
remaining ∼80% being γ-alumina. The samples were dried in
air at 120 °C for 3 h and calcined in air at 300 °C for 16 h. The
sample powders were sieved, and the fraction with grain-sizes
between 53 and 90 μm was used for the experiments.13 Using
H2 chemisorption, we have performed particle size measure-
ments, supported by TEM, that gave the diameter of the cobalt
particles in sample A as 10 ± 1 and 5 ± 1 nm for sample B.14

For the SAXS experiments, the sample powder was loaded into
a quartz capillary tube (10 μm wall thickness; Markröhrchen,
Hilgenberg GmbH) which was mounted in the in situ sample
cell,42 cf. Figure 1.
As prepared, the cobalt nanoparticles are in the catalytically

passive oxidized state (Co3O4) and thus have to be reduced to
metallic cobalt in order to provide active sites for catalysis.43

This was done in situ in H2 atmosphere while heating the
sample using a heat ramp of 3 °C/min to 350 °C, and the
temperature was kept stable at 350 °C for 4 h. Then the
temperature was lowered to 180 °C at a rate of 5 °C/min. For

the experiment where the sample environment was pressurized,
the pressure was increased gradually to 10 bar, still using H2 as
feed gas. The feed-gas was subsequently changed to synthesis
gas consisting of hydrogen and carbon monoxide in molecular
ratio H2/CO = 2.1, mixed with 10 vol % He. The purity of the
gases was 4.7 for CO, 5.0 for H2, and 5.6 for He. After an
induction period, the temperature was increased slowly (1 °C/
min) until reaching FTS conditions at 210 °C and kept stable
for several hours. The experimental conditions are summarized
in Table 1, where also parameters from related studies
discussed in this article are listed.3,13

The X-ray scattering experiments were performed at
beamline B1 of the DORIS III synchrotron storage ring of
Hasylab at DESY. The main experiment was done using an X-
ray energy of 16.0 keV and a sample-to-detector distance of
3575 mm. The SAXS detector was a two-dimensional
Pilatus 1M (Dectris) detector44 with 981 × 1043 pixels of
size 172 μm × 172 μm. Simultaneous wide-angle X-ray
scattering measurements were used to confirm the reduction of

Figure 2. WAXS patterns measured during the experiment. The top panels show every tenth measurement during reduction, and the color indicates
how far into the experiment the measurement was performed, from cyan for unreduced via blue for partly reduced to red for reduced sample. The
hkl-indices for Co3O4 peaks are indicated. The bottom panels show the last reduction measurement (red) and the last measurement at FTS
conditions (green). Here the CoO and the Co0-fcc and -hcp peaks are labeled.

Figure 3. (a) Schematic drawing of the constituent phases, with porous alumina and polydisperse nanoparticles. (b) Schematic showing the different
stages of the experiment. When the temperature reaches 350 °C during the reduction, most of the Co-containing particles have been reduced. Even
after several hours of reduction, a fraction of the cobalt remain in the CoO phase.13 The other possible phases are discussed in the main text.
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cobalt, using a one-dimensional Mythen II detector (Dectris).
The outer diameter of the capillary tube used for containing the
sample powder was 1.5 mm. In a complementary experiment,
several energies below the Co K-edge at 7709 eV were used to
obtain additional contrast from anomalous scattering for
sample A. The distance between the sample and the SAXS
detector was 1313 mm, and the outer diameter of the capillary
tube used was 0.7 mm. In both cases the exposure time was 60
or 180 s, depending on the required time resolution in the
different periods. The obtained isotropic SAXS patterns were
normalized by the incoming photon flux, as well as the
transmission and thickness of the sample, integrated over the
azimuth angle and calibrated to absolute intensity units (cm−1)
using a glassy carbon reference sample.45

■ RESULTS

Wide-angle scattering patterns measured during reduction with
H2 gas are presented in Figure 2, showing that the Co3O4 peaks
vanish and Co0 peaks appear. After reduction, the WAXS
patterns remained unchanged. The constituent phases of the
sample for each stage of the experiment are illustrated in Figure
3. The peak intensities measured for sample A are significantly
higher than those for sample B before reduction, while they
become comparable after reduction, suggesting that the
crystallites of samples A and B become more similar.
Small-angle scattering patterns measured for the different

samples after reduction are presented in Figure 4. It is readily
realized that there are only a few features in the curves, and a
detailed structural model thus cannot be deduced. In the figure
we notice both for the two catalyst-containing samples and for
the γ-alumina reference sample a power-law slope in the high-Q
region (Q > 0.1 Å−1) and a weak shoulder in the region
0.04 Å−1 < Q < 0.07 Å−1. The position of the shoulder is related
to the radii of gyration Rg of the scattering objects. In the
present case this shoulder is hardly observable, which is due to
overlapping of scattering signals from the polydisperse cobalt
particles and the irregular pore structure of the alumina
support. The size distributions for the different constituents are
highly polydisperse, as well as overlapping, which precludes
finding a unique solution for the actual size distributions. In this
work, we therefore rely on the model-independent analysis
described in the section on SAXS analysis. The difference in
scattering intensity between the γ-alumina and the catalyst
samples is slightly more pronounced at the lowest Q-values for
sample A (Figure 4a), which might be ascribed to scattering

from cobalt particle agglomerates, corroborating previous TEM
measurements.15

To better separate the contributions to the scattering signal,
sample A has additionally been measured using ASAXS around
the Co K-edge at Eedge = 7709 eV. For the ASAXS analysis we
separate the sample material into two phases;46 cobalt (1) and
porous alumina (2). The difference curve is obtained from the
experimental data by subtracting the exposure taken close to
the Co K-edge (E2 = Eedge − 15 eV) from one made further
below the edge (E1 = Eedge − 200 eV), ΔIA(Q) = IA(Q,E1) −
IA(Q,E2). Notice that the difference curve, ΔI, shown in Figure
4b, has a distinct shoulder at Q ≃ 0.07 Å−1. It is therefore
reasonable to assume a significant contribution from the cobalt
particles in this region, which is crucial in justifying the further
analysis, as it suggests that changes observed in the Porod
region can be ascribed to the, as compared to the γ-alumina
pores, small Co particles.
It is seen in Figure 4 that the power-law exponent α has

values near 4. Optimally, the SAXS patterns should have been
measured over a larger Q-range in order to get accurate
absolute values of α, but for in situ experiments this is difficult
to obtain. In this work, we mainly study changes in α as the in
situ experiment proceeds, which can be done by using an
experimentally more well-defined relative value of α. Since it is
reasonable to assume that the state of the cobalt particles is the
same in all the experiments after reduction, as supported by the
WAXS results (see Figure 2), we define a relative α as
Δα = αi − α0, where αi is the value of α found for measurement
i and α0 is the measured α for the samples after reduction in H2

atmosphere, at 180 °C.
The values obtained for Δα from the in situ experiments are

plotted in Figure 5 as function of time and experimental
conditions after the experiment started. For the catalysis to take
place, the cobalt oxide particles must be reduced to metallic
cobalt, which is done in the first part of the experiment using
hydrogen atmosphere via the route:3,47 Co3O4 → CoO → Co,
cf. Figure 3. This is clearly observed in the WAXS data (Figure
2), where the Co3O4 peaks disappear, CoO peaks [e.g., CoO
(200) at Q = 2.95 Å−1] appear and then decrease with
temperature, and Co metal peaks appear. The Q-range of our
WAXS measurements covers only a few Co metal diffraction
peaks, making it difficult to distinguish hcp (hexagonal close-
packed) or fcc (face-centered cubic) structures, since the
measured peaks overlap either with each other or with a CoO
peak. Some variations in α, and thus Δα, were observed during

Figure 4. (a) The SAXS patterns from sample A, IA(Q), and sample B, IB(Q), measured after reducing the sample, and the γ-alumina support, Is(Q),
measured under ambient conditions (E = 16 keV). The black straight line indicates the Porod region where the power-law exponent α was found by
fitting a straight line to the SAXS pattern. (b) IA(Q) and Is(Q) measured at E = 16 keV, and the difference between the two. The cyan curve is the
ASAXS difference curve for sample A, ΔIA(Q) = IA(Q,E1) − IA(Q,E2), where E1 = 7509 eV and E2 = 7694 eV, measured during reduction.
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the reduction, as seen in Figure 5, which is not surprising
because of the restructuring from oxide to metal.
Most interestingly, we observe a significant increase in Δα as

the synthesis gas (H2 and CO) is introduced: In the 16 keV
experiment, for both samples A and B, α increases by ∼0.1
(Figure 5a,c). The parameter values for α0 were found to be 4.2
and 4.1 for samples A and B, respectively. In the 7 keV ASAXS
experiment, only sample A was measured, and also here Δα
increases to ∼0.1 (Figure 5e), and α0 was found to be 4.0. The
Porod slope α0 is thus ≈ 4 in all the experiments for the
reduced sample, and α > 4 after the gas change.
The support material, γ-alumina, was chosen because it is

known to be structurally stable at least up to 750 °C.48 The
support had been calcined prior to these studies, and we do not
expect it to change during the experiments reported here. While
the alumina support may influence the absolute value of α, we
thus assume that changes in α are due to changes in the cobalt
particles, which is also substantiated by the dominance of cobalt
at these scattering angles.
An estimate of the width, w, of the transition between

particle phase and the surrounding material can be made by
plotting eq 3, varying the standard deviation of the Gaussian
distribution σsurf, and fitting the high Q enveloping slope to the
measured power-law slope. The width of the real-space
Gaussian here used is w = 4σsurf, and after convolution with
the density function ρ(r), this becomes the width of the

transition between particle phase and the surrounding material.
The change in w before and after introducing synthesis gas was
here estimated to be Δw = 6 ± 3 Å.
The invariants G*, cf. Equation 5, obtained from the 16 keV

experiment are plotted in Figure 6, where we observe a

21 ± 2% increase of the invariant during the reduction for
sample A. If calculating the invariant from a three-phase sample,
first for the case where all the cobalt is in the Co3O4 state (cf.
Figure 3) and then for it all being in the metallic phase (Co0)
and taking into account the relative volume changes, we
estimate a 15−20% increase of G, which is mainly due to the
significantly higher scattering length density of Co0 compared
to Co3O4. The strong increase of the invariant observed during
reduction is thus fully consistent with theory. During the
reaction stage, the invariant is observed to decrease slightly,
which will be discussed below.

■ DISCUSSION
As mentioned, the power-law exponent α is related to the
surface structure and shape of the particles. Consequently, the
sudden increase of α when the synthesis gas is introduced
(Figure 5) suggests that CO affects the morphology of the
cobalt particles. This is an interesting and potentially important
observation, and possible underlying mechanisms, as schemati-
cally illustrated in Figure 7, will now be discussed systemati-
cally.

(i). Shape Change/Faceting. A hypothesis for the increase
in α is that the particles change their shape to become, for
example, more elliptical or faceted. However, as long as the
ellipsoid remains a sharply defined 3D object, α should remain
≤ 4.36 Randomly oriented faceted particles would yield α < 4
due to the rods of scattering parallel to the facet normals,49 thus
causing α to decrease, rather than the observed increase. This
model therefore cannot account for our observations of α
beyond 4. The SAXS invariant should remain constant for this
scenario, whereas what we measure is apparently a slight
decrease with time during the reaction stage. From the SAXS
analysis, we therefore find this hypothesis of shape change or
faceting of the cobalt particles to be unlikely.

(ii). Surface Reconstruction and Relaxation. Surface
reconstruction could be a realistic process explaining the
sudden change in α; as α increases beyond 4, this suggests that

Figure 5. The results for Δα = αi − α0 for the SAXS patterns
measured under different conditions. In the E = 16 keV experiment,
atmospheric pressure was applied, while for the ASAXS experiment
(E ∼ 7 keV), the pressure was increased to 10 bar before the synthesis
gas was let into the system. Top panels (a, c, e): The difference Δα as
function of time. Bottom panels (b, d, f): The experimental conditions.
Cyan shows reduction, using H2 as feed gas, and red shows reaction,
using synthesis gas (H2 and CO) as feed gas. Notice the same sudden
increase of α in all experiments when the synthesis gas is introduced;
this behavior is thus independent of pressure.

Figure 6. The scattering invariant estimated for (a) sample A and (b)
sample B, calculated for all the measurements in the 16 keV
experiment. Cyan shows reduction, using H2 as feed gas, red shows
reaction, using synthesis gas (H2 and CO) as feed gas. Sample B was
already partially reduced at the start of the measurement series. The
vertical dotted lines indicate changes in temperature settings, and the
dashed vertical line indicate change of gas (see Figure 5b, d for further
details).

The Journal of Physical Chemistry C Article

dx.doi.org/10.1021/jp4052193 | J. Phys. Chem. C XXXX, XXX, XXX−XXXF



the Co nanoparticles, which are known from TEM measure-
ments to be approximately spherical,15 assume a more graded,
i.e., reduced density transition region from the core to the
surrounding atmosphere. The length-scale of 6 Å typically
corresponds to two or three atomic layers, which is in
agreement with CO adsorption and subsequent surface
reconstruction. Also for this scenario the invariant should
remain constant, and the discussion of the invariant analysis in
the previous point (i) is also valid here.
(iii). A Subsurface Carbon Layer. This mechanism has

been suggested by density-functional-theory (DFT) calcula-
tions50 and is also a possible explanation for increased α, for the
same reasons as the previous point (ii). This hypothesis is
difficult to confirm or reject due to the low atomic mass of
carbon compared to the other constituents of the sample. By
estimating the invariant G from eq 6 using four phases, Co +
Al2O3 + pores + C (see Figure 3, where in this case C is the
“other” phase), we find that an unrealistically large amount of C
would have to be added in order to comprise the difference
measured at the beginning and at the end of the reaction, cf.
Figure 6. From the invariant analysis alone we cannot confirm
or reject this hypothesis, and it is plausible that carbon
intercalates into the Co lattice.
(iv). Surface Reoxidation. A frequently debated topic in

cobalt-based FTS catalyst deactivation is the possible
reoxidation of active cobalt sites during synthesis, due to the
fact that water, the most abundant byproduct of FTS, is an
oxidizing agent and thus may cause surface oxidation of the
cobalt nanoparticles.43 However, it is possible to determine
whether the conditions in the FTS reactor are predominantly
reducing or oxidizing by mounting a partially reduced catalyst,
where the CoO diffraction peaks were clearly visible, and
exposing it to the FTS conditions. We have previously done
this test13 and observed a slight decrease in the CoO peak
intensities, indicating further reduction of the cobalt catalysts.
We have also monitored the cobalt catalysts using XANES (X-
ray absorption near edge structure), which is sensitive to
oxidation state, during the reaction for 6 h at 210 °C and 18
bar13 and for 32 h at 220 °C and 18 bar3. No reoxidation could
be detected in these XANES experiments, and it is unlikely that
it would happen in the present study performed under similar
experimental conditions. In the surface reoxidation scenario the
invariant would be expected to decrease, and from the invariant
analysis alone this hypothesis is thus considered possible, but,

as discussed, the surface reoxidation is anyway unlikely due to
the reducing sample environment.

(v). An Adsorbed Monolayer of CO or a Layer of
Hydrocarbons. This is also unlikely as we have previously
measured the catalytic activity at 180 °C and it has been found
to be low.3 Notice that the sudden increase in α was observed
for the catalyst samples at a temperature of 180 °C, which is
below the formation temperature of long hydrocarbons.
Furthermore, we would not be able to detect a thin layer of
adsorbed molecules using SAXS because of low contrast (cf. Δρ
in eq 1) between the adsorbates and the surrounding medium.
The difference in the invariant would in this case be too small
to observe.

(vi). Diffusion or Interactions with the Alumina
Support. We have previously measured diffusion of Co into
the alumina support using XAS, finding that a minor fraction of
cobalt atoms randomly occupy the tetrahedral vacancies of the
alumina support.51 This diffusion would also cause a graded
interface, now between the cobalt particles and the alumina
support. The diffusion was observed before and after reduction
by hydrogen at 450 °C, meaning that the diffusion already takes
place before the feed of synthesis gas starts. We have previously
measured XAS from a rhenium-promoted Co/Al2O3 sample
during an in situ experiment, where we found that the Co-
aluminate formation increases gradually af ter the synthesis gas
was introduced (the starting point of the FTS experiment) and
during the induction period, i.e., until the FTS conversion rate
had stabilized. However, when comparing this result to our
SAXS results, we do not see further evolution of α after the
changes related to introducing the synthesis gas, cf. Figure 5a,
and consequently, the aluminate formation apparently does not
give a significant contribution to the SAXS signal. The invariant
has been estimated to decrease as Co diffuses into Al2O3 and
forms CoAl2O4. Even if the mechanism of diffusion into the
alumina is probably not the cause of the sudden increase of α
after gas-change, diffusion may still be happening on a longer
time scale, and the present work does not contradict ref 51.
Although scanning tunneling microscopy cannot be

employed under realistic conditions for FTS due to vacuum
requirements, it can still be used for studying the effect of
adsorbing molecules onto surfaces. Venvik et al.18,19 studied the
effect of exposing specific common Co surfaces, Co(112 ̅0) and
Co(101 ̅2), to CO and showed that CO caused the Co atoms to
migrate and the surface to undergo reconstruction. CO-induced
surface reconstruction of cobalt is also in agreement with the
hypothesis made by Schulz et al.4 that the reaction of CO with
the Co surface can be assumed to induce surface restructuring.
Since the hypotheses of aluminate formation, shape change,
surface oxidation, and monolayer of CO or hydrocarbons all
seem unlikely, it appears that the most likely reason for the
change in α is that the presence of CO gas induces Co atoms to
migrate and the surface to rearrange, possibly with a subsurface
layer of carbon, effectively forming a lower density particle
exterior.

■ CONCLUSION
Using SAXS, we have measured Co nanoparticles for Fischer−
Tropsch synthesis in situ under realistic catalysis conditions
(feed of H2 and CO gases, heating to 210 °C, pressure up to 10
bar, and γ-alumina support). The Porod exponent of the
scattering patterns was found to change markedly upon
switching from reduction to synthesis gas, which is interpreted
as a change of the surface of the cobalt catalyst particles. Several

Figure 7. Schematic presentation of possible changes to the cobalt
particles as the synthesis gas is introduced: (i) faceting, (ii) surface
reconstruction and relaxation, (iii) formation of a subsurface carbon
layer, (iv) surface reoxidation, (v) adsorbed monolayer of CO or a
layer of hydrocarbons, and (vi) diffusion/interaction with the alumina
support.
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possible models for explaining the observed data have been
discussed, and we argue that a likely reason for the observations
is that adsorbed CO molecules cause the Co surface atoms to
migrate, thus causing the transition-width between the Co
particle bulk phase and the surrounding medium to increase,
effectively making the particles less well-defined. Knowledge
about the particle surfaces during catalytic reactions is
important because it is where catalysis takes place. We have
shown that it is possible to measure surface-related changes in
industrially relevant nanoparticles on a porous support, under
experimentally challenging in situ conditions. To obtain a better
understanding of catalysis, being able to retrieve structural
information well beyond simplified model systems will become
increasingly important.
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