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ABSTRACT: In situ soft X-ray absorption spectroscopy (XAS) was employed to study the adsorption and dissociation of carbon
monoxide molecules on cobalt nanoparticles with sizes ranging from 4 to 15 nm. The majority of CO molecules adsorb mole-
cularly on the surface of the nanoparticles, but some undergo dissociative adsorption, leading to oxide species on the surface of
the nanoparticles. We found that the tendency of CO to undergo dissociation depends critically on the size of the Co nanoparticles.
Indeed, CO molecules dissociate much more efficiently on the larger nanoparticles (15 nm) than on the smaller particles (4 nm).
We further observed a strong increase in the dissociation rate of adsorbed CO upon exposure to hydrogen, clearly demonstrating
that the CO dissociation on cobalt nanoparticles is assisted by hydrogen. Our results suggest that the ability of cobalt nano-
particles to dissociate hydrogen is the main parameter determining the reactivity of cobalt nanoparticles in Fischer—Tropsch
synthesis.

INTRODUCTION

Fischer—Tropsch synthesis (FTS) is an attractive way to produce
liquid hydrocarbons as an alternative to fuels derived from crude

oil. In FTS, metallic particles of Ni, Fe, Ru, or Co constitute through a —COH, —HCO, or —H,CO intermediate, which

the active phase for the reduction of CO by H,. The detailed
atomic-scale mechanism in the FT reaction has been and is still
being discussed extensively in the literature." One of the main
controversies in FTS is related to the initial step where the CO
molecule adsorbs and dissociates on the surface of the metal
catalyst. Fischer and Tropsch originally proposed the carbide
mechanism, wherein CO undergoes direct dissociation upon
adsorption, resulting in C and O adspecies.”™® Recently this
model has been supported by ab initio density functional
theory (DFT) calculations on high Miller index Ru and Co
surfaces.”® However, another model suggests that the dis-
sociation of CO is hydrogen-assisted in the sense that hydro-
gen adsorbed on the catalyst facilitates the dissociation of
the triple bond of CO.”~"" In this case, the dissociation goes

lowers the activation energy for CO dissociation.'> Exper-
imentally, the hydrogen-assisted model has been supported by
the results of Ojeda and co-workers, who measured the kinetic
isotope effect on the reaction rate."*'* Alternatively, a CO
insertion mechanism producing formate on the surface was
proposed,®® but the role of these species in product formation
was not asserted.”” One of the main reasons why controversies
about the CO dissociation mechanism still exist is that the
surface species involved are extremely difficult to identify
experimentally because they are short-lived and thus are present
in very small concentrations on the surface of the particles.
Moreover, the detection of these surface species requires surface
science techniques capable of operating in situ under high
pressure and high temperature.
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Another central question in FTS is the influence of the size
of the nanoparticles on the reactivity. It is well-known that the
intrinsic reactivity of both Co and Ru nanoparticles is relatively
constant in the 10—15 nm size regime, but decreases rapidly
when the particle size is reduced below 8 nm. However, the
fundamental principles underlying this size effect are still under
debate.> ™"

In this work, we used in situ X-ray absorption spectroscopy
(XAS) to study Co nanoparticles in the 4—15 nm size regime at
pressures of up to 1 atm. We present direct spectroscopic evi-
dence showing that the dissociation of CO on cobalt nano-
particles is assisted by hydrogen. Moreover, our results reveal
that the dissociation of CO is closely linked to the size of the
nanoparticles, since larger Co nanoparticles dissociate CO
much more effectively than smaller ones. Our results suggest
that ineffective dissociation of hydrogen is responsible for the
reduced reactivity of the smallest cobalt nanoparticles in FT'S.

EXPERIMENTAL SECTION

The XAS experiments were performed on beamline 7.0.1 at the
Advanced Light Source (Berkeley, CA) using an energy resolution of
0.2 eV on both the Co L-edge and the O K-edge, except for the
experiments presented in Figure 5, which were done on beamline 6.3.1
with an energy resolution of 0.5 eV. All of the measurements were
recorded in the total-electron-yield detection mode, making the XAS
measurements sensitive to the first few nanometers of the samples. We
used a specially designed gas cell with a ~100 nm thick Si;N, nitride
window separating the high-pressure reactor volume from the beamline.”
The sample was heated using a 975 nm IR fiber-optic laser that heats the
gold foil coated with nanoparticles. The nanoparticles were prepared
by colloidal chemistry methods according to ref 21. The nanoparticles
were deposited on the gold foil using the Langmuir—Blodgett technique.
Extensive care was taken to prevent the formation of nickel carbonyls, and
all parts in the reactor cell that would come into contact with CO
were constructed from copper- or gold-coated components. All of
the measurements were conducted in flow mode with a flow rate of
40 mL/min for the reactive gas. Scanning electron microscopy (SEM)
using a Zeiss Gemini Ultra-SS instrument was performed on the cobalt
nanoparticles both before and after the XAS measurements.

RESULTS AND DISCUSSION

To study the adsorption of CO on cobalt nanoparticles as a
function of particle size, we employed the cobalt nanoparticles
depicted in the SEM images in the upper panel of Figure 1,
which all displayed narrow size distributions. Before being
exposed to CO, the nanoparticles were oxidized in situ under
1 atm O, at 200 °C for S min to remove all carbon impurities
from the particles. The bottom spectrum in the lower panel of
Figure 1 shows the Co L-edge for the 10 nm Co nanoparticles
after this treatment. The peak at 780 eV and the shoulder at
778.5 eV reveal that the cobalt nanoparticles were in the Co;0,
state after the oxidation treatment. The gas flow was then
switched to 1 atm H, at room temperature (RT). This reduced
the nanoparticles to CoO (Figure 1, second spectrum from
the bottom), as shown by the features at 776.5 and 781 eV.*?
Further annealing to 250 °C in H, reduced the nanoparticles
completely to metallic Co, as revealed by the single asymmetric
absorption peak at 778.0 €V (top spectrum). The Co nano-
particles were thus reduced in the sequence Co;0, = CoO —
Co’ as observed in ref 23. We observed similar behavior for the
4 and 15 nm particles (data not shown), which were also
completely reduced to metallic Co at 250 °C.

After reducing the nanoparticles to the metallic state in H,,
we exposed them to 1:1 (by flow rate) CO/He (1 atm) at RT
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Figure 1. (top) SEM images of the 4, 10, and 15 nm cobalt nanoparticles
used in this study. (bottom) XAS spectra of the Co L-edge during the
reduction of the 10 nm nanoparticles in pure H, at increasing temperature.

for 5 min. We then replaced the CO/He mixture with pure He
to avoid any contribution to the XAS spectra from gas-phase
CO. The spectrum in the left panel of Figure 2 shows the O K-
edge XAS results for the 4, 10, and 15 nm nanoparticles. The
spectrum of the 15 nm nanoparticles at RT reveals XAS peaks
that are typical of CO adsorbed on cobalt. In particular, an
intense 7#* transition at 534.2 eV and a weak o* transition at
550 eV were observed.'” We assign these features to CO
molecules adsorbed molecularly on the cobalt nanoparticles.
However, there is also a clear XAS peak at approximately 531
eV that cannot be assigned to molecular CO. Instead, the
energy of this peak is very close to that of the X-ray absorption
edge of the bulk cobalt oxides CoO and Co;0,, as confirmed
by comparison to the O K-edge of bulk oxide references (data
not shown). This oxide peak is rather broad and may therefore
arise from a mixture of the two oxides; we thus refer to it as the
CoO, peak. The formation of a surface oxide under these
conditions was further confirmed by the XAS spectra on the Co
L-edge (Figure 2, right panel). Here, the spectrum taken after
exposure to CO/He at RT clearly shows small XAS features at
776.5, 779, and 781 eV. The formation of this CoO, phase is
even more clearly seen for the particles annealed to 250 °C
under CO/He, after which very clear features from the surface
oxide were observed on both the O K-edge and the Co L-edge.

The formation of this surface oxide on the cobalt nanoparticles
in the presence of pure CO directly shows that a substantial
fraction of the CO molecules undergo dissociative adsorption,
producing surface oxygen and carbon. This does not exclude
the possibility that other processes such as CO insertion could
occur on the surface at the same time, although the resulting
species could not be observed here. Interestingly, we found that
the intensity of the oxide peak, and thus the tendency for CO to
dissociate, depends directly on the actual size of the nanoparticles,
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Figure 2. (left) O K-edge for reduced 4, 10, and 15 nm cobalt nanoparticles after exposure to 1:1 CO/He at RT and 250 °C. (right) Co L-edge for
4 and 15 nm nanoparticles under the same conditions as for the O K-edge.

as shown in the left panel of Figure 2. The oxide peak is very
pronounced for the 15 nm nanoparticles but is smaller for the
10 nm nanoparticles and essentially undetectable for the 4 nm
nanoparticles both at RT and at 250 °C, which is in agreement
with the results reported in ref 19. These observations are
directly supported by the measurements on the Co L-edge
(Figure 2, right panel), which showed no oxide formation on
the 4 nm nanoparticles (even at 250 °C), in contrast to the
15 nm nanoparticles, where oxide formation was clearly seen. By
measuring the area of the surface oxide peak relative to that of
the 7* peak in the O K-edge XAS spectra, we can estimate the
relative amounts of oxide and remaining CO molecules on the
nanoparticles and thus the ability of the nanoparticles to dis-
sociate CO. Figure 3 shows these values for the 4, 10, and 15 nm
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Figure 3. Relative concentration of dissociated CO species on 4, 10,
and 15 nm nanoparticles after exposure to CO/He at different
temperatures. The relative concentration was calculated as the ratio of
the areas of the oxide XAS peak and the 7* peak from intact adsorbed CO.

cobalt nanoparticles after exposure to the CO/He mixture at
RT, 150 °C, and 250 °C. It can be seen that the relative amount
of oxide versus adsorbed molecular CO depends directly on the
nanoparticle size: no dissociation occurs on the smallest (4 nm)

nanoparticles, while a substantial fraction of the adsorbed CO
molecules undergoes dissociation on the largest (15 nm) nano-
particles. Figure 3 also reveals that there is a clear increase in
the oxide proportion with temperature, indicating that the oxide
formation and thus the CO dissociation is a thermally activated
process.

To gain further understanding of why the smallest nano-
particles display a very low ability to dissociate CO, we again
exposed the 4 nm particles successively to CO/He and then
pure He. At RT and 250 °C (Figure 4ab, respectively), we
observed again that the CO remains intact and molecularly
adsorbed on the nanoparticles in the presence of He. Hence,
there is no dissociation of CO in the absence of hydrogen. We
subsequently switched the gas flow to pure H, and immediately
observed a clear adsorption peak at 531.0 eV, which can be
assigned to dissociated CO species, as discussed previously.
The photon energy of this peak is not consistent with water,
which is a byproduct of the FT reaction and thus may have
formed when the adsorbed CO molecules are exposed to H,. In
addition, since the measurements were performed in flow mode,
any water in the reactor would have been removed from the
reactor volume." Figure 4c reveals how the area of the oxide
peak increases when the adsorbed CO is exposed to H,. The
experimental data thus show that the addition of H, immediately
leads to dissociation of the adsorbed CO molecules, thus sup-
porting the hydrogen-assisted CO dissociation mechanism dis-
cussed in the Introduction as opposed to the direct dissociation
pathway.

In Figure 4d, we show the area of the CO 7* peak as a
function of time at RT, 150 °C, and 250 °C. On the basis of
these measurements, we calculate for the 4 nm NPs an activa-
tion energy of 23.7 kJ/mol for the hydrogen-assisted
dissociation of CO in H, using the Arrhenius equation. This
value, which is substantially lower than the activation energy for
the formation of methane (90—100 kJ/mol)," shows that CO
dissociation, while important, is not the rate-limiting step in the
formation of methane under these conditions. Moreover, this
value is significantly lower than the values computed for a
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Figure 4. (a, b) O K-edge spectra of 4 nm particles after exposure to CO/He followed by pure He and then pure H, at (a) RT and (b) 250 °C. The
time between each spectrum was approximately 10 min. (c, d) Areas of the (c) CoO, and (d) #* peaks as functions of time are shown for three
different temperatures. The logarithmic ordinate scale in this case should be noted. The inset in (d) shows an Arrhenius plot obtained using the
slopes of the previous curves, indicating an activation energy of 23.7 kJ/mol for the hydrogen-assisted CO dissociation.
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Figure 5. (a) O K-edge spectra of 15 nm cobalt nanoparticles after preannealing in He at 200 °C and subsequent exposure to CO/He and then H,.
(b) Areas of the CoO, peaks from dissociation experiments on nanoparticles with (blue points) and without preannealing (green points).
(c) Schematic illustration of CO dissociation in the two different experiments.

Co(0001) surface (90 and 68 kJ/mol for HCO and H,CO The observation that CO dissociation is assisted by hydro-
formation, respectively),”® highlighting the likely role of steps gen provides a direct explanation for the size-dependent dis-
and defects in the CO dissociation process. sociation that we observed on the 4, 10, and 15 nm particles.



Herranz et al."” demonstrated that the ability of Co nanoparticles
to dissociate hydrogen decreases with the particle size. In
particular, H=D exchange experiments conducted on reduced
Co NPs suggested that the increase in turnover frequency for
CH, formation with 3—10 nm NPs could be linked with the
increase in H, dissociation activity. Accordingly, the amount of
dissociated hydrogen on the surface of the nanoparticles is
expected to be substantially higher on the largest nanoparticles
compared with the smallest particles, meaning that more
hydrogen is available to assist the dissociation of CO on the
largest particles. This explains the trend in Figure 3 that larger
nanoparticles dissociate CO more effectively.

To obtain further proof that hydrogen adsorbed on the
surface of the nanoparticles is responsible for the dissociation of
CO, we performed an experiment in which the 15 nm nano-
particles were preannealed to 200 °C in He for 10 min before
exposure to CO to remove adsorbed hydrogen from the surface
of the nanoparticles. The two spectra at the bottom of Figure Sa
reveal that the large nanoparticles in this experiment dis-
played little ability to dissociate CO, as evidenced by the very
low amount of CoO,. However, when the nanoparticles were
exposed to H,, the oxide peak increased substantially, revealing
that the dosed hydrogen induces the dissociation of CO. Figure 5b
shows the area of the oxide peak for the experiment with the
preannealed nanoparticles (Figure Sa) along with that for a
control experiment in which the nanoparticles were not preannealed.
It is clearly seen that CO dissociated immediately when the
nanoparticles were not preannealed (green points), while dis-
sociation did not occur on the preannealed nanoparticles until
H, was dosed (blue points). These experiments clearly confirm
that residual hydrogen adsorbed on the surface of the nano-
particles is responsible for the dissociation of CO even on the
larger nanoparticles.

The lower coverage of dissociated hydrogen on the small
nanoparticles is expected not only to reduce the ability of the
nanoparticles to dissociate CO but also to slow the further
reaction of the CH,, fragments produced from the dissociation.
This is in good agreement with the SSTIKA experiments
performed by den Breejen et al.,'” who found an increase in the
surface residence time for CH, on cobalt nanoparticles smaller
than 6 nm. Also, the coverage of CH, on the surface on the
particles was found to decrease with particle size, which can be
explained by a reduced CO dissociation rate due to a smaller
amount of dissociated hydrogen. Carballo et al.** observed a
similar effect on Ru nanoparticles, which they explained in
terms of stronger adsorption of CO due to the larger d-orbital
local density of states in the smaller particles and thus the larger
degree of back-bonding between d orbitals and the antibonding
7* orbital in the CO molecule, which strengthens the Ru—C
bond. However, stronger binding of CO does not alone explain
our results, since stronger adsorption would weaken the C—O
bond and thus lead to an increase in CO dissociation with
decreasing cluster size. In fact, in our experiments we observed
the opposite effect, since smaller particles display a reduced
tendency to dissociate CO. Instead, the reduced tendency to
dissociate CO with decreasing particle size must be an effect of
the reduced ability of the particles to dissociate H,, which is a
necessary first step. The reaction pathway of the adsorbed
hydrogen with adsorbed CO is still unclear, as is its indirect
effect on the adsorption energy of the different species. Dedicated
DFT modeling will be required to elucidate the size-dependent
H-assisted CO dissociation mechanism and to identify the reaction
intermediates.

SUMMARY

By studying cobalt nanoparticles with in situ soft X-ray absorption
spectroscopy, we have demonstrated that the dissociation of
CO is facilitated by hydrogen. Our experimental data thus sup-
port the hydrogen-assisted model. We suggest that the
dissociation occurs through a —=COH or —CH,,O intermediate,
although such intermediates were not directly identified by
XAS. We also observed a clear size-dependent ability of the
nanoparticles to dissociate CO, with smaller nanoparticles favoring
molecular adsorption of CO and larger nanoparticles favoring CO
dissociation. Importantly, our results indicate that it is the ability
of the nanoparticles to dissociate hydrogen that determines their
ability to dissociate CO via the hydrogen-assisted mechanism. This
explains the well-known effect that the intrinsic reactivity in FT'S
decreases when the nanoparticle size decreases below 10 nm.
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