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Abstract: A major cause of supported metal catalyst deacti-
vation is particle growth by Ostwald ripening. Nickel catalysts,
used in the methanation reaction, may suffer greatly from this
through the formation of [Ni(CO),]. By analyzing catalysts
with various particle sizes and spatial distributions, the
interparticle distance was found to have little effect on the
stability, because formation and decomposition of nickel
carbonyl rather than diffusion was rate limiting. Small particles
(3—4 nm) were found to grow very large (20-200 nm), involv-
ing local destruction of the support, which was detrimental to
the catalyst stability. However, medium sized particles (8 nm)
remained confined by the pores of the support displaying
enhanced stability, and an activity 3 times higher than initially
small particles after 150 h. Physical modeling suggests that the
higher [Ni(CO),] supersaturation in catalysts with smaller
particles enabled them to overcome the mechanical resistance
of the support. Understanding the interplay of particle size and
support properties related to the stability of nanoparticles
offers the prospect of novel strategies to develop more stable
nanostructured materials, also for applications beyond catal-
ysis.

Supported metal catalysts are of great importance for many
processes related to the more sustainable production of fuels
and chemicals." Because the catalytic reactions take place
on the surface of the active metal, the latter is generally
dispersed in the form of nanoparticles, the size, shape and
composition of which controls the activity and selectivity of
the catalysts."! Much less is known about the relationship
between a catalyst structure and its stability, even though it is
pivotal to understand and to abate its irreversible deactiva-
tion.
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A major cause of catalyst deactivation is nanoparticle
growth, a process thermodynamically driven by the high
surface energy of the active metal. Nanoparticles may migrate
over the support and coalesce to form larger particles.
Alternatively Ostwald ripening may occur, whereby monoa-
tomic species or small clusters diffuse from small to large
particles.'"¥l Reactive gasses such as H,, CO and H,O,
present in many industrial reactions, can accelerate growth of
metal particles such as Pt, Pd, Co and Ni by lowering the
diffusion barrier of whole particles through surface modifi-
cation, or through the formation of mobile species such as
metal carbonyls.'*!7" Recently, maximizing the distance
between copper particles was shown to greatly stabilize
catalysts for the synthesis of methanol."® Other factors that
affect nanoparticle growth include the size, the composition
as well as the metal-support interaction.!'”2!! Here, we study
how the particle spatial distribution and size affect the
stability of supported nickel catalysts for methanation.

Nickel catalysts are often used for hydrogenation reac-
tions such as that of CO into CH, and H,0, for the production
of synthetic methane or to remove CO from feed gasses of
industrial ammonia plants.”? In this process deactivation can
occur by deposition of carbon on the active metal surface and
by Ostwald ripening through the formation of [Ni(CO),]
species.”? The influence of the nickel particle size and
spatial distribution on the nanoparticle stability remains
poorly understood, which hampers the optimization of these
catalysts.

Four catalysts with a nickel loading of ca. 20 wt. % were
synthesized on the same silica gel support with different
nickel particle sizes and different spatial distributions of the
particles at the nanometer scale. This was achieved by varying
the impregnation, drying and calcination methods (see
Supporting Information) as previously reported in the
literature.”* The catalysts Ni-D8, Ni-C9, Ni-C4 and Ni-C3
were named by their volume-averaged Ni particle size
(Figure 1 and Table 1).

The difference in spatial distribution was characterized
quantitatively in terms of the percentage of support that was
covered by nickel particles using low-magnification trans-
mission electron microscopy (TEM) (Supporting Informa-
tion, Figure S2). The coverage varied between 95 % for Ni-D8
to 15% for Ni-C9, resulting in different surface-to-surface
interparticle distances. For Ni-D8, particles were well dis-
persed (indicated with a D) with an average distance of 16 nm
between nearest neighbors. In Ni-C9, Ni-C4 and Ni-C3,
particles were closer (indicated with a C) with a distance of
7 nm (Table 1 and Supporting Information).
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Figure 1. Bright-field TEM of 50 nm thick slices of Ni/SiO, catalysts
after reduction: a) Ni-D8, b) Ni-C9, c) Ni-C4, and d) Ni-C3.

Each catalyst was tested for the methanation reaction
(230°C, H,:CO =2:1, 1 bar). The gas hourly space velocity
was chosen high enough to keep the conversion below 1%,
ensuring differential and isothermal conditions, and low
enough to prevent significant loss of nickel from the
reactor.”*?”! The conservation of nickel was also confirmed
by energy dispersive X-ray spectroscopy (EDX) and calcu-
lations (see Supporting Information and Table S1). Note that
under these reaction conditions the rate-determining step of
the methanation is the hydrogenation of surface carbon
species, so that the overall reaction is structure insensi-
tive.[24’33‘34]

Figure 2 shows the nickel weight-based activities of the
catalysts. The initial activity, the activity after 150 h and the
second-order deactivation constants are summarized in
Table 1. The initial activities of the four catalysts were
proportional to the surface area of the metal, with an average
turnover frequency (TOF) of 4x107*s™! (Figure S5). After
150 h, Ni-C9 and Ni-D8 both lost 60-65% of their activity
with similar deactivation rate constants, despite different
interparticle distances. On the other hand, Ni-C4 and Ni-C3
both lost 90-95 % of their initial activity. It therefore appeared
that the deactivation was controlled by the particle size rather
than by the interparticle distance. After 150 h, the activity of
the catalysts with small particles was three times lower than
that of the catalysts with medium sized particles, which were
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Figure 2. Nickel weight-based activity during 150 h on-stream at 230°C
with a H,/CO feed ratio of 2:1. The inset is a close-up of the first 6 h.

more active in the long term. The observation that inter-
particle distance has no effect on the deactivation suggests
that Ostwald ripening is the dominant mechanism for particle
growth rather than migration and coalescence. This is in line
with earlier observations that in presence of CO, migration
and coalescence is significant only at temperatures above
500°C, where nickel carbonyl species are unstable.>7!

The main intermediate species in Ostwald ripening is
nickel carbonyl, which may exist both as an adspecies and as
a gaseous molecule.”” Independently of its dominant physical
form, the equilibrium pressure of the carbonyl depends on the
particle radius R according to the following Kelvin-like
equation

Ppicoy = KoeXP(A/R)P‘éo M

where K| is the equilibrium constant over a flat nickel surface,
P is the partial pressure of CO, and 4 =3.9 nm under the
reaction conditions (see Supporting Information). Using
these values and a conservative estimate for the diffusion
coefficient of [Ni(CO),] between two nanoparticles, the
lifetime of 3 to 9 nm particles was found to be of the order
of milliseconds to seconds, much shorter than the observed
deactivation time. Thus, it is not diffusion but the formation

Table 1: Structural and catalytic properties of silica-supported nickel catalysts.

Catalyst NiO crystallite Ni particle Nickel Interparticle Initial Activity after Deactivation
size (XRD)™ size (TEM)P! coverage!® distance! activity 150 h on-stream constantl®l
[nm] [nm] [9] [nm] [107° mologni s [107°moleogy sl [107°h7]

Ni-D8 7.7 7.5 95 (£5) 16.0 1.1 0.46 2.5

Ni-C9 8.7 9.0 15 (£5) 7.1 1.0 0.35 2.7

Ni-C4 3.9 4.3 55 (£5) 6.9 1.5 0.12 9.0

Ni-C3 3.2 3.2 95 (£5) 6.8 2.2 0.14 29

[a] Volume average from XRD after calcination. [b] Volume average from TEM histogram analysis after reduction. [c] Percentage of support covered
with nickel particles (Figure S2). [d] Nearest surface-to-surface distance calculated from the nickel loading, particle size, pore volume and nickel
coverage assuming hexagonal packing. [e] Second-order deactivation rate constant (see Supporting Information).
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and decomposition of the nickel carbonyl that controls the
rate of Ostwald ripening. This explains why the spatial
distribution of the nanoparticles only played a minor role in
the deactivation and justifies using a mean-field approxima-
tion, in which the nickel carbonyl concentration is uniform
throughout the catalyst.1%17-3]

From metallurgy, the decomposition of nickel carbonyl is
known to proceed through competitive adsorption of carbon-
yl and carbon monoxide on the nickel surface, followed by the
successive chemisorption of the carbonyl groups on neighbor-
ing empty surface sites.’”) From transition-state theory, the
time-evolution of the radius of a spherical nickel particle
obeys

% = (S — exp(A/R)) 2)
where v is a velocity that depends on the kinetic constants of
the reaction as well as on the partial pressure of CO, which
was estimated at v=0.87 nmh™! from literature data (Sup-
porting Information).” § is the nickel carbonyl supersatura-
tion ratio defined as Pyyco)/(KyPco'). Equation (2) assumes
unhindered growth, so that the particles are free to grow
larger than the pores of the support, which has notably been
observed for noble metals in zeolites.**! The value of the
supersaturation S is calculated as the area-weighted average
of the Kelvin-like factor exp(4/R) calculated over all the
particles, which ensures nickel conservation (Supporting
Information).

Figure 3 compares the experimental activities of Ni-C3
and Ni-D8 with the predictions of Equation (2), assuming an
activity proportional to the surface area of the nanoparticles
with the TOF measured on the fresh catalysts (solid blue
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Figure 3. Modelling the deactivation of catalysts Ni-C3 (left) and Ni-D8
(right). The symbols represent the experimental data, the lines the
model predictions: unhindered particle growth (blue) and confined
growth (black). The solid and dashed lines are obtained using the TOF
of the fresh and spent catalysts, respectively, which accounts for
carbon buildup. The initial particle size distribution played a large role
only in the first hour of the modelling predictions (Figure S11). In the
inset, the unhindered growth model is used for Ni-C3 and the confined
model for Ni-D8.

Angew. Chem. Int. Ed. 2014, 53, 94939497

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

imemationalediion . CEIMIE

lines) or on the spent catalysts (dashed blue lines). The
deactivation of Ni-C3 was well accounted for by the
unhindered Ostwald ripening model, limited by the rate of
formation and decomposition of nickel carbonyl. Interest-
ingly, in the case of Ni-D8, the experimental deactivation was
much slower than predicted by the present model. Similar
conclusions hold when comparing Ni-C4 to Ni-C9 (Fig-
ure S13).

Figure 4 shows TEM of the catalysts after 150 h on-
stream, and the particle size distributions derived from TEM
are presented in Figure S4. A remarkable feature of Ni-C4

Figure 4. TEM of microtomed 50 nm slices of catalyst particles after
150 h on-stream. a) Ni-D8, b) Ni-C9, c) Ni-C4, and d) Ni-C3.

and Ni-C3 is the presence of particles that can be as large as
100 nm (Figure S4). In both cases, the volume-averaged
particle size is around 20 nm (Table S1), much larger than
the 10 nm pore size of the support. Studying a Ni/SBA-15
catalyst with 4 nm initial Ni particles for comparison, electron
tomography confirmed that similar large nickel particles had
grown much larger than the pores of the support, locally
breaking up the silica walls to do so (Figures S6 and S7).
These results show that the unhindered growth mechanism is
a valid assumption for catalyst with initially small particles. By
contrast, Ni-D8 and Ni-C9 exhibited only a minor increase in
particle size, from 7.5 to 9.0nm and 9.0 to 11.1 nm,
respectively, suggesting that the particles were confined in
the pores (Figure S4).

The conditions for a growing nanoparticle to break a pore
wall or to be confined by it is a problem familiar to engineers
interested in the weathering of construction materials.[**! The
quantitative criteria depend on the specific microstructure of
the material, its mechanical properties, and the surface
energies of the interfaces* Qualitatively, however, the
criterion is universal: if the supersaturation of the reservoir
from which the nanoparticle grows is high enough, the free
energy released by the growth is sufficient to overcome the
mechanical resistance of the confining material. In the
present context, the supersaturation is controlled by the
particle size according to the area-weighted average of exp(4/
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R). The values calculated from the experimental size distri-
butions of the fresh catalysts are S =19 and 8 for Ni-C3 and
Ni-C4, and S =3 and 2.5 for Ni-D8 and Ni-C9. The absence of
very large particles in Ni-D8 and Ni-C9 suggests that the
critical value of the supersaturation for the silica gels used in
the present work lies between 3 and 8.

To further test the confinement of particles in Ni-C8 and
Ni-D9, Equation (2) was solved again while limiting the
growth of particles to the pore size, approximately 10 nm (see
Supporting Information). The results are plotted as black
lines in Figure 3. By contrast to Ni-C3, the activity of Ni-D8
was well accounted for by the confined growth model. The
agreement was almost quantitative for short times, but the
activity progressively dropped below the prediction of the
confined model over 150 h. This was explained by carbon
buildup on the nickel surface. Although the TOF did not
depend on particle size, an approximately 50 % reduction in
TOF was apparent for all catalysts over 150 h (Figure S5).
This suggests that unreactive carbon coated half of the nickel
surface, in line with previous studies.?**"%"! Using the initial
and final TOF as upper and lower bounds (solid and dashed
lines in Figure 3), the deactivation of Ni-C3 and Ni-D8 were
well described by Equation (2); unhindered growth was
dominant in the former, while confined growth applied to
the latter.

A similar observation was made when considering the
particle size distributions (Figures S4 and S12). The unhin-
dered model was in fair agreement with the experimental
particle size distributions of Ni-C3 and Ni-C4, but only the
confined growth model could account for the particle stability
in Ni-C9 and Ni-D8. Interestingly, the very large particles in
Ni-C3 and Ni-C4 coexisted with smaller particles that were
not predicted by the unhindered growth model (Figures 4 and
S4). These results suggest that unhindered growth applied
only for a short time during which the supersaturation was
sufficiently high (Figure S13). This was followed by a hybrid
regime where the particles smaller than the pores remained
confined, while the larger particles grew unhindered. After
a few hours, the average particle size of Ni-C3 reached the
same value as Ni-D8 resulting in identical activities (inset of
Figure 3). However, the presence of the few particles that
broke early though the pores was responsible for the faster
and more extensive deactivation of Ni-C3.

In conclusion, the stability of Ni/SiO, catalysts with
different particle sizes and interparticle distances was studied
during the methanation reaction. The distance between
neighboring particles was found to have only a minor
influence on the stability. The deactivation by Ostwald
ripening was limited not by diffusion but by the formation
and decomposition of nickel carbonyl on the metal surface.
The main determinant of the catalyst stability was the particle
size. Catalysts with smaller particles deactivated faster and to
a larger extent than catalysts with medium sized particles.
This counter-intuitive finding resulted from qualitatively
different mechanisms. In the case of small particles, the
nickel carbonyl supersaturation was sufficiently high for the
particles to break the pore walls, resulting in very large
nanoparticles. By contrast, the supersaturation was low in
catalysts with medium sized nanoparticles, which limited the
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possible extent of their growth to the pore diameter. The large
difference in stability between particles that differ only by
a few nanometers in size is very relevant not only for durable
catalysis, but also for other fields such as that of nano-
structured materials for energy conversion and storage
devices.[*!

Experimental Section

Detailed information on the catalyst synthesis and Ostwald ripening
model can be found in the Supporting Information. For TEM,
catalysts were embedded in an epoxy resin and cut in 50 nm slices by
ultramicrotomy. This allowed the imaging of cross-sections of entire
grains and the ability to look effectively inside the catalyst support
particles, and all images shown were verified to be representable for
the catalyst particle and other particles of the same sample.
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