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N
anoparticles composed of noble
metals like ruthenium, rhodium, gold,
and platinum can act as efficient

catalysts for a variety of chemical reactions.1�5

Due to relatively high costs and limited re-
sources, the use of more abundant metals is
subject to intense research efforts in this field.
For the production of liquid hydrocarbons
in the Fischer�Tropsch synthesis transition
metals, cobalt, in particular, is used as the
standard catalyst of choice.6�8 An open ques-
tion remains as to the role of cluster size in
the evolution of the particles' structure and

morphology during reaction and the size-
dependent interactionwith the substrate.9,10

In recent publications, the behavior of
nanoscale cobalt oxides has come into focus.
Nanocrystalline cobalt monoxide (CoO), for
example, can act as an efficient photocata-
lyst for solar water-splitting.11 On the other
hand, Co3O4 particles are efficient and selec-
tive catalysts for the oxidative dehydrogena-
tion of cyclohexane12�14 (C6H12þ (x/2)O2f

C6H12�2x þ xH2O), which is a key step in
chemical industry, e.g., for the production of
nylon.15�17 These studies hint toward the
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ABSTRACT It is generally accepted that optimal particle sizes are key for efficient

nanocatalysis. Much less attention is paid to the role of morphology and atomic

arrangement during catalytic reactions. Here, we unravel the structural, stoichiometric,

and morphological evolution of gas-phase produced and partially oxidized cobalt

nanoparticles in a broad size range. Particles with diameters between 1.4 and 22 nm

generated in cluster sources are size selected and deposited on amorphous alumina

(Al2O3) and ultrananocrystalline diamond (UNCD) films. A combination of different

techniques is employed to monitor particle properties at the stages of production,

exposure to ambient conditions, and catalytic reaction, in this case, the oxidative dehydrogenation of cyclohexane at elevated temperatures. A pronounced

size dependence is found, naturally classifying the particles into three size regimes. While small and intermediate clusters essentially retain their compact

morphology, large particles transform into hollow spheres due to the nanoscale Kirkendall effect. Depending on the substrate, an isotropic (Al2O3) or

anisotropic (UNCD) Kirkendall effect is observed. The latter results in dramatic lateral size changes. Our results shed light on the interplay between chemical

reactions and the catalyst's structure and provide an approach to tailor the cobalt oxide phase composition required for specific catalytic schemes.

KEYWORDS: Co clusters and nanoparticles . oxidative dehydrogenation of cyclohexane . Kirkendall effect . cluster source .
nanocatalysis . oxidation . surface deposition
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important role of both cobalt particle size, as well as its
oxidation state in determining catalytic activity and
selectivity.
A crucial ingredient to unravel the precise mecha-

nism of catalytic activity is the understanding of the
evolution of the particles' properties during reaction.
For Co, Fe, Al, Cu, Zn, and Ni, hollow spheres are
commonly observed.18�21 They are formed due to
the nanoscale Kirkendall effect which describes the diffu-
sion of material due to concentration gradients.22�24 This
can be used as a fabrication route to design nanotubes
and hollow nanoparticles.25 Detailed studies of the
formation of hollow cobalt nanocrystals through
the Kirkendall effect in solution are available in the
literature.18,26 Supported Co nanoparticles that have
been prepared by Chernavskii et al. in solution show the
formation of hollow spheres upon oxidation27 as well as
particles deposited at the water�air interface.28 The
latter are reported to undergo the morphologic change
already at room temperature. Some studies hint at
a crucial role of the Kirkendall effect for the catalytic
mechanism, for instance, for the specific case of Co
redispersion in cobalt Fischer�Tropsch catalyst regene-
ration.29�32

The main goal of this work is to follow the evolution
of the oxidation state and morphology of supported
size-selected and partially oxidized Co clusters during
the oxidative dehydrogenation of cyclohexane, thus
linking the particle properties to available chemical
studies.12 The clusters are produced by gas aggrega-
tion representing a physical method that avoids the
formation of ligands or protective layers at the parti-
cles' surface. Subsequent soft landing on Al2O3 and
UNCD substrates takes place under high vacuum con-
ditions. The actual reaction experiments are conducted
in a setup for temperature-programmed reactions
(TPRx) to mimic realistic conditions. A combination of
different experimental methods is applied to deter-
mine changes in stoichiometry, structure, size, shape,
and influence of the substrate. In situ grazing incidence
small-angle X-ray scattering (GISAXS) and grazing
incidence X-ray absorption near edge structure
(GIXANES) serve to show size- and support-dependent
changes in morphology and chemical state under
realistic reaction conditions as a function of reaction
temperature. Ex situ methods like reflection high en-
ergy electron diffraction (RHEED) and transmission
electron microscopy (TEM) are employed to determine
the stoichiometry, size, and shape of the clusters
before and after the catalytic reaction.

EXPERIMENTAL RESULTS AND DISCUSSION

An overview of the investigated samples in this work
is given in Table 1. The mean initial and final cluster
diameters (di and df) are mainly determined by TEM,
and the samples are named “i” before and “f ” after the
oxidative dehydrogenation of cyclohexane, respectively.

We classify the samples into three groups based on
the size regime. These are large clusters (L1�L3) with a
diameter larger than 10 nm, intermediate clusters
(M1�M2) with diameters around 4�5 nm, and small
clusters (S1�S3) around 2 nm. In the following text, we
elaborate on the size-dependent composition and mor-
phological behavior of the clusters under reaction con-
ditions of theoxidativedehydrogenation of cyclohexane.
We note that for the subsequent results the presence of
cyclohexane is expected to have only a minor effect on
the particles' properties due to the high oxygen con-
tent in the gas environment (see the Discussion and
Methods). Thus, the following results are expected to be
of relevance in other oxidative reactions as well.

Large Clusters. Figure 1a shows a typical evolution of
in situ GIXANES spectra of large clusters on Al2O3 (L1)
under reactive conditions with increasing temperature
from initially 25 �C up to 300 �C and subsequent
cooling to room temperature (see the Methods). The
onset of spectral changes appears at 150 �C where the
first peak at 7726 eV becomes more prominent and a
second peak at higher energies emerges. An additional
pronounced change in the spectra can be observed
from 250 to 300 �Cwhere the shape and position of the
first peak is altered. Cooling back to room temperature
does not lead to any further changes. This hints to a
non-reversible composition change of the deposited
Co clusters during the treatment. Each spectrum is
evaluated through linear combination analysis, in
which a best fit spectrum is acquired utilizing reference
samples to determine partial contributions that
make up the composition of the experimental sample.
The best fit for the current cobalt samples results
from contributions of metallic Co, CoO, and Co3O4

(Figure 1b) reflecting the most expected oxidation
states of Co, as previously reported.9,33�36 The result
of the linear combination analysis, in an oxygen-rich
environment, is shown in Figure 1c, where the con-
tribution of each reference to a single spectrum is

TABLE 1. List of Samples Used in This Worka

sample ID substrate di (nm) (before reaction) df (nm) (after reaction)

L1i/f Al2O3 (15 ( 2) (15 ( 3)
L2i/f Al2O3 (22 ( 5) (24 ( 5)
L3i/f UNCD (21 ( 8) (30 ( 9)
M1i/f Al2O3 (4.4 ( 0.6) (4.1 ( 0.6)
M2i/f UNCD 4*
S1i/f Al2O3 2*
S2i/f UNCD 2*
S3i/f Al2O3 1.4*

a The samples are named “i ” (initial) before reaction and “f ” (final) after the
oxidative dehydrogenation of cyclohexane in the TPRx experiment. The mean initial
and final outer cluster diameters (di and df) are measured by TEM. Numbers marked
by an asterisk are determined by atomic force microscopy (AFM) and are not directly
comparable to the TEM data. Before reaction, large particles (samples “L”) have
a core-shell structure, whereas the intermediate (“M”) and small (“S”) clusters are
fully oxidized due to air exposure.

A
RTIC

LE



BARTLING ET AL. VOL. 9 ’ NO. 6 ’ 5984–5998 ’ 2015

www.acsnano.org

5986

plotted versus temperature along with the resulting
averaged valence representing the averaged oxidation
state. The oxidation state of cobalt in each reference
is determined by multiplying the number of oxygen
atoms by �2 (the oxidation state of oxygen) then
dividing by the number of cobalt atoms, the product
is multiplied by �1 to balance charge. The average
oxidation state of the sample is determined by multi-
plying the oxidation state of each reference by the
compositional fraction and summing all values. From
this analysis the initial particle composition at the
beginning of the TPRx experiment appears to be 45%
metallic cobalt and 55% CoO. The particles are depos-
ited as pure Co clusters but become oxidized when
they are transferred through air from the cluster
deposition apparatus to the reaction cell. Starting
at about 100 �C more of the metallic Co (valence 0)
is converted to CoO (valence 2). The CoO fraction
reaches a maximum at about 250 �C and is then fur-
ther oxidized to Co3O4 (valence 22/3). The course of
oxidation is characterized by the averaged valence
(solid curve), a convenient measure for the evolution
of the oxidation of the particle ensemble. At the end of
the treatment, the clusters have an averaged valence

of about 2.5 and consist of about 25% CoO and 75%
Co3O4. For even larger clusters on Al2O3 (L2, di = 22 nm,
see Figure 1d), the general behavior is similar except
for some differences in the initial state (60% metallic
Co) and at the end of the treatment (85% Co3O4).

On UNCD, the clusters with an initial size of 21 nm
(L3) show the highest metallic Co amount after air
exposure. During the TPRx experiment they start to
convert to CoO at slightly higher temperatures
compared to L1 and L2 (i.e., on Al2O3); see averaged
valence in Figure 1e. Accordingly, the composi-
tion of these particles after the reaction is 40%
CoO and 60% Co3O4. The averaged valence is about
2.4 and thus slightly lower compared to L1 in (c) and
L2 in (d).

In addition to GIXANES under reactive conditions,
RHEED measurements are conducted in ultrahigh
vacuum (UHV) to determine the composition of
the treated and untreated particles by an alternative
method which relies on crystallographic properties.
The RHEED patterns of Al2O3-supported clusters
(Figure 2a and b) exhibit ring patterns which originate
from grazing incidence electron-scattering processes
in transmission through the clusters. The amorphous

Figure 1. In situ GIXANES results from large clusters under reactive conditions. (a) Normalized GIXANES spectra on Al2O3

(L1, di = 15 nm) at different temperatures. The spectra are offset vertically for clarity. (b) Reference spectra used for
quantitative determination of sample composition by fitting a linear combination ofmetallic Co (black), CoO (red), and Co3O4

(blue) to the curves in (a). Compounds not contained in spectra are shown in gray for comparison. (c�e) Composition
of clusters on sample L1 (c), L2 (di = 22 nm) (d), and L3 (di = 21 nm) (e) during the TPRx experiment, revealing the oxidation
of elemental Co (black squares) to CoO (red circles) and to Co3O4 (blue triangles) at higher temperatures. The deduced
averaged valence (solid orange curve) represents the oxidation state of the Co particles.
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substrate only contributes to a background signal and
does not give rise to additional features.

No ring texturation is visible, showing that the
clusters are randomly oriented on the sample surface
which gives rise to Debye�Scherrer ring patterns
analogously to conventional powder diffraction.37,38

The radius of the diffraction rings corresponds to the
length of the scattering vector q and thus is character-
istic for the elemental molecular spaces. On the right
side of the RHEED patterns the angular averaged
intensity curves are plotted against the inverse lattice
spacing showing the rings as pronounced peaks.
A smooth background is subtracted for better visibility.

Using conventional powder diffraction theory and
bulklike crystallographic structures the expected posi-
tions and relative intensities of metallic Co (fcc struc-
ture; the bulk hcp phase only occurs for particles larger
than 30 nm39), CoO (NaCl structure), and Co3O4 (spinel
structure) are calculated with the software PowderCell
2.3.40 This approach neglects the finite size of the
particles used in this study. Nevertheless, the calcula-
tions can be used as a reference in order to identify
strong peaks. The height of the first calculated peak in
each graph is normalized to the corresponding experi-
mental one. Before reaction (Figure 2a), the large
clusters show contributions of only Co and CoO in

Figure 2. RHEED results from large clusters. RHEED images (left) are shown for a reference sample in (a)with cobalt clusters on
Al2O3 before reaction and (b) sample L1f (di= 15 nm) after reaction exhibiting characteristic ring patterns. For better visibility,
a smooth background is subtracted and high intensity is shown dark. The rings result in pronounced peaks in the angular
averaged intensity curves (right). The first dashed peak at 2.5 Å�1 contains artifact contributions from the electron gun. The
colored vertical lines indicate the calculated positions and relative intensities for metallic Co (black), CoO (red), and Co3O4

(blue). (c, d) Profiles of larger clusters on Al2O3 (di = 22 nm, L2f) and UNCD (di = 21 nm, L3f), respectively, after reaction.
Differences in the profiles originate from composition changes of the particles upon reaction.
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accordancewith theGIXANESmeasurements. After the
reaction, the RHEED pattern significantly changes, with
a strong double peak at 4.2 Å�1 fromCo3O4 (Figure 2b).
Additionally, contributions of CoO remain present.
In comparison, Figure 2c (sample L2) shows a more
pronounced double peak structure which can be attri-
buted to a higher Co3O4 amount in the larger particles
on Al2O3 after reaction.

The main difference of clusters deposited on UNCD
(Figure 2d) is that the CoO contribution is higher
compared to Al2O3 (L1f and L2f, Figure 2b and c);
hence, the CoO peak at 3 Å�1 is very pronounced
and the peak structure around 4.2 Å�1 is dominated by
a single peak from CoO, which is located in between
the double peak of Co3O4. The crystallographic cluster
properties as obtained from RHEED for L1, L2, and
L3 are in overall good agreement with the composi-
tions found with GIXANES (Figure 1) at the end of the
treatment, further supporting the identified structural
transition.

In addition to the composition and structural
changes detected by GIXANES and RHEED, the mor-
phology of the particles during reaction is monitored
by in situGISAXS. In Figure 3a, the horizontal cuts of the
GISAXS images for L2 point to a pronounced change
in morphology at about 250 �C. The size distribution
analysis using a peak-fitting routine within the Irena
analysis package (see the Methods) reveals the change
in lateral sizes of the clusters as a function of tempera-
ture (see Figure 3b). The initial sizes are smaller com-
pared to TEMmeasurements, whichmight be a GISAXS

artifact due to the subtracted background for the
rough substrates used in this study (see the Methods).
In contrast to TEM (see below), a large number of
particles (>107) is probed by GISAXS, thus providing
high statistical relevance of the observed particle
properties.

For sample L2 (Figure 3b,c), the distribution starts
with a single size at 25 �C and splits into two peaks at
250 �C where objects with both a larger and smaller
lateral size compared to di are found. A similar devel-
opment is observed for L1 (smaller clusters, see
Figure 3d). Again, the appearance of two sizes at
250 �C can be observed. In contrast to the alumina-
supported clusters (L1, L2), the size change is more
distinct on UNCD (L3, see Figure 3e). For L1 and L3 in
Figure 3d,e, the fit exhibits quite narrow error bars. The
temperature-dependent evolution of the horizontal
GISAXS cuts (see Figure 3a for L2 and Figure S2a/b,
Supporting Information, for L1 and L3) and the de-
duced characteristics of the size distributions are
similar for all three samples. For the precise origin of
the size splitting, different scenarios are possible. The
oxidized clusters may consist of smaller subunits
detected by GISAXS.41 Indeed, a grainy structure of
the shells can be seen in TEM images (see below in
Figure 6). Another explanation may be a core�shell
structure with sizes corresponding to the outer and
the inner diameter of the particles, respectively. In the
literature, GISAXS studies of hollow structures are avail-
able using special form factors.42,43 Since the bimodal
distribution only evolves at higher temperatures,

Figure 3. In situ GISAXS results from large clusters under reactive conditions. (a) Horizontal cuts of the GISAXS images
recorded between 25 and 300 �C of sample L2 (di = 22 nm, Al2O3). The spectra are offset vertically for clarity. The changes in
spectra can be fitted by the horizontal size distributions shown in (b) where a splitting into two sizes at 250 �C gives the best
results. (c) Identified diameters shown as a function of temperature for sample L2. (d, e) Qualitatively the same behavior is
shown for clusters on L1 (di = 15 nm, Al2O3) and L3 (di = 21 nm, UNCD). On UNCD (e), the size changes are more prominent
when compared to Al2O3. The error bars in (c�e) represent the width of the fitted size distributions.
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multiple sizes initially produced by the cluster source
can be excluded as an origin. Thus, the second peak at
larger sizes is representative for the outer morphology
of the particles. In comparing Figure 3e to Figure 3c,d,
the lateral size increase of the particles on UNCD
appears much more pronounced compared to Al2O3.
As we will show later, this observation is supported by
TEMmeasurements. In all three cases, the size distribu-
tion splits at 250 �Cwhere the clustersmainly consist of
CoO (see Figure 1: L1�100% CoO; L2�65% CoO, 35%
Co3O4; L3�100% CoO) and no metallic Co is present.

The combination of GIXANES, RHEED, and GISAXS
reveals a change in stoichiometry, structure, and size
depending on the initial diameter of the particles and
on the substrate. In order to gain deeper insight into
the geometric properties we now use high resolution
TEM measurements that were performed before and
after reaction. Co clusters on TEM grids are deposited
simultaneously with the samples used for GIXANES,
GISAXS, and RHEED. TEM grids covered by a thin
layer of Al2O3 are used for comparison to Al2O3 sam-
ples (see the Methods). In place of UNCD samples,
amorphous carbon grids serve as corresponding
TEM supports. From overview images, we extract
the size distributions assuming a spherical shape
of the particles; see Figure 4a,b for large clusters on
Al2O3 (L1, di = 15 nm and L2, di = 22 nm). Only minor
size changes can be observed after the reaction.
The relatively broad distributions originate from the
particular parameters used for the cluster source
in order to achieve the high deposition rates needed
for these experiments. On carbon (L3, di = 21 nm),

a significant increase of about 9 nm is seen (Figure 4c),
similar to the GISAXS results (compare parts c�e of
Figure 3).

A closer look at representative high-resolution
TEM images (bright field) before reaction is shown in
Figure 5 for selected clusters. The particle on Al2O3 in
Figure 5a consists of a darker core and a brighter shell.
The latter is caused by partial oxidation at the surface
due to exposure to air after deposition. In Figure 5b,
different atomic structures in the core and shell region
can be observed, respectively, supporting the RHEED
findings (see Figure 2). On amorphous carbon, a variety
of different shapes is observed for large clusters (see
Figure S3, Supporting Information), such as spheres,
triangles, and rectangles (Figure 5c). These nonsphe-
rical shapes on carbon might be a reason that the sizes
obtained from GISAXS are consistently smaller than
those obtained in the TEM (compare Figure 3 and 4).
Again, the core exhibits an atomic structure different
from that of the oxide shell.

Upon reaction, the particles are strongly modified,
see Figure 6, showing representative bright field
TEM images from samples L1, L2 (on Al2O3), and L3
(on carbon). In all three cases, the core appears bright
and is surrounded by a darker area. The outermost
region again is brighter. The images hint at hollow
nanoparticles of different sizes originating from the
nanoscale Kirkendall effect, which is well-known for
several materials like Co, Al, and Fe.18�20,25 In brief, this
effect is based on the different diffusion rates of metal
ions (fast) and oxygen ions (slow)22�24 in conjunction
with a radial concentration gradient. This leads to

Figure 4. Distributions of lateral sizes for large clusters obtained from TEM images before (top) and after (bottom) reaction.
The black line represents themean size and the light gray area the standard deviation of the distribution. For L1i/f (a) and L2i/f
(b) on Al2O3, only a small change in themean size can be observed. (c) Particles on carbon (L3i/f) show a significant increase of
lateral size by about 9 nm.
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the formation of hollow particles, in our case consisting
of a shell of cobalt oxides as seen in GIXANES and
RHEED (see Figure 1 and 2).

Whereas in Figure 6a the particle is of approxi-
mately spherical shape and has an inner oxide shell
diameter of about 5 nm, the morphology of (b) and (c)
consists of several crystallographic domains. The inner
diameter in (b) and (c) is about 7 and 8nm, respectively.
Particularly in (c), the shell is surrounded by a large
bright area. This hints to a disklike geometry with a
lower height formed around the particle during oxida-
tion; see also Figure S4 (Supporting Information) and
the Discussion section. The size changes observed
exemplarily by TEM confirm the statistically more
relevant GISAXS results (see Figure 3).

Medium-Sized Clusters. Dark-field TEM images of
particles in the intermediate size range on Al2O3

(M1, di = 4.4 nm) are shown in Figure 7. The histogram
of particle size before reaction is shown below the TEM
image in Figure 7a. After the reaction (Figure 7b), no
significant changes in the TEM image can be observed,
indicating that these particles are particularly stable.
GISAXS measurements taken on a comparable sample
to M1 (Al2O3 support, same deposition conditions)
are shown in Figure S5 (Supporting Information) and
confirm the TEM findings.

Like in the case of large particles, GIXANES is again
applied to determine the chemical composition during

the treatment; see Figure 8. The clusters of sample M1
(on Al2O3) are already oxidized after air exposure at
room temperature and consist of about 90% CoO.
During the reaction experiment, only a small fraction
of the initial CoO is converted to Co3O4, so in the final
stage the particles consist of about 75% CoO and 25%
Co3O4. The averaged valence remains at about 2.2 and
confirms the robustness of the oxidation state of these
medium-size clusters on Al2O3 during the treatment.
In the case of UNCD-supported particles (M2), the
qualitative behavior is quite similar, see Figure S6
(Supporting Information). The initial CoO content
(60%) is lower compared to the Al2O3 supported
particles and leads to a final composition of about
50% CoO and 50% Co3O4. Again, the averaged valence
remains almost constant at about 2.3. In both cases,
it is smaller compared to larger clusters on the same
substrate (cf. Figure 1).

Small Clusters. To extend the size range to smaller
particles, clusters are formed and deposited with the
laser vaporization source described in the Methods.
The typical particle size is 2 nm for samples S1 and S2;
see the Supporting Information for a size histogram of
particles in the cluster beam (Figure S8). STEM HAADF
measurements were performed for Al2O3 and amor-
phous carbon supported clusters (S1, S2); see Figure 9.
Although some compact clusters can still be observed
(arrow “I”), in many cases, the particles on Al2O3

Figure 5. Representative TEM images of large clusters on (a, b) Al2O3 (L1i, di = 15 nm; L2i, di = 22 nm) and (c) carbon (L3i, di =
21 nm) before reaction. All particles show brighter shells compared to the core indicating a partial oxidation at the surface. In
(c), a pronounced structural difference from the rectangular Co core of about 9.5� 12.4 nm2 to the shell region (cobalt oxides)
is evident.

Figure 6. Representative TEM images of large clusters on (a, b) Al2O3 (L1f, di = 15 nm; L2f, di = 22 nm) and (c) carbon (L3f, di =
21 nm) after the TPRx experiment. In all three cases, the core appears bright, surrounded by a darker area. The outermost
region again shows up brighter. The images indicate hollow particles that are a typical result of the Kirkendall effect. On
carbon (c), a bright disklike structure around the shell is visible.
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(Figure 9a) are surrounded by single atoms or smaller
aggregates (bright spots, arrows “II”). This hints at a
restructuring or partial fragmentation even at air and
room temperature. On amorphous carbon, mainly crys-
talline compact clusters can be observed also after air
exposure (Figure 9b). Single atomsor smaller aggregates
are present to a lesser extent compared to Al2O3 (see the
Supporting Information for overview images, Figure S9).
This indicates that the restructuring/fragmentation pro-
cess is assisted by the presence of Al2O3 or by edges of
Al2O3 islandsoftenproducedby theatomic layer deposi-
tion (ALD) process on inert surfaces.44�46

Figure 10 shows the compositional evolution of
Al2O3-supported 2 nm clusters. Like in the case of
intermediate sizes, the particles are already oxidized
after air exposure and consist of about 80% CoO and
20% Co3O4 before the reaction experiment. For these
small clusters, GIXANES does not primarily probe the
structural properties but rather the oxidation state
(average valence), which also reflects chemical bond-
ing to the substrate. During the treatment, only small
changes are visible leading to an almost constant
averaged valence of about 2.2 and indicating the
robustness of the oxidation state of these particles.
In the final stage, the particles consist of about
70% CoO and 30% Co3O4. The in situ GISAXS mea-
surements for clusters on sample S1 are shown in
Figure S10 (Supporting Information) and display no
morphological changes or sintering under reactive
conditions.

For even smaller clusters (di = 1.4 nm), the qualita-
tive evolution of the oxidation state is quite similar.
The GIXANES spectra in Figure S12 (Supporting
Information) again display an averaged valence of
about 2.15, which shows no significant changes
during the treatment. The final composition is deter-
mined to 80% CoO and 20% Co3O4 indicating a very
robust CoO phase even for the smallest particles
investigated here.

DISCUSSION

The most diverse morphological and compositional
behavior is observed for the large particles with a

Figure 7. STEM HAADF study of intermediate clusters deposited on Al2O3 (di = 4.4 nm, M1). The black line represents the
mean size and the light gray area the standard deviation of the distribution. No significant changes before (a) and after (b) the
TPRx experiments are visible.

Figure 8. (a) Normalized GIXANES spectra of intermediate
clusters on Al2O3 (di = 4.4 nm,M1) at different temperatures
under reactive conditions. The spectra are offset vertically
for clarity. (b) Composition of clusters as obtained from
GIXANES (cf. Figure 1). Only CoO (red circles) and Co3O4

(blue triangles) are present; no elemental Co can be de-
tected. The averaged valence (solid curve) shows no sig-
nificant changes.
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diameter of the order of 20 nm. They show a pro-
nounced Kirkendall effect and significantly different
properties depending on the substrate. Figure 11
summarizes the size changes observed by TEMby relat-
ing the average diameters before reaction (abscissa)
to those after the reaction (ordinate) for different
substrates (black versus gray circles). The particles
on Al2O3 (L1 and L2, black) only undergo small size
changes compared to UNCD/carbon supported
species (L3, gray). An explanation can be found by
applying a simple geometric model: given that the Co
content of each cluster remains unchanged during
reaction the expected outer diameter can be estimated.
For the inner diameter of the hollow spheres we
assume that it corresponds to the initial size of the
metallic Co core, and we neglect slow inward diffusion
of oxygen.27 Then, the final outer diameter df can be
expressed as

d3f ¼ d3i þ
FCo

FCo3O4

(di � 2wS)
3 (1)

where di is the diameter of the Co-CoO core�shell
nanoparticles before reaction, FCo and FCo3O4

are the
densities of the metallic Co and its oxide, respectively,
andwS the thickness of theoxide shell which ismeasured
to be 3.5 nm. Note that compared to metallic cobalt
(FCo = 8.80 g/cm3) thedensities for the twooxides (FCoO=
6.45 g/cm3; FCo3O4

= 6.07 g/cm3) observed here are quite
similar; hence, we only used the density of Co3O4 to
describe the final state of the oxidation although there is
still some CoO present.
In the case of an isotropic Kirkendall effect (i.e.,

Co diffusion is not affected by the substrate), df follows
the red curve in Figure 11. Starting from 7 nm where
the entire volume of the clusters is already oxidized
after air exposure, the expected size change becomes
larger with increasing initial particle size. For larger

Figure 9. Representative STEMHAADF images of small clusters deposited on Al2O3 (a) and carbon (b). The bright dots on the
TEM images originate fromCo atoms or extremely small Co clusters (exemplarilymarked by arrows ”II”). On Al2O3 (a), more of
these restructured/fragmented systems are found compared to carbon support (b).

Figure 10. Evolution of the oxidation state of small clusters.
(a) Normalized GIXANES spectra on Al2O3 (di = 2 nm, S1)
at different temperatures under reactive conditions. The
spectra are offset vertically for clarity. (b) Composition of
clusters as obtained from GIXANES (cf. Figure 1). Only CoO
(red circles) and Co3O4 (blue triangles) are present, no
elemental Co can be detected. The averaged valence
(solid curve) shows no significant changes.

Figure 11. Change of lateral cluster diameter upon reac-
tion. Measured data points obtained from the TEM histo-
grams (see Figure 4) are shown as circles. The expected size
changes due to the Kirkendall effect are based on simple
geometric models. For the isotropic Kirkendall effect (red
curve), the diffusingmaterial is assumed to form a spherical
shell around the initial oxide shell. In the case of the
anisotropic Kirkendall effect where a disk is formed around
the cluster at the interface to the substrate (blue curve) the
size changes are more pronounced. The dashed black line
illustrates the case of no size change during reaction and
serves as a guide to the eye.

A
RTIC

LE



BARTLING ET AL. VOL. 9 ’ NO. 6 ’ 5984–5998 ’ 2015

www.acsnano.org

5993

clusters, the initial amount of material that is not
oxidized at the beginning and can diffuse through
the oxide shell is much larger and leads to a more
pronounced size change.
Smaller cobalt clusters below 7 nm do not undergo

a Kirkendall transition as displayed in Figure 7
(M1, di = 4.4 nm), in agreement with observations
for chemically prepared Co particles (6 nm) reported
in literature.47 This is not surprising given the general
observation that the oxidation process of metals
can be described by a rapid initial reaction, pas-
sivating the remaining metallic material such that
subsequent reactions are extremely slow.48,49 This
leads to stable 2�10 nm thick oxide films in bulk
materials.49,50 For nanoscale objects a few nanome-
ters in diameter, this means that the entire volume of
particles oxidizes upon air exposure and no further
oxidation or size change occurs during the catalytic
reaction.
The experimental data for the Al2O3-supported

particles (L1, L2) are in reasonable agreement with
the model curve (Figure 11). On amorphous carbon
(L3), however, the measured lateral size after reaction
is significantly larger than predicted by our model
which is already seen in the GISAXS (Figure 3) and
TEM histogram (Figure 4) data. In fact, this points to a
substantial morphology difference because the evolu-
tion of the total particle volume is expected to be
similar on both substrates. TEM images (Figure 6c and
Figure S4, Supporting Information) suggest that the
particles are surrounded by a plateau that appears
to be of lower height than the cluster itself. In order
to model this behavior, we introduce an anisotropic
form of the Kirkendall effect, where the diffusion is
affected by the substrate. Within this model, the Co
atoms do not diffuse uniformly in all directions but
accumulate on the substrate around the particle. The
result is a flat disk around the particles that is modeled
by a cylindrical volume. The expected outer diameter
of the particle is then expressed by that of the disk and
plotted in Figure 11 (blue curve). The thickness of the
disk (3.5 nm) is chosen to match the experimental data
point obtained from TEM histograms (see Figure 4c).
Further verification of the anisotropic Kirkendall
effect would require more data points toward
larger clusters which are not easily produced with
the particle sources available here. Nevertheless
this analysis shows that the morphologic changes
induced by the Kirkendall effect differ qualitatively
for Co clusters of similar size but different substrates.
This observation could be explained by the following
microscopic mechanisms: first the outward diffusion
of cobalt is essentially terminated when the cobalt
is oxidized and incorporated in the cobalt oxide
lattice at the particle surface. When a diffusing cobalt
atom approaches the substrate interface on carbon
it continues to diffuse laterally until the rim of the

particle is reached where it can be oxidized in the gas
environment. This results in an accumulation of
cobalt oxide close to the particle substrate interface,
eventually creating the observed disklike features.
In contrary, on Al2O3 oxidation might occur directly
at the interface, immediately terminating the diffu-
sion. In a sense the Al2O3 substrate provides a more
isotropic chemical environment in terms of oxygen
presence compared to carbon surfaces. A second
possibility is the significantly larger diffusivity of
cobalt and cobalt oxide on carbon as compared
to Al2O3 (see, e.g., refs 51 and 52). This enables a
more pronounced cobalt spread out around the
particles at carbon substrates.
In the following discussion, we summarize the

size-dependence of morphological and compositional
changes upon the reaction for the case of Co clusters
on Al2O3. A schematic overview of the observed pro-
cesses is shown in Figure 12. During the treatment, an
overall sintering resistance could be observed for all
sizes. Small particles in the size range of about 2 nm
tend to become partially restructured in air by forming
smaller aggregates or single atoms at least on Al2O3-
covered TEM grids. During the reaction experiments,
only slight compositional changes can be observed,
indicating a strongly CoO dominated stable oxidation
state of these particle sizes. A similar robust CoO phase
is reported for size-selected subnanometer cobalt
clusters under oxidative dehydrogenation reaction
conditions for cyclohexene9,33,34 and cyclohexane.53

Clusters in the size range of 4�7 nm maintain a
compact shape and are fully oxidized (no metallic
cobalt) after air exposure at room temperature as well.

Figure 12. Schematic summary of observed morphological
and compositional processes of Co clusters deposited on
Al2O3 as a function of temperature and cluster size. The
color-coded averaged valence is interpolated on the basis
of theGIXANESmeasurements (see Figures 1, 8, and 10) and
represents the composition of the particles. For the largest
clusters which exhibit an oxide shell before reaction, hollow
particles are formed during the reaction. The transforma-
tion of the initial Co/CoO to the final CoO/Co3O4 mixture is
indicated in the plot and can be followed by the color code.
At cluster sizes considerable less than 7 nm but more than
1.4 nm the particles do not contain metallic cobalt already
prior to the TPRx experiments. The smallest clusters (<4 nm)
tend to partial fragmentation/restructuring on the Al2O3

substrate upon air exposure, even at room temperature,
but show no further changes upon heating under reactive
conditions.
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During the TPRx experiment they show only minor
changes in their composition and shape resulting in a
slightly lower CoO content compared to the smallest
particles. Larger clusters up to sizes of 25 nm show a
core�shell structure with a metallic cobalt core and
a CoO shell. During the oxidative dehydrogenation
of cyclohexane the metallic cobalt is converted into
cobalt oxides (CoO and Co3O4) which results in hollow
particles that are formed due to the Kirkendall effect,
consisting of CoO and Co3O4. The fact that the most
pronounced morphologic changes coincide with
the maximum CoO content (compare Figure 3 and
Figure 1) at 200�250 �C shows that during further
conversion to Co3O4 the particles essentially retain
their shape. This is consistent with observation of
chemically prepared Co particles on glass.23 In gen-
eral smaller clusters mainly consist of CoO whereas
for larger particles Co3O4 is more prominent after the
treatment. Therewith a direct correlation between
morphological and compositional changes can be
deduced for large particles.
Although not systematically studied, we do not

expect significantly altered particle properties due
to the presence of cyclohexane, for two reasons: (1)
The catalytic reaction most likely occurs by hydro-
gen abstraction over oxide sites on the particle.12

Hence the predominant role of oxygen gas is to
create suitable reaction sites by oxidizing the clus-
ters. Since the amount of oxygen is much higher
compared to cyclohexane, possible reduction ef-
fects by cyclohexane are overwhelmed by oxidation
processes at the particle surface. (2) In pure oxygen,
a similar morphological behavior (including the
Kirkendall effect) is reported in the literature for
the reaction path (Cof CoOf Co3O4) of chemically
prepared nanoparticles.27,47

The formation of hollow spherical shapes via
the nanoscale Kirkendall effect is well documented
for particles prepared in solution,18,26 by wet chemical
methods with subsequent deposition on flat and
porous supports,23,27,47,54,55 and at liquid�gas inter-
faces.28Here,wedemonstrate that the samemechanism
also is at work for physically produced and soft-landed
clusters subsequently exposed togaseous environments
with critical particle sizes for the onset of the Kirkendall
effect47 similar to chemical preparations. We find a
significant influence of particle-surface interaction by
comparing two different substrates which is in line with
reports on a broad temperature range of the Kirkendall
transition depending on environment (see, e.g., refs 23
and 28) and capping.56 Since the same mechanism has
been also found for a whole range of materials18�21 we
expect that our results can be generalized to systems
beyond Co as well.
Whereas the Kirkendall mechanism as such seems

to be rather universal, irrespective from the specific
environment, we observe significant differences in the

morphological behavior for large clusters depending
on the substrate. While for Al2O3 an isotropic Kirkendall
effect is found, particles on UNCD change their mor-
phology and form a flat disklike area around the initial
particle with a hollow core. Such an anisotropic Kirken-
dall effect results in a dramatically changed horizontal
diameter observed by TEM and GISAXS (see Figure 3e
and 4c). Since the surface to volume ratio is
an important parameter for catalysis this may have
a significant effect on the reaction kinetics. In fact,
the particle surface in the case of the isotropic
Kirkendall effect on Al2O3 increases only by ∼20%
compared to the initial compact clusters (22 nm
diameter), whereas on UNCD the increase is in
excess of 40%. Studies aiming at the quantification
of catalytic efficiency need to take into account these
morphological variations, which significantly affect
the number of available reaction sites at the particles'
interfaces.

CONCLUSIONS

Gas-phase produced Co nanoparticles in a broad
size range from 1.4 nm to beyond 20 nm are soft
landed on two different substrates, i.e., Al2O3 and
UNCD. During the oxidative dehydrogenation of cy-
clohexane, structural, stoichiometric, and morphologic
changes of the cobalt clusters are observed by a
combination of various techniques. Due to transport
in air, small- and intermediate-sized particles (<7 nm
diameter) are mainly oxidized to CoO while large
clusters (>10 nm) are only partially oxidized and consist
of ametallic Co core and a CoO shell. Our studies reveal
that for large particles Al2O3 supports the formation
of Co3O4, whereas on UNCD the transformation of
metallic cobalt into its oxides starts at higher tempera-
tures, resulting in a lower Co3O4 content using the
same temperature treatment. The Al2O3-supported
particles show an isotropic Kirkendall effect, similar to
that frequently reported in the literature for particles
produced by wet-chemical methods. On UNCD
or amorphous carbon, a dramatic lateral size change
is found which we attribute to an anisotropic form of
the Kirkendall effect where a flat disklike structure
around the particles is observed. During reaction the
intermediate (4 to 5 nm) and small clusters (2 nm)
show no significant changes in composition and
morphology revealing a robust CoO phase for these
sizes.
Our study opens the route toward a controlled

and precise adjustment of the stoichiometry of
gas-phase prepared Co nanoparticles from CoO to
Co3O4 and in between by simply preselecting
the size of the produced particles or by varying
pretreatment or reaction conditions (see Figure 12),
thus providing a handle to systematically control
efficiency and selectivity of catalytic reactions. In fact
CoO nanocrystals have been shown to act as efficient
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photocatalysts for solar water splitting,11 while
Co3O4 is a promising catalyst for the oxidation of

CO57,58 and the dehydrogenation of cyclohexane,9,12

to name a few examples.

METHODS
To investigate the support effects two different substrate

materials are used for cluster deposition, namely ultrananocrys-
talline diamond (UNCD) and alumina. For in situ GIXANES,
GISAXS, and TPRx studies, UNCD and alumina-coated silicon
wafer chips with a size of 10 � 10 mm2 are used for cluster
deposition. The UNCD-coated silicon wafers (UNCD, 25 Aqua
DoSi, Advanced Diamond Technologies) consist of a 300 nm
thick UNCD film on top of a doped silicon wafer and have a
surface root-mean-square (RMS) roughness of ∼10 nm esti-
mated fromAFM images.36,59 Alumina supports are prepared by
atomic layer deposition60 (ALD) with approximately three
monolayers (ML) on top of the naturally oxidized doped silicon
wafer, yielding an amorphous surface with RMS roughness of
∼0.7 nm estimated from STM images.61 For ex situ TEM inves-
tigation, the alumina layers are coatedwith the same procedure
on carbon covered TEM grids. The alumina coated Si chips and
TEM grids are used for cluster deposition under the same
conditions and resulting samples on Si chips and TEM grids
are treated together in the same reactor during exposure to the
reaction gas.
For the production of a large size range of Co clusters, we

employ both an arc cluster ion source (ACIS) for large clusters62

and a laser vaporization source63 for smaller species. After beam
formation and differential pumping, the clusters are deposited
onto TEM gridsmounted next to the substrate at the same time.
Coverages well below one monolayer of clusters are chosen to
ensure well-separated particles. No significant sintering or
aggregation is detected upon subsequent chemical treatment,
which we attribute to the large cluster surface interaction of this
system.35

Inside the ACIS, an arc is ignited in a hollow Co cathode,
resulting in metal�vapor plasma in the high temperature area.
An inert gas atmosphere composed of helium and argon is used
as a buffer gas to enable cluster aggregation. The gas flux
is optimized for a high cluster yield for the respective cluster
sizes needed, resulting in a flux ratio of Ar and He in the range
FHe/FAr = 0�0.4. The total pressure within the cathode is in the
order of 30 mbar. The charged clusters are size selected by an
electrostatic quadrupole. The substrates (Al2O3, UNCD) and
corresponding TEM grids (Al2O3, carbon) are positioned directly
behind the quadrupole to obtain sufficient sample coverage
needed for these experiments. The deposition takes place at a
pressure of 10�7 mbar to 10�6 mbar. An average coverage of
about 500�1000 particles per μm2 has been reached. As a side
effect of the short distance between the quadrupole exit slit and
the sample a slightly widened size distribution is expected
compared to previous depositions performed with this
setup.61,62 For cluster sizes used in this work the kinetic energy
per atom remains below 20 meV which is estimated based on a
spherical cluster shape with measured cluster diameters. These
energies are well within the regime of soft-landing conditions
observed experimentally64,65 and obtained from simula-
tions.66,67 Nevertheless, the impact and the interaction with
the substrate may result in slightly oblate cluster shapes.68,69

Occasionally, multiple particles of different sizes are observed,
which hints to agglomeration of particles in the gas phase70,71

(see, e.g., Figure S3, Supporting Information).
The laser vaporization source is implemented in an UHV

cluster deposition setup.72 The source uses two pulsed Nd:
YAG lasers (wavelength = 532 nm, repetition rate = 10 Hz) to
ablate material from a high purity Co target. As the lasers are
triggered, a synchronized pulse of helium gas enters the source
chamber to cool down the plume of material created at the
surface of the target and cluster nucleation starts. This mix-
ture of gas, atoms, and clusters expands into the vacuum
through a conical nozzle after which cluster growth stops. By
extraction and differential pumping, a well-collimated cluster

beam is formed. The Co clusters have a size distribution
centered at a diameter of about 2 and 1.4 nm with a full width
at half-maximum of 0.7 and 0.6 nm, respectively (see Figures S8
and S11, Supporting Information). The clusters are deposited in
a low energy regime (well below 1 eV/atom). This ensures soft
landing, thus minimizing the cluster deformation and the
damage of the substrate. The base and working pressures
in the deposition chamber are 1 � 10�9 and 2 � 10�7 mbar,
respectively. These vacuumconditionsminimize contamination
of the deposited clusters.
After the deposition process, the samples are exposed to air

for transfer to the AFM and TEM for determination of vertical
and lateral cluster diameter, respectively, as well as the depos-
ited coverage. Subsequent X-ray scattering and absorption
studies have been conducted at the Advanced Photon Source
at Argonne National Laboratory. The final particle structure and
composition after the reaction is determined by ex situ RHEED
and TEM. Between the different stages a time of weeks to
months elapsed.
For TEM measurements, an aberration-corrected JEM

ARM200F (JEOL, Corrector: CEOS) operated at 200 keV is used.
The microscope is equipped with a JED 2300 (JEOL) energy-
dispersive X-ray-spectrometer (EDXS) for chemical analysis.
Aberration corrected STEM (scanning transmission electron
microscopy) imaging in high-angle annular dark field (HAADF)
and annular bright field (ABF) modes is performed under the
following conditions. HAADF and ABF both were done with a
spot size of approximately 0.13 nm, a convergence angle of
30�36� and collection of semiangles for HAADF and ABF of
90�170 mrad and 11�45 mrad, respectively.

GISAXS/GIXANES/TPRx. After cluster deposition, samples are
studied using a unique system combining TPRx with in situ
GISAXS and GIXANES developed at the 12-ID-C beamline of the
Advanced Photon Source at Argonne National Laboratory.33 A
detailed description of the experimental setup anddata analysis
can be found in previous reports.12,34,73,74 In brief, the samples,
both on chips and TEM grids, are positioned on a ceramic heater
(Momentive Performance Materials, Inc.) in a home-built con-
tinuous flow reaction cell designed for TPRx.34 The reactor is
mounted on a computer-controlled goniometer and equipped
with Kapton windows to facilitate X-ray transmission. Prior to
the combined in situ TPRx, GIXANES, and GISAXS experiments,
the reaction cell is purgedwith cycles of pumping and flushes of
pure helium gas. Then the reactant gas mixture of cyclohexane
(4000 ppm in He) and ultrapure oxygen (99.9999%) is intro-
duced. During the TPRx studies, a mixture of cyclohexane and
O2 (30 and 1.2 sccm rates, respectively) flows continuously into
the cell, resulting in a cyclohexane to oxygen ratio of 1:10,
respectively. A gas-mixing unit consisting of calibrated mass
flow controllers (Brooks Model SLA5850) combines the gases
and controls the rate of flow into the reaction cell. Additionally,
the pressure within the cell is held constant at 1070 mbar. The
sample temperature is calibrated and measured by a K-type
thermocouple attached to the heater side. The actual deviation
from the programmed temperature profile is found less than
1 �C during the whole experiment. After 20 min at 25 �C, the
sample is ramped to 100 �C, then ramped in steps of 50 �C up to
300 �C; finally, the sample is cooled to room temperature. Both
the ramping and cooling temperature rates are kept at
10 K/min, and during GISAXS and GIXANES data acquisition the
temperature is held constant for 15 min at each step. Reaction
products were not analyzed due to insufficient signals resulting
from low cluster coverage. The GISAXS experiments are per-
formed to monitor changes in cluster size and shape during
TPRx using X-rays of 8 keV energy. The sample is slightly tilted
toward the incoming beam so X-rays are scattered off the
sample surface near the critical angle (0.15�) of the substrate.
The 2D GISAXS images are recorded at each temperature step
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with a 1024 � 1024 pixel CCD detector (MarCCD). Processing is
done by taking an average of three close cuts in the qy direction
for horizontal information. To eliminate the influence of surface
roughness from the substrate, subtraction of GISAXS cuts from
alumina and UNCD blanks are performed on the sample data
before analysis. The size distribution with spheroid form factor
and Schulz�Zimm-type distribution is fitted using the Irena SAS
data analysis package.75,76 GIXANES data are collected at each
temperature step, using a four-element fluorescence detector
(Vortex 4 element SSD) mounted perpendicular to the X-ray
beam and photon energies scanned between 7.55 and 7.85 keV.
Reference spectra and energy calibration are obtained from Co
standards (cobalt oxides in powder form and cobalt foil; Sigma-
Aldrich) that are compressed and sealed between two layers of
Kapton foil (except cobalt foil). The linear combination fitting of
GIXANES data is processed with the IFEFFIT interactive software
package with ATHENA and ARTEMIS graphical interfaces.77

RHEED. RHEED investigations are performed in aUHV system
using 25 keV electron energy at incidence angles in a range
of 0.5�1� to the surface. A CCD camera records the diffraction
patterns appearing on a phosphor screen. For a more precise
analysis, 200 single RHEED images are acquired and averaged,
which results in a greatly improved signal-to-noise ratio. A well-
defineddiffractionpatternofnanoparticles onsurfaces is obtained
even with highly diluted systems (∼10 particles per μm2).37,38,78

The well-known Si(111)7 � 7 surface79 serves as a reference to
calculate atomic distances in the RHEED image.
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