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ABSTRACT: In heterogeneous catalysis, a nanoparticle (NP)
system has immediate chemical surroundings with which its
interaction needs to be considered, as nanoparticles are
typically loaded onto certain supports. Beyond what is known
about these interactions, dynamic atomic interactions between
the nanoparticle and support could result from the increased
energetics at the nanoscale. Here, we show that the dynamic
response of atoms in copper nanoparticles to the underlying
silica support at room temperature and ambient atmosphere
results in the complete disappearance of supported nanoparticles over the course of only a few weeks. A quantitative
study of copper nanoparticles at various size regimes (6−17
nm) revealed the signiﬁcance of size-dependent nanoparticle energetics to the interaction with the support. Extended X-ray
absorption ﬁne structure is used to show that copper atoms could readily diﬀuse into the support to be locally surrounded by
oxygen and silicon with structurally disordered outer coordination shells. Increased energetic states at the nanoscale and the
energetically favorable conﬁguration of individual copper atoms within silica, identiﬁed through EXAFS, are suggested as the
cause of nanoparticle disappearance. This unexpected observation opens up new questions as to how nanoparticles interact with
surrounding environments that could fundamentally change our conventional view of supported nanoparticle systems.
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system could be signiﬁcant enough to drastically change the
state of the system from what was expected.12−14 Because
nanoscale matter possesses far diﬀerent energetics from its bulk
counterpart, the atomic interactions between the nanoparticle
and support may take place even under ambient conditions as
well. Understanding these interactions will be critical in
identifying new types of materials and solving unresolved
issues at a more fundamental level that will allow nanomaterials
to reach their utmost potential in the relevant ﬁelds.
In this work, we have studied the dynamic behavior of copper
nanoparticles, utilized for a variety of catalytic reactions
including synthesis of methanol and glycol15,16 and oxidation
of volatile organic compounds,17,18 on silica, a well-known
support for nanoparticle loading, under ambient conditions.
This study identiﬁes for the ﬁrst time the dynamic interaction
between nanoparticle and support at room temperature, which
led to a surprising discovery: complete disappearance of the
silica-supported copper nanoparticles under ambient conditions.

upported metal and metal oxide nanoparticles are the basis
of heterogeneous catalysis, where a wide range of essential
processes, such as fuel/chemical production and pollutant
mitigation, are conducted.1−3 The use of nanoparticles requires
high surface area oxide supports to ﬁnely disperse them to take
advantage of their nanoscale dimensions. However, it has also
been suggested that supports can play a more active role in
dictating catalytic properties of a nanoparticle system by
creating a functional interface.4−7 For instance, the catalytically
active sites could be mainly located at the interface between the
nanoparticle and support, where both participate at the junction
to favorably bind the reactants and intermediates for catalytic
conversion.4,5,7 Furthermore, supports can strongly anchor
nanoparticles to resist sintering6 and catalytic behavior can also
be tuned by charge transfer between nanoparticle and support.8
Therefore, both the nanoparticle and support need to be
considered together to evaluate the state and properties of the
system for its primary function.
However, beyond the commonly perceived static view of
supported nanoparticle systems, dynamic atomic interactions
between the nanoparticle and support that could result from
the increased energetics at the nanoscale9−11 need to be
considered. The interactions within a supported nanoparticle
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Figure 1. Vanishing of copper nanoparticles on silica. (a) Transmission electron microscopy images of copper nanoparticles (with sizes from 6 to 7
nm) shrinking and disappearing within 3 weeks at room temperature and ambient atmosphere, when supported on amorphous silica. (b) Scanning
transmission electron microscopy images of Cu nanoparticles on silica spheres and 3 weeks after loading, where initially loaded particles disappeared.
Insets are elemental maps showing Cu (red), Si (green), and O (blue).

The vanishing of copper nanoparticles was accidentally
discovered when we attempted to load ligand-removed copper
nanoparticles (Figure S1) onto uniform, amorphous silica
submicrospheres (loading amount 0.74 mgCu/gSilica). The
shrinkage and ultimate disappearance of Cu nanoparticles
(6−7 nm) was observed at room temperature and ambient
atmosphere. Ten days after the nanoparticles were initially
loaded, only small traces of them could be observed using
transmission electron microscopy (TEM) (Figure 1a and
Figure S2). Three weeks after loading, Cu nanoparticles could
no longer be found. High-angle annular dark ﬁeld scanning
transmission electron microscopy (HAADF-STEM) images of
as-loaded Cu nanoparticles on silica (Figure 1b) showed bright
intensity originating from Cu nanoparticles over a less-intense
background of a silica sphere. However, the bright signal from
the nanoparticles was no longer there after 3 weeks and
aberration-corrected HAADF-STEM conﬁrmed the complete
loss of the nanoparticles (Figure S3). The phenomenon of
vanishing Cu nanoparticles was further supported by elemental
mapping as shown in the insets of Figure 1b. With increased
loadings of Cu nanoparticles on silica, a similar trend was
observed as well (Figure S4). In addition, elemental analysis of
Cu before and after NP disappearance (details provided in SI)
conﬁrmed that the amount of Cu on silica has not changed
throughout the process. All of this evidence implied that
somehow the copper nanoparticles disappeared on the support
at room temperature in ambient conditions, possibly by the
migration of Cu atoms constituting each particle into the
underlying support. This observation of spontaneous loss of

copper nanoparticles on silica is quite surprising as it is very
much against conventional wisdom, considering the many
previous eﬀorts to construct supported nanoparticle systems for
heterogeneous catalysis.
In order to quantitatively understand this unexpected
phenomenon, Cu nanoparticles were loaded onto amorphous
silicon monoxide support grids in a well dispersed manner,
allowing for quantitative tracking of the size of individual
particles using TEM. The as-synthesized nanoparticles were
loaded on the support grid (Figure 2a and Figure S5) and the
grid was heated at 300 °C in air to remove the surface ligands
and allow direct contact with the underlying silica support. As
expected, the naked copper nanoparticles are typically oxidized
partially or completely into Cu2O upon surface ligand removal
(Figure S6). The projected area (in nm2) of the nanoparticles,
assuming a spherical shape, was measured and tracked (Figure
2b and Figure S7) to estimate their size change. Interestingly,
we found that the nanoparticles shrank rapidly within a 2 week
time period under ambient conditions as shown in Figure 2a.
For the case of 8 nm particles, a size decrease of ∼1.5 nm was
observed (Figure 2b). In contrast, the particles that were not
heat treated (i.e., with surface ligands attached and not in
contact with the underlying support) maintained their shapes
and actually slightly increased in their size, due to spontaneous
oxidation of the metallic copper phase (Figure S8).
We hypothesized that this phenomenon of vanishing Cu
nanoparticles could be related to the size-dependent energetics
of nanoparticles. Cu nanoparticles with average sizes ranging
from 6 to 17 nm (Figure 2a and Figure S9) were tracked in the
2733

DOI: 10.1021/acs.nanolett.7b00942
Nano Lett. 2017, 17, 2732−2737

Letter

Nano Letters

Figure 2. Quantitative analysis of vanishing copper nanoparticles. (a) TEM images showing copper nanoparticles shrinking and disappearing within
the 2 week time period on an amorphous silicon monoxide support grid. Smaller particles are highlighted with yellow circles for clarity. (b) Average
size, as presented by the projected area (nm2), of the copper nanoparticles (8 nm) tracked within the 2 week time period after surface ligand removal
(closed squares). In comparison, nanoparticles that have not been heat treated (i.e., with the surface ligands remaining) are shown with open squares.
Error bars represent one standard deviation. (c) Change in the radius (nm) of copper nanoparticles (average size ranging from 6 to 17 nm) over
time on the support grid. The size distribution of 11 nm particles became bimodal due to the initially wide distribution after heat treatment (Figure
S13) and the change in radius was calculated from the major component showing the time evolution of the larger particles.

dependent energetics of nanoscale matter on the rate of the
dynamic response of the constituent atoms to the support. Sizedependent energetics of nanoparticles and their constituent
atoms are key elements explaining various properties of
supported nanoparticles for catalytic applications.9,19−21 For
example, recently, nanoparticle size-dependent chemical
potential of Cu atoms on CeO2 has been reported10 and
control of nanoparticle sintering at high temperature has been
demonstrated.11,22 Importantly, the current observation reveals
interesting aspects of nanoparticle thermodynamics even at
ambient conditions.
Having observed that the copper nanoparticles can disappear
on silica support under ambient conditions, it is important to
ﬁnd out the nature of the copper sites within the silica. X-ray
absorption spectroscopy (XAS) was used to speciﬁcally probe
the copper K-edge of the Cu nanoparticles loaded onto silica
spheres, where atomic level information could be obtained in
order to elucidate the underlying process of the phenomenon
observed. Figure 3a presents extended X-ray absorption ﬁne

same manner with the ligands removed, allowing direct contact
with an oxide support that led to all the particles being partially
or completely oxidized.1 However, the behavior was quite
diﬀerent for the largest particle in that a size decrease was not
observed during the same time period (Figure S10). Plotting
the change in radius against time for all the particles (Figure 2c
and Figure S11) demonstrated a clear trend where the smaller
particles declined in size more rapidly. The estimated radial
decrease rates are ∼0.12, ∼0.06, and ∼0.04 nm per day for 6, 8,
and 11 nm-sized particles, respectively. In other words, the
smaller particles exhibited a faster rate of diﬀusion of the copper
atoms into the underlying silica support. For the 6 nm particles,
the majority of them disappeared after 2 weeks (Figure 2a).
This particle disappearance was measured by tracking the
decreasing particle density (number of particles per micron
square) over time (Figure S12). The quantitative analysis of
how particles of various size regimes evolve revealed not only
the possible trigger of this phenomenon, which is the increased
energetic state at the nanoscale but also the eﬀect of size2734
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Figure 3. XAS study of vanishing copper nanoparticles on silica support. EXAFS spectra at the Cu K edge comparing Cu nanoparticles as loaded on
silica spheres to as-synthesized nanoparticles (a) and 3 weeks after loading (b) in which Cu nanoparticles have completely disappeared. (c) The 3
weeks after and the as-loaded samples were thermally treated under identical conditions and their EXAFS spectra were compared to show the local
coordination environment of elemental copper within the matrix. Inset shown is a representation of the coordination environment surrounding Cu
identiﬁed from the ﬁt with Cu (orange), O1 (dark red), O2 (light red), and Si (gray). (d) EXAFS of Cu nanoparticles which were given 11 weeks on
silica spheres at room temperature.

indicated that an oxidized copper nanoparticle/silica interface
was formed, which is a typical scenario during the preparation
of oxide supported copper nanoparticles.
After particle disappearance (after 3 weeks), the EXAFS
spectra only displayed a prominent feature for the ﬁrst oxygen
shell (Figure 3b), which increased in amplitude. Any characteristic features of outer shells were very weak and we attribute
this to the amorphous nature of the matrix surrounding
elemental copper. Cu atoms that migrated away from the
original nanoparticle are mainly surrounded by a ﬁrst shell of
oxygen. We hypothesized that there might be an energetically
favorable coordination environment for copper within the silica
matrix, and the observed disordered structure around copper
(Figure 3b) may very well be a kinetically limited transient state
before reaching its ﬁnal conﬁguration. In order to probe
whether the coordination environment for Cu atoms would
continue to evolve beyond the state we observed after 3 weeks,
the 3 weeks old samples were heat treated (300 °C for 15 min)

structure (EXAFS) data from the Cu nanoparticle itself and
after being loaded onto silica spheres. Cu nanoparticles exhibit
their strongest feature at 2.2 Å corresponding to nearest Cu
neighbors of Cu FCC metal at a bond distance around 2.52 Å.
The second strongest peak, below 2 Å, is from the nearest
oxygen scattering atoms, indicating that these nanoparticles
contain native oxide layers due to the tendency of copper to
oxidize. The ﬁt was generated from multiple shells of pure Cu
and Cu2O models (Table S1) and the X-ray absorption nearedge structure (XANES) spectra (Figure S14) also revealed
that the as-made particles contained both phases. Cu
nanoparticles were further oxidized while loading onto silica
spheres as evidenced by the loss of the Cu−Cu interactions and
the increase in the ﬁrst oxygen shell scattering (Figure 3a).
Furthermore, the loaded particles had a slightly higher
oxidation state compared to Cu2O nanoparticles (Figures S14
and S15), which may have resulted from direct contact to the
relatively oxygen-rich silica support (Figure S16).1 All of this
2735
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certainly not feasible at this time. However, from the EXAFS
study, we could show that the supported copper nanoparticles
vanished into the silica support by the dynamic movement of
copper atoms, eventually stabilizing in a coordination environment surrounded by shells of oxygen and silicon atoms.
Together with the quantitative study of the phenomenon, we
can conclude that the driving force for copper atom diﬀusion
into silica is the favorable local conﬁguration within the matrix
identiﬁed through EXAFS in comparison to the relatively high
energy state in small nanoparticle form. Also, this leads to the
possibility that supported Cu nanoparticles may actually be in a
state of nanoparticles together with single atom species within
the supporting matrix.
Supported metal nanoparticles have been used for various
applications where the supporting substrate is typically used to
stably hold the nanoparticles and to create a nanoscale
junction.5−7,22,34 The fact that copper nanoparticles can interact
with the underlying amorphous silica support by the movement
of copper atoms even under ambient conditions opens up many
fundamental questions regarding the nature of supported metal
nanoparticles and the resulting chemical and physical properties.35−37 For example, the observed catalytic activities of
supported copper nanocatalysts may not be from the particles
alone, but in addition or even alternatively the copper sites
located within the matrix could in principle contribute
synergistically.15,38,39

to accelerate such a transition. The EXAFS spectra (Figure 3c)
clearly presented a local structure that extended to at least three
shells around copper, where the ﬁrst two shells (with radial
distances of 1.5 and 2.1 Å, respectively) were identiﬁed as
oxygen at diﬀerent bond distances and the third shell at 3.4 Å as
silicon (Table S2 and inset of Figure 3c). Attributing the ﬁrst
three shells around the Cu absorber to other possible
combinations of the elements besides the model used here
did not provide a successful ﬁt (see SI methods and Table S3).
Furthermore, when the Cu nanoparticles were heat treated
under the same conditions but directly after loading onto silica
spheres, we found the coordination environment around
elemental copper to exhibit the same features (Figure 3c).
This indicated that when given enough energy input, copper
atoms were being structured to their energetically favorable
state within silica. This also meant that copper atoms should
eventually reach this ﬁnal state, though it may be far slower
under ambient conditions. Indeed, EXAFS spectra taken after
11 weeks also exhibited the three peaks at the position of the
two oxygen shells and the third silicon shell (Figure 3d). When
ﬁtted to the model structure, however, the coordination
number of the second oxygen shell was only around one
(Table S2) most likely due to the fact that copper atoms have
not fully transitioned to the ﬁnal state. This was evident when
ﬁtting the third shell, where the Debye−Waller factor was
relatively large (σ2 ∼ 0.04) due to the still amorphous nature of
the surrounding elements.23
Among the various potential causes of the phenomenon
observed (as further discussed in SI), it is possible that the Cu
atoms are stabilized by impurities present in silica, considering
the low loading conditions of Cu NPs (0.74 mgCu/gSilica) and
the limitation of EXAFS in distinguishing elements of similar
atomic number. Therefore, while there is a possibility that the
nearest neighbors surrounding Cu may not be purely oxygen,
we emphasize that our prediction of the model structure is
reasonable, based on previous studies that have identiﬁed
oxygen-based octahedron motifs for metal ions (including Cu)
in silica glass and silicate minerals.24−28 Another possibility is
that the energetically favorable conﬁguration of Cu identiﬁed in
this work may be induced by naturally present defects in silica,
as these sites have been considered to be responsible for metal
atom diﬀusion within the matrix.29,30 Furthermore, entropic
and enthalpic contributions to the change in total free energy
have been considered together (details provided in SI). From
this view, it is important to note that the increased energetics
associated with decreasing size of the nanoparticles could
facilitate Cu atoms to energetically favor the identiﬁed local
conﬁguration of Cu within the silica matrix.
We have also conducted initial simulations of the Cu-silica
system for the phenomenon observed using molecular
dynamics. More speciﬁcally, amorphous SiO2 was obtained
using the melt-quench technique31 and ReaxFF potentials32 and
the ﬁnal structure was then further relaxed with density
functional theory33 calculations. However, due to its inherently
complex and ill-deﬁned nature, amorphous silica structures with
identical Si−O composition can have slightly varying energy
levels, subject to both the long-range and short-range disorders.
The large degree of freedom in this system (including the
previously mentioned factors possibly contributing to the
energetic stability of Cu in the local coordination environment
identiﬁed in this work) makes thermodynamic assessment of
Cu diﬀusion from a nanoparticle into silica challenging and
error-prone, and assessing the kinetics of this process is
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