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ver the past decade, hollow cylin-

drical nanostructures filled with

functional nanoparticles (NPs) have
attracted a great deal of attention for their
potential applications in different areas of
nanotechnology and biomedical sciences.''®
Numerous approaches have been proposed
for the insertion of nanoparticles into host
nanostructures;'®~%? however, gaining con-
trol over the size and the position of en-
capsulated NPs, which are important for
catalysis or electronic applications, has not
been achieved. To date, only three examples
of the encapsulation of preformed, free-
standing metal NPs have been reported,~%°
showing that the size of the inserted NP can
be significantly affected by the conditions
of their encapsulation into the host struc-
ture. Since metal nanoparticles exhibit size-
dependent physical and chemical proper-
ties, control of size during encapsulation is
critical. As carbon nanotubes (CNTs) and
graphitized carbon nanofibers (GNFs) are
chemically inert, passive containers, they
represent the most suitable host material
for novel composites where the properties
of the guest can either be retained or
enhanced depending on synergistic inter-
actions with the host. However, as the NPs
in these fascinating hybrid materials are
thermodynamically metastable, applica-
tions are currently restricted to room
temperature to avoid any undesirable NP
transformations. There is, therefore, a
clear need for the development of new
strategies which will broaden the operat-
ing temperature range of these materials,
while controlling and retaining the NP size
and shape if the full scope of the potential
applications for these systems is to be
realized. Our study aims at understanding
the thermally driven growth process of
metal NPs adsorbed outside and inside
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ABSTRACT Graphitized

carbon nanofibers (GNFs) act as
effident templates for the
growth of gold nanoparticles
(AuNPs) adsorbed on the inter- ¢
ior (and exterior) of the tubular :'f\gg-:..: ::ﬁr'
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actions with the step-edges of the individual graphitic nanocones, of which GNFs are composed, and

their size is limited to approximately 6 nm, while AuNPs adsorbed on the atomically flat graphitic

surfaces of the GNF exterior continue their growth to 13 nm and beyond under the same heat

treatment conditions. The corrugated structure of the GNF interior imposes a significant barrier for the

migration of AuNPs, so that their growth mechanism is restricted to Ostwald ripening. Conversely,

nanoparticles adsorbed on smooth GNF exterior surfaces are more likely to migrate and coalesce into

larger nanoparticles, as revealed by in situ transmission electron microscopy imaging. The presence of

alkyl thiol surfactant within the GNF channels changes the dynamics of the AuNP transformations, as
surfactant molecules adsorbed on the surface of the AuNPs diminished the stabilization effect of the

step-edges, thus allowing nanopartides to grow until their diameters reach the internal diameter of

the host nanofiber. Nanoparticles thermally evolved within the GNF channel exhibit alignment,

perpendicular to the GNF axis due to interactions with the step-edges and parallel to the axis because

of graphitic facets of the nanocones. Despite their small size, AuNPs in GNF possess high stability and

remain unchanged at temperatures up to 300 °C in ambient atmosphere. Nanoparticles immobilized

at the step-edges within GNF are shown to act as effective catalysts promoting the transformation of

dimethylphenylsilane to bis(dimethylphenyl)disiloxane with a greater than 10-fold enhancement of

selectivity as compared to free-standing or surface-adsorbed nanoparticles.

KEYWORDS: carbon nanofibers - gold nanoparticles - encapsulation -
nanoparticle growth - nanoparticle assembly - catalysis

hollow GNFs, revealing different mechan-
isms for the thermal evolution of NPs. We
demonstrate that the growth process and
the nanoscale organization of AuNPs de-
pend on and can be controlled by the
nature and strength of the interactions be-
tween the guest NPs and the host
nanocontainers.
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Figure 1. Schematic representation of the two processes
responsible for the growth of NPs: (A) Ostwald ripening,
where atoms or small clusters of atoms diffuse from smaller
to larger NPs, and (B) nanoparticle migration followed by
coalescence. In both cases, the overall number of nanopar-
ticles decreases as their average diameter increases.

RESULTS AND DISCUSSION

The growth of NPs adsorbed onto multiwalled
carbon nanotubes and other surfaces?® 2% or em-
bedded in polymers*® has been extensively investi-
gated. Two possible mechanisms have been identified
to be responsible for NP growth: (A) Ostwald ripening
and (B) particle migration followed by coalescence®
(Figure 1). Transmission electron microscopy (TEM) is
the only technique that is able to visualize directly
metal NPs embedded in carbon or organic matrices
and to observe their transformations in real space
at real time at the near-atomic level. However, so
far, the use of TEM is mainly restricted to ex situ
measurements®' that limit the level of information
obtainable about the actual growth mechanism. In situ
TEM monitoring of physicochemical processes, how-
ever, must be applied with caution, as the energy of the
incident electrons of the electron beam (e-beam) may
affect the kinetics or mechanism of the process under
observation. Hence, real time monitoring of NP growth
in carbon nanostructures at the nanoscale, which is
crucial for understanding the fundamental mechanism
of the process, still remains a challenge.

Small dodecanethiol-stabilized gold NPs*? (AuNPs)
with a core diameter of 2.3 £+ 0.4 nm (Supporting
Information, Figure S1) were selected for studying
the process of NP growth with GNFs. Open, dry GNFs
were added to a suspension of AUNPs in a mixture of n-
pentane and CO, in supercritical conditions (pressure
4000 psi, temperature 40 °C) to obtain the AUNP—GNF
composite. Supercritical CO, (scCO,), possessing very
low viscosity and no surface tension, is able to pene-
trate the entire volume of the GNFs and to deliver
AuNPs into their channels as well as to deposit AuUNPs
on the surface of the GNFs. In the resultant composite
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material, the nanoparticles are randomly distributed
on both surfaces (interior and exterior) of the hollow
nanofibers (Figure 2). Detailed analysis of TEM images
of the resultant material indicates that the size and
shape distribution of the adsorbed AuNPs remain vir-
tually unchanged as compared to the initial, free-
standing nanoparticles.

Unlike carbon nanotubes, which consist of con-
centric tubes of graphene, the structures of the inner
and outer GNF's surfaces are fundamentally different
to each other. High-resolution TEM (HRTEM) imaging of
the internal structure of GNFs produced by chemical
vapor deposition (CVD) reveals a structure that can
be described as a set of stacked cones of graphene
(Figure 3). HRTEM images of the GNF side walls show
planes of graphene oriented at an angle of approxi-
mately 30° relative to the axis of the main GNF cylinder
and faint lines perpendicular to the GNF axis corre-
sponding to the edges of the individual cones that are
spaced by 8—15 nm from each other. This succession
of stacked cones creates a series of steps along the
interior surface of the nanofiber, which can serve as
“anchoring points” for molecules and nanoparticles
inside the internal channel. In contrast, the outer sur-
face of GNFs consists of a continuous, atomically flat
cylindrical layer of graphene.

Thermal energy activates the growth of nanoparti-
cles in the AuNP—GNF composite. AUNP—GNF samples
heated in vacuum (i.e., in an evacuated sealed glass
ampule using a tube furnace or inside the TEM column
using a heated stage TEM holder with the e-beam
turned off) at 300 °C for 2 h exhibit a binary mixture of
nanoparticles (Figure 2d—f). The initially monodis-
persed 2.3 nm AuNPs (Figure 2a) are transformed into
two distinct groups: 6.4 £+ 0.4 nm AuNPs and 13.4 +
0.6 nm AuNPs. Furthermore, the subset of larger nano-
particles appears to be positioned on the surface of the
GNFs, while the subset of smaller ones appears to be
located inside the GNFs. However, as TEM images are
2D projections of 3D nanostructures, assignment of the
exact location of the individual AuNPs is not entirely
unambiguous at this stage.

High-angle annular dark-field (HAADF) scanning
transmission electron microscopy (STEM) imaging of
a AuNP—GNF composite sample, heat treated at 300 °C
in vacuum, at different tilt angles clearly shows that
only the 6 nm AuNPs are located in the internal cavity
of the GNF (to a level of 500 NPs-um "), forming linear
arrangements along the nanofiber axis. In contrast,
AuNPs with diameters =13 nm are randomly distrib-
uted on the outer surface of the GNF (Figure 4).

To ensure that the e-beam of the TEM does not cause
any changes in the structure of the specimen, the
energy of the e-beam was lowered to 100 keV, the flux
was kept as low as possible (ca. 5pA/cm?), and the
exposure time of the specimen to the e-beam was kept
to a minimum (only during the image capture). Under
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Figure 2. Bright-field TEM images and schematic diagrams illustrating the AuNPs adsorbed on the GNF outer surface (dark red) and
anchored at the graphitic step-edges within the GNF (light red) taken; (a) immediately after the deposition of 2.3 nm AuNPs, (b) after
heating the AuUNP—GNF composite in vacuum at 300 °C for 2 h, and (c) after additional heating at 300 °C in air for a further 2 h, post-
heating in vacuum. Bright-field TEM images of AuNPs grown from 2.3 nm AuNPs at 300 °C (d) on a heated stage TEM holder, or (e,f)
in a furnace in vacuum. White and black arrows indicate AuNPs formed within the GNF cavity and on the GNF exterior surface,
respectively. Scale bars are 50 nm in (d) and (e) and 20 nm in (f). TEM images were acquired using an accelerating voltage of 100 kV.

Figure 3. (a) Bright-field TEM image of a GNF showing the internal graphitic cone structure (short white arrows) which is
formed by a few rolled-up layers of graphene. In contrast, the external surface, consisting of continuous cylindrical layers of
graphene, is atomically smooth. (b) Schematic representation of a GNF. Short black arrows indicate the cone wall structure,
the long arrow indicates the main axis of the GNF, and the red arrows show the possible anchoring points on the nanocone
step-edges. Scale bar is 20 nm. TEM image was acquired using an accelerating voltage of 100 kV.

our imaging conditions, no observable changes in the that the images represent the true structure of the
specimen are induced by the e-beam, which ensures specimen. However, when AuNP—GNF composites are
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Figure 4. HAADF-STEM image tilt series showing thermally evolved AuNPs at tilt angles of (a) +60°, (b) 0°, and (c) —60° with
respect to the host GNF. (d) Schematic representation of the AuNPs residing at the apexes of the facets. The blue rectangles in
(a) and (d) highlight the AuNPs located at the apexes. During the tilt series, the 6 nm AuNPs remain located within the GNF
cavity while AuNPs with diameters > 13 nm change their positions with respect to the GNF interior. The red arrow indicates a
small cluster of such AuNPs on the external surface. The scale bars are 50 nm. TEM image acquisition was performed using an

accelerating voltage of 100 kV.

Ostwald Ripening

AuNPs
inside GNF

AuNPs
outside GNF
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Figure 5. Schematic representations of the observed growth mechanisms of AuNPs in the internal cavity (above) and on the
exterior surface (below) of GNFs. Ostwald ripening and nanoparticle migration events are indicated by solid and dashed

arrows, respectively.

exposed to a high-energy e-beam (200 keV) with high
flux (ca. 50 pA/cm?) for extended periods of time, the
growth of nanoparticles can be triggered by the e-beam
even at room temperature (Supporting Information,
Figure S4). Interestingly, when AuNPs located inside
GNFs are exposed to intensive e-beam irradiation, they
grow to the same maximum size of ca. 6 nm as in the
thermally activated experiments. The observation that,
regardless of the source of energy providing the driv-
ing force for the AuNP transformation (heat or e-beam),
AuNPs inside GNFs in vacuum always grow to the same
maximum size indicates that the growth is controlled
by the local structure of the graphene layers within the
nanofiber.

In situ TEM imaging of the thermally activated
transformation of AuNPs on the corrugated interior
and the smooth exterior of GNFs in real time provides
important information about the NP growth mecha-
nisms. Our observations show that the processes of
Ostwald ripening and nanoparticle coalescence coexist
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in AUNP—GNF structures. Ripening (mechanism A, Figure
5) is observed typically for smaller AUNPs (<6 nm), where
clusters of gold atoms diffuse from smaller AuNPs to
larger AuNPs (Supporting Information). The migration
and coalescence mechanism (B, Figure 5) appears to be
dominant for AuNPs with sizes larger than 6 nm
(Supporting Information). Since AuNPs adsorbed on
the atomically smooth GNF exterior can migrate freely,
they continue their growth beyond 6 nm. In contrast,
migration of nanoparticles within GNF is inhibited due
to the corrugated nature of the inner surface.

It is considered that the corrugated interior of the
GNFs restricts the migration of nanoparticles within the
cavity and thus precludes their growth via coalescence,
so that Ostwald ripening remains the only possible
growth mechanism for AuNPs inside the nanofiber. For
the GNFs in this study, the typical height of the step-
edges formed by the rolled-up graphene sheets is
3.3 £ 0.2 nm, and hence the surface area of contact
between the AuNPs and GNF is maximized when the
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Figure 6. Bright-field TEM images and schematic diagrams of AuNPs in GNFs heated in air for 2 h at (a) 300 °C and (b) 200 °C,
(c) alkylthiol-stabilized AuNP—GNF immediately after insertion of 2.3 nm AuNPs from scCO, and (d) uncoated AuNPs evolved
in GNF by heating in vacuum at 300 °C for 2 h. Scale bars are 50 nm in (a) and 20 nm in (b—d). TEM images were acquired using

an accelerating voltage of 100 kV.

AuNPs are located at the apexes of the graphitic facets
of step-edges (Figures 3b and 4a,d), which leads to a
drastic enhancement in the van der Waals interactions
between the AuNPs and the carbon nanostructure.®
This favorable interaction, occurring at the step-edges,
immobilizes the nanoparticles, thus precluding their
migration and thus growth above 6 nm in diameter.

The stability of the AuNPs thermally evolved on or in
the GNFs in vacuum was examined in ambient envi-
ronment by heating samples at 300 °C in atmospheric
air (Figure 2c). Surface-adsorbed nanoparticles contin-
ued their growth beyond 13 nm when the AuNP—GNF
composite was heated in air, often becoming elon-
gated and detached from the GNF (Supporting Infor-
mation, Figure S3), while AuNPs adsorbed inside the
GNF retained their size and shape.

X-ray photoelectron spectroscopy (XPS) indicates
complete removal of alkylthiol stabilizer from the AuNP
surface after heating the AUNP—GNF composite in
vacuum, so that direct contact between the metal
surface of the nanoparticles and the GNF is established.
This contact appears to be particularly effective at
stabilizing the AuNPs adsorbed at step-edges. Nor-
mally, small metal nanoparticles (a few nanometers
in diameter) are unstable at elevated temperature, but
the 6 nm AuNPs adsorbed within the nanofiber exhibit
remarkable stability up to 300 °C (Figures 2c, 4, and 6d).

Alkylthiol molecules, which have a high affinity for
the surface of gold and hence are commonly employed
as a protecting capping layer for AuNPs synthesized in
solution, can influence the interactions between
AuNPs and GNFs. When free-standing, alkylthiol-
stabilized 2.3 nm AuNPs are inserted into GNFs from
an scCO, solution, the stabilizer is also inserted into the
nanofiber, as confirmed by XPS and thermal gravi-
metric analysis (TGA) measurements (Supporting In-
formation, Figures S6—510). During heating in vacuum,
the surfactant molecules are fully and rapidly removed
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from the AUNP—GNF composite, but when AuUNP—GNF
is heated under atmospheric pressure, some of the
alkylthiol remains inside the GNF. It is likely that the
stabilizer impedes intimate contact between the metal
surface of the AUNP and GNF that is required for stabiliz-
ing the nanoparticles at the step-edges. This leads to the
continuous, unrestricted growth of the nanoparticles via
migration and coalescence, until they reach the size of
the internal cavity of the host GNF (Figure 6a,b).

Furthermore, in addition to structural factors, elec-
tronic factors may also play an important role in the
stabilization of AuNPs. A recent study has demon-
strated that the electrostatic interactions arising from
charge transfer between the graphitic surface and gold
nanoparticle can influence the size of the growing
AuNPs3* It is interesting that the average size of
nanoparticles was found to correlate with the number
of graphene layers, with larger nanoparticles forming
on thicker stacks of graphene* Since in GNFs the
tubular outer layer consists of a much thicker stack of
graphene than the internal cones (Figure 3), our ob-
servation that smaller AuNPs are formed inside the
nanofiber is consistent with the model developed for
flat graphitic surfaces.>*

In contrast to the random distribution of AuNPs on
the GNF exterior surface, the nanoparticles inside the
GNF form well-defined rows and columns. The rows are
oriented perpendicular to the GNF cylinder axis and
spaced by 6—9 nm from each other, which is commen-
surate with the lengths of the steps formed by the
stacked cones. The columns of AuNPs, parallel to the
GNF axis, reflect the faceted nature of the interior
nanocone surface, as nanoparticles are preferentially
positioned at the apexes of the facets (Figure 4a,d). In
addition to the fact that the internal surface of the GNF
has a significant stabilizing effect on the metal nano-
particles, which remain unchanged in air at 300 °C for
over 2 h, the internal corrugations of the nanofiber
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Scheme 1. AuNP-catalyzed silane oxidation by H,0, and
the effects of nanoparticle encapsulation in GNF on the
distribution of products.

serve as effective templates for ordering AuNPs in two
directions, parallel and perpendicular to the GNF axis.
Although the thermal treatment allows desorption
from the GNF of the vast majority of the external AuNPs
(Supporting Information, Figure S3), a small number of
NPs still remain adhered to the nanofibers' outer sur-
face. For specific practical applications of the NP—GNF
composite, however, it is critical to ensure that all of the
NPs are located inside. Hence, a selective procedure for
the removal of the surface NPs, without affecting the
encapsulated NPs, is highly desirable. We discovered
that large nanoparticles could be effectively removed
from the GNF surface by ultrasound. Thermally evolved
AuNP—GNF composites subjected to an ultrasonic
treatment in ethanol show selective desorption of
AuNPs from the exterior surface (Supporting Informa-
tion, Figure S11). Powder X-ray diffraction performed
on bulk samples of ultrasound-cleaned AuNP—GNF
indicates that only nanoparticles with a diameter of
6.2 nm (corresponding to the internal AuNPs) remain
adsorbed (Supporting Information, Figure S11), which
is consistent with TEM imaging (Figure 6d).
Nanoparticles inserted into GNF from supercritical
fluid were shown to act as catalytic centers for the
oxidation of silane by hydrogen peroxide (Scheme 1).
The reaction of dimethylphenylsilane (1) leads to two
products: dimethylphenylsilanol (2) and bis(dimethyl-
phenyl)disiloxane (3). While the selectivity of gold
nanoparticles adsorbed on the GNF outer surface is
similar to that of free-standing AuNPs, favoring the
formation of product 2, the distribution of reaction
products changes drastically for AUNPs encapsulated
inside the nanofiber (Scheme 1). The enhanced pro-
duction of 3 inside GNF can be explained by an
increased local concentration of reactants within the
GNF cavity, which is a general phenomenon observed
in nanoreactors.? The formation of product 3 requires

EXPERIMENTAL SECTION

GNFs produced by chemical vapor deposition were pur-
chased from Applied Science, USA. All other reagents and

solvents were purchased from Sigma-Aldrich, UK, and used
without further purification. Water was purified (>18.0 MQ cm)
using a Barnstead NANOpure Il system. The experimental
procedures followed for the preparation, insertion, and growth
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the collision of two dimethylphenylsilanol molecules,
and therefore, any increase of concentration caused by
the confinement in GNF will favor the formation of
bis(dimethylphenyl)disiloxane. This control of chemi-
cal processes observed in GNFs illustrates the potential
of carbon nanofibers as reaction nanovessels which are
currently explored for preparative reactions by our-
selves and others."*

CONCLUSION

Graphitized carbon nanofibers possessing different
internal and external graphitic surfaces have been
demonstrated as efficient host structures for nanopar-
ticles of gold. Transformation of the deposited NPs can
be activated directly on the GNFs using heat or an
electron beam as the source of energy to promote the
growth of the AuNPs. In situ TEM imaging allowed the
two key mechanisms responsible for nanoparticle
growth to be established: Ostwald ripening and migra-
tion followed by coalescence. The first process is
prevalent for nanoparticles with diameters of 6 nm or
less, whereas the second is significantly more impor-
tant for larger NPs on the exterior surface. Graphitic
step-edges forming the internal surface of GNF act to
stabilize small NPs, restricting their migration and thus
limiting their growth to 6 nm. Despite the fact that
small metal nanoparticles are typically highly labile and
metastable, AuNPs formed within GNFs exhibit no
changes at temperatures as high as 300 °C. The pres-
ence of surfactant molecules (alkylthiols) within the
GNF, however, can impede the interaction between
AuNPs and the GNF, reducing the stabilizing effect of
the graphitic step-edges and promoting further growth
of the nanoparticles inside the GNF, being limited only by
the space available within the nanofiber.

The ability to control the size and stability of nano-
particles by encapsulation in hollow nanofibers offers a
new methodology for improving their thermal stability
and for enhancing the functional performance of these
otherwise metastable nanostructures. An additional
benefit of the confinement within the GNF nanocon-
tainers is the spontaneous ordering of NPs in two
directions—across and along the GNF's channel. The
ability to form rows and columns of well-organized
equidistant and highly stable nanoparticles is highly
desirable for catalytic, spintronic, data storage and
photovoltaic applications.

of the 2.3 nm AuNPs in vacuum, air, and in situ TEM are de-
scribed in detail in the Supporting Information. The preparation
of AuNPs required glassware to be cleaned with a mixture of
concentrated hydrochloric and nitric acids (3:1 v/v, “aqua regia”),
rinsed with deionized water, further cleaned with potassium
hydroxide in methanol, and finally rinsed thoroughly with
deionized water prior to use. HRTEM was performed using a
JEOL 2100F transmission electron microscope (field emission
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electron gun source, information limit 0.19 nm) using an accel-
erating voltage of 100 or 200 kV. TEM specimens were prepared
by casting several drops of methanolic suspensions of the
AuNP—GNF composite onto copper grid or nickel grid mounted
“holey” carbon films and drying under a stream of nitrogen. The
annular ring used for the in situ TEM experiment was a Gatan
652 double tilt-heating holder. Acquisition of TEM tilt series was
performed using a Gatan 916 tomography holder and a Gatan
double tilt beryllium holder. HAADF images were acquired
using the JEOL digital STEM system. Statistical analysis was per-
formed for each sample using Gatan Digital Micrograph soft-
ware. By tilting the AUNP—GNF composites along the main
nanofiber axis, in different regions of the specimen, the amount
of encapsulated AuNPs was estimated for each area and aver-
aged across the entire sample. Powder X-ray diffraction patterns
were recorded using a Bruker D8 Advanced X-ray diffractometer
equipped with Cu Kot source (4 =1.5418 K. Thermogravimetric
analysis was determined using a TA Instrument equipped with a
SDT Q600 analyzer under flowing air at a rate of 10 °C/min up
to 800 °C. X-ray photoelectron spectra were recorded using a
Kratos AXIS ULTRA with monochromated Al Ko radiation (10 kV
anode potential, 15 A emission current) in fixed analyzer
transmission mode (80 eV pass energy). Distribution of products
in the reaction of AuNP-catalyzed oxidation of dimethylphenyl-
silane was determined by GC-MS, VG Autospec in EI" mode
(Supporting Information, section S12).
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