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ABSTRACT: We demonstrate that graphitic coatings, which consist of
multilayer disordered graphene sheets, can be used for the thermal
protection of delicate metal nanostructures. We studied cobalt slanted
nanopillars grown by glancing angle deposition that were shown to melt at
temperatures much lower than the melting point of bulk cobalt. After
graphitic coatings were conformally grown over the surfaces of Co
nanopillars by chemical vapor deposition, the resulting carbon-coated Co
nanostructures retained their morphology at elevated temperatures, which
would damage the uncoated structures. Thermal stabilization is also
demonstrated for carbon-coated Ti nanopillars. The results of this study
may be extended to other metallic and possibly even nonmetallic
nanostructures that need to preserve their morphology at elevated

temperatures in a broad range of applications.
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G raphene, a two-dimensional (2D) carbon allotrope, has a
number of technologically relevant properties that
include very high electronic' > and thermal* conductivities,
great mechanical properties,5 optical transparency,6 imperme-
ability to gases,” as well as other unique characteristics.” These
properties make graphene a very promising material for
numerous future applications across the technological spec-
trum.” Some of the commonly discussed electronics
applications of graphene include high-frequency transistors,'>""
transparent conductive electrodes for solar cells,'"> touch
screens'® and flexible organic light-emitting diodes,"* gas
sensors,">'® and energy storage devices.'”'® Exceptional
mechanical properties of graphene can find use, for example,
in electromechanical resonators,’® transmission electron
microscopy (TEM) supports,”® and transparent impermeable
windows in liquid cells for in situ microscopic>”** and
spectroscopic’® characterization of materials. Graphene’s
mechanical properties, impermeability to molecules, and
chemical inertness justify its use as a corrosion-resistant coating
for protection of metals from oxidative degradation.”**> A great
advantage of graphene for the corrosion protection of metals is
the fact that graphene can be conformally grown on complex
2D and even three-dimensional (3D) metallic substrates by
chemical vapor deposition (CVD) method.**">° In this Letter,
we demonstrate a related but another potential application of
graphene—we show that conformal graphene coatings can be
used for the thermal protection of delicate metal nanostruc-
tures, making them resistant to melting at increased temper-
atures.
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Providing metallic nanostructures with thermal stability, the
ability to withstand increased temperatures without suffering
morphological deformation, has been a recent challenge in the
field of nanotechnology. In general, materials with decreased
dimensions have decreased thermal stability and will melt at
lower temperatures than their bulk counterparts as described by
the Gibbs—Thomson effect>*™>* This decrease in thermal
stability of the metal nanoparticles can cause them to melt and
coalesce into much larger and less useful materials, having lost
the interesting properties afforded by their nanoscopic size.
Thus, technological implementation of nanomaterials has
generally been limited in high temperature applications, such
as catalysis, by the thermal instability of nanoscopic materials.

The challenge of stabilizing nanostructures to make them
useful at increased temperatures has driven many investigations
into various methods of making nanoparticles more resistant to
thermal damage. Such methods include bimetallic alloying,>>**
encapsulation in inert oxide coating,30 utilizing a carbon
nanotube nanoreactor,> coating in a mesoporous silica
shell,*® and others.>” Thus, finding a method to stabilize
nanostructures and make them resistant to melting is of
significant technological interest.

As a test object for this study, we have selected slanted
columnar thin films (SCTFs) that are schematically shown in
Figure 1. Top- and side-view scanning electron microscopy
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Figure 1. 3D schematic of slanted columnar thin films (SCTFs). Top-
view and cross-section SEM images of cobalt SCTFs, which were used
in this study, are shown in the top and bottom insets, respectively.
Scale bars are 250 nm.

(SEM) images (see the insets in Figure 1) of a cobalt SCTF
show that it is composed of a dense array of slanted Co
nanopillars grown by glancing angle deposition (GLAD)
method.>® Technologically, SCTFs are relevant for a number
of potential applications that include optical humidity
detectors,” pressure sensors,”® and gas sensors.*' Increased
thermal stability of these structures would increase the range of
conditions under which they could be used, and open up
multitudes of treatments to modify the nanostructures.

SCTFs are a class of materials that are especially susceptible
to thermal damage because of the nanoscopic dimensions of
slanted pillars. Additionally, these nanopillars are highly
polycrystalline, resulting in even greater thermal instability. In
the case of cobalt SCTFs that have been used in this study, our
preliminary experiments showed that Co SCTFs were damaged
if annealed at the relatively low temperature of 500 °C, which is
much lower than the melting point of bulk Co (1495 °C) as
shown in Figure S1 in the Supporting Information.

With recent advances in CVD techniques, graphene can be
conformallgr grown on complex 2D and 3D metallic
substrates.”®™* In this study, we demonstrate that graphitic
coatings can be grown over the surface of delicate SCTFs that
consist of slanted polycrystalline cobalt nanopillars. These
conformal graphitic coatings can increase the thermal stability
of the Co nanostructures. The remarkably increased melting
resistance enables the nanopillars to remain in a near-pristine
morphology at elevated temperatures for lengthy periods of
time at which the bare SCTFs would be significantly deformed.

Cobalt nanopillar arrays were grown by e-beam evaporation
of Co at an angle of 85° on the surface of a silicon substrate. A
detailed growth procedure is given elsewhere.*” Figure 2a
shows a cross-section SEM image of a typical Co SCTF sample
used in this study. SEM images were taken using a Hitachi
S4700 field-emission scanning electron microscope. Annealing
the cobalt SCTFs at 500 °C for 10 min resulted in highly
deformed structures as shown in Figure 2b. In the process of
annealing, the nanopillars melted together, forming significantly
wider structures while still retaining a generally slanted
morphology. However, the nanopillars were no longer
uniformally slanted but had a range of different slanting angles.
Because the slanted pillarlike morphology is retained and the
pillars do not coalesce into round droplets, it is likely that this
deformation is due to the formation of a “liquid skin” that
encapsulates a solid core. This liquid skin model has previously
been used to accurately describe the melting behavior of
aluminum nanoparticles.*

Figure 2. Cross-section SEM images of cobalt SCTFs: (a) as-grown,
(b) annealed, (c) graphene-coated, and (d) annealed after graphene
coating.

These results show that in order to conformally cover Co
SCTFs with graphene, the temperature of the CVD graphene
growth should be below 500 °C. Typical CVD procedures
employ a methane precursor and raise the temperature to 1000
°C at which Co slanted nanopillars will be damaged. To
accommodate the low-temperature restriction, we used
acetylene as a hydrocarbon source instead of methane because
of acetylene’s higher reactivity.””***> The CVD coating of the
SCTFs was performed by heating a tube furnace to a
temperature of 350 °C under hydrogen. Under such conditions,
the SCTFs suffer very little damage. The details of CVD
experiments are given in the Supporting Information. The
resulting product was a well-preserved uniform SCTF in which
the nanopillars retain their morphology, as can be seen in
Figure 2c. The samples were studied by Raman spectroscopy
using a Thermo Scientific DXR Raman microscope. The
Raman spectrum of carbon-coated SCTFs showed a disordered
graphene product by the presence of wide, conjoined and
asymmetric D and G bands and by the absence of a 2D band
(not shown). Despite the fact that this carbon coating is not
composed of perfect mono- or few-layer graphene sheets, it has
a dramatic effect on the thermal stability of Co nanostructures.
When the carbon-coated Co SCTFs were annealed at 500 °C
under H,/Ar for 10 min, they did not show any noticeable
degradation, as the morphology and the slanting angle of
nanopillars remained nearly the same (Figure 2d), in stark
contrast to bare cobalt SCTFs, which were significantly altered
when similarly annealed (Figure 2b).

The microstructure of the graphitic coating was studied by
transmission electron microscopy (TEM) using a FEI Tecnai
Osiris transmission electron microscope. Representative TEM
images of two carbon-coated Co nanopillars are shown in
Figure 3. These images show that the CVD-grown graphitic
coatings are conformal, continuous and typically have a
thickness of 5—10 graphene layers. These coatings improve
the mechanical and thermal stability of Co nanopillars and
allow them to retain their morphology well when annealed at
500 °C.

Mueller matrix ellipsometry (MME), which measures
changes in the polarization of light upon interaction with a
surface (Figure 4a), has been shown to be a powerful tool for
characterizing the SCTF’s properties.* in particular, MME has
been shown to be very sensitive to quantifying the presence of
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Figure 3. (a, b) TEM images of the disordered graphene product
grown by CVD over the surface of the cobalt nanopillars.
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Figure 4. (a) Schematic showing how changes in polarization states
(S;) are calculated using the Mueller matrix and measured as a function
of azimuth @; Mueller matrix elements which are displayed are
highlighted in orange. (b) MME data for annealed (black line),
carbon-coated (red line), and carbon-coated and then annealed
(empty circles) Co SCTFs.

adsorbates on SCTFs and for monitoring the structural
morphology of the SCTFs when it is measured as a function
of the azimuth (¢),”>** and therefore is a suitable technique for

observing changes to the sample after annealing. Unlike SEM
that could be used to observe the morphology of SCTFs on a
micrometer scale, MME collects a signal that is averaged for a ~
1 X 1 ecm® SCTF area. Therefore, SEM and MME data
complement each other providing structural information about
SCTFs at different scales.

MME measurements of SCTFs at 4 = 700 nm and the angle
of incidence (A.O.L) of 45° were performed using a J.A.
Woollam M2000 instrument with a rotating stage. The results
of the MME measurements of annealed (Figure 2b) and
carbon-coated Co SCTFs (Figure 2c), as well as Co SCTFs
that were carbon-coated and then annealed (Figure 2d) are
shown in Figure 4b. Because of their slanted structure, carbon-
coated SCTFs exhibit an anisotropic optical response that
strongly depends on ¢ (Figure 4b). The Mueller matrix spectra
of carbon-coated SCTFs are nearly identical to the spectra of
annealed carbon-coated SCTFs, suggesting that the average
slanting angle and the morphology of carbon-coated Co
nanopillars do not change upon annealing at 500 °C. Although
the same conclusion was made based on the local SEM
observations (Figure 2), MME data further confirm the thermal
stability of carbon-coated SCTFs on a centimeter scale. In
contrast, the MME spectra of the as-grown SCTFs change
substantially during the annealing at 500 °C (Figure 4b). In
particular, the decreased amplitude of the signal change as a
function of ¢ suggests the decreased anisotropy caused by the
higher degree of disorder in annealed Co SCTF sample, which
was also observed in the cross-section SEM images (Figure 2).

To test the thermal stability of the carbon-coated SCTFs, we
annealed the substrates at 500, 600, and 700 °C in three
separate experiments under an Ar/H, environment for 10 min.
As the annealing temperature increased, more thermal damage
was induced on the nanostructures. The damaged pillars tended
to coalesce into structures with lower aspect ratios due to the
spherification that occurs upon melting. However, as shown by
the SEM images (Figure S), only certain regions of the SCTFs
appeared damaged by the high temperatures, whereas many of
the nanopillars appeared to retain their original morphology
and packing density. To characterize the types of pillars that
would be thermally protected and those that would be
damaged, the width distribution of the nanopillars was
measured using top-view SEM images (Figure Sa), according
to the following rules: only the tips of the pillars were
measured, if the tips were obscured they were not counted,
each pillar was measured once, damaged nanostructures (those
with aspect ratios of less than 2:1 or widths of greater than 100
nm) were not counted. Representative SEM images that were
used for measuring size distributions of the nanopillars are
shown in Figure S2 in the Supporting Information; a sample
size of 100 counts was measured for each of the various
samples.

As expected, the width distributions of the carbon-coated
SCTFs before and after annealing at 500 °C were similar and
had similar average widths of 39 and 40 nm, respectively.
Interestingly, the pillars that remained undamaged at the higher
temperatures tended to be narrower, with the 600 °C annealing
giving average widths of 34 nm, and the 700 °C annealing
resulting in an average width of 31 nm. This implies that the
larger nanopillars were more susceptible to damage, and had a
greater tendency to coalesce into the larger globules. This
appears to be in contradiction to the Gibbs—Thomson
equation for melting point depression of small particles,
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Figure 5. (a) Width distributions of as-grown carbon-coated Co
nanopillars and the samples after annealing at 500, 600, and 700 °C.
Only undamaged nanopillars with aspect ratios of more than 2:1 and
widths of smaller than 100 nm were counted. Inset shows the
evolution of Raman spectra upon annealing at different temperatures.
(b, ) SEM images of carbon-coated Co nanopillars after annealing at
600 °C: (b) side view and (c) top view. (d, ¢) SEM images of carbon-
coated Co nanopillars after annealing at 700 °C: (d) side view and (e)
top view.

which states that structures with the smaller dimensions ought
to be the first to suffer thermal damage.

There are several possible reasons for this trend. One
possible reason for this could be the ease of dissolution of
carbon into the larger pillars compared with the thinner pillars.
Graphene growth on cobalt occurs by the subsequent
dissolution and precipitation of carbon from the cobalt.**
Because the larger pillars have a smaller surface-to-volume ratio,
by extension there is also a lower carbon to cobalt ratio, making
it easier for the carbon coating to be fully dissolved within the
nanopillar resulting in loss of the insulative coating. This
hypothesis appears consistent with the Raman data shown in
the inset in Figure Sa. After dissolution within the nanopillars,
the carbon then segregates to the surface of the nanopillars
upon cooling forming a more graphene-like product. Raman
analysis of the annealed nanopillars shows the emergence of a
signal in the 2D-band region around 2700 cm ™', a characteristic
band of graphite and graphene-like carbon. This peak is sharper
and more defined in the sample which had been annealed at
700 °C, indicating that more graphitic product had been
formed. It should be noted, therefore, that the graphene coating
can only provide the thermal protection at conditions that will
not result in the complete dissolution of the carbon into the
bulk of the nanostructures.

Furthermore, we tested the extents to which the thermal
stabilization will take effect and whether the protective coating

can be grown under different conditions. To this end, we
exposed cobalt SCTFs to C,H, and H, while the temperature
was raised to 400 °C. After CVD growth, the resulting carbon-
coated nanostructures were annealed under H,/Ar for 2 h. As
shown by SEM in Figure S3 in the Supporting Information, the
nanopillars remained well-preserved, having high nanopillar
density and retaining uniform slanting angles and nanopillar
height. This demonstrates that the CVD procedure to produce
a protective coating is not particularly demanding and that the
thermal stability persists for extended lengths of time.

Finally, in order to determine whether the thermal
stabilization is a general property of the amorphous carbon
coating, or if it is specific to the cobalt—carbon system, we used
SCTFs made from titanjum as another test case. Because
titanium has greatly different physical and chemical properties
from cobalt, the procedure was modified to be suitable to
titanium as follows. Because T1i has significantly poorer catalytic
properties than Co, CVD was performed at 500 °C with C,H,
and H,. Additionally, the Ti SCTFs were shown to be much
more resistant to melting, and only showed signs of melting
when annealed under H,/Ar at 800 °C for 10 min. However, as
shown by SEM images in Figure 6, the carbon-coated Ti

Figure 6. Cross-section and top-view (insets) SEM images of (a) as-
grown, (b) annealed at 800 °C, (c) CVD-coated, and (d) CVD-coated
and annealed Ti SCTFs.

SCTFs were able to withstand the 10 min annealing under H,/
Ar at 800 °C far better than the bare nanopillars were. This
demonstrates that the carbon coating is able to provide thermal
stabilization to materials with very different physical and
chemical properties.

In summary, we have shown that conformal carbon coatings
can be used for the thermal protection of delicate metal
nanostructures, making them resistant to melting at increased
temperatures. In addition, we expect that upon graphene
coating, otherwise fragile nanostructures would be both
mechanically,*” and chemically stabilized.”**> As a test object
for this study, we used Co SCTFs that are very susceptible to
thermal damage due to the nanoscopic dimensions and
polycrystallinity of slanted Co nanopillars. Conformal graphitic
coatings were grown on the surface of Co SCTFs by CVD at
350 °C using acetylene as a carbon source. These coatings
facilitated the preservation of Co nanostructures at elevated
temperatures which would damage the uncoated structures.
The stabilization effect diminishes at temperatures higher than
500 °C, at which point nanopillars with the lower surface-to-
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volume ratio (ie., the larger nanopillars) would be damaged
because of the complete dissolution of the carbon film into the
metal nanostructure. We show that this thermal stabilization is
a general property of the carbon coating by demonstrating that
titanium, which has very different properties from cobalt, is
similarly protected against thermal deformation when coated
with a carbon layer. Interestingly, because of the high reactivity
of acetylene, graphitic coatings can be grown (though at higher
temperatures) on nonmetallic substrates as well, such as Si/
SiO, wafers* and nanowires,* so it is possible that a similar
approach could also be used for the thermal stabilization of
nonmetallic nanostructures.
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SEM images of annealed Co STFs, detailed experimental
procedures, sample SEM images used for measuring width
distribution, and SEM images of carbon-coated Co STFs
annealed for 2 h. This material is available free of charge via the
Internet at http://pubs.acs.org/.
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