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ABSTRACT: Freestanding metallic nanosheets (or 2D metals)
have been attracting tremendous research interest because of their
potential applications in numerous important fields, such as green
energy, biomedical imaging, and nanodevices. However, thermal
stability of 2D metals received much less attention and remains as
an open issue to resolve. Here, we report the first synthesis of
large-area freestanding carbon-containing gold nanosheets by
polymer surface buckling-enabled exfoliation (PSBEE). Through
a systematic study based on flash differential scanning calorimetry,
we find that such 2D nanosheets tend to fragment upon heating,
which are eventually transformed into nanoparticles of different sizes. Inspired by this interesting finding, we develop a facile method
that enables scalable production of crystalline Au nanoparticles encapsulated with amorphous C by isothermally annealing the
carbon-containing gold nanosheets. Compared to the traditional methods for the synthesis and deployment of nanoparticles, our
nanosheet-based fabrication method is flexible and highly efficient, which can simultaneously synthesize and deploy nanoparticles on
different materials regardless of their surface topologies, therefore appealing to various surface-related applications, especially the
surface modification of complex-shaped electrodes and biosensors.

KEYWORDS: 2D metal, carbon-containing gold membranes, freestanding nanosheet, thermal stability,
amorphous carbon-encapsulated Au nanoparticle

1. INTRODUCTION

Freestanding Au nanosheets with a nanoscale thickness, also
termed as 2D Au in the literature of 2D metals,1−3 have
attracted considerable research interest for their applications in
catalysis, photoelectronics, and biomedicine.4−14 As a result of
the high surface-to-volume ratio, Au nanosheets contain much
more low-coordinated surface atoms than their bulk counter-
part. Consequently, the active sites offered by Au nanosheets
are abundant in various electrochemical reactions, which can
lead to exceptionally high catalytic activities in CO oxidation5

or selective oxidation of C−H bonds.11 Meanwhile, the high
surface-to-volume ratio also endows Au nanosheets with
unique shape-dependent optical properties due to the
collective oscillations of conduction electrons on their surface,
a phenomenon known as surface plasmon resonance, which
can result in high absorptions that can be extended to the near-
infrared (NIR) region and hence suitable for applications in
biomedical diagnostics and biosensors.10,13,14

Although Au nanosheets are useful, a fundamental issue that
remains open is how stable these freestanding Au nanosheets
are. In theory, metallic nanosheets with excessive surface atoms

are thermodynamically unfavorable, which can reduce their
free energy by minimizing their surface area.2,15 Consequently,
the properties of Au nanosheets can be readily “degraded”,
such as after thermal heating or irradiation by electron
beams.16,17 For instance, Kan et al.16 reported that Au
nanosheets with a thickness of ∼70 nm fragmented into
pieces at the temperature of 450 °C. It appeared that the
thinner was the nanosheet, the lower was the fragmentation
temperature. On the other hand, it was discovered that thermal
stability of metallic nanostructures, such as 0D nanoparticles
and 1D nanorods, could be enhanced via encapsulation with an
appropriate “shell” material, such as carbon, silica, and metal
oxide.18−23 The presence of the shell can hinder the diffusion
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of surface atoms even at elevated temperatures, therefore
isolating the “core” material for protection. For example,
Khalavka et al.21 reported in 2007 that a thin amorphous
carbon shell could effectively stabilize Au nanorods even at
temperatures close to the melting point of bulk Au. Similarly,
Galeano et al.22 demonstrated in 2011 that carbon-encapsu-
lated Au nanoparticles showed enhanced thermal stability and
were able to retain their catalytic properties in high-
temperature reactions. However, fabrication of encapsulated
nanoparticles was not straightforward, which usually involved
multistep chemical reactions following physical deposi-
tion21−25 or electron beam irradiation.26,27 Today, the
challenge is as follows: how can one find an easy and scalable
method to fabricate Au nanoparticles encapsulated with a
protection layer?
With the polymer surface buckling-enabled exfoliation

method (PSBEE) we previously developed,28,29 we are able
to synthesize freestanding ultrathin carbon-containing gold
(hereafter referred to as Au-C) nanosheets in this work, which
has a centimeter in-plane size and thickness down to about 10
nm. This enables a systematic study of the thermal stability of
the Au-C nanosheets, leading to an intriguing finding that the
2D Au-C nanosheets can be easily transformed into
amorphous carbon-encapsulated Au nanoparticles after ther-
mal annealing. As a result, we develop a facile and scalable
method for the synthesis of amorphous carbon-encapsulated
Au nanoparticles with a controlled size. More importantly, the
freestanding nanosheets can be easily transferred to various
planar or nonplanar substrates, which facilitates the fabrication
of nanoparticles by decomposing the nanosheets for surface
modification of complex-shaped electrode and biosensor
materials.

2. EXPERIMENTAL SECTION
2.1. Fabrication of Au-C Nanosheets via Polymer Surface

Buckling-Enabled Exfoliation. Following the method detailed in
ref 28, we first spin-coated a polyvinyl alcohol (PVA) hydrogel layer at
1000 rpm for 30 s on a square or circular glass plate with the lateral
size of 100 mm. Subsequently, the PVA−glass system was placed in a
drying oven for dehydration at 80 °C for 1 h and air-cooled to room
temperature. After that, we deposited Au onto the PVA−glass system
with ion beam sputtering at the working pressure of 0.1 Pa and ion
beam current of 10 mA. Note that we controlled the thickness of the
deposited Au by varying the deposition time. Finally, we immersed
the Au−PVA−glass system in water. After a few minutes, freestanding
nanosheets spontaneously peeled off from PVA. Interestingly, we
found that the nanosheets so obtained were comprised of two phases,
i.e., the Au-rich FCC phase and carbon-rich amorphous phase, which
will be discussed in the later text.
2.2. Differential Scanning Calorimetry. We performed thermal

analysis on the Au-C nanosheets with flash differential scanning
calorimetry (DSC) (Flash-DSC 2, Mettler-Toledo, Switzerland). The
Au-C nanosheets were first collected in a small plastic tube with DI
water. After drying for 8 h at 60 °C, the nanosheets were transferred
to glass slides or sapphire substrates for later use. The flash DSC
specimens were prepared using the nanosheets, which were
transferred from the glass slides onto temperature-corrected sensors
(MultiSTAR UFS1, Mettler-Toledo, Switzerland) under a stereo
microscope. During flash DSC, silicone oil was applied on the chip
surface to facilitate heat transfer between the nanosheets and the chip.
To further study the thermal stability of the nanosheets, we also
heated the nanosheets on the sapphire substrates in the Netzsch DSC
system in an Ar environment at a heating rate of 1 °C/s.
2.3. Scalable Production of Au-C Nanoparticles. The Au-C

nanosheets were transferred to the sapphire substrates following the
method detailed in ref 29. After that, the Au-C nanosheets were dried

and heated up in a muffle furnace to a target temperature between
300 and 800 °C at the rate of 10 °C/min. Isothermal annealing was
performed for 0.5 to 10 h in air to produce Au-C nanoparticles.

2.4. Structural and Property Characterizations of Au-C
Nanosheets and Nanoparticles. Structural characterization was
carried out for the Au-C nanosheets and nanoparticles by using
scanning electron microscopy (SEM) (FEI-Versa 3D Dual Beam)
equipped with energy dispersive X-ray spectroscopy (EDS), trans-
mission electron microscopy (TEM) (Tecnai F20), and atomic force
microscopy (AFM) (MFP-3D Origin, Oxford Instruments). The
surface morphology and thickness of the Au-C nanosheets were
examined with AFM at a noncontact mode. The Raman spectra were
obtained using the Renishaw inVia Raman microscope excited with a
laser of a wavelength of 532 nm. The Fourier transform infrared
spectra (FTIR) were measured using the Nicolet iN10 MX infrared
imaging microscope.

3. RESULTS AND DISCUSSION
Figure 1a−e illustrates how Au-C nanosheets can be
synthesized via PSBEE.28,29 First, a PVA layer was spin-coated

on a glass plate and dried at 80 °C for 1 h. Subsequently, Au
was deposited on top of the PVA layer (Figure 1f). Afterward,
the Au−PVA−glass system was immersed into DI water. To
accelerate exfoliation, crisscross cuts were made on the
deposited Au (Figure 1g). After tens of minutes, many thin
nanosheets peeled off from the PVA layer because of polymer
surface buckling-induced exfoliation.28 It is worth noting that
the thickness of the Au-C nanosheets synthesized by ion beam
sputtering was not uniform. The thickness of the nanosheets
peeling off from the periphery of deposition was generally
thinner than those from the center of deposition. Here, we
only collected the nanosheets with a uniform thickness and
exfoliating from the center region for the subsequent studies.
Figure 1h shows a centimeter-sized Au-C nanosheet floating
on the water surface, which appears half-opaque and greenish.

Figure 1. Schematic illustration of the synthesis of carbon-containing
gold nanosheet. (a) Spin-coating a PVA layer on a glass plate, (b)
drying at 80 °C for 1 h, (c) deposition of Au onto PVA via ion beam
sputtering, (d) immersion of the Au−PVA−glass system into DI
water, (e) exfoliation of Au-C nanosheets, (f) photograph of the
deposited Au on the PVA layer, (g) peel-off of the Au-C nanosheet in
DI water, and (h) 1 cm-wide Au-C nanosheet floating on the water
surface.
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Following Wang et al.,29 these nanosheets can be easily
transferred to other substrates, such as Si (Figure 2a) or Al2O3,
for further examination. According to the AFM height image,
the collected Au-C nanosheet has a uniform thickness of about
25 nm (Figure 2b). Subsequently, structural analyses of the
nanosheets were conducted by TEM. As seen in Figure 2c,d, it
is evident that the Au-C nanosheet consists of two phases. The
dark phases are interconnected and of an FCC polycrystalline
structure, as revealed by selected area electron diffraction
(SAED) in the inset of Figure 2d, while the bright phases are
amorphous. This two-phase structure becomes more evident in
the thinner nanosheet according to the high-resolution TEM
images and corresponding FFT patterns (Figure S1). Further
high-resolution TEM imaging also reveals that the lattice
spacing values of such an FCC phase are 0.227 and 0.207 nm
for the {111} and {200} atomic planes, respectively (Figure
2e). Furthermore, according to the elemental mapping (Figure
2f−h), Au is mainly distributed in the interconnected FCC
phase, while C is seemingly distributed all over the nanosheet
in a uniform manner. A quantitative energy dispersive
spectroscopy (EDS) analysis indicates that Au and C are the

most abundant components of the nanosheets with an atomic
ratio of ∼35:65 (Figure 2i). We also obtained the Raman
spectra of the Au-C nanosheets in the range of 550−3200
cm−1. As shown in Figure 2j, apart from the second-order
Raman peak at ∼970 cm−1 that can be keyed to the Si
substrate, we observed two Raman peaks at ∼1358 and 1560
cm−1, respectively. According to refs 30 and 31, these two
peaks correspond to the characteristic D and G peaks of
amorphous carbon, respectively. Further FTIR measurements
(Figure S2) showed that the Au-C nanosheets contain some
O−H and C−H bonds that originated from the broken PVA
molecular structure.
The origin of the carbon-rich amorphous phase in the

nanosheet is not completely clear yet at this moment.
According to refs 32−35, when a polymer is irradiated by
high-energy particles, such as atoms and ions, the kinetic
energy of the incoming particles and the resultant stress waves
will be absorbed by the molecular chains of the polymer, which
could result in the breakage of chemical bonds and the
formation of amorphous carbon. On the other hand, according
to the very recent work of Schwartzkopf et al.,36 sputter

Figure 2. Characterization of the freestanding large-sized carbon-containing gold nanosheets produced via PSBEE. (a) Optical image of the 2D Au-
C nanosheet transferred onto a Si wafer. (b) AFM image of the Au-C nanosheet on Si. (c−e) TEM images of the 25 nm-thick Au-C nanosheet at
different magnifications. The inset of (d) is the pattern of the selected area electron diffraction. (f−h) STEM image and corresponding elemental
mapping of the Au-C nanosheet. (i) EDS spectrum of the Au-C nanosheet. (j) Raman spectra of the spin-coated PVA layer and Au-C nanosheet
before and after exfoliation. (k−m) TEM images of the Au-C nanosheets with thicknesses of ca. 50, 17, and 11 nm, corresponding to the sputtering
times of 400, 100, and 40 s, respectively. The scale bar is 50 nm.
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deposition of Au onto a polymer surface injects Au atoms into
the polymer, which forms a gold-enriched subsurface layer.
Based on the above findings, one can envision that the
deposition of Au onto PVA can lead to the formation of a
subsurface Au-organic layer and even partial carbonization of
PVA. The subsequent interfacial fracture further facilitates
chemical bond breakage and carbonization, eventually leading
to the formation of the freestanding carbon-containing gold
nanosheet. Our Raman results also validate this thinking. As
shown in Figure 2j, the presence of amorphous carbon is
evident even before exfoliation, which is manifested by the D
and G Raman peaks. Moreover, no obvious signal for intact
PVA can be detected from the freestanding nanosheets.
For a systematic study, we fabricated additional Au-C

nanosheets with different thicknesses through PSBEE.
According to our EDS results (Figure S3), the atomic fraction
of carbon increases with the decreasing thickness (t) of the
nanosheet, from ∼44 at. % for t = 50 nm and ∼70 at. % for t =
17 nm to ∼82 at. % for t = 11 nm. The topology of the Au
FCC phase also changes with the thickness of the nanosheet,
from being interconnected for t = 50 and 17 nm to being
isolated for t = 11 nm (Figure 2k−m). Next, we studied the
thermal stability of the Au-C nanosheets with flash DSC. Note
that a few nanosheets with the same thickness were stacked
together to enhance the heat flow signals collected via flash
DSC. Figure S4a shows a typical heat flow curve for the 25 nm-
thick Au-C nanosheets obtained from 0 to 900 °C at the
heating rate of 1 °C/s. Interestingly, one can observe two
endothermic and one exothermic peaks on this curve. The first
endothermic event is weak and occurs around 300 °C, which
might be attributed to the elimination of hydroxyl groups or
the degradation of the residual PVA as discussed in ref 37. To
understand the second endothermic event, a series of non-
isothermal experiments was carried out at the heating rate
ranging from 1 to 20 °C/s after the nanosheets were preheated
at 300 °C for 5 min. Evidently, all heat flow curves exhibit an
endothermic peak followed by a sharp exothermic process
(Figure 3a). With the increasing heating rate, the endothermic
peak shifts from 700 to 900 °C, suggesting that the observed
endothermic reaction is thermally activated. In such a case, we

fit the peak temperature (Tpeak) and the heating rate (φ) to the
well-established Kissinger equation:38

T
C

E
k T

ln
1

peak
2

a

B peak

φ = + ·
i

k

jjjjjj
y

{

zzzzzz
(1)

where C is the fitting constant, Ea is the activation energy, and
kB is the Boltzmann constant. As seen in Figure 3b, the
experimental data can be fitted very well to eq 1. Based on the
data fitting, we extracted the activation energy Ea = 6.32 eV.
Notably, this activation energy (6.32 eV) is about 10 times of
that against surface diffusion of Au atoms39 but almost equals
the cohesive energy of CC bonding (6.3 eV).40 This
behavior implies that the breakage of carbon bonds acts against
the endothermic reaction. A similar behavior can be observed
on the DSC curves of the 11 and 80 nm-thick nanosheets
(Figure S4b). Furthermore, we note that at the same heating
rate, the endothermic peak temperature increases with the
atomic fraction of carbon.
To reveal the underlying mechanisms for the observed

endothermic and exothermic reactions (Figure 3a), we further
heated the 25 nm-thick nanosheets up to the temperatures of
820 and 950 °C. The SEM results clearly show that compared
to the intact nanosheet before heating (Figure 3c), there are
voids and pores in the Au-C nanosheet after it was heated up
to 820 °C (Figure 3d), resembling the porous structure
produced by carbonization of polymers.41 Since 820 °C is close
to the endothermal peak temperature (Figure 3a), this finding
indicates that the endothermic reaction could be attributed to
voiding or disintegration of the Au-C nanosheet, in which the
breakage of carbon−carbon bonds is the main energy barrier
(Figure 3b). As seen in Figure 3e, the nanosheets fractured
into tiny pieces after heating to 950 °C and formed particles of
different sizes. According to ref 42 and our later theoretical
analysis, formation of nanoparticles out of nanosheets can
release their internal energy, which is supportive of the
exothermal process seen in Figure 3a.
To further understand the formation of nanoparticles,

isothermal annealing was performed on the 25 nm-thick Au-
C nanosheets at a variety of temperatures ranging from 300 to

Figure 3. Thermal stability of the Au-C nanosheet with a thickness of ∼25 nm. (a) Heat flow curves obtained by flash DSC at the heating rate
ranging from 1 to 20 °C/s. (b) Activation energy for the endothermic reaction by fitting the Kissinger equation. SEM images of (c) as-prepared
nanosheets and after heating to (d) 820 °C and (e) 950 °C in an Ar atmosphere at the heating rate of 1 °C/s.
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800 °C. As seen in Figure 4a (or Figure S5a), the nanosheet
broke up into tiny fragments after annealing for 2 h at 300 °C
(or ∼400 °C) and was subsequently transformed into
nanoparticles after 10 h of annealing (Figure 4c and Figure
S5c). A similar behavior was observed for other annealing
temperatures and durations, as shown in Figure 4b,d (or Figure
S5b,d). The general trend is that the longer is the annealing
time, the larger is the formed nanoparticle. Interestingly, we
note that the particle size grew at the expense of their number
density (Figure 4e,f), which is similar to a typical Ostwald
ripening process.43−45 Furthermore, we studied how the
nanosheet thickness could affect the size of nanoparticles at
the annealing temperature of 600 °C and the annealing time of

0.5 h. As seen in Figure 5a and Figure S6a−d, the particle size
increases, while the particle density decreases with the
nanosheet thickness. After these thermal annealing experi-
ments, we examined the structure of the nanoparticles with
transmission electron microscopy (TEM). Interestingly, we
observed that the nanoparticle had a core−shell-like
nanostructure, as clearly shown in Figure 5b. According to
the high-resolution TEM images in Figure 5c,d and EDS
spectra obtained from the nanoparticles (Figure S7), the 2 nm-
thin shell is a carbon-rich amorphous layer, while the core is a
Au-rich FCC nanocrystal.
Based on the above discussions, it is clear that the formation

of the nanoparticles is thermodynamically favored after the Au-

Figure 4. SEM images of the 25 nm-thick Au-C nanosheets annealed at (a, c) 300 °C and (b, d) 500 °C in air for 2 and 10 h, respectively. (e)
Particle size and (f) particle density as a function of annealing temperature and time. The lines drawn through the data points serve as a guide to
the eye.

Figure 5. (a) Thickness dependence of particle size and particle density. The lines drawn through the data points serve as a guide to the eye. (b)
High-resolution TEM image of the typical Au-C core−shell nanoparticles transferred from a sapphire substrate to a Cu grid. (c, d) Enlarged view
from (b) showing the amorphous surface layer and FCC Au core.
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C nanosheet is decomposed upon heating. Assuming that the
Au-C nanosheet with a thickness t is transformed into N
equisized spherical core−shell particles with radius R (Figure
6), the free-energy change ΔG can be written as ΔG = N(SS′γC

+ SAu − C′ γAu − C) − (SsγAu + SAu − CγAu − C + SCγC) − (NnB′ −
nB)μB, where SS′ is the surface area of amorphous carbon in a
nanoparticle, SAu − C′ is the gold/carbon interface area in a
nanoparticle, Ss is the surface area of gold, SAu − C is the area of
the gold−carbon interface, SC is the surface area of carbon, γC
is the surface energy of carbon, γAu is the surface energy of
gold, γAu − C is the interfacial energy of gold/carbon, nB is the
number of gold atoms within the nanosheet, nB′ is the number
of gold atoms within a particle, and μB is the energy released
due to the formation of gold−gold metallic bonds. Since the
volume and number of gold atoms are fixed, we have
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A= + ′π − ′
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where tC and tC′ denote the thickness of the carbon shell of
the nanosheet and the carbon shell of the nanoparticle,
respectively, while Ω and RA denote the atomic volume and
radius of gold, respectively. Combining the above derivations
yields
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Therefore, the critical particle radius Rc that initiates stable

growth (i.e., 0G
R
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According to the literature, γAu ≈ 1.4 J/m2,46 and γC ≈ 0.04 J/
m2.47 Since there is no available data for the interfacial energy
between amorphous carbon and gold, we take the interfacial
energy between gold and graphite as an approximation, and
hence, rAu − C ≈ 0.89 J/m2 according to ref 48. On the other
hand, Ω = 1.69 × 10−29 m3, RA = 1.44 × 10−10 m, and

6.41 10 JH
B Avogadro s number

386 kJ / mol
6.022 10 / mol

19sub
23μ ≈ = = ×Δ

′ ×
− .49 As

a result, we obtain Rc ≈ 0.9(t − tC) + tC′ ≈ 0.9t + 0.1tC′ ,
given that tC′ ≈ tC ≈ 2 nm (Figure 5c). Based on eq 2, we

estimate that the critical particle size Rc ≈ 22.7 nm for the 25
nm-thick nanosheet, which is close to the smallest nano-
particles we can detect in present experiments (the average
particle size is 42.5 ± 17.8 nm and the smallest particle size is
∼20 nm, as shown in Figure 5a and Figure S6b).
Inspired by the above findings, we here propose a facile and

novel method to synthesize and deploy Au-C nanoparticles on
various planar or nonplanar substrates by simply thermally
annealing freestanding Au-C nanosheets in air. As a proof of
concept, we transferred a few 20 nm-thick Au-C nanosheets
onto the surfaces of various materials, including the flat and
smooth surfaces of silicon (Figure 7a), the rough surface of the

porous Mo grid (Figure 7b), and the wavy surface of the
anodized alumina oxide (AAO) plate with periodic holes
(Figure 7c). After the isothermal annealing at 600 °C in air for
0.5 h, we found that Au-C nanoparticles with an average size
ranging from 85 to 245 nm were formed and dispersed on the
surfaces of these materials in a uniform manner regardless of
their surface topologies (Figure 7d−f). It is worth noting that
the classic solid-dewetting method42,43 also produces nano-
particles by “dewetting” metallic films deposited on a carefully
selected smooth substrate. In contrast, our nanosheet-based
fabrication method is substrate-insensitive and easy to
implement and control, which makes it appealing in surface
modification of nonplanar complex-shaped materials and
structures, such as electrodes in energy-related applications.50

4. CONCLUSIONS
In summary, we first report the fabrication of large-sized
freestanding carbon-containing gold nanosheets by PSBEE.
Through a systematic thermal stability study, we found the
decohesion of the freestanding Au-C nanosheets under thermal
annealing, followed by their transformation into Au nano-
particles encapsulated by amorphous carbon. Based on these
findings, we developed a simple yet efficient method to
synthesize Au nanoparticles, whose sizes can be easily adjusted

Figure 6. Schematic illustration of the formation of Au-C nano-
particles. (a) Au-C nanosheets transferred onto the sapphire substrate.
(b) Formation of Au-C core−shell nanoparticles. The yellow, red, and
blue regions represent gold, carbon, and sapphire, respectively.

Figure 7. SEM images of the 20 nm-thick Au-C nanosheets
transferred onto (a, d) Si, (b, e) Mo grid, and (c, f) AAO plate
before and after thermal annealing in air at 600 °C. Insets of (e) and
(f) show a close-up view of the Au-C nanoparticles.
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by altering the nanosheet thickness and annealing temperature
and time. Moreover, owing to the flexibility of the freestanding
nanosheets, our new fabrication method can deploy nano-
particles on various materials regardless of their surface
topologies (e.g., planar, rough, or porous surfaces), which
should be useful for the surface modification of complex-
shaped materials and structures.
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F. Yolk-Shell Gol d Nanoparticles as Model Materials for Support-
Effect Studies in Heterogeneous Catalysis: Au, @C and Au, @ZrO2
for CO Oxidation as an Example. Chem. − Eur. J. 2011, 17, 8434−
8439.
(23) Lukosi, M.; Zhu, H.; Dai, S. Recent advances in gold-metal
oxide core-shell nanoparticles: Synthesis, characterization, and their
application for heterogeneous catalysis. Front. Chem. Sci. Eng. 2016,
10, 39−56.
(24) Chopra, N.; Bachas, L. G.; Knecht, M. R. Fabrication and
Biofunctionalization of Carbon-Encapsulated Au Nanoparticles.
Chem. Mater. 2009, 21, 1176−1178.
(25) Kim, M.; Sohn, K.; Na, H. B.; Hyeon, T. Synthesis of
Nanorattles Composed of Gold Nanoparticles Encapsulated in
Mesoporous Carbon and Polymer Shells. Nano Lett. 2002, 2,
1383−1387.
(26) Sutter, E.; Sutter, P.; Zhu, Y. Assembly and interaction of Au/C
core-shell nanostructures: in situ observation in the transmission
electron microscope. Nano Lett. 2005, 5, 2092−2096.
(27) Krasheninnikov, A. V.; Banhart, F. Engineering of nano-
structured carbon materials with electron or ion beams. Nat. Mater.
2007, 6, 723−733.
(28) Wang, T.; He, Q.; Zhang, J.; Ding, Z.; Li, F.; Yang, Y. The
controlled large-area synthesis of two dimensional metals. Mater.
Today 2020, 36, 30−39.
(29) Wang, T.; Park, M.; He, Q.; Ding, Z.; Yu, Q.; Yang, Y. Low-
Cost Scalable Production of Freestanding Two-Dimensional Metallic
Nanosheets by Polymer Surface Buckling Enabled Exfoliation. Cell
Rep. Phys. Sci. 2020, 1, 100235.
(30) Montiel-González, Z.; Rodil, S. E.; Muhl, S.; Mendoza-Galván,
A.; Rodríguez-Fernández, L. Amorphous Carbon Gold Nano-
composite Thin Films: Structural and Spectro-ellipsometric Analysis.
Thin Solid Films 2011, 519, 5924−5932.
(31) Ferrari, A. C.; Robertson, J. Raman spectroscopy of amorphous,
nanostructured, diamond-like carbon, and nanodiamond. Philos.
Trans. R. Soc., A 2004, 362, 2477−2512.
(32) Jung, C.-H.; Sohn, J.-Y.; Kim, H.-S.; Hwang, I.-T.; Lee, H.-J.;
Shin, J.; Choi, J.-H. Preparation and electrical-property character-
ization of poly(vinyl chloride)-derived carbon nanosheet by ion beam
irradiation-induced carbon clustering and carbonization. Appl. Surf.
Sci. 2018, 439, 968−975.

(33) Nagamine, S.; Matsumoto, T.; Hikima, Y.; Ohshima, M.
Fabrication of porous carbon nanofibers by phosphate-assisted
carbonization of electrospun poly(vinyl alcohol) nanofibers. Mater.
Res. Bull. 2016, 79, 8−13.
(34) Kavetskyy, T. S.; Stepanov, A. L. Ion-Irradiation-Induced
Carbon Nanostructures in Optoelectronic Polymer Materials. In
Radiation Effects in Materials; InTech: 2016; Chapter Chapter 11,
DOI: 10.5772/62669.
(35) Kondyurin, A.; Gan, B. K.; Bilek, M. M. M.; McKenzie, D. R.;
Mizuno, K.; Wuhrer, R. Argon plasma immersion ion implantation of
polystyrene films. Nucl. Instrum. Methods Phys. Res., Sect. B 2008, 266,
1074−1084.
(36) Schwartzkopf, M.; Wöhnert, S.-J.; Waclawek, V.; Carstens, N.;
Rothkirch, A.; Rubeck, J.; Gensch, M.; Drewes, J.; Polonskyi, O.;
Strunskus, T.; Hinz, A. M.; Schaper, S. J.; Körstgens, V.; Müller-
Buschbaum, P.; Faupel, F.; Roth, S. V. Real-time insight into
nanostructure evolution during the rapid formation of ultra-thin gold
layers on polymers. Nanoscale Horiz. 2021, 6, 132−138.
(37) Ballistreri, A.; Foti, S.; Montaudo, G.; Scamporrino, E.
Evolution of aromatic compounds in the thermal decomposition of
vinyl polymers. J. Polym. Sci. Polym. Chem. Ed. 1980, 18, 1147−1153.
(38) Kissinger, H. E. Variation of Peak Temperature With Heating
Rate In Differential Thermal Analysis. J. Res. Natl. Bur. Stand. 1956,
57, 217−221.
(39) Manuela Müller, C.; Spolenak, R. Dewetting of Au and AuPt
alloy films: A dewetting zone model. J. Appl. Phys. 2013, 113,
094301−094313.
(40) Zumdahl, S. S.; Zumdahl, S. A.; DeCoste, D. J. 10th ed.;
Cengage Learning: 2017.
(41) Gong, J.; Chen, X.; Tang, T. Recent progress in controlled
carbonization of (waste) polymers. Prog. Polym. Sci. 2019, 94, 1−32.
(42) Thompson, C. V. Solid-State Dewetting of Thin Films. Annu.
Rev. Mater. Res. 2012, 42, 399−434.
(43) Alizadeh Pahlavan, A.; Cueto-Felgueroso, L.; Hosoi, A. E.;
McKinley, G. H.; Juanes, R. Thin films in partial wetting: stability,
dewetting and coarsening. J. Fluid Mech. 2018, 845, 642−681.
(44) Luo, Z.; Somers, L. A.; Dan, Y.; Ly, T.; Kybert, N. J.; Mele, E.
J.; Johnson, A. T. C. Size-selective nanoparticle growth on few-layer
graphene films. Nano Lett. 2010, 10, 777−781.
(45) Ratke, L.; Voorhees, P. W. Growth and Coarsening; Springer:
Berlin, 2002, DOI: 10.1007/978-3-662-04884-9.
(46) Lee, J.-Y.; Punkkinen, M. P. J.; Schönecker, S.; Nabi, Z.; Kádas,
K.; Zólyomi, V.; Koo, Y. M.; Hu, Q.-M.; Ahuja, R.; Johansson, B.;
Kollár, J.; Vitos, L.; Kwon, S. K. The surface energy and stress of
metals. Surf. Sci. 2018, 674, 51−68.
(47) Zebda, A.; Sabbah, H.; Ababou-Girard, S.; Solal, F.; Godet, C.
Surface energy and hybridization studies of amorphous carbon
surfaces. Appl. Surf. Sci. 2008, 254, 4980−4991.
(48) Heyraud, J. C.; Métois, J. J. Establishment of the equilibrium
shape of metal crystallites on a foreign substrate: Gold on graphite. J.
Cryst. Growth 1980, 50, 571−574.
(49) Greenwood, N. N.; Earnshaw, A. 28 - Copper, Silver and Gold.
In Chemistry of the Elements (Second Edition); Greenwood, N. N.;
Earnshaw, A., Eds.; Butterworth-Heinemann: Oxford, 1997; pp.
1173−1200.
(50) Nguyen, N. T.; Altomare, M.; Yoo, J.; Schmuki, P. Efficient
Photocatalytic H2 Evolution: Controlled Dewetting-Dealloying to
Fabricate Site-Selective High-Activity Nanoporous Au Particles on
Highly Ordered TiO2 Nanotube Arrays. Adv. Mater. 2015, 27, 3208−
3215.

ACS Applied Nano Materials www.acsanm.org Article

https://doi.org/10.1021/acsanm.1c00565
ACS Appl. Nano Mater. 2021, 4, 5098−5105

5105

https://doi.org/10.1039/c0nr00337a
https://doi.org/10.1039/c0nr00337a
https://doi.org/10.1039/c0nr00337a
https://doi.org/10.1002/anie.200802248
https://doi.org/10.1002/anie.200802248
https://doi.org/10.1002/anie.200802248
https://doi.org/10.1021/jp054800d
https://doi.org/10.1021/jp054800d
https://doi.org/10.1038/ncomms1291
https://doi.org/10.1038/ncomms1291
https://doi.org/10.1021/acs.nanolett.5b04851
https://doi.org/10.1021/acs.nanolett.5b04851
https://doi.org/10.1021/acs.nanolett.5b04851
https://doi.org/10.1016/j.matchemphys.2014.08.069
https://doi.org/10.1016/j.matchemphys.2014.08.069
https://doi.org/10.1039/c1jm12537k
https://doi.org/10.1039/c1jm12537k
https://doi.org/10.1021/jp075230f
https://doi.org/10.1021/jp075230f
https://doi.org/10.1002/chem.201100318
https://doi.org/10.1002/chem.201100318
https://doi.org/10.1002/chem.201100318
https://doi.org/10.1007/s11705-015-1551-1
https://doi.org/10.1007/s11705-015-1551-1
https://doi.org/10.1007/s11705-015-1551-1
https://doi.org/10.1021/cm803349c
https://doi.org/10.1021/cm803349c
https://doi.org/10.1021/nl025820j
https://doi.org/10.1021/nl025820j
https://doi.org/10.1021/nl025820j
https://doi.org/10.1021/nl051498b
https://doi.org/10.1021/nl051498b
https://doi.org/10.1021/nl051498b
https://doi.org/10.1038/nmat1996
https://doi.org/10.1038/nmat1996
https://doi.org/10.1016/j.mattod.2020.02.003
https://doi.org/10.1016/j.mattod.2020.02.003
https://doi.org/10.1016/j.xcrp.2020.100235
https://doi.org/10.1016/j.xcrp.2020.100235
https://doi.org/10.1016/j.xcrp.2020.100235
https://doi.org/10.1016/j.tsf.2011.03.024
https://doi.org/10.1016/j.tsf.2011.03.024
https://doi.org/10.1098/rsta.2004.1452
https://doi.org/10.1098/rsta.2004.1452
https://doi.org/10.1016/j.apsusc.2018.01.095
https://doi.org/10.1016/j.apsusc.2018.01.095
https://doi.org/10.1016/j.apsusc.2018.01.095
https://doi.org/10.1016/j.materresbull.2016.01.009
https://doi.org/10.1016/j.materresbull.2016.01.009
https://doi.org/10.5772/62669
https://doi.org/10.5772/62669
https://doi.org/10.5772/62669?ref=pdf
https://doi.org/10.1016/j.nimb.2008.02.063
https://doi.org/10.1016/j.nimb.2008.02.063
https://doi.org/10.1039/D0NH00538J
https://doi.org/10.1039/D0NH00538J
https://doi.org/10.1039/D0NH00538J
https://doi.org/10.1002/pol.1980.170180401
https://doi.org/10.1002/pol.1980.170180401
https://doi.org/10.6028/jres.057.026
https://doi.org/10.6028/jres.057.026
https://doi.org/10.1063/1.4794028
https://doi.org/10.1063/1.4794028
https://doi.org/10.1016/j.progpolymsci.2019.04.001
https://doi.org/10.1016/j.progpolymsci.2019.04.001
https://doi.org/10.1146/annurev-matsci-070511-155048
https://doi.org/10.1017/jfm.2018.255
https://doi.org/10.1017/jfm.2018.255
https://doi.org/10.1021/nl9026605
https://doi.org/10.1021/nl9026605
https://doi.org/10.1007/978-3-662-04884-9?ref=pdf
https://doi.org/10.1016/j.susc.2018.03.008
https://doi.org/10.1016/j.susc.2018.03.008
https://doi.org/10.1016/j.apsusc.2008.01.147
https://doi.org/10.1016/j.apsusc.2008.01.147
https://doi.org/10.1016/0022-0248(80)90112-8
https://doi.org/10.1016/0022-0248(80)90112-8
https://doi.org/10.1002/adma.201500742
https://doi.org/10.1002/adma.201500742
https://doi.org/10.1002/adma.201500742
https://doi.org/10.1002/adma.201500742
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.1c00565?rel=cite-as&ref=PDF&jav=VoR



