
lable at ScienceDirect

Carbon 178 (2021) 657e665
Contents lists avai
Carbon

journal homepage: www.elsevier .com/locate/carbon
Research Article
In-situ growth of single-crystal plasmonic aluminumelithium-
graphene nanosheets with a hexagonal platelet-like morphology
using ball-milling

Sara I. Ahmad a, *, Hicham Hamoudi b, Janarthanan Ponraj b, Khaled M. Youssef c

a Department of Sustainable Development, Hamad Bin Khalifa University, Doha 5825, Qatar
b Qatar Environment and Energy Research Institute, Doha 34110, Qatar
c Department of Materials Science and Technology, Qatar University, Doha 2713, Qatar
a r t i c l e i n f o

Article history:
Received 9 January 2021
Received in revised form
25 March 2021
Accepted 26 March 2021
Available online 31 March 2021

Keywords:
Single-crystal
Plasmonic
Graphene
Aluminum
Hexagonal nanoplatelets
Ball-milling
* Corresponding author. Tel.: þ974 66633557.
E-mail address: sahmed@hbku.edu.qa (S.I. Ahmad

https://doi.org/10.1016/j.carbon.2021.03.053
0008-6223/© 2021 The Author(s). Published by Elsevie
).
a b s t r a c t

Metal-graphene nanocomposites and plasmonic metal nanoparticles are two nanoscience fields of a
rapidly growing interest due to their potential in advanced applications. In this study, we combine both
fields by synthesizing plasmonic aluminum-lithium-graphene nanosheets (AleLi-GNSs) with anisotropic
morphologies using a simple ball-milling technique. Structural analysis using SEM and TEM revealed that
the AleLi-GNSs nanoparticles are single-crystals with a hexagonal platelet-like morphology of a ~300
e500 nm diagonal and a ~60 nm thickness. Electron diffraction analysis indicated that the as-milled
platelets have an FCC structure with (111) top and bottom facets and revealed the presence of 1/
3(422) and 1/3(220) forbidden reflections. UVeVis spectroscopy of the hexagonal Al-based nanoplatelets
was found to exhibit plasmonic resonance absorption bands in the UV region at a wavelength of 214 nm
and 345 nm. In this report, we confirm the feasibility of building epitaxial plasmonic metal-graphene
systems inside bulk metal-graphene composites using a simple milling process.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The synthesis and development of noble metal nanoparticles
lays at the core of nanotechnology and is a landmark in the history
of modern nanoscience [1]. The unique localized surface plasmon
resonance of metallic nanoparticles has shown tremendous po-
tential for cutting-edge applications such as photocatalysis [2,3]
and sensing [4,5]. Recent advancements in the synthesis of
aluminum (Al) nanoparticles with controlled sizes and anisotropic
shapes rendered the utilization of Al as a practical alternative to the
more famous noble metal nanoparticles [6,7]. Its high energy
density and high enthalpy of combustion ranked Al nanoparticles
as a promising material in propellants and explosives [8,9], and a
thriving component for hydrogen production [10,11], and energy
storage [12,13]. The electronic structure of Al allows it to sustain a
more flexible optical performance than that of coinage metals (Cu,
Au, or Ag), supporting a larger range of wavelengths extending over
the entire UVeVis-IR spectrum [6,14,15].
).

r Ltd. This is an open access article
Despite the recent interest in Al nanoparticles, the advancement
in its synthesis is far behind that of noble metals such as Au and Ag
[16] due to its higher reactivity [7,17]. Today, refined protocols of
the Haber’s method [18] remain the most commonly used tech-
nique to produce Al nanoparticles [6,7,19], with recent advances
reported using electric arc-discharge [20], lithography [21], or laser
ablation [22]. Nonetheless, a simple, cost-effective, nonchemical-
based synthesis technique is yet to be reported, hindering large-
scale production of Al nanoparticles.

On another front, scientists have been actively investigating the
possibility of using the 2D graphene substrate to grow metallic
nanoparticles. While several experimental and computational in-
vestigations have been reported, the synthesis of 2D metal/gra-
phene systems is hindered by the little understanding achieved
thus far of the metal/graphene interfacial atomic interactions
[23,24]. Efforts in reinforcing 3D bulk metal matrices with gra-
phene nanosheets (GNSs), however, have been reported using a
wide range of techniques, and the macroscopic properties of such
composites are readily measured and characterized [25]. Mechan-
ical, tribological, and electrical properties enhancements have been
reported in graphene reinforced metal matrices [26e28]. Ball-
milling has been the most widely used technique for the efficient
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mixing and distribution of GNSs in metals as the high shear force
exerted during milling results in the exfoliation of the GNSs, while
the high rotation energy results in the uniform distribution of the
GNSs within the Al matrix [28e30].

In this study, we report a new one-step simple dry ball-milling
synthesis of single-crystal AleLi-GNSs nanoparticles with hexago-
nal platelet-like morphologies that exhibit high plasmonic absor-
bance. In this regard, we confirm the feasibility of building epitaxial
metal-graphene systems inside bulk metal-graphene composites
using a simple milling process.

2. Materials and methods

2.1. Materials and synthesis of anisotropic AleLi-GNSs
nanoplatelets

Pure Al powder (99.97% - Alfa Aesar) was ball milled with pure
(99%) Li granules and GNSs (Sigma-Aldrich). The morphologies of
the as-received Al powder with an average particle size of 15 mm
and the as-received GNSs are shown in Fig. 1a and b, respectively.

The selection of the GNSs content was based on literature data,
which reported an optimum content with the addition of 1.0 wt%
GNSs in Al composites [31e33]. Only 0.5 wt% Li were added in order
to help activate the deformation twinning in Al and to be main-
tained within the solid solubility of Li in Al [34,35]. The Al, Li, and
GNSs were loaded into a steel vial with steel balls using a ball-to-
powder ratio of 17:1 and milled using a SPEX 8000 shaker mill
for 8 h at room temperature. The milling was stopped every hour,
and the vial was placed in a freezer (�18 �C) for 10 min to cool the
vial, which helps to prevent Al welding. The loading, sealing, and
handling of the sample was done in a glovebox under ultra-high
purity argon (oxygen level < 0.5 ppm) to eliminate oxidation dur-
ing milling.

2.2. Characterization of as-milled anisotropic AleLi-GNSs
nanoplatelets

Structural and morphological analysis of the as-milled AleLi-
GNSs nanoplatelets was carried out using scanning electron mi-
croscopy (SEM) and transmission electron microscopy (TEM). The
SEM images of the as-milled nanoplatelets were acquired using a
FEI Nova NanoSEM 450 operated at an accelerating voltage of 5 kV
and a working distance of 5 mm. The TEM analysis was performed
using a Thermo Scientific TalosF200X TEM and a FEI TECNAI G2 FEG
Fig. 1. a) An SEM image of the gas-atomized as-received Al part
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TEM, both operating at 200 keV to obtain bright-field and STEM-
HAADF images, as well as the selected area electron diffraction
(SAED) of the as-milled nanoplatelets. The TEM samples were
prepared by sonicating the as-milled powder in isopropyl alcohol
for 10min. A 20 ml of the dispersed solutionwas dropped over a 300
mesh carbon grid and then dried at room temperature. X-ray
diffraction (XRD) spectrum of the as-milled nanoplatelets was
collected using a PANalytical Empyrean Diffractometer with a CuKa

(l ¼ 0.1542 nm) radiation. The XRD operating conditions were
carried out at 45 kV, 40 mA, and 25 �C with scanning range from
20� to 100�, a step size of 0.013�, and a scan rate of 0.044� s�1. A
Thermo fisher scientific DXR Raman spectroscopy with a laser
wavelength of 532 nmwas used to examine the structural integrity
of the GNSs after milling. Optical absorption spectra of the as-
milled powders were recorded using a SHIMADZU UV-2600i
UVeVis spectrophotometer in a double beam mode with a scan-
ning range of 200e900 nm. The optical colloid was prepared by
sonicating the as-milled powder in ethanol for 30 min before
analysis. The colloid was left to settle, and then it was filtered to
remove the larger-sized particles before testing.
3. Results

The morphology of the as-milled AleLi-GNSs particles was first
examined by SEM, see Fig. 2. Typically, the ball-milling of Al pow-
ders yields round-shaped particles, which agglomerate together to
form flat flakes [30,36] or hollow spheres with prolonged milling
times [37]. This is a result of the high impact and shear forces
exerted by the steel balls and the vial’s walls, causing the contin-
uous deformation of Al [36]. However, particles with a perfect
hexagonal platelet-like morphology and well-defined facets appear
to be distributed throughout the AleLi-GNSs as-milled sample, see
Fig. 2aeb. The diagonal of the hexagonal platelets varies from
260 nm to 580 nm, while the thickness is measured to be around
60 nm, as could be distinguished from the SEM image in Fig. 2b. The
GNSs were not detected by SEM due to their low content and small
dimensions. During milling, the GNSs are homogeneously distrib-
uted in the Al matrix due to the high shear-force of the milling
process. Moreover, the GNSs are expected to be embedded in the Al
matrix due to the ductility of Al, which leads to sandwiching the
graphene sheets in between the Al particles [29,38].

This well-defined morphology is an indirect evidence of the
crystallinity of the nanoplatelets, where such structures are re-
ported to be a result of a single-crystal growth with a preferred
icles, b) A bright-field TEM image of the as-received GNSs.



Fig. 2. a) SEM image of the as-milled AleLi-GNSs milled for 8 h, and b) magnification of a). The images show a clear formation of hexagonal nanoplatelets after milling.
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orientation [39]. Similar hexagonal and triangular platelet struc-
tures have been frequently reported for noble metals such as Ag
and Au via colloidal-based chemical synthesis techniques [39e43].
Recently, the synthesis of Al nanoparticles with controlled mor-
phologies such as single-crystal Al nanocubes [6], nanorods [44],
Nanoantennas [21], nanodisks [14] triangular prisms [15] trigonal
bipyramids [45], and octahedron nanoparticles [46], have also been
reported.

Phase investigations of the as-milled sample were conducted by
XRD. The XRD pattern of the AleLi-GNSs nanoplatelets showed
only a face-centered cubic (FCC) Al phase, see Fig. 3a. No peaks were
observed for the body-centered cubic (BCC) Li or any AleLi second
phases in the XRD pattern. This is attributed to the complete sol-
ubility of Li in Al, resulting in the formation of an FCC solid solution.
It is well-established experimentally that ball-milling can increase
the solid solubility limit beyond the conventional limit, creating
super-saturated solid solutions or even alloying systems from
immiscible elements which otherwise do not attain an equilibrium
room temperature solubility [47e49]. This is a result of the large
excess segregation sites introduced in the Al lattice by ball-milling
as a result of the large grain boundary density in nanocrystalline
materials [50]. The absence of any peaks for the GNSs could be
attributed to the low content of GNSs (1.0 wt%) used [51]. The ex-
istence of GNSs in the AleLi matrix and the effect of milling on the
structural integrity of graphene were investigated using Raman
spectroscopy, see Fig. 3b. The Raman spectra of both the pure GNSs
and the GNSs in the as milled AleLi-GNSs nanoplatelets illustrate
the characteristic graphene peaks at around 1350, 1580, and
2700 cm�1, corresponding to the D, G, and 2D bands, respectively
[52]. The G-band is associated with the in-plane CeC vibrations in a
graphite lattice, the D-band is associated with sp3 lattice disorders,
and the 2D-band is sensitive to the aromatic carbon structure [52].
The introduction of structural defects in the GNSs after milling is
inevitable due to the intensive nature of the high energy ball-
milling technique. This explains the increase in the intensity of
the D-band and the intensity ratio of the D-band to the G-band (ID/
IG) of the GNSs after milling as compared to those of pure GNSs.
Lattice defects interrupt the two-dimensional translational sym-
metry in the graphene sheet. Thus, the D-band intensity increases
and broadens with increasing number of defects [52]. After milling
of the AleLi-GNSs, the intensity of the GNSs 2D-band decreases
with a significant peak broadening, see Fig. 3b. The increase in the
ID/IG ratio from 0.14 to 1.1 is in agreement with previously reported
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Raman analysis for GNS-Al composites synthesized by ball-milling
[25]. A positive shift in the G-band is observed after milling, which
is usually attributed to the accumulated stresses in the graphene
lattice caused by milling and upon binding to Al [53] and the
change in the interatomic distances in the graphene after milling.
Thus, the vibration frequency of the G-band changes and results in
a wavenumber shift [54]. Nonetheless, the presence of a sharp G-
band and the detection of a 2D-band after 8 h of milling is an
indication of a preserved graphitic structure of the GNSs [52]. This
could be attributed to the CeC bond strength in graphene and the
ductility of Al, which helps to protect the embedded GNSs against
further collision. Another graphitic lattice-defect associated band
appearing after milling with a weaker intensity is the D þ G band
detected at around 2900 cm�1 in the as-milled sample [55].

The synthesis of Al nanoplatelets was also confirmed by the
UVeVisible spectra of the as-milled AleLi-GNSs sonicated in
ethanol. Metallic nanoparticles exhibit a special optical behavior
that is associated with specific optical resonant frequencies
generated due to the interaction between the metal’s electron
cloud and the electromagnetic wave [56]. The UVeVis spectrum of
the hexagonal AleLi-GNSs in Fig. 3c shows absorbance bands in the
UV region below the visible range. A sharp and narrow absorbance
peak can be seen at 214 nm with a shoulder at 240 nm, and a
smaller broad peak at 345 nm. Plasmonic absorbance bands in the
UV region are in agreement with expected and reported UVeVis
characteristic absorbance spectra of other plasmonic Al nano-
particles [6,14,15]. In addition, the sharp UV absorbance peak in
Fig. 3c is an indication of the purity of the nanoplatelets [14]. These
results confirm the plasmonic nature of these AleLi-GNSs nano-
platelets synthesized by ball-milling.

Bright-field TEM images of the AleLi-GNSs hexagonal nano-
platelets are presented in Fig. 4. An interesting TEM image showing
one single-crystal hexagonal AleLi-GNS platelet trapped in what
appears to be a large, crumbled, and folded GNSs can be seen
Fig. 4aeb. The structure of the hexagonal nanoplatelets appears to
be symmetrical with sharp defined edges and corners, with a di-
agonal length of 482 nm, see Fig. 4c. The presence of sharp features
in the morphology of metallic nanoparticles, such as the sharp tips
in nano-octopods [6] and nano-cones [57], and the sharp corners in
nano-cubes [6], is advantageous as it is reported to significantly
strengthen the local plasmonic electromagnetic field and absorp-
tion cross-sections. Thus, the sharp and narrowabsorption plasmon
resonance peak in Fig. 3c can also be attributed to the defined edges



Fig. 3. a) XRD of as-milled AleLi-GNSs nanoplatelets, b) Raman spectroscopy of the as-received GNSs and the as-milled AleLi-GNSs, c) UVeVis absorbance spectrum of the as-
milled AleLi-GNSs dispersed in ethanol. (A colour version of this figure can be viewed online.)
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and sharp corners of the hexagonal AleLi-GNSs nanoplatelet, as can
be seen in Fig. 4c. This is attributed to the ability of sharp structural
features such as corners and tips to concentrate incident light due
to the lightning rod effect and reduced radiative damping, causing
more light to be absorbed and resulting in stronger UV absorbance
bands, as shown in Fig. 3c [56].

The spot pattern of the corresponding SAED pattern taken
perpendicular to the flat top facet of the hexagon is shown in
Fig. 4d, and it confirms the single-crystallinity of the hexagonal
nanoplatelet. Diffraction spots with d-spacings of 0.143 nm and
0.0826 nm can be assigned to the Al (220) and (422) atomic planes,
respectively. The d-spacing measurements and the 6-fold symme-
try of the SAED indicate that the flat top and bottom facets of the
hexagons are (111) Al atomic planes. In addition, the other two sets
of spots with 6-fold symmetry and larger d-spacings of 0.429 nm
and 0.248 nm are identified in the SAED in Fig. 4d. These spots
match the forbidden reflections from the 1/3(220) and 1/3(422)
atomic planes, respectively. Forbidden reflections from the 1/
3(422) atomic planes have been reported in single-crystal flat and
thin platelet-like FCC structures such as Au and Ag [39,40,42].
Several structural interpretations of the presence of these re-
flections have been reported [58]. The common thread is the
presence of stacking faults and/or twinning planes parallel to the
(111) flat facets [40], both of which break the normal systematic
sequence of the FCC structure [59], leading to the 2D nucleation and
growth and the formation of anisotropic well-defined structures
[60]. The broken symmetry in thin FCC platelets induced by the
presence of stacking faults and twinning planes is reflected in the
SAED patterns as additional spots, which otherwise, are considered
forbidden in the FCC structure.
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Despite the emerging number of studies reporting the forma-
tion of Al single-crystal nanoparticles with anisotropic morphol-
ogies, their corresponding electron diffraction patterns are rarely
reported. Thus, it is reasonable to assume that the 1/3(422)
forbidden reflections have not been reported or observed before for
Al-based nanoparticles. This could be related to the lack of reports
on the synthesis of hexagonal 2D platelet-like Al structures, for
which the forbidden reflections seem to be a pre-requisite associ-
ated with their formation. To the best of our knowledge, the 1/
3(220) forbidden reflections were not observed or reported earlier
for any FCC metallic nanoparticle. HAADF-STEM images of a hexa-
gon AleLi-GNS single-crystal nanoplatelet and its corresponding
elemental mappings are presented in Fig. 5aec. The mapping
shows the homogenous distribution of both C and Al inside the
single-crystals. The density of the Al atoms appears to be higher
inside the hexagon, while the C atoms appear to be situated more
around the boundaries and the edges of the platelet. The TEM
images in Figs. 4 and 5 confirm the coexistence and interaction
between the Al and the GNSs.

Another interesting feature observed in several TEM images is
the presence of a triangle-like region in themiddle of the individual
hexagons, see Figs. 4c and 5a. These triangular areas are darker and
thus thicker than the edge regions of the hexagonal nanoplatelets.
Their presence could indicate that the nucleation of these hexag-
onal nanoplatelets starts from the middle of the hexagon on a (111)
triangular facet, which later grows into a full hexagon. Another
explanation would suggest that at a certain thickness, redirected
growth from a hexagonal platelet to a triangular one takes place.
The interplay and shape transformation between triangular and
hexagonal morphologies have been reported and verified experi-
mentally for FCC metallic nanoplatelets [41,61].



Fig. 4. a) BF-TEM image of a single-crystal AleLi-GNSs hexagonal platelet trapped in graphene, b) magnification of red box in a), c) BF-TEM images of an AleLi-GNSs hexagonal
platelet, and d) SAED of c) in the <111> zone axis. (A colour version of this figure can be viewed online.)
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4. Discussion

Both ball-milling of Al powder [28,30,62] and colloidal chemical
synthesis of Al nanoparticles [44e46] have been investigated and
reported by various research groups. Yet the synthesis of aniso-
tropic hexagonal Al nanoplatelets has not been reported before.
Furthermore, and to the best of our knowledge, the synthesis of
anisotropic nanoplatelets of any system using ball-milling has not
been reported either. In this study, we believe that the formation of
well-defined single-crystal AleLi-GNSs nanoplatelets is a result of
both the utilized ball-milling system and the milled system com-
ponents (the addition of both Li and GNSs).

It is well-known that ball-milling is a sensitive technique to the
varying milling parameters involved in the milling process. This
includes the milling energy, milling time, milling temperature, and
other milling dynamics such as the ball to powder ratio, the
number and size of milling balls, and the presence of process
control agents (PCAs) [63]. This explains why different research
groups investigating the milling of the same components observed
and reported different results in terms of microstructure, grain size,
deformation mechanisms, properties, and performance [64]. It is a
general practice for most researchers to use PCAs during milling of
ductile materials such as Al in order to prevent welding [32,65,66].
In this study, no process control agents or surfactants were used.
The presence of the GNSs and its self-lubricating nature that stems
from the weak van der Waals attraction forces between the gra-
phene sheets could allow sliding of the sheets in between the Al
661
particles during milling, thus acting as a PCA. When a PCA is used
during milling, the PCA forms a layer on the Al powder covering its
surface to prevent its welding. In our study, the absence of any PCAs
during the milling of Al and GNSs enables a direct physical inter-
action between the two components, which enhanced the adhe-
sion between the Al and the GNSs and allowed for an interfacial
relationship between the two components of the system.

At this stage, one question lingers: Is there a link between the
presence of graphene and the hexagonal platelet-like formation? It
is unrealistic to ignore the presence of graphene and its possible
influence as a 2D hexagonal substrate on the formation and growth
of these 2D hexagonal platelet-like particles. Single-crystal for-
mation requires a nucleus, a template, or a substrate on which the
single-crystal growth is initiated and directed. Different metals
with different structures tend to crystalize along different di-
rections on 2D substrates such as graphene [67]. This is attributed
to the tendency of the system to reduce the lattice misfit between
the metal and the graphene sheet, and thus relax the excess stress
at the interface [68]. During milling, the ductile Al particles are
flattened, while the GNSs are sandwiched between the flat Al
particles. The initial incompatibility of the Al and the graphene
lattices, along with the defected sites induced by milling on both
the GNSs and Al, generate excess stresses at their interfaces. As a
result, the Al atoms diffuse and rearrange to achieve the most
energetically favorable structure. In other words, this provides the
driving force for the system to achieve amore equilibrium structure
by seeking an atomic configuration that will allow for the lowest



Fig. 5. a) HAADF image of a hexagonal AleLi-GNSs nanoplatelet, b-c) elemental mapping of a). (A colour version of this figure can be viewed online.)
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energy possible, and creates the conditions for a preferred (111)/
(0002) Al/graphene interfacial interaction. This is supported by
computational studies which showed that the Al atoms arrange in
the (111) facet of the FCC structure at the Al/graphene interface
[68,69] to reduce the lattice misfit. This simulation finding has been
proven experimentally for other FCC metals grown on graphene,
such as Pb and Au [24]. In addition, recent MDS studies revealed
that solid-phase structural relaxation between Al and graphene
could occur even at room temperature [68].

The graphene sheets’ tendency to diffuse into the boundaries of
nanostructures has also been reported theoretically [68] and
experimentally [25]. This explains why the C atoms concentration
is higher around the edges of the single-crystal platelet, as seen in
the mapping in Fig. 5, and is attributed to the graphene sheets’
tendency to further reduce the lattice misfit and achieve a stable
structure [68]. One can also consider that the graphene sheets are
defining the shape of the hexagonal single-crystals and that the flat
crystals are laterally limited by the GNSs inside the platelets. This
suggestion requires further investigations to validate the role of the
graphene sheets around the boundaries of the single-crystals.
Based on these observations, we conclude that the graphene
sheets distributed inside the hexagon platelet are providing the
interface with the Al on which the anisotropic growth is initiated,
while excess graphene sheets mitigate through the lattice and
reside on the boundaries to further reduce the lattice misfit and
achieve a more stable structure.
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The growth of the hexagonal nanoplatelets is then supported by
the context of the Gibbs-Wulff theorem, and induced by the pres-
ence of Li. The anisotropy of the surface energy of crystalline solids
suggests that the total surface energy is not only determined by the
surface area, but by the type of the enclosed surface facets as well.
For an FCC nanoparticle, maximizing the expression of the (111)
facets in the structure results inminimizing the total surface energy
[70], leading to the formation of a truncated tetrahedral or octa-
hedral shapes enclosed by (111) facets [71]. The SAED pattern in
Fig. 4d taken along the <111> zone axis, proved that the top and
bottom facets of the hexagonal platelets are the (111) atomic
planes. Nonetheless, the as-milled AleLi-GNSs synthesized in this
study showed a hexagonal 2D nanoplatelet morphology rather
than a tetrahedral or an octahedral shape. This is directly attributed
to the presence of planar defects such as stacking faults and
twinning planes which cause deviations from the Gibbs-Wulff
equilibrium shape and induce the formation of flat planar nano-
particles [71]. The shape and orientation of the nanoparticles are
dictated by the underlying symmetries of the crystals, and internal
defect structure such as twinning or stacking faults causes breaking
of the regular FCC stacking sequence [59], influencing a 2D growth
[60]. Hexagonal and other 2D flat nanoplatelets have been widely
observed for FCC metals with low stacking fault energy such as Au
and Ag [39e43] and the effect of twinning on the final morphology
has been modeled and studied [39,72]. It has been confirmed that
hexagonal platelet-like particles with a high aspect ratio form if
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multiple parallel twin planes and/or stacking faults exist [39].
Structural and planar defects can occur with high probability dur-
ing milling due to the high impact energy exerted during the pro-
cess. Thus, although deformation by twinning in Al is rarely
reported due to its relatively high stacking fault energy [48], the
formation of twins in nanocrystalline Al synthesized by ball-milling
has been reported experimentally [62,73]. Most importantly, recent
DFT calculations suggested that alloying Al with Li can reduce the
stacking fault energy and activate the formation of twins in nano-
crystalline Al [34], which had been observed experimentally [48].

In this context, the presence of forbidden reflections has long
been reported for flat thin nanoplatelets and justified by the sym-
metry breaking in the FCC sequence induced by the presence of
planar defects [59]. Others elaborated that the presence of stacking
faults and twinning planes in an FCC stacking sequence give rise to
the presence of an HCP stacking sequence or HCP domains/layers
inside the FCC nanoplatelet [42,59,74]. These HCP domains have
been observed microscopically in metallic nanoplatelets and have
been suggested to drive the 2D lateral growth of the hexagonal
morphology [74]. These conclusions agree with the observations
made in this study and take us back to the presence of HCP gra-
phene sheets inside the Al nanoplatelets, and their role in initiating
the 2D lateral growth. Based on these observations, we believe that
there existed an epitaxial relationship between the AleLi and GNSs
that led to the formation and growth of these hexagonal
nanoplatelets.

Thus far, the synthesis of anisotropic metal nanoparticles has
beenmainly dominated by colloidal/chemical synthesis techniques,
where the shape and size of these particles have been controlled
chemically by varying the reaction components [1]. It is crucial to
study the effect of different milling parameters such as milling
time, milling temperature, and ball-to-powder ratio on the final
size and morphology of the synthesized nanoplatelets. The non-
hexagonal triangle-like Al-based nanoparticles that appear in the
SEM images in Fig. 2 around the hexagonal nanoplatelets could be
representing a transition state of the Al particles growing into the
hexagonal state. Investigating the effect of the milling time on the
formation and growth of the anisotropic nanoplatelets is crucial to
trace the formation mechanism and the on-set of single-crystal
growth. In addition, if the GNSs are acting as substrates providing
the building blocks for the formation of these nanoplatelets,
changing the graphene content must have severe effects on the
size, shape, and yield of these nanoplatelets. Finally, significant
efforts have been made in the synthesis of anisotropic metallic
nanoparticles with intriguing and novel morphologies using
colloidal chemical techniques, yet controversy still persists around
the exact nucleation and growth mechanisms of such nano-
particles. Single-crystal growth via a purely mechanical technique
and without the use of any additional chemicals, as presented in
this study, could change the way the growth of these structures is
treated and understood. Introducing the results of this study to the
research community is the first step to adopt other perspectives on
the reported phenomenon, to encourage further exploration in this
field, and to seek proper understanding of the involved formation
mechanisms.

5. Conclusion

This study represents the first report of the synthesis of plas-
monic single-crystal AleLi-GNSs with a well-defined hexagonal
platelet-like morphology using a simple dry ball-milling technique.
It is believed that the interaction at the interface between
aluminum and graphene under milling conditions initiated the
anisotropic growth, while the presence of Li activated deformation
twins and stacking faults which are known to facilitate a well-
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defined hexagonal nanoplatelet morphology. Understanding the
growth of Al on graphene must begin on a 2D scale, yet experi-
mental studies reporting the growth of Al on graphene substrates,
to our knowledge, do not exist. The Al system is perhaps one of the
simplest to study and the understanding of its interaction with
graphene will allow it to be extended to other systems. We only
hope to shed light on a new phenomenon and its hidden possi-
bilities in the field of metal/graphene systems and anisotropic
metal nanoparticles. We believe the results of this studywill lead to
new research questions in an aim to further the understanding of
the interactions between metals and graphene at their interface,
and the role of ball-milling as an integrated top-down/bottom-up
synthesis technique. In addition, the reported observations are
expected to start a fresh chapter in the fabrication of plasmonic
anisotropic metallic nanoparticles for cutting edge-applications.
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