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Graphene reinforced Al (graphene@Al) spheres were synthesized using microwave plasma chemical vapor
deposition technique in which H,, CH4, and Ar were used as the reduced gas, carbon source, and plasma
enhancement gas, respectively. The obtained graphene@Al spheres presented a rambutan-like structure
and had a graphene shell wrapped on the sphere surface, which was proved by scanning electron
microscopy, X-ray diffraction, X-ray photoelectron spectroscopy, and Raman spectroscopy. The
thickness of the graphene shell on the Al sphere is difficult to be characterized by conventional
techniques. However, it was successfully measured with a sophisticated terahertz (THz) time-domain
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Accepted 8th January 2019 spectroscopic technique. To the best of our knowledge, neither have graphene@Al spheres been
synthesized before nor has a THz-based technique been exploited to characterize the thickness of

DOI: 10.1039/c8ra09129¢ a shell structure. Therefore, the present work sheds useful insights on both the rational synthesis and

rsc.li/rsc-advances

1. Introduction

Aluminum (Al) is possibly the most important metal used for
metal matrix composites, due to its low costs and excellent
physical properties, such as its light weight, ductility, high
thermal and electrical conductivity etc.' In recent years, the
advancement in aerospace, automotive, and shipbuilding
industries has spurred the development of Al matrix composites
with superior functional properties.*®

Graphene is a two-dimensional carbon material formed
through sp® bonds. The intrinsic structural character of graphene
endows it with many favorable properties, e.g., high interfacial
affinity for metal based on its high specific surface area, excellent
mechanical properties due to the sp* bonds, and attractive abil-
ities in impeding atomic diffusion, which can be ascribed to its
planar structure.”® Consequently, graphene is regarded as a very
promising reinforcing agent to improve the performance of Al-
based materials by synthesizing graphene@Al composites.
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non-destructive characterization of graphene reinforced functional structures.

Since the first graphene reinforced Al matrix composite was
reported in 2011, graphene reinforced Al, Cu, Ni, Mg, Fe
alloy,>™ and intermetallic compound matrix composites have
been obtained by different processing techniques, including
powder metallurgy,” melting and solidification,” thermal
spray,'® electrochemical deposition,"” etc. Although great
success has been achieved, it was difficult to synthesize high
quality graphene reinforced composites in the previous studies
because the dispersion and uniformity of graphene could not be
well controlled, where procedures such as metallurgy, melting,
spray and deposition were involved. Therefore, new techniques
need to be developed to obtain high quality graphene-
reinforced composites.

In the present study, we developed a microwave plasma
chemical vapor deposition (MPCVD) approach by which gra-
phene encapsulated Al matrix composite, namely rambutan-like
graphene@Al spheres, have been synthesized in a controllable
way. The rambutan-like composite is more preferred than its
non-spherical counterpart in the fabrication of high-quality
proximate matters as fewer defects and more even structures
are likely to form inside the proximate matters made of spher-
ical composites than the non-spherical counterparts.’®* This
type of composite material holds great potential applications in
fabrication of high-strength and tenacity Al alloy proximate
matter. The morphology, composition, and structure of the as-
synthesized graphene@Al spheres were verified by scanning
electron microscopy, X-ray diffraction, X-ray photoelectron
spectroscopy, and Raman spectroscopy. In addition, consid-
ering that the thickness of the graphene shell can influence the
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function of the composite spheres,*** we also characterized the
thickness of the graphene shell on the graphene@Al spheres by
creatively using a self-developed non-destructive terahertz wave
(THz)-based spectroscopic technique (see the ESIt for details).
THz generally refers to the electromagnetic band in the
frequency range from 0.1 THz to 10 THz (wavelength from 3 mm
to 30 pum), and THz-based material characterization is an
emerging field that has been attracting increasing attention in
the material science field.>*?® In the past years, THz-based
techniques have been employed to detect the defects in func-
tional materials and/or structures,” yet they have not been used
to characterize sub-structures of synthesized composites. Our
results show that the synthetic conditions such as the ratio of
flow rates of CH,, H,, and Ar, and the synthesis duration can
significantly influence the properties of the graphene shell on
the graphene@Al spheres, in terms of morphology and thick-
ness, and that the measured thickness of the graphene shell
increases with the synthesis duration.

Compared to those previous methods of fabricating gra-
phene reinforced composites, our MPCVD approach can be
easily implemented to obtain high-quality, pure graphene-
reinforced Al matrix composite, and no tedious work is
required to separate the graphene@Al spheres from the product
produced in the synthetic process. Besides, the THz character-
ization approach developed is also a new and innovative tech-
nique that can be exploited to measure the thickness of the
graphene shell on the Al spheres non-destructively. To the best
of our knowledge, neither the approach of synthesizing gra-
phene@Al spheres nor the non-destructive THz-based tech-
nique for measuring the graphene shell thickness has been
reported previously. Hopefully, the techniques demonstrated in
this work can promote the rapid synthesis of graphene encap-
sulated functional particles rationally, and provide a new and
convenient means to characterize shell structures on micro-
particles.

2. Experimental

2.1. Synthesis of rambutan-like graphene@Al spheres

Graphene@Al composite spheres were synthesized with
a MPCVD setup consisting of a domestic microwave oven,
a vacuum controller, a quartz tube, and a vacuum pump (see
Fig. S1 in the ESIf for the schematic principle and the photo-
graph of the setup). Al spheres (100 pm in diameter, 2A12, AMC
powder Co., China) were taken as the metal base. They were
firstly dried for 5-10 min in a quartz boat in the microwave,
followed by loading into a quartz tube. Subsequently, the quartz
tube was placed in the quartz boat and sealed together with the
vacuum pump and gas tube in the microwave. High purity
argon (Ar, 99.99%), hydrogen (H,, 99.99%), and methane (CH,,
99.99%) were used as the plasma enhancement gas, the reduced
gas, and the carbon source, respectively, for the synthesis of
graphene@Al composite spheres. The flow rate of the Ar gas was
controlled at 100 sccm, while the other gases were adjusted
according to experimental design. During the synthesis process,
the temperature inside the oven was controlled by setting the
power (800 W) and the running time (15 min, 30 min, or 60 min)
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of the microwave oven, and the temperature was measured by
an infrared detector to be 450 °C. CH, was decomposed under
the action of H, plasma, leading to the formation of graphene
layers on the surface of the Al spheres. The reaction was
terminated by powering off the microwave oven, and the
synthesized composite was taken out of the quartz tube 3 min
later for further tests.

2.2. Morphology and structure characterization

The morphology of the synthesized composite spheres was
examined using a scanning electron microscope (FE-SEM, JSM-
7800F, JEOL Ltd., Tokyo, Japan). X-ray diffraction (XRD) was
used to determine the atomic structures of the as-synthesized
composite spheres. XRD experiments were performed at room
temperature with a diffractometer (X'Pert PRO, PANalytical B.V.,
Netherlands) using Cu Ko radiation. X-ray photoelectron spec-
troscopy (XPS) and Raman spectroscopy were used to confirm
the composition and structure of the synthesized composite
spheres. XPS experiments were performed with a Kratos XSAM
800 spectrometer (Kratos Analytical Ltd., Manchester, UK)
equipped with a Mg Ka (1253.6 €V) X-ray source. The Raman
spectrum of the composite spheres was recorded on a Bruker
Vertex70 FTIR spectrometer (BrukerOptik GmbH, Ettlingen,
Germany).

2.3. THz transmission spectrum measurement

The thickness of the graphene shell on the Al spheres was
measured using a THz-based technique (see the ESI} for
details). To prepare the samples for the THz measurement,
140 mg polyethylene (PE) powder (Sigma-Aldrich Co. Ltd.,
Shanghai, China) was evenly mixed with 20 mg Al spheres or the
as-synthesized composite spheres (graphene@Al spheres) using
an agate mortar. Subsequently, the mixture was transferred into
the stainless steel mold of a hydraulic press (TianGuang Optical
Instruments Co. Ltd., Tianjin, China), and a pressure of about
20 MPa was applied on the mixture for 2 min so as to obtain
a disk-like sample (the experimental group) with a thickness of
about 1.16 mm and a diameter of about 13.0 mm. Following the
same procedure, PE powder (160 mg) was also pressed into
a disk to use as the control. A terahertz time-domain spec-
trometer (THz-TDS, T-ray 5000, Advanced Photonix Inc., New
York, NY, USA) with a dynamic range of about 76 dB and
a spectral resolution of 3.13 GHz was employed in our experi-
ments. The experiments were repeated three times, indepen-
dently, with three parallel samples each time.

3. Result and discussion

As can be seen from the SEM images that the raw Al spheres are
relatively smooth (Fig. 1a) and have finer grain structures on the
surface (Fig. 1b). The as-synthesized composite spheres are
rambutan-like (Fig. 1c) and have a shape similar to the raw Al
spheres. However, the as-synthesized composite spheres
present a rough and fuzzy surface (Fig. 1c and d), indicating that
some new structure formed on the Al spheres. It is observed that
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the newly formed fuzzy microstructures are densely compacted
on the surface of the composite spheres (Fig. 1d).

In order to determine the changes on surface of the Al spheres
after the synthesis, XRD, XPS, and Raman spectroscopy were
employed to investigate the composition and structure of the
synthesized spheres (grown for 5 min). XRD patterns of the
composite spheres after MPCVD processing are presented in
Fig. 2a, from which the peaks of Al(111), Al(200), Al(220), and
Al(113) can be clearly observed, suggesting that the crystal of Al was
still intact and nothing was doped into the Al spheres.”® XPS was
also employed to analyze the composition of the as-synthesized
spheres, on consideration of the penetration ability of XPS. As
shown in Fig. 2b, two peaks (73.5 eV and 75.2 eV) corresponding to
Al 2p*? and Al 2p** were identified, indicating that the base metal
(A]) still maintained its original structure. In addition, the peaks
for C sp> (284.8 eV) and C sp’ (286.4 eV) were also observed in the
XPS spectrum (Fig. 2¢), in which the peak for C sp” is dominant.
Because the presence of the C sp” peak indicates a carbon-based
planar structure, the XPS data strongly imply that carbon-based
planar structures, very likely layered graphene structures, were
formed on the Al spheres’ surface. To further confirm the structure
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of the as-synthesized spheres, they were also measured by Raman
spectroscopy. As shown in Fig. 2d, a G peak (1620 cm™ "), a D peak
(1343 cm™ "), a weak 2D peak (2686 cm™ '), and a D + G combina-
tion scattering peak (2963 cm™ ') were observed, and the ratio of
intensity of the D peak to G peak was about 1.02 (Ip/Ig).* This
observation corroborates that layered graphene was formed on the
surface of the Al spheres. From the above characterizations, it can
be concluded that the as-synthesized composite spheres mainly
included two parts, viz. an Al sphere core and a graphene shell
(formed by graphene sheets/flakes), despite that the graphene
had some defects and a few graphite impurities existed in the
shell.

To find the optimal condition for growing graphene micro-
structures on the Al spheres, we investigated the morphological
evolution by changing the ratio of the flow rates between CH,
and H, in the synthesis of graphene@aAl spheres (Fig. 3). Fig. 3a
and e indicate that the sphere surface was fully covered by non-
uniform granules when the ratio of flow rates of CH, : H, : Ar
was set to 25:75:100. Spheres with smaller and evenly
distributed granules on the spherical surface could be achieved
when the flow rates' ratio of CH,: H,: Ar was changed to

Fig.1 SEM images of raw Al spheres and as-synthesized graphene@Al spheres. (a) SEM images of raw Al spheres; (b) a high magnification image
showing the surface of a raw Al sphere (inset shows a raw Al sphere); (c) composite spheres synthesized under a H, : CH,4 : Ar flow ratio of
15:85:100 for 30 min at 450 °C; and (d) a high magnification image showing the surface of a as-synthesized sphere (inset shows a as-

synthesized sphere).
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Fig.2 The characterization of the as-synthesized composite spheres. (a) XRD pattern; (b) and (c) XPS spectra of Al 2p and C 1s, respectively; and

(d) Raman spectrum.

20 : 80 : 100 (Fig. 3b and f). As the ratio of the flow rates was
further reduced to 15 : 85 : 100, spheres with few granules on
their surface could be synthesized (Fig. 3c and g). If the ratio of
the flow rates between CH,: H, : Ar was further adjusted to
10:90: 100, granules on the spherical surface could be
observed again (Fig. 3d and h). Comparing the above results, we
suggest that the optimal ratio of flow rates of CH, : H, : Ar was
15:85:100, in order to obtain composite spheres with

a surface in good condition, ie., a surface with minimal
particulate structures. The graphene@Al composite spheres
with particulate structures on the surface have some obvious
drawbacks, for example, they are mechanically unstable
because the particulates can easily fall off the composite
spheres.” Therefore, graphene@Al spheres with minimal
particulate structures on their surface are preferred for later
applications.

Fig. 3 SEM micrographs of the graphene@Al spheres synthesized with different CH4: Hy @ Ar flow ratios. 25:75:100 for (a) and (e),
20 :80: 100 for (b)and (f), 15 : 85 : 100 for (c) and (g), and 10 : 90 : 100 for (d) and (h). The synthesis lasted for 15 min under the above mentioned
conditions. (e), (f), (g), and (h) are zoomed-in images from (a), (b), (c), and (d), respectively, to show the local features of the spheres.

This journal is © The Royal Society of Chemistry 2019
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Subsequently, we investigated the influence of synthesis
duration on the morphology of graphene@Al spheres by
extending the synthesis duration to 60 min at the optimized
CH,, H,, and Ar flow rates, viz. 15 sccm, 85 sccm, and 100 sccm,
respectively. Fig. 4a and b indicate that the Al sphere surface
was fully covered by a shell formed by graphene sheets/flakes.
However, compared to the spheres synthesized in 15 min
(Fig. 3c and g) and in 30 min (Fig. 1c and d), longer synthesis
duration (60 min) led to a more fuzzy composite sphere surface,
possibly due to more graphene sheets getting encapsulated on
the Al sphere surface. The above evidence suggests that the
structure of graphene shell on the Al spheres can be regulated
by adjusting the synthesis duration.

The evaluation of the thickness of the graphene shell on the
Al spheres is an essential study because it affects the properties
as well as the performance of the graphene@Al spheres. In the
traditional way, this can be done by carrying out SEM/TEM
experiments to collect graphs of graphene@aAl spheres, from
which average diameter of the particles can be calculated
statistically. Afterwards, the thickness of graphene shell can be
derived from the comparison of the diameters of the Al spheres
and graphene@Al spheres. However, some drawbacks in this
approach can influence the reliability of the calculated results.
In SEM/TEM measurement, the electronic beam is focused on
a certain plane of the sample, and then micrographs are
collected for the sample. Because the particles out of the focus
plane cannot be accurately characterized, the obtained diam-
eter of the particles from the micrographs can deviate from the
true size of the particles. Moreover, it is common that the
particles in the samples for SEM/TEM measurement overlap
with each other, which makes measuring the size of individual
particles from the collected SEM/TEM micrographs difficult.
Therefore, a new technique is required to measure the diameter
of the graphene@Al spheres, from which the thickness of gra-
phene shell on the Al spheres can be ascertained.

In the present study, a THz-TDS technique was employed to
measure the average diameters of the graphene@Al spheres
with different synthesis durations. The setup for the experiment
is given in Fig. 5.

In this technique, the time domain electric field signal (E(z))
was measured for the experimental and control samples,
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Fig. 5 Schematic of the THz-TDS measurement system. THz wave
emitted from (1) an THz emitter was focused by (2) a high-density poly-
ethylene (HDPE) plano-convex lens onto a disk-like sample (red dots
distributed in a green matrix) which was fixed in (3) a sample holder. The
THz wave transmitted through the sample was then collected by (4)
another HDPE plano-convex lens and detected by (5) a THz receiver. The
detected signal was sent to (6) a computer for further analysis to extract
the information about the sample properties. To fix the sample, (8) the
sample was sandwiched between (7) an aperture magnetic plate and (9)
an aperture metal plate. Al spheres or graphene@Al spheres (red dots)
were embedded in the PE (the green matrix) and pressed into a disk.

respectively. Subsequently, E(f) was transformed into the
frequency field domain signal (E(w)) using the FFT algorithm.
The transmission spectrum (7(w)) of the samples was calculated
using the following formula:*°

T((;J) = sam(w)/lref(w) = [lEsam(w)VlEref(w)l]z [1)

where, w is the angular frequency of the terahertz wave; Eq,m(w)
and E,f(w) are the measured electric frequency field domain
signal of the experimental and control samples, respectively;
Liam(®) = |Esam(®)|? and ILef(®) = |Eref(w)|> are the THz electric
intensity of the experimental and control samples, respectively.

Interestingly, it was found that the transmission value (7) of
the samples (Fig. 6a) can be regarded as frequency-
independent for the values between 1.6 THz and 2.2 THz

Fig.4 SEM micrographs of a typical graphene@Al sphere with a synthesis duration of 60 min under a CH4 : H, : Ar flow rate ratio of 15 : 85 : 100.
(b) is a zoomed-in images from (a) to show the local features of the sphere.
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Fig. 6 The THz transmission measurement. (a) A disk-like sample prepared for the THz measurement. In the sample, microspheres (black dots
are graphene@Al spheres in this case) were embedded in PE (white matrix). (b) Transmission spectra for samples of graphene@Al spheres with
different synthesis durations (15 min, 30 min, and 60 min) and Al spheres (0 min).

(Fig. 6b). This was also supported by numerical calculations of
the PE buried-Al spheres sample or graphene@Al spheres
sample, based on the light scattering method according to the
Mie theory and FDTD simulation (see the eqn (S14) and (S15)
in the ESIT). To min, T15 min» T30 min, a0d Teo min are used to
denote the average transmission values in the region of 1.6
THz to 2.2 THz for the Al sphere sample, and graphene@Al
sphere samples with different synthesis durations (15 min,
30 min, and 60 min). In this example, Ty min, T15 min, 730 mins
and Tgp min are 0.279, 0.251, 0.224, and 0.151, respectively.

According to the theoretical calculations (see eqn (S17) in the
ESIT), the THz transmission of the graphene@Al sphere
samples can be calculated by

T= It, sample/IO = eXP(—bchtz), (2)

where, I, is the electric field intensity of the incident THz wave,
I sample is the measured electric field intensity of the sample, bc¢
is the corrected decay factor with a value of 5.11 x 10* cm™?,
and D, is the average diameter of the graphene@Al spheres with
different synthesis durations.

By the substitution of 745 min, 730 min, ad Teo min iNto eqn
(2), it is very convenient to obtain the diameters of the gra-
phene@Al spheres, which were found to be 104.06 pm,
108.26 pm, and 121.7 pum, respectively. The corresponding
average thickness of the graphene shell on the Al spheres
were 2.03 um, 4.13 um, and 10.85 pm by assuming that the
average diameter of the Al spheres is 100 pum. The values are
comparable to the derived thickness of graphene shells, viz.
2.21 pm, 4.22 pm, and 10.77 pm, of the corresponding gra-
phene@Al spheres measured (nearly 100 spheres for each
group of samples) from SEM micrographs.

4. Conclusion

In summary, rambutan-like graphene shell wrapped Al spheres,
namely graphene@Al spheres were synthesized using an MPCVD

This journal is © The Royal Society of Chemistry 2019

approach. The structure of the composite spheres was charac-
terized by SEM, XRD, XPS, and Raman spectroscopy. The exper-
imental conditions for achieving high-quality graphene@Al
spheres were also investigated. The advantages of this synthetic
strategy lie in its low-cost, simplicity, mild reaction conditions,
and the capability to control the morphology of the graphene
covered Al microstructures by programming the experimental
parameters. More importantly, the thickness of the graphene
shell on the graphene@Al spheres was successfully examined
using a unique non-destructive THz-TDS technique. The present
work provides new insights on synthesizing graphene@aAl
composites in a cost-effective and high-yield fashion, and a new
means to measure the size of the microspheres, which is not
readily possible by other spectroscopic or imaging techniques.
The techniques demonstrated in this work can undoubtedly find
application in the synthesis of functional spheres and charac-
terization of the properties of microstructures.
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