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Interfacial bonding characteristics of in-situ synthesized graphene-coated copper

nanocomposite powders using wheat flour precursor
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Abstract: It is quite difficult to in-situ synthesize graphene directly and economically
onto surfaces of copper powders as a reinforcement phase for metal matrix
composites, and few studies have been focused on interfacial bonding characteristics
between graphene (Gr) layer and copper powders. This paper explores a new strategy
using wheat flour as a precursor to in-situ generate graphene on the surfaces of copper
powders and investigates interfacial bonding characteristics between Gr and copper
powders. Results reveal that the in-situ generation process of graphene on the surfaces
of copper powders has two critical stages. The first one is the low-temperature stage
(up to 400 C), in which H» reduces the oxide layer (Cu20) into metallic Cu on the
surfaces of the copper powders. The second one is the high-temperature stage (from
289 to 800 °C), in which the copper powders, with their good catalytic properties,

cause the break-up of chemical bonds of the flour and expose the carbon atoms, and
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then high affinity of copper and carbon atoms causes recombination of carbon atoms
and formation of graphene. Interfacial structures of the graphene-coated copper
composite powder show semi-coherent features with a lattice matching of
Gr0023//Cuqiiny. The interfaces between Cu and Gr have not shown any intermediate
phases or porous structures. These composite powders produced using such a low-cost
but highly efficient process can be effectively used as an excellent reinforcement for
metal matrix composites.
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1. Introduction

Graphene (Gr) has its great potential to be used in electronic devices [1],
aerospace [2], and biomedicine [3] due to its extraordinary physical and mechanical
properties. A variety of preparation methods for graphene have been developed,
including mechanical exfoliation [4], chemical exfoliation [5], and in-situ growth
using physical and chemical methods [6]. Among these, mechanical exfoliation
method is time-consuming and cannot easily obtain large-scale graphene [4].
Chemical exfoliation method usually uses graphite as a raw material and strong acids
have been used for oxidation stratification, followed by a high temperature reduction
treatment to obtain reduced graphene oxide (rGO) [5]. However, rGO is simply a
derivative of graphene, and compared with graphene, there are a large amount of
defects in the rGO, which limit its wide-range applications. Graphene prepared using

the in-situ growth methods can achieve a high quality, thus receving extensive



attention recently [6], and there are reports to in situ prepare graphene on silicon or
silicon carbide [7].

There are a lot of interests recently to search for high quality reinforcing phases
in metal matrix composites, and many researchers are focusing on the in-situ growth
of graphene on a metal substrate for these purposes [8-11]. An early study for in-situ
generation of graphene on the surface of a metal substrate was reported by Somani et
al [8]. They chose Ni as the substrate, and synthesized graphene through in-situ
thermal decomposition of a carbon source of camphor. In 2009, Li et al. [12]
synthesized uniform graphene on copper substrates, and proposed a self-limiting
growth mechanism of graphene on copper substrates, which easily produced a few
layer or even single-layer graphene. Due to the strong demand for graphene
reinforced composites for industry applications, there is an urgent need to in-situ
generate high quality Gr on the surfaces of metallic powders, such as copper.

The commonly used carbon sources for synthesis of graphene include gas
sources (such as methane/CH4) [12], liquid sources (such as hexane and liquid
paraffin) [9, 13], and solid sources (such as polymethyl methacrylate/PMMA, sucrose
and glucose) [10, 11, 14, 15]. When the gaseous carbon source such as CHjy is used,
its decomposition temperature is generally around 1000 °‘C [12]. Such a high
temperature is very close to the melting point of Cu powder, and thus it is extremely
difficult to form the graphene-coated copper composite powders [16]. Using the solid
carbon source, the decrease of decomposition temperature has been reported, and thus

the carbon layer could be easily and uniformly distributed on all the powder surfaces



[10].

However, solid carbon sources are not widely available and its process is costly
[10, 11]. Therefore, it is necessary to develop a cheap but effective method to
synthesize Gr on the surfaces of metallic powders. On another matter, the solid carbon
sources generally contain a lot of heteroatoms (such as oxygen) [11]. Since the ratio
of carbon to oxygen in glucose (CsHi20s) is ~1:1, it is difficult to explain why the
oxygen atoms produced during high temperature process do not oxidize the copper
matrix, as reported in Ref. [17]. For graphene-coated copper composite powders, the
interfacial structure can significantly affect the enhancement effect of reinforcing
phases in a metal matrix [14, 18-20].

In this study, we proposed a new strategy using low cost and widely available
wheat flour as the solid precursor of graphene to in-sifu generate graphene on the
surfaces of copper powders, and then explored its in-situ growth mechanisms and
studied the interfacial microstructures. The flour-processed copper composite
powders with different carbon source contents were obtained using a ball milling
process, and graphene-coated copper composite powders were obtained using in-situ
generation process. Microstructures of the composite powders were characterized to
identify the interfacial bonding characteristics between Gr and Cu, from which in-situ
generation mechanism of graphene was proposed. The Gr@Cu composite powders
prepared can be applied as a reinforcing components for metal matrix composites,
which can be used in electric slide rail material, high voltage electrical contact

material and electronic packaging materials, etc. [21-24].



2. Experimental materials and methods
2.1 Materials

Copper powders (purity 99.9%, 35-38 um) were purchased from Beijing
Xingrongyuan Technology Co., Ltd., China. The flour powders (universal wheat flour)
were obtained from Chinese Resources Vanjia Convenient Supermarket. The rest of
the reagents in this study (including anhydrous ethanol and nitric acid) were of
analytical grade and used directly without further purification.
2.2 Preparation of flour@Cu composite powders

Fig. 1(a) schematically illustrates the synthesis process for the flour@Cu
composite powder. Planetary ball milling (XQM-0.4L, China) was used to prepare
flour@Cu composite powder. Firstly, 1.0 g of flour, 10 g of Cu powder and 110 g of
stainless steel balls (with a diameter of 3 mm and a ball-to-material ratio of 10:1)
were weighed and poured into a planetary ball milling tank. The flour-coated copper
powder was obtained using the ball milling process at 423 rpm for 5 h, and this
sample was named as 1.0flour@Cu. Afterwards, flour powders with different weights
of 0.8 g, 0.5 g and 0 g were mixed with 10 g of copper powder using the above ball
milling process (with a ball-to-material ratio 10:1), and they were named as

0.8flour@Cu, 0.5flour@Cu and flake Cu powders, respectively.
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Fig. 1 Schematic illustrations of the preparation processes of composite powders. (a)
flour@Cu composite powders, (b) Gr@Cu composite powders
2.3 Preparation of Gr@Cu composite powders

The flour@Cu composite powder was put into a corundum ark, before put into a
vacuum tube furnace. The furnace was heated up to 800 °‘C with an increased rate of
10 min/°C, and calcined for 10 min. During this process, a gas mixture of 40 sccm H»
and 100 sccm Ar was kept flowing into the chamber throughout to generate reduction
and formation of Gr@Cu composite powder. The preparation process is illustrated in
Fig. 1(b). We named the composite powders obtained after the in-situ reaction
processes as 1.0Gr@Cu, 0.8Gr@Cu and 0.5Gr@Cu, respectively.
2.4 Testing and characterization methods

X-ray diffractometer (XRD, XRD-70008S, Japan, Cu Ko radiation of 1.5418 A,
with a scanning speed of 8 °/min) was used to analyze the crystalline phases of the
copper powder and composite powders. Scanning electron microscope (SEM,
Quanta-450-FEG, USA, USA) was used to observe the morphology of the powder

with an operating voltage of 20 kV, and the attached energy dispersive X-ray



spectroscopy (EDS) was used to assess if Gr was coated on the copper powders.

The copper particles of the Gr@Cu composite powder were etched away using a
20 wt.% nitric acid solution. The obtained product of Gr was washed several times
with deionized water and ethanol. Raman spectroscopy (Renishaw inVia Raman
Microscope, UK) analysis of samples was performed with 532 nm Ar' laser to
investigate the degree of Gr defects in the etched Gr@Cu samples. Microstructures
and bonding interfaces of Gr and copper particles were characterized using a
high-resolution transmission electron microscope (HR-TEM, TF200X, USA), and the
lattice fringes and interfacial bonding characteristics of graphene and copper particles
were characterized. Valence states and bond structures of 0.5Gr and 0.5Gr@Cu
powders were analyzed using an X-ray photoelectron spectroscope (XPS, AXIS
ULTRA, UK, Al Ka X-ray ray source with an energy of 1486.6 eV). The base vacuum
of the XPS chamber was 9.8x10™'° Torr, and the Casa XPS software was used to

perform peak splitting and data Gaussian fitting processing.

3. Results and discussion

Figure 2 shows morphology and phase analysis results of the initial pure copper
powder and the flake of copper powder after ball milling. The SEM image of pure
copper powder in Fig. 2(a) shows that the copper powders are spherical with their
sizes between 33 and 40 pum. In this study, we used the ball milling process of 423
rpm, a duration of 5 h, ball-to-material ratio (10:1) to change the original spherical

copper powders into a flake of copper powders (Fig. 2(b)). It can be seen that the



spherical copper powder has been completely transformed into flake copper powder
after ball milling, and the thickness of the flake layer is about 1~3 pum.

XRD pattern in Fig. 2(c) shows the (111) crystal plane of Cu2O. The formation
of oxides is because the copper powder is highly active and easily oxidized when it

comes in contact with air.
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Fig. 2 SEM and XRD patterns of pure copper and ball-milled flake copper powder. (a)
SEM image of pure Cu powder, (b) SEM image of flake Cu powder, (c) XRD pattern
of pure Cu and flake Cu powder

After verifying that the ball milling can transform the spherical particles into
flake particles, the same ball milling process was used to mix different contents of

flour (1.0 g, 0.8 g, 0.5 g) with 10 g copper powder. Figs. 3(a) and 3(b) show the SEM
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and EDS images of 1.0flour@Cu composite powder. The morphology of Cu powder
in the composite powder is consistent with that in Fig. 2(b), and in both these two
cases, they become flakes of powders. The surface of these flakes is coated with a
thick substance, which becomes agglomerated as shown by the black arrow in Fig.
3(b). These substances are considered as the carbon source (e.g., a flour layer). EDS
analysis of point A shows that it contains a large number of C and O atoms (the inset
of Fig. 3(b)), clearly indicating that the agglomerates are associated with flour
structures.

Figures 3(c), 3(d) and 3(e), 3(f) are SEM and EDS images of 0.8flour@Cu and
0.5flour@Cu composite powders, respectively. It can be seen that as the flour content
is decreased, the agglomeration of the flour carbon source is gradually reduced. When
the flour content is 0.5 g, no obvious agglomeration of flour is found in the SEM
image (Fig. 3(f)), and the flour particles are firmly covered on the surfaces of the
copper powders. The above phenomenon shows that a large carbon source content
will cause agglomeration in the early mixing process, which may lead to the following
phenomena. (1) The low solubility of carbon in copper substrates makes it unfeasible
to produce multilayer graphene. In the process of in-situ graphene growth, due to the
excessively large carbon source content in the agglomerated area, thicker layers of
graphene-like nanoplatelets or graphite flakes will be produced if the catalytic limit of
copper powder is exceeded. (2) The thicker carbon source is easily peeled off, and is
scattered among the flakes of copper powders. It is easily carbonized into scattered

graphite flakes during high-temperature carbonization. Based on the above results, it



is concluded that 0.5 g of flour is the best carbon source content for this study.

Fig. 3 SEM images and EDS results of different contents of flour@Cu composite
powders. (a~b) SEM images of 1.0 flour@Cu composite powder, (c~d) SEM images
of 0.8 flour@Cu composite powder, (e~f) SEM images of 0.5 flour@Cu composite
powder. The illustrations are the EDS images at points A, B, and C respectively

For the Gr@Cu composite powders obtained after the in-situ generation, XRD
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analysis was performed to investigate whether the oxide layer (e.g., Cu20 as shown in
Fig. 2(c)) on the surface of the original copper powder is still existed after the in-situ
generation process of graphene. The whole processes have involved the following
chemical reactions: (1) Cu20 is oxidized to produce CuO. This is because the flour
contains a large amount of oxygen elements. During heating, Cu>O particles are
preferentially oxidized by these oxygen elements to form CuO; (2) Due to the
presence of Hz, the Cu,0O may undergo a reduction reaction during heating to generate
metallic Cu particles.

It can be seen from Fig. 4 that the XRD patterns of three types of composite
powders only show diffraction peaks at 43.03°, 50.2°, and 73.8°, corresponding to the
(111), (200), and (220) planes of copper, respectively. The inset of Fig. 4 shows the
diffraction peak regions of cuprous oxides, which clearly shows no diffraction peak.
This reveals that the aforementioned CuxO (Fig. 2(c)) has been successfully reduced
into Cu particles during the in-situ process. In addition, there is no diffraction peak of
graphene in the XRD pattern. This may be due to the small amount of in-situ

generated graphene, which is below the lower detection limit of XRD [25].
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Fig. 4 XRD patterns of different Gr@Cu composite powders

Since the XRD pattern (Fig. 4) did not show the presence of graphene, SEM was
then used to characterize the composite powder. Fig. 5 shows the SEM images of the
Gr@Cu composite powder obtained by calcinating flour@Cu composite powder at
800 ‘C under the flowing of 40 sccm H; and 100 sccm Ar for 10 min. Figs. 5(a), 5(b)
and Figs. 5(c), 5(d) are SEM images of 1.0Gr@Cu and 0.8Gr@Cu composite
powders, respectively. It can be seen that a layer of carbon source is coated on the
surface of the copper powder after high temperature reduction treatment, and this
carbon source is successfully changed into graphene which shows a folded
morphology (as indicated by the yellow arrow). The formation of graphene folds can
be explained by the fact that the graphene has a negative thermal expansion
coefficient (-7><10'6 K1) [26], and copper has a positive thermal expansion system
(16.6><10'6 K [27]. During the cooling process, due to the mismatch of expansion
coefficients of these two materials, the interfaces between graphene and copper are
subjected to large thermal stress. Graphene is subjected to compressive stress and
copper is subjected to tensile stress, which causes the significant folding of graphene

[28].
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Fig. 5 SEM images of different Gr@Cu composite powders. (a~b) 1.0Gr@Cu

composite powder, (c~d) 0.8Gr@Cu composite powder, (e~f) 0.5Gr@Cu composite
powder. The illustration is the EDS image at point A

In addition, thick layers of bright and white substances (indicated by the black
arrows) are observed in Figs. 5(b) and 5(d), and these are graphene-like nanoplatelets

(GLNPs). These GLNPs are distributed on the surfaces of the copper powders and
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scattered among the flake of copper powders. This confirms the previous observations
based on the SEM images of 1.0flour@Cu and 0.8flour@Cu composite powders (Fig.
3(b), (d)), which show that flour agglomeration may cause undesirable consequences.
The formation of GLNPs is mainly due to the large carbon content when using 1.0 g
flour. After the first layer of graphene is formed on the surface of the copper powder,
the excess carbon source can be continuously graphitized and grown on this layer,
thus resulting in a much thicker layer of GLNPs [15, 18]. It is worthwhile to note that
in the SEM images of the 0.5Gr@Cu composite powder (Figs. 5(¢) and 5(f)), no
GLNPs can be observed. Only a thingraphene layer can be observed on the surface of
the copper powder, without obvious graphene folds. Previously Lee [18] et al. also
reported that a few-layer graphene was in-situ generated on the surface of the
nano-copper powder. Their SEM images of the graphene are consistent with the
results in this paper, and their observed graphene did not show apparent folds.
Therefore, we believe that 0.5 g of flour is the best carbon source content for the
process parameters used in this study.

Raman spectra are often used to characterize the structural integrity of graphene.
Raman spectra of graphene have three characteristic peaks, e.g., D peak, G peak and
2D peak. The D peak represents the defect peak of graphene, the G peak is produced
by the stretching of sp? carbon-carbon bonds (C=C), and the 2D peak is generally
related to the number of graphene layers [29]. The intensity ratio of the D peak to the
G peak (In/Ig) 1s generally used to define the defect degree of graphene. The larger the

Ip/IG ratio is, the higher the defect degree of graphene is [30]. To verify the quality of
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the graphene in-situ generated on the surface of the flake copper powders, Raman
spectra analysis was carried out. Before the test, the Gr@Cu composite powder was
etched in a 20 wt.% nitric acid solution to remove copper, thus eliminating the
influence of the copper particles on the characteristic peaks of carbon. As shown in
Fig. 6, the Ip/Ig ratio the characteristic D peak and G peak of graphene for all three
Gr@Cu composite powders have their values between 0.89 and 0.91, which is less
than the reported value of In/Ig of rGO (1.00~1.38) [31-34].

In order to verify the effect of short-term acid etching on the changes of degree
of graphene defects, the Raman spectra of Gr@Cu before and after acid etching were
tested (Supplementary Material Fig. S1 and Fig. 6). After comparison, it was proved
that the ratio of Ip/Ig of the composite powder before and after etching does not
change significantly, which indicates that short-term acid etching would not increase
the defect states of graphene.

The D peak positions of 1.0Gr@Cu, 0.8Gr@Cu and 0.5 Gr@Cu composite
powders are at 1334 cm™, 1338 cm™ and 1340 cm’!, respectively. The G peak
positions are at 1588 cm™!, 1591 cm™ and 1592 cm™!, respectively. With the decrease
of carbon source content, the positions of D peak and G peak show clear blue shifts
(e.g., the peaks are shifted to the higher band side). This is related to the increase in
the compressive strain of Gr [32, 35].

Interestingly, the 2D regions show abnormal shapes in the Raman spectra from
2000 to 3400 cm™. This can be explained by the combined effect of the planar and

non-planar structures of graphene [18]. In order to explain the broadening of the 2D
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peaks, the Lorentz curve is used to deconvolute and fit the 2D region, and the
deconvolyed results are shown in the inset of Figs. 6(a) to 6(c). The 2D area can be
divided into 2D peaks, D+G peaks and 2D' peaks after fitting, and the D+G peak and

2D' peak are generated due to the strain in graphene with a non-planar structure [18,

36].
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Fig. 6 Raman spectra of different Gr@Cu composite powders after acid etching. (a)
1.0Gr@Cu composite powder, (b) 0.8Gr@Cu composite powder, (c) 0.5Gr@Cu
composite powder. The inset shows the 2D area fitted using the Lorentz curve

In order to characterize the quality of microstructure and interfacial structures of
in-situ generated graphene, TEM was used to characterize the morphology of

graphene and the interfacial bonding between graphene and copper powder. In
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literature [24, 37], acid etching was used to remove part of the copper substrate, to
observe the morphology and interface bonding state of graphene. In this paper, the
same method was applied. Fig. 7 shows the TEM, HRTEM and EDS-mapping images
of 0.5Gr@Cu composite powder after etching. It can be seen that the morphological
features of the etched structures generally show gray color, and have obvious
tulle-like graphene morphologies (Fig. 7(a)). In addition, there are small amounts of
black particles (Fig. 7(c)). Based on the HRTEM image shown in Fig. 7(b), the gray
area has a crystal interplanar distance same with that of Gr(o2), indicating that the
gray tulle-like substance is the in-situ generated graphene. The black particles can be
confirmed as the copper particles from the EDS-mapping images (Figs. 7(e~g)).

Interestingly, the O element does not appear in Figs. 7(e~g).
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Thermal analysis (Fig. 8 ) was carried out using protective atmosphere N>, and it
can be seen that the thermal decomposition curve (TGA) of the flour showed two
mass losses. The first mass loss in the temperature range of 38.9~125.1 C
corresponds to the removal of adsorbed water in the flour, and the second mass loss in

the temperature range of 269~508 °C corresponds to the dehydration of the side
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chain groups [38]. In addition, it can be seen from the DSC curve that only two mass
losses are accompanied by exothermic peaks, and no other peaks appear in the
subsequent heating, indicating that the carbon source tends to be stable under the

catalysis of the copper-free substrate.
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Fig. 8 TGA and DSC curves of wheat flour

The proposed mechanism of in-situ generation of Gr@Cu composite powder
during the in-situ process is shown in Fig. 9. In the initial stage of heating (e.g., below
4007C), the Cu-O-Cu bonds in the original Cu2O sheet react with the H-H bonds. At
the following higher temperature stage, the chemical bonds obtain enough energy to
re-arrange themselves. The copper 1ons are successfully reduced into copper, and the
remained hydrogen ions and oxygen ions react and form water molecules, which are
evaporated (Fig. 9(a)). With a further increase in temperature (800°C), the C-H and
C=0 bonds in the flour are reacted to form carbon atoms, which are adsorbed on the
surface of copper particles. The remaining heteroatoms (e.g., O) are not adsorbed on
the copper substrate due to the influence of the affinity with copper. In the subsequent
process, the temperature is lowered in the H, atmosphere, and the carbon atoms which

are originally adsorbed on the surface of the copper powder begin to be re-arranged.
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In this process, the carbon on the surfaces of copper powders preferentially nucleate
and eventually form graphene layers. The remaining heteroatoms are also recombined
under the action of hydrogen ions and form the H>O molecules, which are evaporated
(Fig. 9(c)). In addition, although the flour contains a lot of oxygen atoms, no copper
oxides are found at the bonding interface of graphene and copper. The reason may be
attributed to that at the high temperature in the H> atmosphere, the affinity of carbon
to the surface of the metal catalyst is higher than that of oxygen atoms. With the
formation of graphene, the atomic rearrangement occurs, and the oxygen atoms are
eliminated by the hydrogen [15] (Fig. 9 ( ¢)).
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Fig. 9 Schematic diagram of the in-situ mechanism of in-situ Gr@Cu composite
powder. (a) CuyO is reduced to Cu at the low-temperature stage, (b) Gr@Cu
composite powder preparation process, (¢) Gr formation at the high-temperature stage

Many studies reported that copper substrate has a certain catalytic effect for the
in-situ grown graphene [11, 12, 15]. Therefore, in this paper, 0.5 g of flour was
directly calcined and reduced by the same process technology, which was recorded as
0.5Gr. The catalytic effect of copper substrates was investigated using the Raman
spectroscopy and XPS.

Fig. 10 shows the Raman spectra of 0.5Gr and unetched 0.5Gr@Cu. It can be
seen from Fig. 10 that both these spectra have the characteristic peaks of carbon.
Among them, the Ip/Ig value of 0.5Gr is 1.01, which is much larger than that of
0.5Gr@Cu composite powder. This indicates that without the catalysis of a copper
substrate, the flour carbon source produces a lot of amorphous carbon, e.g., the
defects are significantly increased. Under the catalysis of a copper substrate, the
carbon source will be reduced into graphene, and its Ip/Ig value of 0.90 is consistent

with that of the etched 0.5Gr@Cu (Fig. 6(c)).
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Fig. 10 Raman spectra of 0.5Gr and unetched 0.5Gr@Cu

Fig. 11 shows the XPS spectra of both the 0.5Gr and 0.5Gr@Cu, which can be
used to extract the information of valence states and bond structures of graphene and
copper. Fig. 11(a) shows the survey spectra of 0.5Gr and 0.5Gr@Cu. The existence of
C and O elements can be seen from the XPS spectrum of 0.5Gr, and the characteristic
binding energies of C 1s and O 1s are located at 248.8 eV and 531.8 eV, respectively.
The survey spectrum of 0.5Gr@Cu shows that in addition to the presence of C and O
elements, the Cu 2p characteristic peak of Cu element appears at 932.8 eV. Fig. 11(b)
shows the high-resolution C 1s spectrum of 0.5Gr. It can be divided into four peaks at
284.4 eV, 284.8 eV, 286.1 eV and 288.9 eV, corresponding to sp?> carbon (C=C), sp’
carbon (C-C), C-O and C=0 bonds, respectively. Fig. 11(c) shows the high-resolution
C 1s spectrum of 0.5Gr@Cu, which can also be split into four peaks. Fig. 11(d) shows
the high-resolution spectrum of copper element of 0.5Gr@Cu, in which the two peaks
at 932.0 eV and 952.1 eV are assigned to Cu 2p*? and Cu 2p'? of Cu(0), respectively.
Since the satellite peaks of copper oxide do not appear in the figure, this indicates that

the original cuprous oxide has been reduced when graphene is in-situ formed, and the
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heteroatoms in the carbon source will not oxidize the copper substrate [11]. These
results are the same with those of XRD, and prove the graphene formation mechanism
(e.g., Fig. 4 and Fig. 9, respectively). The ratios of different carbon bonds in 0.5Gr
and 0.5Gr@Cu are shown in Fig. 11(e). It is obvious that the proportion of sp? carbon
(C=C) increases and the proportion of sp> carbon (C-C) decreases when the copper
substrate is present. The results are consistent with the Raman analysis results, which
show that the copper matrix can reduce the defects of graphene (Fig. 10). Both the
Raman and XPS results confirm that the copper substrate has a good ability to

catalyze the carbon source to form graphene.
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We further obtained the HRTEM image of 0.5Gr@Cu composite powder, along
with its Fast Fourier Transform (FFT) and Inverse Fast Fourier Transform (IFFT)

images at the interfacial region (Fig. 12). The aim is to study the nature of crystal
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bonding between in-situ generated Gr and Cu substrate and the degree of lattice
mismatch. Fig. 12(b) shows the three-layer structures. The lattice fringe spacing of the
innermost layer is ~0.212 nm, which is similar to the Cu1) crystal plane spacing of
0.208 nm, indicating that this should be from the copper powder. The middle layer is a
4-6 nm black composite interface layer, and the lattice fringes have shown certain
curvatures can be observed. The spacing is 0.368 nm, which is near to the Gr(o2)
crystal plane spacing of 0.34 nm. The bright and white area in the outermost layer is
the pure graphene layer. Figs. 12(c) and 10(cl) are the FFT and IFFT diagrams in the
yellow box of Fig. 12(b), respectively, and the detailed analysis shows that the crystal
orientation relationship between Gr and Cu is following Cuyi111//Gryoo2;. This crystal
orientation is not perfectly parallel but has an orientation difference of 29.4° (Fig.
12(c1)). The similar crystalline orientation relationship between graphene and copper
has been reported in literature [14, 17]. The presence of poor orientation mismatch
causes the formation of circular lattice fringes of graphene to appear in the HRTEM
image (Fig. 12(b)). This is because the Gr usually maintains a 29° orientation
difference with the {111} crystal plane group of copper.

On the other hand, we noticed that the lattice fringe spacings of both Gr and Cu
are larger than their normal values. This may be due to the thermal stress generated
after the in-situ process, which causes the generation of tensile stress and formation of
more dislocation or defects at their interfaces. To verify this, we did the FFT of the
Gr02) crystal plane and Cugiry crystal plane generated by 0.5 g of flour and then

performed IFFT on them. The results show that the lattice fringes of Gr not only are
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bent, but also show a large number of dislocations in the lattice fringes of Gr, which
are represented by the symbol “T” in Fig. 12(d). Whereas the lattice fringes of Cu
only show bending phenomenon (Fig. 12(d1)). The bending of lattice fringes and the
generation of dislocations are strong evidences of the increase in the spacing of lattice
fringes. One of the reasons for this phenomenon is the large difference in the thermal
expansion between graphene and copper, which generates a large thermal stress and
increases the interplanar spacing [17]. The interfaces do not show intermediate phase

and cracks/pores.
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Fig. 12 HRTEM, FFT and IFFT images of 0.5Gr@Cu composite powder. (a) Low

magnification HRTEM, (b) High magnification HRTEM, (c) FFT in the yellow box in
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(b), (cl) IFFT in the yellow box in (b), (d) IFFT of Groo2), (d1) IFFT of Cugi), (e) the
schematic diagram of the interface of (c1). We selected Groo2) (red line) and Cuqn
(yellow line), and then drew multiple parallel lines, and then obtained the interface
angle between Gr and Cu
A good crystallographic matching helps to form a low-energy interface when the
two interfaces of different phases are bonded, and this will have enhancing effects on
the stability and bonding strength of the interfacial structures [39]. The interface
mismatch (8) is an important parameter to show the matching relationship between
the two phases. We calculated the mismatch degree of 0.5Gr@Cu composite powder
using the calculation formula (1)[40].
5=t (1)
where d; and d> are the interplanar spacing of Cui) and Groz), respectively.
However, the interface between graphene and copper has a certain bending angle (Fig.
12(cl)). For this type of angled interface, the length of X and Y can be obtained
according to Fig. 12(e), and then the degree of interface mismatch can be calculated
using formula (2) [40]. According to the schematic diagram of the interface shown in
Fig. 12(e), the angle between Gr and the interface is ~18°, and the angle between Cu
and the interface is ~11.4°. The Gro2) crystal plane spacing is 0.368 nm, and the
Cuqy crystal plane is 0.212 nm. Therefore, we obtained X=1.191 nm and Y=1.073
according to the trigonometric function, and a & value of 11% can be obtained. As we
know that when 5%<06<25%, the interface is a semi-coherent one [41]. Therefore, the

Gr002) and Cuq1) have a semi-coherent interface, e.g., 8=%=11%<25%. This kind
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of semi-coherent interface often generates dislocations in order to reduce the large
elastic strain energy at the interface, which is another key factor to cause the
generation of dislocations at the interfaces between Gr and Cu [42].

Through this semi-coherent relationship, a new interpretation for the formation
of interface dislocations can be made. Li [43] et al. and Zhang [44] et al. observed
dislocations at the composite interface of graphene and copper, however, they
assumed that this was caused by the difference in the coefficient of thermal expansion
between two phases. Our results indicate that this should be a combined effect from
thermal expansion coefficient mismatch and a special semi-coherent relationship
between these two phases. In addition, the semi-coherent interface does not have a
strong interfacial strength as that in the coherent interface. For the graphene
reinforced copper matrix composites, graphene is often observed to be pulled out
from the fracture surfaces [24, 34]. Therefore, the enhancement effect of graphene on
the copper matrix is not as significant as expected from the theoretical model.

As shown in Fig. 13, many researchers used intermediate particles to improve
the interfacial bonding between graphene and copper. Their results show that the
mechanical properties of the composite materials obtained through applying these
intermediate particles have been improved but the effects are quite different [45-50].
These intermediate particles have been verified to improve the wettability and
interfacial bonding of graphene and copper.

Our study in this paper shows the semi-coherent interface bonding relationship

between graphene and copper. Based on these results, we can assume that the
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intermediate phases are formed along with copper or graphene, and the bonding
between copper and graphene has formed a coherent interface. Due to this change of
interfacial bonding characteristics at the interfaces caused by these intermediate
particles, the enhancement effects of strength can be significantly improved. In
addition, compared to the non-coherent interface, the formed semi-coherent interface
will increase the strain hardening effect due to the presence of dislocations, which
indicates that our in-situ strategy successfully achieves a strong interfacial interaction

between graphene and copper.
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Fig. 13 Comparison of tensile strength of metal particle modified and unmodified

graphene reinforced copper matrix composites

4. Conclusion

In this work, we proposed a new methodlogy to use wheat flour as a solid carbon
source to in-situ generates graphene on the surfaces of Cu powders. A ball milling
process was used to uniformly mix different contents of flour and copper powder, and
then an in-situ generation process was used to obtain high-quality Gr@Cu composite

powder. Following conclusions were onbtained form this study.
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(1) When the carbon source content was reduced from 1.0 g to 0.5 g, the in-situ
generated layered material was changed from a thick GLNP to a thin Gr layer.

(2) In-situ generation mechanism of graphene on the surface of copper powder
can be explained from the changes in two stages. In the low temperature stage (up to
400 C), cuprous oxide was reduced by Hz; whereas in the high temperature stage
(269-800 °C), the carbon sources were decomposied and recombined to form a layer
of graphene.

(3) The interfaces between the graphene and the copper matrix were well bonded,
with a lattice orientation relationship of Cu(111)//Gr(002), and their interface was a

semi-coherent one.
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