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Nacre-like composite is promising to realize the intriguing properties of graphene in metal matrix.
However, how to fabricate the composite with nacre-like structure and improve effectively its property is
still challenging. Here we report a facile synthesis of reduced graphene oxide(RGO)/copper(Cu) com-
posite with hierarchical layered structure based on molecular level mixing and self-assembly. The effects
of pH value, temperature, mixing method and graphene content on the microstructure and mechanical
property of composite were investigated. The pH value and temperature are the main factors in the
formation of hierarchical layered structure. For macroscale microstructure, the composites consist of
parallel carbon-rich strip aggregates and carbon-poor matrix. For microscale microstructure, the carbon-
rich aggregate contains many micro-layered grains composing of alternating layers of graphene and
copper, forming a nacre-like composite structure. Furthermore, it is believed that the length-width ratio
of macroscopic aggregates related with the mixing method has a significant impact on the mechanical
properties of composites. The tensile strength of the 2.5 vol% RGO/Cu composite is as high as 748 MPa.
Moreover, good electrical conductivity is also obtained in the composites. This work provides a better
understanding of design graphene based composites with hierarchical layered structure and high
performance.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

Graphene, a two-dimensional material with a monolayer of sp2

bonding carbon [1], has attracted intensive attention in the past
decades. It has the highest known intrinsic strength of 130 GPa, a
Young's modulus of 1 TPa [2e5] and high electron mobility of
~15,000 cm2 V�1S�1 [6]. Graphene has been recognized as a
promising reinforcement for polymer matrix composite [7,8] and
metal matrix composite [9e11] owing to its unique two-
dimensional geometry and excellent strength and modulus.

Recently, copper matrix composite reinforced with graphene
ce and Engineering, Harbin
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has attracted great attention of researchers. By introducing gra-
phene into copper matrix, the mechanical, electrical, thermal
properties and oxidation resistance of the composites are expected
to improve [10,12e15]. However, the mechanical properties of the
graphene/Cu composites are still unsatisfying. One of the reasons is
the aggregation of graphene in the Cu matrix. Thus the synthesis of
Cu-matrix composite with uniformly dispersed graphene is still an
important issue.

Shell nacre has a “brick-and-mortar” structure, which consists of
95% hard mineral aragonite “brick” and 5% soft protein “mortar” in-
between. The unique structure provides a guidance for designing
the structure of graphene/Cu composite. Inspired by the nacre-like
structure of, Xiong et al. absorbed reduced graphene oxide (RGO)
into porous Cu perform and sintered into composite [16]. The
1.2 vol% nacre-like RGO/Cu composite has a tensile strength of
308 MPa, which is 41% higher than pure Cu (218 MPa). The re-
searchers also fabricated high content (~45 vol%) RGO/Cu
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composite with nano-laminated structure via bottom-up assembly,
reduction and consolidation [17]. The as-obtained nano-laminated
composite exhibits increased compressive strength (294 MPa) and
well recoverable deformation ability compared with the pure Cu.
However, the mechanical properties of the composites mentioned
above are still lower than the expectation. Kim et al. fabricated a
nanolayered composite which consists of alternating layers of
graphene and copper [14], which was similar to the nacre-like
structure. It is astonishing to find that the nanolayered graphene/
Cu composite has an ultra-high compressive strength of 1.5 GPa.
However, the entire process used in the nanolayered composite is
too complicated to fabricate bulk material, which limits its
application.

Molecule level mixing (MLM) is a promising method to produce
CNT [18] and graphene reinforced copper composites [19], which
can achieve good mechanical property by a facile process. Hwang
et al. first achieved the uniform dispersion of RGO and Cumatrix by
molecular level mixing process; the ultimate tensile strength of
2.5 vol% RGO/Cu is 325 MPa [19]. Chen et al. investigated the effect
of graphene content on the microstructure and properties of Cu
matrix composites; lower graphene content (no more than 0.8 vol
%) benefited to its strengthening effect in the composites [20].
Despite the dispersion improvement achieved by MLM method, it
is difficult to entirely avoid the agglomeration of graphene in Cu
matrix and further improve the strength of composite.

In our previous study, we have successfully fabricated a
graphene-copper composite with micro-layered structure based on
the MLM method and confirmed that the micro-layered structure
has a significant impact on themicrostructure and property of RGO/
Cu composite [21]. During the MLM process, the micro-layered
structure was spontaneously formed driven by van der Waals
force and hydrogen bonding. Thank for the micro-layered structure
of RGO/Cu composite, the tensile strength of the composite with
5 vol% RGO is as high as 608 MPa. However, we have only a su-
perficial understanding of the microstructure of the RGO/Cu com-
posite, which needs to be further studied. Moreover, optimizing
experimental condition and exploring the formation mechanism of
micro-layer structure in the composite are also necessary.

Here, we report a facile synthesis of graphene/copper composite
with hierarchical layered structure and ultrahigh strength, which is
a continuation of our previous work on the graphene/copper
composites. The hierarchical structure contains both parallel
carbon-rich strip aggregates in macroscope and many micro-
layered grains composing of alternating layers of graphene and
copper in microscope, which is constructed by a self-assembly
method and controlled by the pH value and temperature during
the MLM process. High shear mixing can increase the length-width
ratio of strip aggregates and improve the mechanical properties of
composites. This work will provide a better understanding of the
configuration design of graphene/copper composite and contribute
to optimize its mechanical property.

2. Experimental

2.1. Fabrication of pure copper powder and RGO/Cu composite
powders

Graphene oxide (GO) colloid provided by Zhejiang C6G6 Tech-
nology Co., Ltd., was diluted with deionized water and treated by
sonicating for 30 min to form a uniform suspension (1 mg/ml). A
certain amount of GO suspension was dispersed into 2000 ml
aqueous solution of Cu(CH3COO)2$H2O (115.9 g). Then 4 M NaOH
aqueous solution was added into the above mixed solution drop-
wise. And the obtained slurry was allowed to be further stirred for
20 min. After that the slurry was centrifuged and rinsed with
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deionized water before being dried at 110 �C for 4 h under vacuum
to obtain a powder. Finally, the powder was reduced in H2eAr gas,
whose H2 concention in Ar is 17 vol%, at 400 �C for 5 h to obtain
RGO/Cu composite powder. For comparison, pure copper powder
was also prepared. 115.9 g of Cu(CH3COO)2$H2O powders were
dispersed into 2000 ml deionized water to form an aqueous solu-
tion. 4 M NaOH aqueous solution was added into the Cu(CH3-
COO)2$H2O aqueous solution under high-shear mixing with a
rotating speed of 3000 rpm at 20 �C until the pH valuewas 13.6. The
drying and reduction process was preformed exactly the same as
the above composite powder.

The effects of the volume fraction of RGO, the reaction tem-
perature, the pH value and the mixing method during the MLM
process on the microstructure and properties of the composites
were studied; in each set of experiments, one parameter was
changed while the others remain constant. For simplification, the
composites were abbreviated as aG/Cu-b�C -pHg(q); a vol% corre-
sponds to the volume fraction of RGO and sets as 2.5, 5 or 7.5 vol%,
respectively, adopting the density of graphene oxide as 2.3 g/cm3; b
�C is the reaction temperature and sets as 20, 40 or 50 �C, respec-
tively; pH g is the pH value during MLM process and sets as 5.9, 6.6,
12.8 or 13.6, respectively; q represents the mixing method: me-
chanical stirring abbreviated as “S” achieved by stirring paddles
with the rotating speed of 200 rpm, and high-shear mixing
abbreviated as “H” achieved by a rotor-stator mixer (JRJ300-1) with
the rotating speed of 3000 rpm.

2.2. Consolidation of the pure copper powder and the RGO/Cu
composite powders

The as-prepared pure copper powder and RGO/Cu composite
powders were sintered by spark plasma sintering (SPS, SPS-1050)
at 600 �C for 5 min under vacuum with a heating rate of 75 �C/
min and a sintering pressure of 40 MPa. The size of the obtained
RGO/Cu composite was 30 mm in diameter and 5 mm in thickness.

2.3. Characterizations

The atomic force microscopy (AFM) image was taken by a Ben
Yuan CSPM 5600 scanning probe microscope in a tapping mode.
The sample of graphene oxide for AFM imaging was prepared by
dropping graphene oxide solution on natural mica for 30 s and
dried in 50 �C for 4 h. The microstructures of the composite pow-
ders and consolidated composites were observed by scanning
electron microscopy (SEM, Helios Nanolab600i) equipped with an
energy-dispersive X-ray spectrometer (EDS) and transmission
electron microscopy (TEM, Talos F200x). The composite sample for
etching experiment was polished with diamond polishing slurry
after mechanical polishing with 3000-grit SiC paper, immersed in
FeCl3 solution for 1 min and rinsed with 10 vol% HCl solution. X Ray
Diffraction (XRD) analysis was performed on a Philips X'Pert X-ray
diffractometer with Cu Ka radiation (l¼ 1.54 Å). The surface charge
properties of composite particles were evaluated by a Zetasizer
Nanoseries-ZS90 (Malvern) instrument. The samples were diluted
with HCl or NaOH solution at a constant pH value. The zeta po-
tential of each sample was measured three times, and the average
value was calculated.

Tensile tests were performed on an electronic universal testing
machine (Instron-5569) under a crosshead speed of 0.5 mm/min.
The test samples were a dog-bone shape with a gauge length of
15 mm, width of 2 mm and thickness of 1 mm. The electrical re-
sistivities of the composites were measured by direct current low
resistance test instrument from Suzhou Changsheng Technology
Co. The testing directions of the samples in tensile and electrical
conductibility tests were both perpendicular to the processing

zhk
铅笔

zhk
铅笔



m

Z. Yang et al. / Carbon 127 (2018) 329e339 331
www.sp

direction during sintering.

3. Results and discussion

3.1. Microstructure characterizations of graphene oxide

Fig. 1a shows an SEM image of GOs after freeze drying. The GO
flakes have a transparent and corrugated structure without
agglomeration. AFM can be used to measure the thickness of GO
flakes. An individual GO flake can be found in Fig. 1b with the
thickness of ~0.9 nm, which is the typical monolayer thickness of
graphene oxide [3].

3.2. Microstructure characterizations of composite powders

In order to clarify the synthesis process of the composite pow-
ders, pH-dependent experiments were carried out, during which
the samples were taken at different pH values of 5.9, 6.6, 12.8 and
13.6, respectively. XRD patterns of the as-collected samples are
shown in Fig. 2a. It is necessary to note that all the composite
powders here were freeze dried to eliminate the effect of drying
temperature on their microstructure and present their original
state in the solution. It shows that the phase constitution of the
composite powders is pH-sensitive. When the pH value is lower
than 6.6, the diffraction peaks are assigned to the crystal planes of
Cu2(OH)3Ac (PDF 50-0407) [22]. However, once the pH value is
increased to 12.8, the major diffraction peaks match well with
Cu(OH)2 and CuO. It indicates that Cu2(OH)3Ac was formed at the
initial stage of dropping NaOH solution and gradually transformed
into Cu(OH)2 and CuO with the further increasing amount of hy-
droxyl ions.

Fig. 2bee shows the morphology change of the composite
powders at various pH values as indicated by SEM analysis. As
shown in Fig. 2a and b, Cu2(OH)3Ac is in the form of sheet and about
5 mm in size in acidic media (pH 5.9 and 6.6), which combines well
with GOs. When pH value is increased to 12.8 and 13.6, the
Cu2(OH)3Ac sheets transform into Cu(OH)2 and CuO nanofibers. The
nanofibers are uniformly dispersed on GO sheets with diameters of
a few tens of nanometers. More importantly, the edges of GO sheets
can be easily observed and almost parallelly distributed, which can
be considered the framework of micro-layered composite particles.

To further clarify the formationmechanism of the micro-layered
composite particles, we investigated their surface charges by zeta
potential measurements. The zeta potential is a physical property
exhibited by any particle in dispersion and is an important
parameter used for evaluating the dispersion degree or aggregative
trend in dispersing media. It is well known that particles whose
zeta potentials are more positive than þ30 mV or more negative
Fig. 1. (a) SEM image of the GO flakes, (b) AFM image of the GO fl
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than �30 mV are considered to achieve stable and uniform dis-
persions due to interparticle electrostatic repulsion [23]. Fig. 2f
shows the zeta potential of the composite particles at various pH
values. At the initial stage, the zeta potential of composite particles
increases with increasing pH value and the highest value reaches to
45 mV at pH 7. The composite particles achieve stable dispersion in
the pH range of 5.9e9. However, as the pH value further increases
to 12.8, zeta potential of composite particles decreases dramatically
and remains around �10 eV. It indicates that the solution system is
unstable in the pH range of 9e13.6.

It is found that the reaction temperature has an impact on the
copper compound in the composite powders during MLM process.
Fig. 3a shows the XRD patterns of the composite powders prepared
at 20 �C, 40 �C and 50 �C while the pH value is kept at 13.6. It can be
found that the composite powders prepared at 20 �C and 40 �C
exhibit the characteristic peaks similar with the standard Cu(OH)2
(PDF 80-0656) and CuO (PDF 80-1917). However, the composite
powders prepared at 50 �C only exhibit the characteristic peaks
corresponding to CuO. The XRD results suggest that higher reaction
temperature would make the intermediate product Cu(OH)2
dehydrate into CuO completely. For simplification, the composite
powders are abbreviated as GO/CuOxHy and CuOxHy represents
CuO (xs 0 and y ¼ 0) or a mixture of CuO and Cu(OH)2 (xs 0 and
y s 0).

Fig. 3bed presents the morphology of the composite powders
fabricated at various temperatures. As shown in Fig. 3b, the copper
compound in the heat-dried composite powder (20 �C) has a sheet-
like structure of about 500 nm in size, which is different from the
nanofiber structure in the freeze-dried composite powders. The
reason may be that during vacuum drying process the nanofibers
are aligned via “oriented attachment” [24,25]. The paralleled
nanofibers assemble with each other and finally form into nano-
sheets [26]. Moreover, these nanosheets exhibit homogeneous
distribution without any agglomeration. When the reaction tem-
perature is increased to 40 �C, the nanosheets in composite pow-
ders are much smaller and are about 200e300 nm in size. However,
when the temperature reaches to 50 �C, many tiny nanorods with
diameter of a few tens of nanometers instead of nanosheets can be
observed. In addition, the nanoparticles obtained at 40 �C and 50 �C
are severely agglomerated, which can be ascribed to their high
surface energy and strong Van der Waals force.

3.3. Characterizations of composites

In order to study the microstructure of RGO/Cu composite, XRD,
XPS and SEM measurements were carried out. Fig. 4a shows the
XRD pattern of the 2.5G/Cue20C-pH13.6(H) composite sintered by
SPS process. The composite exhibits only three characteristic peaks
akes. (A colour version of this figure can be viewed online.)
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.cnFig. 2. (a) XRD patterns of freeze-dried composite powders fabricated at various pH values, SEM images for freeze-dried composite powders fabricated at (b) pH 5.9, (c) pH 6.6, (d)
pH 12.8, (e) pH 13.6, (f) Zeta potential of the composite powders fabricated at various pH values. (A colour version of this figure can be viewed online.)

Fig. 3. (a) XRD patterns of the composite powders prepared at various reaction temperatures and dried in vacuum at 110 �C, SEM images of the composite powders prepared at (b)
20 �C, (c) 40 �C and (d) 50 �C. (A colour version of this figure can be viewed online.)
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corresponding to Cu (PDF No.851,326), which suggests that copper
matrix was not oxidized during the SPS process.

XPS was used to investigate chemical valence states of Cu, C and
O in GO/CuOxHy composite powder and RGO/Cu composite. As
shown in Fig. 4b, the XPS spectra of GO/CuOxHy composite powder
and RGO/Cu composite both exhibit C 1s peak at around 284.5 eV, O
1s peak at around 531 eV, Cu LMM peak at around 570 eV, Cu 2p3/2
peak at around 932 eV and Cu 2p1/2 peak at around 951.2 eV. The
elemental analysis indicates that the C content increases from
9.44% to 32.57% and O content decreases from 37.95% to 22% after
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Fig. 4. (a) XRD pattern of the 2.5G/Cu-20C-pH13.6(H) composite, (b) survey XPS spectrum of GO/CuOxHy composite powder and RGO/Cu composite, (c) C1s XPS spectrum of GO/
CuOxHy composite powder, (d) C1s XPS spectrum of RGO/Cu composite. (A colour version of this figure can be viewed online.)
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reduction (Table 1), which confirms the reducing effect of hydrogen
treatment on GO/CuOxHy composite powder. In fact, there are three
kinds of oxygen atoms in RGO/Cu composite: one is the oxygen
from residual functional groups such as carboxyl groups on the RGO
sheets after reduction; the other is the oxygen atoms from CueO
bonds at the interface between RGO and Cu matrix [19], the CueO
bonds are generated from the interaction between the Cu ions and
GO sheets, which are the origin for improving the interfacial
strength between RGO and Cu [27,28]; the third is the oxygen from
the copper oxides on the surface of copper powder exposed to air
before SPS process.

In order to investigate the effect of the reduction process on the
graphene oxide, the C1s spectra was fitted using a Gaussian-
Lorentzian peak shape after performing a linear background
correction. The relative atomic percentages of different carbon
bonds were calculated from the corresponding peak areas in C 1s
spectrum of GO/CuOxHy composite powder and RGO/Cu composite.
As shown in Fig. 4c and d, the peak located at 284.5 eV and 285 eV
are attributed to the sp2-hybridized and sp3-hybridized carbon
atoms [29] and the small peaks at 286.4 eV, 287.8 eV and 288.6 eV
originate from the CeO, C]O and OeC]O bonds [30,31], respec-
tively. The calculate results are summarized in Table 2. It is obvious
that RGO/Cu composite possesses higher percentage of sp2-hy-
bridized carbon, which indicates higher degree of graphitization
and fewer defects in the lattice structure of graphene after
Table 1
Atomic percentages of GO/CuOxHy composite powder and RGO/Cu composite based
on XPS survey.

Sample name Atomic percentage (%)

C 1s O 1s Cu 2p

GO/CuOxHy 9.44 37.95 52.61
RGO/Cu 32.57 22 45.43
.creduction [32]. Furthermore, compared with GO/CuOxHy composite
powder, the RGO/Cu composite has lower percentage of C]O and
OeC]O bonds but higher percentage of CeO bond. It suggests that
hydrogen reduction treatment can eliminate the C]O and OeC]O
bonds and produce more CeO bonds, which may form the oxygen
mediated carbon/Cu bonding (CeOeCu bond) and enhance the
bonding strength between graphene and Cu matrix [19]. Even
though the relative amount of CeO bond increases, total amount of
oxygen-containing groups decreases from 18.9% to 15.3%. In addi-
tion, we calculate the C/O ratio in RGO according to the relative
atomic percentages of different carbon bonds calculated by fitting
the C1s XPS spectrum of RGO/Cu composite. The calculated C/O
ratio is 11.3:1, which is close to that in Ref. [33] (12:1). It confirms
the reducing effect of hydrogen treatment on GO sheets.

Fig. 5a and b shows the SEM images displaying the cross section
of etched composite fabricated by high-shear mixing and me-
chanical stirring. It can be seen that there are two types of phases in
both composites: the dark one has a strip structure with length of
50e400 mm, whereas the light gray one is continuous. In contrast,
the 2.5G/Cue20C-pH13.6(H) composite has more dispersed phases
than the 2.5G/Cue20C-pH13.6(H). Furthermore, it seems that the
morphology of the dispersed phases in the 2.5G/Cue20C-
pH13.6(H) composite is slender strip while the ones in the 2.5G/
Cue20C-pH13.6(S) composite are close to elliptical shape. There-
fore, 30 pieces of dispersed phases were randomly selected in the
SEM images, and their lengths and widths were measured and
analyzed. The distributions of the length-width ratio of the strips in
the 2.5G/Cue20C-pH13.6(H) and the 2.5G/Cue20C-pH13.6(S)
composites are shown as histogram in the insets of Fig. 5a and b,
and the average length-width ratios are 3.26 and 5.60, respectively.
It can be confirmed that the high-shear mixing can produce the
strip phases with larger length-width ratio than agitator stirring.

As shown in the SEM image of etched cross section of the 2.5G/
Cue20C-pH13.6(H) composite (Fig. 5c), the dark part is relatively
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Table 2
Atomic percentages of different bonds of carbon calculated by fitting the C 1s spectra of GO/CuOxHy composite powder and RGO/Cu composite.

Sample name Atomic percentage (%)

sp2 CeC sp3 CeC CeO C¼O OeC]O Total functional groups

GO/CuOxHy 61.2 19.9 6.4 6.2 6.3 18.9
RGO/Cu 64.7 20.0 8.0 4.5 2.8 15.3

Fig. 5. (a) SEM image of etched cross section of the 2.5G/Cu-20C-pH13.6(H) composite, (b) SEM image of etched cross section of the 2.5G/Cu-20C-pH13.6(S) composite. The insets in
(a) and (b) show the length-width ratio distribution of strip structure in the 2.5G/Cu-20C-pH13.6(H) and the 2.5G/Cu-20C-pH13.6(S) composites respectively, and data in the top
right corner of the insets indicate mean length-width ratio and standard deviations. (c) SEM image of etched cross section of the 2.5G/Cu-20C-pH13.6(H) composite with the inserts
showing the EDX analyses of the dark compacted part and light gray porous part, respectively. (A colour version of this figure can be viewed online.)

Z. Yang et al. / Carbon 127 (2018) 329e339334
wcompacted while the surrounding part is porous after etching. EDX
measurements are used to investigate the elemental content of the
two phases in the composite. The results show that the dark phase
has more carbon content compared to the light gray phase. It
suggests that the two phases have different microstructure
although they consist of both graphene and copper. The strip phase
cannot be easily etched because plenty of graphene can hinder the
flow of the etching solution [12].

According to above experimental results, we can illustrate the
growth process of the hierarchical layered RGO/Cu composites as
shown in Fig. 6. Firstly, for the solution of GO and Cu(CH3COO)2,
since there are many oxygen-containing groups with negative
charges on the surface of GO, such as hydroxyl, epoxide and
carboxyl, Cu2þ ions are easily attracted by these functional groups
on GO surface [34]. Secondly, with the addition of NaOH solution,
Cu2þ ions react with NaOH and in-situ produce Cu2(OH)3Ac sheets
(as shown in Fig. 2b and c) in the pH range of 5.9e9, which flattened
on the surface of GO sheet. The zeta potential of GO/Cu2(OH)3Ac
composite particles is higher than þ30 eV, which is stable in the
solution. With further addition of OH� ions, Cu(OH)2 and CuO can
be produced in the composite particles instead of Cu2(OH)3Ac.
Moreover, the copper compound produced at low temperature has
a nanosheet structure, which exhibits homogeneous distribution
and easily combine with GO sheets. The zeta potential of GO/
CuHxOy composite sheets decrease belowþ30 eV but above�13 eV
in the pH range of 9e13.6, which is unstable for the composite
particles in the solution. Thus self-assemble could happen by
minimizing the surface energy, the composite nanosheets are
prone to stack layer by layer due to their two-dimensional plane
structure and form the composite particles with micro-layered
structure.

Thirdly, the micro-layered composite particles are still unstable
in the solution. The subunits are prone to further assemble with
each other and finally form into hierarchical layered structure
during mixing and centrifugation process. However, residual
composite sheets do not participate in the self-assembly but
combine with the Cu(OH)2 particles that precipitate from the so-
lution. After reduction and sintering process, RGO/Cu composite
with hierarchical layered structure in both macroscopic and
microscopic scale is obtained. It is worth noting that high-shear
mixing can produce more strip phases with larger length-width
ratio than mechanical stirring, and achieve more uniform disper-
sion of graphene in the Cu matrix.

TEM analysis was used to further investigate the micromor-
phology and crystalline structure of the pure copper and 2.5G/Cu-
20C-pH13.6(H) composite. Fig. 7a is a representative TEM image of
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Fig. 7. (a) TEM image of the pure copper with the insert showing the statistic of grain size distribution in the pure copper, (b) TEM image of the 2.5G/Cu-20C-pH13.6(H) composite,
(c) HRTEM image of the 2.5G/Cu-20C-pH13.6(H) composite. (A colour version of this figure can be viewed online.)

Z. Yang et al. / Carbon 127 (2018) 329e339 335
pure copper. It shows there are twin lamellar structures with a
thickness ranging from 15 nm to 120 nm and the average Cu grain
size is 200e300 nm (the inset of Fig. 7a). As shown in Fig. 7b, the
nano grains and nano twins which have the similar size with the
pure copper can be observed in the 2.5G/Cu-20C-pH13.6(H) com-
posite and may contribute to the strengthening of the composites.
The HRTEM image is shown in Fig. 7c. The edge of graphene sheet
can be observed, which is about 3 layers and 1 nm in thickness. The
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interlayer space of 0.334 nm, which is assigned to (111) plane of
graphene [35].

Fig. 8 displays the fracture surfaces of RGO/Cu composites with
different volume fraction of graphene (2.5 vol%, 5 vol% and 7.5 vol
%). The fracture morphologies of the composites exhibit a dimple
pattern which is a typical characteristic of plastic fracture. It can be
seen that the fracture morphology of the 2.5G/Cu-20C-pH13.6(H)
composite is extremely homogeneous and the dimples are about
500 nm in size in Fig. 9a. As the volume fraction of graphene in-
creases, the size of the dimples is not consistent and keeps
increasing due to graphene agglomerations (marked by yellow
circles).
m

3.4. Mechanical and electrical properties of composites

Fig. 9a shows the true stress-strain curves of RGO/Cu composites
fabricated at different pH values (6.6, 8.1 and 13.6). It can be seen
that the fracture mode of the composite at pH 13.6 is plastic frac-
ture and its ultimate tensile strength is as high as 748 MPa. How-
ever, when the pH value is below 8.1, the ultimate tensile strengths
of the composites decrease greatly without obvious yielding stage
from the stress-strain curves, which indicates that the fracture
mode changed from plastic fracture to brittle fracture. This may be
mainly attributed to the structure difference of the composites
produced at different pH values. As above-mentioned, the com-
posite particles are stable in the pH range of 5.9e9 and unstable in
the pH range of 9e13.6. For the composites produced at pH 6.6 and
8.1 which contain large amount of Cu2(OH)3Ac as shown in Fig. 2a,
the composite particles repel each other to achieve stable disper-
sions in the solution and tend to produce a randomly distributed
structure in the composites; however, for the composites produced
at pH 13.6 which mainly contain Cu(OH)2 sheets, the composite
particles assemble and form hierarchical layered structure as
above-mentioned. It has been reported that the layered structure
www.sp

Fig. 8. SEM images for the fracture surface of RGO/Cu composites: (a) 2.5G/Cu-20C-pH13.6(
figure can be viewed online.)
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contributes to the improvement of both the strength and toughness
of composite [14,16]. Consequently, the composite fabricated at pH
13.6 has better mechanical properties than those composites
fabricated at pH 6.6 and 8.1.

We can find that the reaction temperatures have remarkable
effects on the tensile strengths and the elongations of the com-
posites. The tensile strengths of the composites produced at room
temperature, 40 �C and 50 �C are 748 MPa, 625 MPa and 288 MPa,
respectively, as shown in Fig. 9a and b.With the increase of reaction
temperature, the tensile strength decrease sharply from 748MPa to
288 MPa. In addition, the tensile strength of composites with
similar MLM process but fabricated at 80 �C is 355MPa [19]. We can
understand the phenomenon according to the different composite
powder structures produced at different temperature as shown in
Fig. 3. Copper compound particles produced at 20 �C and 40 �C have
nano-layered structure, which combine easily with GO sheets and
form hierarchical layered structure. However, when the reaction
temperature reaches to 50 �C or higher, CuO nanoparticles are
produced and easy to agglomerate as shown in Fig. 3d. This also
results in the damage of the hierarchical layered structure.

The elongations of the composites are also affected by the re-
action temperatures. The elongations of composite prepared by
20 �C, 40 �C and 50 �C are 1.45%, 1.04% and 0.20%, respectively. The
direction of initial crack is forced to deviate from the initial prop-
agation plane when it encounters the rigid hierarchical layered
structure [36]. As a result, the hierarchical layered structure can
cause the energy dissipation caused by the process of crack
deflection [16,37e39].

We can find that high shear mixing contributes to the
improvement of the dispersion of graphene and benefit the me-
chanical property of composite. High-shear mixing. In our previous
work, high shear mixing can break through Van der Waals' force
between layers and achieve the exfoliation of graphite [40]. With
the help of high-shear mixing, the tensile strengths of the
H), (b) 5G/Cu-20C-pH13.6(H) and (c) 7.5G/Cu-20C-pH13.6(H). (A colour version of this
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Fig. 9. (a) Tensile stress-strain curves of the pure copper and RGO/Cu composites at various pH values, (b) tensile stress-strain curves of RGO/Cu composites at various reaction
temperatures and by mechanical stirring, (c) comparison of tensile strength of RGO/Cu composites in this work, (d) electrical conductivity of RGO/Cu composites in this work, (e)
tensile strength versus reinforcement fraction of pure copper in this work and graphene/Cu composites. Note that the literature data are for graphene/Cu composites fabricated by
various kinds of methods, including wet mixing (orange diamonds [44,45]), ball milling (purple squares [10,46]), conventional molecular level mixing (green stars [19,20]) and in
situ grown (blue down triangles [47,48]). (A colour version of this figure can be viewed online.)
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composites increase from 632 MPa to 748 MPa and the elongations
increase from 0.95% to 1.45%. This results are in agreement with the
SEM results in Fig. 5, which indicates that high shear mixing can
produce more slender strips with larger length-width ratio than
mechanical stirring.

For comparison, we have prepared a pure copper sample using
the same method for the preparation of 2.5G/Cu-20C-pH13.6(H)
composite. Fig. 9a also shows the true stress-strain curve of the
pure copper sample. It is astonishing to find that the ultimate
tensile strength is 565 MPa and the tensile yield strength is
470 MPa. The microstructure of the pure copper sample was
observed by TEM as shown in Fig. 6a, which indicates that the pure
copper has plenty of nano grains and nano twin lamellar structures.
On the one hand, according to the traditional Hall-Petch relation-
ship, for a pure copper with an average grain size of 200 nm, a yield
strength of ~270 MPa is expected [41], which is much lower than
that of the present sample in this work (470 MPa). On the other
hand, twin boundary is a special kind of coherent boundary, which
may effectively hinder dislocation motions [42]. Lu et al. [43] re-
ported a copper sample with an average twin lamellar thickness of
80 nm has an ultrahigh yield strength of 500 MPa. Therefore, this
result indicates that the high strength of the pure copper sample
may be attributed to the strengthening effect of the nano-twins.

The comparison of all the ultimate tensile strengths of the RGO/
Cu composites in this work are displayed for in Fig. 9c. It can be seen
that the 2.5G/Cu-20C-pH13.6(H) composite has the highest tensile
strength of 748 MPa with the smallest error bar compared with
other samples. The tensile strength of the 2.5G/Cu-20C-pH13.6(H)
composite is 183 MPa higher than that of the pure copper sample
fabricated in the same condition. In addition, the effects of
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graphene content on themechanical property of RGO/Cu composite
are also discussed. With the increase of graphene content, the
tensile strength of RGO/Cu composites decrease from 748 MPa to
557 MPa. The main reason may be that the GO sheets tend to
aggregate in the solution when the graphene content is high.

In addition, it is noting that the tensile strengths of some
composites given in the present study, including 2.5G/Cu-20C-
pH6.6(H), 2.5G/Cu-20C-pH8.1(H), 2.5G/Cu-50C-pH13.6(H), 7.5G/
Cu-20C-pH13.6(H) and 2.5G/Cu-20C-pH13.6(S), are lower than the
pure copper sample prepared in this work. It suggests that the
formation of hierarchical layered structure plays a crucial role on
the properties of the composites. The high strength can only be
obtained in the composites prepared by the suitable technology
parameters.

The electrical conductivity measurement of the composites was
carried out by direct current method and expressed as the Inter-
national Annealed Copper Standard (IACS). It can be found that the
RGO/Cu composites in this work maintain a good electrical con-
ductivity property between 62 %IACS and 70 %IACS, which indicates
that the introduction of graphene does not weaken greatly the
electrical conductivity of copper.

Fig. 9e shows the tensile strengths of graphene reinforced Cu
matrix composites as a function of reinforcement amount by
different methods. Obviously, the tensile strengths of the RGO/Cu
composites with hierarchical layered structure go beyond any
known graphene/Cu composites fabricated by other methods,
verifying RGO/Cu composites with hierarchical layered structure
have ultrahigh strength with low volume fraction. Furthermore, it
is worth noting that the pure Cu with nano-twin structure in our
study also exhibits higher strength. Although the exact reason
should be clarified further, it is no doubt that the MLM method
provided in the present study can be used to fabricate high strength
copper.

4. Conclusion

In summary, hierarchical layered RGO/Cu composites are fabri-
cated by MLM method and SPS process. For macroscale micro-
structure, the as-synthesized composites consist of carbon-rich
strip phase and carbon-poor matrix. For microscale microstructure,
the carbon-rich strip phases contain many micro-layered grains
composing of alternating layers of graphene and copper. The
unique hierarchical layered structure is realized by assembling GO/
CuOxHy composite particles at pH value of 13.6 and temperature of
20 �C. In addition, high-shear mixing contributes to the formation
of the hierarchical layered structure and the improvement of the
dispersion of graphene in Cu matrix during the MLM process. The
results show that excellent mechanical and electrical conductivity
are simultaneously achieved in the RGO/Cu composites. Our work
offers prospects for understanding the formation mechanism of
hierarchical layered RGO/Cu composite, which can be promising for
design, fabrication and optimization of graphene-based
composites.
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