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Copper-Graphene Composite (CGC) Conductors: Synthesis,
Microstructure, and Electrical Performance

Jiali Yao, Chunghwan Kim, Qiong Nian, and Wonmo Kang*

Improving the electrical performance of copper, the most widely used
electrical conductor in the world is of vital importance to the progress of key
technologies, including electric vehicles, portable devices, renewable energy,
and power grids. Copper-graphene composite (CGC) stands out as the most
promising candidate for high-performance electrical conductor applications.
This can be attributed to the superior properties of graphene fillers embedded
in CGC, including excellent electrical and thermal conductivity, corrosion
resistance, and high mechanical strength. This review highlights the recent
progress of CGC conductors, including their fabrication processes, electrical
performances, mechanisms of copper-graphene interplay, and potential

applications.

1. Introduction

Over the last two centuries, copper (Cu) has been the most com-
mon choice of material to power everything from the first light-
bulbs and telegraphs to modern computers and home appliances.
Despite its popularity, the conductivity of Cu wires has been im-
proved by only a few percentage points compared to the Interna-
tional Annealed Cu Standard (IACS) established in 1914.11] This
slow technological advance in Cu-based electrical conductors be-
comes a major roadblock to meet ever-increasing electricity de-
mands (e.g., consumption in the U.S. increased 13-fold from
1950 t0 2021)[?! and achieve a carbon-pollution-free grid.[*] For ex-
ample, a recent report!*! from the International Electrotechnical
Commission estimated that Joule heating between power plants
and users results in overall energy losses of up to 15% (e.g., 0.6
trillion kWh in the U.S. in 2021). In addition to power transmis-
sion, the efficiency of electric motors used in electric vehicles and
industrial factories strongly depends on the electrical conductiv-
ity of Cu-based rotor winding,®! e.g., 58% of energy loss in a typi-
cal electrical motor is related to Cu wires. It is worth emphasizing
that >70% of the total produced energy is used by electric motors
in several developed countries, including 75% in the U.S. and
80% in Canada.
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Instead of pure Cu, emerging carbon mate-
rials, such as carbon nanotubes (CNTs) and
graphene (Gr), have been explored to de-
velop effective carbon-metal composites for
electrical applications. Since the discovery
of Gr in 2004,/ there have been extensive
efforts to combine the attractive in-plane
electrical conductivity and mechanical
properties of Gr with Cu for the large-scale,
cost-effective synthesis of Cu/Gr compos-
ites. The general methodology is to inte-
grate the electrical and thermal advantages
of the carbon constituents—including ex-
cellent current density limit (>10% A cm™2),
extremely  high  electron  mobility
(>15 000 cm? V- s71), and thermal con-
ductivity (5000 W m~! K171 with Cu
that offer high charge carrier density (8.491 x 10? carriers/m?
for Cu). Table 1 compares the electrical, thermal, and mechanical
properties of Gr and Cu.

Gr is a single layer of a carbon atom structure consisting of
hexagonal lattice rings. Interestingly, before the discovery of Gr
by the scotch tape method in 2004,[% it was believed that 2D
Gr could not exist because of thermodynamic instability.?* In
Gr, each carbon atom has four valence electrons, sharing three
of them with adjacent carbon atoms to form sigma bonds and
one electron through the delocalized pi bond resonance system
spreading the entire plane. Because of these delocalized elec-
trons, graphite—a nonmetal mineral consisting of multiple lay-
ers of Gr—exhibits a relatively higher electrical conductivity com-
pared to other nonmetal materials and shares metal-like charac-
teristics, e.g., a shiny metallic luster. Furthermore, a study from
Novoselov’s groupl?’! revealed that a single-layer Gr sheet has
special electronic band structures with the Dirac point where
electrons exhibit massless fermions, resulting in so-called bal-
listic electron transport.?°! Since these seminal works, Gr and
its promising potential for electrical applications have received
much attention.

Various synthesis methods of Gr have been developed, in-
cluding mechanical exfoliation,l® GO reduction,[??] in situ
pyrolysis,[?] and chemical vapor deposition.**! These synthesis
methods, integrated with material processing techniques, such
as powder metallurgy,®!! hot pressing,*?! extrusion,[**] and hot
rolling,[?] push the envelope of Gr-based composite systems.
However, there are only a handful of reports(?%3234-37] where the
electrical conductivities of CGC match or exceed that of pure Cu,
despite the excellent electrical properties of pristine Gr.

The electrical properties of CGCs are strongly influenced by
the microstructural features of Gr constituents and a Cu matrix.
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Table 1. Physical properties of graphene and copper.
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Properties Graphene Copper
Electrical Electrical conductivity 100 MS m~1112] 58.1 MS m~1113]
Electron mobility 200 000 cm? v s~ 10141 30-50 cm2y-1s- 151
Electron means free path 28 puml el 39.9 nml ™I
Current density limit 118 MA cm=21"7] 1 MA cm=21"]
Thermal Thermal conductivity 5300 W m~1K-118] 401 W m~ k=131
Thermal expansion coefficient —8 ppm K119 16.5 ppm K131
Specific heat capacity 0.7) g K" 0.385 ) g~ K-
(graphite) (2]
Mechanical Young’s modulus 1TPal2ll 0.117 TPal?2]
Ultimate tensile strength 130 GPal?’] 0.22 GPal??]

In other words, a well-controlled assembly of Gr-Cu, including
the orientation,*? alignment,*®] spatial distribution,*?! as well as
structural integrity®* of Gr within a Cu matrix, is crucial for en-
hanced electrical performance of CGCs. However, it is still tech-
nically challenging to achieve a homogeneous distribution and
controlled orientation of Gr. Furthermore, there are other factors
that are known to lower the electrical performance of CGCs, in-
cluding 1) the weak affinity at Cu/Gr interface;?% 2) deficient
consolidation of CGC,!*%*] i.e., unwanted porosity in a matrix
or agglomeration of carbon materials; and 3) poor structural in-
tegrity of Gr constituents mainly due to defects formed during
CGC processing.*?] In addition to these technical challenges, the
exact mechanisms of Gr-dependent electrical properties of CGCs
remain elusive, if not controversial.

Despite the increasing interest and promising potential of
CGCs in the field of electrical applications, the currently avail-
able reviews focus mainly on the mechanical properties of
metal/Gr composites!“>~#¢ or a general overview of carbon-based
conductors.[*’] Indeed, a focused review on graphene-copper
composites with an emphasis on their electrical applications has
not been available to the best of our knowledge. This review high-
lights recent scientific and technical advancements in graphene-
copper composite conductors with a specific emphasis on their
fabrication, performance as a conductor, as well as underlying
mechanisms of their enhanced properties. In this regard, this
review (see Figure 1) first outlines the mainstream processes
of engineering the CGCs, including Gr growth, Gr-dispersion
methods, and consolidation techniques. Then the key material
properties and the underlying mechanisms of different CGCs,
including their electrical conductivity, charge-carrying capacity,
and thermal/chemical stability, are reviewed and compared along
with theoretical models of CGC-relevant conductors. Finally, this
review ends with a brief discussion of the potential applications
and future directions of CGC conductor technologies.

2. Fabrication of Copper-Graphene Composites

The electrical conductivity of mechanically exfoliated Gr (sheet
resistivity of ~100 Q at high gate voltage, equivalent to
~29.6 MS m~! for a single layer Gr with a thickness of 0.335 nm)
was first reported by Geim and Novoselov in 2004.1° Gr has be-
come a promising reinforcement to conventional Cu conductors,
e.g., higher electrical conductivity and greater strength-to-weight
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ratio. However, directly utilizing mechanical exfoliation tech-
niques for the mass production of CGC has been difficult mainly
due to both low yield and limited lateral Gr size. In this section,
we review fabrication techniques for CGCs that commonly in-
volve three steps—Gr synthesis, dispersion, and consolidation—as
schematically summarized in Figure 2.

Gr synthesis can be done by either the breakup of graphite into
smaller Gr flakes (hereafter, the top-down approach) or chem-
ical growth of Gr on catalysts from different carbon sources
(hereafter, the bottom-up approach). The top-down approach
includes mechanical delamination of graphite[*®*! and chem-
ical and/or thermal reduction of graphene oxide (GO) ob-
tained from oxidation and delamination of graphite (often re-
ferred to as reduced graphene oxide, rGO).[3%420-58] For the
bottom-up approach, the most common methods are in situ
growth by thermal pyrolysis of organic compounds(?3159-66] and
chemical vapor deposition (CVD).[32-3+376772 The Gr dispersion
in a Cu matrix is to achieve a homogeneous Cu-Gr mixture
and many different techniques, as we review in great detail
below, are readily available, including powder encapsulating dur-
ing in situ or CVD growth of Gr[?31:59-6269.70.73] mechanical
mixing, 364041:50-5463-66.73-78] bal] milling,!“0554647376] mechani-
cal rolling,!*! electrodeposition,*83557.7981] sputtering,3$2 and
molecular level mixing.3%42565883 Tt is important to note
that the bottom-up approach does not require a separate
dispersion step due to the direct growth of Gr on a Cu
matrix, e.g., on a porous Cu foam or small-scale pow-
ders. The consolidation step, generally required regardless
of the choice of prior steps, includes hot-pressing (includ-
ing spark plasma sintering),?%31:32:3538-40.42.53-66.68-70.737476.845)
hot rolling,[24951.73] hot extrusion,3*3601.69.72] cold rolling, 0063861
cold drawing,[®2¢] and pressing.”>! During (or after) consolida-
tion, CGCs are commonly annealed at high temperatures to im-
prove Cu-Gr interfacial conditions and the conductivity of a Cu
matrix.

It is important to emphasize that well-designed fabrication
processes are extremely important toward improving the over-
all electrical performance of CGCs because each step determines
the microstructural features of both Cu and Gr. Hence, this sec-
tion reviews different fabrication methods of CGCs and summa-
rizes their process-dependent microstructural features, includ-
ing 1) The quality of Gr, e.g., defects density, crystalline size, and
number of layers; 2) The spatial distribution and orientation of

© 2024 Wiley-VCH GmbH
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Figure 1. The main contents of this review, include fabrication, performance, mechanisms, and discussion of Copper-Graphene Composite (CGC) as
highly effective electrical conductors.
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Figure 2. Fabrication of Cu—Gr composites (CGCs) involves Gr synthesis, dispersion, and consolidation, indicated by gray, green, and blue colors,
respectively.
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Figure 3. Mechanical delamination of Gr flakes from a graphite sheet. a) Schematic illustrations of (left) a graphite sheet sandwiched between thin Cu
foils and (right) repeated mechanical rolling and folding, called accumulative roll-bonding (ARB), for exfoliation and dispersion of Gr flakes in Cu. b) A
high-resolution transmission electron microscopic (HRTEM) image of the exfoliated Gr flakes after Cu etching from CGC after 200 ARB cycles.[**] a,b)

are reproduced with permission(#’] Copyright 2021, Elsevier.

reinforcement; and 3) The contact force or bonding strength be-
tween Cu and Gr reinforcement. We will revisit these microstruc-
tures in the later sections to establish a possible relationship be-
tween microstructures and the electrical properties of CGCs.

2.1. Graphene Synthesis and Dispersion

Highly crystalline pristine Gr exhibits superior electron
mobility,!*] extremely long mean free path,!!®! and unmatched
electrical conductivityl!?! (see Table 1). However, its electrical
properties are very sensitive to defects due to its 2D nature. For
example, the reported electrical conductivities of GO and rGO
are in the range of 107°-10° S m~1,?®) orders of magnitude
lower than that of Cu (107 S m™!). Because of the highly quality-
dependent electrical behavior of Gr, we present several tech-
niques for Gr synthesis within the scope of high-performance
CGCs manufacturing. In addition, the homogeneous dispersion
of Gr within a Cu matrix is also crucial to fully exploit the Gr-
enhanced material performance of CGC. The agglomeration of
Gr in CGC is a common issue, especially at high Gr contents, %]
and it is well known that the inhomogeneous Gr distribution in
CGCs limits their electrical conductivity, as well as mechanical
strength. In this section, we review different Gr synthesis and
dispersion techniques together because a choice of the disper-
sion step is often predetermined by the prior synthesis step, as
schematically described in Figure 2.

2.1.1. Mechanical Exfoliation

Graphite is made up of many Gr layers that are attracted to each
other by Van der Waals forces. This attraction is much weaker
than that of the planar C—C covalent bonds and, as a result, in-
dividual layers can be mechanically separated by applying shear
force along Gr-Gr interfaces. For example, early work!®! isolated
pristine single or few-layer Gr from graphite using a so-called
scotch tape technique. Obviously, the scotch tape method is time-
consuming and strongly depends on the skill set of an individ-
ual. More recent studies!*®#] have improved the throughput of
a mechanical exfoliation process. Figure 3a left shows a graphite
sheet sandwiched between two thin Cu foils. This sandwiched
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structure repeatedly undergoes mechanical rolling and folding
(see Figure 3a right) to apply shear stress between individual Gr
layers. Note that repeated mechanical rolling and folding can im-
prove a homogeneous dispersion of Gr flakes in Cu, but it is still
difficult to control the exact number of Gr, as well as to main-
tain its lateral size (see Figure 3b). The small Gr size (<100 nm)
and high defect density in Gr sheets, mainly associated with the
aggressive mechanical processes, result in low electrical conduc-
tivity of CGC (i.e., 69-81% IACS).[*! Pure mechanical delamina-
tion is conceptually simple and easy to implement but suffers
from limited electrical conductivity, relatively low throughput,
uncontrollable thickness, and small size of Gr flakes. Because of
these limitations, several chemical methods, both top-down and
bottom-up, have been considered, as discussed below.

2.1.2. Reduced Graphene Oxide (rGO)

rGO is one of the popular Gr derivatives from top-down tech-
niques. This technique utilizes chemical processes for the forma-
tion of GO and, as a result, more effectively breaks up graphite
compared to pure mechanical exfoliation by applying mechani-
cal or thermal perturbation. After achieving single or few-layer
GO, chemical and/or thermal reduction of GO, as indicated by
its name, is required. The modified Hummer’s method®! is
commonly used to prepare GO by immersing graphite powders
into acidic oxidizing agents, such as an acidified potassium per-
manganate solution. In this step, oxygen atoms intercalate be-
tween individual Gr layers within graphite and form oxygen-
containing functional groups, such as epoxy bridge, hydroxyl,
and carboxyl groups, on the surfaces and edges of individual Gr
layers. These functional groups increase the distance (D) between
individual Gr layers because the oxygen-containing functional
groups and sp® carbons of GO position slightly above or below
the surface of the sp? carbon plane.!®! In terms of specifics, the
thickness of each GO layer is ~#1 nm (as shown in Figure 4a),*?]
which is considerably larger than 0.34 nm for a pristine sin-
gle layer Gr, leading to a volume expansion of graphite. It is
important to note that interfacial delamination becomes much
more effective after oxidation because of Van der Waals forces
(x1/D?)1®) rapidly decreases for larger D. This is the main
reason why ultrasonication®7] or thermal exfoliation!*’! can

© 2024 Wiley-VCH GmbH
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Figure 4. Morphology and Raman spectra of (left column) GO and (right column) rGO. a) An atomic force microscopic (AFM) image of GO flakes and
b) an HRTEM image of a rGO/Cu composite after thermal reduction with hydrogen and argon.[*?] ¢) Raman spectra of SGO (small-sized GO, lateral
size ~0.92 pm), MGO (middle-sized GO, ~5.49 um), and LGO (large-sized GO, ~13.73 um) sheets and d) after thermal reduction with hydrogen and
argon of SRGO (small-sized rGO), MRGO (middle-sized rGO), and LRGO (large-sized rGO).13?! a,b) are reproduced with permission.[*2] Copyright
2018, Elsevier. c,d) are reproduced with permission.[*?] Copyright 2021, Elsevier.

effectively break down thick structures into single or few-layer
GO structures.

The oxygen-containing functional groups help in the interfa-
cial separation of GO but require an additional reduction step to
remove the intercalated oxygen atoms and achieve high-quality
rGO. For example, it has been shown that chemical and/or ther-
mal reduction of GO increases a carbon-to-oxygen atomic ratio,
e.g., from 2:1 to 33:1.128] Here, after reduction, rGO sheets have
shown reduced defect density, improved electrical conductivity,
and reduced thickness (0.34 nm;[*?] see Figure 4b) compared to
GO. Raman analysis is frequently used for evaluating Gr qual-
ity, where the relative ratio of intensities of peaks at #1350 cm™!
(Ip) and #2700 cm™ (I,5,) with respect to that of #1580 cm™ (I5)
provides information concerning defect density and number of
layers, respectively.®! A larger I,/ ratio indicates a higher de-
fect density of Gr, and a higher I, /I ratio represents a smaller
number of Gr layers. Another experimental indication for the ef-
fect of reduction is shown in Figure 4c,d. The I,,/I ratio of rGO
from Raman analysis is on average 11% lower than that of GO
for all different flake sizes ranging from ~0.92 to ~13.73 pm,*’!
indicating a restoration of Gr-like atomic structure. Similarly, the
atomic fraction of sp?-bonded carbons in the total carbon con-
tents of GO and rGO has been characterized, e.g., ~29.4% for
GO and 86.9% for rGO,*®! respectively, before and after thermal
reduction performed at 300 °C under hydrogen and argon gases.
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The electrical conductivity of rGO, while higher than GO,
is still lower than pristine Gr because of residual functional
groups, vacancies due to carbon monoxide/dioxide releasing
during thermal reduction,!?”) and other possible chemical con-
tamination. As a result, the electrical conductivity of rGO
(~10° S m™1)[%8] is two orders of magnitude lower than the IACS
(58.1 MSm™!). Consequently, the electrical conductivity of the
rGO-based CGC composites decreases as the volume fraction of
rGO increases.[3%4250-58]

The rGO-based techniques achieve the high-throughput syn-
thesis of typically microscale rGO/GO flakes and, thus, re-
quire mechanical mixing for a homogeneous mixture of Cu and
GO/rGO. For example, conventional ball milling is often uti-
lized to mix Cu powders with commercially available GO/rGO.
Note that ball milling is a time-dependent process during which
Cu powders undergo cold welding, fracturing, and re-welding
processes.*"l For that reason, mechanical mixing can be con-
trolled by not only the ball-to-powder weight ratio, and the
size/density of milling balls, but also the milling rate/time. Note
that the use of spherical Cu powders, the most common shape
in conventional powder metallurgy, causes a considerable geo-
metric mismatch between 3D Cu powders and 2D Gr flakes. Un-
der the strong influence of such a geometric mismatch, com-
bined with relatively weak Cu—Gr adhesion, Gr tends to wrin-
kle or break on an uneven Cu surface. Regarding the geometric

© 2024 Wiley-VCH GmbH
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Figure 5. The morphology of ball-milled CGC powders. a) Scanning electron microscopic (SEM) image of 0.1 wt.% GO/Cu composite powders and
b) 0.3 wt.% GO/Cu composite powders.[>*] ¢) SEM image of 1 wt.% CGC powders formed using 4 h of milling time.[“°] a,b) are reproduced with
permission.[>4] Copyright 2020, Elsevier. c) is reproduced with permission.[“?l Copyright 2019, Elsevier.

mismatch, it is important to mention that Cu powders become
flat during the early stage of the milling process,”’! as shown in
Figure 5a,b, due to mechanical collision between ductile Cu and
much harder milling balls, e.g., ZrO,.[*"] On the other hand, frac-
turing of Cu into smaller particles has been also reported, e.g.,
Figure 5c after 4 h of ball milling.[*]

In general, the top-down approach to synthesizing Gr com-
pared to the bottom-up approach can achieve much higher Gr-
to-Cu volume fractions. However, Cu (8.96 g cm™) and Gr
(2.26 g cm~3) have very different densities and weak interface
affinity®’l and, as a result, agglomeration of Gr becomes un-
avoidable for mechanical mixing at higher Gr concentrations.
Because of this, additional studies are often performed to deter-
mine the optimal Gr-to-Cu volume fraction!3**4955:57.64] for high-
performance CGCs. For example, Figure 5b shows more pro-
nounced GO agglomeration at 0.3 wt.% compared to 0.1 wt.%,
accompanied by the electrical conductivity deterioration, i.e., 80%
IACS (0.3 wt.% GO in CGC) compared to 91% IACS (0.1 wt.%
GO in CGQ).

Another common method of preparing Cu—GO or Cu—rGO
mixture is electrodeposition (or electroplating). Three different
configurations are available: 1) depositing a Cu layer onto a Gr
cathode,®!) 2) depositing a Gr layer onto a Cu electrode,® or
3) co-depositing Gr and Cu simultaneously onto a conductive
cathode.[*#>>57] Depending on the fabrication method, 1) Solu-
ble Cu (II) salt (Cu?*), 2) negatively charged GO (or rGO), or
3) both are suspended in an electrolyte. Note that GO is con-
siderably hydrophilic and carries negative charges!®?! due to the
oxygen-containing functional groups, such as carboxyl and hy-
droxyl groups, providing important characteristics to facilitate
their homogeneous dispersion in electrolyte solutions. During
electrodeposition, several control parameters, including applied
current density, the concentration of an electrolyte, and deposi-
tion time, must be appropriately tuned to achieve precise layer
thickness, Gr—to—Cu volume fraction, and Cu grain size. For ex-
ample, CGCs, prepared by different electrodeposition conditions,
exhibit process-dependent electrical conductivity in a range of
90-95% IACS.[*8] One unique feature, compared to powder met-
allurgy, is that electrodeposition allows the fabrication of multi-
layered Cu and Gr structures, e.g., a three-layered structure con-
sisting of a carbon nanotube fiber, a thin Cu layer, and CVD
growth Gr.[81]

Finally, molecular level mixing (MLM), developed by Hwang
et al. in 2013,/ further reduces the agglomeration of Gr. MLM
shares some similarities with electrodeposition, e.g., Cu or GO
can be used as a base template. But MLM relies on a chemically-
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or electrically-induced attractive force between Gr and Cu and,
therefore, does not require any electrolysis set-up. For Cu depo-
sition onto GO,13*>°358] GO and Cu?* ions are suspended in an
alkaline condition so that oxygen atoms on GO surfaces become
active and form chemical bonds between Cu and Gr. For deposi-
tion of Gr onto Cu, cetyltrimethylammonium bromide (CTAB)/>*
can be used to obtain positively charged Cu flakes. Then, Cu and
GO flakes are attracted to each other due to their opposite charges
and form Cu—GO bonds. MLM achieves good Cu—Gr adhesion,
e.g., >200 times stronger compared to CVD-grown Gr on Cu.[®3!
Because of the strong adhesion, MLM-processed CGCs achieve
excellent mechanical strength; for example, the tensile strength
is as high as 748 MPal*?! (pure Cu: 210 MPa).['¥} However, the
reduction step is still required to remove oxygen atoms, e.g., in
Cu—GO. In addition, the fabrication process involves multiple
chemical solutions, which likely results in chemical residues and
defects and, as a result, MLM-processed Cu—Gr conductors offer
inferior electrical conductivities compared to pure Cu, i.e., from
62% 10 94% TACS.[394258]

2.1.3. In Situ Growth of Graphene

In situ Gr synthesis is the bottom-up approach and involves two
steps: 1) adding liquid or solid organic compounds as the carbon
source within a Cu matrix and 2) then heating the mixture for the
decomposition and catalytic graphitization.[?>3159-%¢] Under high
temperatures, as high as 900 °C,1*!J organic compounds adsorbed
onto the surface of Cu undergo pyrolysis and the carbon adatoms
graphitize at the surface of a Cu catalyst. Use of high tempera-
tures during in situ Gr requires careful consideration due to the
relatively low melting point of Cu (1084 °C).[**] Excessive melting
and localized merging of Cu powers or flakes will reduce available
Cu surfaces and result in a smaller Gr—to—Cu volume fraction,
as well as inhomogeneous Gr distribution. These become more
relevant issues for nano-scale Cu powders/flakes because of their
size-dependent melting behavior, i.e., the smaller the size and the
lower the melting point.[”]

One notable approach to addressing this challenge is the use
of Cu powders/small flakes uniformly coated by a thin layer
of solid or viscous liquid carbon source. This method allows
the separation of individual Cu powders/small flakes from each
other and thus avoids unwanted merging between the pow-
ders/flakes during graphitization.[?l Two types of carbon sources
are 1) solid carbon sources, such as sucrosel?”! and organometal-
lic compounds,1©36566] and 2) viscous liquid, such as polymethyl
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Figure 6. Schematicillustrations of powder metallurgy strategies involving in situ growth of Gr. a) Schematic illustration of the overall fabrication process
with ordinary spherical powder metallurgy: a mixture of Cu powder and sucrose undergoes rapid thermal annealing (RTA) for in situ Gr growth. The
synthesized Gr-like nanosheets on Cu powders (GLNs/Cu) are consolidated by hot pressing and subsequent hot rolling to form a 3D-Gr-like nanosheet-
network/Cu composite (3D-GLNN/Cu).[?°l b) Schematic illustration of the fabrication of CGC with nacre-inspired structure via flake powder metallurgy:
Cu powders are first ball milled into flakes and then coated by PMMA. In situ growth of Gr and successive hot-pressing are adopted for the synthesis
of the CGC with a “brick-and-mortar” structure.[*3] a) is reproduced under the terms of the Creative Commons CC BY license.l?°] Copyright 2020, Xiang

Zhang et al. b) is reproduced with permission.[*3] Copyright 2017, Elsevier.

methacrylate (PMMA),3173] paraffin(®¢62] and naphthol.!] Car-
bon structures consisting of two to ten layers of Gr have been
achieved through in situ Gr growth by controlling either a type
or a concentration of a carbon source. Yet, synthesizing macro-
scopically homogenous thin Gr structures with <5 layers remains
challenging.[23%>°]

Specifically, Figure 6a,b show detailed fabrication steps of
CGCs based on small-scale Cu powders and flakes, respectively.
In both cases, Gr-coated Cu particles undergo a consolidation
process after the in situ Gr growth. During consolidation, the
Gr structures are in intimate physical contact, where the Gr—Gr
junctions form localized coherent lattice structures and, thus, a
continuous 3D Gr network (e.g., Figure 7). As discussed earlier,
it has been reported that such a Gr network improves the electri-
cal conductivity of CGCs,[?°! as well as their mechanical strength.
Another interesting point is that the use of spherical Cu pow-
ers can cause unwanted shape changes or damage to Gr struc-
tures due to the large Cu—Gr geometry mismatch (see the rGO
section for more details). To mitigate this, Cu flakes, produced
by milling the spherical Cu powders, can be used as shown in
Figure 6b. It has been reported that a lamellar CGC exhibits ex-
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otic mechanical and electrical propertiesi®! due to its nacre-like
anisotropic structure. Another way to improve electrical proper-
ties is to locally alter the Cu—Gr interfacial conditions by ball
milling Gr-coated Cu powders before consolidation. For exam-
ple, two types of CGCs,”*l with and without the use of oxygen
plasma-assisted ball milling before consolidation, were prepared
by the same in situ technique. The study concluded that the for-
mer (75.5% IACS) has 5.9% higher electrical conductivity com-
pared to the latter (71.3% IACS), although both are lower than
pure Cu.

Figure 7 highlights one of the successful demonstrations of
CGCs via in situ Gr syntheses where the electrical conductivity of
CGC reaches 103.3% of IACS.[??! Figure 7a shows the morphol-
ogy of the as-synthesized few-layer Gr (Gr-like nanosheets, GLN)
covering the Cu powder matrix. Figure 7b,c show the TEM im-
ages of the Gr network after the removal of the Cu matrix from
unconsolidated Gr-coated Cu powders. Figure 7c confirms that
this in situ synthesis method can achieve a few-layer Gr (2-3 lay-
ers) with high crystallinity. TEM images in Figure 7d,e taken after
the removal of Cu from the consolidated CGC, show the larger Gr
network. Finally, the FIB-3D reconstruction image in Figure 7f
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Figure 7. Microstructure and spatial distribution of Gr nanosheets synthesized by in situ growth. a) An SEM image of as-grown Gr-like nanosheets
(GLNs) synthesized at 800 °C on Cu powders. b,c) TEM images of GLNs after etching Cu powders. d) A TEM image of the 3D Gr-like nanosheet
network (3D-GLNN) after removing Cu from a hot-pressed 3D-GLNN/Cu composite. €) A HRTEM image showing the Gr-Gr junction in 3D-
GLNN, where layer A and layer B merged into layer A+B. f) FIB-3D reconstruction of 3D-GLNN in a hot-pressed 3D-GLNN/Cu composite (model
size:3.85 x 2.14 x 2.00 um).[2] a—f) are reproduced under the terms of the Creative Commons CC BY license.[?°] Copyright 2020, Xiang Zhang et al.

shows the Gr network extended over several micrometers. The
high electrical conductivity of the CGC via insitu Gr synthesis is
likely attributed not only to the quality of Gr layers (e.g., crys-
talline and contaminant) but also to the formation of the 3D Gr
network that serves as a highly conductive pathway for electrical
current.

2.1.4. Chemical Vapor Deposition (CVD) Growth of Graphene

The electrical performance of Gr depends on both the degree
of graphitization and the number of layers.®*) CVD is another
bottom-up approach and has shown great potential to control
these key parameters. Because of these advantages, CVD has
attracted research interest to scale up the fabrication of CGC
composite conductors, e.g., by assembling Gr-coated thin Cu
foils or fine wires. The CVD growth of Gr on Cu, the hetero-
geneous catalyst, is a self-limiting surface-catalytic process!®
producing a high-quality single or bi-layer Gr film on a macro-
scopic Cu surface.[”! The self-limiting mechanism also lim-
its a Gr—to—Cu volume fraction (usually within <0.1%). Dur-
ing CVD, a gaseous carbon source, e.g., methane,3? ethene,!”"]
acetylenel®] or benzene, 34 is introduced into a heating zone to-
gether with a mixture of hydrogen and noble gases under 900
1000 °C.I73!

Small 2024, 2403241
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CVD Gr growth is versatile because it is insensitive to the ge-
ometries of a Cu substrate and type of carbon source. For ex-
ample, Figure 8 shows Raman spectra of two different Gr sam-
ples: grown by CVD on (a) Cu foils (thickness of 9-45 um) us-
ing methanel3?! and (b) Cu wires (diameter of 10-80 um) using
benzene (2-20 sccm).**) Despite the different conditions, both
results show that the excellent Gr quality, as evidenced by the ab-
sence or small magnitude of the D peak!*23*] at ~1350 cm™1,1%I
can be achieved by tailoring CVD conditions. The CVD tech-
niques, while the upper bound of the Gr-to-Cu volume fraction
is still limited, allow more precise control of the number of Gr
layers compared to other methods noted above. For example,
Figure 8a shows the growth of 1-10 layers of Gr without the D
peak. Similarly, Figure 8b indicates that the I, /I ratio strongly
depends on the flow rate of carbon precursor. These studies high-
light the possibility of tuning the electrical properties of CGCs by
carefully tailoring key CVD parameters, i.e., temperature, pres-
sure, growth time, the concentration of carbon precursor, etc.
More details on the CVD Gr growth mechanism and the manip-
ulation of the number of layers can be found in.[*7:%]

Two successful demonstrations of CVD-processed CGC con-
ductors are based on Gr-coated Cu foils and wires. The first
examplel3?! is a CVD-grown single layer Gr on Cu. Despite the
small volume fraction of carbon contents (as low as 0.008%),
this CGC has achieved the electrical conductivity of 117% IACS,
even above that of silver. The second example**] is a CVD-grown
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Figure 8. Raman spectra of CVD-grown Gr on different types of Cu catalysts: a) 1-10 layers of Gr on thin Cu foils grown by CVD with methane as the
carbon sourcel32] and b) changes in Raman responses from Gr on fine Cu wires using different CVD conditions, i.e., (from top to bottom) 10, 25, 80,
80, 80 um of wire diameters and 5, 5, 20, 5, 2 sccm of benzene flow rates, respectively.!34] a) is reproduced with permission.[3] Copyright 2019, John
Wiley and Sons. b) is reproduced with permission.[3*] Copyright 2021, John Wiley and Sons.

multilayer Gr on a 10-um-diameter Cu wire. This work has
demonstrated an impressive 41% improvement in its electrical
conductivity compared to its pure Cu wire counterpart (or 123.8%
IACS), the highest electrical conductivity among the reported
CGCs, to the best of our knowledge.

2.2. Consolidation

CGC processing commonly utilizes Cu powders/flakes/foils for
Gr synthesis and, therefore, a consolidation step is crucial to
achieve fully compacted (or densified) macroscopic CGC con-
ductors for their practical application. Consolidation involves of-
ten excessive compressive mechanical deformation of CGCs and
this unavoidably alters their microstructures, e.g., higher dislo-
cation densities in Cu, as well as damage and tear to Gr. Such
microstructural changes negatively affect the electrical conductiv-
ity of CGC, often mitigated by performing consolidation at high
temperatures.

2.2.1. Hot Pressing and Spark Plasma Sintering (SPS)

Hot PresSing[29,31,32,35,40,56,60,62,63,65,66,69,70,73,84] and SPS,[39,42,53—55,

57-59.64.68.7476] owing to their technical maturity in powder metal-
lurgy, are the most common method for CGC consolidation. Both
hot pressing and SPS apply large compressive stress and high
temperature to loosely packed CGC placed in a mold, typically in
an inert, controlled atmosphere. The major difference between
the two methods is how porous CGCs are heated: hot pressing-a
mold heated by an induction coil or other external heating ele-
ments (temperature range: 800-900 °C) and SPS-the volumetric
Joule heating of a conductive sample within a mold by applying
electrical current (temperature range: 600-800 °C).

In general, SPS achieves more effective heating of a sample
with a faster heating rate and, therefore, requires less press-
ing time. In terms of specifics, hot pressing, and SPS are typi-
cally performed under 30-50 MPa for 20-60 min and under 35—
50 MPa for 3-20 min, respectively. Note that the temperature
ranges of both methods are considerably higher than the recrys-
tallization temperature of Cu (326 °C),!*! leading to dislocation
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annihilation, grain coarsening, and grain boundary rotation.*

In addition, it is known that discrete Gr structures can merge
with each other at contact points or planes!®! under high com-
pressive stress and temperature conditions to form a continu-
ous Gr network. One notable work!*! compares the electrical
conductivities of CGCs after consolidation by hot pressing and
SPS. For the former, the oxygen content in CGC was ~16.4 ppm
with 98.8% IACS. Interestingly, SPS reduced the oxygen content
from 16 to 7.45 ppm and achieved 108.6% IACS. It is notewor-
thy that the use of high temperatures can also have negative ef-
fects because GO starts to decompose at a temperature as low
as 216 °C, releasing CO and CO,!'%! and creating vacancies in
the honeycomb structures. For example, such thermal pyrolysis
of Gr structures in CGC was reported inl*®l after hot pressing.
Additionally, because of slow-strain-rate processing and homo-
geneous stress applied in the axial direction, the architecture of
CGC (synthesized through a similar route as shown in Figure 6D)
can be preserved during sintering, as indicated in Figure 9a,b.
The Electron backscattered diffraction (EBSD) image along the
cross-plane direction shows a much smaller average grain size
than that along the in-plane direction of CGC, indicating the
well-preserved “brick-and-mortar” hierarchy structure after hot
pressing.

2.2.2. Extrusion, Drawing and Rolling

Mechanical consolidation methods, including extrusion, draw-
ing, and rolling, are readily available to process macroscale CGCs,
e.g. wires,33] foils,[3%] foams,[8¢] or blocks (hot pressed).[61:62:66.6]
The choice of extrusion, drawing, and rolling is dependent on the
targeted shape of the final products: extrusion for objects with
fixed cross-sectional profiles, drawing for wires, and rolling for
foils or plates. Among them, rolling has the highest tonnage in
the metal industry,'%! so synthesis of CGC by using the rolling
technique for consolidation has the highest potential for roll-to-
roll mass production. Furthermore, due to the lack of affinity
between Cu and Gr, especially for bottom-up powder metallurgy
strategies, the density of compacted composite is always lower
than their calculated theoretical density.[4041:50-5254566470]
The existing voids within CGC would lower electrical
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Figure 9. Microstructures of Cu and CGC after the consolidation process. a) Electron backscattered diffraction (EBSD) images of cross-plane (Gr/Cu-cp)
and b) in-plane (Gr/Cu-ip) of the bulk CGC after hot pressing. The inset in (b) demonstrates the schematic of the “brick-and-mortar” microstructure
of the CGC from flake powder metallurgy.31] c) Electron backscattered diffraction (EBSD) inverse pole figures of annealed cold-drawn Cu wire and d)
annealed cold-drawn CGC wire.[®?] a,b) are reproduced (adapted) with permission.311 Copyright 2019, Elsevier. c,d) are reproduced (adapted) with

permission.[62] Copyright 2022, Elsevier.

conductivity. Therefore, in some studies, extrusion, draw-
ing, or rollingl?>°160-636669.73] were further applied after hot
pressing to achieve a better-condensed product. For example,
in,[%! the electrical conductivity of the composite right after hot
pressing was 52 MS m~! and then increased to 58.3 MS m™!
after further hot extrusion.

The mechanical consolidation methods apply both shear and
compressive stresses to CGCs. Shear stress can cause delamina-
tion of individual Gr layers in the direction of shear stress,*!
while the plastic elongation of a Cu matrix, in the normal direc-
tion of compressive stress, can break Gr structures into smaller
flakes. Because the dispersion of Gr in a Cu matrix depends
on loading conditions,**! directional microstructural features in
CGCs have been reported.[>*62]

As for cases after cold drawing and annealing, as shown in
Figure 9¢,d, the EBSD images along the drawing direction in-
dicate more significant grain growth in Cu sample than in the
CGC sample.l®”l The differences in grain growth behavior might
contribute to the Gr being dispersed along the grain boundaries,
acting as the pining block for dislocation and preventing grain
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growth of the Cu matrix. Therefore, extrusion/drawing/rolling
are usually applied in CGC synthesis to get a finer grain, thus
improving mechanical strength (Hall-Petch effect). Luckily, since
the electrical conductivity is not very sensitive to changes in grain
size and dislocation density, the electrical performance of CGC
conductors can be well preserved after extrusion/drawing/rolling
with huge mechanical strengthening. For example, after severe
plastic deformation, a pretty high tensile strength of 516 MPa
(>200% of pure Cu) can be achieved with electrical conductivity
at 95% IACS, which is still close to that of pure Cu.[%%]

2.2.3. Other Attempts of Interface Engineering

Another possible strategy to improve Cu-Gr interfacial strength
is the use of bridging elements!>36365:66.6873] or Cu sputtering.®”]
In general, bridging elements decrease electrical conductivity be-
cause additional elements, despite their small fraction, act as
defects and cause more pronounced electron scattering at the
Cu—Gr interfaces. For example, tungsten particles (5-7 pm),!”?!
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Figure 10. Common architectures of Cu—Gr network in CGCs: (Left to Right) discrete Gr in a continuous Cu matrix, bi-continuous CGC, and continuous
Gr in a discrete Cu matrix. The orange color represents different Cu matrices, e.g., foil, wire, and powders. In the second and third columns, the cross-

sectional views are shown to illustrate different internal Gr structures.

additional elements to the general synthesis of CGC, formed
smaller tungsten carbide nanoparticles (15-20 nm) during
high-energy ball milling and SPS. Indeed, the Cu—Gr interfa-
cial bonding was improved but with lower electrical conductivity.
A similar trend can be found in other studies using aluminum,
lanthanum, and titanium!(®*%>%] a5 bridging elements. Interest-
ingly, an opposite trend has been also reported in one study.>*!
Here, Ag and CeO, nanoparticles (20-50 nm) were formed on
the surface of GO reinforcement through the hydrothermal re-
duction of Ag*- and Ce3*-rich solutions. The electrical conduc-
tivities of Ce-rGO/Cu and Ag-rGO/Cu composites were improved
to 92.1% and 90% from 88.7% IACS for rGO/Cu composite, re-
spectively. The authors attributed this enhancement to the good
conductivity of Ag and the improved interface bonding for both
Ce- and Ag-doped cases. The increased relative density and fewer
agglomerations of rGO reinforcement caused by the bridging Ag
or CeO, nanoparticles offset the drawbacks of increasing scatter-
ing centers for electron movements. Physical deposition of Cu
was also used to improve the interfacial contact between Gr and
Cu.l’”] Here, a Cu substrate (50-um-thick) was first coated with
CVD-grown Gr and then an additional thin Cu film (thickness
of ~260 nm) was deposited onto the Gr layer. This sandwiched
structure achieved 108.2% IACS. It is worth noting that Cu sput-
tering deposits a high-quality Cu layer while avoiding thermally
induced residual stresses, but physical bombardment may dam-
age Gr layers.

3. Summary of Recent Work on Synthesis and
Performance of CGCs

This section summarizes the recent studies of CGCs, includ-
ing different material processes, Gr sources, shape and size
of Cu catalysts, microstructures of CGCs, and resultant per-
formance. CGCs are commonly synthesized through a three-
step fabrication (Gr synthesis, dispersion, and consolidation; see
Figure 2) that results in three different architectures of types of
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Cu—Gr network, namely, discrete Gr in a continuous Cu ma-
trix, bi-continuous CGC, and continuous Gr in a discrete Cu
matrix (see Figure 10). For the first type, discrete Gr flakes pro-
duced by the top-down approaches (i.e., GO, rGO, and mechan-
ical exfoliated Gr) are usually dispersed onto the surfaces of
Cu foils, wires, or powders. For the second type, one obvious
method is the bottom-up Gr synthesis (i.e., in situ and CVD
Gr) on planarly or axially continuous Cu substrates, e.g., foils
or wires, respectively. Note that achieving bi-continuous CGCs
using Cu powders, both spheres, and flakes, requires an addi-
tional step, e.g., localized modification to Gr (see the bottom
of the second column of Figure 10). This localized removal of
Gr allows direct Cu—to—Cu contacts and, therefore, a continu-
ous Cu network can be formed during consolidation. Without
such modification, individual Cu powders (see the third column)
are fully coated by Gr and, therefore, they remain discrete after
consolidation.

Table 2 summarizes CGCs with details on synthetic meth-
ods, a choice of materials, the performance of CGCs, composite
size, architectures of Cu—Gr network, as well as scalability and
economic efficiency of each CGC. For clarification, the scalabil-
ity is mainly evaluated by the specifications of tools required by
each CGC processing technique. For example, we assume that
the size of CGCs processed by hot pressing or SPS will be con-
strained by a mold size (a few centimeters) in a sintering cham-
ber. For economic efficiency, our evaluation is based on the cur-
rent cost of raw materials, both Cu and Gr, from commercial
vendors.

4. Electrical Properties of Copper-Graphene
(Cu—Gr) Composites

Here we consider, based on a comprehensive literature review,
how microstructures of CGCs and their electrical performances
are correlated. To achieve this, we summarize normalized elec-
trical conductivities of CGCs as a function of a Gr—to—Cu
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d<45 pm pressing +Hot
rolling
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Table 2. (Continued)

%
3
EN
N Copper source Graphene Processing Sample size ('diameter for Sample type (Cu: control Relative Electrical Ampacity Scalability Economic References
IS type (Architecture of cylinder/wire; 2thickness sample of bare Cu) density conductivity [Acm™2] efficiency
PN Cu-Gr network: G: for plate/foil; [%] [% IACS]
§ continuous Gr; C: 3length x width
ha continuous Cu % height for block)
matrix; B:
bi-continuous)
©) Cu-2.5 vol%small_rGO 82
Cu-2.5 vol.%middle_rGO 74
Cu-2.5 vol.%large_rGO 77
CuSO, rGO Electrodeposition 30 mm’ Cu 88.3 Medium Good [55]
+ Thermal
reduction + SPS
© Cu-0.07 wt.%rGO 91.3
Cu-0.10 wt.%rGO 85.7
Cu-0.21 wt.%rGO 79.7
Cu powder d rGO MLM + Stirring + 24 mm! Cu 93 93 Medium Poor [56]
=10-15 um Hot pressing
N Cu powder d ©) Cu-10%_0.1 wt.%rGO/ 98 93
N .
8 =0.2-1um submicron_Cu
N Cu-509%_0.1 wt.%rGO/ 97 95
: submicron_Cu
—
‘o“ Cu-10%_0.5 wt.%rGO/ 92 84
= submicron_Cu
w
= Cu-30%_0.5 wt.%rGO/ 94 82
submicron_Cu
Cu-50%_0.5 wt.%rGO/ 94 84
submicron_Cu
CuSO, rGO Electrodeposition 28 mm’ Cu 98.59 96.91 Medium Good [57]
+ Thermal
reduction + SPS
Q) Cu-0.013 wt.%rGO 97.47 94.03
Cu-0.024 wt.%rGO 96.18 93.24
Cu-0.034 wt.%rGO 94.49 92.37
CuSO, Exfoliated Electrodeposition 60 um? Cu-300 86 Good Good [48]
Gr © Cu-600 90
Cu-900 93
g Cu-0.153 vol%Gr-300 92
E Cu-0.156 vol%Gr-600 94
= Cu-0.17 vol%Gr-900 95
\% (*300, 600 or 900 represents the
T corresponding electroplating
g current density in mA cm=2%)
T (Continued)
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= Table 2. (Continued) s 2
I = O>
2 g mz
i Copper source Graphene Processing Sample size ('diameter for Sample type (Cu: control Relative Electrical Ampacity Scalability Economic References > Zo
type (Architecture of cylinder/wire; 2thickness sample of bare Cu) density conductivity [Acm™?] efficiency g- mm
Cu-Gr network: G: for plate/foil; [%] [9% 1ACS] a EU
continuous Gr; C: 3length X width e n
continuous Cu X height for block) ‘ED
matrix; B: @0
bi-continuous) 3
3
Cu sheett = Exfoliated Accumulative roll 1 mm? Cu 88-94.5 Good Good [49]
Tmm + Hot rolling
Gr (@] Cu-Gr 72.5-83
Cu powder In situ Gr Ball milling + 30 mm! Cu-2.5 vol%Gr 95 Medium Medium [31]
d<20 pm in situ growth of
Gr + Hot
pressing
(©)
Cu powder In situ Gr In situ growth of 30 mm?! (sintered) Cu 100.7 Medium Medium [29]
N
3 d<5pm Gr + Hot
N pressing + Hot 9 mm? (rolled) Cu-0.387 vol%Gr 103.3
& rolling
= (B)
g Dendritic Cu In situ Gr In situ growth of 25 mm! Cu 99.9 Medium Medium [59]
o powder Gr + (Ball
i d<50 um milling) + SPS
(without ball Cu (ball-milled) 99.7
milling: G)
(with ball milling: Cu-0.07 wt.%Gr 86.2
Q)
Cu-0.070 wt.%Gr (ball-milled) 95.7
Dendritic Cu In situ Gr In situ growth of 20 mm! (sintered) Cu (sintered) 100.3 Medium Medium [60]
powder Gr + Hot 0.3 mm? (rolled)
d<50 um pressing + Cold
rolling
+Annealing
Cu (cold rolled) 98.4
Cu (annealed) 100.1 s
® Cu-0.25 wt.%Gr (sintered) 98.2 3
8 O h
S Cu-0.25 wt.%Gr (cold rolled) 93.7 3
< Cu-0.25 wt.%Gr (annealed) 96.1 2 W
S -~ >
< (Continued) [} z
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- Table 2. (Continued) 8. Zo
e Mm
§ 20
Copper source Graphene Processing Sample size ('diameter for Sample type (Cu: control Relative Electrical Ampacity Scalability Economic References 4 7,)
type (Architecture of cylinder/wire; 2thickness sample of bare Cu) density conductivity [Acm™?] efficiency g
Cu-Gr network: G: for plate/foil; [%] [% IACS] @
continuous Gr; C: 3length X width 8
continuous Cu X height for block) 3
matrix; B:
bi-continuous)
Flake Cu In situ Gr In situ growth of 50 mm' (sintered) Cu 83.6 Medium Medium [61]
powder Gr + SPS + Hot 3.5 mm’ (extruded)
d =30-50 um, extrusion + 195 um’ (drawn)
t=0.6 um Drawing
© Cu-0.3 vol%Gr 97.2 79
Cu powder In situ Gr In situ growth of 20 mm? (sintered) Cu (sintered) 99.2 Medium Medium [62]
N d<20 um, Gr + Hot 8 mm' (forged)
§ Cu powder d pressing + Cold 3.2 mm’ (rolled)
N =5-10 um, forging + cold 0.49 mm' (drawn)
Py Cu powder d rolling + cold
: =5um drawn + Cu (drawn) 95.65
=R An(@aling Cu (annealed) 99.01
§ Cu-0.0218 wt.%Gr (sintered) 98.05
Cu-0.0218 wt.%Gr (drawn) 94.85
Cu-0.0218 wt.%Gr (annealed) 97.28
Cu-0.03 wt.%Gr (sintered) 97.85
Cu-0.03 wt.%Gr (drawn) 93.2
Cu-0.03 wt.%Gr (annealed) 97.41
Cu powder In situ Gr In situ growth of 30 mm! (sintered) Cu-0.0027 wt.%Gr-Al,O5 96.95 Medium Medium [63]
d<20 um Gr + Hot 0.3 mm? (rolled)
pressing + Cold
rolling + Cu-0.0096 wt.%Gr-Al, 0, 94.1
An{@aling Cu-0.032 wt.%Gr-Al,0, 89.08
Cu powder d In situ Gr Ball milling + 40 mm! Cu 99 98 Medium Medium [64]
=35-38 um in situ growth of s
® Gr + SPS §
N B B
S (Continued) n
N 3
= [N
53 = U
~< o =
< £ °
0 =] =
T B z
0 8 Q3
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Table 2. (Continued)

g 2]
: : On
g Copper source Graphene Processing Sample size ('diameter for Sample type (Cu: control Relative Electrical Ampacity Scalability Economic References 5 rT_IU
R type (Architecture of cylinder/wire; 2thickness sample of bare Cu) density conductivity [Acm=?] efficiency 3 Z<
N Cu-Gr network: G: for plate/foil; [%6] [% IACS] g o>
2 continuous Gr; C: 3length x width 2 mz
N . .
= continuous Cu X height for block) o =
matrix; B: [2 X o
A o Mpw
bi-continuous) g E
: =0
© Cu-0.35 wt.%Gr 99.2 91 3
Cu-0.70 wt.%Gr 99.3 86 5
Cu-1.05 Wt.%Gr 99.4 77 g
Cu powder d In situ Gr In situ growth of 12.4 mm’ (sintered) Cu 99.17 Medium Medium [65]
~ 20 um Gr + Hot 8 mm’ (forged)
pressing + Cold 3mm! (rolled) Cu-0.03 wt.%Gr-La203 99
forging + Cold 0.49 mm’ (drawn) (sintered at 900 °C)
'°('j"”g.+ Cold Cu-0.04 Wt.%Gr-La, 0, (sintered 96
rawing + at 900 °C)
Annealing
© Cu-0.06 wt.%Gr-La,O; (sintered 92.7
at 900 °C)
o Cu-0.095 wt.%Gr-La,0, 87
3 (sintered at 900 °C)
N Cu-0.18 wt.%Gr-La, 05 (sintered 78.5
pr at 900 °C)
> Cu-0.044 wt.%Gr-La,0, 91.4
=3 (sintered at 700 °C)
o Cu-0.41 wt.%Gr-La, 0, (sintered 93.8
at 800 °C)
Cu-0.044 wt.%Gr-La, O, 96.1
(sintered at 900 °C)
Cu-0.042 wt.%Gr-La,0, 97.5
(sintered at 1000 °C)
Cu-Gr-La,O; (drawn and 99.5
annealed)
Cu powder In situ Gr In situ growth of 12.4 mm’ (sintered) Cu 99.17 Medium Medium [66]
d<20 um Gr + Hot 8 mm' (forged)
pressing + Cold 3.2 mm! (rolled) Cu-0.1266 wt.%Gr-Al 92.1
i 1
forging + Cold 0.49 mm? (drawn) Cu-0.073 wt.%Gr-Mg 81.55
rolling + Cold
d Cu-0.1509 wt.%Gr-Zn 81.68 s
rawn + s
® Annealing Cu-0.1602 wt.%Gr-Ca 83.92 3
% © Cu-0.052 wt.%Gr-Ti 95.2 E
€ Cu powder CVD CNTs Cu-Cr Alloying/Co- 30 mm’ Cu 97 100 Medium Medium [68] 2 Wz
) d<76 um deposition + -g %
é CVD growth of 3 3 Z
T =
CNTs + SPS =B =)
S 5 Q8
T (Continued) 3 e—
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% s 0
g o
N L -
S Table 2. (Continued) g EE
N Y >
2 2 0
N Copper source Graphene Processing Sample size ('diameter for Sample type (Cu: control Relative Electrical Ampacity Scalability Economic References 3 mz
b type (Architecture of cylinder/wire; 2thickness sample of bare Cu) density conductivity [Acm™?) efficiency ] Zo
Cu-Gr network: G: for plate/foil; [%] [% IACS] o mm
continuous Gr; C: 3length x width 2 EU
continuous Cu X height for block) S »
matrix; B: ('ED
bi-continuous) g
o
Cu-0.5 vol%CNT- 95 83 E
Cr-1
(co-deposited)
© Cu-0.5 vol%CNT-Cr(alloy) 9% 92.9
Cu foil t CVD Gr CVD growth of Gr ~150 um? Cu (pristine) 97 Medium Medium [32]
9-45 um + hot pressing
(B) Cu (Gr removed) 1125
Cu-0.003 vol%Gr 116.3
Cu-0.008 vol%Gr 117.4
§ Cuwired = CVD Gr CVD growth of Gr 5mm’ (extruded) Cu (unprocessed) 96.7 Good Good [33]
o : 1
X 1mm + Hot extrusion Tmm' (drawn)
N
> + Cold drawn
= (As CVD grown: B) Cu (extruded) 94.9
~N
e (As extruded: C) Cu (drawn) 85.5
b (As drawn: C) Annealed-Cu (unprocessed) 88.8
Annealed-Cu (extruded) 87.4
Annealed-Cu (drawn) 86.7
Cu-0.00055 vol%Gr (As CVD 101
grown)
Cu-0.00025 vol%Gr (extruded) 95.7
Cu-0.00025 vol%Gr (drawn) 94
Cu powder d CVD Gr CVD growth of Gr 20 mm’ (sintered) Cu (sintered) 99.3 Medium Medium [69]
=20pm + Hot pressing 5mm’ (extruded)
+ Hot extrusion Cu (extruded) 95.5
+ Cold drawn
(B) 1mm’ (drawn) Cu (drawn) 97.4
Cu-0.085 vol%Gr (sintered) 89.5 s
® Cu-0.085 vol%Gr (extruded) 100.3 §
§ Cu-0.085 vol.%Gr (drawn) 99.7 g
2 Cu powder CVD Gr CVD growth of Gr 20 mm! Cu 98.3 100.1 Medium Medium [70] -8
= - =
a d~20 um + Hot pressing o v 2
: 5
5 (Continued) g 3 :
I H £
o =
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g 2]
: : On
3 . : M9
S Table 2. (Continued) 2m
EN s =z
N ] >
5 3 0
s Copper source Graphene Processing Sample size ('diameter for Sample type (Cu: control Relative Electrical Ampacity Scalability Economic References o mz
b type (Architecture of cylinder/wire; 2thickness sample of bare Cu) density conductivity [Acm™?] efficiency §' Zo
Cu-Gr network: G: for plate/foil; [%] [% IACS] o mm
continuous Gr; C: 3length x width g EU
continuous Cu X height for block) e (7))
matrix; B: g
bi-continuous) 0
8
(G) Cu-0.068 vol.%Gr 98.2 99.3 3
Cu-0.076 vol.%Gr 98.2 99.3
Cu-0.116 vol.%Gr 98.1 99.2
Cu-0.141 vol.%Gr 98.0 99.1
Cu foil t = CVD Gr CVD growth of Gr 45 um? Annealed Cu 98.5 Medium Poor 37]
50 um + Cu sputtering
(B) Gu-0.0008 vol%Gr 100.2
Cu-0.0008 vol%Gr-Cu 108.2
Cuwired = CVD Gr CVD growth of Gr 10/25/80 um' Cu (10 um) 90.1 Medium Medium [34]
’g 10, 25,
W 80 um
N
A (B) Cu (25 um) 36
k>3 Cu (80 um) 100
=3 Annealed Cu (10 um) 72.9 2.43
g Annealed Cu (25 pm) 84 177
Annealed Cu (80 pm) 101 0.77
Cu-Gr Axial wire (10 um) 123.8 4.26
Cu-Gr Axial wire (25 um) 107.6 2.15
Cu-Gr Axial wire (80 pm) 105.9 0.8
PVD Cu nano CVD Gr PVD and E-beam Cu (Gr removed) (180 nm) 32 65.1 poor poor [71]
wire lithography + 60 nm x 180 nm X 10/20 um3
CVD growth of Cu (Gr removed) (280 nm) 34 57.4
Gr 60 nm x 280nm x 10/20 um?3
(B) Cu-Gr (180 nm) 36 77.3
Cu-Gr (280 nm) 39 63.6
Cuwired = CVD Gr CVD growth of Gr 30 um'! Cu-0 98.0 97.1 Good Good [72]
200 um + Twisting + §
© Annealing + g
S ] n
N Drawing + 3
= Repeating the = z
5} processes 5 UNE
~ o =
< : < °
a (Continued) 3 =
I =] a
o ~n Q2%
o o I
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%
3
EN
N
S
N
»
N
~
2
N
b Table 2. (Continued)
Copper source Graphene Processing Sample size ('diameter for Sample type (Cu: control Relative Electrical Ampacity Scalability Economic References
type (Architecture of cylinder/wire; 2thickness sample of bare Cu) density conductivity [Acm™?] efficiency
Cu-Gr network: G: for plate/foil; [%6] [% IACS]
continuous Gr; C: 3length x width
continuous Cu % height for block)
matrix; B:
bi-continuous)
Cu-1 97.7 95.9
(As CVD grown: B) Cu-2 97.7 93.6
(After twisting: C) Cu-3 97.7 93.3
Cu-4 97.7 91.4
Cu-5 97.7 91.6
Cu-6 97.9 91.6
g Cu-Gr-0 98.0 96.7 2
S Cu-Gr-1 97.6 95.2 2.2
2 Cu-Gr2 97.6 93.1 2.
3 Cu-Gr-3 97.6 88.0 22
S, Cu-Gr-4 97.7 88.1 4.1
w
» Cu-Gr-5 97.8 87.8 4.8
Cu-Gr-6 98.0 86.2 6
(* 0-6 represents cycles of
processing®)
Cu powder In situ Gr Ball milling + 30 mm! (sintered) Cu 90.6 Medium Medium [73]
d<44 um in situ growth of 1.5 mm? (rolled)
Gr + Plasma Cu-Gr (without PAM) 713
assisted milling Cu-Gr (with PAM) 755
(PAM) + Hot
pressing + Hot
rolling
Cu powder GO Ball milling + Hot 25.4 mm' Cu (600 °C) 83.5 77 Medium Medium [40]
d<75 um pressing (600 °C
or 700 °C)
©)
N
S (Continued)
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| : On
g Table 2. (Continued) s 0
S o mU
EN < >
N Copper source Graphene Processing Sample size ('diameter for Sample type (Cu: control Relative Electrical Ampacity Scalability Economic References 8 o>
§ type (Architecture of cylinder/wire; 2thickness sample of bare Cu) density conductivity [Acm™?] efficiency 2 mz
N Cu-Gr network: G: for plate/foil; [%] [% IACS] o >
continuous Gr; C: 3length X width o, mo
continuous Cu X height for block) (4] Em
matrix; B: 3 U)U
bi-continuous) ‘3
© Cu (700 °C) 83.4 99 2
Cu-1wt.% GO (600 °C) 926 94 S
Cu-Twt.%GO (700 °C) 916 81
Cuplatet= Gr Hole drilling + Gr 100 mm X 40 mm x Cu 98.5 Good Good [77]
4 mm (purchased) filling + Friction 4 mm?
stirring Cu-8 vol%Gr-50 97.4
(@] Cu-8 vol%Gr-100 97.3
Cu-8 vol%Gr-150 97.15
Cu-8 vol%Gr-200 97.4
(*50-200 represents the
N traverse speed of friction
8 stirring in mm min=1%)
N
» Cu powder d Gr Magnetic stirring + 10 mm! Cu (ultrasonicated) 88.8 82.6 Good Medium [47]
= =6-50 um (purchased) Ultrasonicate (or
: conventional) Cu (conventional) 78.1 74.51
-
« pressureless
. sintering
(@] Cu-0.25 wt.%Gr (ultrasonicated) 87.2 84.26
Cu-0.5 wt.%Gr (ultrasonicated) 86.0 86.4
Cu-1wt.%Gr (ultrasonicated) 84.8 88.3
Cu-1.5 wt.%Gr (ultrasonicated) 83.8 84.4
Cu-0.25 wt.%Gr (conventional) 76.9 75.34
Cu-0.5 wt.%Gr (conventional) 76.2 76.61
Cu-1wt.%Gr (conventional) 75.6 78.12
Cu-1.5 wt.%Gr(conventional) 75.4 75.64
Cu foil Gr Hot extrusion 2 mm] Cu 100.89 Good Poor [36]
(purchased) (@] Cu-5ppmGr (low defects) 102.75
Cu-10 ppmGr (low defects) 103.1 <
® Cu-15 ppmGr (low defects) 103.61 E
§ Cu-15 ppmGr (high defects) 101.2 g
2 Cu-35 ppmGr (high defects) 102.07 =3
= - =
) Cu-100 ppmGr (high defects) 102.75 o ) Z
; e 3
§ Cu-250 ppmGr (high defects) 102.41 3 3 =
N =
o (Continued) b Qg
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Table 2. (Continued) 2 mU
: 55
S
Copper source Graphene Processing Sample size ('diameter for Sample type (Cu: control Relative Electrical Ampacity Scalability Economic References 2 mz
type (Architecture of cylinder/wire; 2thickness sample of bare Cu) density conductivity [Acm™?] efficiency o =
Cu-Gr network: G: for plate/foil; [%6] [% IACS] %. mo
continuous Gr; C: 3length x width 3 Em
continuous Cu X height for block) o wU
matrix; B: [}
bi-continuous) 5.
o
CuSO, CVD Gr CVD growth of Gr <50 um’ Cu(shell)-Gr(core) wire 63.7 1 Good Good [79] g
+ Gr Fiber
extraction + Cu
electroplating
®)
CuSO, rGO rGO Fiber mesh A few cm X a few cm mesh Cu(shell)-rGO(core)-mesh-1 3.1 Good Good [80]
synthesis +
electroplating
(@] Cu(shell)-rGO(core)-mesh-2 5.2
Cu(shell)-rGO(core)-mesh-3 9.1
Cu(shell)-rGO(core)-mesh-4 15.8
Cu(shell)-rGO(core)-mesh-5 55.1
(*1-5 represents the
electroplating voltage in V*)
CusoO, CNT + CVD Electroplating on ~20 um' Cu 0.14 Good Good [81]
Gr carbon
nanotube fiber
(CNTF) + CVD
growth of Gr CNTF-Cu 0.13
(B) Annealed CNTF-Cu 0.15
CNTF-Cu-Gr 0.17
(in
vacuum)
Cu sputtering GO + GO film synthesis 8.8 um? Cu-LargeGr-film (Cu side) 10.1 Good Poor [82]
Graphite + Annealing
reduction +
Rolling + Cu
sputtering
© Cu-LargeGr-film (Gr side) 9.76
Cu(111) foil t CVD Gr CVD growth of Gr Cu-Gr (SPS) 108.6 Medium Medium [35] g
=25um + Oxidation in Cu-Gr (hot pressed) 98.8 E
air + Hot 3
)
pressing/SPS = w3
— >
© § =5t
(Continued) é =
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Table 2. (Continued) s
7]
8
Copper source Graphene Processing Sample size ('diameter for Sample type (Cu: control Relative Electrical Ampacity Scalability Economic References 3
type (Architecture of cylinder/wire; 2thickness sample of bare Cu) density conductivity [Acm™?] efficiency
Cu-Gr network: G: for plate/foil; [%6] [% IACS]
continuous Gr; C: 3length x width
continuous Cu X height for block)
matrix; B:
bi-continuous)
Dendritic Cu Gr (pur- Mechanical stirring 20 mm’ Cu 99.1 Medium Medium [85]
powder chased) or + Thermal
d=3um rGO reduction + SPS
© Cu-0.3 wt.%Gr 84.2
Cu-0.3 wt.%rGO 73.4
Cu powder d In situ Gr Ball milling + 9 mm’ Cu 97.8 Medium Medium [38]
=44 um in situ growth of
Gr + Hot
pressing Cu-1.6 vol%Gr 97.1
) Cu-2.5 vol%Gr 93.8
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Figure 11. Electrical conductivity versus carbon volume fraction of composites published in recent years. *The Gr volume fraction of,3#] indicated by
*, is estimated by calculating 10 layers of Gr wrapping the axially continuous Gr Cu wire. The upper and lower boundaries for CGCs reinforced with
high-quality Gr (CVD Gr) and low-quality Gr (rGO, GO, in situ growth, and mechanical exfoliated Gr) are calculated by Equations (1) and (2), respectively.

volume fraction, as shown in Figure 11. To interpret different
trends in the figure, we utilize a model for a two-phase mix-
ture, i.e., the Hashin—Shtrikman model,[1%] which has also been
adopted by others.[>3¢] The upper and lower boundaries ( ¢ ; and
o, respectively) for the electrical conductivity of the Cu-Gr com-
posite system are given as below:

V.,
Gr
oy = 0g, + —— M)
0Gr—0cu  30cu
V,
Cu
OL= 0t —7T— v (2)
— 4 la
OCu=0Gr 306r

where o, and o, are the electrical conductivity of Cu and Gr
and V., and V,, are the volume fractions of Cu and Gr, respec-
tively. For this analysis, we assume that o, = 5.81 MS m~113]
for all cases, while two different values of o, are used to capture
the effect of Gr quality on the overall conductivity of the Cu-Gr
composites. As to specifics, o, = 0.1 MS m~!28 for Gr with low
conductivity (e.g., in situ growth, rGO, and mass-produced me-
chanically exfoliated flakes) and o, = 100 MS m~'12] for Gr with
high conductivity (e.g., CVD growth).

Our results show two very distinctive trends depending on
the types of Gr in CGCs: 1) the solid red/black curves, below
100% IACS, for low-quality Gr and 2) the red/black dashed
curves, above 100% IACS, for high-quality Gr. For CGCs with
<100% IACS, their conductivities fall between the predicted o,
and o, values by the Hashin-Shtrikman model. This is an ex-
pected conclusion because 6., = 0.1 MS m™! is lower than
6, and, therefore, a higher Gr—to—Cu volume fraction results
in a lower Cu—Gr conductivity. The low o, can be attributed
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to excessive Gr layers/agglomeration, chemical residues in Gr,
and discrete Gr structures. Obviously, the opposite trend is pre-
dicted for o, = 100 MS m™!, e.g., the electrical conductivity
of CGCs increases with increasing volume fraction. Therefore,
a low- and high- volume fraction of graphene reinforcement
is suggested when reinforcing low- and high-quality graphene
into copper matrix, respectively. However, there is a consid-
erable discrepancy between the prediction by the model27!]
and experimental data (see the red/black dashed curves and
Bi-continuous network in Figure 11. In the following, several
studies are reviewed to offer feasible explanations for this
discrepancy.

First, Mehta et al.”!] reported a nanoscale Cu wires (diameter
~250 nm) coated by Gr synthesized by plasma enhanced CVD
(PECVD) at 650 °C. To confirm the Gr enhanced conductivity,
Gr was removed by oxygen plasma (Cu—NG), which resulted in
about a 12% decrease in electrical conductivity. The authors ar-
gued that electron scattering becomes partially elastic when the
free surfaces of Cu are coated by high-quality Gr, as schematically
shown in Figure 12a. They pointed out two mechanisms, the low
density of states in Gr and the weak electronic coupling between
Gr and Cu surfaces (see the DFT calculation in Figure 12b)."!]
Kashani et al. performed CVD Gr growth at ~1000 °C on mi-
croscale Cu wires with 10, 25, and 80-um diameters and showed
41%, 22%, and 4.2% reduction, respectively, in their resistivity
compared to their pure Cu wire counterparts,’** Figure 12c. The
authors explained these size-dependent electrical properties by
a larger surface-to-volume ratio with a decrease in wire diame-
ter and, as a result, a more pronounced effect directly from Gr.
Considering the size dependency, smaller size of a copper sub-
strate is preferred to achieve higher electrical enhancement from
graphene coating. Note that directly comparing the Gr -enhanced

© 2024 Wiley-VCH GmbH
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Figure 12. Mechanisms for the enhanced electrical conductivity of CGCs. a) Schematicillustrating partial elastic and complete inelastic surface scattering
of incident electrons along the current direction. b) Measured resistivity values of Cu nanowires (CuNWs) with (filled circles) and without Gr (open circles)
coating, as a function of NW width.[”1] ¢) Size-dependent electrical resistivity of the as-received (AR—Cu), annealed (A—Cu), and axially continuous Gr—Cu
(ACGC) wires with different wire diameters (i.e., d,, = 10, 25, and 80 um).3#l d) Schematic of current mapping of sandwich-structured CGC via peak force
tunneling atomic force microscope (PF-AFM). e) Current mapping image of a 30 um x 30 um Cu/Gr/Cu interface area; the peak current along the Gr
layer is three orders of magnitude higher than that in the surrounding pure Cu matrix. f) Electronic band structure and density of state of Gr embedded
in Cu layers, calculated by VASP. The inset in the plot of the density of the state is the model system of this Cu/Gr/Cu composite in VASP.32] g h) EBSD
images of the Cu foil substrates before and after CVD Gr growth, respectively. i) Electrical conductivities of pure Cu, Gr/Cu, and NGr-Cu (CVD Gr on
Cu foil was etched away by oxygen plasma) samples.[32] a,b) reprinted (adapted) with permission from.[”"] Copyright 2015 American Chemical Society.
(c) is reproduced with permission.[**] Copyright 2021, John Wiley and Sons. (d), (e), (f), (g), (h), and (i) are reproduced (adapted) with permission.[3?]
Copyright 2019, John Wiley and Sons.

conductivity from** and”V is still difficult because they used dif  electrons in the CGC. For experimental validation, a few Cu
ferent catalysts and CVD conditions and subsequently different  foils, individually coated with CVD-grown monolayer Gr, were
Gr quality, e.g., they reported different Raman measurements in  stacked together and then processed by hot pressing consolida-
their work. tion. Then, the authors mapped the localized current at a dif-

Other feasible mechanisms are proposed by Cao et al.?2l The  ferent location on the cross-section of the sandwich Cu—Cr—Cu

authors argued that the continuous planar Gr structures, when
embedded between Cu foils, can be doped by the electrons of
Cu. Such electron-doped Gr, combined with extremely high elec-
tron mobility, can form highly conductive continuous paths for

Small 2024, 2403241
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structure via the peak force tunneling atomic force microscope
(PF-AFM, see Figure 12d). The results in Figure 12e show a
current spike near Gr compared to the neighboring Cu layers,
indicating much higher local conductivity near the embedded
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Gr. Furthermore, their computational model, based on density
functional theory, predicted that a Cu/bilayer-Gr/Cu composite
exhibits the electron-doped Gr structures (doping density ~5.5 X
10%! cm~3) with nonzero density of states near Fermi energy
(see Figure 12f). In addition, unusual recrystallization and grain
coarsening during CVD Gr growth can also contribute to the en-
hanced electrical conductivity of CGCs. For example, EBSD im-
ages in Figure 12g,h show that the microstructures of a thin Cu
foil catalyst transition from polycrystalline to single crystalline.
Note that Cu(111) is the preferred crystal orientation after a CVD
process to minimize the lattice mismatch between Cu and Gr.
Furthermore, the electrical conductivities of three different sam-
ples, Cu foil (red columns), CGC (aqua columns), and the CGC
after etching away the Gr (orange columns), were characterized,
as summarized in Figure 12i, to quantify the contributions from
Gr and microstructural changes in Cu. The results indicate that a
4-5% improvement is from Gr while about a 16% improvement
is associated with the CVD-process-dependent microstructural
changes in Cu.

In summary, our review strongly suggests that the spatial dis-
tribution and directional continuity of both a Gr network and a
Cu matrix play an important role in the electrical conductivity of
CGCs. Cu—Gr interfacial contacts in CGC are intrinsically weak
without any chemical Cu—Gr bonds and the Cu-Gr contact resis-
tance is relatively high compared to the resistance of both Cu and
Gr. CGCs consisting of smaller particles/flakes of either Gr or Cu
likely suffer from lower conductivity due to interfacial electron
scattering at Cu—Gr junctions. On the other hand, it seems CGCs
with bi-continuous microstructures (see Figure 10), aligned in
the electrical flow, achieve better electrical conductivity. For exam-
ple, a bundle of Gr -coated 1-mm-diameter Cu wires(**] was me-
chanically extruded together. This mechanical process damaged
the continuous Gr network and resulted in a decrease in the elec-
trical conductivity from 1019 IACS to 95.7%. The continuity of a
Cu network is also important for CGC performance, e.g., demon-
strated by CGC based on in situ Gr growth on Cu powders.l*!
In this work, Cu powders were separated by Gr structures, even
after consolidation, and the CGC achieved 86.2% IACS. When
Gr -coated Cu powders were partially damaged by ball milling,
the conductivity of the modified CGC became 95.7% IACS. The
author explained this improvement was based on direct Cu-to-
Cu contacts within the modified CGC. Finally, it is important
to emphasize that all the CGCs with >103% IACS in Figure 11
have the bi-continuous Cu—Gr network.32-3+37] Finally, the rel-
atively low conductivity of the CGCs prepared by powder met-
allurgy, typically <100% IACS despite their bi-continuous net-
work, likely implies that electrical properties are very sensitive
to residual chemical impurities within Cu or Gr, as well as at
Cu—Gr interfaces. These reports implicate the significance of
achieving bi-continuous Cu-Gr networks, as well as high-quality
graphene.

5. Theoretical Modeling and Simulation of
Electronic Properties of Graphene-Based Materials

Here, our focus is on the theoretical framework for the electrical
structures of the Gr and simple Cu-Gr systems, from quantum
mechanics to molecular dynamics.
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(a) (b)

Figure 13. a) The honeycomb lattice structure of Gr. §;, i = 1,2, and 3 are
the nearest-neighbor vectors. b) The corresponding energy band structure

of Grin momentum space (k,, k).

5.1. Single Layer Graphene

Gr is composed of carbon atoms arranged in a hexagonal struc-
ture, as shown in Figure 13a. The unit cell of lattice for Gr is made
of two different types of atomic sites (i.e., A and B). The nearest-
neighbor vectors are 6, = 7 (1, V3), 8, = S(L —v3), and 5, =
a(1,0) where a ~ 1.42 A, i.e., the carbon-carbon distance. By con-
sidering the nearest-neighbor hopping, the tight-binding Hamil-
tonian for Gr is described as:

f==ty (alh+ba) ==Y ¥ (b, +b,a)

) icA o

4 iks )
B o

where t is the nearest-neighbor hopping energy, i and j are
A and B sites, and &j, i’w &, and b; are the creation and an-
nihilation operators for an electron at the A site.l1% k repre-
sents a vector in the momentum space. The eigenvalues of the
Hamiltonian matrix given in Equation (3) are E, (k) = +t1/(3 +
4 COS(%kxﬂ) cos(%kya) +2 cos(\/gkya). Figure 13b represents the
energy band structure of Gr with the upper and lower band with
the plus and minus signs for ¢, respectively. It is worth noting

that when k is nearby the Dirac point K = 3\2/’% (\/E, 1) or K' =

(\/5, —1), the dispersion relation is E, (q) =v; |q| where q is

2z
3v3a
relatively smaller than magnitude of K or K’ and v;, is the Dirac-

Fermi velocity, indicating linear in momentum space (so-called
Dirac cone structure). The Dirac-cone structure of single layer
Gr around the Fermi surface shows gapless semiconductor be-
havior, while multilayer Gr behaves as semimetal with extremely
small band overlap.['%] Due to the linear dispersion relation, the
effective mass of Gr is zero, resulting in unique electronic prop-
erties (e.g., remarkable electron mobility).[1]

5.2. Bilayer or Multilayer Graphene

When the number of Gr layers is more than one, successive lay-
ers are stacked in a way that atom A is located directly above
atom B for bilayer Gr (i.e., Bernal or AB stacking), and the third
layer is situated in the same direction again as the second one
is stacked with respect to the first layer (i.e., rhombohedral or
ABC stacking). Partoens et al. have evaluated the electronic struc-
ture change of 2, 3, and more layers of Gr, particularly around
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the Dirac K point, based on a tight-binding approach.'®! In
their study, the electronic structure of bilayer Gr represents a
small band overlap between the conduction and valence band of
1.6 meV, and the band overlap for > 3 layers of Gr is only 10%
lower than that for graphite (41 meV), showing a semimetal be-
havior. Electronic properties that depend on the number of Gr lay-
ers have also been investigated.['”] The authors of this study de-
veloped a theoretical model of the electrical conductivity of mul-
tilayer Gr based on the Boltzmann transport equation and 2D
electron gas theory by considering electron-electron and electron-
phonon scattering. They found that the electrical resistivity (p)
rapidly increases with increasing the number of layers from 2
(p = 1.9uQ cm) to 100 (p = 147 pQ cm) layers. Beyond this, p
appears to slowly increase or plateau. Note that the resistivity of
Gr consisting of > 2 layers decreases as temperature increases,
indicating a dominant transport channel changes from the sur-
face to the interlayer of the Gr system. For theoretical studies
of microscale or larger Gr systems, Rizzi et al. developed a net-
work model of Gr-based conductor materials (GCMs),1%1% e.g |
to simulate randomly distributed Gr flakes. Interestingly, their
model shows that the Gr’s packing density (i.e., the amount of
Gr flakes per unit volume) and its in-plane conductivity decide
the total conductivity of the system, while a Gr flake’s size gov-
erns how fast a given system reaches the maximum electrical
conductivity as a function of an out-of-plane conductivity of the
Gr flake.

5.3. Graphene-Copper Composite

As reviewed above, the Fermi energy of a freestanding Gr film is
located at the conical points. However, Gr structures on a metallic
substrate are significantly influenced by Gr-metal interfacial in-
terplays. Therefore, it is very important to understand how metal
atoms interact with Gr in the scope of electrical responses of
CGCs. Depending on the binding energy, the metal-Gr interplay
can be divided into two types: 1) physisorbed (i.e., weak interfa-
cial bonding) for Al, Cu, Ag, Au, and Pt and 2) chemisorbed (i.e.,
strong interfacial bonding) for Co, Ni, Pd, and Ti.111%-113] For clari-
fication, the emphasis of this section is on the physisorbed bond,
as it is relevant to the Cu—Gr interaction.

First-principles calculations with density functional theory
(DFT)[111112114] have been commonly utilized to investigate the
bonding formation and electronic structure at a Cu-Gr contact.
For example, Giovannetti et al. have studied the adsorption of
Gr on Cu(111) surfaces.""!] Their study has found that an equi-
librium Cu-Gr separation (d,, = 3.26 A) is considerably larger
than that of chemisorbed Gr-metal bonding (e.g., 4, (Ni-G) =
2.05 A). The Cu-Gr interaction is intrinsically weak due to the
fully filled 3d orbital of Cu and, as a result, the electronic band
structure of Gr mostly preserves its intrinsic characteristics in the
CGC systems. Moreover, the Fermi energy downshift, A E; = —
0.22 eV (i.e., n-type doping), from conical points for the absorbed
Gr is found by comparing the work functions of Gr and Cu. Note
that other computational studies on Cu—Gr have reported quali-
tatively similar conclusions but with different quantitative predic-
tions, e.g., d,, = 3.46 Aand A E; = — 0.06 eV."") In contrast,
it is known that much stronger chemisorbed bonds can alter the
band structures of both Gr and metal,[''2114] e.g., the Ti-G inter-
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face forms strong covalence bonds between Ti’s d- orbitals and
the Gr’s p,-orbitals and reduces contact resistance.

The Cu-Gr interaction, although it is weak, affects the elec-
tronic behavior of the Cu—Gr systems. Many existing compu-
tational studies of the Cu—Gr system mainly focusing on its
contact resistance in the scope of electronic applications are in-
deed available in the literature. Maassen et al. have studied the
electronic properties of Cu—Gr interface by considering free-
stranding pristine Gr connected to the Cu—Gr—Cu lead struc-
ture, as shown in Figure 14a.l'"®] By applying bias voltage on the
right lead, they found a distinctive peak in the differential con-
ductance (d1/dV) ~— 0.63 V, which is not observed in pure Gr.
Liu etal. have additionally investigated the molecular orbital sym-
metry effect on armchair Gr nanoribbon (AGN) deposited on a
Cu(111) surfacel!®] (see Figure 14b). This suggests that the inter-
action between Gr and Cu s orbitals gives rise to limited electron
transmission through the Cu—Gr interface and, therefore, higher
Cu-Gr contact resistance. Ji et al. further studied Cu—Gr contact
resistancel"”) and found that it is directional, i.e., the total and
lateral resistances of the Cu-Gr system are 627 and 295 Q um, re-
spectivtly. The authors argued that Gr in CGCs retains its conical
electronic structure due to the weak Cu—Gr interaction and, as a
result, lateral electron transport is effective compared to tunnel-
ing efficiency through the Cu—Gr interface. Because of this di-
rectional electron transport, aligning Gr structures in CGCs with
the direction of electrical current becomes relevant.

6. Other Advantages of CGC Conductors
6.1. Charge Carrying Capacity

Each conductor has its own charge-carrying capacity (or ampac-
ity limit) mainly associated with its thermal-electrical coupling
behavior, i.e., excessive joule heating from the electrical current.
A common metal conductor, when subjected to high temper-
atures, becomes more resistive to electrical current and more
reactive to ambient gases, and, as a result, fails to sustain its
conductivity and even its structural shape. The ampacity limit
of a conductor depends on both its electrical and thermal con-
ductivities to decrease joule heating and increase thermal dis-
sipation, respectively. Owing to Gr’s outstanding in-plane ther-
mal conductivity!'®] and thermal stability,!'!?! several CGCs have
demonstrated significant improvement in ampacity limit.

One common approach is based on a CGC wire consisting of
a Cu core and a Gr shell (or vice versa),[3#727981102] 35 shown in
Figure 15a,c, respectively. Note that Cu and Gr, axially aligned
in the electrical current direction, form parallel electrical paths.
Each CGC study reported 4.5 times [3* and ten times " higher
ampacity limits compared to a pure Cu wire. Despite their struc-
tural similarity, each study also presents different advantages de-
pending on the status and quantity of Gr in each CGC wire.
For example, fine Cu wires coated by high-quality CVD-grown
Gr (called ACGC) offer higher electrical conductivity (123.8%
IACS),?* while a Gr yarn!”®! coated by a Cu shell achieves lower
density and higher thermal conductivity mainly due to a larger
Gr-to-Cu volume fraction.

In light of recent progress in CGC wires, the concept of
the axially continuous core—shell wires has been explored fur-
ther to attain CGCs with even better electrical conductivity or
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Figure 14. a) A schematic diagram of a Cu-Gr interface with the left and right leads (i.e., Cu contacted with Gr and pure Gr) by applying a bias voltage
(8V) (top). Differential conductance (dI/dV) of pristine Gr (red) and Cu—Gr (blue) as a function of bias voltage (V) (bottom).['"] b) Molecular orbitals
of armchair Gr nanoribbon (AGN), Cu, and nickel (Ni) with respect to the o, plane. The left and right columns represent symmetric and antisymmetric
orbital lists.!1®]

__ Multilayer
~ graphene
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Figure 15. Schematic and SEM images of CGC wires of high ampacity. a) A schematic of the ACGC wire.34] b) A schematic of the Gr-coated Cu wire after
Ni deposition (NiGCu).l"%2] ¢) Cross-sectional SEM images of electroplated Cu on CVD-Gr fiber (EP Cu-GFs).[7°l d) Cross-sectional SEM image of carbon
nanotube fibers with core—shell structure of Cu deposition and CVD Gr coating (a CNTF-Cu-Gr wire). e) An SEM image of the CNTF-Cu-Gr wire.[#] ¢)
reprinted (adapted) with permission from.I”?l Copyright 2018 American Chemical Society. (a) is reproduced with permission.[3*] Copyright 2021, John
Wiley and Sons. (b) is reproduced with permission.l'%?] Copyright 2023, John Wiley and Sons. d,e) are reproduced with permission.[1l Copyright 2021,
Elsevier.
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additional functionality. Figure 15bl'%] offers a schematic of a Cu
wire coated by Gr and Ni layers (i.e., NiGCuy). For fabrication, Gr
was first grown on a Cu wire by CVD and then Ni was deposited
onto the Gr surface. Because the outermost Ni shell protects the
embedded Gr layer against oxidation at high temperatures, the
NiGCu composite wire has oxidation resistance up to 650 °C,
as well as a 61.2% higher ampacity limit compared to Cu. An-
other example, shown in Figure 15d,e, is a carbon nanotube fiber
coated by Cu and Gr layers (referred to as CNTF-Cu—Gr). The
fabrication flow was the deposition of Cu onto a carbon nanotube
fiber followed by CVD Gr growth on Cu. The volume fraction of a
carbon fiber increased significantly, thus a light-weight wire was
obtained with a higher specific ampacity (4.42 x 10*A %) than

the controlled samples, including bare CNTF, CNTF-Cu, and an-
nealed CNTF-Cu wires (see Figure 15 for details). Unfortunately,
because of the deteriorated Gr property of the large core, the ab-
solute values of ampacity and electrical conductivities were not
as good as Cu.®!) Using these results, it can be speculated that
increasing the Gr volume fraction with high-quality Gr would be
one of the directions to achieve further improvement of ampac-
ity. Of course, the successful development of a new conductor
with an ultrahigh high-power transmission capability would be
directly relevant to emerging technologies in the electric vehicle
and semiconductor industries.

6.2. Thermal and Chemical Robustness

Cu is chemically active under ambient conditions and, thus, is
not readily renewable. Because of this, a pure Cu conductor has
a limited lifespan and often requires expensive maintenance and
a protective layer, especially in harsh environments. Gr is well
known for its thermal stability and chemical inertness, showing
great potential for protective coating applications.[?0-122] In addi-
tion, carbons in Gr are tightly packed with a short carbon-carbon
bond length (0.142 nm),['23] smaller than the Van der Waals ra-
dius of a carbon atom (0.17 nm).["** This unique 2D atomic struc-
ture makes Gr impermeable even to the smallest molecules, such
as hydrogen.'>®! Considering these attributes, Gr is an excellent
option as a protective diffusion barrier in a wide range of ther-
mally and chemically harsh conditions.3!34192] Here, we high-
light a few studies that achieve Gr-enhanced resistance against
material degradation of CGCs.

Figure 16a,b’!l shows examples of the enhanced anti-
corrosion behavior of different CGC systems under chemically
corrosive environments. The far-left image in Figure 16a shows
a petri dish with a yellow etchant (0.5 wt.% FeCl;) solution before
adding (upper row) Gr-coated Cu powders or (lower row) bare Cu
powders for corrosion tests. The color of the etchant remains un-
changed for Gr-coated Cu powders, unlike bare Cu powders, af-
ter the same etching time (i.e., 90 s). These different observations
qualitatively indicate a significantly reduced chemical reaction of
Cu when protected by Gr. To facilitate this advantage, CGC with
a so-called “brick-and-mortar” structure was fabricated by utiliz-
ing flake powder metallurgy of Gr-coated Cu powders. Because of
its anisotropic structure (see Figure 16b), the corrosion rates of
the CGC in Gr/Cu in-plane (Gr/Cu-ip) surface and Gr/Cu cross-
plane (Gr/Cu-cp) surface (see inset in Figure 9b) were consider-
ably different (0.289 and 0.210 mm/year, respectively), and were
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slower than the 0.316 mm/year for pure Cu. The authors argued
that reactive molecules (e.g., oxygen, water) can diffuse through
defects in Gr and then migrate mainly along the loosely packed
Cu-Gr interfaces (see Figure 16b), explaining different corrosion
depths in the Cr/Cu-cp and -ip directions. This study suggests
that different architectures of Cu—Gr network can also influence
the directional diffusion behavior of CGCs.

Figure 16¢,d (from!** and,!*%?] respectively) demonstrate the
anti-oxidation performances of two different types of CGC wires
(ACGC and NiGCu, respectively) under elevated temperatures.
The electrical resistivity of 10-um-diameter ACGC (or simply
ACGC10) mostly preserved its original value, while that of the
pure Cu counterpart (or simply A-Cul0) increased by 41.2% due
to thermal oxidation (see the temperature profile (black solid
line) in Figure 16¢). 25-um-diameter NiGCu wires in Figure 16d
showed the electrical resistivity of 22.2 Q nm after heat treatment,
56% improved compared to the pure metal composite wires with-
out embedded Gr. The authors attributed the enhanced material
performance of NiGCu to the impermeability of the embedded
Gr layer that maintains a sharp Ni-Cu interface even at high tem-
peratures.

In conclusion, Cu appropriately protected by impermeable Gr
can maintain its electrical conductivity even under extreme con-
ditions. Many CGCs have taken advantage of Gr and achieved
their significantly improved anti-degradation properties under
different corrosion/oxidation test conditions over a short- to
intermediate-time period (e.g., 90 s in etchant and 144 h in
neutral salt spray;*') 2-24 h under elevated temperaturel>*102]
and up to 10 months in ambient air condition under room
temperature).?*] Despite these technical advances, careful and
innovative CGC designs are still crucial to avoid the negative ef-
fects of electrochemical reactions on CGC performance because
defects in Gr structures can accelerate the corrosion of a metal
surface.[?6] Therefore, more studies are needed on the long-term
protective functionality of Gr,[1°! e.g., in the scope of CGCs over
the years.

7. Applications and Future Perspectives

Improving the electrical performance of Cu, by fully exploiting
the superb advantages of Gr, is directly relevant to reducing elec-
trical energy loss by joule heating, transmitting higher current,
and more effectively generating mechanical power from electri-
cal motors. After two decades of research, the electrical perfor-
mance of well-designed CGCs starts to exceed that of pure metal
conductors, such as Cu and silver. The main mechanisms of
the Gr-enhanced CGC conductivity are generally explained by re-
duced electron scattering at Gr-coated Cu surfaces, excellent elec-
trical properties of continuous Gr, as well as thermally induced
microstructural changes of a Cu matrix. Additionally, Gr acts as
an effective diffusion barrier, blocking oxygen and other reactive
chemicals and protecting Cu.

Our review clearly indicates that the electrical properties of
CGCs depend on the Gr quality, Gr content, and continuity of
both Gr and Cu networks in CGCs, emphasizing the impor-
tance of CGC manufacturing processes, including synthesis, dis-
persion, and consolidation. The current CGC technologies pro-
duce various forms of CGCs, e.g., wires, foils, meshes, and
foams. This versatility of CGCs is crucial for different electrical
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Figure 16. Antidegradation performances of CGCs. a) Comparison on corrosion behaviors of the pure Cu flakes and the CGC flakes in 0.5 wt.% FeCl;
aqueous solution and b) schematic illustration for the possible pathway in the bulk CGC assembled from Cu@Gr nanoflakes. Gr/Cu in-plane (Gr/Cu-
ip) surface and Gr/Cu cross-plane (Gr/Cu-cp) surface have different corrosion depth and rate because of Gr protected or exposed Cu matrix.3'l ¢)
The temperature-dependent electrical resistivity of the annealed Cu (A—Cu) and ACGC wires (diameter = 10 um).13*] d) The temperature-dependent
electrical resistivity of the Ni-Cu wire (NiCu25) and Ni-Gr-Cu (NiGCu25) wires (diameter = 25 um) under 24 h thermal annealing at 550 °C. In both (c)
and (d), the temperature and resistivity measurements are synchronized in time and given using the vertical axes on the left and right, respectively.[192]
(a) and (b) are reproduced with permission.[31] Copyright 2019, Elsevier. (c) is reproduced with permission.3#] Copyright 2021, John Wiley and Sons.
(d) is reproduced with permission.[192] Copyright 2023, John Wiley and Sons.

applications, from high-power wire bonding in portable devices
and charge collectors in batteries to larger-scale electrical motors
and power grids. In the scope of effective power transmission, a
few CGC wires are worth noting. Microscale fine Cu wires uni-
formly coated by CVD-grown Gr i.e., ACGC wire,**l achieved
a 450% increase in the current density breakdown limit, 41.2%
lower resistivity, and a 224% higher heat dissipation compared to
pure Cu. Another type of CGC wire consists of a Gr yarn coated
by a thin Cu shell.”?] This work demonstrates a tenfold increase
in the current density limit. To explore potential industrialized
synthesis techniques, an ambient roll-to-roll CVD process!!%’]
has been considered for high-throughput manufacturing of CGC
wires.

Recent studies have shown that CGC conductors also achieve
excellent mechanical strength and chemical robustness be-
yond bulk-scale pure Cu counterparts. This becomes very
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desirable when the conductors need to tolerate mechanical
abrasion.l’%128-130] Additionally, the chemical stability of CGCs
can potentially broaden their applications in a corrosive environ-
ment and/or elevated temperature, including lithium-ion batter-
ies and car engines.!31132] For instance, the corrosion current of
a Gr-coated Cu sample was 20 times lower compared to pristine
Cul133)

In addition to the conventional applications, CGC technolo-
gies may give rise to emerging applications, including wear-
able devices,['**13¢] solar cells,['*”138] sensors,['*"] and biologi-
cal tools.['**141] Owing to their superb electromagnetic shield-
ing, CGCs can improve the reliability and robustness of wear-
able devices and sensors,[82] even in electromagnetically noisy
environments. Furthermore, CGCs can also be utilized in
supercapacitors!'**71* and energy storage devices.!'*>1%%] For ex-
ample, it has been shown that the use of a Gr-modified Cu foil as
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the anode current collector reduces contact resistance and im-
proves the discharge capacity and cycle life of the lithium-ion
battery.[1*7]

Despite the remarkable technical advances in CGCs, there
are still remaining challenges in the field. First, cost-effective
high-throughput manufacturing of high-quality CGCs must be
achieved for their practical application. During the development
of new manufacturing methods, several aspects must be appro-
priately considered: 1) Optimization of Gr growth, including ho-
mogeneous dispersion of Gr, precise control on the number of
layers and quality of Gr, and orientational alignments of intrin-
sically planar Gr structures; 2) Mechanisms of Cu-Gr interac-
tions in the scope of improving electrical properties of CGCs;
3) Adaption of industry-scale production techniques of CGCs,
e.g., roll-to-roll manufacturing. Another interesting research di-
rection is to engineer CGCs with additional functionality. For ex-
ample, new CGC-based conductors, by utilizing thermal stability,
chemical inertness, and mechanical strength of Gr, can be used
in extremely harsh conditions, e.g., extremely high current, high
temperature, mechanical stress, and corrosive environments, for
innovative electric vehicle, aerospace, and battery applications.
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