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ABSTRACT: Copper (Cu) is the electrical conductor of choice in many categories
of electrical wiring, with household and building installation being the major market
of this metal. This work demonstrates the coating of Cu wires�with diameters
relevant for low-voltage (LV) applications�with graphene. The chemical vapor
deposition (CVD) coating process is rapid, safe, scalable, and industrially
compatible. Graphene-coated Cu wires display good oxidation resistance and
increased electrical conductivity (up to 1% immediately after coating and up to 3%
after 24 months), allowing for wire diameter reduction and thus significant savings
in wire production costs. Combined spectroscopic and diffraction analysis indicates
that the conductivity increase is due to a change in Cu crystallinity induced by the
coating process conditions, while electrical testing of aged wires shows that
graphene plays a major role in maintaining improved electrical performances over
long periods of time. Finally, graphene coating of Cu wires using an ambient-
pressure roll-to-roll (R2R) CVD reactor is demonstrated. This enables the in-line production of graphene-coated metallic wires as
required for industrial scale-up.
KEYWORDS: CVD graphene, copper wires, electrical conductivity, oxidation prevention, in-line coating

1. INTRODUCTION
The applicative realm of copper (Cu) is enormous: it is utilized
in indoor and outdoor constructions, tools, machinery, and
portable devices, both for civil and industrial uses. In particular,
copper wires are commonly employed in industrial wiring and
interconnection technology,1 owing to their excellent advan-
tages of thermal and electrical conductivity, low cost, and good
mechanical properties such as ductility. However, copper wires
easily oxidize when exposed to air even at room temperature,
waning their electrical performances with time in low-voltage
(LV) applications and limiting their use in high-power electronic
devices and integrated circuits.2,3 Therefore, nowadays, research
efforts are devoted to develop effective processes and coatings to
prevent oxidation and corrosion of Cu wires, thus preserving the
electrical properties of the pristine metal over time.4,5 Graphene
represents an interesting candidate material for ultrathin coating
of Cu wires, thanks to its extraordinarily high electrical and
thermal conductivity, flexibility, strength, and chemical inert-
ness.6−9 Moreover, graphene’s tight structure is impermeable to
gases and liquids,10,11 exhibiting remarkable performance as a
protective barrier in comparison to other thin-filmmaterials.12 A
number of papers have discussed the potential of graphene as a
multifunctional coating for Cu, hindering oxidation and
chemical etching13−15 while increasing electrical and thermal
conductivity.16,17 Concerning Cu wires, it has been demon-

strated that multilayer graphene can be synthesized on
cylindrical conductors by chemical vapor deposition (CVD),13

providing antioxidation protection up to 350 °C and corrosion
inhibition in ammonium persulfate solution.18,19 Furthermore,
graphene-coated (Gr-coated) Cu wires with diameter≅ 0.1 mm
displayed improved surface heat dissipation, electrical con-
ductivity, and thermal stability up to 450 °C.9,19 However, to
date, no work has demonstrated an industrially compatible
approach for this process, i.e., performing graphene coating of
cables complying with the following requirements: (i) process
gases below the lower explosive limit (LEL), (ii) temperatures
below 1000 °C, and (iii) ambient pressure. Addressing all of
these points would pave the way to the in-line CVD Gr coating
of metallic wires by an ambient-pressure roll-to-roll (R2R) CVD
system and is the object of our work. Moreover, we address the
coating of LV wires, which are expected to generate the highest
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revenue in the copper wire and cable market in the 2021−2030
timeframe.20

Indeed, this work demonstrates that wires with diameters
technologically relevant for LV applications (i.e., 1.37 and 1.74
mm) can be effectively coated with graphene by a scalable and
industrially compatible process: at a temperature below 1000
°C, at ambient pressure, and with rapid growth in a nonexplosive
atmosphere. The Gr-coated wires, characterized by electrical
measurements and microscopic and spectroscopic techniques,
display higher electrical conductivity and improved esthetics
than uncoated wires, allowing for a significant saving in the Cu
market. Aging of Gr-coated wires is investigated, and in-depth
studies to correlate the electrical performances and the
microstructural changes after the coating are provided. It is
found that the graphene growth process induces an improve-
ment in the crystallinity of Cu wires, which is responsible for the
augmented conductivity, and that graphene coating plays a
major role in maintaining this improved conductivity over time.
Finally, the production of Gr-coated Cu wires with an open-end
R2R pilot CVD system is demonstrated. Implementing in-line
graphene coating of metallic wires in an industrial setting is
required.

2. MATERIALS AND METHODS

2.1. Sample Preparation
Industrial LV Cu wires were provided by Baldassari Cavi, a
manufacturer of Cu wires operating in the European market.21 Rigid
Cu wires with diameters of 1.37 and 1.74 mm were used, and these are
technologically relevant for LV applications, especially in the Northern
Europe. For each wire diameter size, three sets of samples were studied:
(i) pristine Cu wires (reference); (ii) Gr-coated Cu wires: annealed at a
high temperature (i.e., to increase the Cu grain size and reduce the
surface roughness and defect density17) and then subjected to the
graphene growth process; and (iii) only annealed Cu wires (i.e.,
subjected to the same annealing conditions as those used to process
wires in point (ii)).
To facilitate the industrial translation of the process, the wires were

used as-received for all tests carried out (i.e., no additional
pretreatment, such as etching or chemical cleaning was done before
processing the samples). Copper wires 2.5 m in length were taken from
the bundle and arranged in a coil shape, in such a way that the coil could
fit inside a 4 in. BM Pro AIXTRONCVD reactor where wire treatment
was performed22 (see Figure S1 in the Supporting Information for the
reactor setup). The coils were bound with thin, flexible copper wires
(diameter 250 μm) to prevent them from unwrapping and thus
touching the inner walls of the reactors during heating and cooling
steps. Before the growth process, argon (Ar) gas was flushed to purge
the reactor from air.
The optimized process was carried out between 900 and 1000 °C

under an Ar pressure of 750−800 mbar. Details of the temperature
profile and conditions employed in the CVD process are reported in
Figure S2. Cu wires subjected only to thermal annealing were placed in
the reactor and heated at 980 °C for 10min in a flow of Ar at 2000 sccm.
In the case of Gr-coated samples, after the initial annealing of 10 min, 2
sccm of methane (CH4) were flushed for 5 s in hydrogen (H2) and Ar
(20 and 2000 sccm, respectively) at 980 °C to grow graphene. After
either annealing or growth, the samples were cooled down in Ar flow.
Processed copper wires were taken out from the reactor once the
temperature reached 120 °C. The process conditions were transferred
from the batch reactor to the R2R CVD system.
2.2. Sample Characterization
Raman spectroscopy was performed to assess the coverage, quality, and
number of graphene layers. A Renishaw InVia system, equipped with a
473 nm blue laser, a 100× objective, and an 1800 l/mm grating, was
used. Spatially resolved Raman maps were obtained with a 1 μm step
while irradiating the samples with 22.3 mJ μm−2. The number of

graphene layers was determined by analyzing the I2D/IG ratio, where I2D
and IG are the intensities of the 2D and G peaks in the Raman spectrum,
respectively.23

The surface morphologies of the as-grown and aged wires were
investigated by scanning electron microscopy (SEM, ZEISS Merlin),
operating in Inlens Signal mode at 5 kV voltage and 120 pA current.
Additionally, atomic force microscopy (AFM) was performed with a
Bruker Dimension Icon in standard tapping mode. Optical microscopy
(Zeiss Axioscope7 equipped with Axiocam 208 color) was employed to
record bright-filed micrographs and assess Cu oxidation.
For the X-ray diffraction (XRD) experiments, short wires (2−3 cm

long segments) were processed with the same parameters described in
Section 2.1, varying only the process time. In particular, analysis was
done for samples annealed in Ar for 5, 10, and 30 min and Gr-coated
samples annealed/grown for increasing times. To further investigate the
effect of hydrogen on the microstructure of copper, analysis was also
performed on samples annealed in Ar and then processed in H2 flow,
employing the same ratio of H2/Ar as in the growth process. XRD
measurements were carried out on a STOE Stadi P diffractometer
equipped with Cu Kα1 radiation (λ = 1.5406 Å) and a Ge(111)
Johansson monochromator from STOE & Cie. The samples (2−3 cm
long wire segments) were mounted on a goniometer head and optically
aligned with the diffractometer’s center of rotation and kept under
spinning during the measurements. The diffracted intensities as a
function of the scattering angle, 2θ, were acquired in the range 84−127°
by a MYTHEN2 1 K detector from Dectris. The profiles of the
Cu(311), (222) and (400) peaks were analyzed individually, by fitting
each of them with a pseudo-Voigt function. The dependence of the
peak full- width at half-maximum (FWHM) on the sample treatment
conditions was qualitatively evaluated for each of the three peak families
and for each of the two wire thicknesses. Due to the bulk nature of the
samples and the peculiar experimental geometry, the position and the
intensity of the peaks do not directly provide any crystallographic
information, but the variation of the normalized FWHMwith respect to
the pristine material is indicative of the variation in the crystallite
strain.24

Electrical resistivity measurements on the Cu samples were
performed in the DC configuration using a Keithley 2450 source
meter. In order to minimize measurement errors, we performed all of
the electrical measurements in a four-probe configuration. Such a
setting reduces the variation of the contact resistance between the
probe and the measurement clamp due to surface oxidation. Each set of
samples were tested by putting the source probe at the end of the wires,
while the sensing probes were put at exactly 2 m apart through a couple
of crocodile clips. The resistance was then measured by applying a
constant DC current of 10 mA andmeasuring the voltage drop between
the two sensing tips. Performingmeasurements in the DC configuration
allows us to neglect the skin effect. All measurement were performed at
room temperature.” Conductivity was calculated as follows: σ = L R−1

A−1, where R is the resistance of the cable, A is its cross-sectional area
defined by design, and L is the distance between the sensing probes (2
m for our measurements).
Also, additional electrical resistivity measurements were performed

at industrial premises (i.e., Baldassari Cavi) in a commercial setup that
allows measurements at controlled temperature, see Figure S3 of the
Supporting Information. A 2.5 m long coiled copper wire was kept
inside the water maintained at 20 °C and firmly fixed at both ends so
that there was no bending or loops. A couple of wedge holders were
used as electrical sensors, while the wire holder at the end of the line
provided the source current, with the distance between them that could
be precisely tuned. In this way, it was possible to measure the resistivity
of pristine and graphene-grafted wires avoiding any variation arising
from the copper temperature or contact resistance and reducing the
uncertainty on the wire length. In addition, before the resistivity was
measured, a small portion of the wire was cut andmeasured to check the
possible changes in diameter before and after the process. For the
electrical measurements reported, the average electrical conductivity
was obtained frommeasuring seven samples of each type. The oxidation
experiments were conducted within a climate chamber (Espec SH-262
Benchtop Temperature and Humidity Chamber) at temperatures
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between 40 and 90 °C, humidity levels between 80 and 100%, and times
between 20 s and 24 h.

3. RESULTS AND DISCUSSION

3.1. Gr-Coated Cu Wires via Industrially Compatible CVD:
Properties

Preliminary studies were performed to identify the process
conditions to obtain graphene-coated Cu wires while satisfying
the following requirements: (i) process gases below the LEL, (ii)
temperatures below 1000 °C, and (iii) ambient pressure. A
summary of such preliminary investigations is reported in the
Supporting Information (SI) (Figures S4 and S5). Notably, and
different from what is reported in the literature until now, the
optimized process shown herein has a volume percentage of
explosive gases, which complies with LEL requirements. Indeed,
H2 and CH4 used during the process were at 1 and 0.1%
concentrations, respectively, and this is significantly below the
LEL (i.e., 4 and 5% for H2 and CH4, respectively). This allows
this process to operate in safe conditions, and this can be easily
implemented in an industrial setting (see the SI). Optimized
process temperature and pressure were 980 °C and 780 mbar,
respectively. Notably, no wire pretreatment was necessary,
besides reactor annealing, prior to graphene growth. This is also
relevant as most of the work reported to date requires some form
of chemical pretreatment, thus introducing additional complex-
ity and significant cost to the implementation of this graphene
coating process at industrial premises. Table S1 presents a
comparison between this work and those present in the
literature with respect to sample chemical pretreatment, process
temperature, and gas LEL.

Figure 1 shows the appearance of the pristine (panels a, i) and
Gr-coated (panels e, m) Cu wires, arranged in a coil shape. After
the CVDprocess, theGr-coated wires display highermalleability
and appear shinier and smoother when compared to the pristine
ones. The optical characterization of the wire surface, shown in
Figure 1 (panels b, f, j, n), reveals no evident oxidation signs,
both for the pristine and for the as-processed wires. It can be
further observed that the Gr-coated wires display a smoother
and more homogeneous surface compared to the pristine
counterparts, for both diameters.
To study in detail the surface morphology, SEM and AFM

characterizations for all the samples were performed. Figure 1c,d
and k, l reports the SEM and AFM micrographs of pristine Cu
wires, 1.74 and 1.37 mm diameters, respectively. For both
diameters, an inhomogeneous surface can be observed, with
RMS roughness values of 6.5 and 5.6 nm for 1.37 and 1.74 mm
(over areas of 1 μm2), respectively. SEMmicrographs of the Gr-
coated wires display instead a smoother wire surface decorated
with particles of ∼160 nm size. We verified that the presence of
particles could be avoided by introducing a wire pretreatment
step, i.e., Cu electropolishing25 (see Figure S6). AFM micro-
graphs reveal the presence of atomic terraces, typically observed
after the growth of graphene with good crystallinity and
thickness homogeneity.25−28 The RMS roughness values
measured from 1 μm2 micrographs for the 1.37 and 1.74 mm
wires are ∼3.9 and 4.6 nm, respectively.
Raman spectroscopy confirmed the presence of graphene

films on the wires of both diameters. As seen in Figure 2c, sharp
G (∼1590 cm−1) and 2D bands (2720 cm−1) could be
visualized. The average I2D/IG ratios over an area of 30 × 30
μm2 were found to be ∼0.9 and ∼0.80 for 1.37 and 1.74 mm

Figure 1.Morphological properties of pristine and Gr-coated Cu cables. Pictures of (a, i) pristine and (e, m) Gr-coated Cu wires arranged in coils.
Optical micrographs of (b, j) pristine and (f, n) Gr-coated Cu wires. SEM micrographs of (c, k) pristine and (g, o) Gr-coated Cu wires. AFM
topography images of (d, l) pristine and (h, p) Gr-coated Cu wires. All data are reported for both 1.37 and 1.74 mm wire diameters.
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Figure 2. Spectroscopic and electrical properties of Gr-coated Cu wires. Representative Raman 30 × 30 μm2 maps (with relative histograms in the
insets) reporting the (a, d) FWHM (2D) and (b, e) intensity ratio of 2D/G bands for both thicknesses. (c) Representative Raman spectra for 1.37 and
1.74 mm wires. (f) Electrical conductivity improvement of Gr-coated wires with respect to pristine ones. Error bars indicate the standard deviation of
the mean (SDM).

Figure 3.Characterization performed after aging of pristine andGr-coated Cu wires.(a) Optical image of pristine and Gr-coated wires after 24months.
Raman spectra taken on different areas (indicated by arrows in the insets) of (b and d) pristine copper wires and (c and e) Gr-coated copper wires, for
both thicknesses after 24 months. (f) Electrical conductivity improvement of 1.37 and 1.74 mm Gr-coated wires with respect to that of pristine wires
from 6 to 24 months of aging.
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diameters, respectively (Figure 2b,e). Similarly, the average
FWHM (2D) values were measured as 65 and 63 cm−1 for 1.37
and 1.74 mm diameters, respectively (Figure 2a,d). Combined
analysis of FWHM (2D) and I(2D)/I(G) indicated that the
average number of layers is 2−3.29,30 Furthermore, the as-grown
samples exhibited a negligible D peak (see Figure 2c), indicating
a negligible number of defects. No sp2-related bands are
observed for pristine and annealed wires in the same
wavenumber range.
The electrical conductivity of Gr-coated wires measured at

controlled temperature with a commercial system at industrial
premises is reported in Figure 2f as a percentage variation with
respect to pristine wires. Immediately after growth, Gr-coated
wires displayed average improvements of 0.98% and 0.74% for
1.37 and 1.74 mm wires, respectively. Improvement of this
magnitude could not be only related to the presence of the
graphene conductive layer since in our geometry the conduction
in graphene represents less than 10−6 the one in the copper,
different from those in Kashani et al.9 and Kang et al.,16 where
the copper cross section is three orders of magnitude smaller. It
should be mentioned that already a 0.6% conductivity
improvement would lead to a wire diameter reduction
corresponding to a Cu cost reduction of 200€/Ton,31,32 an
appealing saving for Cu cable manufacturers. In addition, we
verified the mechanical resistance of graphene to manual
handling by collecting Raman maps before and after rolling
and unrolling operations of the coated wires. We did not observe
any measurable variation in graphene quality and homogeneity,
confirming the mechanical stability of the graphene coating (see
Figure S7).
3.2. Aging of Gr-Coated Cu Wires

To assess the performances of aged Cu wires, a complete
characterization of the samples by means of optical microscopy,

Raman spectroscopy, and electrical measurements was carried
out. The effect of aging on the chemical properties was
investigated at different time points, from 6 to 24 months after
the CVD process.
Figure 3a shows a picture of pristine and Gr-coated Cu wires

after 24 months of aging: color darkening�a clear sign of
oxidation�is very evident in uncoated wires, while the Gr-
coated ones maintain a shiny and new appearance. Figure S8
confirms a similar trend for both kinds of wires also at
intermediate aging times. It is well known that Cu wires tend to
become darker over time: this is usually thought as an indication
of “poor quality” and causes significant sale returns, which
negatively affects Cu wire manufacturers and retailers. Graphene
coating offers a viable solution to this issue, providing an esthetic
advantage.
Optical microscopy analysis might apparently contradict the

resistance to oxidation of Gr-coated wires since oxidation spots
(observed as green areas) can be found on both pristine and Gr-
coated wires (see the insets in Figure 3b−e). However, Raman
analysis confirms that Gr-coated wires have a higher oxidation
resistance. Raman spectra were recorded in the copper oxide
(CuxO) range (between 150 and 800 cm−1),14,32,36 on both the
green and bright areas (Figure 3b−d, c−e). Remarkable
differences can be observed when comparing the uncoated
and Gr-coated samples. The pristine wires (Figure 3b,d) display
a very high intensity of CuxO peaks both in the green and bright
areas, demonstrating extended oxidation, which involves the
entire surface of the wire. On the contrary, in the case of Gr-
coated wires (Figure 3c,e) CuxO peaks with a significantly lower
intensity than those found in pristine wires are measured in the
green areas, with the rest of the surface having a negligible CuxO
signal. Indeed, we notice that preferential paths for oxidation
upon aging and/or exposure to extreme environmental

Figure 4. (a) Electrical conductivity improvement of annealed and Gr-coated Cu with respect to pristine wires from 6 to 24 months of age. (b) Raman
spectra of annealed Cu taken in different areas of the wire (see the inset) after 24 months of aging in the CuxO range. (c, d) FWHMevolution of (400),
(222), and (311) diffraction peaks for Cu wires that were annealed, Gr-coated, and annealed plus H2-treated; both diameters were considered.
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conditions are defective regions such as those found in the
correspondence of grain boundaries,14,18 Cu particles, or other
types of defects that can open up percolative paths for
contaminants (see Figures S9 and S10). It is to be noted that
defective graphene (even 2/3 layer thick) is not effective in
preserving Cu wires from oxidation and might even be
counterproductive, owing to galvanic coupling, as previously
reported in refs.34,35 The electrical properties of the wires at
room temperature were also investigated for different aging
times by recording their resistance at 10 mA. The relative
improvement of the electrical conductivity, calculated with
respect to the pristine Cu wires at the same aging stage, is
reported in Figure 3f. The different electrical behavior for wires
with and without graphene coatings over 6 to 24 months is
apparent. After 12 months, a gradual worsening of the electrical
properties for the pristine wires was observed, while the
resistivity of the Gr-coated Cu wires remained comparable to
that of the as-grown ones. This result further confirms that the
presence of graphene significantly reduces the deterioration of
Cu properties. Remarkably, after 24 months, relative improve-
ments in conductivity of 3.0 and 3.6% are observed for the 1.37
and 1.74 mm Gr-coated samples, respectively. The waning of
electrical conductivity in the pristine wires is associated to the
oxidation of Cu discussed above.18,33 Furthermore, the graphene
coating was found to be effective in preserving the wires from
significant oxidation even at high temperatures (up to 90 °C)
and humidity levels (up to 100%) (see Figure S9).
3.3. Effect of Wire Annealing and Hydrogen Treatment on
Wire Microstructure

From the analyses reported above, it appears that Gr-coated
wires have the following advantages with respect to pristine
ones: (i) increased electrical conductivity at time zero and over
time and (ii) oxidation protection. One can argue that the

increase in electrical conductivity could be induced by
microstructural changes in the Cu wires due to processing
conditions rather than from the presence of the thin layer of
graphene itself. Indeed, on millimeter-sized wires, it is quite
unlikely that a thin layer of graphene could have such a
remarkable effect on the electrical properties, although such an
explanation has been provided for thinner wires.9 In order to
assess the influence of thermal annealing on the electrical
properties of Cu wires, the electrical conductivity of annealed
wires over time was investigated. Despite exhibiting a shiny
appearance (Figure S11) and improved conductivity at t = 0, it
was found that the conductivity improvement over time is lower
than that measured for Gr-coated wires (see Figure 4a). Hence,
the presence of graphene seems pivotal for maintaining
augmented electrical performances. Indeed, Raman analyses
(as well as optical imaging) of aged wires indicate that oxidation
progresses in annealed cables in a similar fashion to that in
pristine ones (see Figures 3b and 4b). After 24months, annealed
wires appear significantly darker than the Gr-coated wires, and
CuxO peaks are comparable to those measured for pristine wires
of the same age (Figure S12). With the aim of further
investigating qualitative microstructural differences in pristine,
annealed, and Gr-coated wires, XRD measurements were
performed. The qualitative assessment of the XRD peaks further
clarifies the role of annealing and graphene growth steps in the
conductivity of copper. The histograms in Figure 4c,d report the
relative variation (in %) of the FWHM of each peak with respect
to the pristine samples, against the total duration of thermal
treatment (the XRD patterns are shown in the SI, Figure S13).
The annealed wires display narrower FWHM compared to the
pristine Cu wires, and further FWHM reduction is observed
upon Gr growth. The FWHM is sensitive to the variation in
microstructure (crystallinity, presence of defects, and grain size)
and stress−strain accumulation in the material.37 During the

Figure 5. Characterization of Cu wires Gr-coated in an R2R prototype reactor. Representative Raman 25 × 25 μm2 maps (with relative histograms in
the insets) reporting the (a) FWHM(2D) and intensity ratio of (b) 2D/G and (c) D/G bands. (d) Representative Raman spectrum of graphene grown
on 1.74 mm Cu wire. (e) Comparison of FWHM evolution of (400), (222), and (311) diffraction peaks for Cu wires coated with graphene in the lab
and the in-line reactor. (f) Optical image with the SEM micrograph in the inset.
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annealing and recovery process, the improved atomic diffusion
at high temperatures enables the release of the stored strain
energy of the extruded wires. The decrease of XRD peak
broadening is suggestive of a decrease of crystallite strain, which
can explain the enhanced conductivity of Cu after annealing.
The growth step implies a remarkable decrease in peak width
regardless of the annealing time (see the SI, Figure S14). This
observation suggests that the conditions used for graphene
coating relieve crystallite strain much more effectively than
annealing in Ar does.
The aforementioned microstructural observations, as well as

the increased malleability and smoothness, confirm that the
enhanced conductivity is due to a more radical and deep change
in the bulk copper crystallinity occurring during the growth
treatment rather than to the presence of graphene itself. Since
the growth step employs a mixture of H2/CH4, the effect of
hydrogen on the microstructure of copper was investigated,
analyzing samples annealed in Ar and then processed in H2 flow.
The details of the samples and process conditions are reported in
Table S2 of the SI. As demonstrated by the histograms reported
in Figure 4 for a process where the standard annealing was
associated with subsequent hydrogen treatment for 5 s (without
concomitant graphene growth), the peak widths are comparable
to those obtained after 5 s growth or possibly even narrower in
the case of 1.37 mm wires.
Additional XRD measurements were performed for different

annealing and hydrogen treatment times (see Figure S14 and
Table S2), which further confirm that high-temperature H2
treatment positively affects Cu crystallinity.38 In conclusion, we
can identify the hydrogen gas present in the CVD process during
graphene growth as the main player in the improvement of Cu
crystallinity and the consequent enhanced electrical properties;
however, the structural, chemical, and electrical measurements
performed for the different wires indicate that graphene is
necessary for maintaining enhanced electrical properties over
time.
3.4. Gr-Coated CuWireswith anAmbient-Pressure R2RCVD
Reactor

The results above show that graphene coating of Cu wires is
instrumental to obtaining combined improved electrical
conductivity over time and oxidation resistance. This makes
graphene an appealing coating for LV Cu wires, while graphene
coating of metals might be of interest also for other applications
spanning from nautical, electrical vehicles to aerospace.39−42

However, the scalable coating of metallic wires with graphene
can be enabled only by the development of an ambient-pressure
R2R CVD reactor. In this work, the properties of Gr-coated Cu
wires obtained with such an R2R CVD reactor developed by
AIXTRON Ltd. are presented. Using this in-line R2R CVD
system, graphene was grown successfully onto a 1.74 mm Cu
wire, and the relevant characterizations are reported in Figure 5.
Raman spectroscopy indicates a uniform few-layer graphene
film. The FWHM (2D) averages at ∼68 cm−1, the 2D/G
intensity ratio is found to be ∼0.64. and the D/G intensity ratio
is ∼0.33 (see Figure 5a−c). XRD measurements reveal an
increased Cu crystallinity, comparable to that of Gr-coated wires
processed in a batch reactor (see Figures 4d and 5e). Optical and
SEM characterizations confirm the presence of a uniform
coating across the surface (Figure 5f). These results indicate that
the process developed in laboratory settings can be implemented
in an industrial in-line system with promising results.

4. CONCLUSIONS
In this work, we report an industrially compatible CVD process
to coat with graphene electrical Cu wires with diameters relevant
to LV applications. The Gr-coated wires display improved
aesthetics and enhanced electrical conductivity with respect to
uncoated (pristine) wires. Specifically, the conductivity is 1%
higher than that of pristine wires immediately after graphene
coating and 3% higher after 24 months. Structural analyses
performed via XRD indicate that the exposure to high
temperatures and the presence of hydrogen during graphene
growth cause an increase in Cu crystallinity, which is a
reasonable explanation for the observed increase in electrical
conductivity. Combined electrical and chemical character-
izations show that graphene efficiently acts as a barrier against
oxidation (even under different environmental conditions),
which is beneficial to preserve the augmented conductivity in
time. The reported increase in electrical conductivity potentially
allows for a reduction in wire diameter with consequent savings
in wire production costs. Building on such promising premises,
we demonstrate that the developed process can be adopted in a
R2R CVD reactor for in-line coating of metallic wires, which
builds a road towards the realistic translation of the graphene
coating technology in industrial settings. The extension of such
coating technology also to flexible Cu cables and wires adopted
in automotive and aerospace industries could lead to a
significant decrease in the overall amount of Cu weight, leading
to lighter vehicles with a lower impact on the environment.
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Vaidotas Misěikis − Center for Nanotechnology Innovation@
NEST, Istituto Italiano di Tecnologia, 56126 Pisa, Italy;
Graphene Labs, Istituto Italiano di Tecnologia, 16163 Genova,
Italy

Matthew Perry − AIXTRON Ltd., Cambridge CB24 4FQ,
United Kingdom

Kenneth B. K. Teo − AIXTRON Ltd., Cambridge CB24 4FQ,
United Kingdom

Stiven Forti − Center for Nanotechnology Innovation@NEST,
Istituto Italiano di Tecnologia, 56126 Pisa, Italy;
orcid.org/0000-0002-8939-3175

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsaenm.3c00249

Author Contributions
⊥N.M. and Y.V. contributed equally to this work. N.M. and Y.V.:
conceptualization, methodology, investigation, writing�origi-
nal draft, visualization; L.M.: investigation, writing�review and
editing; A.L. and M.G.: investigation, writing�review and
editing; Z.M.G. and V.M.�investigation, writing�review and
editing; M.P., A.J., and K.B.K.T.: investigation, writing�review
and editing; M.L.S.: writing�review and editing; S.F.:
investigation, writing�review and editing; C.C.: conceptualiza-
tion, investigation, writing�review and editing, visualization,
supervision.
Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The research leading to these results has received funding from
the European Union’s Horizon 2020 research and innovation
program under grant agreements no. 785219-Graphene Core2
and 881603-Graphene Core3. Neeraj Mishra and Ylea Vlamidis
contributed equally to this work. The authors thank Dr. Andrea
Guerrini and Dr. Pasqualantonio Pingue of Scuola Normale
Superiore (SNS), Pisa, Italy for their assistance in the
environmental chamber experiments.

■ REFERENCES
(1) Zhong, Z.; Lee, H.; Kang, D.; Kwon, S.; Choi, Y. M.; Kim, I.; Kim,
K. Y.; Lee, Y.; Woo, K.; Moon, J. Continuous Patterning of Copper
Nanowire-Based Transparent Conducting Electrodes for Use in
Flexible Electronic Applications. ACS Nano 2016, 10, 7847−7854.
(2) Cocke, D. L.; Schennach, R.; Hossain, M. A.; Mencer, D. E.;
McWhinney, H.; Parga, J. R.; Kesmez, M.; Gomes, J. A. G.; Mollah, M.
Y. A. The Low-Temperature Thermal Oxidation of Copper, Cu3O 2,
and Its Influence on Past and Future Studies. Vacuum 2005, 79, 71−83.

(3) Seah, C. H.; Mridha, S.; Chan, L. H. Annealing of Copper
Electrodeposits. J. Vac. Sci. Technol., A 1999, 17, 1963−1967.
(4) Yu, P.; Chan, K. C.; Xia, L.; Yu, H. B.; Bai, H. Y. Enhancement of
Strength and Corrosion Resistance of Copper Wires by Metallic Glass
Coating. Mater. Trans. 2009, 50, 2451−2454.
(5) Li, Y. S.; Ba, A.; Mahmood, M. S. An Environmentally Friendly
Coating for Corrosion Protection of Aluminum and Copper in Sodium
Chloride Solutions. Electrochim. Acta 2008, 53, 7859−7862.
(6) Novoselov, K. S.; Morozov, S. V.; Mohinddin, T. M. G.;
Ponomarenko, L. A.; Elias, D. C.; Yang, R.; Barbolina, I. I.; Blake, P.;
Booth, T. J.; Jiang, D.; Giesbers, J.; Hill, E. W.; Geim, A. K. Electronic
Properties of Graphene. Phys. Status Solidi B 2007, 244, 4106−4111.
(7) Kashani, H.; Ito, Y.; Han, J.; Liu, P.; Chen, M. Extraordinary
Tensile Strength and Ductility of Scalable Nanoporous Graphene. Sci.
Adv. 2019, 5, No. eaat6951.
(8) Balandin, A. A.; Ghosh, S.; Bao, W.; Calizo, I.; Teweldebrhan, D.;
Miao, F.; Lau, C. N. Superior Thermal Conductivity of Single-Layer
Graphene. Nano Lett. 2008, 8, 902−907.
(9) Kashani, H.; Kim, C.; Rudolf, C.; Perkins, F. K.; Cleveland, E. R.;
Kang, W. An Axially Continuous Graphene−Copper Wire for High-
Power Transmission: Thermoelectrical Characterization and Mecha-
nisms. Adv. Mater. 2021, 33, No. e2104208.
(10) Lee, C.; Wei, X.; Kysar, J. W.; Hone, J. Measurement of the
Elastic Properties and Intrinsic Strength of Monolayer Graphene.
Science 2008, 321, 385−389.
(11) Bunch, J. S.; Verbridge, S. S.; Alden, J. S.; Van Der Zande, A. M.;
Parpia, J. M.; Craighead, H. G.; McEuen, P. L. Impermeable Atomic
Membranes from Graphene Sheets. Nano Lett. 2008, 8, 2458−2462.
(12) Böhm, S. Graphene against Corrosion.Nat. Nanotechnol. 2014, 9,
741−742.
(13) Datta, A. J.; Gupta, B.; Shafiei, M.; Taylor, R.; Motta, N. Growth
of Graphene on Cylindrical Copper Conductors as an Anticorrosion
Coating: A Microscopic Study. Nanotechnology 2016, 27, No. 285704.
(14) Chen, S.; Brown, L.; Levendorf,M.; Cai, W.; Ju, S. Y.; Edgeworth,
J.; Li, X.; Magnuson, C. W.; Velamakanni, A.; Piner, R. D.; Kang, J.;
Park, J.; Ruoff, R. S. Oxidation Resistance of Graphene-Coated Cu and
Cu/Ni Alloy. ACS Nano 2011, 5, 1321−1327.
(15) Krishnan, M. A.; Aneja, K. S.; Shaikh, A.; Bohm, S.; Sarkar, K.;
Bohm, H. L. M.; Raja, V. S. Graphene-Based Anticorrosive Coatings for
Copper. RSC Adv. 2018, 8, 499−507.
(16) Kang, C. G.; Lim, S. K.; Lee, S.; Lee, S. K.; Cho, C.; Lee, Y. G.;
Hwang, H. J.; Kim, Y.; Choi, H. J.; Choe, S. H.; Ham, M. H.; Lee, B. H.
Effects of Multi-Layer Graphene Capping on Cu Interconnects.
Nanotechnology 2013, 24, No. 115707.
(17) Goli, P.; Ning, H.; Li, X.; Lu, C. Y.; Novoselov, K. S.; Balandin, A.
A. Thermal Properties of Graphene-Copper-Graphene Heterogeneous
Films. Nano Lett. 2014, 14, 1497−1503.
(18) Lee, B.; Li, W. Performance of Different Layers of Graphene as
Protective Coating for Copper Wire. Mater. Lett. 2020, 273,
No. 127875.
(19) Jang, L.W.; Zhang, L.; Menghini, M.; Cho, H.; Hwang, J. Y.; Son,
D. I.; Locquet, J. P.; Seo, J. W. Multilayered Graphene Grafted Copper
Wires. Carbon 2018, 139, 666−671.
(20) Shantanu, S.; Vineet, K. Copper Wire and Cable. https://www.
alliedmarketresearch.com/copper-wire-and-cable-market-A12418.
(21) https://www.baldassaricavi.it/en/https://www.baldassaricavi.
it/en/.
(22) Miseikis, V.; Bianco, F.; David, J.; Gemmi, M.; Pellegrini, V.;
Romagnoli, M.; Coletti, C. Deterministic Patterned Growth of High-
Mobility Large-Crystal Graphene: A Path towards Wafer Scale
Integration. 2D Mater. 2017, 4, No. 021004.
(23) Ferrari, A. C.; Meyer, J. C.; Scardaci, V.; Casiraghi, C.; Lazzeri,
M.; Mauri, F.; Piscanec, S.; Jiang, D.; Novoselov, K. S.; Roth, S.; Geim,
A. K. Raman Spectrum of Graphene and Graphene Layers. Phys. Rev.
Lett. 2006, 97, No. 187401.
(24) Popa, N. C. Stress and Strain; Springer Geology, 2019; pp 538−
554.
(25) Miseikis, V.; Convertino, D.; Mishra, N.; Gemmi, M.; Mashoff,
T.; Heun, S.; Haghighian, N.; Bisio, F.; Canepa, M.; Piazza, V.; Coletti,

ACS Applied Engineering Materials pubs.acs.org/acsaenm Article

https://doi.org/10.1021/acsaenm.3c00249
ACS Appl. Eng. Mater. 2023, 1, 1937−1945

1944

https://orcid.org/0000-0002-7820-907X
https://orcid.org/0000-0002-7820-907X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zewdu+M.+Gebeyehu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6451-6100
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alex+Jouvray"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marco+La+Sala"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mauro+Gemmi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9542-3783
https://orcid.org/0000-0001-9542-3783
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vaidotas+Mis%CC%8Ceikis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matthew+Perry"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kenneth+B.+K.+Teo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stiven+Forti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8939-3175
https://orcid.org/0000-0002-8939-3175
https://pubs.acs.org/doi/10.1021/acsaenm.3c00249?ref=pdf
https://doi.org/10.1021/acsnano.6b03626?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.6b03626?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.6b03626?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.vacuum.2005.01.010
https://doi.org/10.1016/j.vacuum.2005.01.010
https://doi.org/10.1116/1.581711
https://doi.org/10.1116/1.581711
https://doi.org/10.2320/matertrans.M2009157
https://doi.org/10.2320/matertrans.M2009157
https://doi.org/10.2320/matertrans.M2009157
https://doi.org/10.1016/j.electacta.2008.05.062
https://doi.org/10.1016/j.electacta.2008.05.062
https://doi.org/10.1016/j.electacta.2008.05.062
https://doi.org/10.1002/pssb.200776208
https://doi.org/10.1002/pssb.200776208
https://doi.org/10.1126/sciadv.aat6951
https://doi.org/10.1126/sciadv.aat6951
https://doi.org/10.1021/nl0731872?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl0731872?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.202104208
https://doi.org/10.1002/adma.202104208
https://doi.org/10.1002/adma.202104208
https://doi.org/10.1126/science.1157996
https://doi.org/10.1126/science.1157996
https://doi.org/10.1021/nl801457b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl801457b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nnano.2014.220
https://doi.org/10.1088/0957-4484/27/28/285704
https://doi.org/10.1088/0957-4484/27/28/285704
https://doi.org/10.1088/0957-4484/27/28/285704
https://doi.org/10.1021/nn103028d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn103028d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c7ra10167h
https://doi.org/10.1039/c7ra10167h
https://doi.org/10.1088/0957-4484/24/11/115707
https://doi.org/10.1021/nl404719n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl404719n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.matlet.2020.127875
https://doi.org/10.1016/j.matlet.2020.127875
https://doi.org/10.1016/j.carbon.2018.07.033
https://doi.org/10.1016/j.carbon.2018.07.033
https://www.alliedmarketresearch.com/copper-wire-and-cable-market-A12418
https://www.alliedmarketresearch.com/copper-wire-and-cable-market-A12418
https://www.baldassaricavi.it/en/https://www.baldassaricavi.it/en/
https://www.baldassaricavi.it/en/https://www.baldassaricavi.it/en/
https://doi.org/10.1088/2053-1583/aa5481
https://doi.org/10.1088/2053-1583/aa5481
https://doi.org/10.1088/2053-1583/aa5481
https://doi.org/10.1103/PhysRevLett.97.187401
pubs.acs.org/acsaenm?ref=pdf
https://doi.org/10.1021/acsaenm.3c00249?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


C. Rapid CVD Growth of Millimetre-Sized Single Crystal Graphene
Using a Cold-Wall Reactor. 2D Mater. 2015, 2, No. 014006.
(26) Starke, U.; Forti, S.; Emtsev, K. V.; Coletti, C. Engineering the
Electronic Structure of Epitaxial Graphene by Transfer Doping and
Atomic Intercalation. MRS Bull 2012, 37, 1177−1186.
(27) Yang, F.; Liu, Y.; Wu, W.; Chen, W.; Gao, L.; Sun, J. A Facile
Method to Observe Graphene Growth on Copper Foil.Nanotechnology
2012, 23, No. 475705.
(28) Rasool, H. I.; Song, E. B.; Mecklenburg, M.; Regan, B. C.; Wang,
K. L.; Weiller, B. H.; Gimzewski, J. K. Atomic-Scale Characterization of
Graphene Grown on Copper (100) Single Crystals. J. Am. Chem. Soc.
2011, 133, 12536−12543.
(29) Ani, M. H.; Kamarudin, M. A.; Ramlan, A. H.; Ismail, E.; Sirat, M.
S.; Mohamed, M. A.; Azam, M. A. A Critical Review on the
Contributions of Chemical and Physical Factors toward the Nucleation
and Growth of Large-Area Graphene. J. Mater. Sci. 2018, 53, 7095−
7111.
(30) Bouhafs, C.; Pezzini, S.; Geisenhof, F. R.; Mishra, N.; Misěikis,
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