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1. Introduction

Copper is widely used to produce all sort of electrical wires and electrical circuits due to its good electrical
conductivity, abundance, low cost and excellent physical and mechanical properties including malleability and
durability which allow it to be easily formed into wires while efficiently conducting electricity [1]. Research on
advanced electrical conductors that outperform copper and aluminum widely employed as electrically conductive
metals in power transmission, distribution, electric motor windings and electronic devices, is flourishing.

Research spans from producing high-conductivity copper-based materials [1], through metals of higher
conductivity such as silver waveguide structures fabricated using Ag nanoparticles [2]. Nanocarbon-based and
metal-nanocarbon conductors, too, are promising, though so far their high price justifies use only in aerospace and
military applications [3]. In the field of high-conductivity copper-based materials, a significant progress was
achieved in 2018 when Zhang and co-workers coated graphene (G) on both sides of a Cu foil obtaining a bulk
G/Cu composite conductor having an electrical conductivity 117% higher than pure copper (the International
Annealed Copper Standard, IACS) [4].

Subsequent progress was reported in 2022 when a team led by Gao introduced cold drawn Cu/G composite
wires of high tensile strength and good electrical conductivity (94.85% IACS) [5]. The composite material was
obtained using in-situ grown graphene in copper via vacuum hot-press sintering of Cu powder and liquid paraffin.
A 2024 account provides a comprehensive review of copper-graphene composite (CGC) conductors, including
fabrication processes, electrical performance benchmarks, and copper-graphene interaction mechanisms [6].
Documenting multiple fabrication routes achieving >100% IACS conductivity, said review clearly shows that
interface engineering and graphene orientation are critical factors determining electrical conductivity [6].
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Methodologies that achieve superior electrical conductivity of CGC include electrodeposition on a copper
electrode of graphene nanoparticles suspended in water in the presence of copper sulphate (affording a composite
having 15.7% lower resistivity than bare copper) [7]; and friction-based solid-state processing via mechanical
graphene dispersion (without chemical synthesis steps), achieving 108% IACS conductivity with 56% tensile
strength enhancement [8].

In this study, we report the first investigation of the 3D entrapment of graphene in the crystalline lattice of
metals based on the metal organic alloy (MORAL) approach. So far applied to palladium [9,10] and nickel [11,12]
obtaining heterogeneous catalysts of largely enhanced performance when compared to the unmodified metal
nanoparticles, the method is based on the entrapment of graphene oxide (GO) within crystalline metal lattice via
the reduction-precipitation process affording molecularly doped metals [13].

As shown in the following, the GO entrapment in the Cu lattice followed by reduction of entrapped GO to
graphene using thiophene, affords a molecularly doped metal (or metal organic alloy, MORAL) named herein
“CuproGraf” whose electrical resistivity is 7% lower than that of pure copper made from pure copper powder
using the same non-optimized hot rolling method.

2. Results and Discussion

The two-step preparation of CuproGraf (copper-entrapped graphene, G@Cu) employs the entrapment of
water-soluble GO within the crystal lattice of Cu through reductive precipitation of copper nitrate driven by an
excess of sodium borohydride, followed by reduction of the GO@Cu material with thiophene (Scheme 1).

1) NaBH4
o <

b

2) thiophene, 80°C ~

Cu(NQO3)s +

Scheme 1. Synthesis of CuproGraf.

The latter highly effective reduction of the oxidizable functions in GO converts the thiol into an oxidized
thiophene polymer, and then to polyhydrocarbon by loss of sulphur atoms, which readily evaporates upon mild
heating [14].

The TEM photographs of CuproGraf and the electron diffraction pattern in Figure 1 show that the material
is comprised of aggregated rod-shaped Cu nanoparticles with a width equal to 3—5 nm and length in the 1540 nm
range (Figure 1a,d,e).

The presence of graphene layers on the edge of the aggregated nanoparticles (NPs) is evident in all TEM
pictures at each magnification degree (Figure 1a—e). In the other regions unveiled by the TEM photographs, the
aggregated NPs are tightly intertwined with graphene planes. Electron-diffraction images (Figure 1f) suggest the
presence of multiple phases in the material.

The XRD diffractogram of CuproGraf (Figure 2) shows evidence that the material chiefly consists of metallic
Cu, with well-defined diffraction peaks around 43.2° and 50.4° originating from the (111) and (200) crystal planes
of Cu lattice. Conforming the TEM observations, the presence of entrapped graphene layers is revealed by the
diffraction peak at 42.7° relative to the two dimensional (10) reflection of stacking graphene layers [15].

The XRD pattern of as-synthetized CuproGraf shows persistent GO despite thiophene treatment. Incomplete
reduction introduces oxygen defects that increase electron scattering.

To obtain a compact metallic bar from CuproGraf powder and carry out the electrical conductivity
measurements on this new CGC we employed a hot rolling procedure (See supplementary material). Hot rolling
is an established method for consolidating metal powders, including copper matrix composite powders [16]. In the
present case, the powder was inserted in a steel tube, that was sealed by pressing the two ends. The different steps
of the hot rolling process are summarized in Table 1.

The rolling parameters (temperature, reduction ratio, number of passes) were selected based on preliminary
trials to ensure consolidation of both the commercially pure Cu and the CuproGraf powders.

A short video of metallic bar lamination process openly accessible at the URL: https:/t.ly/yTYPv. A
photograph of the CuproGraf metal bar thereby obtained is displayed in Figure 3. This bar was used to assess the
electrical conductivity.
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Figure 1. (a)—(e) TEM photographs of CuproGraf at various degrees of magnification: 500 nm (a), 100 nm (b),
200 nm (c), 50 nm (d), 20 nm (e) and electron diffraction pattern (f).
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Figure 2. XRD diffractogram of as-synthetized CuproGraf. Raw data, gray line; Cu contribution, light blue line;
Cuz0 contribution, pink line; background, blue line; sum of the contribution, red line.

Table 1. Hot rolling parameters.

Powder in a Steel Tube Casing (¢ =12 mm)

Temperature Time . .

°C) (min) Resulting Diameter (mm)
800 10 10

800 5 8.5

800 5 7

800 5 6

Bar Is Extracted from the Metal Case (¢ =3 mm)
800 5 2.7
800 5 2.2
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Figure 3. Metallic bars obtained after hot rolling of sintered CuproGraf powder.

The XRD spectrum of CuproGraf in bulk form obtained after hot rolling of sintered CuproGraf powder
(Figure 4) no longer shows the presence of residual amounts of copper oxides (CuO and Cu,0) of as-synthesized
CuproGraf powder (Figure 2).
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Figure 4. XRD diffractogram of CuproGraf in bulk form obtained after hot rolling of sintered CuproGraf powder.

In brief, during the heat treatment at 800 °C for 10 min of the CuproGraf precursor powder, copper oxides
(tenorite, and cuprite) are reduced to metallic Cu due to entrapped graphene acting as reducing agent as it happens
when graphene synthesized on copper foil acts as a reducing agent for electroless plating of copper [17].

In brief, the XRD analysis of CuproGraf in bulk form indicates the presence of face-centered cubic copper
as the primary phase of CuproGraf, with minor oxidized species and residual graphene oxide (estimated at <2 wt%
based on peak intensity ratios). Spectra in Figure 4 highlight that residual GO is present in both the CuproGraf
powder and sintered bulk material, regardless of the heterogeneous reduction of GO@Cu with thiophene dissolved
in MeOH. On the other hand, the diffraction pattern does not show any peaks associated with iron or iron-
containing phases, suggesting that any potential contamination with steel is minimal, and below the detection limit
of the technique.
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The latter bar in sintered CuproGraf was used to assess the electrical conductivity. Conductivity
measurements were performed in triplicate (» = 3 independent batches) with 10 measurements per location.
Considering the instruments accuracy and the calculation process, an error in the range of 6%, mainly due to
geometrical data, has been estimated for the resistivity measurements reported. Data are reported as mean + SD.

Remarkably, the resistivity of the CuproGraf bar was 2.06 £+ 0.14 mQ-cm, whereas that of the metallic Cu
bar was 2.21 £ 0.133 mQ-cm, namely 6.78% lower than that of pure copper made from pure copper commercial
powder using the same non-optimized method. In other words, the addition of a modest amount (0.5 wt%) of
graphene to copper via the moleculary doped metal approach is sufficient to drive a substantial reduction in copper
resistivity. The non-optimized hot rolling method employed in this proof of concept study is reflected in the higher
resistivity (2.21 + 0.133 mQ-cm) for the pure copper bar made from pure copper powder, which corresponds to 45
x 10° S/m, or 77.4% IACS (58.1 x 10°S/m) [18].

A similar hot rolling procedure was followed to obtain a pure Cu bar from powdered Cu. In detail, a powder
sample (18.5 g) of commercial copper (purchased from Sigma Aldrich) consisting of Cu grains 1045 um in size
was inserted in a metal case similar to that used for the hot rolling of the CuproGraf powder. The bar was mildly
polished to remove copper oxide and surface dirt. Figure 5 shows the metal bar eventually obtained.

Figure 5. Metallic bar obtained after hot rolling of sintered Cu.

In other words, regardless of substantially larger size of Cu grains (1045 um) for the copper powder used
for the hot rolling treatment when compared to submicron CuproGraf particles, and oxide phase presence, the
CuproGraf conducting bar (83.7% IACS) shows 6.3% improvement over the processed control copper (77.4%
IACS), though both remain below commercially optimized copper standards (>95% IACS).

To further reduce the resistivity and reach in the latter case the IACS resistivity (1.7241 mQ-cm), sintering
of Cu powder into bulk metallic conductor devoid of air’s oxygen will require an optimized hot rolling process so
as to reduce the porosity of the bulk metallic bar obtained and reduce the grain boundaries. The same optimized
hot rolling process would then be applied to the CuproGraf nanstructured powder.

Remarkably, a similar enhancement in the hot-pressing method employed was recently reported as necessary
to observe the large enhancement in electrical conductivity of G-Cu multilayered composites produced by G-Cu
grains obtained after chemical vapor deposition of graphene [4]. It is also relevant that the aforementioned research
was commissioned by the International Copper Association [19].

We briefly remind that in metallic conductors, the resistivity increases with increasing imperfections, such
as impurities, grain boundaries, and defects due to additional scattering centers for the electrons carrying the
current [20]. Hence, a combined approach to decrease the resistivity Cu is to replace polycrystalline Cu with single-
crystal copper [21], followed by concomitant application of heat and pressure after crystal growth to enhance
crystallinity [22]. Though affording a single-crystal of Cu having 117.1% IACS, the latter method is not suitable
for producing bulk copper wire and foil conductors.

On the other hand, the readily scalable preparation of CuproGraf at low cost may open the route, inter alia,
to replacement of silver-plated copper in all wires wherein exceptional conductivity is required, such as for
example in aircrafts where silver-plated finely-stranded copper wire is employed. Silver indeed is the best
conducting metal (=108% IACS) at room temperature (resistivity of 1.59 mQ-cm at 293 K). The use of wires
consisting of optimally hot rolled CuproGraf would for example eliminate reduction in conductivity due to copper
corrosion (“red plague”) that affects silver-plated copper wires following reaction between the silver coating,
copper, oxygen and water [23].

Though requiring a detailed technoeconomic assessment, the low cost and ease of scalability of CuproGraf
fabrication is evident from Scheme 1. All reactants, including GO and thiophene reductant, are low cost reactants
available in large amount from numerous chemical suppliers. The MORAL synthetic process is conducted in
water, with no by-product formation and nearly complete incorporation of GO, whereas the borohydride anion is
an excellent reducing agent of Cu?" promoting the quick and complete conversion of Cu?* into Cu nanoparticles
already at [Cu®"]: [BH4] 1:2 ratio (Equation (1)):
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Cu(NOs), + 2NaBH; + 6H,0 — Cu + 7H, + 2NaNO; + 2B(OH); (1)

Nontoxic sodium nitrate, boric acid and hydrogen are the reaction by-products, which makes the process viable
at industrial scale for the production, for example, of catalytic Cu NPs using a spinning disk reactor to rapidly micro-
mix reactants in order to control nucleation and particle growth for uniform particle size distribution [24].

Finally, the incomplete reduction of graphene oxide (confirmed by the XRD pattern) represents a limiting
factor in achieving the theoretical conductivity enhancement and warrants investigation of alternative reduction
chemistries (e.g., hydrogen thermal or hydrazine treatment) in future studies.

3. Conclusions

In conclusion, we have discovered that CuproGraf, namely copper doped with 3D-entrapped graphene
molecules, is a promising electrical conductor, showing nearly 7% lower resistivity when compared to a copper bar
obtained from pure Cu powder using the same non-optimized hot rolling procedure. The bulk conductor formation
process, indeed, is still non-optimized achieving a pure copper conductivity 23% lower compared to IACS. The
observed 6.78% improvement falls within the measurement error range (£6%), requiring verification through
additional characterization. If the difference in resistivity with pure Cu here demonstrated for bulk conductors
obtained through the non-optimized metallurgical procedure will be retained, road will be open to wires and foils
made of CuproGraf in all applications in which higher conductivity of that achieved using pure Cu is required.

Like any other study, the present study has limitations. The pure copper control achieves only 77.4% IACS
(2.21 £0.133 pQ-cm), indicating severe processing defects. CuproGraf (2.06 £ 0.14 pQ-cm, 83.7% IACS) remains
16.3% below standard copper. Further research needs therefore to explicitly address graphene distribution
homogeneity and grain refinement mechanisms in CuproGraf, as well as the development of an optimized
compaction procedure within the tube to achieve results comparable to those obtained with pure Cu powder. In
addition, copper-graphene composite optimization using rigorous statistical methodology needs to be conducted,
along with investigation of alternative reduction methods (i.e., hydrogen thermal, hydrazine) as persistent GO
despite thiophene treatment due to incomplete reduction introduces oxygen defects that increase electron
scattering. An ample structural investigation including analysis of GO/graphene ratio in CuproGraf via Raman and
XPS spectroscopy and the outcomes of a comparative, advanced XRD analysis will be soon reported.

4. Experimental Methods

4.1. CuproGraf Preparation

CuproGraf was prepared by reducing copper nitrate in a GO suspension. In a typical reaction, a 8.2 g aliquot
of Cu(NOs); - 3H,0 (>99.9% pure, purchased from Sigma Aldrich) was dissolved in 80 mL methanol (>99% pure,
purchased from VWR) along with 1.4 mL of GO suspension (8 mg/mL) purchased from Nanografi Nano Teknoloji
(Istanbul, Turkyie). The mixture was sonicated and filled with N, after which an aliquot of sodium borohydride
(3.2 g, >96% pure, purchased from Sigma Aldrich) was slowly added under N, flow, refrigerating the system in
an ice bath. Upon complete addition, the precipitate was filtered on a Biichner vacuum filtration funnel on paper
filter, 43—48 um pore size, washed multiple times with water and methanol, prior to drying under vacuum at room
temperature.

The 0.5 wt% graphene content in CuproGraf was estimated from precursor amounts, based on full retention
efficiency percentage (namely assuming ~100% retention through synthesis and processing), as it happens in most
MORALS preparative routes [25].

The procedure was repeated to obtain an amount suitable for the sintering process. For the reduction of GO
entrapped in the crystal lattice of Cu, a 20 g sample of GO@Cu in a round bottom flask was added with 150 mL
methanol and 5 mL thiophene (>99% pure, purchased from Sigma Aldrich). The flask atmosphere was filled with
nitrogen and the mixture heated at 80 °C for 24 h. The final material was filtered using a Biichner vacuum filtration
funnel, and extensively washed with methanol, prior to drying under vacuum at room temperature.

4.2. Preparation of CuproGraf and Cu Metallic Bars

Two metallic conductors were prepared using identical hot-rolling treatment: one made of pure copper and
one of CuproGraf. A smaller quantity of CuproGraf powder was employed in comparison to copper powder due
to the greater difficulty in compacting nanometric powders compared to the micrometric copper powder. In detail,
in the case of the copper conductor, a copper powder, 18.55 g of Cu powder (Sigma Aldrich, particle size between
1045 pm) was loaded into a metal casing with an outer diameter of 12 mm and an inner diameter of 9 mm, with
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the powder filling approximately 65 mm of the tube length. In the case of the CuproGraf conductor, 6.05 g of
CuproGraf powder, consisting of finer nanometric particles, was used for the same hot-rolling treatment. The
aliquot (6.05 g) of CuproGraf powder was filled into a steel tube with an outer diameter of 12 mm, an inner
diameter of 9 mm, and a total length of 81 mm. The tube underwent a sequence of heating and rolling steps aimed
at sintering the powder and progressively reducing the thickness of the sample. The external steel casing was then
removed, and a compact copper bar was extracted. Hot rolling was then continued. The tubes filled with powder
were heated in a furnace at 800 °C for 10 min, after which they underwent a series of heating and rolling steps to
progressively reduce the material thickness.

The resulting compacted bars, measuring approximately 57 % 10 x 3.3 mm, were extracted from the metal casings.
These bars were then subjected to further heating and rolling, reducing their thickness down to 2.2 mm. During
processing, visible cracks appeared on the sample surfaces, which were already present after extraction from the metal
casings. To prevent crack propagation during the subsequent rolling steps, the samples were lightly polished.

4.3. Structural Characterization

The transmission electron microscopy (TEM) experiments were carried out using a Thermo Fisher Scientific
Talos L120C instrument operating at 120 kV. Samples were deposited on Cu-grids as such. The XRD
diffractograms were obtained using a Rigaku Miniflex 600 diffractometer with Cu Ka radiation (A = 0.1541 nm),
acquiring data in the 10—100° 26 range with a step size of 0.05° and a counting time of 8 s per step.

4.4. Resistivity Measurements

The resistance measurements were conducted using a Resistomat Typ 2305 at room temperature (approx.
constant at 295 K). Considering the low values for resistance expected for the samples, the system has been
equipped with Kelvin clips to decouple I-V contacts, preventing systematic errors associated to contact resistance.
At the same time, the measurements have been performed applying a current cycle to the sample alternating I
direction with a frequency of 1, 5 and 10 Hz: this allows to discard errors due to offsets and thermal effects. Data
were collected on pure copper sample obtained by powdered Cu hot lamination, used as reference, and on
CuproGraf sample.

Resistivity was calculated using the samples measured size for the cross section and the distance between the
contacts: the irregular shape of the CuproGraf sample was polished to obtain a more regular geometry. The
resulting size ranged between 2.622 and 2.690 mm in width and 0.786 and 0.789 mm in thickness. Results reported
are the average of 10 measurements repeated for 3 different distances between the contacts integrating the data
collected during 10 s cycling. Considering the instruments accuracy and the calculation process, an error in the
range of 6%, mainly due to geometrical data, has been estimated for the resistivity measurements reported.
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