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Coal-derived graphene-like material and its addition to FCC copper are investigated using ab initio plane wave density
functional theory (DFT). We explore ring disorder in the sp? carbon, and functional impurities such as oxides (-O),
and hydroxides (-OH) that are common in coal-derived graphene. The electronic density of states analysis revealed
localized states near the Fermi level, with functional groups contributing predominantly to states below the Fermi level,
while carbon atoms in non-hexagonal rings contributed mainly to states above it. The functionalization of graphene
induces charge localization while ring disorder disrupts the continuous flow of electrons. By projecting the electronic
conductivity along specific spatial directions, we find that both the crystal orientation and the graphene purity signifi-
cantly influence the anisotropy and magnitude of electronic transport in the composites. This study implicitly highlights
the importance of structural stress to obtain improved electrical conductivity in such composites.

I. INTRODUCTION

Over the last decade, the development of ultra-conductive
materials has become a focus in materials science, espe-
cially for applications in power transmission and motor
systems. These materials, often synthesized under extreme
thermo-physical conditions, have redefined the conventional
understanding of the role of additives in metal matrices, lead-
ing to improvements in electrical performance ~. Copper has
remained the main subject of this research due to its superior
conductivity, while aluminum, being more abundant and
lightweight, is gaining attention as a viable alternative. The
introduction of graphene additives has shifted research away
from traditional metal alloying methods toward advanced
composite materials.

Graphene has been extensively recognized in the material
science community and is a key material in electronics
devices for its exceptional performance in applications such
as electro-chemical sensing devices”, transparent conductive
electrodes’, battery electrodes’, energy-storage devices’®,
and lubricants’. Its recent role as an additive into FCC
metals like aluminum and copper led to the development
of ultraconductors, which have further extended its already
remarkable versatility > '. While pristine graphene, typically
synthesized through chemical vapor deposition (CVD) or
exfoliation “~'°, offers exceptional electrical, mechanical,
and thermal properties, its large-scale production remains
costly and resource-demanding. Coal-derived graphene has
the potential to be an accessible and cost-effective source
for high-performance ultra-conductors for a range of appli-
cations. Unlike conventional graphene production methods,
which are challenging for large-scale production, coal-derived
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graphene utilizes an abundant and inexpensive raw material,
making large-scale production economically viable

Various methods exist for producing coal-derived graphene:
direct carbonization through pyrolysis, chemical exfoliation
involving oxidation-reduction, microwave-assisted methods
utilizing rapid heating, and laser-induced graphene (LIG)
offering precise control and patterned structures™ ~~~~~. This
opens the door to widespread applications, from advanced
electronics and energy storage to composite materials and
high-efficiency conductors. As the world pushes toward
greener, more efficient technologies, coal-derived graphene
is poised to play a crucial role. To ensure the effective
industrial application of high-performance metal-graphene
conductors, it is critical to systematically examine how
graphene’s quality—specifically its purity, structure, and
defect density—affects the composite’s electrical properties.

This study, as an extension of a previous publication ',
highlights the conduction activity between graphene and
copper grains within composite microstructures at different
interface orientations and provides additional evidence on the
dependence of electronic conductivity on such conformations.
We extend our analysis to more realistic copper-graphene
composites by incorporating graphene with (i) topological
disorder (amorphous graphene) at different defect densities
and (ii) common-coal functionals — oxides (-O) and/or
hydroxides (-OH), akin to coal-derived graphene, into the
material microstructures. Note that experimentally extruded
composites undergo thermophysical processes, forming
non-equilibrium / high-energy conformations. Our earlier
study computed the dependence of electronic conductivity as
a function of external pressure, showing that such high-energy
conformation facilitates the efficient electronic interaction
between metal matrices and graphene, leading to enhanced
conductivity

We first describe the structural and electronic properties
of sp?> common coal. Next, we present a simulation of
carbon-coal composites, aiming to provide insights for
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engineering optimized metal-graphene electronic devices.
The Kubo-Greenwood formula (KGF) and space-projected
conductivity (SPC) are used to spatially resolve electronic
conductivity, demonstrating that both crystal orientation and
graphene purity play critical roles in determining the elec-
tronic transport in the composites. We show that functional
groups and ring disorder in the metal-graphene interface
result in localized states near the Fermi level, with functional
groups contributing primarily to states below it and disordered
rings contributing to states above. These states act as carrier-
trapping sites, disrupting coherent electronic interactions
at the interface. Composites involving hydroxides showed
higher electronic conductivity than oxide composites with
pristine graphene; hydroxides are more or equally detrimental
in composites with disordered graphene. Next, we show that,
with a high density of impurities, the electronic conductivity
is largely unaffected by the interfacial purity of graphene,
implying that impurity-driven scattering overshadows the
benefits of using pristine graphene. A significant limitation
of this paper is that only T = 0 K results are reported, thus
neglecting phonon scattering. This will be discussed within
an adiabatic approximation’”>"" in subsequent work.

The rest of this paper is organized as follows: Section II
provides a summary of the computational models used in this
work. Sections II A and Section II B detail the simulation
protocols and methodologies utilized for electronic properties
and electronic conductivities calculations. In Section III, the
interface signatures and electronic transport of copper-carbon
composites with functional impurities and ring disorder are
reported. Copper-composites based on crystalline graphene
and functional impurities, and the coal-based metal compos-
ites (CMC) are detailed in section III B.

II. COMPUTATIONAL METHODOLOGY
A. Electronic Structure Calculations

The conjugate gradient algorithm, as implemented in
VASP"', was applied for geometry optimization of the mod-
els. The convergence criterion for the energies on atoms
of the configuration in an iteration step was set at 1 x 107°
eV. Geometric relaxation of layered graphene (amorphous
and pristine), with and without functional impurities, em-
ployed I' point sampling of the Brillouin zone, while the
Monkhorst-Pack scheme”™® with 2x2x 1 k-points was imple-
mented for metal-graphene composites. To construct the com-
posite model, a graphene layer was positioned atop a cop-
per surface, followed by the placement of another copper
surface above the graphene, thereby forming an orthorhom-
bic unit cell with a "sandwich" configuration. Following en-
ergy optimization, the resulting interface models had a sur-
face area of 13.20 x 12.70 A2, For relaxation, we used a
plane-wave basis set with a kinetic energy cutoff of 420 eV.
Projected augmented wave (PAW)~" potentials to account for
ion-electron interactions, and the generalized gradient approx-
imation of Perdew-Burke-Ernzerhof (PBE)"" as the exchange-

correlation functional. We implemented Grimme’s van der
Waals (D2) correction™ during structural relaxation of the in-
terface models. Periodic boundary conditions were used in all
the calculations. A kinetic energy cut-off of 520 eV was im-
plemented for electronic structure and electronic conductivity
calculations.

B. Electronic Conductivity, Space-projected Conductivity

We computed electronic conductivity using the Kubo-
Greenwood Formula (KGF) [refer to Equation A1""]. This
approach for computing the transport coefficient in materials
provides the link between atomistic structure and electronic
transport. Subedi et. al. has successfully computed electronic
resistivity in FCC aluminum™ that fits the Bloch—Griineisen
formula for the experimental resistivity of aluminum™. The
average KGF conductivity for the pristine copper model
computed within an adiabatic approximation’”>’" at 300K
was ~ 6.2 4+ 0.2 x 107 Siemens/m (slightly higher than stat-
ndard TACS™* value 5.8 x 107 Siemens/m ) and for pristine
graphene was ~ 0.5 + 0.4 x 10° Siemens/m, lower than
CVD-grown monolayer graphene flakes™’ of approximately
1.46 4 0.82 x 10° S/m. Note that electronic conductivity (in
equation A1) depends on different factors such as the number
of atoms, smearing temperature, and energy cut-off for
finite-size cells, detailed in References “". The & function
in equation Al is approximated by a Gaussian with width
0.05-0.005 eV. For larger supercells that have a relatively
dense electronic density of states near the Fermi level, a
smaller broadening width can be invoked, which provides
better agreement with experiment (as reported by Subedi et.
al.”” for FCC aluminum). For this work, a smearing width of
0.005 eV is used.

For the atomistic local distribution of conductivity, we
computed the space-projected conductivity (SPC), a spatial
decomposition of KGF. The methodology for SPC is detailed
elsewhere™”’; however, we provide a concise description in
Appendix A. For this work, we focus on the DC limit, where
the frequency of the Kubo field goes to zero (w = 0) in
Equation A1. Next, in Equation A1, the single-particle Kohn-
Sham states Wy were calculated from static calculations
in VASP, and the Fermi-Dirac distribution was calculated
with a smearing temperature of 1000 K. Although the exact
conductivity value of Equation Al depends on the choice
of Gaussian width, qualitative analysis remains largely
unaffected, as demonstrated in

Ill.  RESULTS AND DISCUSSIONS

A. Structural and electronic properties of graphene with
functional impurities

Functional impurities (oxidation groups) and ring disorder
(pentagons and heptagons at grain boundaries) are common
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FIG. 1. Pristine sp> graphene with functional impurities (a) epoxides, (b) hydroxides, (c) epoxides and hydroxides. (d-e) local bonding
chemistry of the epoxide group and the hydroxide group, respectively. (f) triangular pyramid arrangement of copper and oxygen at the copper-
graphene interface. The numbers are average values. Color nomenclature: Brown-copper, gray-carbon, red-oxygen, and white-hydrogen.

Model Functional Group | C-O-C [°] | C-O[A] | C-C 4-fold) [A] | O-H [A] | C-O-H [°]
Gr-O -0 63 1.47 1.56 - -
Gr-OH —OH - 1.48 - 0.98 107.3
Gr-O-OH -0/-OH 64/- 1.46/1.48 1.55/- —-/0.98 —-/107.1
aGr-O -0 62 1.45 1.51 - -
aGr-OH —OH - 1.47 - 0.98 106.8
aGr-O-OH -0/-OH 64/- 1.46/1.50 1.56/— —-/0.98 —-/107.1

TABLE 1. Average structural parameters of functionalized graphene with oxygen and hydroxyl groups. C—O-C: carbon-oxygen-carbon bond
angle, C-0O: carbon-oxygen bond distance, C—C: carbon-carbon bond distance, O-H: oxygen-hydrogen bond distance, C—O-H: carbon-

oxygen-hydrogen bond distance.

features of graphene. Ring disorder may create local curvature
(non-planarity) and influence the electronic properties of the
material”’'-'~. In this section, we model and analyze the struc-
ture of graphene with topological disorder, followed by the
effects of functional impurities, examining their correspond-
ing electronic properties.

1. Pristine graphene with functional impurities

Oxides and hydroxides are common functional impurities
in graphene. A layer of graphene with these functional
impurities is created from a sp? carbon layer; a representative
structure is shown in Figure 1 (a). We simulated models with
an epoxy group, the schematic of the relaxed layer is shown
in Figure 1, models with hydroxide groups, and models with
epoxy and hydroxide, see Figure 1(b-c). After energy min-
imization, significant structural modifications were observed
in hexagonal graphene. The local bonding environment
of graphene with different oxidation groups is shown in
Figures 1 (d-e). The epoxy group in graphene disrupts the sp>
coordination of carbon atoms, forming fourfold-coordinated
carbon atoms. This structural modification weakens the C-C
bonds. These fourfold carbon atoms exhibit a longer bond
length of ~ 1.56 A. Longer bond lengths are reported for
fourfold carbon atoms in graphene’’, and sp® diamond
The average bond length between C and O was 1.47 A In
the model with hydroxide groups, the O-H bond length was
observed at 0.98 A, while the C-O bond length was ~ 1.48 A.

A C-O-H bondangle was ~ 107.3°. In models with oxides
and hydroxides, singly-bonded C and O atoms at 1.46 A,
while double-bonded C and O showed a shorter bond length
of &~ 1.23 A. Refer to Table I for the summarized structural
parameters for these different models.

The electronic density of states (EDOS) and the electronic
inverse participation ratio (EIPR) of graphene with different
oxidation groups were investigated to examine the impact of
structural modification on its electronic properties. The EDOS
at the Fermi level (E¢) provides insight into the transport pro-
cesses in the materials. With extended states at Ep, as illus-
trated in' ', the conductivity scales as the square of the elec-
tronic density of states at the Fermi level [o o N?(E )], and
regions of conduction activity in the material microstructure
can be mapped out by spatial projection of N?(E)'". To en-
hance electronic conductivity, one needs to modify the ma-
terial’s microstructure to increase the density of states at the
Fermi level.

For qualitative comparison, first, the EDOS and EIPR were
computed for pristine graphene, shown in Figure 2 (a), left
and right axes, respectively. Notice a clear EDOS minimum
at the Fermi level, and electronic states are extended as indi-
cated by low EIPR values (red vertical drop lines). Next, for
models with oxides, shown in Figure 2(b), depicts a shoul-
der peak at -2 eV below the Fermi level. EIPR corresponding
to this peak shows some degree of localization (shown by red
vertical droplines with higher IPR values). The atomic projec-
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FIG. 2. [Left-axis]](a) Electronic density of states (EDOS) for pristine graphene. The red dashed line is EDOS from Reference™, (b-d)
Electronic Density of states for pristine graphene with functional impurities. [right-axis] Electronic Inverse Participation Ratio (EIPR) for the
same models. Localized states are indicated by high EIPR values for graphene with functional impurities. The yellow vertical line represents

the Fermi level.
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FIG. 3. (a) Amorphous graphene showing sp? non-hexagonal rings. (b) Functional impurities (oxide and hydroxide groups) in amorphous
graphene. Colored-rings: cyan-heptagon, yellow-pentagon. Black colored bonds correspond to long bond lengths in amorphous graphene.
(c) Relaxed structure of amorphous graphene with increasing number of hexagonal carbon rings, respectively. Color nomenclature: Brown-

copper, gray-carbon, red-oxygen, and white-hydrogen.

tion of these states shows that the major contribution to these
localized states arises from the oxygen atom in the model. A
similar shoulder peak at -2 eV below the Fermi level is ob-
served for a graphene model with hydroxide, shown in Figure
2(c). In the Gr-OH model, energies ranging from -8 eV to -
2 eV below the Fermi level show several localized electronic
states, as indicated by higher EIPR values (red vertical drop
lines). For the Gr-O-OH model, localized electronic states
contributed by both oxides and hydroxides below the Fermi
level were observed, shown in Figure 2 (d).

2.  Amorphous graphene with ring disorder and functional
impurities

We simulated three topologically disordered graphene sam-
ples (amorphous graphene, aGr) with varying defect densities,
following the protocol detailed in [42]. Starting from random
initial configurations, layers of amorphous graphene were
generated by subjecting them to first-principles simulations
at approximately 3000 K and graphitic density. The resulting
structures exhibited layers of sp> carbon with varying degrees
of topological disorder, quantified by ng/n, where ng and
n are the numbers of hexagonal and non-hexagonal carbon
rings, respectively. From the amorphous graphene layers,
those with lattice parameters closely matching those of
copper surfaces (used in this work, see section 11 A) were
selected to create the copper—amorphous graphene composite
model. For ng/n = 3.0, there is one non-hexagonal ring for

every 3 hexagonal rings. Three models with ng/n = 1.3, 2.2,
and 3.0 were simulated to study the electronic consequence
of topological disorder in graphene. Refer to Figure 3 (a)
for a representative model corresponding to ng/n = 3.0.
Next, oxides and hydroxides were introduced into aGr with
defect density ng/n = 3.0. The structural features associated
with functional impurities are summarized in Table I. The
representative structure of aGr with oxidation groups is
shown in Figure 3 (b). We label the models of aGr with
oxides and hydroxides as aGr-O and aGr-OH, respectively,
and models with both oxidation groups as aGr-O-OH.

EDOS and EIPR for aGr with varying ng/n were computed
and compared to pristine graphene, see Figure 4. EDOS
spectrum for aGr (black plots) models shows no distinct DoS
minimum at the Fermi level, otherwise present in pristine
Gr, shown in Figure 2 (a). In addition to that, electronic
states at energies ~ 5 eV above the Fermi level display some
degree of localization, as indicated by their high IPR values
(grey vertical drop lines). The projection of these states into
atomic contributions showed that carbon atoms common to
pentagons and heptagons contribute the most. While EDOS
spectra in aGr with variations in the ng/n ratio do not appear
to cause significant changes in the EDOS spectra, we report
new features in aGr (especially in the vicinity of the Fermi
level) not present in pristine graphene.

With oxides in aGr, localized states at ~ 2 eV below the
Fermi level were observed. These are illustrated in Figure
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FIG. 4. [Left axis] Electronic density of states and [Right axis] Electronic Inverse participation ratio for amorphous graphene models for
varying disorder density (labeled in legends). Figures (a-c) correspond to amorphous graphene with ng/n = 1.3, 2.2 and 3.0, respectively.
Localized states are induced with topological disorder in graphene as indicated by high IPR values near 5 eV above the Fermi level. The
yellow vertical line represents the Fermi level.

sk amen | al-30 1
g = '-I"n. B
£l w r‘ﬂ'. k) / \ v
. o L ho h 1 d
Lo LA e ;_
; N W E el
i Enwgylod] T Enenlav) ) BT T T nwmyie)

FIG. 5. [Left-axis] Electronic density of states (EDOS) for amorphous graphene with varying functional impurities, as shown by plots’ legends.
[right-axis] Electronic Inverse Participation Ratio for the same models. EDOS for amorphous graphene with (a) one oxide, (b) two oxides, (c)
one hydroxide, and (c) two hydroxides, respectively. Localized states are induced, indicated by high IPR values, with topological disorder [5
eV above the Fermi level] and functional impurities (the majority of localized states at energies below the Fermi level). The yellow vertical

line represents the Fermi level.

5(a-b) for single oxide and two oxides in aGr, respectively.
For aGr-OH, more states near the Fermi level are localized,
indicated by higher IPR values in Figure 5(c-d). In addition,
localized electronic states ~ 5 eV above the Fermi level in aGr
indicate the presence of non-hexagonal rings in the material.

B. Copper-graphene composites
1. Orientation dependence of electronic conductivity

Following the work by Nepal et. al.' ', strong orientational
dependence in conductivity was observed in composites
for different copper crystal orientations. Ideal low-energy
interface structures were formed between the (111) and
(110) copper surfaces and sp? graphene, exhibiting higher
electronic conductivity''. To further analyze this, we com-
puted the real-space projection of the KGF conductivity for
composites with copper in three different crystallographic
directions ((111), 110, and (100)).

The connectivity and continuity of conduction activity
within the composite are analyzed by computing a transverse
SPC. By visualizing SPC through two-dimensional heatmap
plots, we identify regions of high and low conductivity,
aiding in the analysis of how different contacts between
graphene and grain orientations impact the overall electronic
performance of the composite. The "Top FCC" registry

[ GGy {119] P Cu-Gr 1 ] CaGr | 108

FIG. 6. Space projected conductivity (in units of Siemens/cm/A3)
as a heat map showing the conduction active region at the copper-
graphene interface (the graphene plane running horizontally through
the middle of the images). Figure (a-c) corresponds to the interface
of graphene with (111), (110), and (100) copper grains, respectively.
The colorbar shows the intensity of SPC increasing from dark to red
to bright. Color Nomenclature: Brown: copper, grey: carbon.

formed between graphene and (111) copper induces a con-
tinuous network or path for carrier transport. This results in
resonant mixing at the Fermi level, forming highly conductive
pathways at the interface. This is highlighted by the high
SPC regions in Figure 6 (a). (110) copper formed "bridge"
registries with lower connectivity at the interface as compared
to (111) (see Figure 6 (b)); however, poor connectivity at
the interface contact between graphene and (100) copper
facilitates inferior carrier transport. Figure 6(c) reveals this



with low-intensity SPC values. As noted in the previous
literature, atomic alignments forming low-energy registry
alleviate scattering, whereas misaligned geometries tend to
act as sources of scattering”’ "

For the rest of the paper, we work on the (111) oriented
copper composites and monolayer graphene (both pristine
and amorphous phases). An orthorhombic cell of 240 atoms
of a Cu-only system with a fault layer is modeled, shown in
Figure 7(a), representing a simple, realistic grain boundary
model, for comparison purposes. The KGF conductivity
for the copper-only system was scaled to the standard IACS
value (0¢,) =~ 5.8 x 107 Siemens/m. Whenever required, a
comparison is made with the pressurized copper-graphene
composite model, which exhibits an electronic conductivity
~ 118 % IACS. Refer to References’>’" for details on the
dependence of electronic conductivity in aluminum and
copper-based composites with external pressure.

2. Pristine Graphene with functional impurities in copper
matrix

a. Structural properties The interface structures with
the graphene structure containing common coal functional
groups were created and structurally relaxed (representative
structure for a relaxed interface is shown in Figure 7 (b)).
Post-relaxation, the functional groups -O- and -OH migrate
from their interstitial sites towards interface copper atoms
(not all functional O migrate, but all -OH migrate). This
results in a variety of bonding environments, forming a
complicated structure at the metal-graphene interface. Hy-
droxides attached to carbon atoms migrate to form a metal
hydroxide (Cu-OH), while the oxide group forms metal ox-
ides (Cu-O-Cu). Oxygen also formed an interlink connecting
interface carbon and copper (forming a Cu-O-C structure). A
more complicated tetrahedron geometry with Cu3O chemical
composition, shown in Figure 1 (f) [top], was observed at the
interface. Oxygen sits at the apex of three neighboring planar
copper atoms such that any Cu—O-Cu forms a perfectly
planar structure (sum of internal angles is equal to 180
degrees), as illustrated in Figure 1 (f)[bottom]. These copper
atoms form a distorted local configuration exhibiting longer
Cu—Cu bond lengths (dcy—c,y ~ 2.82 A). This suggests
that copper reacts strongly with oxygen, forming complex
chemical environments at the interface. The microstructure
of the extruded copper-graphene composites is likely to have
regions of copper oxide, leading to localized oxidation at the
interface. Our findings can guide an experiment that provides
in-depth interfacial chemistry of the material and engineers
the material for optimal efficiency.

b. Electronic density of states with -O and -OH The
total density of states (black plots) and the projected density
of states in copper (green plots), carbon (red plots), oxygen
(red plots), and hydrogen (cyan plots) atoms for copper-
graphene composite with functional impurities are shown in
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FIG. 7. Relaxed structure of (a) (111) copper with a stacking fault
forming a simple grain boundary model. The lines are guides to the
eye to visualize the grain defect in the model. (b) interface model of
amorphous graphene with functional impurities in (111) copper ma-
trix. Color Nomenclature: Brown-copper, gray-carbon, red-oxygen,
and white-hydrogen.

Figure 8. Plots in the last row of Figure 8 show the electronic
inverse participation ratio as grey-colored drop lines. For all
plots in Figures 8, yellow-colored vertical lines represent the
Fermi level shifted to zero. Insets in the first row in Figure
8 compare the total density of states to the projected density
of states into copper atoms and the density of states for the
Cu-only model (red-dashed line). The projected density of
state at the Fermi level for copper atoms in the composite is
comparable to the TDOS of the Cu-only system; meanwhile,
this is slightly lower than the TDOS in the copper-graphene
system. This suggests an increase in electronic states near the
Fermi level with graphene additions, an electronic character-
istic consistent with previous reports’

For the Cu-Gr-O model, the PDOS of oxygen atoms shows
small peaks at energies -1.0 and -6.0 eV below the Fermi
level. For the Cu-Gr-OH model, the PDOS into oxygen and
hydrogen atoms peaks at energies -1.0, -6.0, and -9.0 eV
below the Fermi level. Note an additional peak at -9.0 eV
for the Cu-Gr-OH model, dominantly from the H. Peaks
at energies -1.0, -6.0, and -9.0 eV below the Fermi level
for the Cu-Gr-O-OH models were observed. See Figures
in the second row in Figure 8. For each composite model
with functional impurities, the localized electronic states, as
illustrated with the higher electronic inverse participation
ratio, shown in the bottom row in Figure 8 correspond to the
energies where the PDOS into oxygen and hydrogen atoms
peaks.

c. Electronic conductivity with -O and -OH Next,
the conductivity of the interface models was computed
and compared to the conductivity of a pure copper-only
and impurity-free copper-graphene composite.  Detailed
electronic and transport behavior of impurity-free copper-
graphene composites has been previously reported’ -~. The
EDOS shows that functional impurities have some degree
of consequence for the localization of electronic states,
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FIG. 8. Total density of states (TDOS) in copper-graphene composites (Cu-Gr) with different functional groups shown in black plots. Projected
density of states into copper (green plots), carbon atoms (red plots), oxygen atoms (blue plots ), and hydrogen (cyan plots). The electronic
inverse participation ratio is shown as a grey colored vertical dropline. The Fermi level is shifted to zero, shown by yellow vertical lines in
each plot. (a-c) respectively corresponds to copper-graphene composites with oxides, hydroxides, and both oxidation groups. The inset in (a)
compares the PDOS of Cu and TDOS of the composites with the copper-only model (red dashed lines) in the vicinity of the Fermi level.

intuitively expecting a significant effect on the transport
properties of the composite. For the Cu-Gr interface with
increasing oxidation groups, the electronic conductivity
decreased. With two and four oxides, the material exhibits
the electronic conductivity of =~ 54% and ~ 43% IACS.
The average Bader charge gain by carbon atoms was (Ag)
~ 0.02 electrons, while the charge accumulation to oxygen
atoms at the interface is Ag ~ 0.9 electrons. This is a
reduction of 40 % of the Bader charge on carbon atoms
from the interface copper as compared to the impurity-free
Cu-Gr composite. With -OH functional impurities, the
Bader charge gain in carbon atoms was 0.03 electrons, with
significant charge accumulation in oxygen ( ) 1 electrons), the
majority of which is from hydrogen atoms. Composites with
hydroxides exhibited slightly higher electronic conductivity
as compared to oxides in the composite interface. Cu-Gr
composite with two OH functional groups exhibits electronic
conductivity =~ 70.1 % IACS, while this value reduces to
55.5 % with four hydroxide groups. Figure 9 summarizes the
conductivity results for composites with varying functional
impurities compared to the copper system computed at 300K .

3. Amorphous graphene in copper matrix

Interface structures were created with amorphous graphene
with a varying ng/n. The amorphous graphene in the copper
matrix forms an undulating structure, shown in Figure 3
(c)[i-ii], due to nonhexagonal rings that cause puckering of
the amorphous graphene’'. With increasing topological order,
a planar structure is observed at the interface, highlighted
in Figure 3(c)[iii]. This is an intrinsic nature of graphene

Lk
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e 55.5%

Cenductivity (=107 Sim]
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FIG. 9. Electronic conductivity in Cu-Gr composites with oxides and
hydroxides relative to the copper-only model calculated at 300 K.

- to form a planar structure at the interface, supported by
the fact that pristine graphene forms a planar structure in a
copper matrix, regardless of the number of graphene layers
in well-defined stacking. The PDOS and IPR plots for
Cu-aGr composites for varying ng/n show reduction of the
localization of states (at energies 5 eV above the Fermi level),
as highlighted with electronic states with low IPR values in
Figure 10 (a), while the DOS spectrum shows no significant
variations. The KGF conductivity of the composites varied
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FIG. 10. (a) Density of states projected into copper and carbon atoms for varying defect density in the graphene, as indicated by legends in
subplots. (b) Relative KGF conductivities of Cu-aGr composites at varying ng /n. (c) Space projected conductivity as an isosurface plot showing
the electron conduction pathways in amorphous and pristine graphene. The red-colored sphere corresponds to carbon atoms participating in

forming non-hexagonal rings.
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ol
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FIG. 11. Transverse space projected conductivity (in units of Siemens/cm/A3) as a heat map showing the conduction activity at copper-
graphene microstructure with (a) amorphous graphene models with defect density ng/n = [i] 1.3 [ii] 2.2, and [iii] 3.0 and (b) pristine graphene.
The colorbar shows the intensity of SPC increasing from dark to red to bright. Color Nomenclature: Brown: copper, grey: carbon.

with ng/n aGr in microstructure, providing insights into the
sensitivity of electronic conductivity to topological disorder
in graphene. The electronic conductivity for ng/n = 3.0
is (= 74 % IACS, with further reduction with lower ng/n.
Conductivities for ng/n = 2.2 and ng/n = 1.3 are = 65 % and
~ 56 % IACS. The comparison is illustrated in Figure 10 (b).
Note that the electronic conductivity for Cu-aGr composite
with ng/n = 3.0 is slightly higher than Cu-Gr composite with
two OH functional groups in the microstructure.

Topological disorder in graphene affects the flow of carriers
along the sp? connected carbon rings and also affects the

overlap between the carbon’s m-orbital with the interface
copper. To visualize this, space-projected conductivity along
the graphene plane in the microstructure of the composite is
computed and shown in Figure 10 (c)[i]. Non-hexagonal rings
with connecting atoms (depicted by red-colored atoms) limit
the continuous flow of electrons as opposed to a homogenous
and continuous flow of electrons in pristine graphene, shown
as an isosurface (green color) plot in Figure 10(c) [ii].

computing transverse space-projected conductivity, the elec-
tronic dynamics between the metal surface and 7-orbitals in
sp? graphene were assessed and compared to those of Cu-Gr
composite. Although there is poor electron activity at the
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FIG. 12.  (a) Total electronic density of states for copper-graphene composites with different oxide concentrations. The inset shows a
representative interface structure of the relaxed composite model. (b) Electronic inverse participation ratio depicting some localized states
at energies -22 eV, -8.5 eV, -1 eV, and + 5 eV relative to the Fermi level (shown by a yellow vertical line at 0 eV), some labeled "i-iv". (c)
Projected density of states into oxygen atoms. The peaks of PDOS into O atoms correspond to energies with localized states in (b), except at
5 eV above the Fermi level. Insets in (b) and (c) show the atom projection of these localized states, detailed in the text. (d) Total electronic
density of states for copper-graphene composites with hydroxide. The inset shows a representative interface structure of the relaxed composite
model with hydroxide in the interface. (e) Electronic inverse participation ratio depicting some localized states at energies -21 eV, -9 eV, -6
eV, and + 5 eV relative to the Fermi level (shown by a yellow vertical line at 0 eV), some labeled "i-v". (f) Projected density of states into
oxygen atoms (red plots) and hydrogen atoms (blue plots). Note the peaks at PDOS into O and H atoms correspond to energies with localized
states in (e), except at 5 eV above the Fermi level. Insets in (e) and (f) show the atom projection of these localized states, detailed in the
text. (g) [left axis] Total electronic density of states for copper-graphene composites with different oxide and hydroxide. The inset shows a
representative interface structure of the relaxed composite model. [Right axis] Electronic inverse participation ratio depicting some localized
states at energies -21 eV, -9 eV, -6 eV relative to the Fermi level (shown by yellow vertical line at 0 eV), some are labeled "i-ii". (h) Projected
density of states into oxygen atoms (red plots) and hydrogen atoms (blue plots). Note the peaks at PDOS into O and H atoms correspond to
energies with localized states in (g). (i) Atom projection of localized states labeled "i-ii" in (g), detailed in the text.

interface for Cu-aGr composites, an increase at the interface
and in the bulk was observed with reduced topological
disorder. Figures 11 (a) [i—iii] show the SPC as a heat map
corresponding to Cu-aGr interfaces with ng/n = 1.3, 2.2,
and 3.0, respectively, and compared to the pristine Cu-Gr
composite, see Figure 11(b). The SPC intensity increases
from black to red to bright, depicted by color bars.

Next, we introduce aGr with functional groups (-OH and
-O) to model coal-derived graphene into a metal matrix.
Coal-derived graphene is characterized by the presence of
topological disorders and different oxidation groups on the
graphene surface. For the rest of the analysis, we use aGr
with ng/n = 3.0. After relaxation, migration of functional
groups from graphene to the copper interface was observed.

a. Cu-aGr with oxides The electronic density of states
for the oxide-composite is shown in Figure 12 (a). No drastic
variation in DoS was observed with increasing oxide in the
material. We observed regions in the energy spectrum with
several electronic states exhibiting some extent of localization

as indicated by high IPR values in Figure 12(b). Localized
states at energy -22 eV below the Fermi level are due to the
oxide in the material microstructure. We observed peaks at
~-8.5 eV below the Fermi level (labeled "i"), -2 eV (labeled
"ii"), and states "iii-iv" at energies ~ 5 eV above the Fermi
level. By computing the projected DOS into the O atom, we
see that oxygen present in the microstructure contributes to
these localized states, shown in Figure 12 (c). However, O has
no significant contribution in the localization of states above
the Fermi level. The states i-iv are projected into the atoms
weighted by their contribution to those states, shown as an in-
set in Figure 12(b-c). The size of the sphere corresponds to
the weight of atoms in the electronic state. The state "i" is
primarily localized in the O atom and a C atom in its neigh-
borhood, while state "ii" is primarily localized in the interface
copper atoms. Both states "iii" and "iv" are consequences of
non-hexagonal rings in graphene, with state "iv" showing the
mixed contribution from oxygen and copper atoms.

b. Cu-aGr with hydroxide Electronic density of states
for the composite with -OH is shown in Figure 12 (d)
with an inset showing a relaxed microstructure of Cu-aGr
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FIG. 13. Relative KGF conductivities for copper-amorphous
graphene composites with functional impurities compared to the
standard IACS value for copper.

interface with the OH group. We observed regions in the
energy spectrum with several electronic states exhibiting
some extent of localization as indicated by high IPR values
in Figure 12(e). Notably, we observe two localized states
(labeled "i" and "ii") at & -9.5 eV and a few states (labelled
"i-iv") below -5 eV below the Fermi level. States "i-ii"
are explicitly due to the -OH group present in the material
microstructure, as shown by PDOS in H atoms in Figure 12
(f), and atom-projected IPR weighted by their contribution,
shown in Figure 12(e) (inset). States "iii-v" have contribution
from C and O atoms, as shown by the insets in Figure 12 (e-f).

c. Cu-aGr with oxides and hydroxides Electronic den-
sity of states for the composite with -O and -OH is shown in
Figure 12 (g) with an inset showing a relaxed microstructure
of Cu-aGr interface. We observed regions in the energy
spectrum with several electronic states exhibiting some extent
of localization as indicated by high IPR values in Figure 12(g)
[right axis]. We observe states at =~ -9.5 eV and -6 eV below
the Fermi level. exhibiting localization. These states, labeled
"i" and "ii", are explicitly due to the -OH and -O present in
the system, as shown by PDOS plots in Figure 12 (h). Further
analysis of these states was performed by projecting these
states onto atoms, weighted by their contribution, shown in
Figure 12(i).

d. Electronic Conductivity of Cu-aGr with -O and -OH
Functional impurities in the material microstructure resulted
in the localization of electronic states. These atoms act as a
site for trapping carriers, limiting the flow of electrons in the
microstructure. This results in reduced electronic conductiv-
ity of the material. With increasing O groups in the material,
the conductivity decreases linearly. The computed electronic
conductivity for one, two, and four -O groups is ~ 59 %,

10

~ 52 %, and ~ 45 % IACS, respectively. The conductivity
of the composite model with one and two -OH groups is ~
51 % and 50 % IACS. The Cu-aGr model with two -O and
two -OH composite is ~ 44 % IACS. Figure 13 summarizes
the KGF electronic conductivity for Cu-aGr models with
different functional impurities. These observations show that
the electronic conductivity of metal-graphene composites
with a high impurity density likely remains similar regardless
of the purity of graphene at the interface.

The space-projected conductivity was calculated for these
composite models and is shown as isosurface plots in Figure
14. The reduction in total electronic conductivity with the
introduction of functional impurities in the metal microstruc-
ture is due to diminished local SPC contributions, particularly
evident by the weakened continuity of the isosurfaces at the
interface. For aGr in a metal matrix, the isosurfaces show par-
tial connectivity across the graphene layers, and the connec-
tivity recovers as we go to the bulk metal, see Figure 14 (a).
However, with functional impurities in the microstructure, a
breakdown in isosurface connectivity is seen, not only at the
metal-graphene interfaces but also within the bulk metal, as
shown in Figure 14(b-f), indicating impaired electron trans-
port in the metal microstructure.

CONCLUSION

In conclusion, our study investigated the structural, elec-
tronic, and transport properties of copper-coal composites,
detailing the role of copper orientation, graphene structure,
defect density, and chemical impurities in the composites’
microstructure. The atomic registry between the copper
(111) and hexagonal graphene was observed to enhance
the transport across the copper grains significantly. The
influence of grain disorder at varying densities and with
oxidation groups, such as oxides and hydroxides (common
in coal-derived graphene), on the electronic conductivity was
analyzed. We observed a migration of functional groups
from the graphene interface to the copper interface, which
significantly influences the structure of the interface and
electronic properties. Strong reactivity between copper and
oxygen was observed, leading to the formation of metal
oxides within the microstructure of the material, as evident
in experimentally extruded copper-graphene composites.
These oxidation groups induce localized states below the
Fermi level that act as carrier trapping sites, as evidenced by
the accumulation of the Bader charge of ~ 1 electron and
limiting the charge transfer to the carbon atoms from the
copper interface. Additionally, the connecting atoms common
to pentagonal and heptagonal rings in graphene deteriorate
the in-plane conductivity. The undulating structure, due to
non-hexagonal puckering, affects the overlap between the
graphene m-orbitals and copper’s electron sea, leading to
partial interaction between copper and graphene along the
transverse direction. We show this with the SPC plots.

This work presents one of the first simulations of the
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FIG. 14. Space projected conductivity (in units of Siemens/cm/A3) as an iso-surface plot showing the regions of active conduction at copper-
amorphous graphene microstructure with functional impurities. We include 20 % of the highest local contributions to SPC in each plot. Color
Nomenclature: Brown-copper, gray-carbon, red-oxygen, and white-hydrogen.

potential of coal-derived graphene in the development of
high-performance metal-coal conductors for motor applica-
tions, thereby guiding engineers in optimizing the various
factors and physical conditions during composite extrusion.
For completeness, realistic calculations of conductivity at
higher temperatures require phonon scattering; this can be
addressed within an adiabatic approximation (thermal MD
simulations on the canonical ensemble and by averaging the
Kubo-Greenwood formula). The conductivity values reported
in this work correspond to the intrinsic and scattering-free
limit at OK, and are viewed as a comparative metric in evaluat-
ing structural and compositional effects on the electronic con-
ductivity. The temperature dependence of electronic conduc-
tivity in composites will be detailed in the subsequent work.
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Appendix A: Space-projected Conductivity (SPC)

In the single-particle approximation, the electrical conduc-
tivity is determined by averaging the diagonal elements of the
conductivity tensor (Ogyq), With & representing the Cartesian
coordinate indices (x,y,z), for any frequency @.

o(©) = Wm,z L L) -

ij o

(W4l P | Wik) 28 (€ x — €ix — i)

J(&x)]

(AD)

where, e and m represent the electronic charge and mass,
respectively, Q is the volume of the supercell, and wy, are the
integration weight factors for k-points. The single-particle
Kohn-Sham states, W, are associated with energies & for
band index i and Bloch vector k. The momentum operator
along the o direction is denoted by P%, and f (&, x) represents
the Fermi-Dirac distribution weight.

The method of SPC™ follows from Equation A1, by defin-
ing:

13

2me?
8i.ik = 3000 [f(€ik) = F(jx)] 8 (814 — € —hw) (A2)
Next, a complex-valued function: & (x) = W74 ()P k (x)

on a discrete real-space grid (x) uniformly spaced in a 3D su-
percell with spacing & is defined. Equation Al is rewritten
as

o~ h6ZWk y Zg,]k{ a (x ] { ;;.‘k(x')r (A3)

i,j,0x.x'

where the conduction matrix (I') is given as

= m e S50 [850)] @9

i,j,0

The matrix elements of I" have the dimension of conductivity,
and summation over all grid points recovers the KGF conduc-
tivity Al in a limit as 27 — 0. Summing out x’ gives the SPC
(&) at real-space grid points x.

=Y (x,x') (AS)

X
The modulus is taken to ensure a real value for the scalar
field {. References detail the application of space-
projected conductivity for an atomistic study of the transport
properties in a wide range of materials—semiconductors,
disordered systems, and composites.
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