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ABSTRACT

The electronic and transport properties of aluminum-graphene composite materials were investigated using the ab initio plane wave density
functional theory. The interfacial structure is reported for several configurations. In some cases, the face-centered aluminum (111) surface
relaxes in a nearly ideal registry with graphene, resulting in a remarkably continuous interface structure. The Kubo–Greenwood formula and
space-projected conductivity were employed to study electronic conduction in aluminum single- and double-layer graphene-aluminum com-
posite models. The electronic density of states at the Fermi level is enhanced by the graphene for certain aluminum–graphene interfaces, thus
improving electronic conductivity. In double-layer graphene composites, conductivity varies non-monotonically with temperature, showing
an increase between 300 and 400K at short aluminum-graphene distances, unlike the consistent decrease in single-layer composites.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0195967

Recent experimental research has shown that composites formed
by the inclusion of single-layer or multiple layers of graphene into alu-
minum (Al) and copper (Cu) improve the electronic conduction proper-
ties of bulk metal. The interfacial structure of the metal-graphene
composites is generally believed to form a high-energy configuration
under suitable compression for specific experimental designs, such as
hot-extrusion1,2 or friction-extrusion3 methods. This discovery holds
promise for long-distance power transmission and other applications.4–6

Several works have provided insight into the mechanisms of
enhanced conduction in Al-graphene (Al-G) and Cu-graphene (Cu-
G) composites.7–14 For example, Cao et al. showed that the electron
concentration in both Al and carbon (C) atoms is contingent upon the
orientation of the Al-G interface.15 Wang et al. demonstrated that the
incorporation of graphene additives induces a shift in the Fermi level
of copper from ab initio calculations.16 These studies suggest that the
presence of graphene in aluminum and copper results in the alignment
of metal grains in specific orientations and/or facilitates direct carrier
transfer between graphene and metals. However, the precise mecha-
nism by which this transport occurs and the impact of graphene on
the global conductivity of these composites is still not well understood.

In a previous Letter in this journal,17 we discussed electronic
transport in copper-graphene composites by considering a single gra-
phene layer sandwiched between two Cu (111) surfaces. We noted the

enhancement of the electronic density of states near the Fermi level at
short copper-graphene distances—suggesting improved electronic
conductivity for the composites. This complementary study extends
the analysis to aluminum-graphene composites. While experimentally
extruded aluminum-graphene composites consist of multiple graphene
layers, this study focuses on single and double layers of graphene in
interface models, providing key details into the broader comprehen-
sion of the remarkable behavior of aluminum-graphene composites.
We offer atomistic insights into structural relaxation at the alumi-
num–graphene interface and explore the temperature-dependent con-
ductivity with the number of graphene layers in the composites. In
what follows, models of aluminum–single-layer graphene–aluminum
composites are referred to as SL, and aluminum–double-layer gra-
phene–aluminum composite is referred to as DL. We focus the discus-
sion on the DL models except where the contrast to SL is informative.

To create the Al-G composite models, we started with an ortho-
rhombic cell of face-centered Al (111) that includes a stacking fault, as
shown in Fig. 1(a). Al (111) terminations are known for their low sur-
face energy and high electronic conductivity.18,19 Single and double
(“AB” stacking) graphene sheets were positioned above the aluminum
fault layer to form an interface. The side view of the arrangement of
the atoms in the SL and DL models is shown in Figs. 1(b) and 1(c),
respectively. To represent the thermophysical phenomena typically
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observed in solid-phase processed Al-G composites, we simulated the
“compression” of the composites by reducing the Al-G distance. A
similar method was employed in earlier work to study the pressure
dependence of conductivity on mono-crystal copper, as well as
copper–single-layer graphene–copper composite.17,20 Next, employing
the conjugate gradient algorithm within the Vienna ab initio simula-
tion package (VASP),21 an energy-optimized interface structure of the
composite was attained for several constant volume simulations. The
projected augmented wave (PAW) potential described the ion–election
interactions, and the generalized gradient approximation (GGA) of
Perdew–Burke–Ernzerhof (PBE) was implemented for the exchange-
correlation functional.22,23 The Brillouin zone was sampled using the
Monkhorst-Pack24 scheme with a 2! 2 ! 1 k-point meshes. For com-
pleteness, we implemented Grimme’s van der Waals (D2) correction25

for the interfacial structure. However, post-relaxation, there was no
notable disparity observed in the presence of the correction. The com-
pression and relaxation procedures employed in this paper hope to
mimic conditions commonly observed in aluminum composites that
exhibit improved electrical conductivity through solid-phase process-
ing methods. The details regarding the VASP simulation protocol and
the method to create the compressed composite models are provided
in the supplementary material.

Visual inspection of the composite models before any compres-
sion and structural optimization, as shown in Fig. 1(d), shows the mis-
alignment between Al and C atoms as a honeycomb lattice of
graphene (lattice constant of 2.46 Å) has a lattice mismatch of " 5%
with the face-centered Al (111) surface nearest-neighbor distance of
2.34 Å. However, after compression of the models followed by struc-
tural optimization (via energy minimization), there appears to be an
alignment between the Al and C atoms. Figures 1(e-i) and 1(e-ii), cor-
responding to models with dAl#G ¼ 3.41 and 2.97 Å, respectively,
show that the extent of atomic alignments between C and Al is depen-
dent on the extent of the compression. The self-organized interface
configuration for the compressed model (dAl#G ¼ 2.97 Å in this work)

is one of the low energy Al-G interface structure, so-called strain-free
registry.26–28

We computed the atom-projected electronic density of states
(PDoS) for varying interfacial distance models. The PDoS for the SL
and DL composite models are shown in Figs. 2(a) and 2(b), respec-
tively. The focus is on the region near the Fermi energy (ef), indicated
by the gray dashed lines and shifted to zero. As the distance between
aluminum and graphene (Al-G distance) decreased, we observed an

FIG. 1. (a) ABCABC… planar stacking in the Al (111) face-centered structure with a fault layer, shown by blue atoms. Representative structure of interface models with (b)
single-layer and (c) double-layer graphene, where dAl#G is the distance between the aluminum surface and the graphene layer. (d) Top view of the arrangement of carbon
atoms in the graphene layer with Al (111) for a weakly interacting Al-graphene system with the interfacial distance of 3.48 Å (before relaxation). (e) Interface structure in com-
posite models after the relaxation of DL composites with (i) dAl#G ¼ 3.41 and (ii) 2.97 Å. For dAl#G ¼ 2.97 Å, the optimized interface structure forms a strain-free registry
between Al and C. All cyan (brown) spheres represent Al (C) atoms.

FIG. 2. Projected electron density of states (PDoS) on carbon and aluminum atoms
for (a) SL and (b) DL composites. The Fermi level is shifted to zero and is shown
by the gray vertical dashed line in each subplot.
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enhancement of the electronic density of states near the Fermi level
from both carbon (TOP) and aluminum (BOTTOM) atoms. With a
random phase approximation,30–33 Mott and Davis showed that the
electronic conductivity is proportional to N2ðef Þ,34 and Nðef Þ is the
density of states at the Fermi energy (ef). To explore this further, we
plotted the behavior of N2ðef Þ for the compressed composite models
[brown curve in Fig. 3(a)]. Indeed, N2ðef Þ roughly tracks the electronic
conductivity (r) calculated using the Kubo–Greenwood formula
(KGF),35–37 shown by gray curve in Fig. 3(a). As the Al-G distance
decreases, both N2ðef Þ and electronic conductivity increase, consistent
with the elementary notion that metallicity/conduction is associated
with a large Nðef Þ. The DL composites (dAl#G ¼ 2.97 and 2.94 Å)
exhibit approximately 40% higher conductivity relative to the alumi-
num matrix at 300K. These results qualitatively agree with the results
reported for copper–graphene interface.17,38 Next, we depicted a flat-
tening in the electrical conductivity for the compression beyond
2.97 Å, detailed below. Analogous results for the SL models can be
found in Fig. S1 in the supplementary material.

To provide salient background information on the electrical con-
ductivity, the conductivity in orthorhombic face-centered (111) alumi-
num was analyzed as a function of the Al–Al bond length (refer to Fig.
S2). Electrical conductivity in aluminum increases with decreasing Al–
Al bond length (dAl#Al) until " 2.76 Å. Beyond this threshold, a
decrease in conductivity is observed. In DL composites with
dAl#G ¼ 2.97 and 2.94 Å, the mean Al–Al bond length was dAl#Al
¼ 2.76 Å, corresponding to dAl#Al with the highest electrical conduc-
tivity, as depicted in Fig. S2. Further compression in the composite
resulting in dAl#G < 2:94 Å exhibited a decrease in the electrical con-
ductivity. This trend is consistent with observations in copper-
graphene heterostructures.17,38

The Fermi level shifts toward higher energies with decreasing Al-
G distance, allowing more electronic states to participate in conduction
(see details in Table I). This behavior has been reported for graphene
on copper.16,17 We further predicted the work function of the compo-
sites for varying Al-G distances, which is shown in Fig. 3(b). The plot
shows that the work function decreases with decreasing Al-G distance
and hints at increasing charge transfer between interfacial graphene
and aluminum atoms. These effects are quantified by estimating the
average charge transfer from interfacial Al to C atoms, shown in the

inset of Fig. 3(a). At the shortest interfacial distance (dAl#G ¼ 2.97 Å),
the average transfer of electronic charge to graphene reached 0.075
electrons per atom. Enhancing charge transfer and interface bonding
can be achieved through graphene doping with boron, nitrogen, and
silicon, as reported in other studies.39,40

Next, we computed the conduction path in real space and its Al-
G distance dependence. To achieve this, we employed the space-
projected conductivity (SPC) method to project the electronic conduc-
tivity onto real-space grids.41–43 The upper panel of Fig. 4 shows the
isosurface plots of the transverse SPC values for DL composite models
with interfacial distances of 3.41 and 2.97 Å, represented by (a) and (b)
in Fig. 4, respectively. The color bar on the right indicates the magni-
tude of SPC values, with red (blue) indicating low (high) values. At
short Al-G distances, both aluminum and graphene contribute to con-
duction, particularly at the Al-G interface. The SPC at short Al-G dis-
tances reveals that graphene actively participates in conduction and
forms a bridge between Al atoms on opposite layers. Notably, Fig. 4
(upper panel) illustrates the formation of a continuous network of gra-
phene sheets within the aluminum matrix, establishing a pathway for
electron transport.

To further delineate the enhanced electron transport through the
Al-G interface, we computed the electronic charge density near the
Fermi level (see implementation examples in Refs. 44–47). By decom-
posing 15 bands above and below the Fermi level from the total elec-
tron charge density, we generated isosurface plots, shown in the lower
panel of Fig. 4. The same models used for the SPC calculation were
employed. In the model with dAl#G ¼ 2:97 Å, a higher degree of inter-
action between graphene and interfacial aluminum atoms was

FIG. 3. (a) Conductivity for the DL model for various Al-G distances (dAl#G) in the x axis. The average conductivity (r) is represented by the gray curve, with r0 denoting the
conductivity of the Al-matrix shown in Fig. 1(a) calculated at 300 K. The squared density of states at the Fermi level is shown in brown. In the inset, a Bader analysis29 illustrates
the average charge gain and loss for C (blue) and Al (green) atoms. (b) Estimated energy (U) required to remove an electron from pure Al surface and with graphene layer
placed on it at different interfacial distances. Dotted lines are included in all plots as visual aids.

TABLE I. Fermi level as a function of Al-G composites for varying aluminum–gra-
phene interfacial distance. The first and second row corresponds to DL and SL com-
posites, respectively.

dAl#G (Å) 3.41 3.35 3.31 3.24 3.19 3.11 3.07 2.97 2.94
Ef (eV) 6.70 6.79 6.93 7.05 7.20 7.29 7.36 7.52 7.63
dAl#G (Å) 3.40 3.35 3.31 3.25 3.13 3.01 2.90 2.71
Ef (eV) 6.78 7.07 7.34 7.62 7.87 8.18 8.43 8.67
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observed, indicated by the presence of black and red regions in the iso-
surface plot.

Next, we investigated the temperature dependence of conductiv-
ity in the composite models. This was done by estimating the average
electrical conductivity from KGF for models held at different tempera-
tures. The procedure to calculate the temperature-dependent conduc-
tivity is discussed in the supplementary material. Figure 5 presents the
average electronic conductivity, obtained from 10 uncorrelated snap-
shots, as a function of temperature, ranging from 100 to 600K. Figure
5(a) shows the conductivity behavior for the DL models corresponding
to two interfacial distances. The model with dAl#G ¼ 3.41 Å exhibits a
nearly linear relationship, shown by blue plots. However, the model
with short Al-G distance, dAl#G ¼ 2.97 Å (shown by red plots), dis-
plays local extrema at around 300K (minima) and 400K (maxima).
This non-monotonic behavior is in accord with experimental observa-
tions of conductivity enhancement in solid-phase processed metal-
graphene composites,1,3 suggesting that this work captures, to some
extent, the physics of the real material. In contrast, the extrema are not
observed in the SL composite models, as shown in Figs. 5(b) and 5(c),

which correspond to Al-G distances dAl#G ¼ 3.01 and 3.40 Å, respec-
tively. The non-monotonic temperature dependence observed exclu-
sively in the compressed DL composites can be attributed to two factors:
(1) the active involvement of graphene layers in charge transfer at
shorter Al-G distances and (2) thermally driven hopping across the
inter-layer galleries between the compressed graphene double-layer.48–51

We show that graphene and graphene stacks enhance the elec-
tronic conductivity of Al and while a key addition to the area, it is not
the full story. The graphene structures are dispersed in an unknown
way throughout the metal microstructures in the experimentally syn-
thesized bulk composites and conspire to create a globally enhanced
conductivity and globally modified temperature dependence. These
effects could be due to (1) reduced scattering at grain boundaries from
the graphene or (2) forming a network of isolated or weakly interacting
Al-G structures. Our work complements both of these imaginings. The
registry between the sp2 carbon network [see Fig. 1(e-ii)] and the Al
(111) surface suggests that mechanism (1) may be a key player in con-
ductivity enhancement, as we demonstrate that a self-organized grain
boundary buffer may form at Al (111) surfaces.

In conclusion, this study provides a comprehensive atomic-level
understanding of the role of graphene as an additive in aluminum
grains, focusing on single- and double-graphene stack(s) in the alumi-
num matrix. We have demonstrated that the increased electrical con-
ductivity observed in Al-graphene composites arises from the
enhanced electronic dynamics at the Fermi level. The interaction
between carbon and interfacial aluminum atoms highlights the active

FIG. 4. (Top) Projected 2D transverse SPC (in Siemens/cm/Å3) iso-surface plot.
(Bottom) Band decomposed charge density (in e#/Å3) corresponds to 15 bands
below and above the Fermi level. The charge density values were scaled by a fac-
tor of 100. The data presented are for DL models with dAl#G ¼ (a) 3.41 and (b)
2.97 Å. The pink (brown) spheres represent the Al (C) atoms in the models.

FIG. 5. (a) Average electronic conductivity plotted vs annealing temperature for DL
composite models with Al-G distances of 2.97 Å (red) and 3.41 Å (blue). (b) and (c)
Similar plots for SL composite models, with Al-G distances of 3.01 and 3.40 Å,
respectively. Vertical bars represent the standard deviation from the mean conduc-
tivity, averaged from the last 10 snapshots taken at 50 fs intervals over 3 ps anneal-
ing. Horizontal bars represent temperature fluctuations during constant temperature
annealing.
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role of graphene in facilitating electronic conduction. Furthermore,
our study depicts the experimentally observed enhanced electrical con-
ductivity within the temperature range of 300–400K.

See the supplementary material for the procedures used for opti-
mizing geometry and conducting electronic structure calculations with
specific functionals and cutoffs in VASP; compression was applied,
and temperature-dependent conductivity calculations were executed
according to a defined protocol; and graphical presentations illustrate
the electrical conductivity dependencies for aluminum single-layer
composites and orthorhombic fcc aluminum on compression.
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