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Abstract: Understanding the mechanism of metal electrodeposition on graphene as the simplest
building block of all graphitic materials is important for electrocatalysis and the creation of metal
contacts in electronics. The present work investigates copper electrodeposition onto epitaxial graphene
on 4H-5iC by experimental and computational techniques. The two subsequent single-electron transfer
steps were coherently quantified by electrochemistry and density functional theory (DFT). The kinetic
measurements revealed the instantaneous nucleation mechanism of copper (Cu) electrodeposition,
controlled by the convergent diffusion of reactant to the limited number of nucleation sites. Cu can
freely migrate across the electrode surface. These findings provide fundamental insights into the
nature of copper reduction and nucleation mechanisms and can be used as a starting point for
performing more sophisticated investigations and developing real applications.

Keywords: epitaxial graphene; copper; redox reaction; electrodeposition; voltammetry;
chronoamperometry; DFT

1. Introduction

Copper (Cu) deposition is one of the key processes in the electronic industry for circuit
interconnections, increasingly replacing aluminum [1]. The electrodeposition of copper has the
advantages over physical and chemical vapor deposition methods since it seems to be cheapest and
best method to fill vias and trenches. Moreover, copper is one of the most-investigated metal catalysts,
stipulating studies of electrodeposition on a variety of carbon materials, especially graphite [2—4].

The electronic conductivity of graphite is established due to the planar conjugation of the sp?
bonds in a single graphene sheet as a primary building block of all graphitic materials. This defines a
significant anisotropy of the density of states (DOS) for in-plane and out-of-plane (edge and basal planes,
correspondingly) electronic conduction, which is the origin of the duality in the general properties of all
graphitic materials [5,6]. The use of macroscale defect-free graphene sheets [7] allows for the avoidance
of contributions from the reactive edge plane of high DOS. In the past decade, huge efforts have
been made to conceptualize graphene-copper material hybridization for practical applications [8-13].
Particularly, it was discovered that the addition of graphene to the copper matrix can improve the
mechanical and electrical properties of Cu, causing a significant increase in the electrical conductivity,
Young’s modulus, shear modulus, and Vickers hardness as well as a reduction in the thermal expansion
coefficient [8-11]. The aforementioned advantages create excellent prerequisites for copper-graphene
(Cu-Gr) composites to be used as reliable interconnection materials, electrical contact materials for
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ultrahigh-voltage circuit breakers and printed electronics. The enhanced conductivity of the Cu-Gr
composite also determines its exploitation as a high-performance counter electrode in solar cells [12,13].
Furthermore, due to the larger heat transfer coefficient and higher corrosion resistance of Cu-Gr hybrids
in 3.5% NaCl medium when compared to pure copper [14-18], these materials are very promising
for engineering applications (for instance, anti-corrosion coatings) in sea water and for heat transfer
applications, respectively. Copper-graphene nanohybrids were, however, recognized and appreciated
mainly for their role in the development of efficient catalytic and ultrasensitive detection technologies.
The benefits gained from the interaction between graphene-based materials and copper have been
used for reduction of 4-nitrophenol (4-NP) to 4-aminophenol [19,20], oxidation of hydrazine [21,22],
electro-oxidation of methanol [23], hydrogen evolution reaction (HER) [24,25], the electrochemical
reduction of CO; to ethanol [26], oxidative carbonylation of methanol [27], CO, cycloaddition to
propylene oxide (PO) [28], formic acid synthesis by CO, hydrogenation [29] and CO, electroreduction
for methane and methanol production [30]. Beyond the issue of high-performance catalysts, it is worth
mentioning that Cu—Gr composites have also been applied to the electrochemical detection of ascorbic
acid and dopamine [31], organophosphorus pesticide [32], heavy metals [33,34], glucose [35-39],
chlorophenol pollutants in wastewater [40], hydroquinone and catechol [41], nitrite [42,43], nitrogen
dioxide (NO;) [44] and hydrogen peroxide (H,O,) [45]. Numerous density functional theory (DFT)
calculations shed light on the adsorption of different gases (HjS [46,47], CO [48], CO;, [49], N,O [50],
H, [51-53]) and organic molecules [54-56] onto Cu-decorated/doped/anchored graphene, thereby
providing the solid theoretical background that is required to design efficient sensing devices.

Until now we have been giving an overview of most relevant applications of copper—graphene
composite materials. However, there is another aspect of mutual interplay between graphene and copper
that needs to be addressed: the detection and removal of Cu?* ions in/from potable water. Even though
Cu is the third most abundant transition metal in the human body and it is vitally important for human
health, an excess of copper ions can cause cirrhosis of the liver in children, Wilson’s disease, Alzheimer’s
disease, etc. [57,58]. For this reason, the development of ultra-sensitive and selective methods for
the monitoring and determination of trace Cu?* ions in water is highly demanded. Since graphene
enables the detection of single molecules accommodated on its surface [59], it attracts a lot of attention
as a highly sensitive and biofriendly material for environmental sensorics [60], including the fast and
real-time detection of Copper ions [61]. Two strategies in such a direction have been implemented so
far: (i) electrochemical sensing by electrodes covered with functionalized graphene-based materials
(reduced graphene oxide, graphene oxide, graphene quantum dots) [62-65] and (ii) optical sensing
using colorimetric and fluorescent probes based on graphene derivatives [66—74]. Both approaches
present some limitations, mainly linked to the instability and complicated preparation procedure of
the working electrode or fluorescence probe, which typically involves surface functionalization and
multistage chemical reactions. In most cases, such a functionalization can increase the toxicity of a
sensitive component and is, therefore, less desired.

Exploiting epitaxial graphene grown on SiC (epitaxial graphene (EG)/SiC) using the high-
temperature sublimation technique is regarded as an alternative strategy for sensing platform
development. Due to evident advantages over other graphene family materials (namely, its large surface
area free of functional groups, high quality of monolayer graphene, thickness uniformity, wide potential
window, high signal-to-noise ratio, transfer-free technology, and direct sublimation growth without
precursors [75-77]), epitaxial graphene has been tested with promising results for the real-time
detection of Pb%* ions in aqueous solutions (with a detection limit far below the WHO's permissible
level for lead in drinking water) through performing square-wave anodic stripping voltammetry and
response—recovery measurements [78,79]. Inspired by this, we have recently extended our activities
beyond lead detection to include the investigation of the electrochemical behavior of the Hg**/Hg?
redox couple at the epitaxial graphene working electrode [80]; now, we are aiming to elucidate the
nature of the copper electroreduction at the epitaxial graphene surface. Since this issue is very poorly
investigated in the literature, in-depth investigations at an atomistic level are still needed to deal with
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the problem. In this regard, complementary electrochemical and theoretical studies of the graphene—Cu
system presented here may provide critical information on the Cu kinetics, diffusion, adsorption and
sensing mechanisms, thereby facilitating the development of a real-time detection platform. Leaving
aside the Cu?* detection by using graphene, it should be recalled that a holistic understanding of
the interplay between epitaxial graphene and copper is essential not only for sensing applications,
but also for catalytic and electrical applications, due to the mutually reinforcing character of the
graphene—Cu pair.

In this report, the electrodeposition of copper on epitaxial graphene has been investigated in acidic
environment. The electrodeposition of copper occurs by instantaneous nucleation at a limited number
of sites, via a bi-electronic reduction bypassing of Cu!* intermediates at a significant overpotential
with respect to the process in graphitic materials. The computational methods showed coherence with
the experimental observations.

2. Materials and Methods

2.1. Reagents

Copper (II) sulfate and perchloric acid were purchased from Sigma (Stockholm, Sweden) and
used as received. Experiments were carried out with Milli-Q water from a Millipore Milli-Q system.

2.2. Samples and Processes

An Autolab type III potentiostat (Autolab, EcoChemie, Utrecht, Netherlands) was used for the
electrochemical measurements. An Ag/AgCl electrode in 3 M KCl and a platinum wire were employed
as reference and counter electrodes, respectively, for all measurements.

The samples of nominally monolayer epitaxial graphene (EG) on SiC (substrate area 7 X 7 mm?
and thickness 0.4 mm) were obtained from Graphensic AB and produced by the high temperature
thermal decomposition of the Si-face (0001) 4H-SiC substrate (7 X 7 mm?) in an argon atmosphere
using an inductively heated graphite container with a well-controlled temperature profile [81]. Most of
the substrate surface is coated with monolayer graphene after graphenization, while the fraction of
bilayer graphene islands is negligibly small, which is evidenced by optical reflectance mapping [82].
The samples of epitaxial graphene were used as a working electrode in the open electrochemical cell
obtained from Redoxme AB [83]. The cell consisted of a cup of 300 uL with a 2 mm diameter hole and
a Vitron o-ring on the bottom. The EG sample was fixed under the hole with the o-ring using screws
on the lid. A dry contact for the EG was formed by an aluminum adhesive. The mounted EG sample
was kept inside the cell during all wet measurements and procedures in order to avoid sample drift.

The electrolyte solution was prepared from ultrapure 0.1 mol-L~! HCIOy, 0.1 mM Cu?* (the purity
of copper sulfate, CuSO4, was higher than 99%), and Milli-Q water. The non-complexing character
of the perchlorate ions (C1O*"), with respect to metal cations in aqueous solutions [84-86], suggests
that the cyclic voltammetry (CV) measurements will enable us to gain insights into Cu-involved
oxidation-reduction reactions, rather than reactions involving more complicated chemical complexes.
To explore the Cu redox behavior and kinetics at the working electrode, we exploited the quite
concentrated aqueous solution of Cu salt to ensure an intense electrochemical signal. The scan rate
was 20 mV/s. The electrochemical reactions are expected to occur at the nominal electrode area of
3.1 mm?2. To elucidate the nature of the Cu kinetics, current—time transients were recorded during the
early stages of Cu electrodeposition on Gr/SiC.

2.3. Computational Methods

The Scharifker-Hills approach [87] has been applied to shed light on the nucleation mechanism.
The electrochemistry of Cu at the graphene surface was also investigated through in-depth functional
theory (DFT) calculations performed by using the Gaussian 16 Rev. B.01 package [88]. The C50H3g
structure was chosen as a model of graphene. Since, in aqueous solution, the water molecules
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demonstrate a strong tendency to attach to the metal cation and to form the first coordination sphere
(primary solvation shell), in the present paper, we consider the interaction of the [Cu(H,0) 1%+
complexes with graphene, and their reduction to [Cu(H,0)6]° species. All calculations were carried
out using the PBE1PBE level of theory, with empirical dispersion corrections [89,90]. The 6-31G(d,p)
basis set was used for carbon, oxygen, and hydrogen atoms, while the basis set developed by the
Stuttgart-Dresden—-Bonn group (SDD) was utilized for the Cu [91]. Noncovalent interaction (NCI)
analysis was performed using the Multiwfn program to better understand the Cu—carbon bonding
characteristics [92].

3. Results and Discussion

The voltammetry of epitaxial graphene (Figure 1) in the pure supporting electrolyte does not show
any faradaic current in the double layer region of potentials (between +0.5 and —0.4 V). The larger
negative potentials (below —0.6 V) applied on epitaxial graphene in pure acidic electrolytes were
characterized by the appearance of faradaic currents due to the appearance of a hydrogen evolution
reaction. The addition of copper ions to the thousand-times excess of background electrolytes led
to the increase in capacitive currents (ca. 2.5 times at 0.5 V). This manifests the strong adsorption
of di-cations on epitaxial graphene [77,78,93]. In parallel, the redox phenomena associated with the
electrodeposition and dissolution of the metal species became explicit. The voltammetry scan in the
negative direction shows the appearance of an intensive cathodic process at potentials below —0.2 V.
Being a poor complexing ion, perchlorate disables the stabilization and appearance of Cu'*-based
intermediates, which is illustrated by the absence of any redox processes at the higher potentials [94,95].
This implies that the copper electrodeposition on epitaxial graphene proceeds via single, irreversible
bi-electronic reduction. The nucleation loop observed for the cathodic process is assigned to the new
phase formation [96]. Taking into account the differences in the concentration of copper ions as well
as the irreversible (non-Nernstian) character of the deposition process [3], the current density of the
nucleation loop reaches values comparable with copper electrodeposition on glassy carbon [3] and
pyrolytic graphite [4] at the potentials shifted on ca. 400 mV in a negative direction. This overpotential
illustrates the typically slower kinetics of the generalized faradaic process on an epitaxial graphene
monolayer in comparison with the common bulk graphitic interfaces [97] contributed by reactive
graphene edges.
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Figure 1. Cyclic voltammograms related to the electrodeposition and stripping of copper on the
epitaxial graphene (in absence and in presence 0.1 mM Cu?*, as dashed black and solid red curves,
respectively; 0.1 M HCIOy, scan rate 20 mV-s™1).
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The voltammetry scan in the positive direction showed the appearance of discrete steps of
dissolution (stripping) of the copper deposits. The direction-dependent voltammetry response
illustrates the difference between the pristine and copper-modified epitaxial graphene monolayer
presented at potentials higher than 0.5 and lower than —0.5 V, respectively. The oxidation peak current
(O1), located at —0.03 V. corresponds to the single-electron oxidation of metallic copper to Cul*. Further
increases in the applied potential in a positive direction led to the unusual appearance of the negative
current (R1) at 0.1 V. In contrast to the kinetically slow electrochemical deposition of copper on the
epitaxial graphene monolayer, the aforementioned instability of Cu'* might enable an exergonic
(non-faradaic) route towards the metallic copper at the surface via fast disproportionation. Here,
the state of the surface is not pristine yet. As soon as the copper ions undergo the faster reduction in
metallic copper in comparison with bare carbon [96], the metallic copper might act as an electrocatalyst
for the reduction, in comparison with epitaxial graphene originating the appearance of the negative
currents. Further increases in potential in a positive direction showed the appearance of the sharp
peak current typical in complete oxidation to Cu?* ions. The scenario of the electrode processes was
repeated with continuous voltammetry cycling.

We performed DFT calculations in order to assay the reduction thermodynamics. The Cu?* ion
was considered, when coordinated with six water molecules [98], energetically, the most favorable
complex (Figure 2a). All calculations were performed using the aquo complexes of copper species,
because the intrinsic or extrinsic solvent models did not give satisfactory results.

(:,uz+ Cu'* Cu®

AGred(g)
Cu'*(g) ——— Cu%g)

AGsol(cu1+) AGsoI(Cuo)

Cu'* (aq) =——>Cu°(aq)
AGred(aq)

(b)

Figure 2. (a) Structures of the copper (Cu) complexes: [Cu(H,0)4 1%, [Cu(H,0)]', [Cu(H,0)61°.
The numbers are bond lengths in A. Light pink, blue and red spheres represent H, Cu and O atoms,

respectively. (b) The Born-Haber cycle for the calculation of the potential reductions in [Cu(H,0)6]™*

to [Cu(H,0)s1°.

The sequential additions of water molecules yielded the stabilization of all considered particles,
computed as a decrease in the electron acceptor reactivity (Figure S1, Supporting Information) and
the Hirshfeld charge on the Cu species (Figure S2, Supporting Information). The aquo complex has
disordered octahedral geometry (Jahn-Teller distortion) with four short (2.02 A) and two elongated
Cu-O bonds (2.26 A). According to the Hirshfeld charge population analysis, the charge located on the
copper atom is equal to +0.601e™. The addition of a first electron yielded the aquo Cu™ complex with a
smaller Hirshfeld charge on the copper atom (+0.216) and all elongated Cu-O bonds. The addition
of the second electron led to the formation of metallic copper, confirmed by the negligibly small
Hirshfeld charge on the copper atom (+0.005¢7) and the destruction of the octahedral geometry.
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The equilibrium potential of the mono-electronic redox couple [Cu(H,0)4]1*/[Cu(H,0)6]°, estimated
by applying the Born—-Haber methodology (Figure 2b) [99], was —0.59 V, which agrees well with the
experimental position of the metallic copper deposition. On the contrary, the computed value of the
equilibrium potential of the bi-electronic redox couple [Cu(H,0)6]*/[Cu(H,0)4]° was —0.93 V, which is
too low in comparison with the observed potential. This might imply that the copper deposition
proceeds via mono-electronic reduction, followed by the fast exergonic disproportionation of unstable
Cu!* intermediates.

The irreversible process of copper deposition was quantified by the dynamic electrochemical
measurements employing Scharifker—Hills formalism [87]. Current transients recorded at different
deposition potentials (Figure 3a) are contingent on the applied potential pulse. The short-elapsed
times (ca. 0.2 s) are characterized with the equilibration of the electrical double layer at the epitaxial
graphene—electrolyte interface. The longer times are characterized with a faradaic process of copper
electrodeposition (Inset in Figure 3a). Specifically, the potential pulses of —0.39 and —0.4 V are featured
with non-monotonous current transients indicative of the three-dimensional (3D) nucleation process
with diffusion-controlled growth [100] which enable analysis of the nucleation mechanism at the early
stages of the electrodeposition [87]. The behavior of the active sites available for the formation and
growth of the metal nuclei differentiates the two distinctive cases of the nucleation process. Accordingly,
the instantaneous nucleation implies the maintenance of the convergent diffusion of the reactant on the
limited number of nuclei. On the contrary, progressive nucleation relies on the increase in the number
of nuclei yielding the quick establishment of overlapped planar reactant diffusion. The theoretical
current transients obey the following equations:

(f_f)2 = 1.9542( L )_1{1—exp[—1.2564( L )]}2

‘]mnx Enax 1
(fn—g)z — 1.2254( tmfax)_l{1 - exp[—2.3367(tn;x )2]}2 W

where t and ty,,y are the elapsed and maximum times, respectively; jiust, jprog and jiay are the current
densities for instantaneous and progressive nucleation, and maximum current density, respectively.
The initial kinetics of the copper electrodeposition obeys the three-dimensional instantaneous nucleation
model (Figure 3b), which is likely the general mechanism for the metal’s electrodeposition on epitaxial
graphene monolayer, since the same growth kinetics was observed during electrodeposition of
lead [101] and mercury [80]. This implies that metal electrodeposition on epitaxial graphene happens
on a limited number of active sites.

The diffusion coefficient of copper ions as a reactant can be estimated from the current transients
using the following relationship [102]:

2
Jimax tmax

D= M
0.1629-(z-F-C)

)

where the t;;,¢ is maximum time, corresponding to the maximum current jyqy, z is the valency of
the metal ion (42 in the case of divalent species), F is the Faraday constant (96 485 C/mol), C is the
reactant concentration (10~7 mol/cm?). The values of the diffusion coefficient were 4.97 x 107> cm?/s
and 5.32 x 107> cm?/s (at —0.39 and —0.40 V, respectively), which is higher than reported for glassy
carbon (~0.4-0.8 x 107 cm?/s) [3]. The nuclei population density on epitaxial graphene monolayer
was determined by using the following formula:

1 )1/2( nFC )2 3

Ny = 0.065
0 (Sncvm

Imtzxtmax
where 7 is the number of electrons involved, V;, is the molar volume. N was estimated to be as high
as a 1.55 x 10° cm~2 and 1.38 x 10° cm~2 (at —0.39 and —0.40 V, respectively), which is comparable
with data from the literature [3].
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Figure 3. (a) Potentiostatic current transients recorded on epitaxial graphene recorded at the cathodic
potential pulses of different amplitudes (resting potential 0.5 V; 0.1 M HClOy, 0.1 mM Cu?*). Insert:
zoomed current transients; (b) comparison of the dimensionless experimental (open symbols) and
theoretical transients for instantaneous (bold solid black curve) and progressive (bold dashed-dotted
curve black curve) nucleation; (c) experimental current transient recorded at —0.45 V (red circles) and
Elovich fitting curve (blue solid curve), respectively.

The change of the deposition potential towards more negative values led to the appearance
of monotonous current transients (Figure 3a) assigned to the loss of the diffusion control and the
appearance of chemisorption phenomena due to the double-layer effect at the electrode surface [103],
which can be well described by the modified Elovich equation [103]:

J +]L 4)

T B+t

where A, B and j are fitting parameters. It was revealed that that the best fit can be achieved by using
the following parameters as follows: A = —0.027 mC/cm?, B = 0.3 s and j; = —0.05 mA/cm? (Figure 3c).

To better understand the nature of the interaction between electro-reduced species with graphene
under realistic conditions, we then simulated the two-stage reduction process by (i) adding one electron
directly to the Cu?* ion in the [Cu(H20)s]** complex adsorbed on graphene to form [Cu(H,0)]'*
and (ii) adding one more electron to the resulting [Cu(H,0)6]M* complex in order to form the neutral
complex [Cu(H,0)]1°. The result of the structural optimization is shown in Figure 4a. As a direct
consequence of the reduction process, the six-coordinated water complex is broken, and all complex’s
components become weakly bonded to each other. Having a positive charge (according to Hirshfeld
population analysis) of +0.29¢~, the Cu atom tends to occupy the top site (directly above the C atom) of
the graphene, with an adsorption height of 2.7 A. The results of the energy decomposition analysis,
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based on forcefield (EDA-FF), presented in Table 1 showed that the interaction between copper and
graphene was very weak and was dominated by dispersion forces, while a strong repulsion is expected
between the water molecules and the Cu atom because these two fragments both have a positive charge.
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. 2.00 0.020
5 1.80 0.015
“ g 1.60 0.010
L
) ,’ 140 0.005
* y G ) i
BOOONDDOOUERE]" .
i oo 2 o -0.
| 4 | Y | 1.00
) ”{Qﬂg A "8 oso R oot
Mg o O N ;p"" = 080 ~0.015
J
o "’ . 0. | 0.60 -0.020
i ” ; 0.40 -0.025
" 0.20 p -0.030
v G > *
b b )4 s 7 0.00 1 I L 1 L 1 1 1 1 -0.035
n < [+2] [aY} ~— o ~— (4] [e0] < Yo
“ ¢ S & © 9 & & & g & o <
< ’, . > OI OI O' OI (ID o o o o o o
——

sign(A,)p (a.u.)

Figure 4. (a) Top and side view plots of the noncovalent interaction (NCI) iso-surface (reduced
density gradient, RDG = 0.5) for reduced [Cu(H,0)6]° complex on graphene and (b) corresponding
NCI diagram (RDG vs. sign(A;)p). The iso-surfaces are colored according to sign(A;)p in the range
—0.035-0.02 a.u. Red indicates the steric repulsion region; green (light brown) indicates the van der
Waals interaction region, and blue implies the strong attractive interaction. Note: the optimization of
the [Cu(H20)6]0 complex on graphene has been performed with consideration of solvent effect (water
in our case) by using polarizable continuum model.

Table 1. Results of energy decomposition analysis.

Interaction between Electrostatic, Repulsion, Dispersion, Total Energy,
Fragments kJ/mol kJ/mol kJ/mol kJ/mol
Graphene—Cu 0.00 1.33 -2.59 -1.26
Graphene-water -3.58 42.38 —86.01 —47.21
Cu-—water 0.00 420.21 —20.10 400.11

Noncovalent interaction (NCI) analysis enabled us to visualize the weak interaction between
[Cu(H,0)4]° and graphene, which manifests itself as the green and light brown-colored nonbonding
interaction areas located between copper and graphene in the vicinity of the top site (Figure 4a) and in
the presence of two spikes within the sign(A,)p region ranging from —0.01 to 0.01 a.u. (Figure 4b).

As was estimated by our DFT calculations, whenever the electro-reduced Cu species reach the
graphene surface, they can freely diffuse along both considered diffusion paths with a small energy
barrier of 35 meV (Figure 5a,b). Copper atoms tend to avoid occupation of the unfavorable hollow
sites. It is interesting to note that the presence of the second copper atom (the already reduced and
adsorbed Cu species) at the graphene surface significantly modifies the diffusion path due to the
attractive interatomic interaction between neutral Cu species, making the Cu migration energetically
favorable and promoting Cu clusterization. From a practical point of view, this means that, due to the
favorable mass transfer and nucleation rate, the discrete diffusion zones of individual Cu nuclei will
overlap very fast with time. For this reason, the cathodic current reaches a peak current maximum
during the first two seconds and then decays slowly (as was demonstrated in Figure 3a).
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Figure 5. Potential energy curves for the movement of metallic copper atoms along the path #1 (a) and
path #2 (b) in the presence and in the absence (marked by cross) of another copper atom. The height of
the Cu atom was set to 2.723 A. Note: the potential energy curve was normalized to the total energy of
the system with a copper atom located at the top site of the graphene (energetically the most favorable
site for copper adsorption); t;, b; and h; designate the possible sites (top, bridge and hollow, respectively)
that are available for copper atom adsorption.

4. Conclusions

In this work, we have clarified the fundamental mechanisms behind the Cu electroreduction and
kinetics at the epitaxial graphene/4H-SiC (0001) working electrode. We demonstrated and discussed
the results of cyclic voltammetry, chronoamperometry, and DFT calculations in order to unravel the
behavior of copper. The significant overpotential, typical of general faradaic phenomena, on epitaxial
graphene yielded a bi-electronic reduction in copper ions bypassing Cu'* intermediates. The dynamic
electrochemical measurements revealed an instantaneous nucleation mechanism, implying a limited
number of active sites available for the deposit’s growth, which seems to be akin to other metal
(e.g., Pb, Hg and Li) electrodeposition on epitaxial graphene. In particular, it was revealed that
the electrodeposition of metallic copper was possible only at two potentials (=0.39 and -0.4 V),
as evidenced by the shape of the corresponding current transients. The estimated diffusion coefficient
(~4.97-5.32 x 1073 cm?/s) from the electrolyte to the EG electrode and the nuclei population density
(~1.38-1.55 x 10° cm~2) is consistent with data from the literature and indicates that the epitaxial
graphene electrode is suitable for fast and Cu electroplating. By performing DFT calculations,
we modelled the diffusion of the Cu on graphene and showed that, independently of the diffusion
paths, there is a small barrier (35 meV) for the surface migration of Cu, which disappears in the
presence of another Cu atom in close proximity to the first one. This favors the mass transfer within
the diffusion zones and a fast nucleation process. The obtained results shed light on the nature of the
copper electroreduction process at the epitaxial graphene and may facilitate the development of real
applications based on copper-graphene nanohybrid materials.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/10/4/1405/s1,
Figure S1: The decrease of the computed electron acceptor reactivity with the addition of the water molecules into
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the aquo complexes. Figure S2: The change in Hirshfeld charge on Cu species with the addition of the water
molecules into the aquo complexes.
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