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Abstract: Molecular insights into graphene-catalyst surface interactions can provide useful infor-
mation for the efficient design of copper current collectors with graphitic anode interfaces. As
graphene bending can affect the local electron density, it should reflect its local reactivity as well.
Using ReaxFF reactive molecular simulations, we have investigated the possible bending of graphene
in vacuum and near copper surfaces. We describe the energy cost for graphene bending and the
binding energy with hydrogen and copper with two different ReaxFF parameter sets, demonstrating
the relevance of using the more recently developed ReaxFF parameter sets for graphene properties.
Moreover, the draping angle at copper step edges obtained from our atomistic simulations is in good
agreement with the draping angle determined from experimental measurements, thus validating the
ReaxFF results.

Keywords: graphene; copper surface; draping angle at copper step edge; binding energy with
hydrogen and copper; ReaxFF reactive molecular dynamics

1. Introduction

Graphene, a two-dimensional sp-carbon-based material, has attracted a very high
level of attention since its successful isolation in 2004 [1,2]. Graphene’s high electrical
conductivity and its electrochemical properties like large reversible specific capacity, high
rate capability, and cyclability makes it promising for use in energy storage applications
such as lithium-ion batteries [3-5]. Though many studies have focused on its electronic
properties, graphene also has exciting mechanical properties, such as an exceptionally high
tensile strength (130 GPa) and Young’s modulus (1 TPa) [6,7]. Furthermore, novel electronic
states can be realized in graphene by mechanical manipulation, granting it a versatility
not possible in traditional materials [8]. In particular, studies have shown that rippled
and wrinkled graphene have enhanced energy storage capabilities [7], as stretching of the
C—C bonds due to corrugations changes the electronic structure and transport properties.
Recently, Banerjee et al. [9] argued that the high-curvature regions of rippled graphene
have a higher charge density than planar ones.

From a battery perspective, this graphene rippling is highly relevant for graphene-
based anode materials, both for charge/discharge behavior and chemical interactions with
the electrolyte, as well as for physical and chemical interactions with the current collector.
The current collector is a vital component of a lithium-ion battery. During the battery
discharge process, electrons from the anode are transported to the current collector and

Catalysts 2021, 11, 208. https:/ /doi.org/10.3390/ catal11020208

https:/ /www.mdpi.com/journal/catalysts


https://www.mdpi.com/journal/catalysts
https://www.mdpi.com
https://orcid.org/0000-0002-8737-2821
https://doi.org/10.3390/catal11020208
https://doi.org/10.3390/catal11020208
https://doi.org/10.3390/catal11020208
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/catal11020208
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com/2073-4344/11/2/208?type=check_update&version=1

Catalysts 2021, 11, 208

20f12

eventually to the external circuit. The stability of the current collector material and contact
resistance of the collector/electrode interface significantly impact the electrochemical per-
formance of lithium-ion batteries [10,11]. Striving to enhance battery performance, several
studies have explored copper current collectors with graphitic anode interfaces [10-13].
A nanoscale investigation of graphene’s mechanical properties or its interactions with a
catalyst surface requires the modeling of systems consisting of thousands of atoms, which
makes these systems not practically accessible to quantum mechanical calculations. A
nanometer-scale system can be modeled by using classical force field-based molecular
dynamics (MD). For example, Pang et al. [14] presented atomistic MD data showing the
graphene wrinkling along the graphene defects, such as Stone-Wales defects, as well as at
the grain boundaries for the copper surface, and compared with the experimental results.
The Pang et al. atomistic MD simulations were performed using a combination of the
adoptive intermolecular reactive empirical bond order (AIREBO) potential to describe
the carbon-carbon interactions, embedded atom method (EAM) potential to describe Cu-
Cu atoms interactions, and Lennard-Jones 6-12 potential to describe only nonbonded
copper-carbon interactions.

The ReaxFF method has been extensively applied in battery applications, especially in
the areas of anode/electrolyte interfaces [15], electrolytes [16-18], and cathode/electrolyte
interfaces [19,20]. However, no ReaxFF study has been reported on the current collec-
tor/electrode interface. As an initial step toward developing a ReaxFF description for cop-
per current collector/graphene interfaces, we evaluated our recently developed Cu-C force
field, which includes the revised graphene parameters from Srinivasan et al. (2015) [21], in
order to assess its potential to describe such interfaces. First, we explore the bending of a
small graphene sample only due to thermal fluctuations, then assess how this graphene
bending can be modified by placing the graphene in a confined space.

The interactions of flat and rippled graphene sheets with copper surfaces are also
tested, as well as graphene bending at copper step edges, where our calculated draping
angle is compared with experimental data. To the best of our knowledge, the presented
draping angle calculations based on the atomistic MD have not been previously reported.
Finally, as the ReaxFF method is suitable for modeling heteroatomic systems, the binding
energies for hydrogen and copper atoms to graphene surfaces with various geometries
are calculated. Results indicate that the ReaxFF Cu-C force field is capable of reproducing
graphene’s mechanical properties and provides useful information on its interactions with
a metal surface, which validates the future use of ReaxFF for current collector interfaces
in batteries.

The present study is focused solely on the physical and chemical response of graphene.
The electronic response cannot be accurately obtained, as ReaxFF is not suitably trained
for accurate charge distribution. The eReaxFF method [22], on the other hand, is an
extension of the standard ReaxFF approach with an explicit electronic degree of freedom,
and it is expected that eReaxFF may have the capability to compute more accurate charge
distributions. The eReaxFF work reported by Islam et al. [22] demonstrates electron motion
in several carbon-based systems, and this can be extended to graphitic systems in order to
capture the electronic response of graphene.

2. Simulation Techniques and ReaxFF Force Field Descriptions

The quality of MD data depends significantly on the force field parameters used.
Therefore, it is very important to wisely choose a suitable parameter set for our simulations.
A number of atomistic force fields and their ability to reproduce the mechanical properties
of carbon-based materials have been compared for this purpose. For example, Jensen
etal. [23] presented data for diamond, amorphous carbon, carbon nanotubes, and graphene
sheets obtained with use of different ReaxFF force fields and discussed these data in
comparison to the literature, concluding which ReaxFF force field implementation was
most suitable for the carbon allotropes modeling. ReaxFF is a reactive force field that
can be used not only to determine the mechanical properties of graphene with a possible
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bond breaking, but also to provide a description of the nonbonded interaction between
carbon and catalyst atoms. A more detailed description of the ReaxFF method can be
found in the original ReaxFF papers [24,25]. The ReaxFF carbon parameters presented
in the CHO-2016 force field [21] were developed to obtain better mechanical properties
for graphene. The CHON-2019 force field [26] proposed for carbonization simulations
incorporates the carbon parameters proposed by Srinivasan [21], and these Srinivasan
parameters were also included in the recent extension of ReaxFF to copper interfaces
with C/H/O species [27]. Unfortunately, the older C/H/O parameter sets—like the
Chenoweth 2008 C/H/O combustion force field [25]—are still used in ReaxFF simulations
on graphitic materials, although they were not trained for this. To indicate the significant
difference between the Srinivasan 2015 carbon parameters [21] and the older ReaxFF
parameter sets [25], we performed some of the key simulations presented here with both
sets of parameters.

For all presented ReaxFF simulations, a time step of 0.1 fs and periodic boundary
conditions were applied. We used the Berendsen [28] thermostat with a temperature
coupling constant of 100 fs for all NVT simulations, where the number of atoms (IN),
volume (V), and temperature (T) are held constant. In the case of the NPT simulations, the
Berendsen barostat was applied to maintain the system at zero pressure with a pressure
coupling constant of 100 ps. All presented simulations were performed with the ADF
simulation software [29], and simulation snapshots were generated with use of VMD
(Visual Molecular Dynamics) [30] then Open Visualization Tool (OVITO) [31].

2.1. Bending in a Graphene Sheet

To assess the bending of a graphene sheet in the absence of a catalytic surface, just
due to the thermal fluctuations and confined space, a small graphene sheet 8.3 x 5.8 nm
(approximately 2000 carbon atoms) is considered, see Figure 1a. The graphene sheet is first
energy-minimized and then NPT simulations are performed at 5 K in a periodic simulation
box to further relax the graphene structure. During this stage of the simulation, we observe
rippling of the free-standing planar graphene sheet, as seen in Figure 1a. This graphene
sheet is then heated up to 1500 K and then cooled down (quench) to 77 K with a heating
and cooling rate of 1.2 K/ps using an NPT ensemble. This annealing simulation causes
the graphene fragment to decrease its number of ripples and settle in the shape of just
a single ripple, as shown in Figure 1b. To quantify a possible strain distribution in the
graphene after this simulated heat treatment, we calculated the average energy difference
per atom for the last 100 configurations of the NPT simulations at 77 K. Figure 1c shows
the relative strain energies as a colored heat map for the graphene configuration at 77 K.
The energy values vary within a range of 0.005 kcal/mol, indicating a very small energy
cost to generate the bend shown in Figure 1b.

These simulations show that it is possible to generate rippled graphene using only
a thermal treatment; no interaction with a catalyst surface is necessary. To assess how
this rippling effect depends on the length, as well as the thermal treatment, we consider
graphene ribbons with lengths of 20, 40, and 80 nm (see Figure 1d—f).
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Figure 1. The free-standing graphene sheets. (a) Rippling of a free-standing graphene sheet obtained
from the NPT simulations at 5 K with use of the periodic boundary conditions. (b) Final geometry
of the graphene sheet after heating up to 1500 K, cooling to 77 K (with a rate 1.2 K/ps), and then
annealing at 77 K for 100 ps. (c) Top view of the graphene sheet, color-coded based on average
strain energy difference calculated for the last 100 configurations of its annealing at 77 K. (d-f) Initial
geometries for the graphene ribbons with 3 different lengths: 20, 40, and 80 nm.

2.2. Bending of Long Graphene Ribbons

Ribbons with various lengths, see Figure 1d—f, were initially energy-minimized, re-
laxed at the NPT ensemble at the temperature of 300 K, and then heated up to either 1300
or 2000 K with a heating rate of 10 K/ps. All heated ribbons remained for an extra 100 ps
in NPT simulations at the given temperature (1300 or 2000 K), and then the final configu-
rations for all the ribbons were placed in a confined box at 77 K using NVT simulations.
Figure 2 shows a comparison of the simulation snapshots for all considered graphene
ribbons observed during the annealing simulations at 77 K and their corresponding po-
tential energies. As we can see, all considered graphene ribbons adopt various bending
configurations throughout the annealing simulations, without a significant change in their
potential energy. We can also see that for the longer ribbons (40 and 80 nm), we often
observe more than one ripple, whereas for the shortest ribbon, only one ripple can be
observed. Moreover, based on a comparison of the values of the potential energies per
atom, we see that using the CHON-2019 ReaxFF parameter set, we can reproduce the
value of the potential energy per atom previously reported in the literature [32], while
the CHO-2008 force field overestimates this value. This indicates that the CHON-2019
parameters, which include the 2015 Srinivasan et al. [21] carbon parameters, are signifi-
cantly better at describing the graphene mechanical response than the earlier CHO-2008
carbon parameters.
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Figure 2. The graphene ribbon geometries and their corresponding potential energies. Comparison of simulation snap-
Scheme 20. 40, and 80 nm) after initial heating to 1300 K (a—c), or 2000 K (d—f), followed by annealing at 77 K for 100 ps
using a number of atoms, volume, and temperature (NVT) ensemble. The middle panel shows a comparison of the time
evolution of the potential energy for the corresponding graphene ribbons using the CHON-2019 (green) and CHO-2008

(red) ReaxFF parameter sets.

2.3. Graphene at Copper Surface

To test the possible effect of a copper surface on the graphene conformation, we
use the Zhu 2020 ReaxFF parameters set [27], which includes the Srinivasan 2015 carbon
parameters [21]. We placed the graphene sheet initially simulated using an NPT ensemble
without a copper surface (Figure 1a) at the top of the copper surface (Figure 3a). Just placing
this initially rippling graphene at the catalyst surface is sufficient to modify its configuration
(Figure 3b). Unlike the graphene sheet converging to a half-wave conformation (Figure 1b),
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the graphene sheet placed at the Cu surface maintains its form due to the enhanced
interaction between the copper surface atoms and carbon atoms located at the graphene
bend region. The shape of the graphene sheet after annealing is then different compared to
the free-standing graphene.

(a)

(b)

Figure 3. Graphene sheet on Cu surface (see Supplementary Materials). (a) Rippled graphene sheet
on Cu surface before simulated annealing. (b) Rippled graphene sheet on Cu surface after simulated
annealing at 77 K. Orange/grey spheres indicate Cu/C atoms, respectively.

2.4. Determination of the Graphene Draping Angle

To test graphene bending in the presence of a copper surface, we built two copper
surfaces with a step in the middle and placed a graphene ribbon on the top of the copper
step. This is representative of step bunching seen in Cu foils underneath a graphene sample
grown by CVD [33,34]. For one system, the step in the middle is smaller (only 6 Cu layers
thick), whereas for the second system, the middle step is bigger (12 Cu layers). In Figure 4,
the potential energies per atom for both systems are compared. As we can see, for the
system with a smaller step, a 500 ps simulation at 300 K is enough for the graphene to
bend sulfficiently to interact with the copper surface and establish a draping angle on both
sides of the step, see inset in Figure 4a. For the bigger step, 12 Cu layers thick, during this
short NVT simulation at 300 K, we can observe that the graphene interacts with the Cu
surface only on one side of the step; therefore, just one draping angle is established, see
Figure 4b. By comparing the time evolution of the potential energies per atom for both
these systems, we see that it is energetically favorable for the graphene ribbon to interact
with the copper surface and create draping angles at the edges—we see a significant drop
from the initial potential energies. Taking into account the last 10 configurations for both
systems, the average draping angles, indicated in the Figure 4 insets in red for both systems,
were estimated by using the image processing software Image] [35]. The average draping
angle for the considered steps are 28° + 4° for the small step and 30° + 5° for the bigger
one. Further exploration of the possible draping angle variation due to, e.g., the modified
graphene geometry near the copper step edge, not only the height of the step, is another
interesting research question worth separate study.

We check the theoretical prediction of graphene draping over a Cu step edge by
measuring the draping angle directly, as pictured in Figure 5. Graphene is grown on a Cu
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substrate by chemical vapor deposition (CVD), and the sample is studied by a scanning
tunneling microscope (STM) to find flat terraces separated by Cu step edges over which
the graphene sheet drapes. The x and y piezoelectric scanners of the STM are calibrated
using atomic-resolution images of the graphene sheet lying on the flat terraces. The z-
piezos are calibrated by measuring the height of Bi,Se3 quintuple layers, each of which
are 0.955 nm tall [36]. Extracting more than 150 independent linecut profiles like Figure 5b
from topographic images, like Figure 5a, for many different step edges, we find the draping
angle to be 32° £ 3°, in agreement with the theoretical calculations described in Figure 4,
thus validating the ReaxFF graphene/copper interface description.

(b)
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Figure 4. The graphene ribbon at the copper steps. Time evolution of potential energy for a graphene ribbon of length
40 nm placed at the top of copper surfaces with (a) 6 Cu layer and (b) 12 Cu layer step edges. Insets at the top of both graphs
show the initial structure for the ribbon, top and side view. Insets at the bottom of both graphs show the final configurations

for the considered systems. Orange/grey spheres indicate Cu/C atoms, respectively.
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Figure 5. Experimental measurements of the draping angle. From STM images (a), we extract linecut profiles (b) to measure
the draping distance (R) for step edges of different heights (H). (c) Plotting step height vs. draping distance for many step
edges, we find that the data collapse on a straight line, implying that the draping angle is indeed conserved. The draping
angle, determined from the slope of the linear fit, 32° + 3°, is consistent with our ReaxFF prediction.
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2.5. Reactivity of Rippled and Planar Graphene

In this section, we will discuss how the reactivity of graphene is affected by its
curvature. To demonstrate this variation of reactivity, the hydrogenation energies and
single copper atom binding energies are calculated for plane and rippled graphene.

Hydrogenation can occur either from one side or both sides of graphene, but both-
sided hydrogenation is more stable [37,38]. We have calculated hydrogen binding energies,
to describe the reaction kinetics, with graphene using the following equations:

(B.E.)u = [Eng — (Eg + nEp)]/n (binding energy with H atom reference) 1)

(B.E.)m2 = [Eng — (Eg + nExn/2)]/n (binding energy with Hy molecule reference) (2)

where Eyg, Eg, En, and Epyp are the energies of hydrogenated graphene, pristine graphene,
H atom, and H; molecule, respectively, and n is the number of H atoms that are hydro-
genated. A negative value of the binding energy means the reaction is exothermic, which
indicates the hydrogenation is stable. We have considered two ReaxFF force fields for
the calculations—the CHON-2019 and CHO-2008 force fields—and compared our results
with the density functional theory (DFT) calculations reported by Yi et al. [38]. Figure 6
shows the different configurations for single- and double-sided hydrogenation considered
in the analysis, Tables 1 and 2 summarize the single- and double-sided hydrogenation
energies, respectively, and Table 3 compares the C-C bond lengths and C-C—C angles
for the aforementioned configurations. In contrast to the CHO-2008 force field obtained
results, the CHON-2019 force field predicts comparable hydrogenation energies with the
DEFT reference data reported by Yi et al. [38] when the single-sided hydrogenation is con-
cerned. Similar to the DFT reference results, it is observed that the CHON-2019 force
field predicts that the double-sided hydrogenation is more stable than the single-sided
hydrogenation, and the 4Hc (chair-like; H atoms alternating on both sides of graphene)
configuration is energetically more favorable than the 4Hb (boat-like; H atoms alternating
in pairs) configuration. The CHO-2008 force field predicts reasonably well only for the
double-sided hydrogenation, although it fails to correctly distinguish the difference in
binding energies between the 4Hc and 4Hb configuration, and the predicted equilibrium
values for the bonds and angles for these two configurations show a bigger discrepancy
from the DFT data than the CHON-2019 predictions. Based on this comparison, we see
that the CHON-2019 parameter set is, overall, more suitable to simulate the graphitic
materials; however, further parametrization of the force field would be required to improve
the double-sided hydrogenation energies.

2Hm 2Hp 3Hc 4Hc 4Hb
(chair-like) (boat-like)

Figure 6. Different configurations of single-sided (1H, 2Hm, 2Hp, and 3Hc) and double-sided (4Hc and 4Hb) hydrogenated
graphene. The cyan/grey spheres indicate H/C atoms, respectively.
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Table 1. Single-sided hydrogenation energies for different configurations.

Binding Energy with H CHO-2008 CHO-2019 DFT Reference [38]
Atom Reference (kcal/mol) (kcal/mol) (kcal/mol)
1H —80.82 —27.63 —25.37
2Hm —62.55 —21.75 —21.91
2Hp —64.60 —35.84 —46.12
3Hc —49.67 —16.96 —20.75
Binding Energy with CHO-2008 CHO-2019 DFT Reference [38]
H, Molecule Reference (kcal/mol) (kcal/mol) (kcal/mol)
1H —26.04 24.89 27.67
2Hm -7.77 30.77 29.98
2Hp —9.82 16.69 5.77
3Hc 5.12 35.57 31.13

Table 2. Double-sided hydrogenation energies for different configurations.

Binding Energy with H CHO-2008 CHO-2019 DFT Reference [38]
Atom Reference (kcal/mol) (kcal/mol) (kcal/mol)
4Hc —69.39 —57.17 —63.42
4Hb —69.35 —54.11 —61.11
Binding energy with CHO-2008 CHO-2019 DFT Reference [38]
H, molecule reference (kcal/mol) (kcal/mol) (kcal/mol)
4Hc —14.61 —4.64 —11.53
4Hb —14.56 —1.58 —-9.22

Table 3. C-C bonds and C-C-C angles for different configurations of double-sided hydrogenation.

4Hc CHO-2008 CHO-2019 DFT Reference [38]
C-C bond 1.557 A 1529 A 1.539 A
C-C-C angle 104.6° 107.2° 111.4°
4Hb CHO-2008 CHO-2019 DFT Reference [38]
C-C bond 1570 A 1.539 A 1.539 A
C-C-C angle 108.2° 109.9° 111.8°

Now, we show how the chair-like and boat-like hydrogenation compare for the effects
of graphene curvature. We have taken small planar and rippled graphene sheets (112 C
atoms) with periodic boundary conditions and created chair-like and boat-like configu-
rations of hydrogenation (16 H atoms), as shown in Figure 7a,b,d,e. The hydrogenation
energies obtained by using the CHON-2019 force field are summarized in Table 4. From
the results, it can be observed that hydrogenation is at least 4 kcal/mol more stable for
rippled graphene than plane graphene, which means hydrogenation is preferable at a
rippled rather than planar site in graphene.

Table 4. Hydrogenation energies for chair- and boat-like configurations in plane and rip-

pled graphene.

oo . Plane Rippled
Binding Energy with H Atom Reference (kcal/mol) (keal/mol)

chair-like —52.38 —57.12

boat-like —50.04 —54.59

s . Plane Ripple
Binding Energy with H2 Molecule Reference (keal/mol) (kcal/mol)

chair-like 0.15 —4.60

boat-like 2.49 —2.06
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Figure 7. Planar and rippled graphene sheets for hydrogenation and copper binding. (a) Chair-like hydrogenation

on plane graphene, (b) boat-like hydrogenation on plane graphene, (¢) Cu binding on plane graphene, (d) chair-like

hydrogenation on rippled graphene, (e) boat-like hydrogenation on rippled graphene, and (f) Cu binding on rippled

graphene. Cyan/orange/grey spheres indicate H/Cu/C atoms, respectively.

Similarly, we have analyzed the binding preference of a single copper atom on plane
and rippled graphene (Figure 7c,f), and the binding energies are detailed in Table 5. The
binding energy of copper with rippled graphene is 20 kcal/mol more energetically stable
than plane graphene, which indicates that, similar to hydrogenation, copper prefers to bind
with the rippled site of graphene rather than the planar site. As mentioned by Banerjee
et al. [9], a rippled region of graphene has a higher charge density than a planar region,
which may explain why hydrogen and copper binding are more favored at rippled rather
than planar graphitic regions.

Table 5. Copper binding energies for plane and rippled graphene.

Binding Energy with Cu Atom Reference Cu-C Force Field

(kcal/mol)
plane graphene —37.32
rippled graphene —57.53

3. Conclusions

The purpose of this study was to evaluate the capability of the ReaxFF method to
simulate the nanoscale effects of graphene bending and its interactions with catalyst
surfaces such as copper. This investigation is an initial step toward developing a ReaxFF
description for copper current collector/graphene interfaces. In our simulations, we used
force fields based on the 2015 Srinivasan et al. [21] ReaxFF carbon parameters, as well as
the older 2008 Chenoweth C/H/O parameters [25]. Our results indicate that the Srinivasan
2015 carbon parameters [21] are significantly more accurate for both the mechanical and
the chemical response of graphene.

The presented data show that thermal fluctuation is sufficient for graphene, subjected
to external stress, to ripple. Our results also indicate that lengths over 20 nm are sufficient
to observe more than one ripple for the graphene. In addition, during short (100 ps) NVT
simulations at 77 K, various graphene geometries were observed, while no significant
change in the potential energy for all considered graphene was shown, indicating that
ripple formation does not require a significant amount of energy.

The interactions of the flat and rippled graphene sheets with a copper surface were
further tested, and we observed a noticeable change in the graphene geometry near the
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copper surface, associated with the binding of the graphene edges to the Cu-surface.
Moreover, the bending of the graphene at the copper step edge was tested, and the graphene
draping angle estimated form based on the ReaxFF simulations (28° & 4° for the small step
with 6 Cu layers and 30° £ 5° for the bigger step with 12 Cu layers) was compared with
the experimental data (32° % 3°). The good agreement for the draping angle estimate from
simulations and experiments suggests that at least at the atomistic level, no extra structure
of the copper step is required to support graphene at the edge. Finally, the binding energies
for the hydrogen and copper atoms to the graphene surface with various geometries are
reported, indicating the capability of the reported force field to differentiate graphene
reactivity based on its flat or rippled geometry.

Our results indicate that the ReaxFF Cu-C force field is capable of reproducing
graphene’s mechanical properties and can provide useful information for its interactions
with metal surfaces, indicating its further application to battery current collector/electrode
interface simulations.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2073-434
4/11/2/208/s1, Figure S1: Planar graphene sheet on Cu surface. Graphene sheet on Cu surface.
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