
	  

	  
 
Figure 1. (a) Voltage profile for Li-
graphite system obtained by ReaxFF. (b) 
Li ordering in stage I LiC6 compounds . 
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Research Summary: The ReaxFF method enables large-scale (>> 1000 atoms) dynamics 
simulations on reactive materials. We highlight here two FIRST-center applications to widely 
different materials – Li/Carbon and water/graphene systems. We have developed ReaxFF 
reactive force fields to describe Li interactions with carbon- and silicon based materials1-5. To 
validate this force field we have compared it against DFT calculations for Li diffusion in the 
direction perpendicular to the graphene sheet for graphene with single and double-vacancy 
(Figure 1). We performed grand canonical Monte Carlo simulations to obtain ground states for 
Li intercalation in graphite and find that ReaxFF describes the in-plane Li ordering and interlayer 
separations for stage I and II compounds in good agreement with previous DFT studies and 
experiment. The voltage profile for the Li-graphite system as a function of Li concentration 
obtained by ReaxFF matches experiment and DFT data. We study Li intercalation in presence of 
vacancy defects in graphite and find that the presence of vacancy defects increase the ratio of 
Li/C and shifts the voltage profile downwards, both in proportion to the number of vacancy 
defects. Li intercalation and diffusion kinetics in Onion-
Like Carbon (OLC) was investigated for applications in 
batteries and electrochemical capacitors.  
 
The second ReaxFF application connects with Second 
Harmonic Generation (SHG) studies, which indicate that 
protonation and deprotonation of surface SiOH groups are 
unimpeded in the presence of nearly perfect single layer 
graphene at the aqueous/graphene/fused silica interface. 
To study the acid/base transparency of the graphene layer, 
we investigate proton transfer through pristine  and 
defective graphene with an aqueous phase on either side 
of the graphene sheet using a ReaxFF reactive force 
field7. We observe proton transfer when hydroxyl  
terminations are present at the quad-vacancy site and find 
that these are necessary to facilitate proton transfer.  
 
Technical Details: Li intercalation in graphite is both an 
important and challenging problem.  The challenge comes from the coupling of the weakly 
bonded van der Waals solid—graphite to the charge-transfer of the metal atom – lithium.  This 



	  
	  
Figure 2. Density plot of Li (green) in an 
OLC during a MD simulation ar 1000 K.  

coupling, in addition to the electrostatic interaction of the ions in the solid, give rise to many 
different types of ordered solid phases and leads to multiple scattering of the ions. Recent 
theoretical efforts using DFT try to improve on the electronic structure methods to study this 
system as well as compute theoretical voltage curves for experimentally known solid phases and 
diffusion coefficients for single lithium ions.  These advances allow the possibility to treat this 
system using a force-field method so as to understand the collective behavior of ions during 
intercalation/deintercalation and the true kinetics that lead to solid-solid phase transitions and 
explore the role of defects.  Force-field methods are necessary to understand the role of carbon 
nanostructures in electrical energy storage, such as in batteries and supercapacitors, where DFT 
based methods become prohibitively costly. 
 
We trained the existing force field against a set of plane-
wave density functional theory based datasets. A Grimme 
parametrization was used to capture the long ranged van 
der Waals interactions between carbon atoms using the 
DFT-D2 formalism as implemented in the VASP 
package. These DFT calculations were performed by P. 
Ganesh and Paul Kent at ORNL. We fit a reactive force 
field to the DFT structures and energies for the Li/C 
system using the ReaxFF formalism and study the 
microscopic features of lithium intercalation using a 
grand canonical Monte Carlo (GCMC) simulation with 
768 atoms. Figure 1 shows the voltage profile for Li 
intercalation in bulk graphite and Li ordering in stage I 
LiC6 compounds obtained from GCMC simulations. The 
voltage profile for Li intercalation in graphite predicted 
by ReaxFF agrees with experimental voltage profiles. We further study Li intercalation in 
presence of vacancy defects and observe that vacancy defects increase the ratio of Li/C and shift 
the voltage profile downwards, both in proportion to the number of vacancy defects.  
 
We investigated the barriers for Li diffusion from within the OLC to its exterior through defects. 
We consider an OLC with a diameter of 2 nm and explore the free energy surface of a Li 
adsorbed between a 12 membered ring in the outer layer and a 6 membered ring in the inner 
layer of the OLC using meta-dynamics simulations as implemented in the Plumed package in 
LAMMPS. We observe significant barriers (Figure 2) for Li to diffuse out from the OLC and 
this poses significant challenges for use of OLCs in batteries and super-capacitors. The MD 
simulations on the graphene/water system were performed using the stand-alone ReaxFF 
implementation to study proton transfer through pristine graphene and graphene with di- and 
quad- vacancies. In our simulations we used a (6x6) periodic graphene sheet with water 
molecules placed in random configurations on either side of the graphene sheet. Figure 3 shows 
the density plot of hydrogen (blue) and oxygen (red) atoms in the simulation box for (a) six 
hydroxyls, (b) one ether and four hydroxyls, (c) two ethers and two hydroxyls and (d) three ether 
group terminations at the quad-vacancy site in graphene during a 150 ps NVT simulation at 300 
K. As seen in Fig 3 (a), (b) and (c) when hydroxyl groups terminate the vacancy site, a proton 
transfer channel is present between the two aqueous phases on either side of the defected 
graphene sheet and this proton transfer channel thins down with decrease in the number of 



	  
	  
Figure 3. Density plot of hydrogen (blue) 
and oxygen (red) atoms in the simulation 
box for (a) six hydroxyls, (b) one ether 
and four hydroxyls, (c) two ethers and 
two hydroxyls and (d) three ether group 
terminations at the quad-vacancy site in 
graphene during a 150 ps NVT 
simulation at 300 K 
 

hydroxyl groups at the vacancy site. The proton transfer channel is absent when only ether 
groups are present at the defect site as seen in Fig 3 (d). Hydroxyl groups can form hydrogen 
bonds with the aqueous phase and mediate proton transfer between the aqueous phases on either 
side of the graphene sheet via the Grotthuss mechanism and their presence is necessary for 
proton transfer to occur. This implies that proton transfer does not occur by diffusion alone and 
the protons are shuttled through the hydrogen bond 
network involving the hydroxyl groups at the defect site. 
The ReaxFF reactive force field was validated against 
density functional theory (DFT) data from Yu Cai and 
Matthew Neurock at U. of Virginia and P. Ganesh at 
ORNL. The SHG studies were performed by Jennifer 
Achtyl and Franz Geiger at Northwestern U.  
 
Significant Impacts on Science and Technology: We are 
the first to successfully model the voltage profile and Li 
ordering in lithiated phases during Li intercalation in bulk 
graphite. Our studies demonstrate the formation of Li 
metallic phases in presence of vacancy defects and the 
importance of pristine graphitic phases for battery and 
capacitor applications. The ability of ReaxFF to reproduce 
dynamics as well as energetics of Li intercalation in 
carbon nanostructures makes this a robust tool to 
investigate applicability of different carbon materials in 
battery and super-capacitors. Our water/graphene 
simulations indicate that proton transfer does not occur by diffusion alone and the protons are 
shuttled through the hydrogen bond network involving the hydroxyl groups at the defect site. 
This can have technological applications in water filtration to remove larger ions.  
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