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ABSTRACT

Present Li-ion batteries (LIB) technology require strong improvements in performance, energy 
capacity, charging-time, and cost to expand their application to e-mobility and grid storage. Li-
metal is one of the most promising materials to replace commercial anodes such as graphite 
because of its 10 times higher specific capacity. However, Li-metal has high reactivity with 
commercial liquid electrolytes; thus, new solid materials are proposed to replace liquid electrolytes 
when Li-metal anodes are used.  We present a theoretical analysis of the charging process in a full 
nanobattery, containing a LiCoO2 cathode, a Li7P2S8I solid-state electrolyte (SSE), a Li-metal 
anode as well as Al and Cu collectors for the cathode and anode, respectively.  In addition, we 
added a Li3P/Li2S film as solid electrolyte interphase (SEI) layer between the Li-anode and SSE. 
Thus, we focus this study on the SEI and SSE.  We simulated the charging of the nanobattery with 
an external voltage by applying an electric field.  We estimated temperature profiles within the 
nanobattery and analyzed Li-ion transport through the SSE and SEI. We observed a slight 
temperature rise at the SEI due to reactions forming P  and P2  fragments at the interfaces; S ―

3 S4 ―
7

however, this temperature profile changes due to the charging current under the presence of the 
external electric field ℰ = 0.75 V/Å.  Without the external field, the calculated open-circuit voltage 
(OCV) was 3.86 V for the battery, which is within the range of values of commercial cobalt-based 
LIBs.  This voltage implies a spontaneous fall of available Li-ions from the anode to the cathode 
(during discharge).  The charge of this nanobattery requires overcoming the OCV plus an 
additional voltage that determines the charging current.  Thus, we applied an external potential 
able to neutralize the OCV, plus an additional 1.6 V to induce the transport of Li+ from the cathode 
up to the anode. Several interesting details about Li+ transport paths through the SSE and SEI are 
discussed.

*Corresponding author: seminario@tamu.edu, Telephone: (979) 845-3301

INTRODUCTION
Research on solid-state electrolytes (SSEs) started more than 200 years ago with Faraday’s work 
using Ag2S and PbF2.1 Nowadays, decarbonization is growing to eliminate carbon fuels effects in 
global warming in favor of renewable energies such as solar and wind energies, for which energy 
storage will play an important role.2  Li-ion batteries are ubiquitous in portable devices; however, 
their proliferation in e-mobility and grid storage, require strong improvements in performance, 
energy capacity, charging-time, and cost that cannot be satisfied with present Li-ion batteries 
(LIB). Thus, recently, SSEs have been proposed as safe materials against Li-metal anodes typical 
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problems such as dendrite growing3,4 and low energy-densities.5  In addition, SSEs have much less 
irreversible capacity loses than liquid electrolytes when using an NMC cathode; the capacity 
retention is 90.6% after 10,000 cycles;6 and SSEs optimize packaging and stacking as well as 
increases energy density better than commercial liquid electrolytes such as organic and acid-based 
electrolytes.7  On the other hand, atomistic computational chemistry techniques such as quantum 
and classical molecular dynamics are tools that become complementary to experimental 
techniques, helping us to understand how the chemistry works, characterizing new compounds and 
materials, and processing large amounts of data from the simulations to integrate chemical theory 
and modeling with experimental observations.  Recently, we introduced the concept of a 
nanobattery.8,9 which, complemented with earlier work, has become our testbed for the testing of 
proposed materials for several parts of a battery.10-16

In the present work, we aim to understand the atomistic behavior involving reactions, temperature 
profiles, drifts paths, and external electric field effects simulating the charging through molecular 
dynamics simulations on a full nanobattery with Li-metal anode, solid-state electrolyte Li7P2S8I, 
and LiCoO2 cathode, in addition to the usual current collectors of aluminum and copper for the 
cathode and anode, respectively. Since lithium-metal always presents an undefined native film 
covering its surface such as Li2O accompanied by LiOH and Li2CO3,17-25 it is a good practice to 
pretreat the native film-free Li metal surface with suitable added films.  In this case we have chosen 
a double layer Li3P/Li2S, which is consistent and compatible with the solid electrolyte Li7P2S8I, 
since both Li3P and Li2S are products of decomposition of sulfide electrolytes on the Li-metal 
anode surface.26 In addition, Li2S improves the ionic conductivity and suppresses the Li dendrite 
growth of Li-metal anodes27 and Li3P suppresses formation of dendrites and enhances the Li 
diffusion at the interphase SEI-anode.28 Li3P and Li2S were also reported as SEI in experiments 
using Li7P2S8I in a graphite battery.29 We observe a Li+ hopping diffusion mechanism similar to 
one in Li7P2S8I reported by Kang et al. 30 and to one in Li10GeP2S12.31  Finally, our results are also 
in agreement with a report that found that Li+ ionic conductivity in sulfide-based SSE depends on 
the distribution of PS4 tetrahedrons, which form the Li+ diffusion channel.32

NANOBATTERY DESCRIPTION AND METHODOLOGY
We perform classical molecular dynamics (MD)33 simulations using the Large-scale 
Atomic/Molecular Massively Parallel Simulation (LAMMPS) program.34 Initial geometry of 
simulated full cell (Figure 1) contains from right to left, Al current collector, LiCoO2 cathode, 
Li7P2S8I solid state electrolyte, Li3P/Li2S added SEI films, Li-metal anode, and Cu current 
collector.  Although the dimensions of our atomistic-based nanobattery model are roughly three 
orders of magnitude smaller than those of commercial batteries,35 nevertheless most of the 
interesting chemistry is local; thus having represented few shells of nearest neighbor atoms around 
them plus the use periodic boundary conditions may strongly alleviate this issue and provide 
interesting insights. 

Visualization of trajectories and post-processing analyses are performed with the programs, 
Visualization Molecular Dynamics (VMD)36 and the open visualization tool (OVITO).37  Periodic 
boundary conditions (PBC) were applied in the three directions; however, in the longitudinal 
direction, we set the current collectors (Al and Cu) parameters such that they eliminate the 
interaction of the anode-cathode due to the PBC.  Force fields parameters are shown in Table 1.  
We used a reactive force field for S, P, Li+ and Li-metal in the SEI and anode developed by Islam 
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et al.38  A Morse potential is used for the pair interactions P-S and P-I in the SSE: 𝐸(𝑟) = 𝐷0(
;  = dissociation energy,  = equilibrium distance, and  = width 𝑒 ―2𝛼(𝑟 ― 𝑟0) ― 2𝑒 ―𝛼(𝑟 ― 𝑟0)) 𝐷0 𝑟0 𝛼

parameter,  k = force constant. P-S parameters ,  and  are 1.58 eV, 2.1 Å and 𝛼 =  𝑘/𝐷0, 𝐷0 𝑟0 𝑘
12.2 eV/Å2, respectively.  

28.3 Å

31.3 Å167 Å10 Å 7 Å

Al
Cathode
LiCoO2

Electrolyte
Li7P2S8I

SEI
Li2S/Li3P

Anode
Li-metal

Cu

AlCo O LiP SLi+Cu I

Figure 1. Initial geometry of the full nanobattery. From left to right, Cu current collector, Li-metal anode, 
Li2S/Li3P SEI films, Li7P2S8I solid-state electrolyte, LiCoO2 cathode, and Al current collector. The current 
collectors are Cu864 and Al672, the anode is Li1296, SEI are (Li2S)226 and (Li3P)112, SSE is (Li7P2S8I)120, 
cathode is (LiCoO2)756; the total number of atoms in the simulation box is 9,142

P-I parameters for ,  and  are 1.82 eV, 2.5 Å and 9.3 eV/Å2, respectively.  P-S and P-I 𝐷0 𝑟0 𝑘
interactions were calculated from the B3PW9139-41/cc-pVTZ(P,S)42-44/LANL2DZ(I)45-48 level of 
theory using the program Gaussian-16.49  First we fully optimized PS3I and PS4, which were started 
with tetrahedral geometries;50 then, we stretched the P-I and one P-S bonds, respectively, 
performing partial optimizations at every point of the potential surface.  The threshold for the force 
was set to 2.5×10-7 kcal mol-1 Å-1.  For the interactions at the cathode we use a force field developed 
in the past for a full Li-ion nanobattery.8  The cathode is modeled with harmonic bond and angle 
potentials  and , respectively, where  = 40 kcal/molÅ2,  𝐸𝑏 =  𝑘𝑏 (𝑟– 𝑟0)2 𝐸𝑎 =  𝑘𝑎 (𝜃– 𝜃0)2 𝑘𝑏 𝑘𝑎 
= 139.4 kcal/mol(radian)2,  = 1.92 Å, and  = 90°.  The current collectors are modeled as inert 𝑟0 𝜃0
hypothetical material with a non-reactive Lennard-Jones potential, ε = 2.5 kcal/mol and σ = 2.3 Å 
for Cu, and ε = 1.0 kcal/mol and σ = 2.5 Å for Al.  These current collectors also avoid the shifting 
of atoms due to the periodicity along the longitudinal direction.  Cu and Al are set with a weak 
attractive component using a Lennard-Jones potential with ε = 0.01 kcal/mol and σ = 2.4 Å.  
Specific effects of the current collectors are not being studied this time.  All Coulombic charges 
used in the simulations were the formal charges of 1, 5, −3, −2, and −1 for Li(Li7P2S8I), 
P(Li7P2S8I), P(Li3P), S(Li7P2S8I/Li2S), and I(Li7P2S8I), respectively. All other atom charges were 
set to zero.

We optimize the initial geometry shown in Figure 1 using the Polak-Ribiere algorithm51 with a 
force convergence criterion on each atom of 10-8 kcal mol-1 Å-1 to fix any unusual bond created 
initially by setting all components.  Then, we run MD equilibration steps at 5 K for 200 ps with a 
time step 0.1 fs under the NPT ensemble52 to eliminate any remaining hot spots in the initial 
geometry.  This is followed by a temperature increase from 5 to 300 K for 200 ps, i.e., with a 
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heating rate of 1.48 K ps-1 under the NPT ensemble.  Finally, another equilibration under NPT 
ensemble for 200 ps (Figure 2).  We use the Nose−Hoover thermostat53 with a damping parameter 
of 50 fs.  This procedure should be sufficient to obtain an equilibrated system as corroborated in 
Figure 2.

Table 1. Force field parameters used in this work.  ReaxFF are from Reference;38 we adopted them with 
formal charges because they are well-suited to represent intermolecular effects.10  The other parameters 
were calculated from DFT geometry optimizations and second derivative calculations at the local minima. 

Species Type D0(eV) r0/σ(Å) k(eV/Å2) q(e)
P(SSE) ReaxFF38 5
P(SEI) ReaxFF38 3
S ReaxFF38 -2
I ReaxFF38 1
Li ReaxFF38 -1
P-I Morse 1.82 2.5 9.3
P-S Morse 1.58 2.1 12.2
Co L-J 0.008 3.4 0
O L-J 0.026 2.8 0
Co-O Harmonic 1.92 1.73
Cu L-J 0.1 2.3 0
Al L-J 0.043 2.5 0
Al-Cu L-J 0.0004 2.4

0 200 400 600
0

100

200

300

Equil @ 5K
Heat
Equil @ 300K

t(ps)

T(K)

T rate
1.48 K/ps

Figure 2. Temperature evolution of the SSE nanobattery

In order to set an external pressure and temperature to our system, the NPT ensemble with the 
Nose-Hover thermostat54 described by Melchionna et al.55 is used as implemented in the program 
LAMMPS.34  Thus, to set the system at temperature Text (e.g., 300K) and pressure Pext, (e.g., 1 atm) 
the system (box) should be under a bath of temperature Text and an external pressure Pext performed 
by a piston with a pseudo mass W; therefore, the equations of motion ( ) are modified to 𝑥𝑖 = 𝐹/𝑚𝑖
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𝑣𝑖(𝑡) =
𝐹𝑖(𝑡)

𝑚𝑖
―

𝑣𝑇𝑝𝑖(𝑡)
2𝑚𝑖

― 𝑣2
𝑇𝑟𝑖(𝑡)(

𝑇(𝑡)
𝑇𝑒𝑥𝑡

― 1)

where,

𝑣𝑖(𝑡) = 𝑠𝑟𝑖(𝑡)
s = 𝑒 ― 𝑣𝑇∆𝑡/2

vT = thermosetting rate (50 fs-1)
 = time step (0.1 fs)∆𝑡

ri = position of the atom i
 = resultant force in atom i𝐹𝑖(𝑡)
 = atomic momentum of atom i𝑝𝑖(𝑡)

then, the instantaneous temperature T(t) and pressure P(t) at time t are

𝑇(𝑡) =
𝑁

∑
𝑖 = 1

𝑚𝑖𝑣2
𝑖 (𝑡)

𝑘𝑏𝑁

where,

 = mass of the atom i𝑚𝑖
 = velocity of the atom i at time t𝑣𝑖
 = Boltzmann constant𝑘𝑏
 = total number of atoms in the system.𝑁

On the other hand, the instantaneous P(t), 

𝑃(𝑡) =
𝑁𝑅𝑇(𝑡)

𝑉(𝑡)

 = Gas constant𝑅
 = volume of the system at time t𝑉(𝑡)

Then, the volume is obtained from 

𝑉 = ―
𝑣𝑃

2 𝑉 +
𝑠2

𝑊(𝑁𝑅𝑇(𝑡)
𝑉 ― 𝑃𝑒𝑥𝑡)

where,

 = barosetting rate (100 fs-1)𝑣𝑃
W = piston with a pseudo mass (20 amu Å-4)
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Finally, the instantaneous kinetic energy is given by

𝐸𝑘(𝑡) =
3
2𝑘𝐵𝑇(𝑡)

RESULTS AND DISCUSSION
Temperature profiles of the nanobattery were calculated along the longitudinal axis from all atoms, 
except from those at the current collectors (Al, Cu), during the 50 ps after equilibration at 300K 
and during the next first 10 ps during the application of the external electric field (Figure 3) in 
longitudinal intervals of 4 Å, which was a good trade-off between resolution and fluctuations.  We 
located a small temperature rise reaching ~315K in the SEI when no field was applied; this is, most 
likely, because the reactions taking place around the solid-state electrolyte.  However, when the 
electric field was applied, we observe a larger temperature in the electrolyte (near the cathode).  
This is due to oxidizing reactions taking place at the electrolyte cathode interface and to less extent 
to the relatively higher Li-ion-resistance of the electrolyte with respect to the cathode.  Kinetic 
energy from Li-ions is transferred as vibrational energy to the atoms in the electrolyte.  After this 
mismatch of impedances (from cathode to electrolyte), the temperature decreases approaching the 
SEI, where again a small increase in temperature is observed as it took place without electric field, 
during the setting of the battery.  The anode is warmer than the cathode and most of the electrolyte 
because of its metallic character.  During the charging cycle the anode and cathode maintain 
roughly at the same temperature, but temperature is higher in the electrolyte due to its higher 
cationic resistance.  Although the ionic conductivity of the SSE is 6.3×10-4 S.cm-1,56 against the 
3.4×10-5 S.cm-1 of the cathode,57 still the resistance can be comparable due to the larger length of 
the electrolyte. On the other hand, having better electronic conductivity, both electrodes are better 
heat dissipators, able to maintain lower temperatures.  Also, the SEI is a barrier to the thermal 
phonons from the metallic anode. Therefore, temperature increases in the SEI and SSE due to their 
larger ionic resistance with respect of the anode and cathode; 

Under the above conditions, what we obtain is the end of a transient-state of the battery at a global 
stable temperature of 300K (Figure 2); this state is characterized by a steady-state temperature with 
small fluctuations and a time-independent gradient in the different regions of the battery, typical 
of an open system as energy is inserted or subtracted to control the temperature or to drive the 
charging of the battery.  Thus, the gradient of temperature is simply due to the different thermal 
behavior of the components of the battery in response to the external temperature bath or the 
external power source.  Thus, the temperature profile shown in Figure 3 indicates that the anode 
and SEI are warmer than the electrolyte and cathode in the unbiased battery. Also shown is the 
temperature profile when the battery is biased to be charged.  In this latter case, in addition to the 
thermostat, we have the external voltage source adding energy continuously to drive the Li-ions to 
the anode.  Therefore, there is not thermal equilibrium as we are dealing with a nonequilibrium 
system.  After a transient-state, the average temperature as a function of time reaches a constant 
value but it is not the same spatially. There are no changes of temperature locally as each point in 
space reaches a constant value, but the temperature as a function of the coordinates is different at 
each point, simply because their different response to the thermal and electrical inputs.  During the 
transient state, the local temperatures raise until reaching a constant value.  The number of products 
also reaches a constant value during the period from 400 to 600 ps (Figure 4) at 300K, thus the 
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unbiased battery reached its steady-state.  Without external bias but with the heat controller, the 
metallic region of the battery shows higher temperatures than the ceramic oxide or ionic material 
of the cathode.  Temperature slightly increases at the SEI interphase, which behaves like a barrier 
to thermal phonons from the metallic anode.  The temperature decay in going from the SEI to the 
cathode because the cathode is an ionic material, the most stable in the battery or the one with the 
lowest energy but also with a higher heat capacity than the metallic anode; on the other hand, it is 
easier for the anode than the cathode to dissipate thermal energy because of the higher heat 
conductivity of the former.  When an external source is applied to the battery, (to charge the 
battery).  When the external bias is applied, the temperature increases in the cathode as Li from 
the cathode is oxidize and produce friction to leave the oxide.  The temperature further increases 
in the electrolyte due to the resistance of the electrolyte, which is much longer than the length of 
cathode traveled by the Li-ion.  The temperature decreases again in the anode due to the small 
resistance due to the short path traveled by the current of Li-ions.  The product formations remain 
constant when the steady state at 300K is reached; and the product formations increase when the 
electric field is applied, which becomes a perturbation to the steady state.  Before charging the 
battery, the cathode is less energetic for Li-ions than the anode is, thus the Li+ prefers to stay in 
the cathode; during the battery charging, the cathode becomes more energetic than the anode due 
to the external bias, thus the Li+ prefers to migrate to the anode.  And, as we will see in the next 
section (Figure 5), our MD simulations suggest a battery open circuit voltage that is fully 
compatible with all commercial and experimental Li-ion batteries.

Although an SSE should be a good ion-conductor and poor electron conductor, the cathode should 
also be a good ion conductor as well as electron conductor.  Thus, the cathode as a good ion 
conductor has not difference with the electrolyte except when the ion is reduced or neutralized in 
the cathode, moment at which the reduced Li (or Li-neutral, or Li and its closest neighborhood) is 
strongly bonded until it is oxidized again with a strong external field during the charge of the 
battery.  The low ionic conductivity of the electrolyte is a limiting factor, among several perhaps 
equally or more important factors such as structural stability and formation of a benign solid 
electrolyte interphase.  However, the SEI is usually of lower ionic conductivity than electrodes 
and electrolytes and is the place where most reactions take place when applying the external bias.
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Figure 3. Average temperature profile of the SSE battery during the last 50 ps of MD simulations without 
electric field ℰ = 0 (blue) and during the first 10 ps under electric field, ℰ = 0.75 V/Å (red). Both simulations 
were performed under NPT ensembles and each frame is taken every 100 fs.  Temperature profiles were 
calculated in longitudinal slabs of 4 Å each.

Perhaps the presence of temperature gradients before the application of the external electric field 
might bring some issues regarding the equipartition theorem.  Since the thermostat only controls 
the kinetic energy of the whole system, our reported gradients are not the results of an equilibration, 
but they corresponded to the end of a transient state at the interfaces perhaps at odds with the 
equipartition theorem.  However, a thermal equilibrium connected to the equipartition theorem is 
not applicable in some situations; therefore, a mathematical formalism was developed to adapt the 
equipartition theorem with quantum mechanics, see for instance, Dence.58  Although most of the 
issues with the equipartition theorem are because the quantum nature of atomistic systems, 
classical MD calculations use powerful force fields with some theoretical and empirical 
information from their quantum character such as the effects of electrons and other quantum effects 
implicitly fitted in the force fields.  Therefore, we expect to get realistic results from our 
simulations that go beyond the equipartition theorem, especially for solids forming interfaces and 
interphases, which by their solid nature avoid most of the diffusional equilibrium because most 
atoms from one type of solid do not travel to another different.  Although the Nose-Hover 
algorithm has no preference for the energy exchange, still this is an input energy and the response 
of the different materials to such inputs can be totally different according to the nature of each 
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material (such as their heat capacity and conductivity).  Formally speaking, the classical 
equipartition theorem can be used only if all vibrational modes are fully activated.  However, this 
applies exactly only as the temperature goes to infinity.59,60  For finite temperatures, we can still 
come close if the thermal energy is high enough versus the energy required to excite the vibrational 
modes, i.e., kBT ≫ ℏω.  Although for most elements, room temperature is high enough to come 
close to full excitation; however, there are solids such as diamond, silicon, and germanium where 
room temperature is not enough to validate the equipartition theorem.61-63

Speciation at the SEI: P  and P2  (Figure 4) number of fragments (n) are formed at lithium-S ―
3 S4 ―

7
metal/SEI and SEI/SSE interfaces due the P  and PS3I2− anions dissociation in the absence of S3 ―

4
an external electric field.  P  begins to dissociate at 300K in small amounts n = ~3, equivalent S3 ―

4
to only 1.6% of the total P .  PS3I2− dissociates into 20 species almost instantly at 5K, forming S3 ―

4
P  and I−. P  reacts with P , forming P2  (Figure 4) under the presence of the external S ―

3 S3 ―
4 S ―

3 S4 ―
7

electric field, ℰ = 0.75V/Å. All these species are recreating a new SEI. The n(t)’s are just counters; 
they count the number of species being formed or destroyed.  Every 100 fs we count the number 
of species in the whole simulation box. The species are determined by checking all bonds against 
thresholds bond lengths.  Thus, Figure 4 shows the evolution of the number of products when the 
interface is formed followed by those products when the battery is set to charge under an external 
power source.  The speciation numbers, n(t), provide important information regarding the initial 
composition of a solid electrolyte interface before the application of an external field and right 
after.  A good design of a battery should have a prediction of what the SEI is going to be or if the 
SEI has the correct characteristics or not.  Another direct implication of this plot is the reactive 
behavior of the Li-metal surface on the solid electrolyte Li7P2S8I, and the native SEI artificially 
added, Li2S/Li3P, all of which decompose into components P  and P2 under the presence of S3 ―

4 S4 ―
3

the Li-metal surface.  Such a reaction can be followed with the good resolution of molecular 
dynamics methods, providing further decomposition species.

Figure 4. Speciation numbers, n, as functions of time, t, at the lithium-metal/SSE interface during all 
stages of the NPT MD simulations, including under the external electric field.  The last 50 ps before the 
application of the electric field are the production runs without field.  The time (t) scale in the graph is 
exploded when the electric field E = 0.75 V/Å is applied at 600 ps. The inset shows the most likely 
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reaction/degradation network about the SSE during the simulations.  Speciation analyses were limited to 
the SEI and SSE, i.e., to species containing P, S, and I.

These speciation numbers explain experimental evidence and they are related to the transport of 
Li-ions. For example, they explain the formation of P  and P2 , which takes place before and S ―

3 S4 ―
7

after the charging.  The speciation numbers also predict that the products formation remain 
constant before the electric field is applied and once it is applied, the product formations increase; 
there are experimental evidence for this:64  The use of Li2S in the artificial SEI for the nanobattery 
is supported by the formation of Li2S at long times and the stabilization of the PS3 and PS4 anions 
in the SSE phase and interphase, changing the electronic and ionic properties of the SEI.64  The 
Li2S as SEI improves the ionic conductivity and suppresses the Li dendrite growth of Li metal 
anode.27

External Electric Field Effect on the Battery Potentials: Average lithium potential energies (Figure 
5) are calculated in longitudinal slabs of 0.5 Å width along the z-axis.  For the curve before 
applying the external electric field (blue), we calculated the potential energy profile from the 
potential energy of each atom, we integrated the potential energy of each atom in the longitudinal 
direction (longitudinal slabs of 0.5 Å each) then we obtained the average of the potential profiles 
during the last 50 ps of the equilibration at 300K over 500 frames, each frame was taken every 100 
fs.  A similar approach was followed for the case with electric field applied to the nanobattery, 
except that the geometries are obtained from the MD with ℰ = 0.75 V/Å applied and the average of 
the potential profiles were obtained during the first 10 ps of the application of ℰ = 0.75 V/Å at 300K 
over 100 frames, each frame was taken every 100 fs.  In order to simulate the charge of the battery 
under an external pressure and temperature, we continue using the NPT ensemble under the 
external electric field as relaxation of the volume during the charging is important to determine 
the stability of the interphase.  

Even though, canonical ensembles might present problems to calculate dynamical properties at 
equilibrium and nonequilibrium conditions because thermostat interference and other 
approximations, canonical ensembles still can reach equivalent results to those from 
microcanonical ensembles.65,66 For example, an NVE simulation is equivalent to an NPT at the 
equilibrated P and T from the NVE ensemble. One could also think that a NVE simulation is all 
what one needs to simulate any thermodynamic point;67 however, practical simulated systems are 
usually too small for this to happen, and even in the case when they are big enough, it can be 
complicated to find out which energy value E is the correct one to simulate the desired 
thermodynamic point.68,69  This issue becomes more important for unknown materials produced at 
the interfaces for which we do not know their density neither their morphology and therefore their 
volume, thus, the NPT ensemble is justified for production runs because it allows us to obtain a 
suitable volume and energy rather than guessing them.66,70,71 In another study, Verners et al.72 
performed MD simulations using the canonical NVT ensemble for the production runs to calculate 
ion diffusivity.

To calculate the voltage in the nanobattery, it requires to calculate the chemical potentials, which 
include the effects of entropy, which is not explicitly included; however, pressure is implicit in the 
calculations.  The no inclusion of entropy is justified in this type of solids as entropy contribution 
to the chemical potentials is minimum based on a large amount of reports in the literature that do 
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not use it for solids.  None of materials used in this work classify as high entropy alloys or so, 
where a consideration of entropy would be needed.  Certainly, there are several other factors, 
perhaps of stronger effects than entropy that we understand are not included and that could have a 
larger contribution.  For instance, the static effects of the electrons are included only as classical 
effects fitted into the force fields, but the dynamical component and parts of other quantum 
mechanical effects are not.  

The energy difference ΔE = Ecathode − Eanode = −3.86 eV without any external electric field (blue 
curve in Figure 5) yields the open-circuit voltage (OCV = 3.86 V) of this nanobattery, which is 
consistent with most of the commercial Li-ion batteries voltages ranging from 3 to 4.1 V.  During 
discharge, the battery should spontaneously yield a discharging external current of electrons from 
the anode to the cathode as soon as a load (resistance) is connected to the two electrodes; 
simultaneously and internally, Li-ions travel from anode to cathode (same directions as electrons).  
To charge this battery (red curve in Figure 5), we need to apply an external field to at least 
counteract the OCV plus an additional potential to regulate the amount of current.  Based on our 
previous work, we estimated that an external electric field of ℰ = 0.75 V/Å would be enough to 
charge nanobatteries in an “acceptable” computational time.  It is also important to mention that 
our computational setup before the application of the external field corresponds to open-circuit 
conditions, i.e., while the external bias or external device is not externally connected to the 
nanobattery electrodes.  Therefore, no electrons (externally) and no ions (internally) can transfer 
between electrodes.  Also Li-ions cannot penetrate the cathode in an open-circuit condition; they 
can only penetrate the cathode when the circuit is closed externally with a passive device (e.g., a 
resistor), i.e., during the discharge of the battery.
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Figure 5. Li+ potential energy profile along the longitudinal z-axis of the SSE calculated using a 12 Å 
radius cutoff during the MD simulations without electric field ℰ = 0 (blue) and with electric field, ℰ = 
0.75 V/Å (red).  Both calculations were performed at 300K under NPT ensembles and the frames to 
calculate potentials were taken every 100 fs.

In these conditions, the electric field yielded a potential energy of the cathode larger by 1.6 eV 
than the anode potential.  This yields a charging voltage of 5.46 V. The additional 1.6 V is actually 
too high, in practical terms, to charge a real battery because other unwanted reactions could be 
activated at this large charging potentials, such as poor plating or dendrites growth in the anode or 
the cathode becoming an oxidizing agent, losing its stability releasing oxygen and producing 
CO2.73  Certainly, at this point of high pressure, the cell eventually might vent with flame.  Thus, 
in the simulations, a high charging voltage is used with the sole purpose of accelerating the 
calculations and inducing a faster cationic transport from cathode to anode.  There is a potential 
drop at the cathode/SSE and SSE/SEI interfaces, and an uphill energetic profile is detected to move 
the ion through the SEI.  Therefore, a technological value is found for Li7P2S8I as SSE as it can be 
expected to yield a dendrite-free anode, as well as a profound computational importance as we are 
able to predict the working voltage of the battery from the atomistic nature of its components.
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Li+ drifts through the two films of SEI, Li3P and Li2S, by a hopping mechanism, where Li+ drifts 
by into a vacancy, similar to the Li+ diffusion in Li7P2S8I30 and Li10GeP2S12

31 solid state 
electrolytes.  In this process, Li+ hops one inter-atomic distance and remains until a vacancy 
appears adjacent to the Li+ location, then Li+ hops into the vacancy; the vacancy moves away and 
the process repeats, also partially resembling a knock-off mechanism, especially in the films, as 
vacancies are also created by the action of the electric field, yielding atomic reorganizations 
(Figure 6).  Li+ drifts nearby S in the SSE and Li2S, compensating coulombic forces, and 
correspondingly, nearby P in Li3P, forming ionic bonds at ~2.4 Å.

(a)

(b) (c)

(d) (e)

(f) (g) (h)
Figure 6.  (a) Full nanobattery showing three initial regions (color rectangles) under study at the time of 
applying the electric field, t = 0 ps.  (b, d, f) Corresponding close ups of the three initial regions (at t = 0 of 

ℰ =0.75V/Å
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the application of the electric field) from the nanobattery, showing one selected Li-ion (red) in each color 
box and eliminating frontal atoms that might cloud visibility.  (c, e, g) Final positions corresponding to the 
initial positions b, d, and f, respectively, at t = 3.2 ps, under the external electric field of ℰ = 0.75 V/Å, 
showing also the Li-ion trajectory (light blue) during the 3.2 ps. LiPSI SSE (green boxes), Li3P SEI (yellow 
boxes) and Li2S SEI (red boxes). (h) Color code for atoms. Notice that oxygens (red) only appear in panel 
a.  Panels b-g show the Li+ under study in red color.

CONCLUSIONS 
We have developed a very useful model of a nano-version of a solid-state battery with a lithium-
metal anode.  This specific model included a double layer film acting as an artificial solid 
electrolyte interface, allowing us to study the behavior of interfaces on the anode-electrolyte side.  
We determine the thermal, speciation, and electrical features of the nanobattery before and after 
the application of an external field, simulating the charging cycle of a battery.  Results were very 
encouraging as we were able to determine the open-circuit voltage of the nanobattery of 3.86 V, 
which is in very good agreement with commercial Li-ion based batteries.  We also were able to 
determine the corresponding charging voltage generated by the applied external electrical field.  
As far as we understand, this type of calculation has not been done before using atomistic 
approaches.  It was determined that the external field of ℰ = 0.75 V/Å yielded an external applied 
voltage of 5.46 V.  It was also determined that before the external field is applied, a small 
temperature rise was located at the SEI (~315K) due to the reactions taking place there; besides, P

 and P2  species are formed at the interfaces lithium-metal/SEI and SEI/SSE from the P  S ―
3 S4 ―

7 S ―
3

and PS3I2− anions under the presence of the external electric field. Li+ drift through the two films 
of the SEI, Li3P and Li2S by a hopping mechanism; the Li+ transport paths through the SSE and 
Li3P film is through the vacancies and making ionic bonds of ~2.4 Å with P or S and supported by 
vacancies driven by the action of the electric field towards the surface of the films.

Basically, what this work tells us is about the possible use of protective films as layers of artificial 
SEI to cover and protect Li-metal anodes.  This allows us to eliminate dendrites and also to have 
a more stable anode surface as well as acceptable Li-ion diffusion.  Another important application 
are the maps of temperatures as we are able to determine the hot spots, perhaps dangerous, in the 
battery.  Another is the speciation taking place at the interfaces. These are of strong importance 
for the experimentalists and battery builders.  Definitely, our findings provide information to 
experimentalists to use new materials with calculated improved properties and the best way to 
exploit these results is to stablish collaborations with experimental groups involved in the use of 
SSE using Li-metal anodes. A theoretical-guided approach to the design of new materials for 
batteries would be the best way to exploit these techniques.
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The full nanobattery showing speciations at SEI and SSE.
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