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Interplay between the ionic and electronic transport and its effects on the reaction pattern

during the electrochemical conversion in an FeF, nanoparticle
Ying Ma,” and Stephen H. Garofalini* “

Using a charge dependent embedded atom method potential in conjunction with a dynamically adaptive
multibody force field, the conversion reaction in an iron difluoride nanoparticle exposed to lithium ions is
investigated. The reactions take advantage of the multiple valence states of the cations. A subtle interplay
between the ionic and electronic transport, which is not accessible in conventional fixed-charge
simulations, has been revealed. The simulated reaction pattern is in close agreement with that observed
experimentally at the nanoscale, while providing detailed atomistic mechanisms. Due to difference in the
ionic and electronic transport, different stages of reaction are observed and the corresponding phase
growth mechanisms have been identified. Initially local Li concentration plays a key role in driving the
reaction through amorphous reaction products to the crystalline phases that inhibit Li transport. However,
electronic transport and interfacial ion diffusion are shown to be important in creating further transport
pathways that allow continued conversion reactions, providing the mechanism that enables the use of
these materials in advanced high capacity lithium ion batteries. Such interplay between the ionic and
electronic transport will also be important in other materials and devices for energy conversion and

storage.
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1. Introduction

Conversion compounds are among the most promising materials for next generation
batteries with higher energy and power densities.'* Such compounds have at least double,
sometimes even triple, theoretical capacities.”” When used as electrodes in a lithium ion
battery (LIB), a conversion reaction occurs in these materials upon charging or
discharging. The enhanced capacity rests in the ability to access the various valence states
of the metal cation during the conversion. Furthermore, excellent capacity retention and
reversibility have been demonstrated in a few model systems.

Iron difluoride (FeF;) is among the most studied conversion compounds in which the
following conversion reaction occurs:
2Li" + FeF, +2¢- —> 2LiF + Fe (1).

A number of experimental techniques including high resolution transmission microscopy
(HRTEM),' electron energy loss spectroscopy (EELS),"" x-ray pair distribution function
(PDF) analysis,'” have been employed to identify the local structure and phase evolution
during the conversion reaction in FeF,. A recent study reveals an inter-connected iron
network in converted FeF, which is believed to provide the electronic conduction
pathway required for reconversion.'” With a newly developed in situ electrochemical
cell, lithium transport has been tracked in individual FeF, particles at the nanoscale."
Computational studies have also been performed at different time and length scales.
Assuming a spinodal type growth mechanism, a recent phase field simulation gives a
micro-structure of converted FeF, in close resemblance of that observed experimentally.'?
The initial formation of a glassy LiF network followed by nanocrystal formation was first
predicted by a molecular dynamics (MD) simulation'* using a reactive force field and
then confirmed experimentally."” First principles calculations based on the density
function theory (DFT) have also been used to identify possible reaction paths, although

h.'> 1® These combined

the actual path may deviate from the predicted equilibrium pat
experimental and computational efforts have greatly enhanced our knowledge of the
conversion reaction but key issues such as the ionic and electronic transport mechanisms
and pathways remain undetermined. For example, MD simulations that reproduce the
formation of the crystalline Fe-metal nanoclusters and LiF crystal during conversion also

4

show the self-limiting nature of the conversion.'* Additional reaction pathways must
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exist for continued conversion. Furthermore, the actual roles of ionic and electronic
transport are still mysterious, and the mechanisms leading to the unique morphology
observed experimentally'’® are not fully understood. Answers to these questions are
critical to our understanding of the conversion reaction, unfortunately are undeterminable
experimentally, hence requiring MD simulations using an accurate reactive force field.

In this work, a charge dependent embedded atom method (Q-EAM) is developed in
concert with a dynamically adaptive reactive force field.'"* With this approach, the
conversion reaction in an FeF, nanoparticle is studied. The interfaces between FeF, and
the electrolyte are ignored since the current study concerns Li starting at the nanoparticle
surface, the reaction within the FeF, nanoparticle, and transport in the product phases. A
clear atomistic picture of the reaction is revealed, and the nanostructures that evolve in the
simulations are in close agreement with those observed experimentally."> More
importantly, while electronic conduction is generally not accessible by an MD simulation,
we show here that by utilizing this dynamically adaptive approach, the role of both ionic
and electronic transport during the conversion can be identified. The ionic transport is
observed to depend subtly on the electronic transport. Different transport pathways are
observed at different stages of conversion, which is closely related to the local structures
formed during the reaction. The effects of interfacial diffusion have also been explored
and are believed to be important in determining the final geometry of the converted

structure.

2. Theory and Model

2.1 The charge dependent embedded atom model (Q-EAM)

Metallic iron forms during the conversion reaction in iron fluoride. The embedded
atom method (EAM) has been widely used in the simulation of metals including iron.

EAM potentials have the general form as given below:
1
EEAM =2V + X F(p) )

where V;; is the pair energy function between atom i and j , and F is the embedding

energy which is a function of the electron density p;. The electron density is defined as:
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pi =X pij(1ij) 3)
where p;; is the contribution to the electron density of atom i from atom ;j separated by a
distance r;;.

In this work, the EAM potential reported by Chamati et al. '’ was used. However, the
Fe bonding may be significantly different from a metallic one during the conversion
reaction. For example, Fe atoms close to Fe/FeF, interfaces may be positively charged
due to possible charge transfer between Fe atoms and their neighbouring F atoms. In this
case, the Fe bonding becomes partially ionic, which is beyond the capability of general
EAM potentials. To this end, a charge dependent embedded atom model is developed by

introducing a charge dependent switching function fj;, as given below:

EQ-EAM — =3 f.iVij + X F(p) )

pi = X fijpij )

7= Lo (49 _ 0550022 6
)=3 =055 /0. 6).

When charges are all zero, the switching function approaches one and it reduces to the
original EAM potential.

Furthermore, as metallic iron forms during conversion, a potential is required which is
able to evolve continuously from the ionic bonding in FeF,, which is described by the
sum of a short range repulsion £ and electrostatic interaction £, to the metallic one
in iron as described by the Q-EAM potential. Thus, the Fe-Fe potential is written as

follows:

E

Fe-Fe

_ _ rep Q-EAM ele
=(1-f)E™" +E +E 7

Although a similar approach has been previously reported,'* the metal potential employed
failed to reproduce the correct body-centered cubic (BCC) structure of the metallic iron
formed during the conversion. The current approach, on the other hand, reproduces
accurately the crystalline structures of all the phases involved in the reaction.
Furthermore, the previous potential predicted surface energies that are two times larger

than the experimental data. Since the reaction is initiated on the surface, a proper
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description of surface energetics is important to correctly reproduce the reaction pattern.
This new potential leads to greatly improved surface energies. The details of the surface
energy calculations have been previously reported,’ and the calculated surface energies

are summarized in Table 1, along with available experimental and theoretical data.'* >

Table 1 Calculated surface energies (J/m?)

MD | DFT | Exp. Theory

FeF2 | (001) | 0.76 | 0.50 ;
(110) | 0.60 | 0.36 -

Fe |[(001)]2.46 |2.38| 236"

(110) | 2.23 | -
(111) | 2.64 | -
LiF |(001)] 0.72 | 0.32 0.20-0.5%°

To further test the validity of the current potential, first principles DFT calculations are
performed to obtain the ionic diffusion barriers since no experimental data are available.
However, due to computational restrictions, only the lithium diffusion barrier in perfect
lithium fluoride (LiF) crystal is calculated and compared with the MD result, while the
rest of the data are predicted by MD simulations. The DFT calculations are performed
using the nudged-elastic band method as implemented in the Vienna ab initio Simulation
Package(VASP).?"** The projector augmented wave method> is used and the exchange
correlation potential is described by a generalized gradient approximation with the

Perdew-Burke-Ernzerhof parameterization.>*

2.2 Simulation methods

The diffusion barriers of Li in FeF, were previously reported.'* Since those previous
simulations showed a slowdown of the conversion process after formation of the
crystalline LiF and Fe-metal products, the diffusion of Li in these product phases is
performed here, along with conversion in FeF, nanoparticles. The role of F diffusion is
not considered in this work since it is less important compared to Li diffusion and F
migration distances are minor. It is the Li that must enter the crystal to reach the F. At

early stages of reaction, the reaction is driven by Li diffusion. After the formation of
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crystalline LiF, continued reaction requires transport of Li instead of F to regions inside
the particle.

To study the diffusion barrier in bulk LiF, a lithium ion is placed in a channel. Due to
the cubic symmetry of LiF, diffusion along the [100], [010] and [001] channels are all
equivalent. For simplicity, only diffusion along [001] channel is reported. The
crystallographic directions [100], [010] and [001] are denoted as X, y, and z, respectively.
The lithium ion is then moved incrementally along z by 0.02 A. At each z coordinate, a
damped molecular dynamics approach is used to minimize the total energy of the system.
The x and y coordinates of the diffusing ion are allowed to relax while z is kept fixed. The
charge of the diffusing Li ion is determined according to the electronegativity

equalization principle.?> >

It should be pointed out that the electronegativity equalization
method assumes no electronic barrier’’ such that the charge on the Li* ion is able to reach
its equilibrium value. However, both the reactant (FeF,) and the product (LiF) are
electronically insulating and significant electronic transport is not expected (except after
the formation of metallic iron). Considering, for example, a relatively simple case where a
Li" diffuses in a bulk LiF crystal, the interstitial Li" creates a defect level close to the
conduction band minimum (CBM). Since LiF has a large band gap of 13.6 eV,*® it is
unlikely that any electrons in the valence band can be excited to the defect level. In other
words, a Li ion will remain as an ion unless an electron diffuses from outside to the
vicinity of this ion. For this reason, a fixed Li charge model is also studied where the
charge of the diffusing Li" is kept constant at 0.84, which is the equilibrium charge of a Li
ion in LiF. However, the rest of the system is relaxed according to the electronegativity
equalization principle since no electronic transport is required during the charge
equilibration. Comparison of the two scenarios could give an indication of the effects of
electronic transport during the reaction, which is otherwise not accessible in traditional
fixed charge simulations where all the atomic charges are fixed during the simulation (i.e.
no charge transfer or transport).

In some cases an exchange between this original diffusing Li and a lattice Li occurs in
which two scenarios are used: one in which this initial Li is continually moved, and two,
after the exchange, the exchanged Li that is now in a channel is moved and not the

original Li. Exchange is only observed in the case of using a fixed-charge Li ion, so after
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exchange, whether the original Li is continued to be moved or the exchanged Li is moved,
either is moved as a fixed-charge Li. In the case of surface diffusion, the Li ion is placed
2 A above the surface and then marched into the surface. In all cases, the energy of the
system as a function of the diffusion length is recorded and the diffusion barrier is
calculated at the end of each relaxation step.

MD simulations are then used to study the conversion reaction in an FeF, nanoparticle.
The actual shape of a nanoparticle depends on the surface energies, preparation history,
etc. For simplicity, we choose two low energy surfaces (001) and (110) to construct the
particle which is terminated with (001) surface along +z direction and (110) surfaces
along +x and =y directions. For comparison, a larger particle with a size of
Snmx5Snmx5nm and a smaller particle of 3nmx3nmx>3nm are studied. The particles are
first relaxed in vacuum for 30 ps, then reflecting boundaries are added around 1.5 A away
from each surface of the particle. During discharge in real systems, there is an energy
lowering which drives Li ions from the anode to the cathode, and Li" ions are inserted
into the FeF, particles from the carbon matrix. Since the current simulation only considers
the cathode, such a process is simulated by randomly generating Li" ions along the
reflecting boundaries. For real systems, transport is also limited by the behaviour of
electrolytes and electrolyte/electrode interfaces. Experimentally, the electrode reaction is
very fast, but at a macroscopic scale. It is not possible to simulate such a timescale from
MD. As a result, our MD simulations are based on a very high reaction rate by adding
lithium directly to the system. The reflecting boundary is used to prevent any added Li
ions from leaving the interface region, enabling them to react with the nanoparticle. For
the smaller particle, a complete discharge requires 3456 Li' ions that are generated at a
rate of 36Li"/10ps. For the larger particles, 8192 Li' ions are required for a complete
discharge, and a rate of 64 Li'/10ps is studied. The positions of the reflecting boundaries
are changed to allow for volume expansion during the reaction. In our simulations,
volume expansion of around 40% is observed. The evolution of the structure is then

recorded and analyzed. For all the MD simulations, a time step of 1fs is used.

3. Results and Discussion

3.1 Li diffusion barrier in bulk LiF
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Since the whole reaction depends critically on Li transport, the Li diffusion barrier in a
LiF crystal was first calculated. The general observation is that LiF is not a good ionic
conductor, which has been previously confirmed by both MD simulations'* and
experimental observations.” As previously shown,'® the conversion reaction that very
quickly initiates on the FeF, surface upon exposure to Li ions is significantly slowed
down after the formation of crystalline LiF and Fe, consistent with a high diffusion
barrier. Surprisingly, DFT calculations give a relatively small diffusion barrier of Li in

bulk LiF, as shown in Figure 1.
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Figure 1. Li diffusion bulk in bulk LiF. Only the initial Li is moved here.
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Figure 2. Atomic configurations during an exchange viewed along [001] direction. Red and yellow
spheres are Li and F ions at lattice sites, while blue sphere is the diffusion Li" in the diffusion channel.
(a) initial configuration. Li ions close to the diffusion ion is slightly pushed away from their equilibrium
sites. (b) configuration before exchange and (c¢) configuration after exchange where the diffusion ion is
attracted into a lattice site kicking a Li ion into the channel. (a) and (c) are energetically equivalent, while
(b) is at a higher energy which gives the barrier for exchange.

In MD simulations, electronic transport seems to have profound impact on the barrier.
Assuming no barrier for electronic transport such that an electron diffuses into the system
and reaches equilibrium, a small barrier of 0.30 eV is observed, close to the DFT barrier
of around 0.45 eV. The charge on the diffusing Li" is partially reduced to around 0.6 with
this compensating electron. However, it is also possible that electronic transport is slow

and the charge on the diffusing Li ion cannot be equilibrated, creating the fixed Li charge
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model. Note that it is different from a conventional fixed-charge simulation since the rest
of the system is charge relaxed. In this case, after an initial small barrier, a sudden
decrease is observed, followed by a large increase of the barrier to around 1.2 eV. The
sudden decrease in energy involves an exchange of the diffusing fixed-charge Li" with a
Li on a nearby lattice site. The atomistic configurations during an exchange are shown in
Figure 2. Initially, the Li ions close to the diffusing Li deviate slightly from their
equilibrium positions (Figure 2a). As the diffusing Li continues to move along z, those Li
ions are pushed farther away (Figure 2b) until the exchange takes place where a Li ion at
a lattice site is knock out to a nearby channel and the site is occupied by the original
diffusing Li ion (Figure 2c). This originally diffusing Li" is trapped in the lattice site and
further diffusion of this ion is limited by the large 1.2 eV barrier. Of course, the ion that is
knocked out from its original lattice site is now ready to diffuse and its charge is now
fixed. The barrier is quite small (0.3 eV), although it cannot diffuse far before another
exchange takes place (Figure 3). Note the difference between the x-axis in figures 1 and
2. The unit cell dimension is 4A in this direction and the exchange occurs only in the first
2A of each cell. These observations suggest a subtle interaction between ionic and
electronic transport, which may in turn affect phase separation and the reaction pattern.
Even in the case of the fixed Li charge model, considerable Li diffusion in LiF is
expected through the exchange mechanism, although the speed would be lower than a

direct diffusion mechanism.
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Figure 3. Li" bulk diffusion barrier with exchange mechanism. Circles indicate the position of an
exchange. Arrows show that during the exchange, the new diffusing Li" has moved forward along the
diffusion direction and after exchange its energy is monitored, thus leading to a sudden increase in the x-
axis distance coordinates.
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Figure 4. Li" diffusion barrier on a LiF surface. Vertical solid line denotes the location of LiF
surface at 2A, bulk LiF is at larger distances. Li adatom started at 0A. In both cases, a surface
barrier builds up which prevents Li" from entering into the bulk. In the case of fixed Li charge, the
surface barrier is smaller (0.6 eV), however followed by a 2.5 eV barrier below the surface. Large
drops in energy caused by diffusing Li exchanging with lattice Li.
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Figure 5. (a) Energy of Li" surface exchange. Circles indicate the position of the exchange. Arrows show
that after exchange, the new diffusion atom is pushed away from the surface. Surface locates at 2.0 A. (b)
Top (left) and side (right) views of the inserting Li (large red) exchanging for the lattice Li (small red) in

LiF crystal surface. Yellow are F ions.

3.2 Li diffusion barrier into LiF surface

For Li to enter the LiF crystal, it must diffuse from outside the surface. While a real

system would have electrolyte or carbon matrix adjoining the cathode, the Li" ion must

10
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still enter the LiF crystal from a surface if transport through crystalline LiF occurs and the
current simulations only evaluate this scenario. Calculations of diffusion of Li into the
crystal from the outer surface show that there is a large barrier that prevents Li" from
entering into the crystal, as shown in Figure 4. Similar behavior showing that a large
surface barrier is accompanied by a small bulk barrier has recently been reported for Li
insertion in manganese oxides.’® In the case where the charge on Li is equilibrated, a
barrier of around 1.0 eV is observed before the exchange of the diffusing ion and the
lattice ion. After exchange, further diffusion of the original Li" ion is again faced with a
large barrier. In the case of fixed Li charge, a smaller barrier of 0.6 eV is observed before
exchange, followed by a large 2.5 eV barrier. Interestingly, the exchange mechanism on
the surface is quite different from that in the bulk. In the latter case, the lattice atom is
knocked out and pushed farther along the diffusion direction, thus enabling continued
low-barrier diffusion. In the case of surface diffusion, the lattice atom is not knocked into
the crystal after exchange but rather is knocked up to a terrace adsorption site, as shown
in Figure 5(b), with the energy barrier shown in 5(a). Further diffusion of the knocked out
atom into the crystal will then occur with the same barrier as the original diffusing Li
until another lattice atom is knocked away, again, from the surface. In other words, Li
does not readily diffuse into the bulk, which explains the lack of Li conductivity observed
experimentally. For the same reason, Li transport through iron (Fe) crystals is also not
possible. Indeed, an even higher surface barrier is observed in the simulated diffusion of
Li into the Fe crystal.

It should be noted that crystalline LiF and Fe® clusters form only at the later stage of the
conversion. Our previous studies show that Li can diffuse from the (001) surface down
the open channels in FeF, with a small barrier, with simultaneous structural instabilities at
the surface that enable Fe° clusters to form.'* Clustering of Fe leaves under-bonded F
ions that form a Li-F network region with the incoming Li ions. The Li-F network is
highly Li-deficient and is amorphous, enabling additional Li ions to transport through this
structure into the subsurface.'"* Our prediction of the presence of this amorphous phase
was corroborated in subsequent experiments.'> It is thus important to identify the effect
of Li deficiency in LiF on the diffusion barrier. To this end, different concentrations of Li

vacancies are generated by randomly removing Li lattice sites in a LiF crystal. The Li-
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deficient structure is then relaxed and the Li surface diffusion barrier is studied. It is
expected that the diffusion process is more complicated due to the existence of Li
vacancies. The diffusing atom can not only exchange with a lattice atom, but also be

attracted to a vacancy site. This complexity leads to large fluctuations in the energies as

shown in Figure 6.
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Figure 6. The effects of Li-deficiency on the Li surface diffusion barriers. Vertical solid line denotes the
location of LiF surface at 2A, bulk LiF is at larger distances. Li adatom started at 0A.
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Figure 7. Evolution of the local Li concentration during a conversion reaction in an FeF, nanoparticle. A

ratio of 1.0 indicates the correct stoichiometry in a LiF crystal. Smaller ratio indicates Li deficiency and
larger ratio indicates Li segregation. Empty regions are occupied by Fe clusters (not shown).
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Figure 8. Structural evolution of an FeF, nanoparticle exposed on all sides to Li ions during a conversion
reaction (red=Li, yellow = F, green=Fe). Notice that only one surface is depicted, the pattern is similar on
other surfaces.

3.3 The conversion reaction in an FeF, nanoparticle

The most important feature is that the surface barrier disappears and a driving force
builds up which enables Li diffusion. Increased vacancy concentration leads to increased
driving forces. This feature clearly suggests the importance of Li concentration in
determining the ionic transport during the reaction. For a numerical description of the
local Li concentration, we define the Li/F ratio as the ratio of the number of Li to that of F
within the third neighbour distance of each species. Such a ratio is close to 1 in a perfect
LiF crystal. The reaction in a 3nmx3nmx3nm FeF, nanoparticle exposed on all six sides
to Li ions is simulated and the evolution of the local Li/F ratio is shown in Figure 7. For a
detailed view of the reaction, snapshots at the corresponding stages of the reaction are
shown in Figure 8. Initially, Li" ions diffuse within the FeF, channels and no Li-F bond
forms (The starting FeF, configuration is given in Figure 8(a)). At this stage, the barrier to
Li" diffusion in FeF, is small, and no significant change in the parent FeF, structure is
observed which seems to support the existence of an intercalation stage. The experimental
evidence for this initial intercalation stage is scarce and it is argued that direct Li

intercalation into FeF, is not possible since reduction of Fe*" to Fe'" is unlikely. A recent
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solid state NMR study indicates the existence of an initial intercalation, although it is
justified by an assumed presence of Fe’" impurities.'”” However, as we have shown
previously,'* insertion of a Li" does not necessary mean reduction of a single Fe** to Fe'".
Both DFT and MD simulations show that when a Li" ion diffuses into FeF,, the
accompanying electron is shared among multiple nearby Fe®" ions as observed by a slight
decrease in their atomic charges.'® In other words, Li intercalation is supported by
changes in the local electronic structure. However, such changes lead to structural
instabilities in the Fe-F bonding. As more Li" ions arrive, charges on some Fe*" ions are
further decrease which effectively is equivalent to a 1+ state. Such a state is unstable and
is immediately reduced to zero as seen by the breaking of Fe-F bonds. These reduced Fe’
atoms are attracted toward each other and form the nuclei upon which Fe nanoparticles
grow. At the same time, Li-F bonds are observed. Distribution of the bonded Li-F region
is roughly uniform on the surface as Li" enters the FeF, parent particle randomly. The
structure of the Li-F region is amorphous since Li" is deficient and the local Li/F ratio is
only around 0.5 (Fig. 7(b)). Fe’ clusters also show an amorphous structure(Fig. 8(b)).
Driven by surface energy reduction, some initial coarsening of the smallest Fe” clusters is
observed. At this early reaction stage, all of the clusters are relatively small with a
diameter less than 1 nm, consistent with experimental observation."> As indicated from
the above calculations on the surface driving forces in defective LiF, substantial Li"
transport is expected through the Li-deficient region that results in a steady increase in the
local Li/F ratio. Once this ratio is close to 1.0, crystalline LiF regions are observed (Fig.
7(c-d)). Some crystalline region has also been observed in Fe’ clusters (Fig. 8(c)).

It seems that the reaction would have stopped here due to the surface barrier after the
formation of crystalline LiF, leaving FeF, underneath the surface region unreacted. Notice
that the Fe clusters are rather small (Fig. 8(c) where the size of the system is ~3nm) and
are randomly distributed on the surface region at this stage. Coarsening of the Fe
nanoparticles is also not possible since Fe atoms cannot diffuse through the crystalline
LiF region. It can be seen from Figure 8 that after formation of the LiF crystal, only
limited lateral growth of the Fe clusters is observed (Figs. 8(c-f)). Indeed, continued
addition of Li ions causes Li" segregation on the outer surface, as seen by the increase of

the local ratio from ~1.5-2.0 (Fig. 7(d-f)). However, although much slower, the reaction
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does not stop as evident from the further growth of the polycrystalline LiF region (Figs.
7(d)-(f) and Figs. 8(d)-(f)), which suggests the existence of other diffusion channels. The
only such channels left are thus the interfaces between the crystalline LiF and the Fe
cluster. To identify the possible interfaces, interfacial energies for different combinations
of LiF and Fe orientations are studied and the results are listed in Table 2. The Li"
diffusion barriers along these interfaces are also studied. All the barriers are quite high
(around 2.0 eV) except for one case: Li" diffusion along the Fe(111)/LiF(001) interface,
as shown in Figure 9. Again, electronic transport seems to play an important role here. If
the charge on the diffusing Li" is fixed, a large barrier of 1.0 eV is observed. On the other
hand, the barrier reduces to 0.3 eV if the charge on the Li" is equilibrated by migration of
a compensating electron. Would it be possible for the electrons to reach the interfacial
region and thus reduce the Li" diffusion barrier? If possible, what’s the electronic
transport path? The newly formed Fe crystalline region could provide sufficient electronic
conductivity to allow electrons to reach the interfacial region. As more Li ions arrive at
the reaction front through the interface, FeF, below the surface reaction region starts to
decompose. Reduced Fe atoms are attracted toward the Fe cluster, while Li and F are
attracted toward the LiF crystal for further growth. As such, the reaction front propagates
into the bulk, and both Fe and LiF crystals continue to grow. In other words, the Fe
nanoclusters are able to grow inward rather than coarsen laterally with their neighboring
clusters because that is prohibited by the LiF phase separating them. As the inward
growth continues, some Fe clusters from different surfaces come into contact and form a
percolated structure. Also the orientation of the Fe clusters is largely coherent, which
could be a result of the limited diffusion of Fe. Since a single grain of the FeF; is studied,
as the Fe-sublattice in the parent FeF, structure collapses, the BCC structures that form
share the same orientation.'” Such a process requires the minimal Fe diffusion. Upon full
conversion, a continuous, coherent Fe network forms as shown in Figure 10. Notice that
the sizes of the Fe particles are generally around 1~3 nm, which is also consistent with
experimental observation.'” The interconnected Fe network is believed to be important in
the reversibility of the reaction. Such a unique morphology is thus largely a result of the

interplay of ionic and electronic transport along the Fe/LiF interfaces.
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Table 2. Calculated interface energies (J/m?)

Interfaces Orientation MD
(001)/(001) 2.59

Fe/LiF (111)/(001) 2.72
(110)/(001) 2.04
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Figure 9. Li" diffusion barrier along the Fe(111)/LiF(001) interface.

Furthermore, this subtle interplay between the ionic and electronic transport seen in
these simulations also determines the structures of the Fe/LiF interfaces. The final
interfacial geometry is dominated by both the Fe(110)/LiF(001), which is expected due to
its smaller interfacial energy, and the Fe(111)/LiF(001) interfaces. The fact that such a
high energy interface exists is quite interesting and we believe it is largely an effect of the
electronic transport. Initially, when the Fe/LiF interface forms, it is expect that most of
them are Fe(110)/LiF(001) interfaces since they are energetically more favorable.
However, the interfacial diffusion barrier is extremely high for Li. The further growth of
the Fe(110)/LiF(001) interface is thus limited. On the other hand, even though
Fe(111)/LiF(001) is scattered initially, it provides an additional transport path and thus is
able to grow even though the interfacial energy is relatively high. These observations
demonstrate that the structures of the phases involved in such complex electrochemical

reactions may differ significantly from their thermodynamic equilibrium.
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Figure 10. The interconnected Fe network after reaction of FeF, to Li (LiF and remaining FeF, not shown
here) for (a) a 3nmx3nmx3nm cluster and (b) a Snm*x5nmx5nm cluster.

The whole reaction can be divided into a ‘“fast” initial intercalation stage, an
intermediate surface reaction stage and a “slow” bulk reaction stage. Different transport
pathways exist at different stages of reaction. The intercalation stage is supported by a
change of the local electronic structure near the inserted Li', rather than the reduction of
Fe® ions. At this stage, fast ionic transport is expected due to the existence of the low
barrier open channels in the parent FeF, structure.'® In the surface reaction stage, the Li
concentration plays a key role and a driving force exists which enables continued ionic
transport. However, this driving force decreases with increasing local lithium
concentration that implies decreasing reaction speed. Electronic transport seems to be less
important at this stage because it may be a surface phenomenon. In any case, significant
electronic conduction is not possible since both the parent FeF, and the reactant LiF are
insulating, although electronic transport is possible through, for example, defect or
tunneling effect. However, with the growth of crystalline Fe’ clusters and the formation of
the continuous Fe’ network, electronic transport is then effective in reducing the
interfacial diffusion barrier that is important for the, albeit slow, bulk reaction and nearly

complete conversion reaction observed experimentally.

4. Conclusion

The conversion reaction in FeF, nanoparticles has been studied by molecular dynamics
simulation with a dynamically adaptive force field and the barriers to Li" transport
relevant to the different stages of reaction have been determined. A complete atomistic

picture of the conversion reaction that is consistent with available experimental
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observations is obtained. Different stages of reactions are identified, and the mechanisms
are discussed. Furthermore, the role of ionic and electronic transport has been
investigated, and a subtle interplay is found to determine the overall reaction pattern,
which suggests the importance of considering both ionic and electronic transport when

dealing with these kinds of complex electrochemical reactions.
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