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A B S T R A C T

Using LiI nanoparticles as the active material is a promising way to improve the performance of the Li-I2
battery. In this study, a first-principles approach is employed to reveal the reaction mechanism of an ultra-small
LiI nanoparticle, represented by a Li14I14 cluster, with and without nanoconfined environment. This study is the
first time to report that there are polyiodides longer than I5

− as intermediate products. For the free Li14I14
cluster, the super-long polyiodides (I11

− and I13
− ) are observed at the deep state of charge (delithiation). However,

the super-long chains are converted to a compact I14 cluster at the end of delithiation process. The theoretical
open circuit voltage between the I14 and Li14I14 clusters exhibits three plateaus. The highest plateau
corresponds to the conversion between the compact I14 cluster and super-long chain-like polyiodides, and
the wide medium-voltage plateau is attributed to the transmission between super-long chains and short chains.
When the Li14I14 cluster is confined in a (14, 0) single wall carbon nanotube (weight ratio of LiI is 38%), the
nanoconfined effect can change the cluster to one-dimensional LiI nanowire. The nanoconfined environment
can eliminate the voltage plateau above 3 V, because the nanoconfined effect prohibits the formation of super-
long polyiodides and the final charge products are Ix = 2, 3, 5 molecules.

1. Introduction

Vehicle electrification and large-scale stationary energy storage
urgently demand rechargeable batteries with high energy density, low
cost and long service life [1–3]. Lithium-ion (Li-ion) batteries have
acquired brilliant achievements since 1990s. However, cathode mate-
rials based on Li intercalation mechanism currently act as the bottle-
neck blocking the improvement of batteries’ capacity and energy
density [4]. In this regard, it is necessary to develop rechargeable
Li batteries based on electrochemical conversion reaction mechanism
[5–7].

Lithium-iodine (Li-I2) batteries based on the conversion reaction
between I2 and LiI are promising next-generation energy storage
devices due to the low fabrication cost, stable cyclability and decent
energy density [8–11]. Comparing with lithium-sulfur (Li-S) batteries,
the Li-I2 system can deliver a high discharge voltage and achieve a
faster reaction rate [12]. However, the shuttle effect, which impedes the
commercialization of Li-S batteries, is also a crucial challenge for the
practical application of rechargeable Li-I2 batteries [13]. Aiming at

improving the performance of Li-I2 batteries, great efforts have been
performed to alleviate the shuttle effect caused by the dissolution of I2
and I3

−. As with Li-S batteries, using nanostructured cathode hosts and
surface decoration are effective approaches to prohibit the shuttle effect
[14,15]. Ma and colleagues developed a nitrogen-doped graphene
interlayer to prevent the migration of iodine species from the cathode
side to the anode side [16]. Lu et al. reported that nitrogen and
phosphorus co-doped graphitic carbon as the cathode host could
improve the performance of the Li-I2 battery, because heteroatoms
could provide strong affinities to immobilize I2 and I3

− [11]. Zhao et al.
found that nanoporous carbon can physically trap iodine species [9].

Another key challenge for fabricating iodine-based cathode is that
iodine is sublimable at room temperature. To address this issue, LiI is
employed to fabricate the cathode, because LiI exhibits higher melting
and boiling points, which make heating accessible during fabricating
the cathode [17]. As reported by Ref [17]., LiI imbedded into reduce
graphene oxide (rGO) framework could still deliver 200mA h/g
capacity at 0.5 C after 100 cycles, and the hysteresis of the LiI@rGO
cathode is smaller than 0.06 eV. Wu et al. synthesized meso-micro
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porous carbon polyhedrons (MCP) as the cathode host for LiI
nanoparticle, and found that LiI@MCP can achieve an excellent rate
capability and stale cycling performance [18]. The LiI-based cathode
can also be coupled with metal-free anodes to avoid safety issues
caused by the Li dendrite growth [19].

The pioneering experimental investigations on LiI cathode pave a
new way for improving the performance of Li-I2 batteries. Inspired by
knowledge from Li-S batteries, we believe that decreasing the size of
active material nanoparticle to nanometers, even to the molecular
scale, is a promising strategy to improve the cell performance [20,21].
In addition, a smaller nanoparticle size can enhance the charge
transport kinetics [22,23]. Our current study is proposed to reveal
how a sub-nanometer LiI nanoparticle behaves as the cathode active
material in the Li-I2 battery, and predict the electrochemical perfor-
mance of such a small nanoparticle. In addition, the confinement effect
on the ultra-small LiI nanoparticle is evaluated.

This study was proposed to use the ab-initio molecular dynamics
simulation and density functional theory (DFT) analysis to unravel the
reaction mechanisms of delithiating a LiI nanoparticle smaller than 1
nm. Theoretical simulation techniques have been widely used for
understanding physiochemical properties of lithium polysulfides in
Li-S battery cathodes. Using a first-principles approach, Zhang et al.
predicted that polarized transition metal sulfides can provide strong
affinity to polysulfides [24]. Liu et al. reported that silicene and Ti2Si
monolayer as cathode host materials not only can immobilize poly-
sulfides but also facilitate reduction and dissociation of long-chain
polysulfides to short chains [25,26]. Going beyond silicene and
graphene, other monolayer materials including borophene, phosphor-
ene and C3B can also potentially serve as cathode host materials for
suppressing polysulfide dissolution and adverse shuttle effect [27–29].
Mukherjee and collaborators predicted that solid Li2S2 exhibits much
higher electronic conductivity than Li2S [30]. Recently, Wang et al.
successfully fabricated a Li-S battery based on Li2S2 and achieved high
sulfur loading [31].

2. Results and discussion

In this study, we hypothesize that the Li2S nanoparticle smaller
than 1 nm is amorphous because the periodic atom arrangement can be
destroyed at this length scale. In addition, previous studies on lithium
peroxide (Li2O2) also demonstrated that the amorphous phase pos-
sessed faster charge transfer kinetics [32,33]. A recent study on
sputter-deposited lithium sulfide also demonstrated that the amor-
phous Li2S nanofilm as cathode material was more active than the
crystalline Li2S nanofilm in the Li–S battery [34].

The strategy to generate the nanoparticle was adopted from our
previous study [35]:

(1) Employ the melt-and-quench approach [32] to generate amor-
phous LiI based on crystalline (3 × 3 × 3) LiI supercell as shown in
Fig. 1.

(2) Generate a sphere with a radius of 0.5 nm at the center of the
amorphous LiI, and remove atoms beyond the sphere. A Li14I14
cluster can be obtained at this step.

(3) Put the Li14I14 cluster in a 20 × 20 × 20 Å3 cubic box. The cluster
was roughly relaxed by AIMD at 300 K for 3 ps. After AIMD
simulation, the cluster structure was then refined by DFT simula-
tion.

It is worth noting that the final state of the Li14I14 cluster predicted
by the present approach is not sensitive to the initial structure.
According to our previous study on Li20S10 cluster, different initial
structures will lead to the similar optimized structures with the same
binding energies [35], and the binding energies also agree well with the
binding energy of the Li20S10 structure predicted by CALYPSO [36].

The structure evolution of delithiating a free Li14I14 nanoparticle is

demonstrated in Fig. 2. The strategy described below is employed to
mimic the delithiation process:

(i) Find four Li atoms which are the most far away from the mass
center of the LixI14 cluster and remove two of them. We have six
different combinations and we will get six Lix-2I14 clusters with
different configurations.

(ii) Relax each cluster using AIMD at 300 K for 3 ps with a time step
of 1.5 fs, and then optimize the structure using more accurate DFT
simulations.

(iii) Pick up the Lix-2I14 cluster with the lowest total energy and repeat
(i) and (ii).

To characters the morphological property of the cluster, the radius
of gyration (Rg) of the cluster is also estimated as

R
m r
m

=
∑
∑

,g
i i i

i i

2

(1)

where mi is the mass of the ith atom, and ri is the distance of the ith
atom to the mass center of the cluster.

For the Li14I14 cluster shown in Fig. 2(a), the radius of gyration is
4.55 Å. Given that the radius of the initial structure taken from
amorphous is 5.5 Å, it can be inferred that the structure relaxation
leads to a significant contraction. This phenomenon is also observed in
our previous study about ultra-small Li2S nanoparticle [35]. In crystal-
line LiI, each I atom coordinates with six Li atoms; In the Li14I14
cluster, however, each I atom only coordinates with three or four Li
atoms. It is obvious that atoms are not fully coordinated, and dangling
bonds can result in the contraction of the structure [37]. According to
the present study, the Li–I bond length in the Li14I14 cluster is about
2.74 Å, which is about 0.16 Å shorter than the Li–I bond in the

Fig. 1. (a) Temperature profile of the melt-quench strategy for generating amorphous
LiI. Snapshots depict the structure of crystalline LiI at t 0= ps and the structure of
amorphous LiI at t 60= ps. For T < 2400 K, each simulation runs 3 ps. For T = 2400 K,
the simulation runs 6 ps. (b) The radial distribution function of Li-I pair in amorphous
LiI.
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amorphous LiI, and 0.26 Å shorter than the Li–I bond in crystalline
LiI [38].

In the present study, the first delithiation step produces the Li12I14
cluster as shown in Fig. 2(b). It is interesting to find that the triiodide
chain appears at the early stage of the delithiation process. The Bader
charge analysis [39,40] is performed to estimate the ionic state of the
trimer, and it is found that the trimer is negatively charged by 1 |e| as
I3

−. Previous experimental studies have demonstrated that I3
− is the only

intermediate product between redox ends in Li-I2 [9,16,41], Na-I2 [42],
K-I2 [43], Mg-I2 [44,45], Zn-I2 [46], and Al-I2 [47] batteries. According
to our simulation, a free I3

− chain exhibits the linear and symmetrical
with a 2.97 Å bond length, which is a little shorter than the I2 molecule
[13,48]. However, in compounds, the form of I3

− is dependent on the
nature of cation [49]. For example, TlI3 has the asymmetrical triiodide,
in which two I–I bonds are 3.03 Å and 2.83 Å, and the bond angle is
177° [50]; but KI3·H2O has the symmetrical triiodide whose I–I bonds
are both 2.93 Å [51]. In the Li12I14 cluster shown in Fig. 2(b), I3

− is
roughly symmetrical but not linear, in which I–I bonds are 2.93 Å and
2.95 Å with a bond angle of 169°. According to the molecular orbital
theory, the extra electron should be localized at the antibonding orbital
of the 5pz pair from terminal I atoms. Bader charge analysis shows that
the extra negative charge is evenly distributed to two terminal I atoms.

As shown in Fig. 2(c), another I3
− appears in the Li10I14 cluster. It is

interesting that the geometric symmetry of I3
− decreases. In these two

triiodides, the longer I–I bonds are 3.02 Å and 3.05 Å, and the shorter
I–I bonds are 2.90 Å and 2.87 Å. According to the Bader charge
analysis, it is interesting to find that the central I atom is always
neutral whatever the symmetry of the I3

− is. The extra negative charge
evenly shared by two terminal I atoms when the polyiodide is
symmetrical (Fig. 2(b)). For the asymmetrical I3

−, the terminal I atom
corresponding to the longer bond possesses more negative charge.

At the ~ 40% depth of charge (delithiation), a long polyiodide chain
consisting of five I atoms in a “V” shape is observed in the Li8I14
cluster. In the present study, the I–I bonds involving the central I atom
are longer than bonds involving terminal I atoms. These fashions of I5

−

observed by the first-principle simulation agree well with the experi-
mental measurements [49]. The formation of the long-chain I5

− can be
attributed to the oxidization of two I− anions adjacent to a I3

− anion as

eI +2I −2 = I .3
− − −

5
− (2)

According to the Bader charge analysis, the extra negative charge
mainly accumulates around the central atom and two terminal atoms of
the I5

− anion. It is worth noting that previous experimental studies
proposed that I3

− is the only intermediate product in metal-I2 batteries

[9,16,41–47]. Quite recently, Meng et al. developed a polyvinylpyrro-
lidone (PVP) cathode host as the I2 host, and reported firstly that I5

− is
an intermediate product at the late stage of the first charge cycle and
the initial stage of the second discharge cycle [52]. Our present
simulation results strongly supported Meng et al.’s finding.

As the delithiation process goes (Fig. 2(e) to Fig. 2(g)), the I5
− anion

can merge with I3
− and I− ions, leading to forming a super-long

polyiodide chain. The I–I bond length in the super-long chain varies
from 2.85 Å to 3.06 Å. As the case of polyiodides shorter than I5

−, the −
1 |e| charge is not evenly distributed to all iodine atoms. Snapshots in
Fig. 2 demonstrate that polyiodides (I3

−–I13
− ) always combine with LiI in

the clusters via strong Li–I bonds. The previous theoretical prediction
[35] and experimental study [53] also found this phenomenon in Li-S
batteries based on nanostructure Li2S cathodes.

At the end of the delithiation (charge) process, the super-long chain
polyiodide shrinks to a compact I14 cluster (Fig. 2(h)) with a radius of
gyration of 3.03 Å. The average I–I bond length in the I14 cluster is
2.72 Å, which is slightly longer than the bond of the free I2 molecule,
but shorter than the bonds of polyiodides predicted in the current
study. Recently, Kim et al. synthesized a reduced graphene oxide
(rGO)/LiI composite as cathode and found that the final charge
product was I2 [17]. It is worth noting that the I chemical potential
for the I14 cluster (μI

I14) is around − 1.35 eV per I atom under zero-
Kelvin first-principles condition; however, the theoretically calculated I
chemical potential for the free I2 molecule (μI

I2) is − 1.32 eV per I atom.
It can be inferred that forming compact iodine cluster is energetically
favored than forming I2 molecules. The chemical potential for I in the
infinite-large crystalline bulk (μI

bulk) is − 1.45 eV per atom, which is
lower than the other two cases. However, for a crystalline iodine
particle, specific surface area always increases with decreasing the
particle size, which leads to many dangling bonds as well as high
surface energy. Transferring crystalline structure to the condense
amorphous structure can make an atom coordinate with more atoms
and lower the energy of the system.

The delithiation process of the ultra-small LiI nanoparticle is quite
different from that of the Li2S nanoparticle. During the delithiation
process, the polyiodide chain continually grows longer, and the chain
becomes cluster as the final product as shown in Fig. 2(h). However, for
the ultra-small Li2S nanoparticle, the final product is the cyclo-ring.
Also, the local disproportionation and reduction reactions, which
shorten the length of polysulfides, occurs during the delithiation
process although the entire delithiation process is an oxidization
reaction for sulfur species [35].

The radius of gyration as the function of Li content is plotted in

Fig. 2. The structure evolution during the delitiation process from the Li14I14 cluster to I14 cluster. The violet sphere represents the Li atom. The blue sphere represents the I atom which
is either neutral or negatively charged by one electron. The green spheres represent I atoms in I3 polyiodides. The yellow spheres represent atoms in I5 polyiodides. Light gray spheres
represent I atoms in Ix polyiodides with x 5> .
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Fig. 3 for charactering the evolution of the cluster morphology during
the delithiation process. Beyond the redox ends, the intermediate
products exhibit a negative delithiation-induced compaction rate
(lithiation-induced expansion rate). This trend is oppositely to the
delithiation of an ultra-small Li2S nanoparticle. According to our
previous theoretical study, the radius gyration of the LixS10 cluster
tends to decrease as the number of Li atom decreases [35]. As shown in
Fig. 3, the radius of gyration of the oxidization end I14 drops
significantly due to the phase transition of super-long chain to the
compact cluster.

Previous theoretical studies on Li2S and Li2O2 showed that
although their bulk phases acted as insulator, their surface states
exhibited metallic properties [54,55]. As the particle size decreases, the
specific surface area increases significantly. In addition, the nanopar-
ticle considered in the present is amorphous. Disordering lattice sites
may also change the electronic structure. Fig. 4 depicts density of states
of LixI14 clusters with different Li content. It is found that these clusters
still act as insulators for electron transfer.

In previous studies on metal-I2 batteries, only I3
− was identified as

the intermediate product by Raman analysis. Recently, Meng et al.
detected I5

− anion using in-situ Raman analysis when studying the
reaction mechanism of a PVP-I2 cathode [52]. They found that the

strong attractive interaction between I5
− and PVP is helpful for

stabilizing this long polyiodide. In earlier experimental studies on
metal-I2 batteries, graphitic carbon-based materials were usually used
as cathode host materials. Graphitic carbon cannot prohibit the
dissolution of long polyiodides into the organic electrolyte. The
dissolved long polyiodides are not stable and can dissociate to I3

− and
I2 in organic electrolyte systems.

Fig. 5 depicts the Raman spectra of Li12I14, Li8I14 and Li4I14
calculated by the vasp_raman.py code developed by Fonari and
Stauffer [56]. Li12I14 only has one peak located between 100 cm-1

and 120 cm-1, which is related to the symmetrical I3
− [57]. As shown in

Fig. 2(d), the Li8I14 cluster has I3
− and I5

−. In the Raman spectra for
Li8I14, we can also observe the peak between 100 cm-1 and 120 cm-1,
which represents the I3

− anion. Another peak in the Raman spectra of
Li8I14 is located between 140 cm-1 and 160 cm-1. This peak is from the
outer stretch vibration of the bent I5

− as reported by Nour et al. [57].
Fig. 2(f) clearly shows that Li4I14 has a polyiodide chain with 11 I
atoms. According to Nour et al.'s opinion, I11

− can be treated as the
combination of a pentaiodide and two triiodides. By comparing the
current theoretical spectra of Li4I14 with Nour et al.'s result, it can be
inferred that the small peak located around 102 cm-1 is contributed by
the inner stretch vibration of bent pentaiodide. In addition, the peak
around 130 cm-1 is attributed to the asymmetrical triiodide.

The formation energies of intermediate products are calculated
respecting to redox ends as [58]:

E E xE x E= − 1
14

( + (14− ) ).f iL I Li I Ix 14 14 14 14 (3)

Here, ELi I14 14
, EI14

and ELi Ix 14 are energies of Li14I14, I14 and
intermediate products, respectively. The formation energies are plotted
in Fig. 6(a). The species located at the convex hull is thermodynami-
cally stable and will not decompose [59]. By assuming the discharge
(lithiation) process and charge (delithiation) process experience the
same intermediate products, the open circuit voltage (OCV) profile
versus metallic Li anode can be estimated as [60]:

E y x μ

y x
U = −

− E − ( − )

−
,

Li I Li I Liy x14 14

(4)

where μLi is the energy of a Li atom in the body-centered cubic phase.
As shown in Fig. 6(b), the profile exhibits three plateaus. LiI-embedded
porous carbon [18] and rGO/LiI composite [17] were tested as cathode
materials for Li-I2 batteries, and both of these studies demonstrated
that the voltage profiles of LiI-based cathodes go through three stages
during the charge or discharge cycles. To clearly elucidate the relation
between the voltage and polyiodides, we go through the profile shown
in Fig. 6(b) from the I14 state to Li14I14 state. The voltage profile starts

Fig. 3. The evolution of the radius of gyration during the delithiation (charge) process.

Fig. 4. Total density of states LixI14 clusters.

Fig. 5. Raman spectra of Li12I14, Li8I14 and Li4I14 predicted by the current theoretical
calculations.

Z. Liu et al. Energy Storage Materials 17 (2019) 211–219

214



with the highest plateau of 3.38 V, which corresponds to the phase
transition from the compact I14 to the super-long chain-like Li2I14. By
revisiting Fig. 2, we can find that the long-chain polyiodides are
gradually reduced to I3

− and I− anions in the second plateau, and the
long-to-short polyiodide conversion makes a main contribution to the
voltage profile. At the end of the discharge process, all anions are
reduced to I−, which gives the lowest plateau of 2.16 V. In general, the
following reaction equations can be used to describe the discharge
process:

I +2Li +2e = LiI + LiI , U = 3.38V14
+ −

13

LiI +10Li +10e = LiI +10LiI, U = 2.25V13
+ −

3

LiI +2Li + 2e = 3LiI, U = 2.15V3
−

Recently, Meng et al. fabricated a Li-I2 battery with polyvinylpyr-
rolidone-iodine (PVP-I2) composite as cathode material, and three-
plateau voltage profile was also observed [52]. They reported that the
highest voltage was attributed to the formation of long-chain I5

−. In Li-S
batteries, according to both modeling analysis [61] and experimental
studies [62], the highest plateau also corresponds to conversion of solid
S8 to long-chain lithium polysulfides; then the reactions producing
short polysulfides leads to the second plateau; and finally discharge
reactions stop at the formation of Li2S. During the charge process,
these three stages appear reversely [63,64]. The theoretical energy
density based on the OCV shown in Fig. 6(b) is 506Wh/kg, which is
lower than the theoretical energy density of LiFePO4 (600Wh/g) and
Li3Mo0.5V1.5(PO4)3 (654Wh/g) [65]. Biasi et al. measured the gravi-
metric energy densities of a series of LiNimMnnCo(1-m-n)O2, and found
that the energy densities are always above 550Wh/kg [66]. In the term
of energy density, the ultra-small LiI nanoparticle has less competi-
tiveness than the intercalation-based cathode materials mentioned
above. However, LiI-based Li-I2 batteries are still applicable for
large-scale stationary energy storage due to the low cost.

It is worth noting that the theoretical OCV of the ultra-small LiI
nanoparticle is about 0.5 V lower than the discharge voltages reported
by Kim et al. [17] and Wu et al. [18] In Li-S batteries, it has also been
observed that the predominant plateau in the voltage profile
drops down with reducing the particle size of active materials.
Usually, the voltage of the Li-S battery is around 2.2 V [67]. Meng
et al. deposited an amorphous Li2S nanofilm on the copper foil, and
found that the discharge voltage was only about 1.7 V but good rate
capability was achieved [68]. Xin et al. found that the small sulfur
allotropes (i. e. S2–S4) embedded into the micro-porous carbon only
delivered a voltage of 1.9 V [69]. Our previous theoretical study also
found that the equilibrium voltage corresponding to conversion reac-
tions between nanostructured Li2S and S was 0.3 V lower than that
between bulk Li2S and α-S [35,70].

Previous theoretical studies demonstrated that hole polarons can
potentially serve as charge carriers in solid discharge products of
metal-air batteries [32,71–77]. Recent theoretical study also showed
that hole polarons are helpful for increasing the electronic conductivity
of crystalline S [78], Li2S2 [30], L2S [70] and LixS10 clusters [35]. Luntz
et al. also reported that hopping of hole polarons in the discharge
products affected the practical current densities [79].

In the current study, Heyd–Scuseria–Ernzerhof (HSE06) [80]
hybrid functional is used to investigate polaron distribution in LixI14
clusters. Previous studies showed that electron polarons were less
stable than hole polarons in crystalline Li2S [70] as well as Li2S2 [30],
amorphous Li2S nanoparticle [35], and crystalline Li2O2 [81].
Following our previous study, it is hypothesized that two hole polarons
will form first before removing Li ions from the cluster at each
delithiation step [35].

The polarized Li14I14 cluster is produced by removing two electrons
from the cluster, which is equivalent to introducing two positive
charges. According to the current study, the magnetic moment of
polarized Li14I14 is 2 μB. Fig. 7(a) shows the spin density of in the
polarized Li14I14 cluster. It is found that each polaron is shared by two I
atoms. According to the Bader charge analysis, each I atom is charged
by − 0.5 |e|. Hence, the polaron is located at an iodine dimer as I2

−. The
I-to-I distance related to the polaron is around 3.2 Å, which is almost
0.6 Å longer than the bond length of the free I2 molecule. If we revisit
the Fig. 2(b), it is interesting to found that I2

− is the precursor of the I3
−.

After the polarized Li14I14 lost two Li+, one I2
− will combine with an I−

anion to form I3
−:

eI + I = I + .2
− −

3
− − (5)

This local reaction will produce a negative charge, which will reduce
the other I2

− to two I− anions:

e + I = 2I .−
2
− − (6)

Hence, this process yields the charge conservation:

2I = I + I .2
−

3
− − (7)

For the polarized Li12I14 cluster (Fig. 7(b)), one hole polaron is
localized at the triiodide, which makes the trimer neutral; and the other
is shared by two I atoms, which is similar to the polaron in Li14I14.
Comparing Fig. 7(b) and Fig. 2(c), it can be found that the I2

− anion in
the polarized Li12I14 is still the precursor of the I3

−. For the polarized
Li10I14 cluster (Fig. 7(c)), one polaron exists in a form of I2

−, and the
other one is localized at a triiodide. Also, comparing Fig. 7(c) and
Fig. 2(d), it can be found that the I2

− anion can bind with its adjacent I3
−

anion, resulting in forming a I5
− anion. Fig. 7(d) depicts the spin density

distribution in the polarized Li8I14 cluster. One polaron makes the
original I5

− anion be neutral, and the other hole polaron is still existed
as I2

− which will be converted to I3
− in Li6I14 (Fig. 2(e)). For LixI14 with

x≤6, introducing polarons to the cluster will dissociate the long chain to
short chains as shown in Fig. 7(e)–(g). For these polarized clusters, the
dissociated chains will recombine after removing Li+ cations.

Li/Na-X (X = S, Se, I) batteries based on the conversion reaction

Fig. 6. (a) Formation energies of LixI14 clusters respecting to the Li14. (b) Theoretically
predicted open circuit voltage vs. Li+/Li.
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mechanism usually use confined structures to prohibit the shuttle effect
[18,42,69,82]. In this study, we also investigated the Li14I14 confined in
a single wall carbon nanotube (Li14I14@SWCNT). The Li14I14 cluster is
confined in a (14, 0) SWCNT repeated four periods along the Z
direction (256 C atoms totally). The weight ratio of LiI to C is as high
as 38%, which is close to 30 wt% LiI in microporous carbon reported by
Wu et al. [18] The diameter of the (14, 0) SWCNT is 1.1 nm, and
SWCNTs in adjacent images are separated by 20 Å in X and Y
directions. The length of the SWCNT in the supercell is 17.04 Å.

Fig. 8(a) shows the optimized Li14I14 in the (14, 0) SWCNT. In the
nanoconfined environment, the Li14I14 clusters in adjacent images
along Z direction merge with each other and form the one-dimensional
(1D) LiI nanowire. For the confined LiI nanowire, the average Li–I
bond length is 2.74 Å, which coincides with the Li–I bond length in the
Li14I14 cluster.

Based on the structure of Li14I14 shown in Fig. 8(a), four different
Li12I14 structures are generated and the one with lowest energy is
depicted in Fig. 8(b). In the Li12I14@SWCNT, I species sill remain as I−

anions. Compared with Li14I14@SWCNT, the average Li–I bond length
is slightly increased to 2.79 Å. As shown in Fig. 8(c), I3

− exists when the
active material is delihitated to Li10I14. More I3

− anions continually
appear as the delithiation process goes to Li6I14@SWCNT, as shown in
Fig. 8(d)-(e). pentaiodide and hexaiodide appear in Li4I14@SWCNT
(Fig. 8(f)). According to the Bader charge analysis, the V-shaped
pentaiodide is negatively charged by 1 |e| as I5

−, and the linear-like
hexaiodide is negatively charged by 1.8 |e|. In Li2I14@SWCNT
(Fig. 8(g)), the hexaiodide chain is oxidized and only negatively
charged by 0.15 |e|. In addition, triiodide chain and tetraiodide chain
are also observed in Li2I14@SWCNT, whose ionic states are both − 1.
In other words, the products at late charge state are not neutral but

Fig. 7. Spin density distribution in the LixI14 cluster polarized by two hole polarons. The cyan isosurface represents spin-up states and the violet isosurface represent the spin-down
states.

Fig. 8. The structure evolution of delithiating Li14I14 confined in a (14, 0) SWCNT. Violet spheres represent Li atoms. Blue spheres represent I atoms which are either neutral or
negatively charged by one electron. The green spheres represent I atoms in I3 polyiodides. Red spheres represent I atoms in I4 polyiodides. The yellow spheres represent atoms in I5
polyiodides. Orange spheres represent I atoms in Ix polyiodides with x 5> .
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negatively charged, and the negative charge is from the SWCNT
container.

In this nanoconfined environment, the final delithiation (charge)
products are Ix (x = 2, 3, 5) chains rather than an integrated and
compact cluster-like structure Fig. 8(h). For the shortest I2 molecules
confined in the (14, 0) SWCNT, the bond lengths are 2.75–2.81 Å,
which are slightly longer than the free I2 molecule. Each atom of the
confined I2 molecules is negatively charged by about 0.1 |e|, and
increase in the bond length is attributed to the electrostatic repulsion
between coupled I atoms. The I3 molecule is symmetrical, and two
bonds are 2.90 Å. The I3 molecule is also negatively charged, and each
terminal I atom has − 0.20 |e| charge. In addition, the V-shaped I5
molecule is also negatively charged by 0.61 |e|. The charge transfer
from the SWCNT wall to Ix molecules indicates that there are chemical
interactions between the carbon framework and iodine species. Li et al.
[83] investigated the chemical and geometrical features of sulfur
encapsulated in SWCNTs with a diameter of 1 nm, and found non-
bonded interactions between sulfur and the wall. They also found that
the small S2 molecules will polymerize to form helix sulfur chain.
Fujimori et al. also reported that the 1D linear and zigzag sulfur chains
could be stabilized in narrow SWCNTs, and the sulfur chains exhibit
good electronic conductivity [84].

Based on Eqs. (3) and (4), we calculate the formation energies of
intermediate products and the related theoretical OCV profile of
lithium iodide confined in SWCNT. Compared with the free Li14I14
nanoparticle, it can be found that the nanoconfinement effect can erase
the voltage plateau above 3.3 V (Fig. 9). The reason is that the
discharge process starts at the reduction of I2−5 molecules rather than
the conversion of solid iodine to super-long polyiodides. As discussed
above, the highest plateau in Fig. 6(b) is related to the conversion
between compact I14 cluster and the super-long lithium polyiodides.
Zhao et al. developed a Li-I2 battery with aqueous cathode. In their
particular battery, the active material is I3

− dissolved in the aqueous
electrolyte, and the I /I3

− − redox couple only leads to a single plateau in

the voltage profile [85]. In the Li-S battery developed by Xin et al., [69]
the discharge voltage also only has a wide single plateau because the
unique nature of small sulfur allotropes can avoid the conversion of
solid sulfur to long-chain polysulfides.

3. Conclusion

In this study, a first-principles approach is employed to reveal the
reaction mechanisms of ultra-small LiI nanoparticle, represented by a
Li14I14 cluster, as the active material for the Li-I2 battery. For the free
Li14I14 cluster, it is interesting found that the long-chain polyiodides
Ix≥5

− appear at the deep state of charge (delithiation), but polyiodides
are converted to an amorphous and compact iodine cluster as the final
charge product. A three-plateau OCV profile is predicted based on the
energy of LixI14 clusters with different Li content. The highest 3.38 V
plateau is attributed to the conversion between iodine nanoparticle and
the super-long chain-like lithium polyiodides, the medium 2.25 V
plateau is caused by the conversion between long chains to short
chains, and the lowest 2.16 V plateau represent forming stoichiometric
LiI nanoparticle.

The effect of nanoconfinement on the reaction mechanism of LiI is
also thoroughly investigated in this study. it is found that the Li14I14
cluster can be converted to LiI nanowire when confined in a (14, 0)
SWCNT. In this nanoconfined environment, the length of the inter-
mediate product cannot exceed I6, and the final product is Ix molecules
with x = 2, 3, 5. The nanoconfinement can eliminate the plateau above
3 V, because the charge/discharge process does not undergo the
conversion between the compact iodine cluster and long-chain poly-
iodides.

4. Computational details

All simulations in this study were performed on Vienna Ab-initio
Simulation Package (VASP) [86,87] based on the density functional
theory (DFT) [88,89]. The projector augmented-wave (PAW) method
[90] was employed for description the ion-electron interactions and the
Perdew–Burke–Ernzerhof (PBE) functional [91] was used to describe
the electron-electron exchange correlations. All ab-initio molecular
dynamics (AIMD) simulations were carried out using NVT ensemble
with the 300 eV energy cutoff of plane wave basis sets and 1.5 fs time
step. The Nosé-thermostat [92] with a mass of ~ 50 amuÅ2 (SMASS =
0.30) [32] was used to control the temperature oscillation. The purpose
of the AIMD simulation with small cutoff energy was conducting the
relatively rough structure relaxation. After the AIMD simulation, the
DFT simulation with 400 eV cutoff energy was conducted to accurately
optimize atom positions, and the residual force for relaxing was set to
0.02 eV/Å. For all DFT simulations and AIMD simulations, spin
polarization was considered and only Γ-point was sampled in the first
Brillouin zone. Since the PBE-level functional always underestimated
the electron localization, Heyd–Scuseria–Ernzerhof (HSE06) [80]
hybrid functional with α = 0.5 was used for polaron simulation.
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