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A B S T R A C T

High capacity sodium (Na) metal anodes open up new opportunities for developing next-generation recharge-
able batteries with both high power and high energy densities. However, many challenges still plagued their
practical application, including low plating/stripping Coulombic efficiency (CE) and dendrite growth after re-
peated cycle inducing safety issue. Especially, the sodium metal is less stable in organic (i.e. carbonate-based)
electrolytes than lithium metal, due to the more unstable organic solid–electrolyte interface (SEI). Herein, we
report a facile technology to stabilize sodium metal anode and inhibit the growth of sodium dendrites. The in-
situ ultrathin NaI SEI layer successfully endows best-performance Na/I2 metal batteries (> 2200 cycles) with
high capacity (210 mA h g−1 at 0.5 C) based on the conversion reaction chemistry with higher discharge voltage
plateau (> 2.7 V) and lower overpotential (134mV) due to the fast charge transfer dynamics and interfacial
stability compared with pristine Na anode. The detailed theoretical calculations and experimental results elu-
cidate that NaI layer has a much lower diffusion barrier compared to that of NaF (NaF as one the most commonly
found inorganic components in Na-based SEI layer), and actually facilitates more uniform sodium deposition.
This work provides a new avenue for designing low-cost, high-performance and high-safety sodium metal-iodine
batteries and other metal-iodine batteries.

1. Introduction

Increasing demands for advanced energy storage solutions are
driving the innovation of battery technologies with reliable safety, high
energy density and long-term cycle life [1–9]. Alkali metal (Li, Na, and
K) batteries have been regarded as one of the most promising next-
generation energy storage devices due to their potential high energy
densities [10]. Sodium is particularly attractive as a high-performance
anode for next-generation metal batteries owing to its highly abundant
natural sources, high theoretical specific capacity (1166 mA h g−1) and
low potential (−2.714 V vs standard hydrogen electrode) [11,12].
Reviving sodium metal anode can open up new opportunities for low-
cost unsodiated cathode materials (i.e. conversion-type cathodes ma-
terials) such as sulfur (S), oxygen (O2), bromine (Br2) and iodine (I2) for
Na/S [13,14], Na/O2 [15–17], Na/Br2 [18] and Na/I2 [19,20] batteries
with high energy density. Especially, most of the conversion-type
cathode materials are less expensive than intercalation-type cathode

materials, which will reduce the production cost of batteries. However,
sodium metal is usually unstable with organic electrolytes (i.e. carbo-
nate electrolyte) due to its high reactivity. The uncontrolled side re-
action between metallic Na and liquid organic electrolyte leads to the
formation of a loose and fragile solid electrolyte interphase (SEI). As a
consequence, the uneven Na deposition would inevitably induce the Na
dendrite formation and cause safety issues [21]. Recently, Zhang et al.
reported a promising strategy using highly concentrated ether-NaFSI
electrolyte, which could effectively passivate the Na metal surface and
minimize side degradation reactions during cycling. Meanwhile, they
furtherly developed localized high-concentration electrolytes consisting
of sodium bis(fluorosulfonyl)-imide (NaFSI) and ether solvent enabling
dendrite-free Na deposition. These strategies provide a new and pro-
mising direction based on novel electrolyte applications for high-per-
formance Na metal batteries [22,23]. Although, progresses for sup-
pressing Na dendrites have been achieved in recent years [24], a
number of challenges including the inherent tendency to dendrite
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growth, short life time and low Coulombic efficiency (CE) still need to
be furtherly addressed for the practical application of metallic Na as an
anode in sodium metal batteries [25,26].

Currently, one of most effective strategies to stabilize Na metal is
forming ex-situ formed protective layer (or “artificial” SEI layer) before
Na deposition [27–29]. The artificial SEI layer restrains further direct
contact between the Na metal and liquid electrolyte to minimize the
side reaction and dendrite growth. For instance, a low-temperature
plasma-enhanced atomic layer deposition (ALD) method was adopted
to deposit a thin Al2O3 artificial SEI layer on Na metal, which could
effectively inhibit the uncontrolled growth of Na dendrites [30].
Meanwhile, Sun et al., also used an ALD technique to form an ultrathin
Al2O3 protective layer on Na metal anode to obtain long-cycle life Na
metal batteries [31]. Similarly, an inorganic–organic coating layer was
deposited on Na metal surface via advanced molecular layer deposition.
The inorganic–organic layer could relieve the volume expansion ef-
fectively and suppressed the dendrite growth for Na metal anode [32].
Furthermore, an ultrathin graphene films with tunable thickness was
adopted as a protective layer to stabilize Na metal anode. A remarkably
enhanced cycling behavior over 100 cycles in carbonate electrolyte was
obtained [33]. However, those ex-situ strategies usually demand rela-
tively complicated preparation processes with high cost and rigorous
technologies. Therefore, it is necessary to find a facile and low-cost
method to in-situ construct a highly stable artificial SEI layer on Na
metal anode for high-performance rechargeable Na metal batteries.

Among rechargeable batteries based on conversion reaction chem-
istry, the iodine-based cathodes for batteries have attracted much at-
tention due to their abundant natural sources (iodine, 50–60 μg L−1 in
ocean water) and excellent reversibility of redox couple (iodine/io-
dide). Nevertheless, several inherent issues such as low electrical con-
ductivity (~10−9 S cm−1) and high solubility (I2 and I3−) in electrolyte
hinder the development of metal-iodine batteries for practical appli-
cations. Especially, the sodium/iodine battery is a promising candidate
as next-generation energy storage device due to the highly abundant

natural sources (sodium and iodine) and potentially high energy den-
sity. Up to now, considerable improvements have been achieved, such
as improved CE, enhanced cycle life and rate performance for different
rechargeable batteries (i.e. Li/I2 [19,34,35], Na/I2 [20], Mg/I2 [36,37]

and Al/I2 [38]). Generally, many efforts have focused on the im-
provements of cathode materials for metal-iodine batteries, including
using porous carbon and other host materials with chemical bonding
affinities [39,40]. Rare investigation focuses on solving the inherent
problems of metal (i.e. Li, Na) anodes (i.e. low plating/stripping CE,
polyiodide shuttle effect, dendrite growth and short cycle life, etc.) in
metal-iodine (especially in sodium metal-iodine) batteries. Hence, it is
crucial to develop effective strategies to solve these problems for
achieving high-safety, low-cost and ultra-long cycle life metal-iodine
batteries.

In this work, we successfully demonstrate that the in-situ formation
of NaI SEI coating layer on Na metal anode can significantly suppress
Na dendritic growth and improve the Coulombic efficiency (CE) in
electrolytes. The in-situ NaI SEI layer enables the best-performance
sodium metal-iodine batteries with ultra-stable cycling performance
(> 2200 cycles at 2 C), high capacity (210mA h/g at 0.5 C), high dis-
charge voltage plateau (> 2.7 V) and low overpotential. The detailed
DFT calculations and experimental results confirm that Na metal anode
with in-situ NaI SEI layer is stable and has a low diffusion barrier, which
actually facilitates more uniform sodium deposition during long-term
cycling and decreases the side reaction of sodium metal-iodine bat-
teries. This work provides a new avenue for designing low-cost, high-
performance and high-safety metal-iodine batteries.

2. Results and discussion

To build up the in-situ protective SEI layer, the preparation method
of Na metal anode coated by NaI SEI layer was explored and the process
is illustrated in Fig. 1a. In this preparation process, one electron from
the metal (Na) is transferred to the halogen (iodine) to produce a metal
halide (NaI). The total and detailed reaction mechanism on the surface
of Na metal anode can be expressed and termed as in-situ reaction (1)
and (2) as follows:

and

For pristine Na metal anodes, during the repeated plating/stripping
process, severe electrolyte decomposition reaction with the Na metal
anodes induce a non-uniform and resistive film, subsequently leading to
the growth of Na dendrite and short cycle life (Fig. 1a). An in-situ SEI

(1)

(2)
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protective layer has stable chemical properties and can enable smooth
sodium deposition, which ensures the long-term cycle life and high
safety in Na metal batteries. The optical images of pristine Na metal
anode (Fig. S1a, Supporting Information) and Na metal after treatment
(Reaction (1) and Fig. S1b, Supporting Information) show that a thin-
film has been formed on the surface of Na metal when iodine species are
provided in the form of 2-iodopropane (Fig. S1c, Supporting
Information). Meanwhile, SEM images (Fig. 1b) illustrate that Na metal
is covered with a dense layer after the in-situ reaction (1) treatment. We
also investigated other potential methods for forming NaI surface layer.
We prepared 50mM I2 in different solvents as follows: (1) Diethyl
carbonate (2) 1,2-Dimethoxyethane; (3) Diethylene glycol dimethyl
ether as shown in Fig. S2a. The 20 μL I2 containing solvent was added
on the top of Na anode for 20mins. As shown in Fig. S2b, NaI com-
pounds also can be observed on the surface of Na. However, the mor-
phology of NaI on the surface of Na is loose especially prepared by I2

containing carbonate solvent treatment due to its high reactivity of
carbonate solvent with Na metal. Interestingly, relatively dense NaI
layer can be formed by using I2 containing ether solvent treatments
(Fig. S2c and S2d, Supporting Information). The results demonstrate
there are some potential methods for iodizing the surface layer of
pristine Na metal. Meanwhile, after 20mins treatment with 20 μL 2-
iodopropane in Ar atmosphere, an artificial layer with a thickness of～
30 µm can be clearly observed as shown in Fig. S3. The direct ob-
servation of the in-situ formed layer as shown in Fig. S3a (Supporting
Information), combined with the elemental mapping distribution (Fig.
S3b, Supporting Information) of iodine (Fig. S3c, Supporting
Information) and sodium (Fig. S3d, Supporting Information) species
clearly illustrate that NaI layer on the surface of Na metal anode was
actually formed via the in-situ reaction (Reaction (1)). Energy dis-
persive spectroscopy (EDS) analysis of the surface of Na metal anode
also confirms that the surface of Na metal anode covered with NaI (Na-

Fig. 1. (a) A schematic diagram of the Na metal anode with stable SEI layer and pristine SEI: Repeated plating/stripping cycles lead to the formation of dendritic Na
because of the unstable SEI in carbonate electrolyte. In comparison, a thin layer of in-situ NaI on the Na metal anode surface enables stable plating/stripping
processes in the same carbonate electrolyte. b) SEM image of metal Na anode after treatment by 2-iodopropane. (c) EDS spectral analysis of the surface of Na anode
treated by 2-iodopropane. (d) XPS spectra of Na anode treated by 2-iodopropane. (e) High-resolution I 3d spectra of Na metal treated by 2-iodopropane.
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Fig. 2. (a) In situ optical microscopy observations of sodium electrodeposition process in Na/Na and Na-NaI/Na-NaI symmetrical cells in carbonate electrolyte at a
constant current of 1.0 mA cm−2. Electrochemical kinetic analysis of symmetrical cell: (b) EIS of Na/Na and Na-NaI/Na-NaI symmetrical cell cells in carbonate
electrolyte without FEC: (c) EIS of Na/Na and (e) Na-NaI/Na-NaI symmetrical cell cells in carbonate electrolyte with 5% FEC (inset is the equivalent circuit used to
model the impedance spectra). (d) Galvanostatic plating/stripping profiles in Na and Na-NaI symmetric cells at a constant current of 0.25mA cm−2 (0.75 mA h
cm−2) (e) Magnified voltage profiles of 1st plating/stripping process in Fig. 2d. (f) Magnified voltage profiles from 101 to 200 h in Fig. 2d. (g) Magnified voltage
profiles from 387 to 400 h in Fig. 2d.
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NaI) consists of the elements sodium and iodine, as illustrated in
Fig. 1c. Comparatively, the reaction (2) rate is faster, and an artificial
layer with a larger thickness of ～50 µm can be clearly observed after
20mins treatment with 20 μL 1-iodopropane as shown in Fig. S4. Fur-
thermore, X-ray photoelectron spectroscopy (XPS) was used to analyze
the detailed surface chemical components of Na-NaI metal anodes
(Figs. 1d and 1e). We also compared three Na-NaI anode samples to
confirm the iodine-containing in-situ reaction: (a) Na metal treated by
2-iodopropane directly, (b) Na metal treated by 2-iodopropane and
then assembled in a sodium metal-iodine cell before cycling and (c) Na
metal treated with 2-iodopropane after 100 cycles in a sodium metal-
iodine battery. The peak of I 3d5/2 spectrum located at 618.9 eV, as
shown in Fig. 1e, is ascribed to NaI compound [20,41]. Fig. S5 shows
the Na 1s and I 3d XPS spectra for NaI on the surface of Na metal after
fully discharge in a sodium metal-iodine battery. The peaks of Na 1s
and I 3d5/2 are located at 1072.5 eV and 619.2 eV, respectively, which
confirmed that the iodide interaction with sodium actually exists in the
surface of Na-NaI anode [42]. The XPS spectra also confirmed that a NaI
layer existed on the surface of the Na anodes before (Fig. S6a,
Supporting Information) and after (Fig. S6b, Supporting Information)
100 cycles in a sodium metal-iodine battery, which is consistent with
microstructural characterization results of the cycled Na anode covered
with NaI SEI layer as shown in Fig. S7. The comparison of NaI layer on
the untreated Na metal anode before and after cycling in Na-I2 cells has
also been studied. The results demonstrated that some iodine species
dissolved in electrolyte and diffused to the pristine Na anode side, as
shown in Fig. S8. The NaI compounds were formed on the surface of Na
anode after resting 40 h (Fig. S8a-c, Supporting Information) and 20
charge/discharge cycles in coin cells (Fig. S8d-f, Supporting
Information). No continual and dense NaI protect layer can be observed
via the SEM characterizations as shown in Fig. S8. The uncontrolled
side reaction between uncovered metallic Na and liquid organic elec-
trolyte would inevitably induce negative effect on the stability of Na/I2
batteries.

In order to verify the function of the in-situ NaI SEI layer during the
sodium plating process, the growth process of sodium electrodeposition
was directly observed by in-situ optical microscopy (Fig. 2a). Na/Na
symmetrical cells were assembled in a quartz bottle (Fig. S9, Supporting
Information). The quartz bottle is well sealed from exposure to air and
moisture. In the carbonate electrolyte, the surfaces of both pristine
sodium anode (Fig. 2a (I)) and Na-NaI anode (Fig. 2a (II)) are smooth
after 1min electrodeposition at a constant current of 1.0 mA cm−2.
After 10mins sodium electrodeposition, protuberances with moss-like
dendritic structures for pristine sodium anode were formed on elec-
trode/electrolyte interface, even with FEC additive in the electrolyte, as
clearly shown in Fig. 2a (I). In comparison, the surface of Na-NaI anode
is very smooth even after 60mins of sodium electrodeposition at a
constant current of 1.0mA cm−2, and no dendritic structures on the
surface can be observed as shown in Fig. 2a (II). This observation in-
dicates that the in-situ NaI SEI layer can effectively inhibit sodium
dendrite formation and ensure the high safety and long cycle life of
sodium metal batteries. We further investigated the role of the NaI SEI
layer on the enhanced electrochemical properties of the Na anode by
testing symmetric cells with Na-NaI anode. Symmetric cells with pris-
tine Na metal electrodes were fabricated as “controls” for electro-
chemical impedance spectroscopy (EIS). And a Na/Na symmetrical cell
was built to identify the characterizing frequency of interfacial im-
pedance for Na anode. The semicircles obtained in EIS spectra at the
high-frequency range are ascribed to the interfacial resistance at SEI
and the charge transfer resistance at the Na surface, respectively
[43,44]. The Na/Na cells were charged to 0.25 mA h cm−2 to form SEI.
Without FEC as additive in carbonate electrolyte, it was found that the
characterizing frequency for Na metal interfacial resistance is 1310 Hz
(Fig. 2b), and interfacial resistance for pristine Na anodes is 88.5 Ω. In
comparison, according to the characterizing frequency, the interfacial
resistance of the electrode/electrolyte interface for Na-NaI was reduced

to only 7.5 Ω, which is over 10 times lower than that of pristine Na
metal in the symmetrical cell, as shown in Fig. 2b. The detailed results
as shown in Fig. S10 indicate that this artificial layer enables the better
interface kinetics of Na-NaI anode compared with pristine Na anode. In
order to further investigate the compatibility with a different carbonate
electrolyte, the Na/Na symmetrical cell with FEC-based electrolyte (1M
NaClO4 in EC/DEC (1:1, v/v) with 5% FEC) was tested as shown in
Fig. 2c, considering that FEC-based electrolyte is one of the most
common used and effective electrolyte in Na-based batteries. The EIS
results as shown in Fig. 2c firmly illustrate that even in the FEC-based
electrolyte, SEI resistance for Na-NaI anode via in-situ treatment no-
ticeably decreased from 1027.3 Ω to 871.2 Ω, while the charge transfer
resistance actually decreased remarkably to 456.5 Ω from 1012.1 Ω
comparing against the pristine Na anode (Fig. 2c). Fig. S11 shows the
Bode diagram (phase vs. log-frequency) corresponding to the Nyquist
plots (Figs. 2b and 2c). The low frequency phase angle values for Na-
NaI/Na-NaI symmetrical cell as shown in Fig. S11a and 11b, corre-
sponding to the diffusion of Na+ ions in Na-NaI/Na-NaI symmetrical
cell with NaI protective SEI layer, shift to the higher frequencies com-
pared with that of Na/Na symmetrical cell. This result indicates an
improved diffusion dynamics of Na+ ions in Na-NaI anode compared
with that of pristine Na anode with a formed SEI in carbonate elec-
trolyte [45]. Meanwhile, Sodium iodide (NaI) is an ionic compound
with an ionic conductivity of ～3×10−2 S/cm, and it has been re-
ported that the introduction of NaI can enhance the ionic conductivity
of sodium solid electrolyte (1.6× 10−5 S/cm for 45Ge-
Se2–25Ga2Se3–30NaI glass) [46]. In particular, NaI can also be com-
bined with PEO for preparing high ionic conductivity polymer elec-
trolyte (such as PEO-NaI, 5.21×10−5 S/cm) [47,48]. These results
confirm the faster interface kinetics of Na-NaI anodes for carbonate
electrolyte system with and without FEC additive.

In addition, galvanostatic cycling performance of Na-NaI and pris-
tine Na were tested in a symmetrical cell configuration. Fig. 2d shows
the cycling stability of Na-NaI and pristine Na electrode at a constant
current of 0.25mA cm−2. The voltage profiles (Fig. 2e) of Na and Na-
NaI symmetric cells cycled at 0.25mA cm−2 indicate that Na-NaI ex-
hibits a smaller overpotential compared with pristine Na during the
plating/stripping processes. For the pristine Na metal, the initial Na
stripping/plating overpotential is about 50mV (vs Na+/Na). However,
the overpotential rapidly increases to over 68mV (vs Na+/Na) after
100 h as shown in Fig. 2f. Furthermore, Na-NaI anode demonstrates
very little change of overpotential after 100 h. Even after 400 h, the
overpotential only increases to 57mV and reaches a stable value of
~60mV after 500 h (Figs. 2g and 2d). In contrast, the overpotential of
pristine Na increases to 80mV after 400 h, and the subsequent Na
stripping/plating overpotentials suddenly display severe fluctuation,
due to a short circuiting. The NaI SEI layer can favor the uniform Na
deposition which can largely inhibit the Na dendrites during the
charge/discharge process (Fig. S12, Supporting Information). Based on
these characterizations, Na-NaI anode actually exhibits superior stable
plating/stripping performances compared with pristine Na in symme-
trical cells with carbonate electrolyte.

To further investigate the overall electrochemical performances of
Na-NaI anodes, we conducted galvanostatic cycling performance tests
of Cu||Na and Cu||Na-NaI cells with ether electrolytes. The Na plating/
stripping behavior of Na and Na-NaI anode is performed as shown in
Fig. S13. It is observed that Na-NaI anode exhibits a high initial plating/
stripping CE of 92.7% compared with that of pristine Na with 88.9% CE
(Fig. S13a, Supporting Information) and has a more stable cycling
performance as shown in Fig. S13b and S13c. Under the current den-
sities of 0.25 and 1.0 mA cm−2, the cells with Na-NaI electrodes deliver
an enhanced average CE of 99.25% and 99.33% over 220 and 350
cycles, respectively, which are one of the most stable Na metal anodes
compared with the reported results (Table S1, Supporting Information).
In comparison, the cells with pristine Na anode quickly lose efficacy
after only 85 cycles with average CEs of 93.8% at current density of
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1.0 mA cm−2, which is basically consistent with the reported result
[17]. It could be attributed to nonuniform Na deposition (Fig. S12,
Supporting Information) subsequently leading to dendrite growth and
short cycle life.

The Na dendrite growth is closely related to ion diffusion barrier
and interaction between Na adatoms [49]. Small diffusion barriers can
effectively favor adatoms to quickly diffuse, resulting in uniform Na
deposition and unlikely to grow dendrites. Considering NaF as one the
most commonly found inorganic components in Na-based SEI layer, we
calculated the surface diffusion barriers for Na adatoms on NaF or NaI
surfaces by using density functional theory method (See the detailed
information in experimental section). As shown in Fig. 3a, for the NaF,
the binding positions for sodium adatoms are directly on the top of the
F ions, which are referred as the “anion sites”. The diffusion path can be
described to be in the middle of two neighboring anion sites (Fig. S14,
Supporting Information). The maximum energy points for sodium
adatoms are very near the saddle points on the diffusion path. For NaI,
the binding energy positions for sodium adatoms and diffusion paths
are similar to those in NaF, while the maximum energy points are lo-
cated on the top of Na ions, which are referred as the “cation sites”, as
shown in Fig. 3b. The schematic representation for the NaI slab and the
transport paths of Na on NaI are summarized in Fig. 3c and Fig. 3d,
respectively. The DFT calculation results exhibit that NaI has a much
lower diffusion barrier of 0.02 eV for Na adatoms, compared to that of
NaF (0.25 eV). Overall, the theoretical DFT calculation results indicate
that Na metal anode with a NaI layer is a very good candidate as pro-
tective SEI layer for Na metal batteries.

The conversion chemistry based on redox couples has attracted
much attention due to its unique advantages compared with traditional
intercalation chemistry in rechargeable batteries. In this work, we
chose naturally abundant and conversion-type sodium metal-iodine
batteries for investigating the role of an in-situ SEI layer on the cell's
electrochemical performance based on the unique I2/I3− and I3−/I−

redox couples. For sodium metal-iodine batteries, active carbon cloth
(ACC) was used as an iodine host due to its microporous structure (BET
surface of ACC and ACC/I2 is 1682.6, 300.2m2/g, respectively, as
shown in Fig. S15, Supporting Information) which can effectively en-
trap the iodine species in micropores. However, some iodine species
will dissolve in electrolyte, which will cause the irreversible capacity
loss and low Coulombic efficiency. The Na coated with NaI SEI layer for
sodium metal-iodine battery avoids the direct contact between the
polyiodide or iodine species and pristine Na metal. In order to observe
the direct conversion reaction chemistry for sodium metal-iodine bat-
teries, a two-electrode flooded cell was fabricated. The exposed surface
was protected via NaI layer formation in order to investigate the role of
protective SEI layer as shown in Fig. S16. Fig. 4a presents a SEM image
of the ACC/I2 cathode with high iodine loading (> 5mg/cm2), which
illustrates that some iodine species adsorb onto the surface of ACC in a
high iodine loading state. A SEM image (Fig. 4b) of a single carbon fiber
in ACC and its EDS elemental mapping images clearly illustrate that the
iodine species homogeneously distribute in micropores of the ACC, as
shown in Fig. 4c–e. In the flooded cell, the physically absorbed iodine
species inevitable dissolve into the electrolyte due to the larger amount
of electrolyte compared with traditional coin cells (i.e., 35 μL electro-
lyte in each coin cell).

The charge/discharge profile of two-electrode flooded cell shows
that the polarization on the potential hysteresis between the charge and
discharge process is larger than that of coin cell even at a smaller
current density in charge process (0.05 C), mainly due to the larger
contact resistance of electrode/electrolyte interface as shown in Fig.
S17. However, this quartz cell can directly show the in-situ observation
of the colour change of the catholyte in a two-electrode flooded cell as
shown in Fig. 4f. The whole process is CCCV discharge (constant cur-
rent and then constant voltage discharge). In the discharge process, the
dark purple colour of the catholyte faded gradually which demonstrates
that I2 in electrolyte was reduced to I3− and then to I− [50]. To verify

Fig. 3. Surface diffusion barriers obtained by theoretical calculations using the density functional theory method: The calculated surface binding energy vs. binding
site: (a) Na adatoms on NaF surfaces. (b) Na adatoms on NaI surfaces. (c) Schematic for the NaI slab and (d) the transport paths of Na adatoms on a NaI surface.
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the role of NaI SEI layer, sodium metal-iodine batteries’ discharge
profiles and in-situ UV–vis spectra were measured. Fig. 4g shows the
discharge profile of Na metal-I2 battery, indicating that the typical
discharge voltage plateau is> 2.7 V. Fig. 4h presents the UV–vis
spectra corresponding to the measured voltage plots labeled. The
UV–vis spectra elucidates that in the initial discharge stage, the peaks of
I3− occur quickly, indicating the fast process from I2 to I3−. The result
is consistent with the discharge profile which has no distinctive dis-
charge voltage plateau for the I2/I3− redox couple. In addition, with the
Na-NaI as anode, the intensity of the I2 and I3− peaks for the catholyte
during the voltage plateau range (3.06–2.56 V) stay basically un-
changed in this protective cell. The in-situ observation of mechanical
stability of artificial NaI layer in Na-NaI/I2 two-electrode flooded cell
was tested during discharge/charge process as shown in Fig. S18. The
results indicate that the mechanical stability of artificial NaI layer in

two-electrode cell is mechanically stable in charge/discharge process.
These results are consistent with the observation of in-situ optical mi-
croscopy (Fig. 2a) of sodium electrodeposition in symmetrical cells. The
main reasons could be attributed to the NaI SEI layer can effectively
inhibit the continual corrosion of electrolyte to Na anode and control
the side reactions, such as iodine (I2) and polyiodide (I3−) reactions
with the Na anode. At the end of the discharge process, from
2.44–2.22 V, the I3− peak for the catholyte became more prominent,
indicating a highly reversibility of the I2/ I3− redox couples. Overall,
the interfacial stability of Na anode for sodium metal-iodine batteries
can be enhanced by using Na-NaI anode, which will enable more stable
sodium metal-iodine batteries based on redox chemistry.

For testing the true role of Na-NaI SEI layer on the electrochemical
performance of practical cell, rechargeable sodium metal-iodine bat-
teries were assembled and characterized (See the detailed information

Fig. 4. (a) SEM image of ACC/I2 with high iodine loading (> 5mg/cm2). (b) SEM image of carbon fiber in ACC/I2. Elemental EDS mapping of total carbon/iodine
fiber (c) and iodine (d) and carbon (e) in ACC/I2. (f) Visual images of the discharge process of a Na/I2 battery during CCCV discharge (constant current and then
constant voltage discharge). (g) Typical discharge curve of Na/I2 battery in different discharge states; (h) UV–vis spectra of Na/I2 battery in discharge process
corresponding to the different states in Fig. 4g.
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in experimental section). The cyclic voltammetry (CV) of Na-NaI/I2
battery (Fig. 5a) presents distinct redox peaks in the voltage range
between 2.2 V and 3.2 V. The main cathodic peak located at 2.78 V is
attributed to the reduction process from I3− to I− [7]. Moreover, the
charge/discharge profiles as shown in Fig. 5b and cyclic voltammetry
curves indicate that the Na-NaI/I2 battery has a higher discharge vol-
tage plateau and smaller overpotential (134mV) than the pristine
(164mV) Na/I2 battery (Fig. S19, Supporting Information), confirming
the enhanced charge transfer kinetics and interfacial stability in battery
operation [51]. Meanwhile, the first Coulombic efficiency of the Na-
NaI/I2 battery is 84.8%, which is higher than that of pristine NaI/I2
battery (65.7%) as shown in Fig. 5c. The protective NaI SEI layer can
not only effectively inhibit the side reaction between electrolyte and Na
anode, but also inhibit the side reaction between iodine/polyiodide and
Na metal anode, resulting in an improved Coulombic efficiency. As
shown in Fig. 5c, the pristine sodium metal-iodine battery operated
normally for 750 cycles, but suddenly failed after 750 full cycles. This
phenomenon could be ascribed to the short circuiting of cell due to the
dendrite formation of Na anode. In contrast, the Na-NaI/I2 battery
showed a better and more stable electrochemical performance even
after 800 cycles with a high capacity of 210 mA h g-1 at 0.5 C, a higher
average Coulombic efficiency of 97.7% and stable discharge voltage
plateau (Fig. S20, Supporting Information). The contribution to the
capacity from the ACC in Na/I2 battery is only about 22 mA h/g (Fig.
S21, Supporting Information). The rate performance of Na-NaI/I2 cell
(Fig. S22, Supporting Information) shows high capacities of 229.5 mA h

g−1, 226.3 mA h g−1, 185.5 mA h g−1, 161.2 mA h g−1, 108.5 mA h
g−1 and 70.3 mA h g−1at different C rate of 0.1 C, 0.2 C, 0.5 C, 1 C, 2 C
and 5 C, respectively. A recovered capacity of 220.1 mA h g−1 at 0.2 C
is retained after 160 cycles of different rate charge/discharge processes,
indicating the good rate capability of Na-NaI/I2 cell. In order to in-
vestigate the long cycling performance of a Na-NaI/I2 battery, a high
rate performance at 2 C was tested as shown in Fig. 5d. The Na-NaI/I2
cell with a capacity of ～110 mA h g−1 at 2 C retained a high stability
without capacity fading even after over 2200 cycles, which is the best-
performance sodium metal-iodine battery among all previously re-
ported Na metal-I2 batteries [19,20].

To further test the viability of Na-NaI as anode for other cathode-
based Na batteries, an intercalation-type NaVPO4F cathode material
was prepared to investigate the effects of NaI protective SEI layer on the
performance of intercalation-type NaVPO4F/Na batteries. Meanwhile,
pristine Na/NaVPO4F cells were also constructed as the control cells.
The charge-discharge profiles of Na/NaVPO4F batteries are as shown in
Fig. S23a. After adopting the Na-NaI as anode, a higher discharge
plateau and a smaller overpotential for Na-NaI/NaVPO4F battery were
achieved compared with the pristine Na/NaVPO4F battery. The reason
could be ascribed to the enhanced kinetic behavior of the in-situ NaI
protective SEI layer, which is consistent with results of the Na/I2 bat-
teries. The cycling performance of cells with NaVPO4F as cathodes, Na
and Na-NaI metal as anodes were evaluated and shown in Fig. S23b. At
a current density of 200mA/g, the Na-NaI/NaVPO4F battery exhibits
ultra-long cyclability compared with pristine Na/NaVPO4F battery.

Fig. 5. (a) Cyclic voltammograms of Na-NaI/I2 battery. (b) Typical charge-discharge profile of Na/I2 and Na-NaI/I2 battery (i) Long-term stability of Na/I2 battery at
0.5 C with pristine Na as anode and Na-NaI as anode, respectively. (j) Long-term stability of Na/I2 battery at 2 C with Na-NaI as anode.
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Even after 200 cycles, the capacity of a Na-NaI/NaVPO4F battery re-
tained 102.0 mA h g−1 with a capacity retention of 98.8% after 200
cycles at a current density of 200mA/g. However, the capacity of “the
control” NaVPO4F/Na battery quickly decreased to 95.6 mA h g−1 after
200 cycles with a lower capacity retention of 84.6%. It confirms the
viability of Na-NaI as anode for intercalation-type Na batteries.

3. Conclusion

In conclusion, we successfully achieved the best performing sodium
metal-iodine batteries by designing an in-situ formation of NaI SEI
layer. In this work, we proposed the formation mechanism of NaI layer
on the surface of Na anode and verify the advantages of NaI layer in Na
metal batteries through experimental investigations and theoretical
calculations. The First Principles Calculations elucidate that NaI SEI
layer has a much lower diffusion barrier compared to that of NaF,
considering NaF as one the most commonly found inorganic compo-
nents in Na-based SEI layer, and can effectively stabilize sodium elec-
trodeposition and inhibit sodium dendrite formation. The in-situ NaI
SEI protective layer successfully endows the ultra-stable sodium metal-
iodine batteries (> 2200 cycles) with high discharge voltage plateau
(> 2.7 V) and low overpotential (134mV) due to the fast charge
transfer dynamics and high interfacial stability for Na with NaI SEI
compared with pristine Na anode. This work provides a new avenue for
designing high safety, low-cost and high energy density sodium metal-
iodine batteries.

4. Experimental section

4.1. Materials

2-Iodopropane, 1-Iodopropane,iodine, PVP (MW= 3600 00), am-
monium vanadate (NH4VO3), oxalic acid (H2C2O4·2H2O), ammonium
dihydrogen phosphate (NH4H2PO4), sodium fluoride (NaF), poly(viny-
lidenedifluoride) (PTFE), Sodium trifluoromethanesulfonate
(NaCF3SO3) and Na metal ingot (99.9%), were purchased from Sigma-
Aldrich. Diethylene glycol dimethyl ether (DEGDME, diglyme, anhy-
drous, 99.5%, Sigma-Aldrich) was dried by activated molecular sieves
(4 Å) for 2 weeks before use.

4.2. Preparation of ACC/iodine cathode materials

ACC/I2 cathode: Active carbon cloth (ACC)/iodine (I2) cathodes
were prepared through a melt-diffusion method. Firstly, elemental io-
dine (99.98%, Sigma-Aldrich) was placed on the bottom of a stainless
reactor. After that, ACC disks were laid on top of the iodine. The iodine
loading reactor was then fully sealed in an Ar-filled glove box (H2O and
O2 contents< 0.1 ppm, MBRAUN) and heated to 135 °C for 12 h. Iodine
loading was calculated by subtracting the mass of blank ACC from the
loaded ACC. Typical loading of iodine is ~1.5mg/cm2 in each coin cell,
and a “high” loading of iodine in ACC/I2 cathode is> 5mg/cm2.

4.3. Preparation of Na metal and Na-NaI metal anodes

Na metal foil was obtained by roll pressing a metal ingot between
two pieces of Celgard 2500 separator to a thickness of 0.3 mm. Na metal
disks with a diameter of 12mm were cut from the Na foil and used as
the anodes. Na metal slices with and without treatment by 2-
Iodopropane or 1-Iodopropane via in-situ reactions were used as anodes
in an Ar-filled glove box (H2O and O2 contents< 0.1 ppm, MBRAUN).
Concretely, 20 μL 2-Iodopropane or 1-Iodopropane was added on the
top of 12mm Na foil in argon–filled glove box. After 20mins reactions,
Na-NaI metal can be easily obtained as anode for sodium metal-iodine
batteries. No other treatments need to be processed for the obtained
sodium anode.

4.4. Characterizations methods

Field–emission scanning electron microscopy (FESEM, Zeiss Supra
55VP) was used to investigate the morphologies of the as-prepared
cathodes and anodes samples. The fresh and cycled electrodes materials
were sealed by a plastic tape from exposure to air and moisture before
characterization. XPS analysis was measured to investigate surface
chemistry information using a Kratos Axis 165 spectrometer. The in-situ
UV–vis spectra for home-made (transparent window) and completely-
sealed Na/I2 batteries cells were recorded on a Cary 60 UV–vis variable
wavelength spectrophotometer in the spectral range of 275–600 nm. In-
situ optical microscopic observations were carried out through a Leica
EZ4 HD stereo microscope. All samples for characterizations were
fabricated and sealed in an argon–filled glove box.

4.5. Electrochemical testing of sodium plating/stripping

The Na plating/stripping measurements were performed using a LAND
battery tester at room temperature. 2032-type coin cells were assembled
using Cu foil as working electrode, Na metal as anode and Celgard 2500 as
separator. An electrolyte of 1M Sodium trifluoromethanesulfonate
(NaCF3SO3) in diglyme was prepared in an Ar-filled glove box. All the
above mentioned carbonate electrolytes consisted of 1M NaClO4 in EC/
DEC with (or without) 5% FEC. Galvanostatic plating of Na was carried
out at two different current densities (0.25mA cm−2 and 1.0mA cm−2).
The symmetrical cells (Na||electrolyte+separator||Na and Na-
NaI||electrolyte+separator||Na-NaI), were cycled at 0.25mA cm−2.
Electrochemical impedance spectra (EIS) measurements were carried out
in 2032 coin cells by adopting an AC amplitude of 10mV in a frequency
range from 100 kHz to 0.01Hz using a Bio-Logic VMP3 Electrochemical
Workstation.

4.6. Electrochemical measurements

For cells, 35 μL of electrolyte (1M NaClO4 in EC/DEC with 5% FEC)
was used in each coin cells. 2032 coin-type cells with a Na metal, a glass
fiber filter separator and a copper (Cu) substrate (1.13 cm2) were as-
sembled. Galvanostatic tests were carried out in coin cells using the
LAND battery testing system. All applied current densities were based
on the mass of active material (iodine).

4.7. In situ optical microscopic observations

In-situ observations of sodium electrodeposition were accessible via
a home-made optically-transparent sealed cell. The cap is well sealed
from exposure to air and moisture. The in-situ optical microscopic ob-
servations of sodium electrodeposition were synchronized with the
LAND battery testing system as shown in Fig. S9 in the Supporting
Information.

4.8. First principles calculations

The theoretical calculations were carried out by using density
functional theory method in the generalized gradient approximation
with the Burke, Perdew and Ernzerhof functionals (PBE) [52], as per-
formed in the Vienna Ab initio Simulation Package (VASP), which
adopted a plane-wave basis [53,54]. We employed the projector-aug-
mented-wave potential with 2 s and 2p electrons of sodium treated as
valence. Meanwhile, a plane-wave basis set was applied with a kinetic
energy cutoff of 850 eV. During relaxations, the electronic energy
convergence was 10−5 eV, and the force convergence for ions was 10−2

eV/Å. During calculations of energy for adatoms on the slab, we took 7
layers of slab for both NaI and NaF and the vacuum layer between the
atomic layers is 20 Å, which avoid interactions between layers.

H. Tian et al. Nano Energy 57 (2019) 692–702

700



Acknowledgements

We gratefully acknowledge the financial support by the Australian
Rail Manufacturing Cooperative Research Centre (RMCRC, Project
R1.1.1), the Australian Research Council (ARC DP160104340 and
DP170100436) and the UTS Early Career Researcher Grant (PRO17-
4473).

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.nanoen.2018.12.084.

References

[1] Y.M. Chiang, Science 330 (2010) 1485–1486.
[2] S.A. Freunberger, Nat. Energy 2 (2017) 17091.
[3] J.F. Parker, C.N. Chervin, I.R. Pala, M. Machler, M.F. Burz, J.W. Long, D.R. Rolison,

Science 356 (2017) 414–417.
[4] L.M. Suo, O. Borodin, T. Gao, M. Olguin, J. Ho, X.L. Fan, C. Luo, C.S. Wang, K. Xu,

Science 350 (2015) 938–943.
[5] P. Albertus, S. Babinec, S. Litzelman, A. Newman, Nat. Energy 3 (2018) 16–21.
[6] Y. Zhao, F. Wang, C. Wang, S. Wang, C. Wang, Z. Zhao, L. Duan, Y. Liu, Y. Wu,

W. Li, D. Zhao, Nano Energy 56 (2019) 426–433.
[7] Y.-N. Zhou, P.-F. Wang, Y.-B. Niu, Q. Li, X. Yu, Y.-X. Yin, S. Xu, Y.-G. Guo, Nano

Energy 55 (2019) 143–150.
[8] L. Fan, R. Ma, Y. Yang, S. Chen, B. Lu, Nano Energy 28 (2016) 304–310.
[9] Q. Zhang, L. Wang, J. Wang, X. Yu, J. Ge, H. Zhang, B. Lu, J. Mater. Chem. A 6

(2018) 9411–9419.
[10] H.J. Peng, J.Q. Huang, Q. Zhang, Chem. Soc. Rev. 46 (2017) 5237–5288.
[11] X. Chen, X. Shen, B. Li, H.J. Peng, X.B. Cheng, B.Q. Li, X.Q. Zhang, J.Q. Huang,

Q. Zhang, Angew. Chem. Int. Ed. 57 (2018) 734–737.
[12] J.J. Wang, L.G. Wang, C. Eng, J. Wang, Adv. Energy Mater. 7 (2017) 1602706.
[13] S.Y. Wei, S.M. Xu, A. Agrawral, S. Choudhury, Y.Y. Lu, Z.Y. Tu, L. Ma, L.A. Archer,

Nat. Commun. 7 (2016) 1172.
[14] J. Yue, F.D. Han, X.L. Fan, X.Y. Zhu, Z.H. Ma, J. Yang, C.S. Wang, ACS Nano 11

(2017) 4885–4891.
[15] B. Sun, K. Kretschmer, X.Q. Xie, P. Munroe, Z.Q. Peng, G.X. Wang, Adv. Mater. 29

(2017) 1606816.
[16] M.F. He, K.C. Lau, X.D. Ren, N. Xiao, W.D. McCulloch, L.A. Curtiss, Y.Y. Wu, Angew.

Chem. Int. Ed. 55 (2016) 15310–15314.
[17] C. Xia, R. Black, R. Fernandes, B. Adams, L.F. Nazar, Nat. Chem. 7 (2015) 496–501.
[18] W. Faxing, Y. Hongliu, Z. Jian, Z. Panpan, W. Gang, Z. Xiaodong, C. Gianaurelio,

F. Xinliang, Adv. Mater. 30 (2018) 1800028.
[19] K. Lu, Z.Y. Hu, J.Z. Ma, H.Y. Ma, L.M. Dai, J.T. Zhang, Nat. Commun. 8 (2017) 527.
[20] D.C. Gong, B. Wang, J.Y. Zhu, R. Podila, A.M. Rao, X.Z. Yu, Z. Xu, B.G. Lu, Adv.

Energy Mater. 7 (2017) 1601885.
[21] Z.W. Seh, J. Sun, Y.M. Sun, Y. Cui, ACS Cent. Sci. 1 (2015) 449–455.
[22] R.G. Cao, K. Mishra, X.L. Li, J.F. Qian, M.H. Engelhard, M.E. Bowden, K.S. Han,

K.T. Mueller, W.A. Henderson, J.G. Zhang, Nano Energy 30 (2016) 825–830.
[23] J.M. Zheng, S.R. Chen, W.G. Zhao, J.H. Song, M.H. Engelhard, J.G. Zhang, ACS

Energy Lett. 3 (2018) 315–321.
[24] C. Zhao, Y. Lu, J. Yue, D. Pan, Y. Qi, Y.-S. Hu, L. Chen, J. Energy Chem. (2018)

1584–1596.
[25] S. Choudhury, S.Y. Wei, Y. Ozhabes, D. Gunceler, M.J. Zachman, Z.Y. Tu, J.H. Shin,

P. Nath, A. Agrawal, L.F. Kourkoutis, T.A. Arias, L.A. Archer, Nat. Commun. 8
(2017) 898.

[26] S.Y. Wei, S. Choudhury, J. Xu, P. Nath, Z.Y. Tu, L.A. Archer, Adv. Mater. 29 (2017)
1605512.

[27] Y. Zhao, L.V. Goncharova, Q. Zhang, P. Kaghazchi, Q. Sun, A. Lushington,
B.Q. Wang, R.Y. Li, X.L. Sun, Nano Lett. 17 (2017) 5653–5659.

[28] W. Shuya, C. Snehashis, X. Jun, N. Pooja, T. Zhengyuan, A.L. A, Adv. Mater. 29
(2017) 1605512.

[29] J.H. Song, B.W. Xiao, Y.H. Lin, K. Xu, X.L. Li, Adv. Energy Mater. 8 (2018) 1703082.
[30] W. Luo, C.F. Lin, O. Zhao, M. Noked, Y. Zhang, G.W. Rubloff, L.B. Hu, Adv. Energy

Mater. 7 (2017) 1605512.
[31] Y. Zhao, L.V. Goncharova, A. Lushington, Q. Sun, H. Yadegari, B.Q. Wang, W. Xiao,

R.Y. Li, X.L. Sun, Adv. Mater. 29 (2017) 1606663.
[32] Y. Zhao, L.V. Goncharova, Q. Zhang, P. Kaghazchi, Q. Sun, A. Lushington, B. Wang,

R. Li, X. Sun, Nano Lett. 17 (2017) 5653–5659.
[33] H. Wang, C.L. Wang, E. Matios, W.Y. Li, Nano Lett. 17 (2017) 6808–6815.
[34] Y. Zhao, L.N. Wang, H.R. Byon, Nat. Commun. 4 (2013) 1896.
[35] G. Nikiforidis, K. Tajima, H.R. Byon, ACS Energy Lett. 1 (2016) 806–813.
[36] H.J. Tian, T. Gao, X.G. Li, X.W. Wang, C. Luo, X.L. Fan, C.Y. Yang, L.M. Suo,

Z.H. Ma, W.Q. Han, C.S. Wang, Nat. Commun. 8 (2017) 14083.
[37] F. Bertasi, F. Sepehr, G. Pagot, S.J. Paddison, V. Di Noto, Adv. Funct. Mater. 26

(2016) 4860–4865.
[38] H.J. Tian, S.L. Zhang, Z. Meng, W. He, W.Q. Han, ACS Energy Lett. 2 (2017)

1170–1176.
[39] Z.Z. Wu, J.T. Xu, Q. Zhang, H.B. Wang, S.H. Ye, Y.L. Wang, C. Lai, Energy Storage

Mater. 10 (2018) 62–68.

[40] S. Kim, S.K. Kim, P.C. Sun, N. Oh, P.V. Braun, Nano Lett. 17 (2017) 6893–6899.
[41] S.F. Pei, J.P. Zhao, J.H. Du, W.C. Ren, H.M. Cheng, Carbon 48 (2010) 4466–4474.
[42] Z. Hong, D.Y. Ong, S.K. Muduli, P.C. Too, G.H. Chan, Y.L. Tnay, S. Chiba,

Y. Nishiyama, H. Hirao, H.S. Soo, Chem. – Eur. J. 22 (2016) 7108–7114.
[43] L. Gao, J. Chen, Y. Liu, Y. Yamauchi, Z. Huang, X. Kong, J. Mater. Chem. A 6 (2018)

12012–12017.
[44] M. Steinhauer, S. Risse, N. Wagner, K.A. Friedrich, Electrochim. Acta 228 (2017)

652–658.
[45] A. Ponrouch, A.R. Goñi, M.T. Sougrati, M. Ati, J.-M. Tarascon, J. Nava-Avendaño,

M.R. Palacín, Energ. Environ. Sci. 6 (2013) 3363–3371.
[46] S. Zhai, L. Li, F. Chen, Q. Jiao, C. Rüssel, C. Lin, J. Am. Ceram. Soc. 98 (2015)

3770–3774.
[47] N.S. Mohamed, M.Z. Zakaria, A.M.M. Ali, A.K. Arof, J. Power Sources 66 (1997)

169–172.
[48] W. Wieczorek, K. Such, H. Wyciślik, J. Płocharski, Solid State Ion. 36 (1989)

255–257.
[49] X. Zheng, C. Bommier, W. Luo, L. Jiang, Y. Hao, Y. Huang, Energy Storage Mater. 16

(2019) 6–23.
[50] T. Zhang, K.M. Liao, P. He, H.S. Zhou, Energ. Environ. Sci. 9 (2016) 1024–1030.
[51] S. Wenzel, T. Leichtweiss, D.A. Weber, J. Sann, W.G. Zeier, J. Janek, ACS Appl.

Mater. Interfaces 8 (2016) 28216–28224.
[52] J.P. Perdew, K. Burke, M. Ernzerhof, Phys. Rev. Lett. 77 (1996) 3865–3868.
[53] G. Kresse, J. Hafner, Phys. Rev. B 47 (1993) 558–561.
[54] G. Kresse, J. Furthmuller, Phys. Rev. B 54 (1996) 11169–11186.

Huajun Tian is currently a post-doctoral research fellow at
University of Technology Sydney (UTS) in Australia. He
received his B.S. degree in China University of Geosciences
(Wuhan) and earned his Ph.D. degree in Materials Physics
and Chemistry from the Institute of Plasma Physics, Chinese
Academy of Science, in 2013. His research interests are
energy storage and conversion devices, including Lithium-
ion batteries, Sodium ion batteries, Potassium ion batteries,
Magnesium/Aluminum ion batteries and Solar cells.

Hezhu Shao received his Ph.D. degree in Physics from
Shanghai University. He is currently an associate professor
at Ningbo Institute of Materials Technology and
Engineering, Chinese Academy of Sciences, in China. His
research interests cover phonon and electronic transport in
thermoelectric materials and novel physical properties in
two-dimensional and topological materials, and applying
first principles calculations into investigations for the ma-
terials of electrochemistry.

Yi Chen received his B.S. (2013) and M.S. (2016) degree
from the School of Materials Science and Engineering,
Hubei University, China. He is now pursuing his Ph.D. de-
gree in Prof. Guoxiu Wang’s group at the Centre for Clean
Energy Technology, University of Technology Sydney,
Australia. His current research focuses on developing novel
nanostructured materials for lithium-sulfur batteries, so-
dium-sulfur batteries and electrocatalysis.

Xiaqin Fang received her M.S. degree from the School of
Electronic Information and Automation, Tianjin University
of Science & Technology in 2012, and is currently working
as a visiting scholar in Professor Guoxiu Wang's research
group, Clean Energy Materials Centre, University of Science
and Technology, Sydney. Her research interests mainly
focus on exploring key materials and technologies for en-
ergy storage and conversion applications including lithium
ion batteries, sodium ion batteries, lithium sulfur batteries
and supercapacitors.

H. Tian et al. Nano Energy 57 (2019) 692–702

701

https://doi.org/10.1016/j.nanoen.2018.12.084
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref1
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref2
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref3
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref3
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref4
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref4
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref5
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref6
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref6
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref7
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref7
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref8
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref9
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref9
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref10
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref11
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref11
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref12
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref13
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref13
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref14
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref14
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref15
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref15
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref16
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref16
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref17
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref18
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref18
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref19
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref20
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref20
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref21
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref22
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref22
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref23
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref23
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref24
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref24
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref25
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref25
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref25
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref26
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref26
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref27
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref27
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref28
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref28
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref29
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref30
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref30
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref31
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref31
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref32
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref32
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref33
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref34
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref35
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref36
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref36
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref37
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref37
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref38
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref38
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref39
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref39
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref40
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref41
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref42
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref42
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref43
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref43
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref44
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref44
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref45
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref45
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref46
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref46
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref47
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref47
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref48
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref48
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref49
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref49
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref50
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref51
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref51
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref52
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref53
http://refhub.elsevier.com/S2211-2855(18)30997-2/sbref54


Pan Xiong is currently a Postdoctoral Research Associate in
Centre for Clean Energy Technology, University of
Technology Sydney. He received his Ph.D. degree in ma-
terials chemistry from the Nanjing University of Science
and Technology in 2015. He has been a Postdoctoral
Researcher and then a JSPS Researcher in National Institute
for Materials Science, Japan from 2015 to 2018. His re-
search interests focus on functional two-dimensional ma-
terials, especially 2D unilamellar nanosheets for energy
storage and conversion applications.

Bing Sun received his bachelor’s degree (2005) and mas-
ter’s degree (2007) from Harbin Institute of Technology
(HIT), China and completed his Ph.D. under the supervision
of Prof. Guoxiu Wang in 2012 at University of Technology
Sydney (UTS), Australia. Currently, he is a senior research
fellow in the Centre for Clean Energy Technology at UTS.
His current research interests focus on the synthesis and
characterization of nanomaterials and their applications in
energy storage devices beyond lithium ion batteries.

Peter H.L. Notten joined Philips Research in 1975 till
2010. He received his Ph.D. from Eindhoven University of
Technology in 1989. Since then his research focusses on
hydride-forming materials for rechargeable NiMH batteries,
switchable optical mirrors and gas phase storage, and
Lithium-based battery systems. From 2000 he was ap-
pointed as professor at Eindhoven University of Technology
where he heads the group Energy Materials and Devices. In
2014 he was appointed as International Adjunct Faculty at
Amrita University, India and the Forschungszentrum Jűlich,
Germany. In 2018 he has been appointed as Honorary
Professor at University of Technology Sydney, Australia.

Guoxiu Wang is currently a Distinguished Professor and
Director of the Centre for Clean Energy Technology at
University of Technology Sydney, Australia. His research
interests include lithium ion batteries, sodium ion batteries,
lithium-sulfur batteries, lithium-air batteries, super-
capacitors, fuel cells, etc. Prof. Wang has published over
400 refereed journal papers and delivered 100 keynote/
invited talks/seminars worldwide. His publications have
attracted over 30,000 citations with an H-index of 91.

H. Tian et al. Nano Energy 57 (2019) 692–702

702


	Ultra-stable sodium metal-iodine batteries enabled by an in-situ solid electrolyte interphase
	Introduction
	Results and discussion
	Conclusion
	Experimental section
	Materials
	Preparation of ACC/iodine cathode materials
	Preparation of Na metal and Na-NaI metal anodes
	Characterizations methods
	Electrochemical testing of sodium plating/stripping
	Electrochemical measurements
	In situ optical microscopic observations
	First principles calculations

	Acknowledgements
	Supporting information
	References




