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ABSTRACT: Sodium chloride (NaCl), a typical stoichiometric ionic compounds, breaks all of the basic rules of chemistry at high 
pressures and can form new metallic compounds with different stoichiometries of NaxCl at x>1. However, the electrochemical phase 
transition of NaCl from an insulating state to a metallic state without pressurization has not been achieved to date. In this study, we 
first demonstrate that nonmetallic NaCl can be transformed to a metallic compound through an electrochemical activation process. 
Subsequently, the activated NaCl electrode was shown to intercalate/deintercalate sodium-ions into the structure, with a discharge 
capacity of 267 mAh/g by reversibly accommodating 0.6 Na-ions. We believe that this method may represent a new approach for 
designing inexpensive electrode materials using the main component of table/sea salt for sodium-ion batteries (NIBs). In addition, 
these results will contribute to the development of low-cost and sustainable rechargeable batteries that can be operated at a room 
temperature. 

Cationic sodium (Na+) and anionic chlorine (Cl−) form NaCl 
under ambient conditions with strong ionic bonds at a 1:1 
stoichiometry due to the large electronegative differences 
between the atoms. NaCl is a typical nonmetallic and brittle 
material that exists as a highly compressible solid and has been 
widely used for pressure calibration due to its elastic 
properties.1 Inspired by these fascinating properties, 
considerable efforts have been made to understand sodium 
chloride systems. The chemistry of NaCl under ambient 
conditions is well-understood; however, the abnormal condition 
of extremely high pressure can change the local bonding nature 
of NaCl, leading to different electronic and mechanical 
properties, as well as chemical reactivity.2-8 Recently, Zhang et 
al. demonstrated that various NamCln phases with different 
stoichiometries, such as Na3Cl, Na2Cl, NaCl3, and NaCl7, can 
be induced under different pressure conditions in the presence 
of excess sodium and chlorine atoms.2 With theoretical 
predictions and diamond anvil cell experiments, these 
researchers found that these compounds are thermodynamically 
stable by maintaining unusual bonding structures and electronic 
properties. The researchers also predicted that sodium-enriched 
subchlorides (i.e., NamCl) can conduct electricity along the 
layers of the structures. For example, the layered structure of 
Na3Cl can be represented as a sequence of layers 
([NaCl][Na][Na][NaCl][Na][Na]• • • ), where the pure sodium 
layer conducts electricity.2 Hence, under pressure, NaCl 
systems are capable of turning into a diverse array of metallic 
compounds with the potential for new practical applications.

The metallization of alkali halides (such as NaF) can also be 
performed by substituting an electron with a halogen-ion (F−) in 
the presence of excess metal ions (Na+). This transition is 
similar to a type of crystallographic defect in which an anion 
vacancy in the crystal is filled with one or more unpaired 
electrons. These defects, in the form of vacancies, would 
provide activation sites for the phase transition and significantly 
reduce the pressure required for the B1 to B2 phase transition. 
9,10 Devani et al. also investigated the effects of vacancies on 
the pressure required for B1- to B2-KCl phase transitions and 
reported that the phase transition can be initiated at a defect site 
with the B2-phase spreading throughout the entire crystal.11 
While the pressure required for the B1 to B2 phase transition 
decreased as the number of vacancies increased. It should be 
noted that the transitions of theses alkali halides have only been 
achieved under high pressure conditions, which requires high 
cost and is not applicable in practical applications.
On the basis of material resources, sodium-ion batteries (NIBs) 
are regarded as an alternative battery technology for large-scale 
sustainable energy storage.1,2 Currently, the major challenges 
are to find new cost-effective electrode materials for NIBs with 
high volumetric energy density.  For the practical use of NIBs 
to meet the tough challenges, a number of intercalation cathode 
materials have been investigated, such as layered oxides 
(NaxMO2), polyanions (NaMXO4), fluoropolyanions 
(NaMXO4F) and pyrophosphates (Na2MP2O7).13-16 Manganese 
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Figure 1. Galvano-static profiles of NaCl electrode. (a) Sodium intercalation and deintercalation process through the NaCl structure with and 
without activation cycle at 0.03 C-rate. (b) Charge and discharge profile of the activated NaCl electrode at 0.05 C-rate. (c) Galvano-static 
cyclic performance of NaCl up to 20 cycles. (d) Cyclic voltammetry curve of the NaCl electrode measured at 0.1 mV/s in a sodium half-cell.

and iron are earth abundant elements, and NIBs with 
manganese/iron-based materials, such as P2-Na0.67Fe0.5Mn0.5O2, 
may provide a solution for meeting the difficult challenges 
involved in achieving economically sustainable energy 
development.17,18 However, it will be more beneficial if more 
cost-effective and eco-friendly materials are used for the 
electrode material. Sodium salts, such as NaCl, the main 
component of table salt (or sea salt), is notably inexpensive and 
abundant in sea water and can be a candidate as an electrode 
material for NIBs. Inspired by previous work on metallization 
of NaCl under high pressure, we report a simple activation 
process to make NaCl electrochemically active and to use it as 
an electrode material for NIBs. Metallization of NaCl is 
achieved by electrochemically inducing defects in the crystal 
structure. This strategy enables nonmetallic NaCl to be used as 
a metallic-electrode material for NIBs. To make this compound 
electrochemically active, vacancies are intentionally induced 
through the precharge step, resulting in the partial phase 
transition from B1- to B2-NaCl. Further, during 
electrochemical discharge process, sodium-ions are intercalated 
into the compound during electrochemical discharge process. 
When sodium-ions move back into the NaCl structure during 
the discharge process, the electrochemically active B2-NaCl 
phase can effectively accommodate sodium-ions and form a 
sodium-rich compound (NaxCl, x >1). It is noteworthy that this 

metallic NaCl material can reversibly intercalate/deintercalate 
sodium-ions with a high discharge capacity of 267 mAh/g.  
Additionally, we cycled the NaCl electrodes up to 20 

cycles in the voltage range between 0.1 and 4.23 V at a 0.05 C-
rate. Various analyses by combining ex-situ and in-situ X-ray 
diffraction (XRD) techniques were used to investigate the 
chemical composition of ions and the changes in the NaCl 
structure upon sodium intercalation/deintercalation cycling. 
This research provides insights into a new chemistry as an 
alternative to conventional NIB applications.
The metallization of NaCl is a key process to electrochemically 
activate it for reversible cycling. The cyclic performance 
(Figure 1) of metallic NaCl electrodes, which had been 
precharged to form the active B2-phase, show the successful 
intercalation/deintercalation of sodium-ions at 0.03 and 0.05 C-
rates, as shown in Figure 1a and 1b, respectively. To 
electrochemically activate B1-NaCl (i.e., the nonmetallic 
compound), which shows negligible discharge/charge capacity 
(Figure 1a), the activation process of a first charging step is 
required. When a high potential over 4.0 V is applied during the 
charge process, free sodium-ions are generated from the bond 
breaking of B1-NaCl (i.e., 0.04 Na+ calculated based on a 
capacity). This process not only make defects (in the form of 
ion vacancies) in the solid ionic structure but also triggers the 
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phase transition from B1- to B2-NaCl, resulting in the 
formation of a Na-deficient phase of 

Figure 2. Structure transition of B1-, B2- and metallic-NaCl. Ex-situ XRD patterns of sodium chloride electrode for the (a) 1st and (b) 2nd 
cycles at (c) discrete voltage depths during charge and discharge processes. (d, e) B1 to B2 phase transition and effect of sodium-ion 
intercalation/deintercalation on the peak position shown in (a) and (b) between 31○ and 32.6○. (f) Crystal structure of B1-NaCl (face centered 
cubic structure with six fold coordination) and B2-NaCl (like CsCl: body centered cubic structure with eight fold coordination). 

NaxCl (x<1). During the discharge process, the sodium-ions can 
be inserted into the B2-NaCl host and occupy the newly formed 
vacancies in the crystal structure. Interestingly, NaCl can be 
oversodiated beyond the original state of Na1Cl, and the host 
forms a new sodium-enriched NaCl compound, i.e., Na1.6Cl 
(Equation 1). Then, the sodium-ions are successfully 
deintercalated from the metallic-NaCl electrode during the 
charge process (second charge). High discharge capacities of 
267 mAh/g (i.e., intercalation of 0.6 Na+ ions) and 180 mAh/g 
(i.e., intercalation of 0.4 Na+ ions) at 0.03 and 0.05 C-rates, 
respectively, are achieved, where the theoretical capacity of 
NaCl is 458 mAh/g. Additionally, the cyclic performance of 
NaCl at 0.05 C (Figure 1c) confirms that the sodium 
de/intercalation in B2-NaCl structure can be reversibly 
operated. However, the contribution of the acetylene black 
(Supplementary Figure 1b) is excluded in the calculation of 
specific capacity of NaCl electrode. 20 % of acetylene black in 
the NaCl electrode, attributes ~65 mAh/g, which corresponds to 
24.3% from the total capacity of NaCl electrode (Figure 1a), 
based on the capacity of AB/PVDF: 90/10 electrode. Achieving 
the first application of the main component of table salt (or sea 
salt), NaCl, which is one of the least expensive and most 
abundant materials on earth, as an electrode material would be 
meaningful. The irreversible capacity loss in the initial cycle is 
due to the consumption of sodium-ions trapped in the new 
metallic phase or the formation of solid electrolyte interface 
(SEI) at the electrode surface, as previously reported.19-23 Cyclic 
voltammetry (CV) curves (Figure 1d) matches well with that of 
a charge and discharge profile, as shown in Figure 1a and 1b. 

While one dominant anodic peak at 4.2 V is observed for the 
activation step, three cathodic peaks are observed during the 
first intercalation process of sodium-ions. The first cathodic 
peak at 1.0 V disappeared during subsequent cycles, which 
corresponds to the formation of the SEI films on the surface of 
the NaCl electrode. The other peaks below 1.0 V correspond to 
the formation of the Na/NaCl interface and further phase 
transition during the intercalation of sodium-ions into the layers 
of the B1- and B2-NaCl structures. In the second cycle, two 
anodic peaks at approximately 0.3 V and 3.9 V reflect the 
reversible de/intercalation of sodium-ions. After the second 
cycle, the current peaks became stable, which shows that the 
sodium-ions can be reversibly intercalated/deintercalated in the 
B2-NaCl structure. The effect of activation process is also 
studied by using electrochemical impedance spectroscopy 
(EIS). EIS of the NaCl electrode before and after the activation 
process (Supplementary Figure 2) reflects that the electric 
conductivity of the electrolyte and electrodes is enhanced after 
the activation process. The EIS study confirmed that B1 to B2 
phase transition improves NaCl electrochemical, electrical, and 
ionic conductivity. Naeemullah et al. also observed that the 
band gap energy is improved after the B1 to B2 phase transition 
with enhanced electronic conductivity.24 
To investigate structural changes of B1- and B2-NaCl upon 
cycling, ex-situ (Figure 2) and in-situ (XRD) (Figure 3) were 
carried out using a half-cell configuration with sodium metal as 
the counter electrode. Ex-situ XRDs were measured at different 
depths of charge and discharge during the first and second 
cycles at 0.05 C (Figure 2a-c). The ex-situ XRD patterns at 3.75 
V (step a) and 4.23 V (step b) demonstrate the phase transition 
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from B1- to B2-NaCl during the first charge process (steps a 
and b, described in Figure 2a and 2d). The dominant (100)B2 
peak at 31.65º after the precharge step indicates the formation 
of B2-NaCl phase. During both the first and second discharge 
pro processes (c-h and k-o), the (100)B2 peak shifts to a higher 
degree, while the peak shifts to a lower degree after the second 
charge (step i and j in Figure 2b and 2e). Shifting of peaks 
during intercalation of sodium-ions reflects the volume changes 
of B1- and B2-NaCl due to the Na-Na and Na-Cl interactions 
(Figure 2f). Bu et al. explained that metallic-NaxCl (x>1) has 
four distinct bonds in the system: (a) Na–Cl ionic bonds joining 
two adjacent Na and Cl ions, (b) ionic bonds of Na–Na with two 
distinct electro-negativities, (c) Na–Na metallic bonds 
connecting two Na atoms with the same or different electro-
negativities, and (d) Cl–Cl covalent bonds.25 These bonds are 
the main reason for the gradual breaking of the partial ionic 
bonds and the formation of Na/NaCl interfaces during the 
intercalation/deintercalation processes  of  sodium-ions.25  This 
electrochemical transition of crystal structure is similar to the 
phase transitions, which have only been achieved under high 
pressure as previously reported.2-8 As a reference, the structural 
behavior without the activation cycle (precharge step) was also 
studied using ex-situ XRD analysis (Note. S1). The appearance 
of sodium fluoride (NaF) peak during the discharge process 
reflects consumptions of sodium-ions to form SEI layer on the 
electrode that are dissolved at the end of charge process 
(Supplementary Figure 3).To investigate the phase transition of 
NaCl during electrochemical cycling, in-situ XRD was 
conducted as shown in Figure 3(a-f). At the end of first charge 
(Figure 3a and 3b), a small shoulder peak on 44.8○appears, 
demonstrating the formation of B2-NaCl (110)B2; direct proof 
for the phase transition from B1- to B2-NaCl. After the 
activation process in first charge, structural changes during the 
first discharge is shown in Figure 3c and 3d. A new dominant 
peak at approximately 55.2○ corresponds to B2-NaCl at 1.0 V, 
which was not identified in the first charge process. This peak 
signals the presence of intercalated sodium-ions in the Na-Cl 
ionic bonding. The intercalated sodium-ions can induce partial 
breaking of Na-Cl ionic bond, which could facilitate successive 
B1 to B2 phase transitions.  It is also worth noting that another 

shoulder peak at 31.1○ at a potential near 0.6 V (Figure 3d) was 
observed which matched with the sodium metal phase with 
space group of P63/mmc (PDF card No. 9008507). Compared 
to normal metallic sodium (a=b=3.7670 Å and c=6.1540), the 
lattice constants of the intercalated sodium for the fully 
discharged electrode have a lower a-lattice parameter and a 
higher c-lattice parameter, i.e., a=b=3.7139 Å and c=6.3262 Å. 
The increased c-lattice would be attributed to a repulsive effect 
between ionically bonded sodium in the NaCl structure (Na+) 
and the intercalated sodium (metallic Na) between the NaCl 
layers. As explained by Zhang et al., for NaxCl at x>1, sodium 
atoms form a 2D metallic array between the layer of B2-NaCl 
structures.2 The lattice constants of fully discharged electrode 
(Figure 3c) are a=b=c=5.6213 Å for B1-NaCl and 
a=b=c=2.8597 Å for the B2-NaCl. The origin of this volume 
reduction in NaCl structure during intercalation of sodium-ions 
can be understood by comparing the coordination spheres of Cl− 
anion in B2-NaCl. The environment of Cl− anion is similar to 
CsCl structure, where two units have anion-anion coordination 
(Figure 2f). Zhang et al. showed that the intercalation of 
sodium-ions can be deposited between the layers of B2-NaCl 
structure.2 Therefore, the replacement of one anion by a cation 
to form cation-anion coordination can reduce the distance 
between them, which results in the reduction of volume for the 
metallic-NaCl structure. The volume reduction mechanism is 
also confirmed by ex-situ XRDs studied after 5th and 10th 
cycles (Supplementary Figure 4). The lattice constants for the 
fully charged electrode (Figure 3e and 3f) are increased to 
a=b=c=5.6398 Å for B1-NaCl and a=b=c=2.8612 Å for the B2-
NaCl, which means that partial absence of sodium-ions in the 
host structure leads to the relaxation in Na-Na and Na-Cl bonds. 
For further verification of B1-B2 phase transition and sodium 
intercalation into the structure, high resolution ex-situ XRDs for 
the NaCl pristine and cycled electrode, are measured that also 
support this in-situ XRD study (Supplementary Figure 5). In 
addition, to get a better understanding of the behavior of NaCl 
electrode upon intercalation-deintercalation of sodium-ions, we 
carried out galvano-static intermittent titration technique 
(GITT) experiment that allows characterizing the material in 

Figure 3. In-situ XRD study of sodium chloride electrode. (a, b) All in-situ XRD patterns for the 1st charge process with detailed 
patterns between 43○ to 47○. Peak around 44.7○ indicates partial phase transition of B1-type NaCl to B2-type NaCl. (c) In-situ XRD 
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patterns for the 1st discharge process. (d) Appearance of Na and (111) B2 peaks around 31.2○ and 55.2○ indicate intercalation of 
sodium-ions and further B1 to B2 phase transition. (e, f) In-situ XRD patterns for the 2nd charge process showing downward shift of 
Na peak, during deintercalation of sodium-ions. In situ XRD patterns for 1st discharge and 2nd charge process are plotted by step of 
5. The patterns of the sample were collected as ~5 min for each XRD scan). (    : an unknown peak).
its relaxed state (Supplementary Figure 6), GITT experiment 
also proves that successive B1 to B2 phase transition decrease 
the polarization and provide easier electronic transfer.24

To elucidate the stoichiometries of materials, after employing 
the sodium intercalation/deintercalation mechanism, 
transmission electron microscopy-energy dispersive X-ray 
spectroscopy (TEM-EDS) was conducted as shown in Figure 4.  
Images and TEM-EDS patterns of the particles for the pristine 
(Figure 4a and 4b), fully discharged (Figure 4c and 4d), and 
charged (Figure 4e and 4f) NaCl-electrode were investigated. 
Na and Cl contents in fully discharged electrode were 61.3 and 
38.7 at. %, respectively, which is different from the pristine 
electrode of 45.7 and 54.3 at. %. Hence, sodium content 
increased after intercalation of sodium-ions during discharge 
process. A TEM image of the electrode after the second 
charging (Figure 4e and 4f) reveals that Na and Cl contents are 
52 and 48 at. %, respectively. This decrease in sodium peak is 
due to deintercalation of sodium-ions during charge process.  
The EDS elemental mapping of discharged electrode (Figure 
4g) demonstrates that NaCl particles are covered by Na2CO3, 
NaF and NaClO4 containing SEI layer (Supplementary Figure 
7).19,20 The SEI layer does not seem to exist in the fully charged 
electrode (after charged to 4.23 V), possibly because of the 
partial decomposition of the SEI layer components at high 
voltage. Doubaji et al. also explained that a thin layer of 
Na2CO3 and NaF covers the pristine electrode and reversible 
dissolution/reformation of these compounds is observed in 
initial cycles.20 Although TEM observation for alkali halides 
has been limited, since they are vulnerable to the strong electron 
beam (Supplementary Note. 2 and Figure 8), as explained by 
Allen et al.25 EDS spectra of fully charged and discharged 
electrodes demonstrate the formation of sodium-enriched 
NaxCl: x>1compounds after intercalation of sodium-ions in the 
host structure.

The electronic interaction of ionic compound (Na+Cl−) with 
intercalated sodium-ions in sodium enriched NaxCl: 
x>1compound and the irreversible capacity loss in the initial 
cycles was further studied by X-ray photoelectron spectroscopy 
(XPS). Photoemission lines of carbon, fluorine, oxygen, 
chlorine, and sodium were measured to examine the 
consumption of sodium-ions during the discharge process. XPS 
spectra were measured for the pristine material and after the 
completion of first and second charge and discharge cycle 
(Figure 5). The XPS spectra for C 1s, Na 1s, F 1s, Cl 2p, and O 
1s are shown in Figure 5 (a-f). In the C1s core level spectra 
(Figure 5a), the signature is mainly due to carbon black and 
PVDF. The main peak located at a binding energy of 284.5 eV 
is assigned to a C-C bond and corresponds to carbon black, 
which was used as an electronic conductive element in the 
electrode. The peaks at binding energies of 285.9 and 290.7 eV 
were assigned to the C-O and PVDF binder containing species. 
The two minor peaks at binding energies of 285.0 and 288.6 eV 
were assigned to hydrocarbon and -CO2 related carbonaceous 
species, respectively, which usually exist at the outermost 
surface of the electrodes.20,27 At the end of the first and second 
discharges, a peak at 289.5 eV appeared that corresponds to 
formation of a SEI layer containing Na2CO3 on the surface as a 
result of electrolyte reduction. Hence, consumption of sodium-
ions is not limited to the formation of so sodium-enriched 
metallic compounds but also from the formation of 
carbonaceous and oxygenated species containing SEI layer on 
the electrode surface.
The evaluation of the SEI layer is further explained by the F 1s 
and O 1s spectra. The F 1s spectrum (Figure 5b) of the pristine 
electrode is mainly dominated by the signal from the PVDF 
binder at a binding energy of 687.7 eV. The smaller peak at a 
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6

Figure 4. TEM-EDS analysis of NaCl. TEM images and EDS patterns of the (a, b) pristine, (c, d) fully discharged and (e, f) fully charged 
electrode. (g) High angle annular dark field image with TEM-EDS element mapping of sodium (Na), chlorine (Cl), oxygen (O) and carbon 
(C) for the fully discharged electrode.
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Figure 5. XPS surface study of NaCl electrode. XPS spectra of (a) carbon (C 1s), (b) fluorine (F 1s), (c) oxygen (O 1s), (d) chlorine 
(Cl 2p), (e) sodium (Na 1s) and  (f) sodium perchlorate, sodium chlorate (NaClO4, NaClO3) for the pristine, fully charged and 
discharged electrodes during 1st and 2nd cycles. (Dotted and solid line (red) spectra represent the observed spectra and summation 
of peaks energies, respectively).

binding energy of 685.3 eV is present at the outermost surface 
and can be assigned to the formation of NaF due to the 
degradation of the binder during electrode preparation.20 The 
increase in the intensity of NaF at the end of first and second 
discharges corresponds to the reduction of the electrolyte and 
formation of the SEI layer in the presence of the fluoroethylene 
carbonate (FEC) additive in the electrolyte. The O 1s core-level 
spectrum of the pristine electrode is shown in Figure 5c and has 
three distinct components.  The peaks at binding energies of 
532.4 and 536.7 eV are assigned to different oxygenated species 
at the surface. The peak at 537.5 eV can be seen in all spectra 
and might be due to the aggressive nature of NaCl toward 
moisture and air.28 The appearance of the peak at a binding 
energy of 533.8 eV (NaClO4) at the end of the first charge also 
confirms the decomposition of the electrolyte at higher voltages 
as shown in Figure 5f. Additionally, Cl2 gas evolution is during 
a pre-charge step (Supplementary Figure 9). It shows that, in 
spite of deintercalation of sodium-ions during activation cycle 
(up to 4.3 V), there is no evolution of Cl2. Therefore, the sodium-
ion vacancies plays an important role for the B1- to B2- NaCl 
phase transition. In the fully discharged stage, a peak associated 
with Na2CO3 at 531.6 eV in Figure 5c appears. However, a 
decrease in the intensity of Na2CO3 and NaF peaks also 
confirms partial dissolution of the SEI layer at high voltage 
(4.23 V) during the charge process.
In this study, the evolution of the interaction of NaCl compound 
with intercalated metallic sodium, Na 1s and Cl 2p core-level 
spectra of the pristine and cycled electrodes are shown in Figure 
5 (d-f). In the Cl 2p (Figure 5d) core peak spectra of NaCl, the 
two main peaks at binding energies of 200.0 and 201.6 eV 
(∆V=1.6 eV) correspond to the Cl 2p3/2 and Cl 2p1/2 orbitals. The 
Na 1s spectrum (Figure 5e) confirmed the presence of NaF at 
the surface, and the main peak at a binding energy of 1073.3 eV 
corresponds to the NaCl phase. These Na 1s and Cl 2p spectra 
led to the following explanation; after the first charge, the main 

Na 1s and Cl 2p peaks (Figure 5d) shift toward lower energy 
levels due to deintercalation of sodium-ions. This decrease 
would reflect the weakening of some of the Na-Cl bonds due to 
a decrease in the positive or negative charge on sodium or 
chlorine, as explained by K. Kishi et al.29 Additionally, in the 
spectra of the fully discharge electrode, an intense Na-peak 
(Figure 5e) appears that corresponds to the intercalation of 
sodium-ions in the NaCl structure. The NaCl peak in Na 1s 
spectra moved to a higher energy of 1073.1 eV. However, there 
is a difference of -0.2 eV from the initial binding energy value 
of 1073.3 eV in the pristine electrode, which might be due to 
increased number of electropositive sodium atoms in the 
coordination spheres of chlorine. In addition, the presence of 
Na-Na bonds is also accompanied by a weakening of the Na-Cl 
bonds and Cl 2p3/2 and Cl 2p1/2 peaks, (Figure 5d) which moved 
toward lower energies of 199.8 and 201.4 eV, respectively. 
Finally, at the end of the second charge, the main peak of NaCl 
returns to 1073.3 eV (Figure 5e), which confirms that any NaCl 
that was interacting strongly with Na-metal is now freed from 
the potential of the Na-metal crystal. The same phenomenon is 
also observed in the electrode during the second cycle, but the 
intensity of the metallized Na peak after the second discharge is 
weaker than that of the peak after the first discharge. This 
variation in the intensity of the Na peak also confirms the 
intercalation/deintercalation of sodium-ions through the host 
structure. A small peak at 1071.7 eV is also visible in the Na 1s 
spectrum (Figure 5e) that corresponds to the formation of 
Na2CO3. However, the NaClO4 peak at 1071.1 eV (Figure 5e) 
and 209.5 eV (Figure 5f) that appears in the first charge step 
and is also observed in the O 1s spectrum confirms electrolyte 
decomposition at the electrode surface and formation of the SEI 
layer (Figure 5f). Hence, irreversibility in the initial cycles is 
due to formation of both sodium-enriched NaxCl compounds 
and an SEI layer on the electrode surface. However, the SEI 
layer partially disappeared at the end of the charge (4.23 V) and 
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reappeared during the discharge process (0.1 V) as also 
explained by Doubaji et al.20

The evaluation of XRDs, XPS and TEM-EDS spectra clarified 
the formation of sodium-enriched NaxCl: x>1, compounds 
through the electrochemical intercalation process of sodium-
ions. Hence, to search for novel low-cost cathode materials for 
rechargeable NIBs, we studied the electrochemically induced 
phase transformation of B1-phase (Fm3m) to B2-phase (Pm3m) 
of sodium chloride and used this electrochemically metallized 
NaxCl compound as a new cheap electrode material for NIBs. 
These results will contribute to the development of low cost 
rechargeable batteries from earth-abundant elements which are 
also operatable at room temperature.
The main component of table salt (or sea salt), sodium chloride, 
which is known to be an insulator with a high band gap at room 
temperature, is electrochemically metallized by 
electrochemically inducing Na-ion vacancies in the crystal 
structure. These vacancies cause a phase transition from B1- to 
B2-NaCl. This B2-NaCl is capable of intercalating sodium-ions 
and delivered a high discharge capacity of 267 mAh/g in the 
range of 0.1 to 4.23 V. A detailed study was conducted in order 
to explore the electrochemical performance and phase transition 
mechanism by EIS, CV, ex-situ and in-situ XRD analyses. This 
study shows that B1-NaCl is not electrochemically active; 
however, a phase transition to B2-NaCl not only reduces its 
charge-transfer resistance but also electrochemically activates 
the sodium chloride to intercalate sodium-ions during the 
discharge process and form a metallic phase with NaxCl where 
x>1. To further confirm the extent of the charge compensation, 
XPS analysis was performed for the fully charged and 
discharged electrodes. This study shows distinctive Na-Na 
(metallic) and Na-Cl (ionic) bonding in the metallic-NaxCl 
(x>1) structure. XPS and TEM-EDS studies also confirmed the 
sodium-ion intercalation/deintercalation process and 
formation/dissolution of the SEI layer on the electrode surface 
during the cycling processes. This work suggests that various 
unexplored alkali halide intercalation systems can provide 
unlimited opportunities to design electrodes with better 
performance beyond that of conventional electrode materials 
used in rechargeable batteries.
Experimental Methods
Electrochemistry. NaCl (ACS reagent, >99%) was purchased 
from Sigma Aldrich.  For the electrochemical tests, the 
electrodes were prepared by mixing NaCl, acetylene black, and 
polyvinylidene difluoride (PVDF) at an optimized ratio of 
70:20:10. For fabricating acetylene black (AB) electrode, AB 
and PVDF are mixed at a ratio of 90:10. The slurry was cast 
onto aluminum foil and dried in an oven at 80 °C. Subsequently, 
the electrodes were roll-pressed and dried under vacuum 
overnight at 80 °C before making the cells. The electrolyte used 
to make the coin cell (CR 2032) consists of 1 M NaClO4 with 
PC: FEC (98:2). The cell fabrication was performed in an 
argon-filled glove box (Mbraun Unilab, Germany) with 
controlled contents of H2O and O2 below 0.1 ppm. Galvano-
static measurements were conducted using a multichannel 
battery tester (Maccor 4000) in a voltage range of 0.1 V ~ 4.23 
V at C-rates of 0.03 and 0.05.
Metallization of NaCl.

Metallization of NaCl was achieved by the following 
procedures. In the first step, vacancies are intentionally induced 
through the electrochemical pre-charge step up to 4.2 V (i.e., 
the activation cycle), resulting a partial phase transition from 
B1- to B2-NaCl. Secondly, a discharge process to 0.1 V make 
sodium-ions to intercalate into this activated compound. During 
the discharge process, the electrochemically active B2-NaCl 
phase can effectively accommodate these sodium-ions and form 
a sodium-rich compound (NaxCl, x >1).
Material characterization. Ex-situ XRD patterns were 
measured with a Dmax2500/PC (Rigaku, Japan) with Cu-Kα 
radiation (wavelength of 1.5418 Å). The XRD patterns were 
obtained with a scan speed of 0.02◦ per step over a 2θ range of 
10-80◦. In-situ X-ray diffraction (XRD) measurements were 
performed using an R-AXIS IV++ Rigaku (in-house) with Mo-
Kα radiation (wavelength of 0.7107 Å). PDXL integrated X-ray 
powder diffraction software was used to optimize the lattice 
parameters of crystal structures. The time-resolved X-ray 
diffraction (TR-XRD) patterns (~5 min for each XRD scan) of 
the samples were collected for charge and discharge process. 
For easy comparison, the 2θ values of the obtained spectra were 
converted to Cu-Kα radiation. To observe the phase transition 
in the in-situ precharging process, the slurry casting was kept 
thicker than that used for other XRD characterizations. For high 
resolution XRD analysis, the electrode material was scratched 
from the Al-foil and sealed into the capillary tube. The electrode 
materials were scratched from the Al-foil and sealed into the 
capillary tube to measure the XRD [UNIST-PAL 
crystallography 6D beam line, Pohang Accelerated Laboratory 
(PAL)].
EIS and CV tests were conducted with coin cells using a 
Biologic potentiostate/galvanostate model VMP3 (Bio Lab, 
Inc.) and CVs were carried out in the voltage range from 0.1 V 
~ 4.23 V at a scan rate of 0.1 mV/s. A PHI 5000 Versa Probe 
(Ulvac-PHI) equipped with an Al-Kα (1486.6 eV) 
monochromator was used to observe the state and chemical 
composition of elements at the surface of the NaCl. 
Galvanostatic intermittent titration technique (GITT) and half-
cell performance studies were performed at a multichannel 
battery tester (Maccor 4000) in a voltage range of 0.1 ~ 4.23 V. 
A C/20 current pulse was applied for 10 minutes in a voltage 
range of 0.1 ~ 4.23 V. The rest time between the pulses are 60 
minute to get more accurate open circuit potential. The core-
level spectra presented in this study were energy calibrated from 
the arbitrary C 1s core-level peak of PVDF at a binding energy 
of 284.6 eV. TEM-EDS (Talos F200X, FEI) was used to 
observe the NaCl particle morphology and the elemental 
mapping for the pristine, fully charged and discharged 
electrode. The sample preparation for XPS and TEM-EDS 
analyses were performed by disassembling the cells at their 
fully charged or discharged states. The electrodes were 
collected and thoroughly washed to remove any residual salts. 
To investigate gas evolution during the electrochemical test, we 
used the in-situ gas measurement using the DEMS. The DEMS 
measurement was composed of a mass spectrometer (MS) 
(HPR-20, Hiden Analytical) and a potentio-galvano-static 
(WonA Tech, WBCS 3000). The NaCl electrode is assembled 
into a meshed coin cell, and a carrier gas of argon was flowed 
at 16 cc min-1 onto the coin cell. Schematic illustrations of the 
crystal structures of NaCl were drawn using the program 
VESTA.
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