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Due to their compactness, storage/supply ﬂexibility, modularity and factory manufacturability, batteries are
excellent candidates for large scale energy storage applications. However, the widespread application of most
batteries hitherto developed is hindered by their high cost. Here, an intermediate temperature molten salt battery
is developed that emphatically resolves this issue by using all earth-abundant and cheap elements. Operated at
170  C, the cell comprises of an Fe metal anode, NaCl saturated NaAlCl4 electrolyte and an AlCl
4 intercalated
graphite cathode in the fully charged state. It has a capacity retention of 85% after nearly 10,000 cycles. After
characterizing the anode, it was determined that the high reversibility of the Fe to FeCl2 solid state transformation
are responsible for the absence of dendritic growth on such a metal anode. Different electrode capacity matching
strategies are discussed in the context of ensuring safe operation during overcharging. Finally, the overall material
cost of the Fe/Graphite cell is estimated to be 33.9 $ kWh1, which can potentially meet the demands of the
commercial energy storage market.

1. Introduction
Amongst different large-scale stationary electrical energy storage
devices, batteries provide very high spatial and temporal ﬂexibility in
managing electrical energy. This is because, in addition to being compact
and modular (truckable from factory, instead of civil construction),
which facilitates easy physical storage at a variety of locations, they also
have the ability to store and supply electrical energy with almost zero
latency. Therefore, an electrical power grid that integrates them with
renewable energy sources will be highly reliable and efﬁcient [1–3].
Despite these advantages, most of the existing batteries are expensive and
their extensive use in large-scale power grids is still uncommon [4,5].
Recently, molten salt batteries, like Na–S batteries, sodium metal
halide (ZEBRA, Zeolite Battery Research Africa) batteries and liquid
metal batteries, all of which operate at elevated temperatures
(300 C–500  C), have been incorporated in grid scale energy storage
applications, mainly due to their enhanced rate performances [6–11].
However, operating these devices at elevated temperatures poses a

unique set of challenges. One of these challenges pertains to identifying
suitable but inexpensive materials for sealing the structure electrically
and thermally [10,12,13]. Limiting heat dissipation related losses is
particularly important because doing so not only saves cost but also enhances the battery's long-term energy efﬁciency [14,15]. To address
these challenges, some studies have lowered the operating temperature
of batteries to the ‘intermediate’ temperature range (below 250  C), such
as the intermediate-temperature (~150  C) Na–S battery reported by Lu
et al., the intermediate-temperature (190  C) sodium–nickel chloride
batteries demonstrated by Li et al., and the intermediate-temperature
(240  C) liquid metal battery proposed by Jin et al. [12,16,17]. In this
way, the corrosion and sealing issues are much easier to deal with,
leading to lower capital expenditures (CAPEX) as well as operating expenditures (OPEX) due to lower heating budget and longer life. In fact,
once the operating temperature is reduced below 250  C, the conventional polymer sealing and electrical insulation technologies can be used.
Besides, the heat dissipation will also be dramatically reduced when the
operating temperature is lowered below 250  C, because the radiant heat
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2. Material and methods

transfer (the main heat transfer mode at very high temperature) is proportional to temperature to the fourth order, and the other two heat
transfer modes (conduction and convection) can be easily blocked by
vacuum insulation at the ‘intermediate’ temperature range. More
importantly, compared with the room temperature batteries, the
intermediate-temperature batteries still retain the enhanced rate performances (quickened kinetics) endowed by the relatively higher operating temperature, which is of great signiﬁcance in the context of grid
scale energy storage applications.
In this context, it was noted that amongst molten salts, tetrachloroaluminate melts have very low melting temperatures due to the
size mismatch of the large AlCl
4 anion with the small metal cations, that
destabilizes crystalline packing thermodynamically [18]. Speciﬁcally,
NaAlCl4, which has a melting point of 157  C, can potentially be used as
an electrolyte for intermediate-temperature batteries. This electrolyte is
produced by reacting NaCl with AlCl3 and their binary phase diagram is
shown in Fig. S1. We will use this liquid electrolyte in the NaCl-saturated
regime, where NaAlCl4(liq) þ NaCl(solid) coexist. The excess NaCl(solid)
particles get evenly distributed while some appear to be on or near the
anode surface.
Usually with a metallic anode, long-range diffusional instabilities in
the electrolyte can drive the formation of dendrites, which is a safety
concern. The growth of dendrites corresponds to a metal deposition
process, facilitated by the presence of free cations and anions in the
electrolyte which are released/received across a long distance, reﬂected
by the Sand's extinction and limiting current [19–25]. This long-range
transport instability can be suppressed if an Fe(solid)/FeCl2(solid) electrode couple is employed as the anode in the presence of widely available
excess NaCl(solid). FeCl2, which is produced when Fe electrode oxidizes,
is almost insoluble in the NaCl-saturated molten NaAlCl4 electrolyte (the
solubility of FeCl2 in NaAlCl4 melt is 3.79  105 mol% at 175  C) [26,
27]. Thus upon oxidation, instead of Fe2þ(electrolyte), two
Naþ(electrolyte) are released into the electrolyte after some NaCl(solid)
nearby contributes the two chlorine ions. Upon reduction, the reverse
happens. Since the Fe2þ ions are completely arrested in the
above-mentioned process and ﬁnite ionic strength is guaranteed at the
solid-liquid interface, no Sand's singularity and no Fe dendrites can be
formed on the anode [25]. There is also no buildup of solid-electrolyte
interphase (SEI), as the anode is operated within the electrochemical
stability window of the molten salt electrolyte. Although the Fe/FeCl2
couple –owing to its high electronegativity– has traditionally been used
as a cathode in ZEBRA type batteries, there is a clear advantage in using it
as an anode in this particular situation [28].
Similarly, a suitable cathode, which can be used in conjunction with
the NaAlCl4 electrolyte, has to be identiﬁed. In 2015, Lin et al. designed
an ultrafast aluminum-ion battery possessing high rate capability and
long cycle life [29]. Their battery uses a non-ﬂammable organic ionic
liquid electrolyte and operates via the electrochemical deposition and
dissolution of Al at the anode, and intercalation/de-intercalation of
chloroaluminate anions (AlCl
4 ) at a graphite cathode [30–32]. Notably,
it was observed that the graphite cathode exhibits high rate capability
and stability while undergoing AlCl
4 intercalation and de-intercalation
[33,34].
Motivated by this, we chose graphite as the cathode and assembled an
‘Fe/NaAlCl4/Graphite’ battery with excess NaCl(solid) that operates at
170  C. This cell has a round-trip Coulombic efﬁciency of 99.5% and
exhibits a capacity retention rate of over 85%, even after being subjected
to nearly 10,000 charge-discharge cycles. Owing to the highly reversible
solid to solid transition between Fe and FeCl2, undesirable dendritic
growth of Fe on the anode is prevented. On further optimizing the balance of consumption of the two electrode capacities and electrolyte, it
was determined that the battery can be overcharged without any safety
problems. Given that this battery consists of inexpensive components, it
has the potential to meet demands for large scale and cost-effective gridscale energy storage solutions.

2.1. Electrolyte synthesis
The NaCl saturated NaAlCl4 electrolyte was prepared by mixing and
heating anhydrous NaCl (99.99%, Aladdin) and anhydrous AlCl3 (99%,
Aladdin) together at 200  C. To ensure that the solution is saturated with
NaCl, the molar ratio of NaCl and AlCl3 was adjusted to a value slightly
greater than 1. Saturation is conﬁrmed when some solid NaCl residue
precipitates out after the mixture becomes liquid. Initially, the freshly
produced molten NaAlCl4 is brown in color due to the presence of impurities like Fe2þand Zn2þ. After adding small quantities of Al debris to
the molten NaAlCl4 and letting it stand overnight, the mixture becomes
colorless. Additionally, moisture is eliminated by stewing the molten
NaAlCl4 at elevated temperatures [35]. All the processes mentioned
above were conducted in an Ar-ﬁlled glove box.
2.2. Preparation of Fe/FeCl2 electrode
Whenever FeCl2 reversibly transforms to Fe in the cell, the active
anode material can potentially detach from the current collector.
Therefore, proper adhesion has to be maintained between the FeCl2
anode and the Fe-metal current collector. In view of this, we developed a
fabrication method wherein a FeCl2/Fe electrode with a certain capacity
could be obtained by exposing Fe to HCl gas. Also, by the varying the
exposure time, the size of FeCl2 particles can be easily controlled.
A piece of high purity Fe metal (plate or foam, 99.999%, Aladdin), is
suspended over a pool of concentrated hydrochloric acid and stored inside a sealed container. After some time, the Fe piece gets corroded by
HCl gas, and a thin layer of FeCl2 forms on its surface. Following this, the
Fe piece is taken out from the sealed container and dried at 200  C in Ar
atmosphere for one night. Since the residual HCl gas and moisture on the
Fe surface evaporate on drying, the mass of Cl can be determined by
comparing the change in the mass of Fe, before and after the treatment. In
addition to FeCl2, this treatment can also potentially produce a certain
amount of FeCl3. Therefore, an Fe/FeCl2 electrode prepared by this
method was examined by XRD to determine its composition. From the
XRD scan shown in Fig. S7, only peaks corresponding to Fe and FeCl2 are
observed, which conﬁrms that no FeCl3 was produced on the electrode.
Regardless, formation of FeCl3 would not have caused serious concern
anyway because all of it transforms to FeCl2 in the presence of Fe, when
the cell is in operation. Note that the theoretical capacity of Fe/FeCl2
anode is deﬁned in this paper with respect to the mass of FeCl2.
2.3. Preparation of Mo/FeCl2 electrode
A FeCl2 saturated ethanol solution is evenly dripped on the surface of
a Mo plate using a transfer pipette such that it has an areal density of
17.7 μl cm2. Thereafter, the Mo plate is dried at 200  C in Ar atmosphere
for 1 h. After drying, the Mo/FeCl2 electrode, which consists of a smooth
layer of FeCl2 tightly attached to the Mo plate, is created.
2.4. Anode characterization
To observe the surfaces of the prepared Mo/FeCl2 and Fe/FeCl2
electrodes before charging, they both were directly transferred to the
sample compartment of a ﬁeld emission scanning electron microscope
(SEM, Hitachi SU6600) from the Ar-ﬁlled glove box. Energy-dispersive Xray spectroscopy (EDS, EDAX) was used to map the distribution of
different elements.
Prior to characterizing charged Fe/FeCl2 anodes with SEM, EDS and
XRD, certain pre-treatments were performed on them. In order to observe
the morphology of Fe particles on a charged Fe/FeCl2 electrode, the latter
was cooled to room temperature after charging and ultrasonically
treating it in deionized water to remove any adhering salt.
On the other hand, the charged Mo/FeCl2 plate anode was scratched
2
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Fig. 1. (a) Schematic illustration of the Fe/graphite cell during discharge. (b) A view of a fully assembled home-made Fe/graphite cell with a diameter of 2 cm. (c) An
exploded view of the home-made Fe/graphite cell.

processes were conducted in Ar-ﬁlled glove box, and the cyclic voltammetry tests were performed on an electrochemical workstation
(CHI660E, Chenhua).

by a blade to locally remove the attached NaAlCl4 layer so that the material underneath is exposed.
Furthermore, the fully charged cell with a Mo/FeCl2 plate anode was
cooled to room temperature. Then the Mo/FeCl2 plate anode was
removed from the cell and heated at 300  C for 2 h to evaporate and
eliminate the NaAlCl4 layer. Following this, the active materials were
scraped off the Mo plate. To avoid contamination from air/moisture in
the ambient atmosphere, the active materials were placed onto a glass
slide and wrapped by Scotch tape. The wrapped sample was immediately
removed from the glove box and transferred to a PANalytical X'pert Pro
diffractometer for performing XRD measurements.

2.7. Cell structure and testing
Cells were assembled by home-made cell shells, which have the active
area of 0.2 cm2. The anode and cathode were separated by a PTFE
washer, which was then deformed under the pressure to seal the cell. The
traditional 2032 coin cell shell and a piece of glass carbon were used as
current collectors. (shown in Fig. 1 (b) and (c)).
The galvanostatic charge-discharge performance tests were performed with a battery tester (BT2000, Arbin).

2.5. Cathode characterization
First, both primitive and charged graphite were ground into microscopic particles and dispersed in acetone by ultrasonic agitation. Next,
this dispersion was dripped over a micrograte. Once the acetone volatilizes, the graphite particles on the micrograte were transferred into the
sample chamber of high resolution transmission electron microscopy
(HRTEM, JEOL 2100F). The thin edges of the graphite particles were
characterized in high resolution mode and the elemental distribution of
graphite particles was determined by energy-dispersive X-ray spectroscopy in HRTEM (EDS, JEOL).

2.8. The electrode materials
The graphite foam (GF) was purchased from Six Carbon Technology
(Shenzhen, China). It is prepared by growing graphite layers on nickel
foam scaffold templates via chemical vapor deposition (CVD). Following
this, the nickel foam is dissolved in FeCl3 solution and the GF residue is
dried in Ar atmosphere.
The graphite powder (GP) cathode is fabricated by rolling out the
mixture of artiﬁcial graphite powder (D50 8–10 um; 90 wt%) and polytetraﬂuoroethylene (10 wt%) into thin ﬁlms and drying at 120  C in
vacuum for 8 h.
The Fe/FeCl2 plate (FP) anode, Fe/FeCl2 foam (FF) anode, the GF
cathode and the GP cathode used in the cells are shown in Fig. S8 (a), (b),
(c) and (d).
Also, the microstructural features of the GF, graphite cloth, GP and
the as-prepared FF can be seen in Fig. S9 (a), (b), (c) and (d).

2.6. The cyclic voltammetry (CV) test
Al plates with active areas of 1 cm2 and 5 cm2 were used as the
reference electrode and counter electrode, respectively. Molten NaAlCl4
saturated with NaCl is employed as the electrolyte and the setup was
operated at 170  C. Fe/FeCl2 (active area, 0.7 cm2; CV scan rate, 0.01 V/
s) and a graphite composite electrode (active area, 2 cm2; CV scan rate,
0.001 V/s) were the working electrodes. The following procedure was
adopted to prepare the graphite composite electrode. First, natural
graphite ﬂakes (obtained from Aladdin) were ground into micro-sized
particles and dispersed uniformly on a carbon ﬁber cloth (CeTech Co.,
Ltd.) with the assistance of acetone. The areal density of the dispersion
was about 0.7 mg cm2, which was same as that of the previously
mentioned graphite particles on a micrograte. Thereafter, this carbon
ﬁber cloth was sandwiched between two layers of glass ﬁber ﬁlter paper
(Whatman GF/A). Finally, the sandwich structure was rolled into a cylinder, and the carbon ﬁber cloth was exposed as the electrical lead. All

3. Results and discussion
3.1. Cell assembly and reactions
The cell is assembled in the fully discharged state, consisting of a
graphite cathode Cn, NaCl-saturated molten NaAlCl4 electrolyte, and an
anode with Fe backbone as the current collector with FeCl2 particles
dispersed on its surface. Upon charging at a temperature of 170  C, the
cathode voltage increases (oxidation) while the anode voltage decreases
(reduction), with the following reactions:
3
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Fig. 2. Cyclic voltammetry (CV) tests. (a) The CV curve of Fe/FeCl2 obtained in the three-electrode cell with the Al reference electrode, Al counter electrode and the
molten NaCl saturated NaAlCl4 electrolyte at 170  C. (b) The CV curve of the graphite electrode (Cn/Cn[AlCl4]) in the same three-electrode cell at 170  C. (c) The CV
curve of a two-electrode Fe/Graphite cell at 170  C.

Fig. 3. The cycling performance and voltage curves of two Fe/Graphite cells with different electrode capacity matching strategies. (a) The cycling performance of the
Fe/Graphite cell with an Fe/FeCl2 plate (FP) anode and a graphite foam (GF) cathode at the current density of 10,000 mA g1 for graphite. (b) The cycling performance
of the Fe/Graphite cell with Fe/FeCl2 foam (FF) anode and a GF cathode at the same current density of 10,000 mA g1 for graphite. (c) The voltage curves of the FP-GF
cell at different cycles. (d) The voltage curves of the FF-GF cell at different cycles.
4
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3.2.2. Galvanostatic charge/discharge performance
Cycling performance of the Fe/Graphite battery full-cell, which contains an Fe/FeCl2 plate (FP) anode and graphite foam (GF) cathode, was
further evaluated by charging and discharging for nearly 10,000 cycles at
a current density of 10,000 mA g1 for graphite (this FP-GF battery was
also cycled at current densities ranging from 3333 to 10,000 mA g1, and
the rate performance can be seen in Fig. S2). Variations in the speciﬁc
capacity of GF, measured at a current density of 10,000 mA g1, are
displayed in Fig. 3 (a). Note that the capacity retention rate, after nearly
10,000 cycles, is higher than 85%. This amounts to a capacity decay rate
of only 0.0015% per cycle, demonstrating excellent stability. To further
assess the cyclic stability, the voltage curves at different stages of
charging and discharging are compared in Fig. 3 (c). As can be seen from
this ﬁgure, each voltage curve exhibits a clear and steady plateau during
charging and discharging. At the end of each charge and discharge cycle,
there is a sharp rise and drop in the voltage, respectively. This aspect will
be discussed in detail later. Beyond 5000 cycles, while the discharge
speciﬁc capacity reduces gradually, the plateau potentials of charge and
discharge curves remain invariant. The invariance in the plateau potentials attests to the highly reversible nature of electrode reactions and the
stability of their electrochemical polarization.
Additionally, in this battery, the initial speciﬁc capacity of GF cathode
is ~84 mAh g1, the Coulombic efﬁciency is 99.5% (See Fig. 3 (a)) and
the charge/discharge rate is as high as ~120C, when the current density
at the FP anode reaches ~7.5 mA cm2.
Interestingly, both the CV curve of graphite in Fig. 2 (b) and the
charge and discharge voltage curves in Fig. 3 (c) show that there is only
one electrochemical reaction on the graphite cathode side in the Fe/
Graphite cell, which should correspond to one voltage plateau on
charging or discharging. However, in the Al/Graphite battery, immense
amounts of previous studies have demonstrated two distinct voltage
plateaus corresponding to two electrochemical reactions on the graphite
cathode side [29,30,33,34,36,37]. Dai et al. claimed that these two
distinct voltage plateaus actually correspond to the intercalation of AlCl
4
into graphite with 2 stages during charging in an AlCl3-urea ionic liquid,
while in the NaAlCl4 molten salt electrolyte, Jiao et al. proposed that

there are two kinds of anions (AlCl
4 and Al2Cl7 ) co-intercalate into the
graphite that correspond to two distinct voltage plateaus respectively
[33,34]. Here, through the comparison of graphite cathodes in the
Al/Graphite cell and the Fe/Graphite cell, we get another unique angle of
view on the meaning of the two voltage plateaus.
For the reactions on the graphite side, there is a key difference
(depending on the acid-base property of the electrolyte) between Al/
Graphite cell and Fe/Graphite cell. The Fe/Graphite cell uses a basic
NaAlCl4 electrolyte (NaCl/AlCl3 mole ratio  1), while the Al/Graphite
cell needs to be operated with an acidic XAlCl4 electrolyte (XCl/AlCl3
mole ratio < 1, X can be alkali metal cations or organic cations, like
NaAlCl4 molten salt or AlCl3/[EMIm]Cl ionic liquid) to ensure high
quality aluminum deposition [29,34,38,39]. In the basic NaAlCl4 elec
trolyte of Fe/Graphite cell, AlCl
4 (basic as Cl donor) serves as the anions, and the intercalated ions in graphite should be AlCl
4 . However, the


AlCl
4 and Al2Cl7 (acidic as Cl acceptor) both exist as anions in the
acidic XAlCl4 electrolyte of Al/Graphite cell. As a consequence, it can be
deduced that in the Al/graphite cell, apart from one voltage plateau
corresponding to the intercalation of AlCl
4 into graphite, the other
voltage plateau should be related to the reaction with Al2Cl
7 anions.
To further improve the capacity retention rate, which is critical for
grid-scale energy storage, it is important to determine which of the two
electrodes contributes more to the overall cell capacity decay rate.
Typically, if the graphite electrode's capacity is in excess, capacity fading
of the cell during cycling would originate from the damage accumulated
on Fe/FeCl2 side, and vice versa.
Hence, another Fe/Graphite cell was assembled using the Fe/FeCl2
foam (FF) anode instead of the FP anode. The FF anode in this cell is

Anode voltage down ↓: FeCl2 þ 2e þ 2Naþ(electrolyte) → Fe þ 2NaCl (2)
The NaAlCl4(liq) electrolyte is thus being consumed in charging, and
new NaCl(solid) will be formed. The high ionic strength of NaAlCl4(liq)
and the broad availability of FeCl2(solid) prevent any transport-limited
morphological instabilities [25]. In principle, for the battery to work,
pure NaAlCl4 (liq) electrolyte should do ﬁne. However, because NaCl(solid) is a key intermediary and source of chlorine or sodium ions, it is
safer to have NaAlCl4 (liq) þ NaCl(solid) electrolyte with a slight
NaCl-excess initially.
In the fully charged state, all the FeCl2 would have been reduced to Fe
(the best arrangement turns out to be having the battery run in the anodelimited mode, with capacity given by the initial amount of anode-bound
FeCl2, as we will discuss later), and the graphite Cn would have been
oxidized to form the AlCl
4 intercalated graphite Cn[AlCl4]. Upon discharging, the following cathode reduction and anode oxidation reactions
occur:
Cathode voltage ↓: Cn ½AlCl4  þ e ↔ AlCl
4 ðelectrolyteÞ þ Cn

(3)

Anode Voltage ↑: Fe þ 2NaCl ↔ FeCl2 þ 2e þ 2Naþ ðelectrolyteÞ

(4)

where Fe oxidizes, but because of Fe2þ’s insolubility, combines with Cl
ions (supplied by NaCl) to electrodeposit solid FeCl2, with a net ejection
of Naþ(electrolyte) from the anode side. We note that Cl ions are in a
dynamic ﬂux inside the liquid electrolyte (exchanges between
AlCl
4 (electrolyte) and NaCl(solid) in Grotthuss diffusion mechanism),
thus there is no need for the NaCl(solid) to be too close or even in contact
with the current collector, as long as there is a net excess of NaCl(solid) in
some region near where the iron oxidation happens. A schematic illustration of the discharging mechanism is shown in Fig. 1 (a). We note that
because the electrolyte mixture NaAlCl4 (liq) þ NaCl(solid) actively
participate in the reactions on both electrodes, balance of plant would
require the masses of the initial FeCl2, Cn, and NaAlCl4 (liq) to satisfy
some inequalities, to be detailed later.
Since the cell operates at 170  C, low-cost polymers like PTFE can be
used to seal it, and there is less corrosion and heat insulation problems,
which reduce the CAPEX as well as OPEX of the battery, improving the
system's total energy efﬁciency greatly [13]. An assembled home-made
cell along with its individual components are displayed in Fig. 1 (b)
and (c).
3.2. Characterization of electrochemical properties
3.2.1. Cyclic voltammetry
Cyclic voltammetry tests, using a three-electrode system, were conducted on Fe/FeCl2 and Cn/Cn[AlCl4] electrodes to evaluate their electrochemical performances.
The individual cyclic voltammograms (CV) of the Fe/FeCl2 and Cn/
Cn[AlCl4] electrodes in a NaCl-saturated molten NaAlCl4 electrolyte, at
170  C, are displayed in Fig. 2 (a) and (b), respectively. In both ﬁgures, a
distinct redox peak couple can be identiﬁed. From the position of these
redox peak couples, the corresponding equilibrium potentials, Uanode and
Ucathode, of the Fe/FeCl2 and Cn/Cn[AlCl4] electrodes are roughly 0.74V
and 2.18V, respectively. So, the open circuit voltage (OCV) of the Fe/
FeCl2/NaAlCl4/Cn[AlCl4]/Cn cell can be inferred to be about 1.44V.
Similarly, the result of cyclic voltammetry test conducted on a twoelectrode Fe/Graphite full-cell is shown in Fig. 2 (c). Much like the
previously tested electrodes, well deﬁned oxidation and reduction peaks,
appear at 1.78 V and 1.21 V, respectively. Positions of the two redox
peaks are consistent with the inferred value of OCV for the Fe/Graphite
cell.
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two peaks. Nevertheless, the relative proximity of the two peaks indicates
that the intercalation potential of AlCl
4 in graphite is close (~0.2V) to
the potential at which Cl2 is produced.
Next, to assess the performance of different electrode capacity
matching strategies, in Fig. S3 (c) the four electrodes, Al/AlCl
4 , Fe/FeCl2,
Cn/Cn[AlCl4] and AlCl
4 /Cl2, are arranged in the ascending order, from
left to right, according to their corresponding equilibrium potentials
[15]. The potential window of the NaCl-saturated NaAlCl4 electrolyte lies

between the potentials of Al/AlCl
4 and AlCl4 /Cl2 [40]. Using this
schematic, the operating mechanisms for different types of electrode
capacity matching strategies can be deduced in any Fe/Graphite batteries, which use NaCl-saturated NaAlCl4 electrolyte along with Fe/FeCl2
and Cn/Cn[AlCl4] electrodes. For instance, in a graphite-excess cell, Al is
deposited on the anode if the cell is slightly overcharged:

expected to have excessive capacity on account of possessing ~30 times
higher active surface area and FeCl2 content than that of the original FP
anode.
This FF-GF cell was also cyclically charged and discharged for over
10,000 times at a constant current density of 10,000 mA g1. Fig. 3 (b)
and (d) display its cycling data and voltage curves at different stages of
charging and discharging, respectively. As can be seen, the average
speciﬁc capacity of the GF cathode is ~104 mAh g1 and the Coulombic
efﬁciency is 99.3%. In addition, it has an extremely low capacity fade rate
of 0.00034% per cycle. Note that the speciﬁc capacity of GF in this FF-GF
cell is 20 mAh g1 higher than that in the FP-GF cell. This conﬁrms that in
the FP-GF cell, the GF cathode's reported speciﬁc capacity was actually
underutilized and hence the GF cathode was in excess. Alternately, in the
FF-GF cell, the FF anode would have excess capacity. It then follows that
the higher capacity fade rate per cycle of the FP-GF cell, which is
0.0015%, represents the cycling performance of the FP anode. Because
0.0015% per cycle is more than quadruple of 0.00034% per cycle, it
means a full cell with FP anode would see its long-term cycling performance limited by the anode.
The FP-GF cell and the FF-GF cell will hitherto be alternatively
referred as graphite-excess and FeCl2-excess cells, respectively. On
comparing the voltage curves of these two cells, an additional difference
can be noted. While the voltage of the former increases sharply at the end
of charging, such a feature is absent in the latter (see Fig. 3 (c) and (d)).
The discharging segments of both the cells are, however, similar in nature. To address this peculiarity in the charging curves of the graphiteexcess cell, the underlying mechanism of each capacity matching strategy must be understood.
Before that, it is important to know the speciﬁc capacities of both
electrodes. The theoretical speciﬁc capacity of the Fe/FeCl2 electrodes
can be calculated as 2e divided by the mass of FeCl2, which is 423 mAh
g1. However, the maximum reversible speciﬁc capacity of the graphite
electrode is still unknown (which depends on the quality and quantity of
graphitization). For measuring this, the FeCl2-excess cell was cycled with
different charging cutoff capacities ranging from 500 mAh g1 to
104 mAh g1 per graphite mass. The corresponding charge and discharge
voltage curves are presented in Fig. S3 (a). At a current density of
10,000 mA g1, a new charge voltage plateau at about 2.0 V emerges
together with a new discharge voltage plateau arising at about 1.45V. As
the charging cutoff capacity is reduced, both voltage plateaus gradually
diminish. This is accompanied by a simultaneous increase in the
Coulombic efﬁciency from 65.66% to 99.04%. Finally, when the cut-off
capacity is reduced to 104 mAh g1 (cut-off voltage of 1.85V), the new
voltage plateaus (about 2.0 V in charge, and about 1.45V in discharge)
completely disappear. It is speculated that the charging (discharging)
voltage plateaus correspond to the production (reduction) of Cl2 gas [40,
41]:


þ
Anode voltage down ↓: AlCl
4 (electrolyte) þ 3e þ 4Na → Al(solid) þ
4NaCl
(6)

a side reaction in reference to (2). An alternative way to rewrite (6) is to
add the chloro-exchange reaction:
þ

4Al2Cl
7 (electrolyte) þ 4NaCl ¼ 8AlCl4 (electrolyte) þ 4Na

that is constantly occurring inside the electrolyte irrespective of electrode
voltage (the chloro-acid/chloro-base equilibrium), to give

Anode voltage down ↓: 4Al2Cl
7 (electrolyte) þ 3e → Al(solid) þ
7AlCl
(electrolyte)
4

(60 )

This reaction (6) or (60 ) is much more benign compared to (5). Contrasting (6), (60 ) with (5) has great implications in the context of choosing
an appropriate electrode capacity matching strategy for the Fe/Graphite
cell. Considering that the formation of Cl2 gas during overcharging is
perhaps dangerous, whereas side reaction (6) is quite benign, the
graphite electrode in the cell should possess higher capacity than the
FeCl2 electrode. Such an electrode capacity matching strategy for full-cell
is optimal in the event of overcharging as the excessive capacity of
graphite will function as the reserve capacity.
A typical overcharge voltage curve of the graphite-excess cell is
shown in Fig. S3 (d). The charging voltage curve rises abruptly from 1.7
to 1.95 V when the FeCl2 is exhausted, and then the Al deposition process
emerges; only after the reserve capacity of graphite is used up can Cl2
(gas) be produced. Compared with the graphite-excess cell, the FeCl2excess cell has no abrupt voltage rise before Cl2 formation when overcharged, as seen in Fig. S3 (a). From the schematic shown in Fig. S3 (c),
this phenomenon can be attributed to the larger potential difference
between the Al/AlCl
4 and Fe/FeCl2 electrode pairs (~0.74V, see Fig. 2
(a)) in the graphite-excess cell than that between Cn/Cn[AlCl4] and
AlCl
4 /Cl2 (~0.2V, see Fig. S3 (b)) in the FeCl2-excess cell [26,40].
Note that the voltage excursion at the end of charging is vitally
important for the battery management system (BMS), because the BMS
usually needs a trigger signal of cell voltage change at the end of
charging. In this sense, the graphite-excess cell is much more desirable
for the design and operation of BMS for grid-scale energy storage.
Consequently, the slightly graphite-excess cell provides the optimal
electrode capacity matching strategy, not only because it reduces the risk
of Cl2 production in the event of overcharging, but also because the
voltage excursion at the end of charging guarantees the smooth operation
of BMS.
Additionally, from another perspective, it can also be seen from
Fig. S3 (c) that the Fe/graphite cell actually sacriﬁces the voltage between Al/AlCl
4 and Fe/FeCl2 electrode pairs, compared with the Al/
Graphite cell (if the difference on the acid-base property of electrolytes is
not considered). But it is the unutilized voltage range between Al/AlCl
4
and Fe/FeCl2 electrode pairs that eliminates the risk of Cl2 production in
the event of overcharging with the help of the graphite-excess electrode
capacity matching strategy. In contrast, the Al/Graphite cell almost utilizes the entire range of potential window of tetrachloroaluminate melts,

Cathode voltage↑: 2AlCl
4 (electrolyte) → 2AlCl3(solid or gas) þ Cl2(gas) þ
2e
(5)
a side reaction in reference to (1). Cl2(gas) is corrosive and highly undesirable. This reaction happens when there is excess anode FeCl2, and
when the cell is charged beyond the cathode reversible capacity [29,34].
Hence, the cut-off capacity at which these plateaus disappear can be
regarded as the maximum reversible speciﬁc capacity of graphite. According to this criterion, the maximum speciﬁc capacity of our graphite,
at the current density of 10,000 mA g1, is 104 mAh g1. Besides, the
higher discharge capacities and the higher voltage plateaus can be
attributed to the partial reduction of Cl2 on the surface of graphite.
To further understand the mechanisms of charging and discharging,
the CV curve of the Cn/Cn[AlCl4] electrode, measured at the sweep speed
of 0.05 V s-1, is displayed in Fig. S3 (b). In the oxidation segment of the
curve, the intercalation peak of AlCl
4 partially overlaps with the peak
corresponding to the formation of Cl2. This was not observed in the CV
curves shown in Fig. 2 (b) because slower sweep speeds can separate the
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Fig. 4. Characterization of electrodes in the Fe/Graphite battery. (a) The micromorphology and elemental mapping of the Mo/FeCl2 anode plate in the fully charged
state. (b) The XRD data of the active materials on the Mo/FeCl2 anode plate in the fully charged state. (c) The HRTEM image of a particle extracted from the graphite
electrode after charging. The interplanar distance of (002) of fully charged graphite is ~0.38 nm. (d) The elemental mapping and the compositional proﬁle of the
charged graphite particle acquired by EDS in TEM.

except the range between Cn/Cn[AlCl4] and AlCl
4 /Cl2 (~0.2V). Thus,
when the cell is slightly overcharging, the Cl2 gas would be produced on
the cathode side, which is corrosive and possibly disastrous for grid-scale
battery energy storage [29,33].

on the anode plate, in the fully discharged state. The results of the XRD
tests, summarized in Fig. S4 (b), also conﬁrm the existence of FeCl2 in the
fully discharged anode. From these observations it is conclusively
established that Fe and FeCl2 form reversibly during charging and discharging, respectively.
After being fully charged, the graphite cathode was ground to
submicron-sized particles and characterized by HRTEM. The HRTEM
image of the fully charged graphite particle is displayed in Fig. 4 (c). To
facilitate comparison, the HRTEM image of a graphite particle in the
pristine state (or pre-charged state) is shown in Fig. S5. From these images it can be observed that the interplanar distance of (002) planes in
graphite increases from 0.34 nm to ~0.38 nm on charging.
Next, using EDS in the TEM, the elemental distribution of fully
charged graphite particles was determined, as shown in Fig. 4 (d). It is
revealed that Cl and Al are uniformly distributed within the fully charged
graphite. The presence of these two elements could also results from the
molten electrolyte not being fully removed from the graphite electrode
surface. However, since Na is absent in the elemental map, we can
conﬁrm that Al and Cl are indeed absorbed into graphite as Cn[AlCl4] and
the above stated results have not been inﬂuenced by preparation
artifacts.
Since the Cl and Al elements are conﬁrmed to be distributed within
the fully charged graphite and the interplanar distance of (002) planes in
graphite increases after charging, we can conclude that the Cl and Al

3.3. Mechanism conﬁrmation
In order to investigate the morphology of Fe metal during charging,
an ethanol solution containing FeCl2 was evenly dripped on a Mo foil and
dried in Ar. Fig. S4 (a) shows the elemental distribution of the resulting
thin layer of FeCl2 formed on the inert Mo foil. Thereafter, using this Mo/
FeCl2 composite plate as an anode, a cell was assembled. After the ﬁrst
charging, the cell was cooled to the room temperature and the NaAlCl4
layer on the anode plate was locally removed. The micromorphology and
elemental distribution of the Mo/FeCl2 anode plate in the fully charged
state is shown in Fig. 4 (a). Since Fe metal particles appear to have formed
on the plate, our hypothesis that FeCl2 transforms to Fe is conﬁrmed. To
verify that the deposited particles are pure Fe, the active materials of the
fully charged anode were scraped off from the Mo substrate and tested
with XRD. As expected, peaks corresponding to elemental BCC Fe were
observed in the XRD scans and can be seen in Fig. 4 (b). Note that before
performing XRD tests, NaAlCl4 was evaporated and removed from the
fully charged anode plate by heating it at 450  C in Ar for 4 h [42]. The
same procedure was adopted before characterizing the active materials
7
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Fig. 5. The morphological evolution of Fe and FeCl2 particles. (a) Rod-like FeCl2 particles on the Fe/FeCl2 plate electrode before charging. (b) Flocculated Fe particles
on the anode plate after the ﬁrst charge.

elements are intercalated in the form of AlCl
4 into graphite on charging,
which had also been demonstrated and studied by Dai et al. and Jiao et al.
before [29,33,34].
As mentioned before, there are almost no free Fe2þ ions in the molten
NaCl saturated NaAlCl4 electrolyte due to the low solubility of FeCl2 in it.
As a matter of fact, the amount of FeCl2 dissolved in the electrolyte is less
than 1/100th of the solid active FeCl2 on the anode. Therefore, we
believe that instead of reduction and oxidation of Fe2þ ions in the electrolyte, the Fe/FeCl2 electrode experiences a reversible solid-to-solid
transition during each charge-discharge cycle. In such a process, all the
Fe or FeCl2 particles form locally and do not grow as dendrites during
cycling.
In Fig. 5 (a) and (b) the morphological evolution of Fe and FeCl2
particles in this solid-solid transition process was captured by SEM images. FeCl2 particles, prior to being incorporated in a cell, are all rod-like
particles with a diameter of about 1 μm (see Fig. 5 (a) and its inset). After
the ﬁrst charge, these particles turn into moderately ﬂocculated Fe particles of approximately the same size (see Fig. 5 (b) and its inset).
Fig. 6. The material cost and operating temperature comparison of Fe/Graphite
cell, ZEBRA battery, Na–S battery, and liquid metal battery [10,11,52–55]. The
material cost of Na–S battery is calculated as the one-fourth of a total Na–S
battery system.

3.4. Cost effectiveness for large-scale energy storage
The cost effectiveness of the Fe/Graphite battery described in this
study will make it highly attractive in the commercial energy storage
market. Graphite and iron are cheaply available whereas the NaAlCl4
electrolyte can be easily synthesized by reacting equimolar quantities of
NaCl and AlCl3 [43]. In Table S1, the individual and cumulative cost of
different materials (including Fe current collector, FeCl2, graphite and
the electrolyte) in the Fe/Graphite battery is listed. From this it was
determined that the total materials CAPEX of this battery will be 33.9 $
kWh1, and the energy density of the Fe/Graphite battery is estimated to
be about ~40 Wh kg1, which is comparable to the lead–acid battery
(based on the cathode capacity of 100 mAh g1).
However, the cost of the GF is much higher than that of bulk graphite
or graphite powder (GP). In order to reduce the cost of the Fe/Graphite
battery, a new FeCl2-excess cell was assembled with a FF anode and a GP
cathode. Fig. S6 (a) shows the cycling performance of this cell for 80
cycles. The cell has an average Coulombic efﬁciency of 97.3% at the
current density of 3000 mA g1 for graphite. Additionally, the reversible
speciﬁc capacity of GP at the ﬁrst cycle reached ~100 mAh g1 with the
Coulombic efﬁciency of 99.70%, which can be seen from the voltage
curve at the ﬁrst cycle in Fig. S6 (c). Similar to the above-mentioned
voltage curves of typical FeCl2-excess cells, like Fig. 3 (d) and Fig. S3
(a), the high Coulombic efﬁciency of 99.70% veriﬁes that the maximum
speciﬁc capacity of GP cathode is not less than 100 mAh g1 at the current density of 3000 mA g1.
Then a graphite-excess FP-GP cell was assembled and tested by

cyclically charging and diacharging at current density of 3000 mA g1 for
graphite (or at 37.5C). As shown in Fig. S6 (b), the cell has been cycled
for more than 330 cycles with a capacity retention rate of 82.4%. Also
Fig. S6 (d) presents the voltage curves at different cycles during cycling.
Although the capacity retention performance of the cell with a GP
cathode was not as good as that of the cell with a GF cathode, the
maximum speciﬁc capacity of GP is almost the same as GF. And we
believe that the capacity retention performance of the cell with the low
cost GP cathode will be signiﬁcantly enhanced by optimizing the size,
crystallinity, and defect density of graphite particles [36,37,44–51].
Besides, as shown as Fig. S2 (c), the energy efﬁciency of Fe/Graphite
cell is about 70% ~ 80% as the rate of cycling changing from 40C to
120C, which shows an energy storage efﬁciency between liquid metal
batteries and ZEBRA batteries (or Na–S battery). However, the cost of Fe/
Graphite batteries is undoubtedly lower than the liquid metal batteries,
ZEBRA batteries and Na–S batteries, since only earth-abundant and
cheap elements are used (lower CAPEX), with low operating temperatures (lower OPEX) and comparable cycling ability.
As shown in Fig. 6, the materials cost and operating temperature of
the Fe/Graphite cell compare favorably with other molten salt batteries.
In the future, if the performance and quality of the cathode can be
optimized, the life cycle cost of the cell can be further minimized.
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4. Conclusion
[14]

In summary, we have developed an intermediate-temperature Fe/
Graphite battery using an Fe/FeCl2 anode, chloro-basic NaAlCl4/NaCl
molten salt electrolyte and graphite foam cathode, operating at 170  C,
which has a capacity retention rate of 85% after nearly 10,000 cycles,
with rate capability up to 120C. It was determined that the absence of
dendritic growth on Fe metal anode can be attributed to the high
reversibility of Fe⇔FeCl2 solid state transformation. Also, it was
demonstrated that a slightly graphite-excess electrode capacity matching
strategy is ideal for protecting the cell from dangers associated with
overcharging. Finally, the battery has a relatively low energy storage cost
of 33.9 $ kWh1 as it employs cheap components. With these attributes
the Fe/Graphite cell promises to be an effective solution for grid-scale
energy storage.
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