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Abstract: In this study, we have proposed a novel concept of hybrid flow batteries consisting of a
molten Na-Cs anode and an aqueous NaI catholyte separated by a NaSICON membrane. A number
of carbonaceous electrodes are studied using cyclic voltammetry (CV) for their potentials as the
positive electrode of the aqueous NaI catholyte. The charge transfer impedance, interfacial impedance
and NaSICON membrane impedance of the Na-Cs ‖ NaI hybrid flow battery are analyzed using
electrochemical impedance spectroscopy. The performance of the Na-Cs ‖ NaI hybrid flow battery
is evaluated through galvanostatic charge/discharge cycles. This study demonstrates, for the first
time, the feasibility of the Na-Cs ‖ NaI hybrid flow battery and shows that the Na-Cs ‖ NaI hybrid
flow battery has the potential to achieve the following properties simultaneously: (i) An aqueous NaI
catholyte with good cycle stability, (ii) a durable and low impedance NaSICON membrane for a large
number of cycles, (iii) stable interfaces at both anode/membrane and cathode/membrane interfaces,
(iv) a molten Na-Cs anode capable of repeated Na plating and stripping, and (v) a flow battery with
high Coulombic efficiency, high voltaic efficiency, and high energy efficiency.

Keywords: redox flow batteries; hybrid flow batteries; Na-based anolyte; NaI aqueous catholyte

1. Introduction

Energy and climate concerns have led to the development of new renewable energy sources including
wind, solar and biofuels. For some of these technologies, such as wind and solar, it is necessary to develop
an energy storage system due to the intermittent nature of the power source. In this regard, redox flow
batteries (RFBs) are very suitable for grid-scale renewable energy storage owing to their unique advantages,
including decoupled design of power and energy, no intercalation/deintercalation and stress build-up
in electrodes, active heat management due to removal of heat by flowing electrolytes, and capability of
storing a large energy/power in a simple design for durations of hours [1–5]. Unlike Li-ion batteries where
electrodes intercalate/deintercalate Li ions to enable electron transfer processes, the electrodes of RFBs are
“inert” with no intercalation/deintercalation and stress buildup, and thus have the potential of very long
cycle life [2]. To provide the acceptable power rating (kW), the electrode size of Li-ion batteries has to be
limited, and thus so is the energy storage capacity (kWh) of Li-ion batteries. In contrast, the power of RFBs
is determined by the size of the electrodes and the number of cells in a stack, whereas the energy storage
capacity of RFBs is dictated by the concentration and volume of the electrolyte. Therefore, the power
and storage capacity of RFBs can be designed independently. As a result, both energy and power can
be easily adjusted for storage from a few hours to days or weeks, depending on the application [2–4].
Another important advantage of RFBs over Li-ion batteries is the ease of heat management because flowing
electrolytes carry away heat generated from ohmic heating and redox reactions, leading to a super safe
energy storage system [2].
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In spite of many advantages mentioned above, RFBs suffer from rapid capacity decay in which
catholyte and anolyte become mixed due to a phenomenon known as crossover [6–11]. All vanadium redox
batteries (VRBs) solve this problem because vanadium is present in both anolyte and catholyte, so mixing is
no longer a serious problem [2]. However, the state-of-the-art all vanadium redox flow batteries (VRBs)
still suffer from multiple deficiencies, including high costs ($280/kWh for near-term production) [12],
low energy density (20–33 Wh/L) and low specific energy (15–25 Wh/kg) [2,13,14]. A major reason
for these deficiencies is that most of RFBs are based on aqueous solution chemistry, which limits the
cell voltage [6–11,13–23]. To address these issues, there has been work towards the use of organic
solvents which have higher electrochemical stability windows [24–35]. However, the solubilities of
active ions in organic solvents are typically very low [24–35]. As a result, the utilization of RFBs with
organic solvents remains to be a challenge. Other efforts to enhance the energy densities involve
the use of Li stationary anodes combined with flowing catholytes which can be clear solutions or
semisolid slurries [5,36–38]. Although energy densities have been improved by these hybrid flow
batteries [5,36–38], many challenges remain, including how to maintain the advantages of traditional
RFBs in separation of power and energy, dendrite growth of the Li anode, ion crossover, self-discharge,
and high manufacturing costs of flow batteries.

Recently, another concept of hybrid flow batteries with a molten Na-Cs alloy anode in conjunction
with a flowing catholyte separated by a solid Na-ion exchange membrane and operated at room
temperature has been proposed [39–41]. This hybrid Na-based flow battery (HNFB), as shown
schematically in Figure 1, has the potential to offer many unmatched advantages over VRBs.
Specifically, the utilization of molten Na90Cs10 alloys at room temperature allows the specific capacity
of the anode (~1050 mAh/g) to approach the theoretical capacity of pure Na (1166 mAh/g) while still
maintaining the advantage of RFBs in decoupled design of power and energy. The specific capacity of
1050 mAh/g is more than 19 times that of a 2.5 M VOSO4 (V4+) in an aqueous solution (52.7 mAh/g)
often used in the state-of-the-art VRBs [2,13]. Due to this extremely high specific capacity, the molten
Na-Cs anode can be used with no need for flowing but as a floating electrode (as shown in Figure 1) or
by wetting of a metal foam which is in contact with the membrane oriented in the vertical direction
(not shown in Figure 1). In addition, the high negative potential of the molten Na-Cs alloy anode
offers opportunities for wide selection of catholyte chemistries which can be the same or similar
to that of traditional RFBs and makes the cell voltage high (>3 V) even with aqueous catholytes.
Furthermore, multi-electron transfer redox reactions per active ion in the catholyte (e.g., V2+/V3+,
V3+/V4+ and V4+/V5+) can be explored to increase the energy density and reduce the cost of flow
batteries. Due to its high volumetric and gravimetric energy densities, HNFB has potentials for all
levels of stationary energy storage at room temperature, including electricity generation site storage,
electricity transmission-substation storage, community storage, and end user storage.

In this study, we have conducted the first investigation on the feasibility of a HNFB with a
molten Na-Cs alloy anode and an aqueous NaI catholyte separated by a sodium super ionic conductor
(NaSICON) membrane (denoted as Na-Cs ‖ NaI hereafter). An important feature of the Na-Cs ‖
NaI hybrid flow battery is that the solubility of NaI in water is high (~12 M) [42,43], thereby offering
a catholyte with high volumetric and gravimetric energy densities. It is found that the Na-Cs ‖
NaI hybrid flow battery has the potential to achieve the following properties simultaneously: (i) An
aqueous NaI catholyte with good cycle stability, (ii) a durable and low impedance NaSICON membrane
for a large number of cycles, (iii) stable interfaces at both anolyte/membrane and catholyte/membrane
interfaces, (iv) a molten Na-Cs anode capable of repeated Na plating and stripping, and (v) a flow
battery with high Coulombic efficiency, high voltaic efficiency, and high energy efficiency. The specifics
of the results are detailed below.
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Figure 1. Schematic of a hybrid Na-based flow battery (HNFB) with a floating Na-Cs anode on the
Na-ion exchange membrane and a flowing catholyte, operated at room temperature [39–41].

2. Experimental

Activated carbon (AC, #US1074) was ordered from US Research Nanomaterials, Inc. Graphite felts
(GFD 4.6 and 5.0, from SGL group) were used after thermal treatment at 550 ◦C in air for 5 h. All other
chemicals were purchased from Sigma Aldrich and they were all used as received. In addition, some
graphite felts (GF) were modified by depositing nano-Nb2O5 or WO3 on their surface through sol-gel
method as described in References [44,45], respectively. Three electrode setups were used for the cyclic
voltammetry (CV) and electrochemical impedance spectroscopy (EIS) tests with the aid of Parstat
4000 (Princeton Applied Research). The working electrode was glassy carbon (Gamry Instruments),
graphite felts, Au (Gamry Instruments), activated carbon (coated on Au or glassy carbon) electrode,
or modified AC (coated on Au or glassy carbon), while a Pt wire and Ag/AgCl (home-made) were
used as the counter and reference electrodes, respectively. Potentialstatic EIS measurements were
conducted at the open circuit voltage (OCV), i.e., at the fully discharged state. A sinusoidal signal
with amplitude of 10 mV was applied to the battery. The frequency of the signal scanned ranged from
100 kHz to 0.1 Hz. All CV and EIS tests were performed at room temperature.

The anode of the Na-Cs ‖ NaI hybrid flow cell was made of liquid Na-Cs alloy with a formula
between Na37Cs63 and Na10Cs90 prepared by mixing two metals, heating up to above their melting
points, and cooling down to room temperature. On the cathode side, NaI aqueous solution was
investigated and graphite felt GFD 5.0 was used as the current collector. The anode and cathode
were separated by a NASICON solid electrolyte disc with a diameter of 28 mm and 1.0 mm thick.
The effective area of the solid electrolyte was ~4.0 cm2. In order to obtain a good sealing and considering
the moderate mechanical strength of the NASICON disc, a silicone gasket encapsulating the whole rim
of the NASICON disc membrane was fabricated with the assistance of molds. The assembling of Na-Cs
‖NaI hybrid flow cell (as shown schematically in Figure 1) and the subsequent testing were carried out
in ambient atmosphere except the anode filling step which was conducted in an argon-filled glovebox
with H2O and O2 level lower than 1 ppm. The cathode chamber filled with graphite felt GFD 5.0 and
the NASICON disc with silicone gaskets were firstly aligned and assembled with assistance of screws.
Before and after the NaCs loading, the cell was heated in a vacuum oven at 90 ◦C for 2 h to get rid of
adsorbed moisture and form a relatively good contact between the solid electrolyte and Na-Cs liquid,
as well as between the Na-Cs and stainless steel current collector. In the final step, the NaI aqueous
catholyte was loaded and circulated through a peristaltic pump outside the glove box. A current of
0.05–0.15 mA was applied to galvanostatically cycle the cell between 2.5 V and 3.3 V using a battery
testing system (CT-3008-5V1mA and CT-3008-5V10mA, Neware Technology Ltd. (Hong Kong, China)).
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3. Results and Discussion

3.1. Electrocatalytic Effect of the Positive Electrode

The overall electrochemical reactions for the Na-Cs ‖ NaI hybrid flow battery is proposed to be
described by Equations (1) and (2), which is found to be consistent with the experimental result to be
discussed later and in line with the Li-I2 system reported in Reference [46].

Aqueous cathode: 3NaI↔ NaI3 + 2Na+ + 2e−, Ec
◦ = 0.536 V vs. SHE (1)

Molten anode: 2Na+ + 2e− ↔ 2Na, Ea
◦ = −2.7 V vs. SHE (2)

∆E (cell voltage) = 3.23 V

Equation (1) can also be written in the form of the triiodide/iodide (I3
−/I−) redox couple [46]:

Aqueous cathode: 3I− (aq)↔ I3
− (aq) + 2e−, E◦ = 0.536 V vs. SHE (3)

To make the I3
−/I− redox reactions fully reversible with fast kinetics, positive electrodes with

effective electrocatalytic functions are needed. Thus, we have investigated three groups of electrode
materials to evaluate their electrocatalytic functionalities. The first group consists of precious metals,
Pt and Au, as they are good catalysts for many reactions [47,48]. This group of materials are expensive,
but can serve as a baseline for comparison. The second group is composed of carbonaceous materials
because they have been widely used for VRBs with good electrocatalytic activities [12–14,18–23].
The third group contains the carbonaceous materials modified with Nb2O5 or WO3 deposit on the
surface because Nb2O5 and WO3 have been shown to be capable of enhancing the electrocatalytic
activity of carbonaceous materials in VRBs [44,45].

Figure 2 shows cyclic voltammograms (CVs) of Au and Pt electrodes evaluated using a 3-electrode
configuration (with Ag/AgCl as the reference electrode). Clearly, Pt offers strong electrocatalytic activity
for reduction, but has very little activity for oxidation (Figure 2b). In contrast, the Au electrode displays
much better symmetry in enhancing both oxidation and reduction reactions. However, the reduction
activity is still stronger than the oxidation activity, indicating a pseudo-symmetric functionality offered
by the Au electrode. The peak separation between the oxidation and reduction is intermediate (0.42 V),
not large nor small. Figure 3 depicts CVs of several carbonaceous electrodes. Several interesting trends are
noted from Figure 3. First, all of the carbonaceous electrodes exhibit the mean potential of the reduction
and oxidation peaks, (Ered

p + Eox
p )/2, at around 0.43 V vs. Ag/AgCl (very close to the theorectical value

of I3
−/I− redox reaction, i.e., 0.35 V vs. Ag/AgCl), implying a stable system or no obvious substance

change during the CV tests. Second, graphite felt GFD 4.6, carbon paper and activated carbon display
slightly stronger oxidation peaks (Iox

p ) than reduction peaks (Ired
p ), whereas glassy carbon foam and

gold display an opposite trend, suggesting that the reactions on these electrodes are all quasi-reversible.
In contrast, graphite felt GFD 5.0 exhibits quite symmetric oxidation and reduction peaks, but the
separation of its oxidation and reduction peaks is quite large (∆V = 0.77 V). Third, among all of these
carbonaceous electrodes, activated carbon has the smallest peak separation (∆V = 0.24 V), indicating
small overpotentials for both oxidation and reduction reactions. In addition, it is found that the peak
separation of all the electrodes investigated increases with the scan rate.

To improve the electrocatalytic activities of carbonaceous electrodes, carbonaceous electrodes have
been modified by depositing Nb2O5 or WO3 on their surfaces through sol-gel method. Figure 4 displays
the CV curves obtained from Nb2O5- and WO3-modified carbonaceous electrodes. It is obvious that the
deposition of Nb2O5 or WO3 on the surface of graphite felt GFD 4.6 results in larger peak separation
(∆V ≥ 0.8 V) than that offered by the corresponding electrode without oxide deposition (∆V = 0.54 V).
Interestingly, the mean potential (Ered

p + Eox
p )/2 for both Nb2O5- and WO3-modified graphite felt is around

0.43 V vs. Ag/AgCl, similar to the graphite felt without oxide modification. As such, these results indicate
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that both Nb2O5 and WO3 have increased overpotentials for both oxidation and reduction reactions and
thus are not suitable for enhancing oxidation and reduction of the I3

−/I− redox couple.
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Figure 3. Cyclic voltammograms (CVs) of 0.01 M I2–1.5 M NaI catholyte on various carbonaceous
electrodes: (a) Glassy carbon (GC) foam and carbon paper electrode, (b) graphite felt GFD4.6 and
GFD5.0, and (c) Au and activated carbon (AC). Ag/AgCl and Pt wire were used as reference and
counter electrodes, respectively. Both graphite felts were annealed in air at 550 ◦C for 5 h before testing.
The AC electrode was prepared by drop-casting AC nanoparticle slurry on an Au electrode and then
drying it under infrared light. The scan rates are indicated in each figure.



Batteries 2018, 4, 60 6 of 11Batteries 2018, 4, x 6 of 11 

  

Figure 4. Cyclic voltammograms of 0.01 M I2–1.5 M NaI catholyte on (a) graphite felt GFD4.6 with 

WO3 deposit and (b) graphite felt GFD4.6 with Nb2O5 deposit. Ag/AgCl and Pt wire were used as 

reference and counter electrodes, respectively. The scan rates are indicated in each figure. 

3.2. Impedance Analysis of the Na-Cs‖NaI Flow Cell 

The impedances of the NaSICON membrane and the Na-Cs‖NaI flow cell were measured using 

electrochemical impedance spectroscopy in order to understand the rate-limiting step of the flow cell. 

As shown in Figure 5a, the NaSICON membrane displays relatively small Zim and Zre in the whole 

frequency range with two semi-circles in the curve. The simulation of the impedance spectrum using 

the equivalent circuit (Figure 5b) reveals that the bulk impedance of the NaSICON membrane, Rb, 

due to the intrinsic resistance of NaSICON crystals is only ~10 Ω or ~40 Ω cm2 (since the cell apparent 

area is around 4 cm2), whereas the grain boundary impedance, Rgb, of the NaSICON membrane 

(corresponding to the first semicircle at high frequencies) is about 45 Ω or 180 Ω cm2, giving a total 

ionic conductivity of the NaSICON membrane at ~3.14 × 10−4 S/cm at room temperature. The 

interfacial impedance due to the interface between the NaSICON and NaClO4 solution, Rint 

(corresponding to the semicircle at intermediate frequencies) is small (~65 Ω or 260 Ω cm2), suggesting 

excellent wettability of NaSICON by aqueous solutions. 

The simulation of the flow cell impedance spectrum (Figure 5) reveals nearly the same Rgb and 

Rint as the NaSICON membrane symmetric cell, suggesting that the NaSICON membrane is stable 

with and wetted well by both the Na37Cs63 liquid and NaI aqueous solution. Furthermore, no obvious 

rise in Rgb and Rint is observed after 1-month charge/discharge cycles. However, the charge transfer 

impedance, Rct, due to the charge transfer taking place at the positive electrode and catholyte interface 

is high (~250 ± 30 Ω or ~ 1000 ± 120 Ω cm2 taking the cell apparent area into account which is around 

4 cm2), indicating the poor electrocatalytic activity of the positive electrode (graphite felt GFD 5.0). 

This result is consistent with the CV analysis which reveals that graphite felt has relatively large 

overpotentials for both oxidation and reduction with the peak separation >0.65 V (Figure 3b). Since 

Rct is significantly larger than Rb, Rgb and Rint, it can be concluded that the rate-limiting step for 

charge/discharge of the Na-Cs‖NaI flow cell is the charge transfer at the positive electrode/catholyte 

interface—a problem often encountered in various flow batteries [18–21]. 

Figure 4. Cyclic voltammograms of 0.01 M I2–1.5 M NaI catholyte on (a) graphite felt GFD4.6 with
WO3 deposit and (b) graphite felt GFD4.6 with Nb2O5 deposit. Ag/AgCl and Pt wire were used as
reference and counter electrodes, respectively. The scan rates are indicated in each figure.

3.2. Impedance Analysis of the Na-Cs‖NaI Flow Cell

The impedances of the NaSICON membrane and the Na-Cs‖NaI flow cell were measured using
electrochemical impedance spectroscopy in order to understand the rate-limiting step of the flow
cell. As shown in Figure 5a, the NaSICON membrane displays relatively small Zim and Zre in the
whole frequency range with two semi-circles in the curve. The simulation of the impedance spectrum
using the equivalent circuit (Figure 5b) reveals that the bulk impedance of the NaSICON membrane,
Rb, due to the intrinsic resistance of NaSICON crystals is only ~10 Ω or ~40 Ω cm2 (since the cell
apparent area is around 4 cm2), whereas the grain boundary impedance, Rgb, of the NaSICON
membrane (corresponding to the first semicircle at high frequencies) is about 45 Ω or 180 Ω cm2, giving
a total ionic conductivity of the NaSICON membrane at ~3.14 × 10−4 S/cm at room temperature.
The interfacial impedance due to the interface between the NaSICON and NaClO4 solution, Rint

(corresponding to the semicircle at intermediate frequencies) is small (~65 Ω or 260 Ω cm2), suggesting
excellent wettability of NaSICON by aqueous solutions.

The simulation of the flow cell impedance spectrum (Figure 5) reveals nearly the same Rgb and
Rint as the NaSICON membrane symmetric cell, suggesting that the NaSICON membrane is stable
with and wetted well by both the Na37Cs63 liquid and NaI aqueous solution. Furthermore, no obvious
rise in Rgb and Rint is observed after 1-month charge/discharge cycles. However, the charge transfer
impedance, Rct, due to the charge transfer taking place at the positive electrode and catholyte interface
is high (~250 ± 30 Ω or ~ 1000 ± 120 Ω cm2 taking the cell apparent area into account which is
around 4 cm2), indicating the poor electrocatalytic activity of the positive electrode (graphite felt
GFD 5.0). This result is consistent with the CV analysis which reveals that graphite felt has relatively
large overpotentials for both oxidation and reduction with the peak separation >0.65 V (Figure 3b).
Since Rct is significantly larger than Rb, Rgb and Rint, it can be concluded that the rate-limiting step for
charge/discharge of the Na-Cs‖NaI flow cell is the charge transfer at the positive electrode/catholyte
interface—a problem often encountered in various flow batteries [18–21].
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Figure 5. (a) The Nyquist plots of the NaSICON membrane and Na-Cs‖NaI flow cell with apparent area
of ~4 cm2, and (b) the equivalent circuits for the simulation of the impedance spectra in (a). The Nyquist
plot of the NASICON membrane was obtained from a NaClO4 (1 M aq.) | NaSICON | NaClO4 (1 M
aq.) symmetric cell, whereas the corresponding plot of the flow cell was from Na37Cs63 | NaSICON |
0.25M NaI aqueous solution, measured at the open-circuit voltage of the cell in the frequency range of
100k–0.1 Hz with ac signal amplitude of 10 mV. For the flow cell, graphite felt GFD5.0 was used as the
electrode and current collector of the cathode, whereas stainless steel casing was used as the current
collector of the anode. Similar equivalent circuits (1) and (2) have been used previously to simulate
the impedance spectra of a Li-ion conducting membrane and a Li | solid electrolyte | LiBr aqueous
solution cell, respectively [14].

3.3. Charge/Discharge Behavior of the Na-Cs‖NaI Flow Cell

Although the effective positive electrode remains to be identified and developed, the galvanostatic
charge/discharge curves of a Na-Cs ‖NaI flow cell using graphite felt GFD 5.0 as the positive electrode
has been evaluated (Figure 6). Note that the aqueous catholyte in this hybrid flow cell only contained
0.068 M NaI in order to minimize the charge/discharge time and complete a reasonable number
of cycles in a timely manner. Furthermore, both charge and discharge were only conducted up to
1.0 mAh capacity, again to achieve a reasonable number of cycles in a timely manner. 1 mAh is
~13.7% of the theoretical capacity of the catholyte in this flow cell. Several interesting trends can
be concluded from these charge/discharge curves. First, the starting open circuit voltage (OCV)
of 3.04 V is very close to the theoretical value of the standard cell potential of the Na-Cs ‖ NaI
cell (3.23 V) with the triiodide/iodide (I3

−/I−) redox couple during charge/discharge as described
by Equations (1) and (2) [46]. After the charge operation starts, the cell voltage increases gradually
because of the gradually increased concentration of triiodide ions, as predicted by Nernst equation [46]:

E = E0 +
RT
nF

ln
aI−3
aI−

(4)

where E is the potential of the triiodide/iodide redox reaction, E0 the standard potential, R the gas
constant, T the absolute temperature, n the number of moles of electrons transferred, F the Faraday
constant, and aI−3

and aI− are the activities of I3
− and I−, respectively. Second, the charge and

discharge curves are smooth, suggesting a stable system with behavior described well by Nernst
equation. Third, the Coulombic efficiency is 100% and the voltaic efficiency is ~85% for the first
12 cycles, but increases to ~87% after 12 cycles because of the appearance of a new charge plateau
at ~2.75 V. Together, the Coulombic efficiency and voltaic efficiency of the present cell setup lead
to an energy efficiency ≥85%. Fourth, since the pH values of the NaI aqueous solution are near
neutral (6.3–7.2), the practical oxygen evolution reaction (OER) and hydrogen evolution reaction
(HER) will thus take place at the potentials of ~1.3 V and ~–0.75 V (vs. SHE) or ~4.0 V and ~2.0 V (vs.
Na+/Na), respectively [49]. As the charge/discharge voltage window for the Na-Cs ‖ NaI hybrid flow
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battery is >2.5 V and <3.3 V, no OER and HER are expected to occur, thereby a stable system without
electrochemical water splitting for the Na-Cs ‖ NaI hybrid flow batteries. Fifth, there is no noticeable
increase in the potential gap between charge and discharge plateaus even after 23 cycles, indicating no
obvious increase in the overpotential of the cell. The monitoring of the cell impedance also confirms
this, suggesting the possibility of Na-Cs ‖ NaI hybrid flow batteries with long cycle life. Sixth, the flow
cell displays small IR drop/increase when current changes during charge/discharge. This is consistent
with the moderate impedance of the flow cell determined using EIS (Figure 5). Seventh, a new plateau
at ~2.75 V appears gradually in the charge curve as the charge/discharge cycle increases beyond the
6th cycle. The appearance of this plateau improves the voltaic efficiency because the discharge plateau
does not undergo similar alternation. At this stage the mechanism for this new plateau is not clear.
Reference [50] has summarized various redox reactions that can occur in the iodine-iodide system.
However, none of them can provide a reasonable explanation for the redox plateau at ~2.75 V observed
in this study. Thus, we hypothesize that this interesting phenomenon is related to the evolution of the
surface functionality of the positive electrode during cycles.
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Figure 6. (a) Galvanostatic charge/discharge curves of a Na-Cs ‖ NaI flow cell with the cycle number
indicated, and (b) zoom-in view of (a). The positive electrode is graphite felt GFD5.0 and catholyte is
0.068 M NaI aqueous solution, whereas the anode is made up of a Na37Cs63 slurry. The discharge was
under 0.05 mA current for 1 h as the activation step and then 0.1 mA current up to 1.0 mAh capacity,
whereas the charging cycle was started at 0.05 and 0.10 mA for 1 h each and then at 0.15 mA until
reaching 1.0 mAh for the first 10 cycles. In the subsequent cycles the 0.10 mA step was set to 20 min
while the other steps were kept the same in the charge segment. The test was run in a dark box.

The final interesting conclusion from Figure 6b is that both charge and discharge curves shift
downward gradually by ~0.1 V over 23 cycles. It is not clear at this stage what is responsible for this
phenomenon and whether this trend will stop after a large number of cycles. One possible reason
for this shift would be the evolution of the catalytic activity of the positive electrode, similar to the
mechanism responsible for the gradual appearance of a new charge plateau at ~2.75 V. The downward
shift is very mild so far, but how that goes at a large number of cycles needs further investigation.
Another possible reason for the downward shift is the viscosity changes similar to that reported in
the Li-I2 system [36,46]. The underlying mechanism for this downward shifting will be studied in the
future to provide a stable and predictable energy storage system.

Before closing, it is worth of comparing the potential of HNFBs with the state-of-the-art VRBs.
Assuming that a Na-Cs ‖ NaI hybrid flow battery is made of a Na90Cs10 anode and an aqueous NaI
catholyte with a NaI concentration at 9 M (<12 M solubility reported in References [42,43]), then
this HNFB has a theoretical specific energy of 256 Wh/kg and energy density of 508 Wh/L, both of
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which are more than 10 times the specific energy (15–25 Wh/kg) and energy density (20–33 Wh/L)
of the state-of-the-art VRBs [13,14]. Further, the energy efficiency of the Na-Cs ‖ NaI hybrid flow
battery is high (≥85%), comparable with VRBs (70–90%) [51]. However, before these great potentials
can be fully exploited for practical applications, the catalytic activities of the positive electrodes
need to be improved significantly, as revealed in this study. In addition, the ionic conductivity
and conductance of the NaSICON membrane should be enhanced as well to allow high power
applications. Finally, the mechanical durability of the NaSICON membrane is essential for safe
operation of HNFBs. Although in this study no microcracking or fracture of NaSICON membranes
was observed in several-month continuous operation, real-world grid-scale energy storage would
require several-year operation, and thus this topic should be addressed in the future.

4. Conclusions

This study shows, for the first time, the feasibility of the Na-Cs ‖ NaI hybrid flow battery.
The study of cyclic voltammetry reveals that the positive electrodes made of precious metals,
carbonaceous materials, or Nb2O5- and WO3-decorated carbonaceous materials do not provide
symmetric electrocatalytic activities for oxidation and reduction of the triiodide/iodide redox couple in
aqueous solution. Graphite felt GFD 5.0 is the only exception to this general phenomenon, exhibiting
symmetric electrocatalytic activities for the triiodide/iodide redox couple in aqueous solution but
with relatively large overpotentials for both oxidation and reduction having the peak separation
around 0.77 V. The EIS investigation of the Na-Cs‖NaI flow cell with graphite felt GFD 5.0 as the
positive electrode indicates that Rct due to the charge transfer at the positive electrode/catholyte
interface is significantly higher than Rb, Rgb and Rint, suggesting that the charge transfer at the positive
electrode/catholyte interface is the rate-limiting step for charge/discharge of the Na-Cs‖NaI flow
cell—a problem that needs to be solved for the rate capability of the Na-Cs‖NaI hybrid flow battery.
Galvanostatic charge/discharge tests show that the Na-Cs ‖ NaI hybrid flow battery has the potential
to achieve the following properties simultaneously: (i) an aqueous NaI catholyte with good cycle
stability, (ii) a durable and low impedance NaSICON membrane for a large number of cycles, (iii) stable
interfaces at both anode/membrane and cathode/membrane interfaces, (iv) a molten Na-Cs anode
capable of repeated Na plating and stripping, and (v) a flow battery with high Coulombic efficiency,
high voltaic efficiency, and high energy efficiency.
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