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Aqueous salt batteries with high concentrations of salt or water in salt aqueous systems
have received considerable attention with focus on improving working voltage range and
energy density. Here, the effect of NaClO4 salt concentration on the electrochemical
performance and stability of tunnel-type Na0.44MnO2 (NMO) cathodes and organic
polyimide (PI) derivative anodes was studied. High capacity retention and 100%
coulombic efficiency were shown for NMO/PI full cell in saturated NaClO4 electrolyte. A
high, stable capacity of 115 mAh/g was achieved for the PI anode material, and the full cell
showed a stable capacity of 41 mAh/g at 2C rate for 430 cycles (calculated for the weight
of NMO cathode). Even at a fast 5C rate, a discharge capacity of 33mAh/g wasmaintained
for 2,400 prolonged cycles with nearly 100% efficiency. The full cell device can achieve an
average voltage of 1 V with energy density of 24Wh/kg. This study highlights concentrated
sodium perchlorate as a promising electrolyte solution for stabilization of electrodes and
enhancement of electrochemical performance in aqueous media.

Keywords: aqueous Na-ion batteries, water in salt electrolytes, intercalationmaterials, aqueous batteries, polyimide
anodes

INTRODUCTION

Electrochemical devices for large energy storage are in high demand and the technologies based on
batteries as well as capacitors are explored. Commercial batteries are working on high energy and low
power density with low rate capability, while capacitors combine low energy and high power density
with high rate capability (Barbieri et al., 2005; Armand and Tarascon, 2008; Poonam et al., 2019).
Due to the increased use of nonaqueous Li ion batteries in mobile electronics and electric vehicles,
capacity-based systems have emerged, offering low-cost devices with pure adsorption and desorption
of ions at the electrode surface, a nonfaradaic mechanism that delivers a low energy density of
10Wh/kg (Simon and Gogotsi, 2008). In organic and ionic liquid-based electrolyte solution,
capacitors allow operation of devices even at high voltage around 3 V with increased energy
density (Brandt et al., 2013; Brandt and Balducci, 2014; Yu and Chen, 2019). Large energy
storage requires safe, cheap, and environmentally friendly materials. Lead acid batteries are used
in commercial devices with good energy density of 40Wh/kg; however, the failure of lead acid battery
related with low discharge efficiency, usage of toxic lead, highly corrosive nature of acidic electrolyte
which leads to search for alternative technologies (Yolshina et al., 2015; Yang et al., 2017b; Sadeghi
and Javaran, 2019). Devices based on aqueous electrolytes have proved to be safer in spite of low
energy production compared to nonaqueous systems.
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In order to achieve a low-cost device with high capacity, rate
capability, and efficiency, one needs to consider components such
as current collectors, electrolytes, and electrode materials.
Sodium-based electrolytes are cheaper than lithium-based
electrolytes, owing to the abundant nature of sodium vs.
lithium salts in the earth’s crust. In general, chemically
modified or coated metal grid/sheets are used as current
collectors for studying aqueous batteries. For example,
aluminum, stainless steel, and nickel foil current collectors are
handicapped by their highly corrosive nature in aqueous systems
(Li and Church, 2016; Li, 2017). Gheytani et al. explored a
chromate conversion–coated Al collector for aqueous Li ion
batteries (Gheytani et al., 2016). Carbon-coated stainless steel
mesh was investigated for corrosion resistance in aqueous media
(Wen et al., 2017). In order to avoid the high toxicity of
chromium, to reduce coating thickness, and to maintain
electrodes’ uniformity during prolonged cycling, it is
important to develop flexible, corrosion-resistive, and
conductive composite foils as current collectors and cases.
Recent studies presented some attractive energy storage
devices for power supply including low-cost, nontoxic,
lightweight, flexible, and wearable batteries’ components (Li
et al., 2014a; Yang et al., 2017a). Graphene and CNT fibers
were explored for Li ion batteries and capacitor applications
(Li et al., 2012; Kim et al., 2013). Such composites should contain
conductive polymeric matrices that can exhibit high mechanical
strength and flexibility. Tang et al. showed electrically conductive
and mechanically stable current collectors made by self-assembly
of CNT and RGO/polystyrene composites (Tang et al., 2014). Full
cells studies of aqueous Li ion battery systems using polyimide
(PI)/LMO couples showed a stable capacity at a high current rate
of 20C with capacity retention of 95% after 500 cycles using
stretchable carbon filler/polymer composites as current collectors
(Song et al., 2018). Evanko et al. also demonstrated carbon black/
polyethylene composite as corrosion-resistant collectors for
stationary Zn/Br2 aqueous batteries. These current collectors
demonstrated a high overpotential for hydrogen evolution,
compared to stainless steel (SS), Ti, Ni, and a high
overpotential for O2 evolution compared to SS and Ni in
neutral, acidic, and basic electrolyte solutions (Evanko et al.,
2018). Other types of conductive vinyl films (z-flo® 2267P) were
explored for aqueous and nonaqueous supercapacitors, using
aqueous KOH solutions and solutions containing
tetraethylammonium tetrafluoroborate in propylene carbonate,
with working voltage ranges of 0–1 and 0–2.7 V, respectively
(Stoller et al., 2008; Kang et al., 2019). We also analyzed such
conductive vinyl films (abbreviated as PW, which means
polymeric web) as current collectors and case materials in
aqueous and nonaqueous solutions.

Taking into account the abundance of elements and cost-
effectiveness, we explored manganese oxides as attractive cathode
materials in batteries for large energy storage applications.
Mn3O4/NaTi2(PO4)3 cells and symmetric devices comprising
Mn3O4 electrodes were investigated, using aqueous Na2SO4

electrolyte solutions (Cao et al., 2018). Cells comprising
λ-MnO2 cathodes and capacitive activated carbon anodes with
1 M Na2SO4 solutions could be charged up to 2.2 V and deliver a

specific energy density of 19.5 Wh/kg (Shin et al., 2020). A study
of cells comprising KxMnO2.xH2O cathodes using Li+, Na+, and
K+ salts solutions exhibited high capacity, efficiency, and
prolonged cycle life due to contributions of both redox and
nonfaradaic adsorption/desorption interactions (Shao et al.,
2013). The performance of MnO2 was explored in different
nitrate-based electrolyte solutions including Zn(NO3)2,
Mg(NO3)2, Ba(NO3)2, and Ca(NO3)2 (Xu et al., 2009a). Xu
et al. reported insertion and de-insertion of Zn2+ ions in
MnO2 electrodes using 0.1 M Zn(NO3)2 electrolyte solutions
(Xu et al., 2009b). Tunnel-type Na0.44MnO2 (NMO) material
was found to be conducive for sodium aqueous and nonaqueous
batteries in terms of stability and rate capability, due to its unique
structure that allows fast solid-state diffusion of relatively large
Na ions. NMO material can deliver a specific capacity of around
45 mAh/g with existence of fast Na ion diffusion coefficient
(within the range of 10–11–10–12) (Whitacre et al., 2010). In
nonaqueous media, the diffusion coefficient was lower, in the
range of 10–14–10–16 cm2 s−1 (Bin et al., 2018).

In order to benefit from NMO as a cathode material for large
energy storage applications, it is important to couple it with
anode materials that are highly stable at the necessary low
potential regions, demonstrating fast rate capability in aqueous
media. NASICON-type NaTi2(PO4)3 anode in aqueous systems
has the advantage of high capacity over fully capacitive carbon
materials but is handicapped by poor cycling performance as a
result of low electronic conductivity, dissolution of Ti ions, and
voltage limitation of aqueous electrolytes (Li et al., 2014b). Other
anodes for aqueous devices were recently explored that take
advantage of the low cost, easy production, and possible
multi-electron transfer of organic molecules and polymers
within the limits of water decomposition. Chemical
modification of carbon materials with functionalized groups
allowed for the delivery of high energy density for prolonged
cycles. AC and Kynol cloth with electrochemically active
anthraquinone and catechol showed enhanced capacitance,
attributed to the redox phenomena of the attached moieties
with association/dissociation of ions during discharge/charge
(Pognon et al., 2011; Pognon et al., 2012; Weissmann et al.,
2012; Comte et al., 2015). Anthraquinone-functionalized kynol
showed association and dissociation of protons in aqueous H2SO4

with enolization of carbonyl groups, exhibiting a 2.5-fold increase
in capacity of the modified carbon material (65 vs. 25 mAh/g);
however, commercial application needs to address detachment of
redox-active groups (Malka et al., 2019).

Robust organic polymer materials with stable structure are
extensively studied for both aqueous and nonaqueous systems.
The issue of dissolution of small organic molecules in electrolyte
solutions is mitigated by using polymeric materials, thus
improving the life cycle of the batteries. These polymeric
electrode materials are economically viable and
environmentally benign. Such polymeric functional
compounds offer improved aqueous battery devices (Haüpler
et al., 2016; Bhosale et al., 2018; Hernańdez et al., 2018).
Polyimides (PIs) in aqueous Li-ion batteries demonstrated a
stable capacity performance with 95% capacity retention for
1,000 cycles at 2C rate (Chen et al., 2015). PI anode material
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explored by Chen et al. for Mg-aqueous ion battery using
Prussian blue cathode and Mg2+ containing electrolyte
solution showed excellent cycling performance, delivering an
energy density of 40Wh/kg. (Chen et al., 2017).

Here, a Na ion aqueous battery device for large energy storage
applications is presented using tunnel-type Na0.44MnO2 (NMO)
cathode and organic PI anode materials. The stability and
performance of NMO is demonstrated as intercalation/de-
intercalation cathode in different concentrations of NaClO4

electrolyte solution using flexible polymeric web (PW)
substrate as a current collector. We studied the polyimide
derivative as anode and demonstrated the high capacity
retention performance in saturated NaClO4 electrolyte
solution. We propose in our study that the full cells
comprising NMO and PI as electrodes with an aqueous
electrolyte solution can demonstrate high performance as a
fast energy conversion device for load leveling and large
energy storage applications.

MATERIALS AND METHODS

Material Synthesis and Electrodes
Preparation
1,4,5,8-naphthalenetetracarboxylic dianhydride (NTCDA)-
derived PI polymer was prepared according to the procedure
reported in the literature (Song et al., 2010; Chen et al., 2014;
Dong et al., 2016). Equimolar quantities of NTCDA (Apollo
Scientific) and ethylene diamine (Alfa Aesar Ltd.) were added to
1-methyl-2-pyrrolidone and the reaction mixture was refluxed
for 6 h by stirring. Solid residue was filtered, washed several times
with ethanol, and dried in air at 120°C for 12 h. The product was
heated at 300°C under nitrogen atmosphere for 8 h to complete
the imidization and remove residual solvent. The purity of NMO
(NEI Co. Ltd.) was determined by powder X-ray diffraction
(XRD) analysis. Conductive vinyl film (Polymeric web) was
used as current collector and case (purchased from
Transcontinental Ltd.).

Electrode materials were dried overnight at 100°C in air, prior
to electrode preparation. The weight percentage of active
material, conductive agent, and binder in the cathode and
anode was 75:15:10 and 60:30:10, respectively. Acetylene black
and graphene (XG-Sciences) in 50:50 ratio were jointly used as a
conductive agent for improving PI conductivity. The AC-based
counter electrode (CE) consisted of 80:10:10 AC: acetylene black:
PTFE binder (60% PTFE dispersed in water, Sigma Aldrich). The
electrode composite was ball-milled at 200 rpm for 2 h using
isopropanol as a solvent with the electrode material to balls
weight ratio of 1:20 (7 mm dia, zirconia oxide balls were
used). The obtained composite was then pressed in order to
make flexible thin electrodes using a rolling machine. We reached
the required size and then dried overnight at 80°C. The thickness
range of the electrodes was 300–400 µm for both NMO and PI, an
area of 15*15 mm for full cells study. The thickness range of
electrodes was 100 and 700–800 µm for NMO or PI and activated
carbon electrodes, respectively, for three electrodes cells
characterization. The electrodes are cut into 15*15 mm for full

cells analysis. The sizes of the electrodes were in the range of
10*10 mm for three electrodes cells analyses with excess in
counter electrode. The electrodes were loaded on the PW
matrices using an adhesive Graphene conductive ink (obtained
from XG-sciences, in order to have a better contact) and then
dried at 70°C overnight. The cells including cathode, anode, and
NKK separator between them were pressed and closed by
nonconductive adhesive tape (obtained from 3M™ Adhesive
300LSE) after adding a few drops of electrolyte solution. The
weight of the working electrode (WE) in three-electrode cell
measurements was 7.5–8.5 mg for both PI and NMO. The specific
surface area was around 27 and 9 mg/cm2 for the cathode and
anode materials, respectively, used in full cells analysis.

Physical and Electrochemical
Characterization
The WE and CE were dried overnight at 100°C and subjected to
electrochemical analysis. Electrochemical measurements were
carried out in homemade pouch-type cells for 3-electrode
measurements and cells for 2-electrode measurements. A
polymeric web was used as case and current collector for
making pouch-type cells with NKK paper as a separator and
Ag/Ag2SO4 as RE. Homemade aqueous electrolyte solutions were
prepared with 1, 8 m and saturated NaClO4. We believe that the
choice of this electrolyte is good because the potential window of
its aqueous solutions is wide, the safety features of its aqueous
solutions are appropriate for battery applications, and it is a good
choice in terms of cost-effectiveness. The electrolyte solutions
were purged under N2 atmosphere for 2 h before use for cells
preparation, in order to remove dissolved oxygen. Galvanostatic
charge–discharge characterization, CV, and self-discharge
measurements were performed with a Bio-Logic computerized
instrument. Powder XRD measurements were performed with a
Bruker AXS D8 Advance diffractometer and the obtained
patterns were refined using GSAS Rietveld refinement software
(Toby, 2001). Morphology images were obtained by high-
resolution scanning electron microscopy (HRSEM) using a
JEOL-JEM-2011 (200 kV) Oxford instrument. Inductively
coupled plasma-optical emission spectroscopy (ICP-OES)
analysis of manganese dissolution in separators and
electrolytes was carried out using a Spectro Arcos ICP-OES
MultiView FHX22. The synthesized PI was characterized by
Fourier-transform infrared spectroscopy (FTIR, Thermo
Scientific SMART iTX).

RESULTS AND DISCUSSION

The Current Collector Stability in NaClO4

Electrolyte Solutions
The photographic images of the polymeric web substrates used as
current collectors (Figure 1A,B) show that they can be bent or
twisted for device flexibility. HRSEM images of PW
(Figure 1C,D) and CVs with different NaClO4 electrolyte
concentrations and Ag/Ag2SO4 as Pseudo reference (RE) show
that the PW substrates are highly stable in the potential range of
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−2.0 and 1.5 V vs. Ag/Ag2SO4 without observing any hydrogen
and oxygen evolution during polarization in this potential rage in
saturated NaClO4 electrolyte medium (Figure 2). The results
indicate that the full cell charging voltage can be extended to 3.5 V
using this electrolyte solution. The stability was also analyzed at
electrolyte concentrations of 1 and 8 m NaClO4, as shown in
Figure 2. The stability of the less concentrated solutions is limited

to −1.1 V and 1.2 vs. Ag/Ag2SO4 at the negative and positive
edges, respectively (due to hydrogen and oxygen evolution
reactions). One would think that Na2SO4, NaNO3 NaCl, or
CH3COONa are preferable than NaClO4 due to their lower
cost (Lee et al., 2019). However, based on previous studies
(Kim et al., 2014; Wang et al., 2015), it is possible to conclude
that from an electrochemical point of view NaClO4 is the best
choice (as we mentioned above). As analyzed by Lee et al., the
highly concentrated sodium perchlorate electrolyte solution
showed extended voltage ranges without decomposition
relating to H2 and O2 evolution, due to the low concentration
of the free water molecules in solution, as identified by Raman
spectroscopic analysis (Lee et al., 2019). Taking into account their
high stability, we used these flexible substrates in our aqueous
battery studies for both electrode material characterization and
devices fabrication.

Study of NMO Electrodes in NaClO4

Electrolyte Solutions
The obtained Powder XRD patterns of NMO samples were
refined by Rietveld analysis using GSAS, in order to verify the
formation of an orthorhombic phase with the space group Pbam.
As presented in Figure 3A, the measured patterns’ peaks were
well matched (in red color) with the calculated peaks (in green
color) and the fitting parameter values were Rp � 0.017, Rwp �
0.028, Rexp � 0.011, R(F2) � 0.13086, χ2 � 5.905, as shown in
Figure 3A. The refined lattice parameter values are a � 9.0815(3)
Å, b� 26.455(1) Å, and c � 2.8244(1) Å, in agreement with report
literature (Sauvage et al., 2007; Pang et al., 2014). HRSEM images

FIGURE 1 | Photographic images of the polymeric web (A) flat and (B) bent polymeric web and HRSEM images at ranges of (C) 100 µm at 1 k magnification and
(D) 10 µm at 10 k magnification.

FIGURE 2 | CVs of the polymeric web substrate (case and current
collector) at 1 mV/s scan rate with Ag/Ag2SO4 RE and 1 m (pink), 8 m (blue),
and saturated (red) NaClO4 electrolyte solution. The inset in the figure shows
the enlarged area of the negative potential range.
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of NMO are presented in Figure 3B,C, showing needle-shape
particles. These particles are distributed with different lengths
from 1 to 5 µm and are arranged in an agglomerated fashion.

In order to evaluate the electrochemical stability, the NMO
electrodes were tested in 3-electrodes cells using activated carbon
(AC) counter electrodes in enough excess of active mass, and Ag/
Ag2SO4 as RE. The effect of NaClO4 electrolyte concentration was
studied by voltammetry using electrolyte solutions with 8m and
saturated NaClO4 as shown in Figure 4 and Figure 5, respectively.
The applied potential window was 0–0.8 V vs. Ag/Ag2SO4 for 20
cycles at a scan rate of 0.1mV/s (Figure 4A,B and Figure 5A,B). The
anodic and cathodic profiles show three redox peaks at potentials of
0.17/0.09, 0.40/0.32, and 0.62/0.55 V vs. Ag/Ag2SO4 using 8mNaClO4

electrolyte, which correlate well with the reported literature (Tekin
et al., 2017; Lim et al., 2018). The initial anodic capacity is 50 mAh/g
with extraction of nearly 0.18 Na ions from the NMO lattice. At the
end of 20 cycles, the observed discharge capacity was 35.7mAh/g with
80% retention and a coulombic efficiency was 98%. Figure 4C
demonstrates the CV curves at 0.5 mV/sec scan rate after scanning
at 0.1mV/s (see in Figure 4A). At this rate, a stable discharge capacity
of 29mAh/g was observed with an efficiency of 99% up to 50 cycles as
shown inFigure 4.Figure 5 shows a similar voltammetric profile with
saturated NaClO4 solution and redox couples at potentials of 0.21/
0.12, 0.45/0.34, and 0.68/0.58 V vs. Ag/Ag2SO4. A stable discharge
capacity of 45mAh/g was observed after 20 cycles at slow scan rates,
with a coulombic efficiency of 99.5%. Scanning was continued at
0.5mV/s up to 50 cycles, resulting in a stable discharge capacity of 38
mAh/g. High discharge capacity and very good capacity retention

were observed with the saturated electrolyte solution. These are
attributed to the favorable electrodes and their interfacial stability,
better charge transfer kinetics, very low content of oxygen
contamination in the concentrated electrolyte solution. The
advantage of concentrated solutions related to low level of
dissolved oxygen was confirmed (Luo et al., 2010; Li et al., 2017).

Focusing on the high capacity and stability of NMO with
concentrated electrolyte solutions, cathodes samples were stored
with 8m and saturated NaClO4 solutions at 60° C for one week, then
filtered and heated for drying at 100°C overnight before XRD
analysis. The XRD patterns of the aged samples clearly matches
with that of the parent material, showing very minor impurity peaks
of Mn2O3 and NaClO4 (as marked in Figure 6). The inset in
the figure shows that the peak positions are nearly the same,
without change in 2θ positions, and clear separation of the (0
10 0) and (3 5 0) peaks for both samples, indicating no
observable loss of sodium ions from the lattice. The
treatment of NMO in distilled water for one week leads to
displacement of Na+ ions with protons, resulting in a merge of
the (0 10 0) and (3 5 0) peaks with lattice shrinkage of the unit
cell (Dall’Asta et al., 2017).

In order to assess the contribution of Mn dissolution to
capacity loss, cells were dismantled, and ICP analysis was
conducted for Mn ions that present in the separators and the
electrolyte solutions. The saturated electrolyte solution from
cycled cells showed very minor Mn dissolution of 0.0298 µg/ml
while the 8 m NaClO4 electrolyte solution displays much
higher Mn dissolution of about 0.306 μg/ml. These results

FIGURE 3 | (A) Powder XRD Rietveld refinement profile for Na0.44MnO2 (red points: experimental data. green line: calculated data. blue line: difference. pink bars:
Bragg positions). (B) HRSEM images at magnification of ×10k at 5 µm range and (C) ×40k at 2 µm range.
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show that the use of highly concentrated solutions increases
the stability of such types of transition metal oxide electrodes
and mitigates detrimental phenomena such as dissolution of
transition metal cations.

The Study of Polyimide as an Anode
Material in NaClO4 Electrolyte Solutions
The synthesized solid PI polymer was characterized by FTIR to
confirm the structure (Figure 7), showing the expected bands
for vibrations of imide C-N and naphthalene unit at 1349 and
1581 cm−1, respectively; bands for imide vibration (C�O) at
768 cm−1 were found along with asymmetric and symmetric
stretching at 1700 and 1660 cm−1, respectively. The
characterization data are in good agreement with the
literature (Song et al., 2010; Chen et al., 2014; Dong et al., 2016).

The electrochemical performance of PI electrodes was also tested
in electrolyte solutions of saturated NaClO4, as shown in Figure 7.
CV measurements were done at a scan rate of 0.1 mV/sec for the
initial 20 cycles in the voltage window of 0 to −1.0 V vs. Ag/Ag2SO4;
redox peaks related to reversible enolization of carbonyl groups in the

PI moieties within this low voltage range are shown with no
observation of hydrogen evolution. A high capacity of 160mAh/g
is observed in the initial cathodic scan, which is due to association of
nearly twoNa+ ions at the carbonyl groups of PI (as shown in Scheme
1). After the first cycle, the discharge capacity is somewhat lower at
152mAh/g. The retention of capacity is 91.3% with a coulombic
efficiency of 99% at the end of 20 cycles at 0.1 mV/s. The better
conjugation of this PI derivative results in high electronic conductivity
as concluded based on DFT calculation (Andrzejak et al., 2000).

As was clearly studied for different PI derivatives like PMDA and
NTCDA for lithium ion batteries by Song et al., highly stable
electrochemical performance was observed for the NTCDA
derivative in nonaqueous media for Li ion batteries with
reversible capacity of 173 mAh/g at C/5 rate (Song et al., 2010).

After completion of 20 cycles at 0.1mV/sec, the scan rate was
changed to 0.5mV/sec. The obtained discharge capacity was 123
mAh/g and shows a stable reversible capacity of 115 mAh/g up to 50
cycles within the potential range of 0 to −1 V vs. Ag/Ag2SO4. The
cycling efficiency reached was around 100%, as shown in
Figure 8A,B. We attribute the stable capacity of PI at a fast scan
rate with 100% coulombic efficiency not only to intrinsic properties of

FIGURE 4 | CVs of Na0.44MnO2 WE and AC-rich CE in three-electrode cell configuration (electrodes were pressed onto a polymeric web current collector) in 8 m
NaClO4 electrolyte solution and Ag/Ag2SO4 RE (A) measured at a scan rate of 0.1 mV/s up to 20 cycles in the voltage window of 0–0.8 V vs. Ag/Ag2SO4 (B)
Corresponding charge and discharge values inmAh/g during anodic and cathodic scan, respectively. (C) The scan rate is increased to 0.5 mV/s after 20 cycles within the
same voltage range. (D) Charge and discharge values up to 50 cycles at 0.5 mV/s.
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the active mass but also to the unique structure of the composite
electrodes we used, which involved graphene as a conductive agent
and the favorable use of saturated electrolyte solution. The effect of
conductive additives like graphite and graphene or CNTs for
enhancement of performance is well-known for nonaqueous and
aqueous systems (Huang et al., 2018; Khamsanga et al., 2019).
Potassium-organic batteries with pure PI and composites of
acetylene black/PI and graphite/PI showed very poor capacity
retention with the conductive additive acetylene black and 83%
retention of capacity after 500 cycles for graphite/PI composite
(Hu et al., 2019). Likewise, the graphene additive in our study
contributed to the stable PI behavior during anodic and cathodic
scan with low polarization.

Analysis of Full Cells Comprising
Na0.44MnO2 Cathodes, PI Anodes, and
Saturate Aqueous NaClO4 Solution
The electrochemical performance of full cells containing
cathodes comprising NMO and anodes comprising PI the
active masses (respectively) in saturated aqueous NaClO4

FIGURE 5 | CVs of NMO electrodes in saturated NaClO4 electrolyte solution. The counter electrode comprised activated carbon and the reference electrode was
Ag/Ag2SO4 (A) A scan rate of 0.1 mV/s for 20 cycles in the voltage window of 0–0.8 V vs. Ag/Ag2SO4 and (B) corresponding charge and discharge values during
repeated anodic and cathodic cycling. (C) The scan rate is changed to 0.5 mV/s after 20 cycles within the same voltage range. (D)Charge and discharge values up to 50
cycles at 0.5 mV/s.

FIGURE 6 | Powder XRD patterns of NMO samples: untreated (black)
and heat-treated (60°C for one week) in 8 m (red) and saturated (blue) NaClO4

electrolyte solutions.
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electrolyte solution was characterized. The operation
described schematically in Figure 9 includes reversible Na
ion de-insertion from NMO and its oxidation upon charging.
In this stage, the PI is being coherently reduced in parallel and
interacts with Na ions. In the spontaneous discharge process,
sodium ions are inserted into the NMO cathode through a
reduction process (through the external electricity flow of the
battery) and the Na ions are desorbed from the PI (the PI is
oxidized). This is a classical “rocking chair” mechanism,
somewhat similar to that which works in Li ion batteries.
The active sodium ions are initially included in the cathode.
The charge step moves the ions from the cathode to the anode
while the discharge processes return them back to the NMO

cathode. With such a mechanism, the electrolyte solution’s
role is only to serve as thin ions conveyer between the
electrodes. Hence, a minimal amount of electrolyte solution
is needed for appropriate cell’s operation, which helps to
optimize the cells’ parameters (specific capacity and energy
density). Based on the characterization of the electrodes in
half cells (voltammetric measurements, Figure 5 and
Figure 8), the balanced weight ratio between the cathode
and the anode was around 3.0.

In order to confirm the validity of the cells’ balance,
galvanostatic experiments of three-electrodes’ cells were
carried out at 2C rate for up to 15 cycles, in which both
electrodes could be measured in parallel. Stable performance

FIGURE 7 | (A) A FTIR spectrum of synthesized PI polymer (the insert shows the PI structure). (B) CVs were measured in saturated NaClO4 electrolyte solutions
with electrodes comprising PI as the active mass (the working electrodes,WE) and counter electrodes (CE) comprising NMO in excess, in three-electrodes cells at a scan
rate of 0.1 mV/s in the voltage window of 0 to −1.0 V vs. Ag/Ag2SO4 (reference electrode) (C) Charge and discharge capacity values and cycling efficiency (as marked).

Scheme 1 | Redox reactions of PI anode in saturated NaClO4 aqueous electrolyte solution.
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was noticed for both NMO and PI electrodes (as can be seen in
the supporting information, SI, Supplementary Figure S1).
Figure 10A shows the rate capability for NMO/PI full cells
operating galvanostatically in the voltage range of 0–1.7 V at a
current rate of C/2, 1C, 2C, 5C, and 10C, up to six cycles at each
rate. The corresponding stable discharge capacity values are
43, 41, 40, 36, and 28 mAh/g, respectively. The capacity is well
retained upon cycling at 1C rate, as shown in Figure 10A. The
charge–discharge profiles at different current rates are shown
in Figure 10B. A stable capacity of 28 mAh/g (a reasonable
value for such systems) is observed even at 10C rate, indicating
the fast kinetics of both Na0.44MnO2 and PI electrodes in
saturated aqueous NaClO4 solution. As reported by Bu
et al., faster ionic and charge transfer kinetics was
demonstrated in water-in-salt (WIS)-based electrolytes
(17 m NaClO4) for carbon-based supercapacitors (Bu et al.,
2019). The voltage profiles of the cells show three inflections
(degenerated plateaus) during charge/discharge reflecting
properly the de-intercalation and intercalation processes of
Na ions with the NMO as apparent from the CVs in Figure 4
and Figure 5. The stability of these cells was further analyzed
by subjecting them to prolonged cycling at different rates of C/
2, 2C, and 5C, as presented in Figure 11 and Figure 12.
Average discharge capacities of 43.5, 41, and 35 mAh/g after
100, 430, and 2400 cycles, respectively, exhibit a reasonable
stability. The efficiency was 96 and 98.8% at current rates of C/
2 and 2C, respectively. The retention of capacity was 99.9%
after 430 cycles at 2C rate (Figure 11B).

The charge and discharge voltage profiles per cycle nearly
overlap during cycling at a fast 5C rate during prolonged
cycling, as shown in Figure 12B for different cycles. These
voltage profiles indicated no ohmic resistance during Na ion
insertion and de-insertion in both electrodes. The discharge
capacity was around 34 mAh/g with retention of 89.8% after
2,400 prolonged cycles with a coulombic efficiency of nearly
100% (see Figure 12C). The average voltage of 1.0 V was
achieved for full cells with energy density around 24Wh/kg,

calculated based on the active materials weight of both PI and
NMO electrodes. The prolonged cycling stability of 100%,
indicating no water decomposition, may suggest the
formation of metastable situation at the electrodes surfaces,
thanks to the high concentration of the electrolyte solutions.
The metastability leads to high overvoltage for releasing
hydrogen and oxygen at the electrodes. A study of cells
comprising Na0.66[Mn0.66Ti0.34]O2 cathode and NaTi2(PO4)3
anode examined the advantage of WIS electrolyte, over
conventional salt-in-water (SIW) solution using 1 M Na2SO4

solution. A high efficiency of 99.2% with better cycling stability
and capacity retention was achieved with WIS, compared to

FIGURE 9 | A description of aqueous Na-ion battery with tunnel-type
Na0.44MnO2 cathode and PI anode.

FIGURE 8 | (A) CVs of PI electrodes in 3 electrodes’ cells, using counter electrodes containing excess of NMO and Ag/Ag2SO4 reference electrodes in saturated
NaClO4 electrolyte solution, scanning at 0.1 mV/s for 20 cycles (presented in Figure 7B) and then scanned at 0.5 mV/s in the voltage window of 0 to −1.0 V. (B) Charge
(black) and discharge (red) capacities during anodic and cathodic scans at 0.5 mV/s up to 50 cycles, respectively, and cycling efficiency (blue).
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parallel experiments with 1 m Na2SO4 (SIW) solutions (Suo
et al., 2017).

The effect of using saturated electrolyte solutions on the capacity
losses and voltage fading of the cells described herein due to possible
side reaction and material degradation processes was investigated by
self-discharge analysis. Charged cells were held in solutions during

several days and theirOCVwasmeasured, as presented inFigure 13.
Initially, the cells were subjected to 10 cycles at 1C rate within the
voltage window of 0–1.7 V, then charged at 1.7 V, and the voltage
change was monitored. After four days, the cells were discharged to
0 V before undergoing five additional cycles. As shown in
Figure 13B, the discharge capacity loss was 10.8% after four days

FIGURE 11 | Representative plots of discharge capacity for NMO-PI/saturated NaClO4 solution full cells in long-term galvanostatic experiments, operating in the
0–1.7 V range at (A) C/2 and (B) 2C rate. The reproducibility is demonstrated by showing results from 2 cells in parallel experiments.

FIGURE 10 | (A) Representative plot of capacity vs. cycle number of balanced NMO-PI/saturated aqueous NaClO4 electrolyte solution full cells operating
galvanostatically between 0 and 1.7 V at C/2, 1C, 2C, 5C, and 10C (six cycles at each rate). (B)Corresponding sixth cycle charge–discharge voltage profiles of these full
cells at different rates. 1C meaning a current density adjusted for full charge and discharge process within 1 h.
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FIGURE 13 | (A) OCV changes of charged NMO/PI full cells held at 1.7 V after being cycled at 1C rate 10 times. (B) Representative discharge voltage-capacity
profiles of these cells before the self-discharge experiment (in blue) and after being held at the charged state during 4 days in order tomeasure their self-discharge (black).
The voltage profile in pink belongs to a typical discharge process (fifth cycle) of these cells upon their recycling after the end of the self-discharge experiment (storing the
charged cells at OCV during 4 days).

FIGURE 12 | (A) Galvanostatic charge–discharge capacity vs. cycle number at 5 C rate for NMO-PI/saturated NaClO4 solution full cells operating in the range
0–1.7 V. (B) Charge–discharge profiles for different cycles. (C) Discharge capacity retention (red) and cycling efficiency (blue) vs. cycle number.
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at a charged state. The capacity could be fully recovered upon
cycling after the self-discharge testing, as reflected in
Figure 13B. These results indicate that the observed self-
discharge is not related to any degradation of the
electrodes. It can relate to current leaks in the cells. This
phenomenon is still being explored.

CONCLUSION

In summary, Na0.44MnO2/polyimide (NMO/PI) aqueous Na ion
batteries with high capacity retention for large energy storage
applications were presented. The electrochemical performance of
the tunnel-type NMO cathodes was studied in three-electrode cells.
Low Mn ions dissolution from these cathodes was observed when
saturated NaClO4 electrolyte solution was used. A deliverable
capacity of 38 mAh/g and a coulombic efficiency of 100% could
be achieved for these NMO cathodes in the saturated solution,
compared to the performance in 8 m NaClO4 solution, a deliverable
capacity of 29mAh/g. The PI derivative showed excellent stability in
the low potential range and a reversible capacity of 115mAh/g could
be obtained in the saturated electrolyte solutions.

Full cells with NMO cathodes and PI derivative anodes, with
appropriate mass balance that takes into account the specific
capacities ratio of the electrodes, were composed and tested. The
NMO/PI full cells can operate at a voltage span of 1.7 V, delivering
capacities of 43, 41, 35, and 28 mAh/g-cathode at C/2, 2C, 5C, and
10C, respectively. The fast rate capability of these full cells may result
from better ionic and charge transfer kinetics that can be reached in
the saturated NaClO4 solutions. During 2,400 cycles at 5C rates,
these cells demonstrated a capacity of 33 mAh/g-cathode with fully
reversible charge and discharge voltage profiles, and a negligible
ohmic drop. These cycling results indicate no dissolution of cations
from the cathodes or any degradation of both electrodes during
cycling. The low ohmic resistance means a very low hysteresis
between the charge and discharge processes. The important
consequence of that is excellent energy efficiency per cycle, which
makes these systems really suitable for large energy storage. In
prolonged cycling experiments, the capacity retention of these
cells was nearly 90% with a coulombic efficiency of 100% after
2,400 cycles.

The high stability of the electrode materials without
degradation and their interactions in saturated electrolyte

media were further confirmed by maintaining cells at their
charged state, namely, 1.7 V during several days. While
showing 10% discharge capacity loss, upon resuming their
cycling, a full capacity recovery and retention was demonstrated.

These cells comprise environmentally friendly and low-
cost manganese oxides and organic-based materials,
containing most abundant elements. Hence, we have
demonstrated highly stable aqueous Na-ion battery
technology, the rate capability and energy efficiency of
which are excellent, which in turn makes it very suitable
for large energy storage applications. Using highly
concentrated electrolyte solutions for these systems helped
to reach this high performance.
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