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ABSTRACT: Low-cost, high-energy-density, and highly
efficient devices for energy storage have long been desired
in our society. Herein, a novel high-energy-density hybrid
sodium—air cell was fabricated successfully on the basis of
acidic catholytes. Such a hybrid sodium—air cell possess a high
theoretical voltage of 3.94 V, capacity of 1121 mAh g™, and
energy density of 4418 Wh kg™'. First, the buffering effect of

an acidic solution was demonstrated, which provides relatively
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long and stable cell discharge behaviors. Second, the catholytes of hybrid sodium—air cells were optimized systematically from
the solutions of 0.1 M H;PO, + 0.1 M Na,SO, to 0.1 M HAc + 0.1 M NaAc and it was found that the cells with 0.1 M H;PO, +
0.1 M Na,SO, displayed a maximum power density of 34.9 mW cm™> The cell with 0.1 M H;PO, + 0.1 M Na,SO, displayed
higher discharge capacity of 896 mAh g~'. Moreover, the fabricated acidic hybrid sodium—air cells exhibited stable cycling

performance in ambient air and they delivered a low voltage gap around 0.3 V when the current density is 0.13 mA cm™,

=7

leading to a high energy efficiency up to 90%. Therefore, the present study provides new opportunities to develop highly cost-

effective energy storage technologies.
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B INTRODUCTION

The growing energy needs and environment concerns motivate
us to design highly effective electrical energy storage systems
(EESS). Metallic sodium has been widely studied to construct
high-energy-density energy storage because of the large
abundance of sodium compared to lithium, which enables the
sustainable development of energy storage technology.'™* In
addition, sodium is a light metal with a low reduction potential,
which contributes to its high energy density.'~* Among various
sodium-based energy systems (Na-ion, Na—$ batteries), Na—air
cells are the most promising EESS to solve the energy crisis.*~"°

Scientists have focused on nonaqueous sodium—air batteries
for many years, and significant efforts have been reported to
improve cell performances."'™"> The insoluble discharge
products (e.g, NaO, and Na,0,) during discharge process
lead to the gradual accumulation of products and blocking of the
porous air electrode, thus resulting in battery deterioration after
long time of working."'~'? Therefore, the nonaqueous sodium—
air cells have significant practical energy and capacity limitations.
In addition, the large overpotential observed in nonaqueous
sodium—air cells results in a low round-trip efficiency, which

v ACS Publications  © XxxX American Chemical Society

greatly decreases electrochemical performance of batteries.' ™"

Therefore, to enhance the performance of these batteries, a new
hybrid sodium—air cell was proposed by utilizing NASICON
solid electrolyte to protect the sodium anode.”” Because of the
single sodium-ion conducting nature of the NASICON and its
ability to block contaminants from the air, the hybrid sodium—
air cell has shown excellent potential as a next-generation
electrochemical energy storage device.'*™'®

Up until now, the common use of supporting salt (NaOH)
not only provides the basic condition to enhance the oxygen
reduction reaction (ORR) but also increases conductivity of the
aqueous electrolyte by providing Na*.'*™"*'°~"® The reaction is
as follows

Hybrid:

Na + 1/402(g) + 1/2H20(1) g NaOH(l) (1)
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Figure 1. (a) Schematic illustration of a typical hybrid sodium—air cell. (b) The photo of practical hybrid sodium—air battery.

Table 1. Reactions, Standard Voltages, Energy Densities, and Capacities of Two Kinds of Hybrid Sodium—Air Cells

system reaction
Na—alkaline Na + 1/40, + 1/2H,0 < Na* + OH~
Na—acidic Na + 1/40, + H" & Na*" + 1/2H,0

standard voltage (V)

energy density (Wh kg™') capacity (mAh g™')
3.11 2600 838
3.94 4418 1121.4

In addition, a fantastic theoretical voltage (3.11 V), specific
capacity (2600 Wh kg ~'), and low discharge voltage gap was
obtained in hybrid Na—air cells by using basic solution
compared to nonaqueous sodium—air cells.””'*~*" However,
hybrid Na—air cell still faces some significant challenges when
NaOH is selected as the supporting salt. First, a high
concentration of Na* can improve the conductivity of the
aqueous electrolyte while it also leads to high alkalinity that
lowers the solubility of oxygen in aqueous electrolyte.””*>**
However, the discharge voltage increases with the decrement
concentration of NaOH due to the higher solubility of oxygen in
lower alkaline concentration.*”” Second, NaOH is utilized
during long-term working, which leads to a sharp decrease in
NaOH concentration and an increase in the internal resistance,
exhibiting larger voltage hysteresis.””** Most importantly, the
electrochemical performances of alkaline-based hybrid sodium—
air cells decrease because of the side reactions caused by carbon
dioxide. It is well known that Li,COj is not reversible in hybrid
lithium—air cells; the irreversible product of Na,CO; also
occurred in alkaline-based hybrid sodium—air cells due to the
similar structure and working mechanisms between hybrid
sodium—air and lithium—air cells.”* Therefore, hybrid sodium—
air cells using acidic electrolyte were proposed with additional
supporting salts to enhance ionic conductivity of catholyte.
Furthermore, an appropriate pH value should be considered to
ensure the stability of the catholyte. Recently, a hybrid Na—air
flow cell using an acidic catholyte with a maximum power
density of 5.5 mW cm ™2 was reported by Kim et al.; however, the
power density is still far from that required for application in
electric vehicles.”® In addition, the effect of acid solutions and
supporting salts on the performances of hybrid sodium—air cells
is still unclear. It is necessary to select appropriate acids and
match supporting salts for the catholyte to improve the
electrochemical performances of hybrid Na—air cells.

Herein, we present a hybrid sodium—air cell based on acidic
electrolytes, which exhibits good electrochemical performances
compared to those of previously reported alkali metal—air cells.
Generally, strong acids such as HCI and HNO; have slight
degradation on NASICON due to the interaction between acid
and NASICON; thus, these cannot support stable long-term
working of a battery.”””” Therefore, to ensure the stability of
battery and improve conductivity of catholyte, 0.1 M HAc + 0.1
M NaAc and 0.1 M H;PO, + 0.1 M Na,SO, were utilized as
catholyte. The acid in the electrolyte can effectively eliminate the
side reactions, and the supporting salts are used to increase ionic

conductivity. Therefore, the fabricated hybrid sodium—air cells
delivered fantastic electrochemical performances.

Figure 1a shows a typical structure of the hybrid sodium—air
cell, which is constructed as follows: Na [|anolyte|| NASICON
|lacidic catholyte|| catalytic air electrode. Figure 1b is the photo
of a practical hybrid sodium—air battery. During discharge,
oxygen in the air is reduced to H,O at the catalytic sites of
catalyst, while sodium is oxidized to sodium ion and diffuses into
the catholyte after passing through the organic electrolyte and
NASICON. During the charge process, sodium ion in the
aqueous electrolyte is transferred back to the anode side and
then it is electrodeposited on the anode substrate. During the
discharge—charge process, the half—cell reaction of cathode and
anode and their standard potentials are given by eqs 2 and 3. The
overall reaction is indicated by eq 4.

Cathode

1/40, + H' + ¢~ & 1/2H,0,E’ = +1.23V )
Anode

Na & Nat+e7, E/ = —271V 3)
Overall

Na + 1/40, + H' & Na* + 1/2H,0, B’ = +3.94V
(4)

The standard cell voltage of acid-based hybrid sodium—air cell is
3.94 V, which is much higher than that of alkaline-based hybrid
sodium—air cells (3.11 V). Table 1 shows electrochemical
reactions, standard voltages, energy densities, and capacities of
two kinds of hybrid sodium—air cells.

The theoretical capacity is described by C, which is calculated
according to the weights of 1 mol sodium and 1 mol H*.

c _ Faraday constant 1000
Na=air = ass of theoretical active materials 3600
6 48 1000 _
= 048 = 1121.4 mAh g’
2290 + 1 3600 (8)

Theoretical energy density was calculated as follows
ENa—air™ = theoretical capacity X standard voltage
= 1121.4 mAh g7' X 3.94, V = 4418 Whkg ™" (6)

Therefore, the fabricated hybrid sodium—air cell with acidic
electrolyte possesses fantastic electrochemical performances;
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especially, because ofits energy density, it is superior to lithium—
ion batteries and can potentially enable electrical vehicles to
travel longer distances per charge.

B EXPERIMENTAL SECTION

Preparation of Catalytic Air Electrode. To prepare the air
electrode, the catalyst ink was first prepared by sonicating 20 mg of 40
wt % Pt/C (Junji JJ040, China) powder in a mixture of water and
ethanol (1:1) (2 mL) with § wt % poly(tetrafluoroethylene) (S pL) as
binder. The catalyst ink was then dropped onto carbon paper (Toray
060, Japan) to prepare catalytic electrode with the loading of 1 mg cm™

Assembly of the Cells. A Na disk (99.9%) with a 0.3 mm thickness
and 1 cm diameter was cut as the anode. An organic liquid electrolyte, 1
M NaClO, in ethylene carbonate/dimethyl carbonate (1:1 volume
ratio) with 1 vol % fluoroethylene carbonate was purchased from
Mojiesi Energy Company (China). Solutions of 0.1 M H;PO, (acid
solution) + 0.1 M Na,SO, (supporting salt) and 0.1 M HAc (acid
solution) + 0.1 M NaAc (supporting salt) were employed as catholytes.
A piece of NASICON with the composmon of Na;Zr,Si,PO;, having a
high ionic conductmty of 1.3 X 107 S cm™" at room temperature was
used as the separator.* In our work, the metallic sodium was plated on a
stainless steel anode flange equipped with a nitrile rubber O-ring and an
organic electrolyte was poured onto it in a glovebox. Then, this anode
compartment was hermetically sealed by NASICON, another O-ring,
and an insulating flange made of poly(ether ether ketone) resin. Finally,
0.2 mL of the catholyte was dropped on the NASICON and the air
electrode was placed on the top.

Electrochemical Performance Test. The assembled Na—air cell
was connected to the testing station and tested in the atmospheric air.
Charge—discharge performance was measured by a LAND cell tester
(CT2001A, Wuhan LAND electronics). PARSTAT 4000 rear panel
was used to carry out electrochemical impedance spectroscopy (EIS)
measurement. The alternating current perturbation signal of +10 mV
and the frequency range from 0.01 to 50 000 Hz was employed for
measurement. Current—voltage and areal power density—voltage
characteristics of the cells were measured with a PARSTAT 4000 rear
panel using a sweep rate of 0.01 mV s™'. The electrochemical
performance of hybrid sodium—air cells was tested at 30 °C with a
relative humidity, Ry, of 80%.

Characterization. X-ray diffraction (XRD) (MiniFlex 600, Japan)
equipped with Cu K radiation was employed for investigating the
stability of NASICON separator from 10 to 70° at a scan rate of 0.02°
!

B RESULTS AND DISCUSSION

The stability of the NASICON solid electrolyte is the key to
ensure the electrochemical performance of batteries, especially
for their long lifetime. Ideally, the ceramic separator should be
compatible in various pH values to accommodate the pH change
of aqueous electrolyte during the whole working process. Strong
acids are undesirable for a hybrid sodium—air cell due to the
slight corrosion of NASICON solid in low pH environ-
ments.””*” XRD patterns of NASICON plates after immersion
in two electrolytes are shown in Figure 2. The NASICON plate
was completely decomposed in 0.1 M HCl solution and showed
very different diffraction patterns. It has been demonstrated that
dissolution of oxides and exchange between H' and Na* i

unavoidable for NASICON when it was working in low pH
aqueous condition.”**” Therefore, weaker HAc and H;PO, with
a support salt were utilized as the catholyte to fabricate hybrid
sodium—air cells. On one hand, the supporting salt can enhance
ionic conductivity of catholyte, which is of great value to
improve the power density of a battery. On the other hand, pure
acid is still undesirable due to its low pH value when the stability
of NASICON was considered; therefore, supporting salt was
introduced to hinder the dissociation of the solid electrolyte and
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Figure 2. XRD peaks of pristine NASICON plate after immersion in
various aqueous solutions of 0.1 M HAc + 0.1 M NaAc, 0.1 MH;PO, +
0.1 M Na,SO,, and 0.1 M HCI for 3 days.

increase the pH value of the solution. The XRD pattern of the
NASICON plate immersed in 0.1 M HAc + 0.1 M NaAc and 0.1
M H;PO, + 0.1 M Na,SO, aqueous solutions for 3 days showed
no extra phase formation compared to that of the pristine
NASICON plate, indicating an acceptable stability of the
NASICON plate against the acid electrolytes. However, the
peak intensity of NASICON slightly changed; this is ascribed to
the gentle generation of H;O"-type NASICON caused by
exchange between protons and Na*.””*’ However, the gentle
generation of H;O"-type NASICON does not cause significant
degradation in ionic conductivity. Thus, compared to strong
acid catholytes, weaker acids such as HAc or H;PO, can be more
promising candidates used in hybrid sodium—air cells.

To investigate the effects of different acids on the cell
performances during discharge, weak acids with appropriate
concentration of 0.05 M were utilized. As we can see from the
discharge curves in Figure 3, the cells displayed two discharge
plateaus in 0.05 HAc + 0.1 M NaAc electrolyte. The first voltage
plateau corresponds to eq 4, which exhibits a higher discharge
voltage compared to that of the second plateau. Since one
proton is released from HAc and consumed after a long

a :
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Figure 3. Discharge curves of hybrid sodium—air cell with 0.05 M acid
solution: (a) 0.05 M HAc + 0.1 M NaAcand (b) 0.05 M H,PO, + 0.1 M
Na,SO,.
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Figure 4. Discharge profiles of hybrid sodium—air cell with different aqueous electrolytes: (a) different concentrations of support salt in 0.1 M HAg;
(b) different concentrations of support salt in 0.1 M H;PO,. Inset is the supporting salt concentration dependence of discharge voltage in a hybrid

sodium—air battery.

operation, it results in a sharp decrease of discharge voltage.”**”

This result can be explained by eq 1, which possesses a lower
standard voltage compared to that in eq 4. Correspondingly, to
illustrate the reaction mechanisms of cells during different stages
of discharge, pH values of the catholytes were measured by pH
paper at the end of each discharge stage. The pH values
measured at different states of discharge are denoted by
numbers, as seen in Figure 3. For the cell containing a 0.0S M
HAc + 0.1 M NaAc catholyte, the initial discharge step has a pH
value of around 5.0 (no. 1), which is ascribed to the eq 4, where
no OH is generated. In stage no. 2, the pH value decreases to
7.0, which is mainly due to the consumption of protons. At the
end of the discharge, the pH value of catholyte rapidly increased
to 9.0 (no. 3), indicating the generation and accumulation of
OH™. Different discharge behaviors can be found in the hybrid
sodium—air cell with 0.0 M H;PO, + 0.1 M Na,SO, acid
electrolyte. Figure 3b shows a more stable discharge curve; the
cell voltage demonstrates a slow decrement at the end of
discharge due to the buffering effect of acid. The mechanism of
the catholyte containing 0.05 M H;PO, + 0.1 M Na,SO,
corresponds to the following three-step reaction

Na + H,PO, + 1/40, = NaH,PO, + 1/2H,0 7)
Na + NaH,PO, + 1/40, = Na,HPO, + 1/2H,0  (3)
Na + Na,HPO, + 1/40, = Na,PO, + 1/4H,0 (9)

As soon as the discharge process begins, H;PO, is consumed and
(H,PO,)™ is produced (no. 4: pH = 3.0). The solution becomes
a buffer including H;PO, and its conjugate base (H,PO,)",
which is the first buffer zone. As the discharge process continues,
(H,PO,)™ is consumed and (HPO,)*" is produced and acts as a
second buffer zone. Furthermore, the pH value experienced a
sharp rise from 4.0 (no. 5) to 6.0 (no. 6) due to the large
difference of dissociation constants. Upon further discharge, the
pH value is observed to increase slightly after the second
equivalency point (no. 6), which can be explained by the balance
of dissociation and ionization of Na;PO,. In the third buffer
zone, (HPO,)*™ and its conjugate base (PO,)* are left in the
catholyte. It is the hydrolysis of Na;PO, that contributes to the
alkalinity of Na;PO, in the solution (pH = 6.0). Although the
cell with 0.05 M H;PO, + 0.1 M Na,SO, indicates a relatively
more stable and flat discharge curve due to its buffering effect, it
is notable that lower concentrations of acids are not a good
choice due to the limited capacity.

Appropriate 0.1 M HAc and 0.1 M H;PO, acidic solutions
were used to ensure the stability and discharge behaviors of the

cells. Correspondingly, the same concentration of supporting
salts was utilized to ensure the desirable electrochemical
performances caused by the ionization—hydrolysis equilibrium
between acid and supporting salt. Initially, the acid solution
successfully eliminated the side reactions caused by carbon
dioxide and the supporting salt enhanced the conductivity of
catholyte. Therefore, as shown in Figure 4a,b, both the cells
using 0.1 M HAc + 0.1 M NaAc and 0.1 M H;PO, + 0.1 M
Na,SO, as catholyte showed a higher discharge voltage than
their alkaline-based hybrid sodium—air cell counterparts.®’
Consequently, the improved discharge voltage compared to that
of the alkaline-based hybrid sodium—air cells significantly
contributes to a higher power density, which will be discussed
later. To analyze the influence of supporting salts on the cell
voltage, different concentrations of NaAc and Na,SO, were
added into HAc and H;PO,, respectively. As shown in Figure
4a,b, similar trends were observed using the two aqueous
electrolytes. The discharge voltage decreased greatly with an
increase of support salt concentration. This is due to the
limitation of the four-electron reaction of cells (O, + 2H,0 +
4e” = 40H") on increasing the concentration of support salts.
This result may seem counterintuitive, since H;PO, and Na,SO,
are almost completely ionized in the catholyte, which may lead
us to believe that the discharge voltage will increase due to the
increased presence of high ionic conductivity species. The inset
is the supporting salt concentration dependence of discharge
voltage in hybrid sodium—air cell, which indicates that high
concentration of supporting salt limits the original four-electron
transfer reaction due to the lower solubility of oxygen in aqueous
electrolyte, thus decreasing the discharge voltage of the cells.®
Compared with 0.1 M HAc, 0.1 M H;PO, exhibited relatively
higher discharge voltages at the same supporting salt
concentrations, which is due to the higher ionic conductivity
of the H;PO, and Na,SO, mixture.

Figure S shows the discharge—charge voltage curves of hybrid
sodium—air cells when the current density is 0.13 mA cm™> The
cell using 0.1 M H3;PO, + 0.1 M Na,SO, as catholyte indicated a
slightly higher voltage plateau (3.4 V) compared to that of the
other one. This is mainly because 0.1 M H;PO, + 0.1 M Na,SO,,
solution has relatively high ionic conductivity. However, high H*
concentration limits the catalytic performance toward the
oxygen evolution reaction (OER), thus leading to a slightly
higher charge voltage compared to that of the cell with 0.1 M
HAc + 0.1 M NaAc. Therefore, the same voltage gap (0.3 V) was
observed in these two cells, which corresponds to high round-
trip efficiency of 92%. Some data about voltage gap of alkaline
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Figure S. Discharge—charge voltage curves of hybrid sodium—air cells
at a current density of 0.13 mA cm™2.

metal—air cells are shown in Table 2, which indicates the cell
system has a significant effect on the round-trip efficiency when
the same Pt/C was used as catalyst. Obviously, because of the
higher activity of metallic sodium than that of lithium, hybrid
sodium—air cells indicated a lower voltage plateau gap than that
of hybrid lithium—air cells.****”~* In addition, the round-trip
efficiency is greatly improved due to the relatively lower
activation energy for combining sodium with O, and H,0.%° At
last, the high ionic conductivity of NASICON significantly
decreased the voltage plateau gap, thus improving the
efficiency.’ Ceramic separators with high ionic conductivity
provide many Na" transmission channels and desirable grain-
boundary structure, thus improving Na* diffusion.”® Further-
more, the acid solution effectively inhibits detrimental side
reactions and increases the round-trip efficiency.

Recently, Kim et al. reported that a larger voltage gap was
obtained when utilizing neutral catholytes compared with the
acidic and alkaline counterparts; this mainly corresponds to a
significant lack of H" or OH™, which greatly limited the cell
reactions.”” This indicates that the overpotential and round-trip
efficiency can also be enhanced by optimizing the catholyte
system rather than selecting appropriate catalysts. It can be
clearly seen that the average round-trip efficiency of acid-based
hybrid sodium—air cells is higher than that of cells containing an
alkaline catholyte. Because of higher discharge and charge
voltage, even if the same voltage gap was obtained by both acidic
and alkaline catholytes, acid-based hybrid sodium—air cells still
exhibit slightly higher round-trip efficiency.

Figure 6a shows the EIS analysis of the hybrid sodium—air
cells with the open circuit condition at 20 °C. In the circuit, the
ohmic resistance (R,) (the intercept of semicircle on the real
axis) is indicated in the high frequency, which is contributed by
the bulk resistance of NASICON and the two liquid electrolytes.
The interfacial resistances (R;) are reflected by the large
semicircle in the high-frequency range, which is explained by the
grain-boundary resistance of NASICON and the interfaces’
resistance between the solid and liquid electrolytes. In the
middle-frequency region, the smaller semicircle can be noted,
corresponding to the resistance (R;) of a NASICON interphase
on the sodium surface and the charge-transfer resistance (R,) in
an air electrode. The related capacitances are reflected by the
constant-phase elements (CPE,;, CPE,, and CPE,,). The finite-
length Warburg element (Z,,) is demonstrated in the lowest
frequency range, which arises from a diffusion process in the air
electrode. From the fitted EIS data (solid plots), the total
resistances of 240.29 and 343.74 Q were obtained for cell i and
cell ii, respectively. It is obvious that cell ii displayed larger
resistance than that of cell i, especially for R, and R;. Although
NASICON shows good stability in HAc solution, the mixture of
HAc and NaAc show a lower ionic conductivity due to
incomplete ionization, causing a lower discharge voltage.””*”
In addition, cell reaction changed from 4 to 1 because just one
H" of the HAc is consumed in aqueous electrolyte during
discharging.”**” Conversely, because the protons of phosphoric
acid and Na,SO, are nearly ionized, the 0.1 M H;PO, + 0.1 M
Na,SO, catholyte exhibits superior ionic conductivity. More
importantly, the three protons of phosphoric acid enable a larger
cell energy density, ensuring long-term stability of cells.””

Figure 6b shows the current—voltage profiles of the hybrid
sodium—air cells at a scan rate of S mV s ™" with a potentiostat. A
maximum power density of 19.6 and 17.3 mW cm™ was
obtained for cell i and cell ii, respectively, which is better than
that of the acidic hybrid lithium—air fuel cell developed by Li et
al.>”** Furthermore, the cell with 0.1 M H;PO, + 0.1 M Na,SO,
exhibits a higher maximum power density than that of the cell
with 0.1 M HAc + 0.1 M NaAc because of the lower internal
resistance of the cell. The activation polarization of catalyst
toward ORR leads to a sharp decrease initially.”® The almost
linear polarization curve at high current density indicated that R,
and R; are dominant.” Therefore, the hybrid sodium—air cell
possesses much higher working voltage and power density,

Table 2. Summary of the Discharge Behaviors of Hybrid Alkali Metal—Air Cells with Pt/C Catalysts

system

Li—air (acidic)
Li—air (alkaline)
Li—air (neutral)
Li—air (acidic)
Li—air (acidic)
Li—air (alkaline)
Li—air (alkaline)
Na—air (alkaline)
Na-—air (alkaline)
Na—air (alkaline)
Na—air (alkaline)
Na-—air (acidic)
Na—air (acidic)
Na—air (acidic)
Na—air (acidic)

catalysts

Pt

Pt/C (50%)

Pt/C (50%)

Pt

IrO, and Pt/C

Pt/C + NCONF
Pt/C + NCONF@Ni
Pt/C (50%)

Pt/C (50%)

Pt/C (50%)

Pt/C (50%)
Pt/C-loaded HCF
Pt/C—IrO, loaded HCF
Pt/C (40%)

Pt/C (40%)

current density/catholyte
0.5 mA cm™2/HOAc—H,0-LiOAc
0.05 mA cm™2/0.01 M LiClO,
125mAg!
0.5 mA cm™2/0.1 M H;PO, + 1 M LiH,PO,
0.5 mA cm™2/0.1 M H;PO, + 1 M Li,SO,
0.5 mA cm™2/0.5 LiOH + 1 M LiNO,
0.5 mA cm™2/0.5 LiOH + 1 M LiNO,
0.1 mA cm™2/0.1 M NaOH
60 mA g~'/0.1 M NaOH
0.01 mA cm™%/0.1 M NaOH
0.13 mA cm™?/1 M NaOH
0.1 mA cm™2/0.1 M CA + 1 M NaNO,
0.1 mA cm™2/0.1 M CA + 1 M NaNO;,
0.1 mA cm™2/0.1 M H;PO, + 0.1 M Na,SO,
0.1 mA cm™2/0.1 M HAc + 0.1 M NaAc

voltage gap (V)

round-trip efficiency (%)

ref

0.70 83.3 26
0.7 82.5 31
0.4 89.3 32
0.9 76.1 33
0.9 76.2 27
0.7 81.6 34
0.7 80.5 34
0.53 84.3 17
0.18 94.3 35
0.61 82.8 18
0.62 81.5 22
0.46 87.9 25
0.36 90.2 25
0.30 92.0 present work
0.30 91.7 present work
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Figure 6. Electrochemical performances of the acidic electrolyte sodium—air cells: (a) EIS analysis of cells at 20 °C (cells i and ii correspond to
catholytes with 0.1 M Hy;PO, + 0.1 M Na,SO, and 0.1 M HAc + 0.1 M NaAc, respectively). The inset is the equivalent circuit for fitting the measured
data (open circle dots), and the solid colored dots indicate the fitted spectra; (b) Current—voltage and areal power density—voltage of cells at 20 °C;
(c) EIS of cells at 30 °C (cells iii and iv correspond to catholytes with 0.1 M H;PO, + 0.1 M Na,SO, and 0.1 M HAc + 0.1 M NaAc, respectively); (d)
Current—voltage and areal power density—voltage characteristics of cells at 30 °C.

Table 3. Elemental Resistances (R, R, R, R, and Z,) in the Equivalent Circuits Estimated in Four Cells

cell no. catholyte R, (Q)
i 0.1 M HyPO, + 0.1 M Na,SO,, 20 °C 54.57
ii 0.1 M HAc + 0.1 M NaAc, 20 °C 78.19
iif 0.1 M H,PO, + 0.1 M Na,5O,, 30 °C 3130
iv 0.1 M HAc + 0.1 M NaAc, 30 °C 33.95

R (Q) R, (Q) Ry (Q) Z,(Q)

157.50 14.98 12.95 0.29

209.8 3291 22.54 0.30
32.95 5.05 3.36 0.19
48.98 5.81 5.19 022

which are even superior to those of Li—air cells with similar
structure.” %7

To explore the dependence of temperature on power density,
cells were tested at 30 °C. It was found that increasing
temperature significantly reduces the internal resistance of the
cells. As shown in Figure 6¢ and Table 3, the two largest
reductions of impedance lie in R, and R; by increasing
temperature.”” R, decreased by around $0% when the
temperature was increased to 30 °C; this is because of the
improvement of ionic conductivity in the liquid electrolyte and
NASICON at higher temperature.” Similarly, this also occurred
in the resistance of the interfaces; R; decreased from 209.8 to
48.98 Q and 157.50 to 32.95 Q for cell iii and cell iv, respectively.
This effect can be attributed to the decrement in R, and R.**
First, the viscosity of the aprotic electrolyte decreases at elevated
temperature and enhances the contact between the aprotic
electrolyte and NASICON, thus accelerating Na* diffusion in
the interface between NASICON and liquid electrolyte. In
addition, the grain-boundary structural transition of the ceramic
separator provides a mass of Na* transmission channels and
promotes Na* diffusion.”” R and R, also experienced the same
trend; increment of temperature not only contributes to a more
favorable composition and morphology of SEI, but also
improves the catalytic performance.*’ Therefore, decrements
of R, and R, components greatly contributed to the power
density. As shown in Figure 6d, the maximum power densities of
34.9 and 29.0 mW cm™? were observed for cell iii and cell iv,

respectively. In addition, increasing the ionic conductivity of
NASICON and exploring more effective catalysts for OER and
ORR contribute in enhancing the power density of a cell
definitely. Table 4 shows the maximum power densities of
lithium—air and sodium—air cells, indicating high maximum
output power density of acid-based hybrid sodium—air cells.
The discharge capacities of the cells were calculated by
integrating discharge curves, as shown in Figure 7. According to
the cell reaction, active materials of Na and H* were used to
calculate the cell capacities." The capacities at the terminal
points for the acidic hybrid sodium—air cells with different
aqueous electrolytes were 896 and 881 mAh g™/, respectively,
which is 80 and 79% of the theoretical values. The loss of
capacities can be explained by the following reasons: First, the
losses are mainly ascribed to the oxidation of Na during cell
assembly or operation caused by leakage of O, or H,O into the
anode compartment.”” Because the amount of Na in each test
was quite small, surface oxidation would have a marked effect on
the apparent capacity.”” Another possible contribution is the
side reaction of Na with the organic electrolyte or NASICON
separator.”” In addition, the loss of cell capacity may be
influenced by the NASICON separator and the accumulation of
Na* in the transport channels.” Further investigation is required
to clarify the origin of these losses. The practical energy density
is an important parameter for real application of the fabricated
hybrid sodium—air cells and is calculated to be 2329 Wh kg™ on
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Table 4. Areal Power Densities in Alkali Metal—Air Cells

maximum power density ~ temperature
cell (mW cm™2) F"C) ref

hybrid Li—air 16 25 41
(alkaline)

hybrid Li—air 11.9 25 33
(acidic)

hybrid Li—air 19 30 42
(acidic)

hybrid Li—air 30 40 42
(acidic)

hybrid Na—air S.0 S0 8
(alkaline)

hybrid Na—air 10.0 8
(alkaline)

hybrid Na—air 21 25 9
(alkaline)

hybrid Na—air 27.6 S0 4
(alkaline)

hybrid Na—air 26.3 70 4
(alkaline)

hybrid Na—air 12.4 25 16
(alkaline)

hybrid Na—air N 2§ 2§
(acidic)

hybrid Na—air 29.0 30 present
(acidic) work

hybrid Na—air 349 30 present
(acidic) work

4
05mACm? — 0.1 M H,_PO,+0.1 M Na, SO,

e 0.1 M HAc+0.1 M NaAc

Voltage (V)
N

0 200 400 600 800 1000
Capacity (mAh g-1)

Figure 7. Discharge curves of hybrid sodium—air cells at a current
density of 0.5 mA cm ™.

the basis of active materials, which can satisfy the requirement of
long-range electric vehicles.*>*~*

To evaluate the rechargeability, cells were tested for 30 cycles
at a current density of 0.13 mA cm ™2 As shown in Figure 8, the
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Figure 8. Energy efficiency and discharge voltage of hybrid sodium—air
cells at a current density of 0.13 mA cm™

cell with 0.1 M H;PO, + 0.1 M Na,SO, displayed a slightly
higher discharge voltage than that of the one containing 0.1 M
HAc + 0.1 M NaAc due to the higher ion conductivity of the
catholyte, which leads to a higher power density. However, a
similar voltage plateau gap was observed during cycling along
with an initial energy efficiency of 92%, which indicates superior
discharge behaviors of hybrid sodium—air cells with acid
electrolytes. High average energy efficiency of around 90% was
observed during the entire cycling period. On one hand, the
performance can be ascribed to the highly efficient catalytic
behavior of Pt/C catalyst; high conductivity of carbon and
amounts of active sites both promote the direct reduction of
oxygen and hydroxyl and greatly decrease the voltage gap while
enhancing the energy efficiency of the cells.'” On the other hand,
the reversible change of catholyte provides a buffering effect
during the discharge process, which also contributes to the good
rechargeability and electrochemical stability.”” However, the
voltage gap slightly increased by around 0.1 V after 30 cycles due
to the unavoidable evaporation of aqueous electrolyte at 30
°C.*” As investigated previously, the discharge voltage of the cell
decreases with increasing concentration of aqueous electrolyte,
which contributes to the increase of voltage gap.”” Therefore, to
solve the concentration change of aqueous electrolyte, a
circulation system was proposed to maintain the aqueous
electrolyte flow. Furthermore, the poor density of deposited Na
affected the cell performances, which is actually common in
hybrid metal—air batteries.

The morphological and structural changes of the NASICON
and catalyst after discharge cycling were investigated by
scanning electron microscopy (SEM) and XRD (Figures S1—
S3). There is no evidence to prove the new physical interface
formation on the NASICON. In addition, SEM images of
catalysts before and after cycling are depicted in Figure S4; no
significant difference was obtained in the morphology of
catalytic electrode, which indicates an acceptable stability. The
Pt/C cell features a direct four-electron transfer pathway.”>**>

B CONCLUSIONS

A novel high-energy-density hybrid sodium—air cell with acid
electrolyte was successfully fabricated. The hybrid sodium—air
cell not only offered a higher standard cell voltage of 3.94 V,
theoretical specific capacity of 1121 mAh g, and energy density
of 4418 Wh kg™ but also successfully eliminated the side
reaction caused by carbon dioxide. Generally, strong acids are
undesirable for the hybrid metal—air cells due to the significant
corrosion of NASICON. Therefore, weak acids such as HAc and
H;PO, were chosen as candidates. First, the effects of supporting
salts on the discharge behaviors of the hybrid sodium—air cell
were systematically investigated; it was found that higher
concentration of supporting salts leads to a lower discharge
voltage due to the decreased solubility of oxygen. Subsequently,
electrochemical performances of cells with 0.1 M H;PO, + 0.1
M Na,SO, and 0.1 M HAc + 0.1 M NaAc were compared and
the buffering effect of 0.1 M H;PO, + 0.1 M Na,SO, solution
with a three-proton system lead to stable and long discharge cell
behaviors. In addition, the hybrid sodium—air cell with acidic
electrolyte cell demonstrated a maximum output power density
of 349 mW cm™ at 30 °C by using 0.1 M Hy;PO, + 0.1 M
Na,SO, as the catholyte. Furthermore, the capacities of hybrid
Na-—air cells with 0.1 M H;PO, + 0.1 M Na,SO, and 0.1 M HAc
+ 0.1 M NaAc as catholyte were 896 and 881 mAh g™,
respectively. More importantly, the fabricated acidic-based
hybrid sodium—air cells delivered a low voltage gap of 0.3 V

DOI: 10.1021/acsami.8b04278
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acsami.8b04278/suppl_file/am8b04278_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b04278/suppl_file/am8b04278_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b04278/suppl_file/am8b04278_si_001.pdf
http://dx.doi.org/10.1021/acsami.8b04278

ACS Applied Materials & Interfaces

Research Article

and the round-trip energy efficiency reached up to 90% during
30 cycles. Therefore, acid-based hybrid sodium—air cells are
proved to be excellent cost-effective energy storage technologies.
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