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Abstract: Lithium metal batteries have attracted much attention due to their high energy density.
However, the critical safety issues and chemical instability of conventional liquid electrolytes in
lithium metal batteries significantly limit their practical application. Herein, we propose polyethy-
lene (PE)—based gel polymer electrolytes by in situ polymerization, which comprise a PE skeleton,
polyethylene glycol and lithium bis(trifluoromethylsulfonyl)imide as well as liquid carbonate elec-
trolytes. The obtained PE—based gel polymer electrolyte exhibits good interfacial compatibility with
electrodes, high ion conductivity, and wide electrochemical window at high temperatures. Moreover,
the assembled LiFePO,//Li solid —state batteries employing PE—based gel polymer electrolyte
with 50% liquid carbonate electrolytes deliver good rate performance and excellent cyclic life at
both 60 °C and 80 °C. In particular, they achieve high specific capacities of 158.5 mA h g1 with a
retention of 98.87% after 100 cycles under 80 °C at 0.5 C. The in situ solidified method for preparing
PE—based gel polymer electrolytes proposes a feasible approach for the practical application of
lithium metal batteries.

Keywords: in situ gel electrolyte; lithium metal battery; polymer electrolyte

1. Introduction

Over the past 30 years, rechargeable lithium—ion batteries have had tremendous
success. With the demand for high energy density, lithium metal batteries have attracted
widespread attention due to the high theoretical specific capacity of lithium as well as its
lowest electrochemical potential [1-5]. However, organic liquid electrolyte—based lithium
metal batteries usually exhibit dendritic structural evolution and continuous parasitic
reactions at the electrode—electrolyte interface, leading to safety issues and low coulombic
efficiency [6-10]. Significant efforts have been made to overcome these challenges, of which
the exploration of safe and stable electrolytes compatible with lithium metal is particularly
critical and indispensable [11-17]. Solid —state electrolytes with high stability have been
considered as optional alternatives to conventional liquid electrolytes for achieving safer
and more stable energy storage systems [18-20].

Among various solid electrolytes, gel polymer electrolytes with liquid organic elec-
trolytes possess high ionic conductivity under room temperature and can form a flexible
interface with the electrode [21-24]. Generally, the polymer films of gel polymer electrolytes
are prepared by an ex situ method and then immersed in a liquid electrolyte for gelation.
However, the gel polymer electrolyte only contacts with the top of the electrode and there-
fore the entire mass of active material cannot be directly utilized. Thus, additional liquid
electrolyte is still required to ensure interfacial wettability when utilizing ex situ prepared
gel polymer electrolytes [25,26].
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In situ preparation of gel polymer electrolytes is considered a feasible method to ad-
dress the aforementioned interfacial problems and active material utilization issues [27-32].
Gelation could be achieved in the presence of liquid electrolyte—containing monomers
injected into the battery. This method takes advantage of low viscosity, ease of handling,
and good wettability, which enable gel polymer electrolytes with enhanced interfacial
contact with electrodes, creating well—connected pathways for ionic transport [27,29,31].

Herein, we present polyethylene (PE)—based gel polymer electrolytes composed of
PE skeleton, polyethylene glycol (PEG), lithium bis(trifluoromethylsulfonyl)imide and lig-
uid carbonate electrolyte (LCE) for high temperature solid—state lithium metal batteries.
Poly(ethylene glycol) methyl ether acrylate (PEGMEA) is used as the monomers for in situ
polymerization due to the formed PEG possessing good compatibility with lithium metal as
well as high ionic conductivity [19], which enables the obtained gel polymer electrolyte to
possess both good chemical stability and high ion conductivity at high temperatures. The
PE—based gel polymer electrolyte with 50% liquid carbonate electrolytes (PE—50%LCE@PEG)
shows a high ionic conductivity of 1.73 x 107* S cm ™! under 60 °C and good electrochemical
stability with the lithium metal anode. The PE-50%LCE@PEG—based Li-Li symmetrical
battery exhibits cycling stability for 1200 h at 0.1 mA cm~2 and 0.1 mAh cm™2 at 60 °C.
Furthermore, the LiFePO4/PE—50%LCE@PEG/Li cell exhibits excellent cyclic performance
with no capacity decay over 150 cycles at 0.5 C under 60 °C. In addition, the cell shows a
high initial reversible capacity of 160.3 mA h g~! under a higher temperature of 80 °C at
0.5 C and delivers excellent cycling stability for 100 cycles. This in situ solidified PE—based
gel polymer electrolyte exhibits promising potential application in lithium metal batteries.

2. Experimental Section
2.1. Synthesis of PE—Based Gel Polymer Electrolytes

Lithium bis(trifluoromethylsulfonyl)imide (LiTFSI, Sigma) and polyethylene glycol
methyl ether acrylate (Sigma, 480 g mol~!) monomer with dibenzoyl peroxide (Aladdin)
initiator were mixed to form a homogeneous solution. The EO:Li ratio was controlled at
18:1 and the mass of initiator was 0.2% of PEGMEA. At the same time, a LCE solution of
1 M LiPFg in EC/DMC/EMC (1/1/1, v/v/v) was also prepared. The gel polymer electrolyte
liquid precursor solutions were prepared by mixing different amounts of LCE (x = 40%,
50%, 60%) with the PEGMEA /LiTFSI solution, where x is the mass percent of PEGMEA.
Then, the above liquid precursor solutions were incorporated into PE separator and then
heating cured at 60 °C for 12 h, resulting in PE—x%LCE@PEG (x = 40, 50, and 60) gel
polymer electrolytes.

2.2. Physical Characterization

Scanning electron microscopy (SEM, Hitachi S—4800) was used to observe the mi-
crostructure of the samples. A Nicolet 6700 spectrometer was used to collect Fourier
transform infrared spectroscopy (FT—IR) spectra of the PEGMEA precursors and different
electrolytes. Thermogravimetric analysis (TG209F1) was carried out under N, atmosphere
with a heating rate of 10 °C min~'.

2.3. Electrochemical Measurements

A Solartron 1470E electrochemical workstation was used to test electrochemical
impedance spectroscopy (EIS), linear sweep voltammetry (LSV), and direct current polar-
ization. EIS experiments were used to determine the ionic conductivity of the electrolytes
using stainless steel (SS)/gel polymer electrolytes/SS symmetric cells and calculated based
on Equation (1):

c=L/(S-R) (1)

where L is the thickness, R represents the bulk resistance, and S represents the area.
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The activation energy (E;) of the electrolytes was obtained by the Arrhenius Equation (2):

o(T) = Aexp ( }’f}) 2

where ¢ is the ionic conductivity, A is the frequency factor, R is the molar gas constant,
and T is the absolute temperature. The electrochemical stability window of SS/ /Li cells
was ascertained by linear scanning voltammetry (LSV) with a scan rate of 1 mV s~ within
3~6 V. The Li* transference number (f;;+) of the polymeric solid electrolyte was determined
by direct—current polarization on a Li/ /Li symmetric cell and calculated from the Bruce—
Vincent-Evans Equation (3):
_ Iss(AV — IhRo) 3
T Ip{AV — IRy} ®)
0 ssi\ss
where AV is the polarization voltage of 10 mV, Ij is the initial current, I is the steady —state
current. Ry and R are the initial and steady—state interfacial resistance after the polar-
ization process. Additionally, Li/ /Li symmetric batteries with various electrolytes were
assembled to test the stability with lithium anode on commercial battery testing equipment
(LAND Wuhan Electronics Co., Ltd., Wuhan, China).

tri+

2.4. Battery Fabrication and Evaluation

LiFePOy, PVDF/LiClOy4 and Super p were mixed together with a mass ratio of 8:1:1 in
N—methyl—2—pyrrolidone to prepare cathode slurry, which was coated on aluminum foil
and vacuum dried at 60 °C for 24 h to obtain the cathode. The specific area capacity of the
cathode was about 0.3 mAh cm~2. The PE separator was sandwiched between the cathode
and lithium metal. The gel polymer electrolyte liquid precursor solutions were injected into
the cell and direct in situ solidified at 60 °C for 12 h to fully form PE—based gel polymer
electrolytes in the battery. The charging—discharging of assembled LiFePOy/ /Li cells were
tested by the commercial battery testing system (Wuhan LAND Electronics Co., Ltd.) from
2.8-3.8 V at 30 °C, 60 °C and 80 °C, respectively.

3. Results and Discussion

The flowable precursor solutions containing PEGMEA, LiTFSI, different amounts
of LCE (x = 40%, 50%, 60%) and initiator can be directly polymerized and transformed
into solid—state LCE@PEG after thermally cured (Figure S1). Figure la displays the
preparation schematic diagram of the PE—x%LCE@PEG (x = 40%, 50%, 60%) gel polymer
electrolytes. A 16 um—thick PE separator is selected as skeleton, which can be completely
infiltrated by the transparent and flowable precursor solution. After in situ thermal curing,
PE—x%LCE@PEG solid electrolytes formed. Figure 1b exhibits the FT—IR absorption spec-
tra of PEGMEA, PEGMEA@LCE, PEG, PE—x%LCE@PEG (x = 40, 50, and 60) electrolytes.
Clearly, the C=C stretching vibration of acrylate group in PEGMEA at 1600~1690 cm ™!
disappears after in situ polymerization. Moreover, the C=0 in the gel membrane guarantees
a strong interaction with the liquid electrolyte. Figure 1c shows the TG curves of PEG,
PE, PE@QPEG, PE—50%LCE@PEG and LCE. The LCE evaporates rapidly at relatively low
temperature and the weight loss reaches up to 41.88% when the temperature increases to
100 °C. In contrast, the weight loss of PE—50%LCE@PEG is nearly zero at 100 °C, indi-
cating that the liquid electrolytes have been effectively immobilized in the polymerized
PEG matrix and become thermally stable. Furthermore, PEG is thermally stable and its
decomposition temperature can reach about 300 °C. By further incorporating with the PE
separator, the PE—50%LCE@PEG gel polymer electrolyte exhibits good thermal stability at
high temperature.
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Figure 1. (a) Schematic diagram of the preparation process of PE—x%LCE@PEG via in situ polymer-
ization. (b) FT—IR adsorption spectra of monomers and polymers. (c) TGA curves of monomers
and polymers.

The morphology of PE and PE—x%LCE@PEG (x = 40, 50, and 60) gel polymer elec-
trolytes were observed by SEM. As shown in Figure 2a, the surface of the pristine PE
separator shows a porous structure, which can well accommodate the precursor solu-
tion before heating curing. After in situ polymerization, the pores in PE separator store
LCE@PEG well to form a gel polymer electrolyte, and the surface of the electrolyte is uni-
form and flat (Figure 2b and Figure S2). The thickness of the PE—50% LCE@PEG electrolyte
is about 18 pm with a dense structure (Figure 2c).

The ionic conductivity of gel polymer electrolytes is measured by EIS tests (Figure S3),
showing 1.21 x 107%, 1.73 x 107%, and 2.11 x 107* S cm~! for PE—x%LCE@PEG
(x =40, 50, and 60) at 60 °C, respectively. The activation energies of PE—x%LCE@PEG
(x =40, 50, and 60) are calculated to be 0.286, 0.281, and 0.22 eV, respectively (Figure 3a).
Based on LSV testing (Figure 3b), no obvious oxidation peak for the PE—x%LCE@PEG was
observed until 4.3 V vs. Li/Li*, which is slightly higher than that of the liquid carbonate
electrolyte at 4.1 V (Figure S4). The higher electrochemical window can be ascribed to the
strong interaction between the C=0 groups of PEGMEA and the anions in the electrolytic
salt [19,33]. Moreover, the ¢+ values for PE—x%LCE@PEG (x = 40, 50, and 60) gel polymer
electrolytes are 0.415, 0.425, and 0.5, respectively (Figures 3c and S5), exceeding those of
commercial liquid electrolytes (0.2-0.4) [34]. The high t;;+ could be due to the C=0 groups
in the PE—x%LCE@PEG (x = 40, 50, and 60) gel polymer electrolytes limiting the movement
of anions, which could further reduce the concentration polarization and improve the
performance of the cells [35-37]. The electrochemical stability of gel polymer electrolytes
with lithium metal anode is further investigated in Li/Li symmetric cells. The critical
current densities of PE—x%LCE@PEG (x = 40, 50, and 60) are 1.1, 1.1, and 0.9 mA cm 2,
respectively (Figure 3d), indicating the PE—x%LCE@PEG (x = 40, 50, and 60) gel poly-
mer electrolytes possess good ability to inhibit lithium dendrites [38]. In addition, the
long—term cyclic performances of Li/ /Li symmetric cells employing PE—x%LCE@PEG
(x =40, 50, and 60) and LCE are shown Figure 3e and Figure S6. Clearly, PE—50%LCE@PEG
gel polymer electrolyte displays the best cycling stability up to 1200 h at 0.1 mA cm ™2
and 0.1 mAh cm~2. The symmetrical cell with LCE suffers a short circuit after 875 h. The
excellent interfacial stability is due to the confinement of polymer to the liquid phase,
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which reduces the interfacial reactions between lithium metal and reactive electrolyte
components [39].

Figure 2. SEM images of (a) PE and (b) PE—50%LCE@PEG gel polymer electrolyte. (c) Cross—section
SEM image of PE—50%LCE@PEG gel polymer electrolyte.

To demonstrate the feasibility of PE—x%LCE@PEG (x = 40, 50, and 60) gel polymer
electrolytes in rechargeable lithium metal batteries, LiFePO,/ /Li cells were assembled
employing PE—x%LCE@PEG (x = 40, 50, and 60) and LCE, as shown in Figures 4a and S7.
The PE—50%LCE@PEG cell shows excellent cycling stability over 150 cycles with no
capacity decay at 0.5 C under 60 °C. However, the LCE—based cell shows dramatic decrease
in capacity after 30 cycles under the same conditions. Furthermore, the rate capabilities of
LiFePO,4/PE—50%LCE@PEG cells were assessed at various current densities from 2.8-3.8 V
(Figure 4b). The reversible capacities for PE-50%LCE@PEG cells are 164.8, 165, 160, 157,
152, 142, 63.6 mA h g’1 at0.1C,02C,05C,1C,2C,3C, and 5 C, respectively. The
corresponding charge-discharge curves are presented in Figure 4c. With the increase of
current density, the discharge voltage plateau decreases slowly without serious polarization
until 3 C.
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Figure 3. (a) Arrhenius plots of PE—x%LCE@PEG (x = 40, 50, and 60) gel polymer electrolytes.
(b) Linear sweep voltammetry of PE—x%LCE@PEG (x = 40, 50, and 60) gel polymer electrolytes.
(c) Li* transference number comparison of LCE and PE—x%LCE@PEG (x = 40, 50, and 60) gel
polymer electrolytes. (d) Critical current density test of Li/PE—x%LCE@PEG (x = 40, 50, and 60)/Li
cells at 60 °C. (e) Long—term cyclic performances of Li//Li symmetrical cells using the LCE and
PE—50%LCE@PEG gel polymer electrolytes at 0.1 mA cm~2 and 0.1 mAh ecm™2 under 60 °C.

In addition, the cyclic performances of LiFePO,/PE—x%LCE@PEG/Li cells and
LiFePO4/LCE/Li cells at 0.5 C under 80 °C are also evaluated, as shown in Figures 4d and S8.
For the commercial liquid electrolyte—based cell, it is difficult to operate at a high tem-
peratures of 80 °C for a long cycle life [40]. Nevertheless, the PE-50%LCE@PEG based
cell can stably cycle for 100 cycles at 0.5 C under 80 °C, exhibiting a reversible discharging
specific capacity of 158.5 mA h g~ ! at the 100th cycle with a capacity retention of 98.87%.
Moreover, the LiFePOy/ /Li battery with the PE—50%LCE@PEG electrolyte also possesses
outstanding electrochemical performances under 0.5 C at 30 °C, showing a comparable
performance with LCE—based cell (Figure S9). Furthermore, the lithium anode of the
LiFePO,/PE—50%LCE@PEG/Li cell after cycling shows a smooth and compact surface
without cracks, and few lithium dendrites are observed (Figure S10). However, after cycling,
the lithium anode of LiFePO4/LCE/Li cell becomes rough and full of dendrites.
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Figure 4. (a) Cyclic performances of the LiFePO,/ /Li cells using PE—50%LCE@PEG and LCE under
0.5 C at 60 °C. (b) Rate capability of the LiFePO,/ /Li batteries using PE—x%LCE@PEG (x = 40, 50,
and 60) electrolytes at different rates at 60 °C. (c) Charge—discharge voltage profiles of LiFePO,/ /Li
battery using PE—50%LCE@PEG electrolyte at different rate under 60 °C. (d) Cyclic performances of
the LiFePOy/ /Li batteries using PE—~50%LCE@PEG and LCE electrolyte under 0.5 C at 80 °C.

Furthermore, a series of flexibility and safety tests were performed on the LiFePOy/
PE—50%LCE@PEG/Li pouch cells. As shown in Figure 5, the pouch batteries with
PE—50%LCE@PEG can continuously light up the yellow LED in the flat state, folded state,
several fold and even cut, which displays the good reliability and safety of PE—50%LCE@PEG
for flexible solid —state lithium batteries.



Batteries 2023, 9, 28

Flat state Folding state

Several fold Cutting state

Figure 5. Optical images of the LED lamp powered by the pouch cell in various states: (a) flat state;
(b) folding state; (c) several fold; (d) cutting state.

4. Conclusions

A series of PE—x%LCE@PEG (x = 40, 50, and 60) gel polymer electrolytes were success-
fully synthesized to realize high—temperature solid—state lithium batteries. The PE—50%
LCE@PEG gel polymer electrolyte shows a high ionic conductivity of 1.73 x 107 S cm ™
at 60 °C with a high Li* transference number of 0.425. The critical current density of
PE—50%LCE@PEG gel polymer electrolyte—based Li/Li symmetric cell is up to 1.1 mA cm~2,
and the cell exhibits cycling stability for 1200 h at 0.1 mA cm™2 and 0.1 mAh cm™2. The
assembled LiFePO,/PE—50%LCE@PEG/Li solid—state batteries show outstanding cycling
stability with no capacity decay over 150 cycles at 0.5 C under 60 °C. In addition, the cell
exhibits a high initial reversible capacity of 160.3 mA h g~! under a higher temperature
of 80 °C at 0.5 C and exhibits excellent cycling stability for 100 cycles, demonstrating
promising potential application for high—temperature solid —state lithium metal batteries.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/batteries9010028/s1, Figure S1: Optical images of PEGMEA,
LiTFSI and initiator with varied amounts of LCE before (a) and after (b) the polymerization pro-
cess. Figure S2. SEM images of (a) PE-40%LCE@PEG and (b) PE—60%LCE@PEG gel polymer
electrolytes. Figure S3. EIS plots of PE—x%LCE@PEG (x = (a) 40, (b) 50, and (c) 60) gel poly-
mer electrolytes at different temperatures (20~100 °C). Figure S4. Linear sweep voltammetry of
LCE. Figure S5 Chronoamperometry of (a) Li/PE—40%LCE@PEG/Li, (b) Li/PE—50%LCE@PEG/Li,
(c) Li/PE—60%LCE@PEG/Li symmetric cells at ambient temperature. The insets are the alternate
current impedance spectra before and after polarization. Figure S6. Long—term cycling of symmetri-
cal Li cells using the PE~40%LCE@PEG and PE—60%LCE@PEG electrolytes at 0.1 mA cm~2 and
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0.1 mAh cm~2 under 60 °C. Figure S7. Cyclic performances of the LiFePOy/ /Li batteries assembled
with PE—40%LCE@PEG and PE—60%LCE@PEG under 0.5 C rate and 60 °C. Figure S8. Cyclic perfor-
mances of the LiFePOy/ /Li batteries assembled with PE—40%LCE@PEG and PE—60%LCE@PEG
under 0.5 C rate and 80 °C. Figure S9. Cyclic performances of the LiFePO,//Li battery with LCE and
PE—x%LCE@PEG (x = 40, 50, and 60) electrolytes under 0.5 C rate and 30 °C. Figure 510. SEM images
of the Li metal taken from (a) bare lithium, (b) LiFePO,/PE—50%LCE@PEG/Li cell after 100 cycles
under 0.5 C at 60 °C, (c) LiFePO4/LCE/Li cell after 25 cycles under 0.5C at 60 °C.
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Abstract: Solid state Na-CO, batteries are a kind of promising energy storage system, which can use
excess CO; for electrochemical energy storage. They not only have high theoretical energy densities,
but also feature a high safety level of solid-state batteries and low cost owing to abundant sodium
metal resources. Although many efforts have been made, the practical application of Na-CO, battery
technology is still hampered by some crucial challenges, including short cycle life, high charging
potential, poor rate performance and lower specific full discharge capacity. This paper systematically
reviews the recent research advances in Na-CO; batteries in terms of understanding the mechanism
of CO; reduction, carbonate formation and decomposition reaction, design strategies of cathode
electrocatalysts, solid electrolytes and their interface design. In addition, the application of advanced
in situ characterization techniques and theoretical calculation of metal-CO, batteries are briefly
introduced, and the combination of theory and experiment in the research of battery materials is
discussed as well. Finally, the opportunities and key challenges of solid-state Na-CO, electrochemical
systems in the carbon-neutral era are presented.

Keywords: Na-CO, battery; reaction mechanism; solid electrolyte; in situ characterization technology;
theoretical calculation and simulation

1. Introduction

Metal-CO; batteries (such as Li/Na/Zn/K-CO, batteries) are a high energy density
energy storage and power supply technology that enables CO, fixation and conversion [1,2].
Among various kinds of metal-CO; batteries, Na-CO, batteries have attracted more atten-
tion because of the abundant resources of sodium metal and similar physical and chemical
properties to lithium. Na-CO; batteries exhibit better comprehensive performance, includ-
ing high energy density (1.13 kWh kgfl), and relatively high working voltage (2.35 V) [3].
In addition, the abundance of metal sodium is 1352 times that of metal lithium, so the cost
is lower (the price of metal sodium is 20-times cheaper than that of metal lithium) [4,5]. In
addition, a Na-CO; battery with the reaction of 4 Na + 3 CO; <+ 2 Na,CO3 + C (A:G =
—905.6 k] mol~1) has a low reaction Gibbs free energy, which means that Na-COj batteries
may have a low charging voltage and inhibit electrolyte decomposition, which is conducive
to improving round-trip efficiency and prolonging service life [6,7]. Compared with Li*,

Copyright: © 2023 by the authors.

Na™ as a charge carrier has other advantages, for example, sodium has a larger ionic radius
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and atomic mass than lithium, but the Stokes radius of sodium is smaller than lithium, so it
has higher mobility and ionic conductivity, resulting in a smaller polarization [8]. Therefore,
Na-CO, batteries are widely considered to be a promising next generation energy storage
power supply technology. However, the research of Na-CO, batteries is still in its infancy,
and there are problems, for example, the reaction mechanism is still unclear, the types of
cathodic materials and catalytic activity are relatively limited, the ionic conductivity and
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interfacial stability of the solid electrolyte still need to be improved, the impedance between
the electrode and the interface is large and dendrites grow at the metal anode interface
during the reaction. These problems lead to unsatisfactory electrochemical performance,
such as cycling stability, overpotential, rate capability and specific full discharge capacity
of Na-CO, batteries [9-11]. To solve these problems, it is necessary to comprehensively
understand the reaction mechanism of Na-CO, battery and clarify the possible origins of
the issues.

2. Mechanism of Na-CO; Electrochemistry

In 2011, Asaoka’s group found that adding CO, to Li/Na-O, batteries could increase
its discharge capacity and energy density, demonstrating the feasibility of metal-CO,
batteries for the first time [12]. In 2013, Das et al. first designed a rechargeable O;-assisted
Na-CO; battery [13]. Under different partial pressures of CO;, the discharge capacity of
rechargeable Na-CO, (O,) battery with tetraethlene glycol dimethyl ether (TEGDME) and
ionic liquid (IL) electrolyte increased by 2.6 times and 2.1 times, respectively (Figure 1b,c),
the optimal CO, /O, ratio of the maximum discharge capacity ranges from 40% to 70%
(Figure 1c) [13]. The ex situ Fourier transformed infrared (FTIR) spectroscopy test and X-ray
powder diffraction (XRD) analysis showed that NapCO3 and NayC, Oy exist simultaneously
in TEGDME-based electrolyte; NayC,Oy is the main discharge product in IL electrolyte.
These results proved that the electrolyte solvent may determine the final discharge product
by affecting the intermediate stability.

o
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Figure 1. (a) Constant current discharge curves of Na-CO,/O, battery based on IL electrolyte
with mixed O,/CO, supply. (b) Constant current discharge curves of Na-CO, /O, battery with
TEGDME-based electrolyte. (c) Relative capacity as a function of CO, concentration. Reproduced
with permission from [13]. Copyright 2013, Elsevier Ltd. (d) Schematic of Na-O,/CO; reaction
routes.

In 2016, Hu et al. first proposed and demonstrated the electrochemical reaction
mechanism of rechargeable Na-(pure) CO, batteries:

3CO; + 4Na ¢ 2Na,COs + C )

13
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which is inconsistent with the conjecture proposed by Das that NayC,0O4 or Na,CO3 and
CO is obtained in pure CO, atmosphere [6]. The Na-CO, battery was designed based
on NaClO4/TEGDME electrolyte and treated multi-walled carbon nanotube (MWCNT)
cathode, which was successfully cycled 200 times in a pure CO, atmosphere, and the
reaction mechanism was verified by a series of tests including XRD and X-ray photoelectron
spectroscopy (XPS). Combined with the research results of Li-CO, system similar to Na-
CO, system [14], it is reasonable to speculate that the reaction mechanism of rechargeable
Na-pure CO, system is as follows: CO, molecules directly capture e~ to form C,0,42", the
unstable C,04%~ undergoes a two-step disproportionation reaction to form CO32~ and C,
and finally the discharge products Na,COj3 and C are produced as follows:

2C0, +2e7 — G047~ 2)
G042 = CO% +CO;y 3)
047 +CO% = 2CO5% +C (4)
CO5% +2Na* — NayCOs (5)

The schematic diagram of Na-CO, battery structure is shown in Figure 2. Its electro-
chemical reaction route can be proposed as the following chemical equations:

Cathode reactions: 4Na* + 3CO, + 4e~ — 2Na,COs3 + C (6)
Anode reactions: Na — Na™ + e~ 7)
Overall reaction equation: 4Na + 3CO; — 2NayCO;3 + C (8)
Discharge e- i e- Charge

Electrolyte

©
C 9

Discharge

CO, Flow

ﬁ
o Charge

oo O

Na anode

© —na @@ —co,
Figure 2. Schematic of a Na-CO; battery.

In addition, a rechargeable Na-O, (CO,) battery with an IL-propylene carbonate-based
electrolyte supplemented with 10% SiO;, nanoparticles was reported by Archer et al. in
2014 [15]. The discharge product was detected as NaHCOj3, while CO; and O, were
released during charging. Although it was speculated that the H in NaHCO3 might come
from the introduction of trace amounts of H,O during electrolyte preparation, there was
no sufficient experimental evidence to prove it. Obviously, the exploration of the Na-CO,
reaction mechanism is rather limited and further studies are needed.
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3. Cathode Material/Catalysts of Na-CO, Batteries

The charging and discharging process of Na-CO; batteries is accompanied by the
adsorption and desorption of CO,, as well as the deposition and decomposition of the
insulated discharge product Na,COj3 on the cathode surface. Inadequate reaction kinetics
is the main obstacle, resulting in large overpotential, poor reversibility, poor rate perfor-
mance and poor cycling stability, etc. [16]. Therefore, exploring an efficient, stable and
low-cost electrocatalyst to facilitate CO, reduction and carbonate decomposition is one
of the key issues in the development of this technology. The following issues should be
considered during the research of cathode materials/catalysts [17-19]: to realize proper
CO;, adsorption properties, reasonably designed porous and macroporous structures are
essential elements for designing cathode materials, so as to facilitate Na* and CO, diffusion,
reduce the activation energy of the rate-controlling step and accommodate the insulation
discharge product NayCOj3. In addition, the selection of efficient catalytic materials and
the design of rich catalytic sites are the key factors to reduce the overpotential in the dis-
charge process and improve the electrochemical performance. Finally, the factors such
as abundant raw material resources, environmentally friendly preparation process and
easy preparation are the prerequisites for the practical application of Na-CO, batteries.
To realize the commercialization of Na-CO, batteries, the exploration of efficient catalytic
materials is of broad significance. In the past decades, Na-CO; batteries have achieved
rewarding results, especially in the design of efficient electrocatalysts. In this section, we
review and discuss the research progress of cathode catalysts based on their chemical com-
position and microstructure from the three major categories: carbon and heteroatom-doped
carbon materials, metal-loaded composite catalytic materials and single-atom catalysts, and
then analyze their structure-activity relationship and the overall performance of Na-CO,
batteries

3.1. Carbon Materials and Heteroatom-Doped Carbon Materials

Carbon materials have been widely used in various electrochemical energy storage
devices, especially metal-O, batteries and metal-CO; batteries, due to their high electronic
conductivity, large specific surface area, stable chemical and electrochemical properties,
controllable pore structure and adjustable surface chemistry (defect engineering and het-
eroatom doping) [20-24]. Super P, Ketjen black (KB), activated carbon, carbon nanotubes,
graphene, metal-organic framework materials (MOFs) and nitrogen-doped porous carbon
materials have been widely used as cathodes for Li-CO, batteries, and they are also very
suitable for Na-CO, batteries [13,15,25].

3.1.1. Commercial Carbon Materials

Commercial carbon materials can be used as cathode materials for metal-CO, batteries
due to their good electronic conductivity, large surface area, relatively chemical stability,
low cost, as well as their mature and scalable preparation process. Common commercial
carbon materials, such as Ketjen black (KB) [12] and Super P [26,27], have been developed as
porous cathode materials for Li-CO, batteries. However, the electrochemical performance
of commercial carbon materials is not ideal owing to the inherent defects of low electrical
conductivity, small pore volume, relatively small specific surface area and limited active
sites [28].

Super P is first applied to the metal-CO, battery as the cathode material. Notably, the
electrolyte plays a key role in determining the battery performance when the electrode
materials are the same. As reported by Archer et al. Super P has almost no discharge
capacity when it was used as a cathode material in ionic liquid electrolytes [26]; while Yang
et al. applied a Super P cathode in combination with an ether-based electrolyte to a Li-CO,
battery, showing a greatly enhanced discharge capacity at 100 mA g~!, reaching 6062 mAh
g*1 (further increase in discharge capacity with the addition of Ru metal, Ru@Super P,
8229 mAh g~ 1) [27]. The reason for the significant difference in discharge capacity was
ascribed to the electrolyte solvent could affect the stability of the intermediate discharge
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products and the formation mechanism of the final discharge products, thus the final
discharge products and discharge capacities differed with different electrolytes as reported
in the earliest studies on Na-CO;(O;) batteries with Super P as the cathode material and
ionic liquid electrolytes or ether-based electrolytes [13]. Therefore, the selection of a suitable
electrolyte and cathode material plays a key role in determining the battery performance.
Advanced characterization methods can be used to track these intermediate species and
theoretical calculations can also further provide sufficient evidence.

3.1.2. Nanocarbon Materials

In addition to the above commercial activated carbon materials, nanostructured carbon
materials (such as carbon nanotubes and graphene) are more widely explored in Na-CO,
batteries [6,29,30]. They not only have novel structures, high electronic conductivity and
high specific surface area, but also have excellent physical and chemical properties due
to their unique quantum size effects and surface chemical states, so they have excellent
electrochemical activity [31].

Chen’s group prepared activated multi-walled carbon nanotube (a-MWCNT) cath-
ode with three-dimensional tri-continuous porous structure (Figure 3a), high electronic
conductivity and good wettability to electrolyte by boiling MWCNT with TEGDME at
100 °C and coating it on Ni network, which effectively improved its reactivity and reduced
electrochemical polarization [6]. The rechargeable Na-CO, battery assembled with this
material as cathode electrode catalyst and ether-based liquid electrolyte has a maximum
reversible capacity of 60,000 mAh g~! at 1 A g1, can be cycled 200 times and the initial
discharge/charge voltage difference is only 0.6 V, and gradually increases to 1.3 V after
200 cycles (Figure 3b). Transmission electron microscopy (TEM) images (Figure 3b) shows
grape-like discharge nanoparticles (50 nm) were randomly deposited on the - MWCNT
surface during the discharge process, and the grape-like discharge products disappeared
after charging (Figure 4c), clearly indicating that the reaction is extremely reversible. A
series of electrochemical test methods such as selected area electron diffraction (SAED),
Raman spectroscopy (Figure 3d), XPS (Figure 3e), electron energy loss spectroscopy (EELS)
(Figure 3f) similarly demonstrated the discharge products of Na-CO, batteries as Na,COj3
and C. Subsequently, this group reported solid-state Na-CO, batteries via acid-treated
MWCNTs cathodes and NaF-modified anode [29]. The successful introduction of -COOH
and -OH groups (Figure 3h) by acid treatment of MWCNTs before use can improve the
adsorption capacity of CO, and thus the reaction kinetics of CO, electrochemical reduction
was enhanced.
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Figure 3. (a) SEM image of t-MWCNT cathode at room temperature, from top to side view. (b)
TEM image. (c¢) HRTEM image. (d) In situ Raman spectra and corresponding discharge/charge
product distributions at 11 selected points. (e) XPS of Ag wire cathode in different states. (f) EELS.
(g) Complete discharge/charge curves at 1 A g~!. Reproduced with permission [6]. Copyright
2016, John Wiley and Sons. (h) IR spectra of pristine and activated MWCNTS. Reproduced with
permission [29]. Copyright 2019, Royal Society of Chemistry.

In general, carbon materials have remarkable characteristics such as large specific
surface area, rich surface chemical properties, high intrinsic electronic conductivity, high
chemical and electrochemical stability and low cost, and are the most commonly used
cathode materials in Na-CO; batteries [17,29]. Although the incorporation of new nanos-
tructured carbon materials such as graphene and carbon nanotubes has greatly improved
the discharge capacity of Na-CO, batteries, their catalytic activity and resulting rate per-
formance and cycling performance are still unsatisfactory, and require effective strategies,
such as heteroatom doping to are needed to adjust the microstructure, porosity, defects and
surface charge distribution.

3.1.3. Heteroatom-Doped Carbon Materials

It is widely accepted that the activation of CO, at the early stage of discharge depends
mainly on the interaction of CO, with the chemically inert surface of the carbon material, i.e.,
the adsorption/desorption of CO;. In the field of Li-CO, batteries, it has been demonstrated
that heteroatom doping can modulate the charge distribution of nanostructured carbon
material, strengthen nearby positively charged carbon atoms [32]. This has a significant
impact on the adsorption mode and adsorption energy between the gas molecules (CO,)
and the carbon material surface, thus significantly enhancing the gas reduction kinetics
and promoting the decomposition kinetics of the solid discharge products on the cathode
surface of the metal-CO, batteries [20,33,34].

N element doping is an important strategy for catalyst design [35]. Due to the high
electronegativity of nitrogen, N doping can break the charge neutrality of the carbon
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skeleton and cause charge redistribution, which gives the material excellent electronic
and catalytic properties. For example, Hu et al. obtained nitrogen-doped carbon cathode
nanomaterials with unique structures by calcining zeolite imidazolium salt framework
(ZIF-8) at a certain temperature and then washing with dilute hydrochloric acid [25]. This
material has higher CO, absorption and CO, adsorption properties, as well as better
cycling stability. As shown in Figure 4b, the CO; absorption of the nitrogen-doped sample
is much higher than that of carbon black, but its SSA is relatively small. According to
the calculated results (Figure 4d), the surface of N-doped has stronger interaction with
CO; bond, which can promote the reduction in CO; and the formation of discharge
products. The electrochemical impedance spectrum shows that the resistance of the cell
with the optimized nitrogen-doped nanocarbon (NC900) cathode increases only slightly
after 80 cycles, which is much better than that of the cell with the carbon black cathode
(about a six-fold increase after seven cycles), as shown in Figure 4c. Their assembled solid-
state Na-CO, batteries Na | | liquid-free PEO-based polymer electrolyte | | optimized
nitrogen-doped nanocarbon (NC900) cathode material exhibited better electrochemical
performance: lower overpotential at 50 °C, higher discharge capacity of 10,500 mAh
g7!, the energy density of 180 Wh kg~! and stable cycling for 320 h (at a capacity of
1000 mAh g~1), as shown in Figure 4a. In addition, X-ray photoelectron spectroscopy (XPS)
revealed that the signal of CO32~ was detected after the NC900 cathode was discharged
and disappeared after charging, confirming the reversible formation and decomposition
of NapCOg (Figure 4e). These excellent properties are attributed to the efficient catalytic
effect of porous and highly conductive N-doped nanocarbons. Furthermore, the optimized
nitrogen-doped nanocarbons facilitate the formation of sheet-like discharge products, which
are easily decomposed into CO, after charging.

In 2019, Sun’s group prepared nitrogen-doped single-walled carbon nanotubes (N-
SWCNH) catalytic materials with a unique structure [36]. The excellent electrocatalytic
performance of metal-free N-SWCNH for CO; reduction is mainly attributed to the unique
structure of single-walled carbon nanotubes and nitrogen doping. The porous nature and
unique conical structure of SWCNH provide sufficient storage space for discharge products;
the highly dispersed nitrogen doping provides a large number of structural defect sites
for CO; adsorption and electron transfer, which contributes to the electron affinity and
CO;, adsorption/desorption ability and improves catalyst activity and reversibility. They
successfully prepared refillable hybrid Na-CO; batteries using N-doped single-walled
carbon nanotubes (N-SWCNH) as the cathode catalyst and Na superionic conductor (NA-
SICON) solid electrolyte as the separation medium for the hybrid electrolyte system. The
use of aqueous electrolyte is also beneficial to the dissolution of discharge products, greatly
improving the electrochemical reaction kinetics. As shown in Figure 4f,g, compared with
the highly promising N-MWCNTs and Au NPs catalytic materials, N-SWCNH exhibited
better performances and the prepared Na-CO, hybrid battery not only exhibited a low
discharge/charge voltage difference of 0.49 V at a current density of0.1 mA cm ™ (Figure 4f).
It provides a high discharge capacity of 2293 mAh g~! at a cut-off voltage and a current
density of 0.2 mA cm~2, as shown in Figure 4g. It can be cycled for more than 100 times at
a current density of 0.1 mA cm! (Figure 4h).

In addition to N element doping, density function theory (DFT) calculations show
that F doping and B doping also improve the performance [37]. In addition, multi-element
co-doping, N/S co-doping [38] and N/B co-doping [39] are also used. Cheng et al. adopted
the S/N co-doping strategy to improve the physical and chemical properties of the cathode
material [40]. They designed electrophilic S vacancies and nucleophilic N-doped active
centers on the surface of ReS;, and used the synergistic coupling effect between heteroatoms
to adjust the interaction of the catalyst with Li atoms and C/O atoms to show suitable
adsorption during charging and discharging processes of Li-CO; batteries, respectively,
thus reducing the activation energy of the rate-determining step and thus increasing the
reaction rate.
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Figure 4. (a) Schematic of the structure of an all-solid-state Na-CO, cell with N-doped carbon
cathode. (b) Low-pressure CO, adsorption isotherm of N-doped nanocarbon and carbon black at
273 K. The adsorption amount at 1 atm is shown in parentheses. (c¢) Nyquist plots of the NC900
cathode and carbon black cathode of the Na-CO, batteries in different charge states. (d) Density
function theory (DFT) calculations of the interaction of undoped, graphitic N-doped and pyridine
N-doped nanocarbon with CO, molecules and the adsorption of one CO, molecule on undoped
and doped nanocarbon binding energy calculations. (e) XPS characterization of the discharged
products. Reproduced with permission from [25]. Copyright 2020, American Chemical Society. (f-h)
Electrochemical performance of Na-CO, batteries. (f) Discharge—charge voltage curves of the cells
with N-MWCNTs, AuNPs and N-SWCNH as catalysts at 0.1 mA cm ™2 current density. (g) Discharge
capacity curves at a current density of 0.2 mA cm~2. (h) Rate performances at different current
densities. Reproduced with permission from [36]. Copyright 2020, Elsevier Ltd.

In summary, the design of three-dimensional (3D) structures and heteroatom doping
is an effective strategy to facilitate the diffusion of reactants and improve the catalytic
activity of carbon nanomaterials for CO, reduction and Na,CO3; decomposition. However,
the optimal design for carbon materials cannot yield the desired high catalytic activity.
Therefore, an in-depth analysis of the active center of heteroatom doping and the related
CO; reduction mechanism with the help of advanced characterization is beneficial for
exploring the methods to achieve uniform doping and controlled preparation.

3.2. Metal-Loaded Composites

Despite the demonstrated applicability of nitrogen-doped carbon materials, the cat-
alytic activity for the reversible reaction of the cathode in Na-CO; batteries is quite lim-
ited [41]. Therefore, various carbon loaded metal composites were designed as cathodes for
activity modulation and thus to improve the performance of Na-CO, batteries. The results
show that metal-loaded composite catalysts appear to be a good choice for reducing the
battery charging potential and improving the electrochemical performance of the battery
compared to pure carbon materials [38,42-47].
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3.2.1. Precious Metals and Their Composites

Due to the inherent electronic configuration of half-filled anti-bonds and high electrical
conductivity of noble metals, noble metals and their composites usually have the advan-
tages of good adsorption, low resistance and low overpotential as electrocatalysts [2,48].

Among all precious metal elements, ruthenium (Ru) is one of the most widely studied
precious metal catalysts [27,49]. For example, Guo et al. obtained Ru@KB composites
by in situ reductions of RuClz on porous Ketjen Black [16]. As shown in Figure 5a—c,
compared with pure KB as the cathode of Na-CO, battery, Ru@KB can significantly improve
the discharge capacity up to 11,537 mAh g~!, cycle stability for more than 130 cycles
and coulomb efficiency of 94.1% of Na-CO, battery. Their electrochemical performance
and ex situ characterization confirmed that ruthenium nanoparticles can significantly
reduce the charging overpotential, promote the reversible reaction between Na,CO3 and
carbon, and further improve the cycling stability of Na-CO, batteries. Besides the excellent
catalytic activity of metallic Ru, its corresponding oxide RuO; has also been shown to
have significant catalytic ability for reversible metal-CO, batteries. In addition, Pt [50],
Ag, Ir [51,52], Au [53], Pd [54] and other noble metals and their oxides have been shown
to be very effective in bifunctional catalysis for metal-CO, batteries, and need further
be explored.

Compared with pure carbon-based materials, the composite by loaded with noble
metal-based catalysts help to reduce the active energy required for CO; reduction and
decomposition of discharging products, exhibit excellent catalytic activity in facilitating
the electrochemical reaction of Na-CO, batteries, allowing for smaller overpotentials and
higher energy efficiency, and significantly increase the discharge/charge capacity of the
batteries. Unfortunately, the expensive cost and limited resources seriously hinder the
commercial application of noble metal-based catalysts. Therefore, reasonable strategies
such as developing noble metal-based single-atom catalysts or other inexpensive and
abundant transition metal-based catalysts should be explored to meet their industrial
development.

3.2.2. Transition Metals and Their Composites

Transition metals Ni [21], Co [43,55], Mn [56], Cu [57] and Fe [58] are supported on
carbon-based materials with high specific surface area and high electronic conductivity due
to their unique adjustable structure and multivalent characteristics, providing rich active
sites for electrochemical reactions. In recent years, single metal composites, alloy type
composites and transition metal oxide composites of transition metals have been widely
reported. Moreover, due to the advantages of rich reserves and low cost of transition metals,
transition metal-based composites are a feasible solution for future controlled scale up
production [17].

In 2020, Xu et al. obtained an efficient active material (Co/CogSg @S NHC) for hybrid
system Na-CO, batteries by anchoring Co/Co9Sg active nanoparticles on biomass-derived
S and N-doped graded porous carbon via a microporous/mesoporous domain-limited
synthesis strategy, as shown in Figure 5d [45]. The Na-CO, battery with Co/CogSg @SNHC
not only exhibits a low overcharge potential of ~0.32 V and a charge/discharge voltage
difference of only 0.65 V (Figure 5e). As shown in Figure 5f, it also shows better rate
performance, cycle stability (cycled for more than 200 cycles at a current density of 0.1 mA
cm™1) and higher specific area discharge capacity (~18.9 mA cm~2). These excellent
electrochemical properties are attributed to the meso- and mesoporous-limited domains
of the biomass carbon skeleton, which not only effectively inhibit the agglomeration of
Co/Co9Sg nanoparticles, but also provide diffusion channels for CO, and Na™* as well
as sufficient space for storing the discharge products. In addition, the effective synergistic
interactions between the effective catalytically active sites (Co/Co9Sg, C-N, C-S bonds) and the
defect-rich carbon interfaces (S, N doping) similarly prevent the agglomeration and separation
of Co/CoySg nanoparticles, enhance the catalytic activity and improve the stability.
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In addition to monometallic composites, bimetallic composites are also potential
candidates for CO; reduction reaction (CO,RR) and CO; electroreduction reaction (CO,ER).
In 2021, Xu et al. obtained bimetallic nitrogen-doped carbon materials of Fe-Cu-N-C with
dense bimetallic active sites as catalysts for Na-CO; batteries with mixed air by introducing
Fe?* and Cu®* regulated in situ pyrolytic growth of carbon nanotubes via solid-phase
reactions [58]. They suggested that the excellent electrocatalytic activity of Fe-Cu-N-C is
attributed to the synergy between the N-doped carbon framework with more defects and a
large number of active sites in the Fe-Ny, Cu-Ny and Fe/Fe3C nanocrystals. Moreover, Fe?+
is the key to catalyze the conversion of g-C3N4 to CNT conformation, while Cu?* gives the
carbon nanotubes a good structure and uniform diameter. As shown in Figure 5g,h, the
Fe-Cu-N-C materials synthesized at a pyrolysis temperature of 700 °C exhibit an ultra-low
voltage gap of 0.44 V and a cycle efficiency of 83.2%, as well as a large discharge capacity of
8411 mAh g~! and a long-term cycling performance of 1550 cycles (over 600 h).
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Figure 5. Na-CO, battery cycling behavior of KB and Ru@KB cathode at 200 mA g~': (a) KB cathode.
(b) Ru@KB composite cathode. (c) Discharge—charge profiles of Na-CO; batteries with KB and Ru@KB
composite cathodes at a current density of 100 mA g~ in the first cycle. Reproduced with permission
from [16]. Copyright 2019, Royal Society of Chemistry. (d) Schematic illustration of catalytic cathode
of hybrid Na-COj, battery. (e) Discharge-charge voltage curves at a current density of 0.2 mA cm~2.
(f) Discharge capacity curves of hybrid Na-CO, batteries with Co/Co9Sg@SNHC or SNHC at a
current density of 0.5 mA cm~2. Reproduced with permission from [45]. Copyright 2021, Elsevier Ltd.
(g-1) Electrochemical performances of the as-obtained Fe-Cu-N-C, catalysts: (g) Discharge—charge
voltage curves at 0.05 mA cm~2; (h) Discharge—charge cycling curves; (i) Discharge—charge curves of
Fe-Cu-N-C. Reproduced with permission from [58]. Copyright 2021, Royal Society of Chemistry.

Due to the excellent catalytic activity, low cost and simple preparation methods, transi-
tion metal oxides such as NiO [59,60], MnO [37], MnO, [61], have been extensively studied
in the field of Na-CO, batteries. Fang et al. obtained in situ grown (CMO@CF) composites
of Cop,MnOy on carbon fibers by a simple hydrothermal method and high temperature
annealing [55] which achieved a reversible charge/discharge process and remained stable
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after 75 cycles at 200 mA g~!. In addition, XRD, XPS, Raman spectroscopy and SEM
characterization demonstrated that the high catalytic activity of CMO@CEF electrodes is
mainly due to the homogeneous morphological, chemical and structural stability and the
hybridized Co**/Co®** and Mn?* /Mn3* redox pairs. ZnCo,O@CNT materials were syn-
thesized by the same hydrothermal method as that of preparing ZnCo,O4 porous carbon
nanorod cathodes [43]. The discharge capacity of 500 mAh g~! at 100 mA g~! can be
charged and discharged stably for at least 150 cycles. Theoretical calculations show that
there is a strong adsorption energy for CO,, Na and Na;COj3 on three surfaces of ZnCo,Oy,
namely the [001] surface of ZnCo,0y, the [111] surface with only Co atoms exposed and the
[111] surface with Co and Zn atoms exposed. In addition, the exposed Co atoms on these
three surfaces of the density of states (DOS) calculated surface are the real catalytically
active sites for the CO, electrochemical reaction.

Apparently, the transition metal-based composites combine the high SSA and elec-
tronic conductivity of porous carbon materials and the unique multivalent characteristics
of transition metals, which enable an effective catalytic effect in the application of Na-CO,
batteries, which are considered as the most attractive catalytic cathodes. Therefore, in future
research, the catalytic mechanism of transition metal materials should be understood in
depth, and more attention should be paid to and design of composite carbon-based materi-
als with synergistic effects of transition metals, transition metal oxides and multi-transition
metals, and their controlled and large-scale production should be realized.

3.2.3. Other Types of Composite Materials

In addition to metal nanoparticles loaded on porous carbon materials, several com-
posites have been applied to metal-CO, batteries, such as molybdenum-based electrode
materials [62], metal-organic complexes, polymers and self-supporting freestanding cath-
odes.

Molybdenum carbide (MoxC) has a d-band electronic structure similar to that of
precious metals, especially metallic palladium, and is considered to be a “similar catalyst
to precious metals”. In early studies, Mo,C was first applied to lithium—oxygen batteries
and was shown to improve the Coulombic efficiency and cycle life of the batteries [63].
After that, Chen’s group prepared Mo,C/CNT composites by a simple carbon thermal
reduction method and applied them to Li-CO; batteries [64]. In this work, the Li;C;O4
intermediate was stabilized by forming a Li;C,04-Mo,C species on the surface of the
catalyst. Finally, amorphous Li;C,0y final discharge products with thin film morphology
were obtained instead of Li;COj species. In this case, Mo,C makes the amorphous Li;C;Oy4
components readily decomposable at very low potentials below 3.5 V. Moreover, it shows
excellent cycling properties. However, the specific mechanism of Mo,C catalyzing the
formation of amorphous Li,C,O4 remains unclear yet, and some advanced characterization
tools as well as theoretical simulation calculations are needed in this regard to strongly
elucidate the effects of Mo,C on the performances of CO, batteries. In addition, MoS, is
also an effective electrocatalyst for the decomposition of Li,COj3 [65]. In fact, we believe
that it is a worthwhile effort to study the crystal structure of Mo,C and to develop new
molybdenum-based catalysts/materials for Na-CO, batteries.

Metal-organic backbone (MOF) is a crystalline porous organic-inorganic hybrid ma-
terial with periodic network structure self-assembled by inorganic metal centers (usually
metal ions or metal clusters) and bridging organic ligands [24]. Furthermore, MOFs not
only combine the stiffness of inorganic materials with the flexibility of organic materi-
als, but also have a porous structure and a metal-nonmetal structure, offering attractive
prospects in the field of metal-air batteries research [66-68]. Successful applications of
MOFs have been reported for Li-CO; batteries [24] and Na-CO, batteries [25]. The results
show that MOFs have significant potential to increase the discharge capacity and reduce
the polarization potential of Li-CO, batteries. However, the electronic conductivity of MOF
is still insufficient, and the catalytic efficiency of the cathode needs to be further improved.
We believe that the use of conductive MOFs with high electronic conductivity, along with
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metal ion doping to synergistically promote catalytic activity, can be attempted. In addition,
MOF-derived single-atom catalysts are expected to be a promising new class of MOF-based
materials in the laboratory due to their excellent activity in ORR [46,69].

Due to the insulator nature of discharge product, Na,COj3, of the Na-CO, batteries
higher external voltages are typically required to decompose Na,COj3 during the charging
process. However, high charging voltages typically lead to degradation of the battery
components (e.g., electrolytes, carbon additives and binders), resulting in a decrease in
overall battery performance [14]. Therefore, the development of carbon-free and binder-free
cathodes is also an important task.

3.3. Single-Atom Catalysts

Large-scale applications of precious metals are hindered by their high price and
scarce resources. Non-precious metal materials are promising candidates for noble metals,
but with lower catalytic performance. In order to reduce the use of noble metals and
further enhance the effective activity of metal atoms, single-atom catalysts (SACs) have
emerged and attracted extensive attention [70]. Compared with nanomaterials, SACs can
maximize the use of metal atoms; in addition, due to quantum confinement effects, these
sub-nanometer catalysts have unexpected catalytic properties and can be used for various
energy conversion reactions, and their applications in metal-CO; batteries are also highly
anticipated [71-73]. Despite these advantages, SACs still suffer from some drawbacks, such
as synthesis and characterization difficulties.

When metal particles are dispersed on the support at the atomic/cluster level, the
properties of the catalyst, such as surface free energy, unsaturated coordination environ-
ment, quantum size effect and metal-support interaction change drastically, and SACs are
easily agglomerated during preparation and application, leading to catalyst deactivation
(Figure 6) [69]. Theoretically, increasing the loading of single-atom catalysts and avoiding
atomic agglomeration are mainly achieved by increasing the surface area of the carrier and
enhancing the interaction of the metal carriers [73]. Researchers have obtained “bottom-up”
and “top-down” synthesis strategies for SACs [74]. Typical “bottom-up” strategies include
atomic layer deposition (ALD), wet chemical methods, electrochemical deposition and
chemical vapor deposition [75-78]. Atomic layer deposition (ALD) allows for precise con-
trol of the film thickness by evaporating the active precursor into a vapor and depositing it
layer by layer on a carrier in a self-limiting manner using sophisticated equipment [79,80].
Wet chemical methods consisting of wet impregnation and co-precipitation are considered a
promising technique for the synthesis of SACs because of their simplicity and the possibility
of mass production of SACs [81]. However, it should be noted that the SACs obtained
by this strategy usually exhibit the disadvantages of low metal loading and easy aggrega-
tion. In addition, electrochemical deposition has proven to be a universal method for the
preparation of single-atom catalysts. Single-atom catalysts on various substrates such as
transition group metals and oxides, sulfides, selenides and carbon materials were obtained
using electrochemical deposition by Zeng et al. [82]. In contrast to the bottom-up strategy,
top-down strategies are generally ball milling, high-temperature atom capture and pyroly-
sis [83-85]. Ball milling is a simple and versatile method that enables large-scale preparation
by breaking /reconstructing the bonding, thus efficiently producing SA [83]. The pyrolysis
strategy often uses various metal-organic complex precursors with molecular confinement
and organic ligand coordination characteristics to obtain uniformly dispersed M-N-C site
catalysts by pyrolysis, which are considered to be the most promising non-precious metal-
based ORR catalysts [86]. Despite the consumption of organic reagents, it shows clear
advantages: simpler preparation process, controllable tuning of the performance of SACs
by controlling the pyrolysis environment and inducing defects [87,88].
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Figure 6. Schematic representation of surface free energy and specific activity of supported catalysts
as a function of particle size.

With the development of nanotechnology and characterization science, advanced
characterization techniques provide rich information and reliable evidence for studying the
composition, structure and performance relationships of catalysts, which plays a crucial
role in the rapid development of single-atom catalysts [89,90]. In addition, theoretical
calculations can provide a reasonable reaction model for uniformly dispersed active sites
and calculate the activation energy of the reaction. Combining advanced characterization
techniques and data analysis of theoretical calculations, detailed information on the ge-
ometry and electronic structure of the active sites of single-atom catalysts can be obtained,
thus elucidating the structure and performance relationships of single-atom materials in
the catalytic process and guiding the design of single-atom catalysts [91,92]. The con-
tents of characterization technology and theoretical calculation will be elaborated in the
following section.

SACs are a promising redox electrocatalyst. However, the application of SACs in Na-
CO; batteries is relatively new and much research is needed to explore the potential of SACs
for practical applications in the next generation of rechargeable batteries. Theoretically,
SACs ensure 100% atom utilization efficiency, which is very valuable for saving metal
resources, especially precious metals. Recently, Zhu et al. successfully prepared single-atom
Pt deposited on nitrogen-doped carbon nanotubes (Pt@NCNT) as a cathode material for
Na-CO; batteries [44]. The single-atom dispersed Pt catalytic site, with a unique electronic
structure and low coordination environment (Figure 7a,b), can achieve high activity and
high selectivity due to the well-dispersed and fully exposed active site. Compared with
the air batteries with pure NCNT as the positive electrode, the Pt single-atom catalyst
can effectively improve the discharge reaction rate. The schematic diagram of Figure 7c
illustrates the reaction mechanism based on Pt-SA in the discharge/charge electrochemical
process of Na-CO, battery.
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Figure 7. STEM-HAADF images of Pt@NCNT at low magnification (a) and high magnification
(b). Red, circle in 7b shows the presence of single Pt atoms. (c) Schematic diagram of Na-CO,
nanobatteries constructed in ETEM. (d) Schematic diagram of the discharge/charge electrochemical
processes in the Na-CO, nanobattery. Reproduced with permission from [44]. Copyright 2020,
Elsevier Ltd.

Given the two important factors of catalyst performance and cost, non-precious metal
SACs with similar activity to noble metal SACs are more attractive [93,94]. Future work
should target the combination of nitride or carbide supports with non-precious metal single
atoms, which may provide unique electronic interactions with the metal and thus improve
anode electrochemical catalytic performance [95]. In addition, SACs applied to Na-CO,
batteries require harsh operating conditions, and the development of industrial fabrication
methods for low-cost, stable, highly metal-loaded SACs is critical.

4. Progress of Solid Electrolyte and Interface Research

Many Na-CO, batteries reported still use the conventional organic liquid electrolyte [6,43],
because Na-CO, batteries operate in a semi-open system, there are great safety hazards in
actual application, such as the inherent volatility and flammability of organic solvents, and
potential problems such as reduced battery life due to interfacial side reactions under high
pressure [7]. Replacing the liquid electrolyte with a solid electrolyte can not only effectively
solve the above safety hazards, but also inhibit the growth of dendrites and prevent CO,
from corroding the metal Na anode during the long-term cycling process [11]. In addition,
through scientific and reasonable structural design, solid electrolyte can also provide wider
electrochemical window, higher energy density and longer cycle life [96-98].

For the solid electrolyte of the Na-CO, batteries, in addition to meeting the necessary
energy requirements for a solid sodium ion conductor, e.g., high ionic conductivity, non-
conductivity, interface compatibility, simplicity of preparation, low cost and environmental
friendliness, it needs to be highly resistant to superoxide and peroxide to facilitate the
smooth Na-CO; reaction [11]. It is difficult for the reported sodium ion solid electrolyte
for Na-CO, batteries to meet all the above requirements at the same time, further research
is needed [99,100]. In this section, we provide a brief overview of several important
applications of solid electrolyte in the Na-CO; batteries, and analyze the research on solid
electrolyte interface. Sodium-based electrolytes can be classified into three categories
according to the chemical composition of the electrolyte and the transport mechanism
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of sodium ion, namely inorganic solid electrolytes (ISEs), polymer electrolytes (PEs) and
composite polymer electrolytes (CPEs).

4.1. Inorganic Solid Electrolytes

Inorganic solid electrolytes (ISEs) are usually characterized by high ionic conductivity
(1075~1072 S em™1), high ionic mobility number, mechanical rigidity, non-flammability and
non-flow characteristics due to their structural properties [101]. In order to understand the
reasons for the high ionic conductivity of ISEs and to further improve its ionic conductivity,
it is necessary to understand its ionic transport mechanisms and properties. The three
principal migration mechanisms shown in Figure 8a are vacancy leap, gap-site leap and
linkage leap [102]. According to the mechanism of vacancy leap and gapsite leap ion
transport, the ionic transport is mainly related to the activation energy of the material
and the number of defects in the vacancy, so ion doping can effectively improve the ionic
conductivity of the material [103-105]. The ionic transport in linkage leap is not directly
jumping between vacancies, but knocking the ions of adjacent sites to make them migrate
to vacancies, so the ionic transport potential of linkage leap mechanism is lower than that of
vacancy or gap site leap, so increasing the concentration of sodium ions in ISEs can improve
the ionic conductivity [106-109]. ISEs can be classified according to their components
and crystal structure types: NASICON, Na-beta-Al,O3, sulfide electrolytes and complex
hydride electrolytes.

4.1.1. NASICON Structured Electrolytes

Naj,+Zrp5ixP3-4O12 (0 < x < 3) was proposed by Hong and Goodenough in 1976
and consists of NaZr,(PO4)3 and NayZr,(SiO4)3 solid solution; the NASICON-structured
fast ion conductor material with a 3D transport channel for Na* was obtained by partially
replacing the pentavalent P in NaZr,(PO,)3 by the tetravalent Si and introducing Na* to
balance the charge [110,111]. Among them, Nay,,Zr;SixP3_4O12 (0 < x < 3) fast ionic
conductors are CO;-stable ISEs. Due to its high ionic conductivity, good thermal and
chemical stability, Na Superionic conductor (NASICON) structure electrolytes is the most
widely studied inorganic material in the solid electrolyte of Na-CO, batteries [36,42,112,113].
Kim et al. [114] demonstrated that after NASICON materials contact with water, H;O*
occupies part of the Na* sites, causing a shift in the NASICON peak position, as revealed
by XRD analysis. Although NASICON reacts with water, it does not cause the fracture
and decomposition of the NASICON ceramic sheet, and there is no drastic decay in ionic
conductivity.

According to the crystal structure analysis of this series of materials by Hong
(Figure 8b) [111], the crystal structure of the material is monoclini with space group C2/c
when 1.8 < x < 2.2 at room temperature; when x is outside this range, the crystal structure
becomes tripartite (thombic structure) with space group R-3c; with the change in temper-
ature, the two crystal structures can be converted, and the phase transition temperature
depends on the specific components of the material, usually at 150~200 °C. In the triangular
structure (R-3c), SiO4 or POy tetrahedra are connected to ZrOg octahedra at the top corners,
forming the three-dimensional skeleton for Na* transport. Therefore, the most commonly
used method to increase the ionic conductivity is doping. Heterogeneous element doping
is used to enhance ionic conductivity by changing the local structure of the crystal, making
the Na* transport channel larger and lowering the ion diffusion potential barrier [107].
Among Naj_,Zr;SixP3_O12 (0 < x < 3), NagZrySip POy (x = 2) with the monoclinic phase
structure is more stable. It exhibits the highest ionic conductivity of ~10~*and ~107' S
cm~! at room temperature and 300 °C, respectively [110]. As shown in Figure 8c, Song
et al. investigated the crystal structure and ionic conductivity of NASICON doped with
different contents of alkaline earth metal ions (Mg, Ca, Sr, Ba) [105]. It was found that
Mg ion doping improved its conductivity most significantly, and the ionic conductivity of
Naj3 1Zr1.95Mgp 05S12PO12 could reach 3.5 x 103 S em™~! at room temperature. However,
BaZ* ion substituted compounds by the elements with larger ionic radii exhibit narrower
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bottlenecks than the original compounds, suggesting that the ionic radius of the substituent
plays an important role [105]. Lu et al. prepared Nas ,Zr1 9Mg 15i, PO, matrix materials
by doping Mg?* with Zr sites, showing an ionic conductivity of 1.16 mS cm ! at room
temperature in order to obtain high-performance Na-CO, battery [113] (Figure 8d). In ad-
dition, heterogeneous elements with similar ionic radii to Zr (including calcium ions [115]
and aluminum ions [116]) doped NASICON-based composite electrolytes can significantly
improve the ionic conductivity of NZSP by changing the Na* concentration and crystal
localization structure, thus improving the Na* transport channels [117].

Another way to improve the ionic conductivity of NASICON materials is to reduce
the grain boundary resistance by adjusting the grain size and grain boundary chem-
istry [100]. Ihlefeld et al. investigated the size effect on the grain boundary resistance
of Nay4xZr;SixP3_4O12 (0.25 < x < 1.0) [118]. The results showed that changing the Si/P
ratio, increasing the process temperature and decreasing the annealing temperature all
reduced its grain size and thus the ionic conductivity is increased. Hu et al. synthesized
La®*" doped NASICON by adding La(CH3COO); to the precursor through a self-growth
strategy [103]. XRD results showed that several new phases of NazLa(POy);, LayO3 and
LaPOy appeared at the grain boundaries of the final electrolyte material (Figure 8e). The
newly appeared phases adjusted the chemical composition of the grain boundaries and
increased the ionic conductivity at the grain boundaries.

4.1.2. Na-Beta-Al,O3

Na-beta-Al,O3 has become one of the most studied sodium ion solid electrolytes due
to its high ionic conductivity and suitable mechanical properties, and was first applied
in solid-state Na-S batteries [119-121]. Na-beta-Al,O3 has two crystal structure types as
shown in Figure 8f, both are layered structures made of alternating stacks of spinel and
sodium-conducting layers, with Na* conducting in two dimensions between two adjacent
spinel stacks, called sodium-conducting layers. one crystal structure of Na-beta-Al,O3 is
a hexagonal crystal system structure made of two spinel structures stacked with space
group P6ms/mmc, labeled beta-Al,O3, composed of NayO-(8~11) Al,Os; the other is a
tripartite crystal structure, consisting of three spinel structures stacked in the space group
R3m, labeled p”-Al,03, composed of Na,O-(5~7) Al,O3.

A higher proportion of 3-Al,O3 phase is usually desired in the material because the
ionic conductivity of the p”-Al,O3 phase is higher than that of the 3-Al,O3 phase. This is
not difficult to analyze: the two adjacent layers of spinel structure are connected by O?~ in
the Na* conducting sodium layer, forming an Al-O-Al bond and Na* two-dimensional ion
transport along the ab plane. For the 3-Al,O3 phase, 0% in the Na* conduction layer has
a higher electrostatic gravitational force on the surrounding Na* and can accommodate a
smaller amount of Na*, while for the 3”-Al;O3 phase, 0% in the Na* conduction layer has
alower electrostatic gravitational force on the surrounding Na* and can accommodate more
Na*, thus the ionic conductivity of the B”-Al,O3 phase is higher than that of the p-Al,O3
phase. Single-crystal p/"-Al, O3 can exhibit ionic conductivity up to 1S cm ™! at 300 °C, while
polycrystalline structures exhibit 0.002 S cm~! at room temperature and 0.2-0.4 S cm™!
at 300 °C. The lower ionic conductivity exhibited by polycrystalline structures is due to
the high grain boundary resistance in polycrystalline 3”-Al,03. However, pure B/-Al,03
is a thermodynamically sub-stable phase, which decomposes into Al,O3 and (3-Al,O3
at 1500 °C and has relatively poor mechanical properties (200 MPa). Na-beta-Al,Oj3 is
generally prepared by solid-phase method; however, the solid-phase synthesized Na-p"-
Al,O3 powder has residual NaAlO, at the grain boundaries of the ”/-Al,O3 phase and
-Al,O3 phase, which is unstable in air and easily reacts with CO, and H,O [122,123].
Virkar et al. used steam-assisted method to obtain dense ceramic flakes by sintering Y-ZrO,
and x-Al,O3 at 1450 °C to enhance their chemical stability [124].

The research of this material focuses on achieving stabilization in CO, atmosphere and
reducing the impedance of grains and grain boundaries by suitable preparation methods,
enhancing the ratio of ”/-Al,O3 and reducing unwanted by-products. Doping is usually
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used to stabilize the B”’-Al,O5 phases, such as Li*, Mg2+, Ni?* and Ti%**; in addition, the
overall mechanical strength can be enhanced by synthesizing mixed crystals of B”/-Al,O;
and 3-Al,O3 or by adding zirconium oxide [125].

4.1.3. Sulfide Electrolytes

Compared with oxide solid electrolytes, sulfides as electrolyte materials have higher
ionic conductivities and lower grain boundary resistances, which is due to the intrinsic
characteristics of sulfur [126]. S is less electronegative than O, which is less binding to Na*
and facilitates the free movement of Na*, thus it has lower grain boundary resistance; S
has a larger ionic radius than O, and S replaces O to expand the lattice structure and form
channels that facilitate the diffusion of Na* and thus has a high ionic conductivity [106,127].
In addition, sulfide electrolytes also have the advantages of mild synthesis conditions, good
mechanical strength, good ductility, etc. However, sulfide is unstable in humid air, easy to
absorb water and easy to decompose with water in air, releasing toxic H,S gas [128-130].
Therefore, it is necessary to improve the ionic conductivity and air stability by designing
new sulfide-based electrolytes for the application in metal-CO, batteries.

NazPS, has two crystal structures, the tetragonal phase (P-421c, a = b = 6.9520 A, c=

7.0757 A) and the cubic phase (I-43m, a = b = ¢ = 7.0699 A) [131,132]. The Figure 8g shows
that in the cubic phase, Na* is distributed in two distorted tetrahedral interstitial sites with
space group [-43m, while in the tetragonal phase, Na* is distributed in a tetrahedral site and
an octahedral site with space group P-42;c. Typically, NagPS, exists as a tetragonal phase,
which can be transformed into a cubic phase at about 530 K. The cubic phase monomer has
the lowest activation energy and has been studied the most. In 2012, the Hayashi and col-
leagues reported glass-ceramic sulfide electrolytes with an ionic conductivity of 2 x 1074 S
cm~! at room temperature, and the high ionic conductivity can be attributed to the stability
of cubic NazPS, in microcrystalline glass electrolytes at room temperature [126]. It was
found that the ionic conductivity of several crystalline phases of NazPSy sulfide electrolytes,
has the following pattern: ionic conductivity of the cubic phase > ionic conductivity of the
tetragonal phase > ionic conductivity of the glass-ceramic phase > ionic conductivity of
the glass phase. Therefore, how to obtain a stable cubic phase NazPS, crystal structure at
room temperature is one of the methods to improve the ionic conductivity of sulfide solid
electrolytes.

Tuning the size of unit cell/channel by introducing Na vacancies, gaps or modulat-
ing the interaction between Na* and anion skeleton in the lattice by means of elemental
doping is an important method to improve the ionic conductivity of sulfide electrolytes.
The doping of P sites with homologous As>* of larger ionic radius expands the lattice
and introduces Na vacancies while increasing the distance between Na-S [128,133]. In the
tetragonal phase of NazPSy, replacing S2- with negative monovalent F~, C1~, Br~ and I~
can also introduce Na vacancies according to the charge balance theory, thus increasing
the migration probability of Na* from one site to neighboring sites and thus increasing
the ionic conductivity [134,135]. De Klerk and Wagemaker investigated the effect of Na*
vacancies on the ionic conductivity of NazPS, by molecular dynamics (MD) simulations:
a significant increase at 300 K compared to pure cubic Na3PSy (0.17 S cm™!) [136]. Ex-
perimental results show that the ionic conductivity of chlorine-doped tetragonal sulfide
(Nay.9375PS3.9375Clo 0625) at 303 K is 1.14 x 10~ S em ™!, which is much higher than that of
the pristine tetragonal NasPSy (5 x 1075 S cm 1) [135]. The first-principles study shows
that the Na* gap defect structure can also increase the Na3PS, carrier density, i.e., in the
cubic phase of NazPSs, doping with tetravalent ions M** (M = Si, Sn, Ti, Ge) replaces
the P5* sites, while more Na* will be introduced to maintain the electroneutrality and
broaden the Na* channel size, thus reducing the gap migration barrier and increasing
its ionic conductivity [127]. The silica sulfide doped microcrystalline glass electrolytes
(94Na3zPS,-6NaySiSy) also show higher ionic conductivity (7.4 x 107* S ecm™1) compared to
the undoped state [120]. In addition, the interaction between Na* and the anionic backbone
has a significant effect on the ionic conductivity of the electrolyte. Theoretical calculations
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show that Se doping can increase the polarizability of the anionic framework, smooth the
lattice and lowering the activation potential barrier [137].

However, to apply sulfide electrolytes in metal-air batteries, it is important to make
them stable in air. In 2016, Liang et al. proposed an air-stable sulfide electrolyte [138].
When the P-site of Na3PSy is completely replaced by Sb to obtain NazSbSy, the unit cell and
channels are expanded to further improve the ionic conductivity of NagPSy, exhibiting a
high ionic conductivity of 1 mS ecm ! at25°Cand a good compatibility with sodium metal
anodes. More importantly, NazSbS, is stable when exposed to O, and H,O, which can be
well explained by the theory of soft and hard acids and bases [138,139]. In Na3PS,, the
interaction between O?~ and P%* (hard acid) is stronger, so S>~ (soft base) is easily replaced
by 0%~ (hard acid), while in Na3SbSy, Sb> (soft acid) and S?>~. The interaction between
them is strong and not easy to be destroyed by O,. When exposed to air, pure NazSbSy
tends to form NazSbS;-xH,O and H,O may reversibly lose after heating at 150 °C for 1 h
(Figure 8h). Despite the attractive stability and ionic conductivity of NazSbSy (~10735
cm 1), the toxicity of Sb should be considered. At present, the research on sodium sulfide
ionic solid electrolytes is still at the early stage and further studies are needed to improve
their ionic conductivity, chemical stability and electrochemical stability.

4.1.4. Complex Hydride Electrolytes

In addition to the inorganic solid electrolytes mentioned above, complex hydride
electrolytes are also good conductors of Na ions. In 2012, Orimo and colleagues first
reported complex hydrides as Na* ion solid electrolytes [140]. The reported complex
hydride electrolytes have high ionic conductivities and ion mobility numbers, but complex
hydrides are usually prone to water absorption, difficult to maintain stably in air. The
electrochemical window is also not meet the requirement. If its chemical stability can be
improved by modification, it may provide a new solution for the application of Na-CO,
batteries.

Complex hydrogen compounds consist of a metal cation Na* and a complex an-
ion consisting of a central atom and a ligand hydrogen atom, which have been re-
ported as Naz(BH4)(NH2) [141], Na2B12H12 [142,143], NaCB11H12 [144], NaCBngo [145],
Naz(B12H12)0.5(B1oH10)0.5 [146,147], Nax(CBoH1)(CB11Hy2) [144], NaxBigHyg [148] and
Na3zOBHy [149], etc. For example, NayBj,Hy, exhibits high ionic conductivity (>0.1S cm ™!
at 573 K) due to its high-temperature disordered bulk-centered cubic phase (cation vacancy
rich structure). However, due to the high phase transition temperature, the complex hy-
dride electrolytes of large anions cannot meet the requirements of practical applications in
different fields. It is necessary to reduce or eliminate the phase transition temperature of
complex hydrides. It has been shown that the phase transition temperature can be signifi-
cantly lowered after the introduction of C by chemical modification of the anion [145,150],
for example, NaCBq1Hj; vs. NayBipHypp: 380 and 529 K; NaCBgHjg vs. NayBigHjip: 290
and 380 K, with ionic conductivity of 7 x 1072 S cm~! at room temperature (Figure 8i). In
addition, mixing different anions helps to reduce or eliminate the transition temperature
due to the introduction of geometric hindrance [140]. Tang and colleagues found that
the transition temperature can also be effectively reduced by ball milling by reducing the
grain size and disordering, and that a more homogeneous mixing of atoms is less prone to
phase transitions [151]. Further studies should focus on investigating the stability and ionic
conductivity of composite hydrides and applying them to solid-state Na-CO, batteries.
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Figure 8. (a) Arrows indicate the three typical migration mechanisms: vacancy site leap, gap site
leap and linkage leap. The circles indicate cations in stable (green) and substable (orange) positions
in the model lattice. The dashed lines indicate the transition states of cation jumps imposed by
the anion skeleton (not explicitly shown). Reproduced with permission from [102]. Copyright
2019, Springer Nature. (b) Crystal structures of representative NASICON (Na3Zr,Si,PO;y) with
rhombic and monoclinic crystalline phase. Reproduced with permission from [111]. Copyright
1976, Elsevier Ltd. (c) Lattice parameter, volume of unit cell and area of the bottleneck (marked as
T1 in the inset) of NazZr,Si;PO1, and Nag ;711 95M( 055i2PO12 (M = Mg, Ca, Sr, Ba). Reproduced
with permission from [105]. Copyright 2016, Springer Nature. (d) Simplified view of the structure
of Nag 2Zr1 9Mg 1Si,PO1» approximately along the [101] direction. Reproduced with permission
from [113]. Copyright 2022, John Wiley and Sons. (e) X-ray diffraction patterns. The X-ray diffraction
patterns of the nominal composition Nag,LaxZr,_,Si, POy, (x = 0, 0.05, 0.10, 0.15, 0.20, 0.25, 0.30,
0.35, 0.40) solid electrolytes. The peaks in the circled by the dotted box represent the NagLa(POy),
minor phase. The peaks marked by the black solid spheres and black asterisks denote the La;O3 and
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LaPOQy, respectively. Reproduced with permission from [103]. Copyright 2017, John Wiley and Sons.
(f) Crystal structures of B-Al,O3 and B”'-Al,O3. Reproduced with permission from [100]. Copyright
2018, Elsevier Ltd. (g) Crystal structures of NazPS; with cubic and tetragonal phase. Reproduced
with permission from [131]. Copyright 2017, Reproduced with permission from. (h) XRD patterns
of pristine NazSbS,-9H,0, as-prepared Na3SbSy, air-exposed Na3zSbS, and reheated air-exposed
Na3SbSy (150 °C for 1 h under vacuum). Reproduced with permission from [138]. Copyright 2016,
John Wiley and Sons. (i) Relative geometries of the BioHi122~, BioH 92—, CB11Hyp~ and CBgHyo~
anions. Reproduced with permission from [148]. Copyright 2014, John Wiley and Sons.

4.2. Polymer Electrolytes

The concept of polymer electrolytes (PEs) was first proposed in 1973 when Fenton
et al. discovered that alkali metal salts dissolved in polyethylene oxide were found to form
conductive complexes [152]. Subsequently, Feuillade et al. introduced organic plasticizers
into the polymer-salt binary system to obtain a quasi-solid electrolyte [153]. Compared with
inorganic solid electrolytes, electrolytes with polymer matrix usually have good flexibility,
easy processing and high tolerance to vibration, shock and mechanical deformation and
better interfacial contact and compatibility between electrodes and electrolytes.

For the ion mobility number and ionic conductivity of PEs, the methods of increasing
amorphous regions and fixing anions are usually used. Soluble metal salts with anion
stabilizing effect are generally preferred [11], such as NaCF3503, NaPFg and NaClOy; in
addition, a certain percentage of inorganic fillers are also added to enhance the amorphous
region and ionic transport of organic electrolytes, thus improving ionic conductivity, me-
chanical strength and electrochemical properties. Polymer electrolytes are classified into
solvent-free polymer electrolytes (SPEs) and gel polymer electrolytes (GPEs) based on their
composition and physical form, and then explains the ion transport mechanisms, basic
properties and their applications in Na-CO, batteries [99].

4.2.1. Solvent-Free Polymer Electrolytes

Solvent-free polymer electrolytes (SPEs) are usually consisted of only polymer matrix
and lithium salt as solute without adding liquid solvent as plasticizer, and can be easily
fabricated by solvent casting, thermoforming or extrusion techniques. SPEs that have been
reported for Na-CO, batteries are mainly of the polyethylene oxide (PEO) type [25,30]. The
carbonate electrolytes are susceptible to nucleophilic attack by superoxide radicals and are
not suitable for metal-air batteries, while other types of SPEs are still to be developed.

PEO is the earliest and most studied, and its chemical structure is H-(O-CH,-CHj),,
-OH, a polyether compound with the advantages of good chemical stability, good com-
patibility with alkali metal negative electrode, good flexibility, good water solubility, low
density, good viscoelasticity and easy film formation, and tolerance to superoxide radicals,
which is a more suitable organic material for Na-CO, battery electrolyte. However, the
current PEO-based solid electrolytes during application are often troubled by problems
such as: the relatively high degree of room temperature crystallization of PEO (PEO chains
are mainly crystallized at 65 °C), resulting in low room temperature ionic conductivity
(~1078 S/cm), thus requiring operation at higher temperatures; low upper limit of elec-
trochemical stability potential (<4.2 V), thus preventing the use of high voltage cathode
materials; poor dimensional thermal stability (softening point of 55-64 °C); low mechanical
strength (<10 MPa).

According to the ionic transport mechanism of PEO-based PEs (Figure 9a), the metal
salts dissociate and delocalize metal cation (Li*, Na*), metal ions with polar groups on
the polymer chain, such as O and N. Under the action of electric field and above the glass
transition temperature, the polymer molecular chain segments in the amorphous region
(amorphous region) are able to vibrate, and with the movement of the polymer chain, the
metal cations are continuously complexed and dissociated with the groups on the polymer
chain segments. Metal cation jumps from one coordination site (usually composed of more
than three electron-giving groups) to the next, thus enabling the transfer of metal ions [154].
However, since the movement of chain segments transfers both metal cation and anions, the
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metal cation migration number of PEs is usually less than 0.5 and their ionic conductivity
is generally inferior to that of ISEs [155-157].

The following aspects can be used to improve the comprehensive performance of PEO-
based polymer electrolytes: (1) to facilitate the migration of metal ions, the polymer-cation
interaction must be a compromise between sufficient strength (ensuring salt solubility
through cation solventization) and sufficient instability (facilitating ion hopping from one
coordination site to another); (2) selecting a polymer matrix with a dielectric constant a
polymer matrix with a large dielectric constant, a high dielectric constant facilitates effective
charge separation of the metal salt and thus a high Na* concentration; (3) the higher
backbone flexibility and motility of the PEO chain facilitates the segmental movement of
the polymer chain and (4) the high molecular weight of the polymer matrix is also desirable
to obtain a polymer electrolyte with better mechanical strength.

In 2018, Chen’s team obtained a high-performance PEO/NaClO,/SiO; all-solid poly-
mer electrolyte by adding inorganic filler nano-SiO; and assembled an all-solid flexible
Na-CO; batteries with sodium as the anode, PEO/NaClO,/SiO; as the electrolyte and
multi-walled carbon nanotubes as the cathode [30]. In the all-solid polymer electrolyte,
PEO acts as a Na ion conductor to transport Na between the Na anode and the gas cathode,
and the addition of nano-SiO; can reduce the crystallinity and promote the dissociation of
NaClQy, thus improving the ionic conductivity, in addition to improving its mechanical
strength and thermal stability. The highest sodium ionic conductivity of 6.4 x 107* S cm !
and the highest ion transfer number of 0.56 were obtained at an operating temperature
of 70 °C when the SiO; content in the polymer electrolyte was 3 wt% (200 pum thickness).
Assembled flexible batteries with good bendability (21,000 times), foldability and shape
customizability, as well as in the bending state (0~360°), stable operation time (80 h),
high cycling stability (240 cycles with —0.4 V increase in overpotential), high capacity
(450 mAh gfl) and high energy density (173 Wh kgfl) were obtained in electrochemical
tests. Furthermore, Sun et al. developed a non-aqueous solution of expanded perfluorosul-
fonic ethylene carbonate and propylene carbonate (EC-PC) with a hexagonal structure of
Nay 67Nig 23Mgo 1Mng 6707 as the cathode, and metal sodium as the anode. It proved to be
a safe and durable all-solid-state Na-ion battery [158].

The research on SPEs for Na-CO; batteries is obviously insufficient, and subsequent
studies need to further explore and investigate the Na* transport mechanism of SPEs to
elucidate the intrinsic connection between Na* and polymer matrix, and to further develop
polymer electrolyte matrix that can be applied to Na-CO, battery systems by simple
blending, copolymerization, hyperbranching or cross-linking methods to find electrolyte
materials with better overall performance.

4.2.2. Gel Polymer Electrolytes

Gel polymer electrolytes (GPEs) is a semi-solid electrolyte in a gel state, consisting of
a polymer matrix, electrolyte salt and plasticizer. For GPEs, ion transport is the result of
synergistic transport between the solid polymer matrix and the liquid electrolyte, and their
room temperature ionic conductivity is higher than that of SPEs due to the presence of a
certain amount of solvent; however, the safety in batteries is poorer than that of SPEs due
to the presence of organic solvents. In addition, GPEs have both polymeric properties and
are more flexible and easier to process than glass-ceramic type solid electrolytes. Therefore,
GPEs exhibit good mechanical properties and good compatibility with electrodes. In quasi-
solid polymer electrolytes, sodium ion transport occurs mainly in the liquid plasticizer
containing dissolved lithium salts, while the polymer matrix provides mechanical strength
to the GPEs and keeps it quasi-solid, thus minimizing the safety risk caused by leakage of
liquid components. During battery charging and discharging, the plasticizer in the GPEs
reacts on the electrode surface to form a solid electrolyte interface (SEI) film, similar to a
liquid electrolyte. In contrast, electrochemically inert polymeric matrices are typically not
involved in SEI formation.
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PVDF-based gel electrolytes are the most widely studied matrix materials for GPEs
due to their good film formation, large dielectric constant, high glass transition tempera-
ture and strong electron-absorbing groups. In 2017, Hu et al. [159] reported a quasi-solid
Na-CO, battery with an applied PVDF-HFP-4% SiO, /NaClO, -TEGDME CPE with advan-
tages such as high ionic conductivity (1.0 mS cm ™), strong toughness, non-flammability
(automatically extinguished within 1 s even if ignited for 5 s) and operated at a capacity
of 1000 mAh gfl, 400 cycles at 200 °C, as shown in Figure 9b,c. The product has shown
higher safety and good performance.

In addition to the above PVDF-based gel polymers, PEO-based and cyano polymer-
based GPEs are widely used in lithium batteries, and related sodium ion gel electrolytes
and their applications in sodium batteries are yet to be developed.

PEO-based GPEs have a high degree of crystallization at room temperature and
low ionic conductivity at room temperature, making them difficult to apply in practical
batteries. Suitable plasticizers can be added, such as polyethylene glycol [153] or crown
ether [160], to reduce the crystallinity and enhance the room temperature ionic conductivity.
Co-blending [161], cross-linking [162] or the addition of inorganic fillers to improve the
mechanical strength and thermal stability.

Cyano (e.g., polyacrylonitrile) [153] cyano (such as polyacrylonitrile and cyanoethyl
polyvinyl ether) is a polar group with a high dipole moment [163], and is a strong electron-
absorbing group with a dielectric constant of about 30. Cyano has high oxidation resistance
and its introduction into the polymer matrix can increase the oxidative decomposition
voltage of the electrolyte. Feuillade et al. [153] prepared polyacrylonitrile electrolytes with
ionic conductivity close to 1 x 1073 S cm™! at room temperature. In polyacrylonitrile gel
electrolytes, the ionic conductivity increases with increasing plasticizer and salt content.
However, due to the strong polarity of the cyano group, there is a large passivation effect
on the metal negative electrode leading to an increase in the interfacial resistance, thus
requiring an effective negative interface protection.

4.3. Composite Polymer Electrolytes

Composite polymer electrolytes (CPEs) combining the soft mechanical properties of
organic solid electrolytes and the high ionic conductivity of inorganic solid electrolytes offer
a promising direction for highly stable Na-CO, battery electrolytes [97,115,164]. PEs have
a generally low ionic conductivity. Inorganic powders incorporated into solid polymer
electrolytes to obtain composite solid electrolytes can effectively reduce the orderly ar-
rangement of polymer chains and prevent polymer crystallization; and more ion transport
channels are formed in the surface region of nanoparticles, which helps to improve ionic
conductivity. In 1988, Skaarup et al. added fast ionic conductor particles LizN as fillers
to polyethylene oxide (PEO)-LiCF3503 matrix to obtain a composite polymer electrolyte,
which not only improved its mechanical strength, but also had a higher ionic conductivity
than the pure polymer electrolyte [165]. More interestingly, Wieczorek et al. found that
the addition of nonionic fillers such as Al,O3 also improved the ionic conductivity of
PEO-based polymer electrolytes, mainly due to the increase in the amorphous phase [166].
In addition, the addition of inorganic filler can improve the mechanical properties of
electrolyte and maintain good flexibility, which improves the interfacial contact between
electrolyte and electrode.

Inorganic fillers are mainly divided into two major categories: one is inert fillers, which
do not have ion transport capability by themselves, such as Al,O3 [167], SiO; and TiO; [168],
etc.; the other is active fillers, which have ion transport capability by themselves, such
as NaySiO3 [169], NASICON [170], p”-Al,O3 [171] and other inorganic solid electrolytes.
Sun’s group prepared a high performance PVDF-HFP-Naj 711 9Mgy 1Si,PO1; organic-
inorganic composite solid electrolyte [113]. The Nas »Zr; Mg 1SipPO15 inorganic material
with an ionic conductivity of 1.16 mS cm~! at room temperature was obtained by replacing
the Zr ion in Na3Zr,SizPOq, with Mgz*, which was then combined with structurally stable
PVDE-HFP with excellent mechanical properties as a solid electrolyte for Na-CO, batteries.
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After 120 cycles at cut-off capacities of 200 mA g1 and 500 mAh g~ !, the intermediate gap
voltage was below 2 V. The Coulomb efficiency, multiplicative performance and cycling
performance of the batteries were significantly improved.

In addition to the above method of compounding inorganic particles directly with
polymers, composite solid electrolytes can also be prepared by compounding functional
polymers, functional inorganic particles, or polymer/inorganic particles together with a
polymer matrix. For example, blending cellulose in sodium ionomer solid polymers [172]
or glass fiber [173] can effectively enhance the mechanical properties of the electrolyte film;
or adding functional inorganic particles to immobilize the anions on the polymer matrix
chains and inhibit the formation of polarization centers, thus promoting the movement of
cations [174].
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Figure 9. (a) Schematic illustration of Li ion transport mechanism in PEO-based SPEs. Reproduced
with permission from [154]. Copyright 2016, Royal Society of Chemistry. (b) Composition of the
CPE. Inset: Transmission electron microscopy (TEM) image of fumed SiO,. (c) Ionic conductivity
of CPE with various contents of SiO,. Reproduced with permission from [159]. Copyright 2017,
the American Association for the Advancement of Science. (d) Charge/discharge curves tested at
different current densities. (e) Cut-off capacity of NZM1SP-PVDF-HFP electrolytes at 200 mA g~
for 500 mAh g1, (f) Corresponding changes in intermediate charging and discharging voltages
of cells with NZSP-PVDF-HFP and NZM1SP-PVDFHEP electrolytes. Reproduced with permission
from [113]. Copyright 2022, John Wiley and Sons.

4.4. Interfaces of Solid Electrolytes

During the electrochemical cycling of a solid-state Na-CO, batteries, the interface
problems between the solid electrolyte and the electrode include two main ones: interfacial
close contact and interfacial compatibility (no chemical reaction).

First, the close contact between the interfaces will facilitate the rapid transport of
electrons or ions. In the conventional liquid electrolyte battery, the electrolyte has extremely
high fluidity and good wettability to the electrode material, which ensures a low contact
impedance inside the battery. In contrast, in solid-state batteries, the effective contact area
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is greatly reduced due to the point to point solid-solid contact between the electrolyte and
the electrode, thus the interfacial impedance between the solid electrolyte and the electrode
is very high (Figure 10a). Therefore, the current research work on solid-state batteries is
mainly focused on improving the contact between solid electrolyte and electrode material
and reducing the interfacial impedance. Sun et al. developed a monolithic symmetric cell
for solid-state sodium batteries (SSSBs). A three-dimensional (3D) electronic and ionic
conductive network is formed by integrating sodium anodes into NZSP-type monolithic
structure. The interfacial resistance of the monolithic symmetric cell was significantly
reduced, and exhibited a stable sodium plating/strip cycle with a low polarization of over
600 h [175].

Tong et al. artificially improved the interfacial stability and interfacial contact on the
positive side of NASICON by obtaining a butanedionitrile-based plastic crystal electrolyte
in situ on the cathode interface side (Figure 10b). This interfacial layer can be reversibly
deformed with the change in particle volume, which reduces the interfacial charge transfer
resistance and NASICON electrolyte is protected from successive interfacial side reactions,
and thus the prepared solid-state Na-CO, battery can stably cycle for more than 50 cycles
at a limited capacity of 500 mAh g~! [29]. In addition, solution casting method and in situ
polymerization are also effective measures to enhance their interfacial contact.

In addition, chemical and electrochemical compatibility between different components
will contribute to the stable operation of solid-state batteries (Figure 10c). Usually, the
electrolyte and electrode will react at the interface, and dendrites may also form at the
interface during the electroplating and stripping process, leading to short-circuiting of the
battery [176,177]. Effective measures to solve the above problems include: (1) Optimizing
the composition of the solid electrolyte or electrode, where the electrolyte reacts with the
electrode to form an intermediate phase, but the interfacial products are stable and can
reduce the interfacial impedance. For example, Tong et al. found that on the anode interface
side, Na3Zr,Si;POy; reacts with Na metal to form a thin passivation layer (indicated by
NaO7™), which not only prevents further reaction between electrolyte and Na metal, but
also improves the interfacial contact between electrolyte and anode. (2) Optimizing the
composition of electrode, by reducing the local current density and homogenizing the
electric field distribution, so as to guide the sodium ion fluxes and improve the problem of
battery short circuit caused by interface dendrites. Based on this idea, Sun et al. modified
the surface oxidation functional groups of three-dimensional carbon cloth to make the
carbon cloth sodium-friendly, and then injected molten sodium to obtain a stable Na @
CC anode which inhibited dendrite growth. The composite anode greatly improves the
reversibility and safety of the electrode [178]. (3) To introduce artificial interfacial layers
to reduce the interfacial impedance caused by the chemical or electrochemical reaction of
the intermediate phase (Figure 10d). Goodenough et al. [179] heated sodium metal and
NASICON to 380 °C, chemically reacted to get stable interface layer and then reduced to
room temperature, and the negative metal Na showed good wettability to NASICON, and
the symmetric batteries of sodium achieved good cycling at 65 °C and at current densities of
0.15 mA cm 2 and 0.25 mA cm 2. Sun et al. added 1,1,1,3,3,3-hexafluoroisopropylmethyl
ether (HFPM) to 0.1 M NaPFg in 1,2-dimethoxyethane (DME) and fluoroethylene carbonate
(FEC) electrolyte to form a new fluorine-containing organic layer, effectively stabilized the
surface of Na anode, and showed excellent cycling performance [180].

Recently, a new approach can solve the above interfacial close contact and interfacial
compatibility simultaneously. For example, Sui et al. and others constructed a thin self-
reinforcing GPE in situ by polymerizing 1,3-dioxolane (DOL) in the nanofiber skeleton [181].
The framework is composed of polydopamine modified PVDF-HFP (PDA/PVDF-HFP)
nanofiber membrane (Figure 10e). It has good affinity with PDOL and DOL, and can im-
prove ionic conductivity. The DOL precursor solution can be firmly absorbed in the porous
membrane, making the PVDF-HFP chain well swelled and forming good contact with the
electrode interface, and be more stable to the negative metal Na [182]. After polymerization,
there is no residual organic liquid GPE to ensure the full safety of the battery. Similarly, Sun
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et al. injected methylmethacrylate (MMA) into porous NazZr,Si; PO1;-polymer vinylidene
fluoride-hexafluoropropylene (NZSP-PVDEF-HFP) composite membrane and obtained in
situ polymerization polymethylmethacrylate (PMMA)-filled composite electrolyte mem-
brane with excellent electrochemical performance [183].
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Figure 10. (a) Schematic diagram of the “point-to-point” contact between the porous cathode and
the NZSP. Reproduced with permission from [42]. Copyright 2021, Elsevier Ltd. (b) SN wetting on
the porous cathode surface. Reproduced with permission from [29]. Copyright 2019, Royal Society
of Chemistry. (c) Na dendrite growth process. (d) Contact model of ceramic solid electrolyte with
metallic sodium in the process of sodium plating. Reproduced with permission from [184]. Copyright
2020, Elsevier Ltd. (e) Preparation of 3D PDOL@PDA /PVDE-HFP gel polymer electrolyte via in situ
polymerization. Reproduced with permission from [182]. Copyright 2022, John Wiley and Sons.

5. In Situ Characterization Techniques and Theoretical Calculations

The electrochemical performance of metal-air batteries is closely related to the compo-
sition and structure of each component and the process of battery fabrication. A detailed
understanding of the mechanism of action of each component is required to assemble
a battery with excellent performance [185]. The combination of theoretical calculations
and characterization techniques can help to better understand the electrochemical reaction
mechanisms and the constitutive relationships of batteries materials in the cell system,
which in turn can guide the design of safer batteries with higher energy density and longer
life [186,187].

5.1. In Situ Characterization Techniques

During charge and discharge, the transport of Na* ions between the cathode and anode
usually induces various changes in the electrode materials and the electrode/electrolyte
interface, such as material volume expansion and contraction, structural phase changes,
morphological evolution and surface reconstruction phenomena. With the help of in situ
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characterization technology, the structural development process of Na-CO, batteries can be
monitored in real time on multiple scales, providing a strong theoretical basis for studying
the structural evolution of Na-CO; batteries [188-191]. This section summarizes typical in
situ characterization techniques, including in situ diffraction (XRD, NPD and PDF), in situ
microscopy (SEM, TEM and AFM), and in situ spectroscopy (FTIR, Raman and XAS), and
gives some representative application examples. The key importance of each technique is
highlighted in the study of metal-air batteries [185,189,191-193].

5.1.1. In Situ Diffraction Technique

The diffraction technique is a common method for characterizing the composition
of crystalline materials and phases. The basic idea is as follows: any phase has its own
characteristic diffraction spectrum; the diffraction patterns of any two phases cannot be
identical; the diffraction peaks of multi-phase samples are the simple superposition of the
phases [194,195]. Therefore, the position and intensity of the peaks are closely related to
the composition, arrangement and type of atoms in the crystal. Typical in situ diffraction
techniques include in situ XRD, in situ NPD and in situ PDF.

XRD originates from the interference of X-rays scattering crystals to produce diffrac-
tion patterns. In situ XRD can be used to monitor information on phase changes, lattice
parameter changes and intermediate phase formation of the batteries” material during
charge and discharge [194,196]. The development of in situ XRD technology offers the
possibility to explore the reaction mechanism of metal-CO, batteries [197-199]. The bat-
tery structure for in situ XRD is shown in Figure 11a [196]. Chen and colleagues used
in situ XRD to observe the growth of Na,O, the discharge product of Na-O, batteries in
different electrolytes [198]. It proved that the electrolyte has an important influence on the
reaction mechanism of Na-O, batteries, i.e., NaO; is the main discharge product in high
and medium donor number electrolytes, but is rapidly converted to Na,O, in low donor
number electrolytes.

In addition to the conventional laboratory X-ray light source, the synchrotron X-ray
light source can provide higher intensity and larger photon energy, which can collect higher
signal-to-noise diffraction data in a short period of time and thus better study the lattice
changes and structural evolution of battery materials during charging and discharging,
reflecting more real-time change information [200].

Similar to in situ XRD techniques, in situ neutron diffraction allows for unique in-
formation for detecting the structural evolution of materials because neutrons are more
sensitive to lighter elements (e.g., H [201,202], Li [97,203], O [204-206], Na [207], Al [208])
and can easily distinguish elements with similar atomic numbers (e.g., Fe and Mn) [209].
Specific applications include component determination, crystallinity, lattice constants, ion
diffusion, expansion tensor, bulk modulus, phase transition and structure refinement and
determination. However, the disadvantage of neutron diffraction is that it requires a strong
neutron source, often a large sample size and a long data collection time [210]. Using
NPD technology, Sun et al. found that there is an opportunity to create more sodium ion
diffusion paths and improve the sodium ion diffusion capacity by applying perturbations,
such as doping elements [113]. However, in situ XRD or NPD methods to study the long-
range crystal structure of materials are unable to determine phase transitions in amorphous
electrode materials or local structural changes during battery cycling.

Unlike the above diffraction techniques, the pair distribution function (PDF) can
provide information about the local structure in the material, and can study both crystalline
and amorphous materials [211]. The pair distribution function is also based on X-ray or
neutron light source tests, but it provides information on the structure of the material
at the atomic scale, especially on the atom-atom interactions in the structure. Fourier
transform allows to obtain a real-space pair distribution function map, based on peak
positions that can directly correspond to adjacent atomic spacings in real space; the peak
intensity corresponds to the relative abundance of adjacent atomic spacings. For amorphous
materials, local structural information, such as bond lengths and coordination numbers,
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can be extracted from the pair distribution familiarity map; for crystalline materials, the
corresponding structural information can be fitted by taking the corresponding crystal
structure model [212,213]. For crystalline materials, the corresponding crystal structure
model can be adopted to fit the corresponding structural information. Unfortunately,
there are few reports on the use of in situ PDF for characterization, and we believe that
these studies will play a more important role in the design and development of solid state
Na-CO; batteries in the future.

In situ diffraction techniques are important to obtain information on the structural
changes in battery materials. The application of in situ diffraction techniques such as in
situ XRD, in situ NPD and in situ PDF in the study of metal-air batteries are emphasized.
However, some microscopy and spectroscopy techniques are still needed to obtain more
comprehensive information about the structure and composition of cell materials. For
example, while synchrotron radiation-based X-ray imaging techniques can provide mor-
phological and chemical information over a wide length scale from tens to hundreds of
nanometers. Although synchrotron X-ray imaging techniques can provide morphological
and chemical information on scales from tens of nanometers to a few millimeters, imaging
at the atomic length scale (submicron) still requires transmission electron microscopy (TEM)
techniques. In addition, spectroscopic techniques can also provide important complemen-
tary information for structural analysis of cellular materials.

5.1.2. In Situ Microscopy Techniques

In situ microscopy techniques, such as Scanning Electron Microscopy (SEM), Trans-
mission Electron Microscope (TEM) and Atomic Force Microscope (AFM), allow visual
observation of particle size and morphological changes on the material surface and is
often used to observe the fine structure of the electrochemical reaction process in metal-air
batteries and thus to determine the (catalytic) reaction mechanism. In situ microscopy
combined with other spectroscopic techniques, such as energy dispersive spectroscopy
(EDS) and electron energy loss spectroscopy (EELS), gives information on the chemical
composition, electronic structure and chemical bonding of the sample. TEM-EDS is essen-
tial for understanding the chemical composition and microstructure of materials. Scanning
transmission electron microscopy-electron energy loss spectroscopy (STEM-EELS) also
allows for selective imaging of various parts of the electron energy loss spectrum to ob-
tain information on the structure, interfacial features, diffusion pathways and electronic
structure at the atomic scale in the sample.

SEM uses a focused electron beam to scan and image the surface of a specimen point
by point, and obtains information about the surface morphology of the test specimen
by accepting, amplifying and displaying imaging of these signals. Usually, SEM collects
secondary electrons from the sample surface, and its lining degree reflects the surface mor-
phology and roughness of the sample. The spatial resolution of SEM can reach 10 nm, and
the actual resolution is limited by the conductivity of the sample and the environment of the
electron microscope cavity, with some time-resolved capability for in situ characterization
of the battery. Neelam et al. studied the degradation mechanism of two sulfide-based solid
electrolytes, b-Li3PS, and LigPS5Cl, during the operation of batteries by in situ SEM [214].
As shown in Figure 11b, compared with LigPS5Cl, b-Li3PS; shows huge plating, faster
dendrite formation, cracks and ultimately cell failure.

TEM has extremely high spatial resolution, can realize the observation of diffraction
patterns in tiny regions (several nanometers), and is suitable for the study of crystal
structure of microcrystals, surfaces and thin films. Because electrons are easily scattered or
absorbed by objects with low penetration, TEM must prepare ultra-thin samples, usually in
thickness of 50-100 nm; on the other hand, the intense irradiation of the electron beam tends
to damage the sample and bring artifacts. The in situ TEM technique has been applied to
the study of the reaction mechanism and catalyst of metal-CO; batteries [44,215-217]. Zhu
et al. directly studied the morphological changes in the cathode surface of single Pt atom-
loaded nitrogen-doped carbon nanotubes (Pt@NCNT) during the charging and discharging
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of Na-CO; batteries using in situ ambient transmission electron microscopy (TEM) under
CO, atmosphere (Figure 11c) [44]. Han et al. investigated the mechanism of the reversible
redox reaction in Na-O, batteries with CuS cathodes using in situ TEM [215,216]. The
results show that Na,O; is the main final ORR product, which uniformly covers the whole
linear cathode (Figure 11d). In addition, Huang et al. studied the reaction process of Na-
0,/CO;, battery in situ using spherical aberration-corrected environmental transmission
electron microscopy, and characterized the structure and composition of the discharging
and partially charging products by using annular dark field images (ADF) and EELS [187].
Figure 12a,b showed the ADF diagrams characterizing the cathode surface: the discharge
and charge products had similar spherical profiles in the low-loss and core-loss spectra. As
shown in Figure 12¢,d, EELS showed that: only Na and Nay O, are present in the discharge
and charge spheres, and the shell layer shows the formulation of NayCOs.

- L— b

“ - X-ray window

., Working clectrode

S Scparator

unter electrode

- Spring
Cell body

Figure 11. (a) Schematic diagram of a typical battery device for in-situ XRD testing;. Reproduced with
permission from [196]. Copyright 2019, John Wiley and Sons. (b) Plating, cracking and dendrite forma-
tion in b-LizPS, and LigPSsC. Reproduced with permission from [214]. Copyright 2021, Cambridge
University Press. (c) Morphology evolution of individual platinum-doped NCNTs (Pt@NCNTs)
during electrochemical discharge and charge of Na-CO, nanobatteries. Reproduced with permission
from [44]. Copyright 2020, Elsevier Ltd. (d) In situ TEM micrographs of the OER process in Na-O,
batteries. Reproduced with permission from [215]. Copyright 2020, American Chemical Society.
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Compared with SEM and TEM, AFM can more easily simulate cell environment con-
ditioning, and be used for in situ operational characterization to monitor the microscopic
morphology of the electrode surface in real time, provide physicochemical information
of the electrode surface at the nanoscale, and provide an experimental basis for the opti-
mization of electrode materials and electrolyte modification. In addition, unlike scanning
electron microscopy which can only provide two-dimensional images, AFM can provide
true three-dimensional images. At the same time, scanning electron microscopy needs to
operate under high vacuum conditions, while AFM can work under atmospheric pressure
or even in liquid environments. Cort’es et al. used improved AFM without putting AFM
in glove box, visualized the formation and decomposition process on thin Li;O; carbon
cathode as shown in Figure 12e. This equipment provides a technical support for future
studies of new cathode materials [218].
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Figure 12. Annular dark field images (ADF) and EELS characterization of the structure and com-
position of the discharge and partial charging products: (a,b) ADF images of the time-dependent
structural evolution of the air cathode of the Na-O,/CO, batteries. During the discharge reaction,
two balls emerged at 561 s at the CNT-Na substrate-O, /CO; triple point, which then grew under a
constant —3 V bias, showing the core-shell structure of the ball. (¢,d) Low-loss and core-loss EELS
spectra. Reproduced with permission from [187]. The low-loss and core-loss spectra of both the
discharged (red profile) and charged (blue profile) balls show similar profile: in the Low-Loss region,
there are three multiple plasma peaks at 5.7, 11.5 and 17.3 eV respectively, and another three plasma
peaks at 22.9, 31.1 and 37.6 eV, and combined with side absorption peaks of O-K and Na-K in the
Core-Loss region, indicating the presence of only Na and Na,O, exist in the discharge sphere and
charge sphere. The Core-Loss of the shell layer shows the presence of Na, C and O, indicating the
formation of NayCOj3.Copyright 2020, American Chemical Society. (e) Schematic diagram of the
flow electrochemical atomic force microscope (FE-AFM). Reproduced with permission from [218].
Copyright 2021, Elsevier Ltd. (f,g) In situ SERS characterization using LiCF3SO3-TEGDME with and
without Ru catalyst electrodes during discharge and recharge in CO,. Reproduced with permission
from [27]. Copyright 2017, Royal Society of Chemistry.
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5.1.3. In Situ Spectroscopy Technique

Spectroscopic techniques such as XPS, FTIR, Raman and XAS are sensitive to changes
in the local chemical environment, have elemental resolution and are suitable for composi-
tional analysis of crystalline and amorphous phases.

X-ray photoelectron spectroscopy (XPS) is based on the photoelectric effect, using the
interaction of X-rays with the surface of the sample to generate photoelectrons, and using an
energy analyzer to analyze the kinetic energy of the photoelectrons, the X-ray photoelectron
spectrum is thus obtained. Based on the measured kinetic energy of photoelectrons, it is
possible to determine which elements are present on the surface and to know the content
of an element on the surface based on the intensity of photoelectrons with a certain energy,
with an error of about 20%. It is possible to determine both the relative concentration of
elements and the relative concentration of different oxidation states of the same element.
XPS not only determines the composition of all elements on the surface except H and
He, but also gives information on the chemical state of each element, with high energy
resolution and a certain spatial resolution (currently on the micron scale) and temporal
resolution (on the minute scale). XPS also gives information on the surface, tiny areas
and depth distribution information. In situ atmospheric pressure XPS (APXPS) is an
effective tool to study the chemical state changes on the surface of solid electrolytes and
catalysts. Wang et al. used synchrotron in situ APXPS to study the redox reaction of CO,
on the surface of porous carbon electrode in ionic liquid electrolytes [219]. The results
showed that the reduction in pure CO, at porous carbon electrodes has no electrochemical
activity at room temperature. In contrast, when O; (CO,:0; = 2:1) is added to the ionic
liquid electrolyte of Li-CO; batteries, CO, is reduced to low-valent amorphous carbon and
Li,O,/LiyO. Compared with the reaction of LiCOj3, the charging reaction of amorphous
carbon, Li;O; and LiO is faster. The main reason why the ultimately discharge product is
not LipCO; is that the strong solvation between ionic liquid electrolyte and Li* stabilizes
the intermediate anion of metastable CRR reaction.

In situ Fourier infrared reflectance absorption spectroscopy (FTIR) is particularly
advantageous in identifying different functional groups and components during elec-
trochemical reactions, and thus in situ FTIR techniques can be used to analyze reaction
intermediates and determine reaction mechanisms. Although the application of in situ
FTIR in metal-air batteries has not been widely reported, it can be expected to play an
important role in future research in this field.

In situ Raman spectroscopy is based on the detection of laser-induced vibrational,
rotational and other low-frequency leap patterns in electrode materials, and is a fingerprint
spectrum of the structure of matter [192]. Raman spectroscopy is suitable for vibration mode
measurements of symmetric vibrations, non-polar groups and homoatomic bonds, such
as 5=5, 5-5, N=N, C=C and O=0. In addition to identifying substance types and chemical
components, Raman spectroscopy mainly measures molecular vibration frequencies to
quantitatively understand intermolecular forces and intra-molecular forces, and to infer
information such as symmetry, geometry and arrangement of atoms in molecules. However,
conventional Raman spectroscopy signals are relatively weak, and surface-enhanced Raman
spectroscopy (SERS) is able to detect lower concentrations of species in the surface layers
of bulk materials.

Zhou et al. used in situ SERS to study the catalytic activity of Ru in promoting
CO; reduction to LipCO3; and C on ruthenium-free sputtered gold electrodes and gold-
ruthenium electrodes [27]. By observing figures f and g, it can be seen that the peak Raman
intensity corresponding to Li;CO; at 1080 cm ! decreases during the charging process and
completely disappears at the end of the charging process. Comparing Figure 12f,g, the
difference is mainly the Raman peak corresponding to the G-band of carbon at 1580 cm !
As shown in Figure 12f, the peak value of the carbon G band corresponding to 1580 cm ™!
in the gold electrode hardly changes during the whole charging process. In the Au-Ru
electrode (Figure 12g), the peak intensity of the G-band in carbon (1580 cm~!) decreases
during the charging process and disappears completely at the end of the charging process,
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which is similar to the Raman peak of Li;CO3. This result shows that the ruthenium
catalyst can significantly promote the reaction between Li;COj3 and carbon during charging
(charging reaction), while the absence of ruthenium leads to the self-decomposition of
LipCOj3 and leads to an irreversible discharge-recharging cycle of the battery.

However, SERS can only characterize information from a few atomic layers on the
surface. In contrast, X-ray absorption spectroscopy (XAS) can effectively capture deeper
signal variations in bulk materials. By analyzing and fitting the data to the X-ray absorption
spectra, the most accurate characterization of the sample as a whole can be obtained,
including interatomic distances, number and type of neighboring atoms and information
on the average oxidation state of the elements in the coordination environment [189,220].
In addition, unlike in situ diffraction techniques, in situ XAS can provide real-time element-
specific information on crystalline and amorphous evolution and phase transitions. XAS
can be divided into X-ray absorption near edge structure (XANES) spectroscopy and
extended X-ray absorption fine structure (EXAFS) [221]. EXAFS is commonly used in
the range of 150-2000 eV to obtain quantitative local structural information such as bond
length, coordination number and disorder of the central and coordination atoms. On the
other hand, XANES can quickly identify the chemical state of elements in the low kinetic
energy range of 5-150 eV. In addition, XANES can be used for time-resolved experiments
and high-temperature in situ chemistry experiments because of its violent vibrations, short
spectrum acquisition time and temperature dependence. The self-reinforced catalysis of
LiCoO; as an electrocatalyst for Li-O, batteries was reported by Zhou et al. [222]. The
evolution of Co electrons and local structure was investigated using XAFS, illustrating that
the intercalation/extraction of Li* in LiCoO; not only induces changes in Co valence and
regulates the electron/crystal structure, but also the surface disorder, lattice strain and
local symmetry, thus promoting bidirectional catalysis. The in situ technique XAFS has not
been reported.

Photoelectronic information (XPS), which is sensitive to the material surface, can
detect the changes in the element composition and chemical state information on the
battery surface in real time. Raman spectroscopy is derived from the inelastic scattering of
incident laser by the molecules on the surface of the object. In situ Raman spectroscopy can
detect the changes in material composition and structure on the electrode or solid electrolyte
surface of the all-solid battery. In situ XAS plays an irreplaceable role in the rapid and high
precision analysis of the elements and their valence states and their respective distributions
in solid state batteries. With the construction of more and more advanced synchronous
light sources, in situ spectroscopy will play an increasingly important role in the research
of solid state metal-air batteries and other energy materials.

Since each characterization method has its own advantages and disadvantages, com-
bining the advantages of different characterization techniques to study the physicochemical
changes and failure mechanisms of solid Na-CO; electrode materials and interfaces during
operation can provide an important information for further understanding and optimiza-
tion of material performance, and provide strong support for subsequent improvement of
battery performance including energy density, cycle life and safety. With the development
of modern technology, these in situ characterization techniques and data acquisition and
analysis systems will be further improved and intelligent, and more in situ characteriza-
tion techniques will be available for more systematic real-time inspection of all-solid-state
metal-air batteries to guide the design of solid-state metal-air batteries.

5.2. Theoretical Calculations and Simulations

Theoretical calculations and simulations also play important roles in the development
of battery technology. With the rapid development and wide application of computer
simulation techniques in quantum and atomic scale-based materials science research, it
provides the possibility to understand the reaction mechanism of microscopic metal-air
batteries and to develop and design new battery materials efficiently. For catalytic mate-
rials, theoretical calculations and simulations can calculate adsorption energy, migration

42



Batteries 2023, 9, 36

energy, charge distribution, electronic structure and even defect states to understand the
reaction mechanism; for electrode materials, theoretical calculations and simulations can
calculate the energy band gap, sodium storage voltage, bulk deformation and charge
compensation mechanism of positive and negative electrodes and electrolyte materials. In
addition, theoretical calculations and simulations can study the electrochemical window,
ionic conductivity, ion mobility and ion diffusion barrier and transport mechanism. With
the dramatic increase in computer computing power, methods such as high-throughput
computing and machine learning have also started to develop rapidly, making the research
and development of battery materials tend to be more efficient and intelligent. The com-
bination of theoretical calculations and experiments helps to use the deep understanding
of electrochemical theory to design and control electrochemical reactions in turn, thus
advancing the battery research. This section outlines some common computational and
simulation methods based on quantum mechanical theory in battery research, and briefly
introduces the application of materials genetic engineering and machine learning in battery
materials development.

5.2.1. Theoretical Calculation and Simulation Methods Based on Quantum Mechanics

Density Function Theory (DFT) was developed by Kohn, the 1998 Nobel Prize Chem-
istry awardee, which enables efficient solution of the many-body Schrédinger equation. In
recent years, theoretical calculations based on density DFT and molecular dynamics (MD)
simulations have greatly contributed to the understanding of the reaction mechanism of
metal-air batteries at the atomic scale and to the efficient design of battery materials. The
calculation of various properties of materials by inputting structural information of crys-
tals has provided a theoretical basis for understanding the reaction mechanism, catalytic
reaction kinetics and ionic transport in electrolytes in metal-air batteries.

Due to the multi-electron composite process of oxygen reduction reaction (ORR) and
oxygen evolution reaction (OER), an in-depth understanding of the catalytic reaction pro-
cess of cathode catalysts is essential to improve the reaction kinetics by changing the
growth path and morphological evolution of the cathode surface [223]. In recent years, first-
principles calculations have become a routine approach to understand complex catalytic
phenomena and experiments at the electronic level, and have been further extended to find
and design novel catalysts [25,61,224]. Jiang et al. used DFT calculations to investigate the
contribution of point defects on carbon surfaces to the reaction of non-aqueous Li-O, batter-
ies [225]. In this work, five representative defect structures were considered, including SV
(point defects), DV5-8-5 (two pentagons and one octagon), DV555-777 (three pentagons and
three heptagons), DV5555-6-7777 (four pentagons, one hexagon and four heptagons) and
SW (Stone-Wales) defects. The calculated free energy results (Figure 13a—f) showed that
the DV555-777, DV5555-67777 and SW type defects can increase the discharge voltage and
decrease the charge voltage, while promoting the ORR and OER processes. In addition, the
discharge voltage of DV555-777 is the highest, and the charging voltage of DV5555-6-7777
and SW is the lowest. Therefore, non-aqueous Li-O, batteries require carbon materials con-
taining DV5555-6-7777 and SW type defects. Deng et al. obtained porous self-supporting
cathodes for Li-CO, batteries by directly anchoring two-dimensional (2D) cobalt-doped
CeO; nanosheets on graphene aerogels. Combined with the experimental results and
DEFT calculations, it was proved that co-doped CeO, nanosheets could effectively improve
the conductivity and adsorption capacity of CO,. In addition, they obtained the possible
reaction path of non-aqueous Li-O; batteries from the perspective of thermodynamics, and
the analysis results are shown in Figure 13g [224]. Recently, Sun et al. constructed a new
autocatalytic system for lithium-air batteries using an in situ electrochemical doping strat-
egy combined with theoretical computational simulations and systematically investigated
its reaction mechanism and battery performance. The work was based on density function
theory (DFT) for the theoretical study, and it was found that the batteries’ performance
could be significantly enhanced by doping the discharge product Li;O, with metal ions,
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and then the theoretical calculations were used to guide the experimental screening of the

most effective doping structure [226].
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Figure 13. Optimized structures (top), electron density profiles (middle) and free energy diagrams
(bottom) of (a) graphite (0001) surface. (b) SV defects. (c) DV5-8-5 defects. (d) DV555-777 defects. (e)
DV5555-6-7777 defects and (f) SW defects. The brown balls represent carbon atoms and the electron
density is in |e| Bohr—3. Reproduced with permission from [225]. Copyright 2016, American Chem-
istry Society. (g) Free energy diagrams of co-doped CeO; (110) surface CO, to LiyCO3 were obtained
based on DFT calculations. Asterisk * represents activated reactive intermediates. Reproduced with

permission from [224]. Copyright 2021, Elsevier Ltd.
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For solid electrolytes, polymeric solid electrolytes are difficult to establish standard
models for calculations due to their complex structures. In contrast, inorganic solid elec-
trolytes, such as Na3Zr,Si; POy, are easier to model due to their simple structure, and
their corresponding theoretical simulations and calculations are more studied [107,227].
Park et al. investigated the effect of adding excess Na to standard NASICON and the
mechanism of Na* ion transport [107]. Both experimental and theoretical calculations
demonstrated that the main mechanisms of Na* ion transport in the NASICON structure
are, grain boundary diffusion at low temperatures and grain diffusion at high tempera-
tures, respectively (Figure 14a). In addition, it was found that after adding 10% excess Na,
the expansion of the bottleneck of polycrystalline particle sodium diffusion channel was
conducive to improving the bulk conductivity of NASICON. DFT calculation results show

that by adding 10% excess Na, the minimum bottleneck area was expanded from 4.9922 A

to 5.4086 f&; the activation energy was significantly reduced. The minimum bottleneck
area is the key factor to determine the conductivity of Na ion in NASICON electrolytes,
which is basically consistent with the experimental results. Figure 14b shows that the ionic
conductivity of NAICON has been significantly improved after adding excessive sodium,
resulting from the enlargement of the bottleneck areas in the Na diffusion channels of
polycrystalline grains.
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Figure 14. (a) Schematics of the cross—section of a molten Na battery and NASICON structures (bare
sample and Na-excess sample); (b) measured total ionic conductivity for bare and Na excess sample.
Reproduced with permission from [107]. Copyright 2016, American Chemical Society.

The combination of DFT calculations and MD simulations has a strong potential in
facilitating the development of metal-air batteries: the mass transfer dynamics of gas
molecules and metal ions throughout battery system can be studied at the atomic scale.
Notably, most of the current theoretical calculations are based on predictions under 0 K
and vacuum conditions. However, powerful predictive tools should model the actual
battery environment and conduct extensive experiments to verify theoretical simulations
and improve accuracy.

5.2.2. Introduction to Material Genetic Engineering and Machine Learning

Materials genetic engineering is a new concept and method for materials research that
has emerged in recent years and is at the forefront of materials science and engineering in
the world today. Materials genetic engineering is a technological integration and synergy
of high-throughput materials computing, high-throughput materials synthesis and char-
acterization experiments and databases, which can at least double the speed of materials
discovery, manufacturing and application, and reduce the cost by at least half. Materials
genetic engineering is a leap forward in materials science and technology, replacing the
traditional trial-and-error method of multiple sequential iterations with high-throughput
parallel iterations, gradually changing from “experience-guided experiments” to a new
model of “theoretical prediction and experimental verification” in materials research, and
finally realizing materials design on demand.
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There are some important steps in the process of high-throughput computational
screening of materials [228]. First, a database of experimental crystal structures containing
a large number of materials is needed as the seven points for high-throughput screening;
second, structural information is input in bulk and data are screened; then the screened
crystal structure information is generated into a data format that can be calculated using
density functional theory and put into the server for calculation; then the calculation files
are output and kept together to form a database after the calculation is completed; finally,
the data from the database are used to analyze the various properties of the material, which
can be used to guide the material design or to filter the data for the next cycle.

In recent years, the combination of machine learning and materials genetic engineering
has led to the advancement of materials informatics and promoted the development
of materials science. Currently, the use of data-driven machine learning algorithms to
build material performance prediction models and then apply them to material screening
and new material development has attracted much attention from research community.
Machine learning can be seen as an umbrella term for a class of algorithms that can mine
potential laws from large amounts of experimental data, acquire new knowledge or skills,
build corresponding data analysis models and allow machines to repeatedly analyze the
corresponding content and reorganize existing knowledge structures through the input of
new data to continuously improve their performance. In the field of materials development,
machine learning can show great potential and advantages, especially in the design of new
catalysts, organic and inorganic battery materials, etc. [229]. A machine learning toolkit for
genetic engineering improves the performance of solid-state Na-CO, batteries by searching
for high-performance solid electrolytes.

Materials genetic engineering and machine learning aim to establish a new model
of data-driven, computational simulation and theoretical prediction first, experimental
validation second, thus replacing the existing empirical and experimental-based materials
R&D paradigm, which is a powerful tool for the future development of metal-air batteries.

6. Outlook

Metal-CO; batteries are considered as a promising clean technology because of their
potential for high energy density energy storage and power supply, as well as their ability
to convert and immobilize CO, as well as mitigate global warming trends. After nearly a
decade of development, although the research of Na-CO; battery has made great progress,
compared with other energy storage systems, the research of Na-CO; battery is still in
the infancy stage, facing the challenges of unclear electrochemical reaction mechanism,
slow catalytic reaction of CO; gas at the cathode and the discharge product carbonate has
difficulties in reversible transformation due to problems such as good thermodynamic
stability, limited research on electrolyte materials, lack of suitable electrolytes and interface
incompeatibility. To solve these problems and realize the practical application of solid-state
Na-CO; batteries operating at room temperature, we propose the following aspects for
further research. First, the analysis of the electrochemical mechanism of Na-CO, batteries,
especially the formation and decomposition process of the discharge products in the rate-
determined step, is of great significance for the study of Na-CO, batteries, and should be
considered in conjunction with in situ experimental studies, such as the electrochemical
scanning microscope system combined with Fourier transform infrared spectroscopy, to
further rationalize the design of the Li/Na-CO, cell system by analyzing the carbonate
formation and decomposition pathways. Secondly, the sluggish reaction kinetics is a
non-negligible challenge for Na-CO; batteries, which will lead to large overpotential and
poor reversibility. Therefore, efficient catalysts with low cost, reasonable structure and
high catalytic ability need to be developed to fill this gap. Considering the cost and
performance, heteroatom doping, noble metal single-atom catalysts and transition metal
complex catalysts are very promising.

Third, the applications of solid electrolytes in Na-CO; batteries are rather limited, and
there is an urgent need for researchers to design and develop more solid electrolyte materi-
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als with high performance (e.g., high ionic conductivity and good chemical/electrochemical
stability) based on fundamental principles and theoretical calculations, and to create sta-
ble interfaces with good contacts. In fact, ion transport in electrolytes and at interfaces
is a multi-scale process, including atomic scale, micro and mesoscopic scale and device
scale [102]. Monitoring the ion conduction and interfacial reactions at different scales,
together with atomic-scale characterization techniques and theoretical modeling, are impor-
tant for the design and fabrication of high-performance batteries. To improve the interfacial
contact and form a three-dimensional (3D) electronic and ionic conducting network mono-
lithic cell architecture may be a good choice. Finally, how to scale up the production of
high-performance solid electrolytes by a simple, scalable and cost-effective method is also
an important consideration for practical applications.

Finally, with the rapid development of in situ characterization technology and high
performance computing, more comprehensive real-time inspection, data acquisition and
analysis systems will be available and with the powerful predictive capabilities of computer
simulation technology (especially theoretical calculations and simulations, genetic engi-
neering of materials and machine learning), the development of battery materials will tend
to be more efficient and intelligent, which is a powerful tool for the future development of
metal-air batteries.

In summary, Na-CO, batteries demonstrate great application potential in CO, fixation
as well as energy storage. They involve a cross multidiscipline. We believe that the devel-
opment of practical metal-CO, batteries will bring new hope for achieving the strategic
goal of carbon neutralization and carbon peaking.
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Abstract: The influence of different processing routes and grain size distributions on the character of
the grain boundaries in LiyLa3Zr,O1, (LLZO) and the potential influence on failure through formation
of percolating lithium metal networks in the solid electrolyte are investigated. Therefore, high
quality hot-pressed LiyLazZr,O1, pellets are synthesised with two different grain size distributions.
Based on the electron backscatter diffraction measurements, the grain boundary network including
the grain boundary distribution and its connectivity via triple junctions are analysed concerning
potential Li plating along certain susceptible grain boundary clusters in the hot-pressed LLZO
pellets. Additionally, the study investigates the possibility to interpret short-circuiting caused by Li
metal plating or penetration in all-solid-state batteries through percolation mechanisms in the solid
electrolyte microstructure, in analogy to grain boundary failure processes in metallic systems.

Keywords: all-solid-state batteries; Li plating; grain boundary network; triple junctions

1. Introduction

All-solid-state batteries (ASSBs) belong to the most promising next generation elec-
trochemical energy storage systems [1-3]. A solid electrolyte, one of the key components
enabling rechargeable ASSBs, allows safety concerns of the conventional lithium ion batter-
ies to be overcome, substituting flammable organic electrolytes, and offers the potential for
a significant improvement of energy density and battery life when metallic lithium is used
as an anode [3,4]. Li-ion conducting garnets, in particular Li;LazZr,O, (LLZO), satisfy a
number of the technological requirements for the application as solid electrolytes in ASSBs,
such as high ionic and negligible electronic conductivities, a wide voltage window, as well
as chemical and electrochemical compatibility with metallic lithium [5].

However, short-circuiting caused by Li dendrite formation within LLZO solid elec-
trolytes during battery cycling has still been a challenge according to recent publications.
Recently, it was shown that LLZO garnets can fail during operation by the development
of microcracks due to mechanical stressing, followed by Li intrusion [6]. This effect, how-
ever, does not exclude other failure mechanisms, which may be related to the intrinsic
microstructure of polycrystalline battery components, commonly found in industrial appli-
cations. Ren et al. [7] directly observed that lithium dendrites grow along grain boundaries
and through interconnected pores. Aside from these effects, internal lithium plating was
observed in isolated pores, which are considered as a trap of electrons and can reduce Li™
to metallic Li [8,9]. Cheng et al. [10] proved that Li preferentially propagates intergranu-
larly along the grain boundaries in LLZO. Motoyama et al. [4] demonstrated using in situ
SEM that Li plating tends to occur at grain boundaries and triple junctions. In order to
enable large-scale applications such as electric vehicles, dendrite formation and propaga-
tion should be prevented during cycling over a wide range of current densities [11] and

Batteries 2023, 9, 222. https:/ /doi.org/10.3390/batteries9040222 57

https://www.mdpi.com/journal/batteries



Batteries 2023, 9, 222

operating temperatures [12]. Key factors for dendrite formation or propagation in LLZO
are relative density or porosity [7], interface properties (contact between the electrolyte
and Li, roughness of the electrolyte surface, defects) [4,13], microstructure (i.e., grain size
and boundary character) [11,14,15], etc. These aspects cover a large fraction of accessible
characteristics of grain boundaries in the context of Li dendrite penetration, but they do
not yet consider the influence of the connectivity of the grain boundary network. Such
conclusions would require a detailed analysis of the grain boundary structures, which has
not been performed so far. Due to the complexity of this topic, we pursue in this using an
experimental analysis of the grain boundary and trijunction characteristics, and on top of
this a critical inspection of percolation models, to shed light on the question, whether such
an approach, which is well established in other materials science disciplines, may also be
useful for all-solid-state battery materials.

In general, percolation is the formation of a conducting path through a network. The
random occupation of sites or bonds in connected lattices or networks is referred to as site
percolation and bond percolation, respectively. Percolation works in an all-or-nothing mode
and it is a threshold phenomenon, which means that if the threshold value is achieved, the
percolation is certain to happen. The description of grain-boundary-related failure in terms
of percolation theory has been established with investigations on austenitic steels [16]. The
prediction of the percolation threshold of an intergranular failure for 3D grain boundary
networks at 23% of active bonds is supported by experimental findings in Ref. [17]. With
the derivation of the influence of crystallographic constraints (e.g., the X-product rule)
on percolation in 2D and 3D grain boundary networks, the substantial discrepancy of
the percolation threshold between constrained and non-constrained networks could be
explained. Aside from the mentioned applications of percolation theory to grain boundary
failure driven by corrosion, Perrior et al. [18] found that the vacancy-mediated cation
diffusion in disordered pyrochlore is enhanced once a percolation network is established.
A similar effect is also observed by Lee et al. [19] for Li diffusion in lithium transition
metal oxides, where the diffusion is facile along the percolating network of channels with
excess content of Li. However, these observations only provide indications of preferred
cation diffusion in percolating networks, whereas the interpretation of the Li plating along
grain boundaries and triple junctions in solid electrolytes in the spirit of a percolation
analysis remains questionable. Depending on the answer to this question, it may be
conceivable that grain boundary degradation phenomena such as Li plating or dendrite
propagation in a polycrystalline solid electrolyte could be evaluated using percolation
theory as a step towards grain boundary engineering to control the fraction and distribution
of specific grain boundaries, which are resistant to intergranular percolation phenomena,
in analogy to the intergranular corrosion in austenitic stainless steels [20,21]. To test such a
hypothesis, it is necessary to first overcome the lack of careful investigations into the grain
and grain boundary structure of LLZO, which is essential for the understanding of the
mechanical and electrochemical performance of the solid electrolyte. As the direct test of
such a potential picture is difficult from an experimental perspective alone, indirect and
theoretically supported arguments are needed to uphold or counter this hypothesis.

Consequently, the present work focuses on the joint experimental and theoretical
investigation of the influence of microstructure, and in particular of the grain boundary
connectivity, on Li dendrite formation and propagation using percolation theory. The
first and main goal of the paper is a detailed analysis of the microstructure and the grain
boundaries of LLZO using two different synthesis routes. The second aspect is dedicated
to the question of whether established percolation models for intergranular corrosion in
metallic systems, for which a deep understanding of the different types of grain boundaries
and their resistance to corrosion has been achieved as explained above, can similarly be
applied to failure mechanisms in LLZO-based all-solid-state batteries.
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2. Materials and Methods
2.1. Experimental Investigations
2.1.1. Synthesis and Fabrication of LLZO Samples

The different grain sizes of LLZO pellets are obtained from two different synthesis
routes of the precursor powders, a conventional solid-state reaction (SSR) [22] and a
solution-assisted solid-state reaction (SASSR). Then, both precursor powders are sintered
using hot-pressing in order to achieve a high density, i.e., close to theoretical density of
a defect free and perfect crystal. The optimal sintering temperature for each precursor
powder was determined from the onset temperature for shrinkage from densification
curves obtained by dilatometric analysis.

For the solid-state reaction, the starting reagents listed here are mixed in stoichiometric
amounts: LiOH-H,O (98%, Merck, Darmstadt, Germany, with 20 mol% excess for the
compensation of lithium loss during the next calcination and sintering steps), La,O3 (99.9%,
Merck, Darmstadt, Germany, dried at 900 °C for 10 h), ZrO; (99.5%, Treibacher, Treibach,
Austria), TayOs (99.5%, Inframat Corp., Manchester, USA) and 5 mol% «-Al,O3 (99.9%,
Inframat Corp., Manchester, NH, USA, as a sintering additive). The reaction mixture
is homogenized in a motor grinder (Retsch RM 200) for 30 min at a rotational speed of
100 rpm. Next, the resulting powder is pressed into pellets and tempered in an Al,O3
crucible at 850 °C for 20 h with a heating and cooling rate of 5 K/min in air. The pellets are
subsequently ground and pressed into pellets and calcined at 1000 °C for 20 h.

Alternatively, for the solution-assisted solid-state reaction, the starting reagents LiNO3
(99%, water-free, Alfa Aeser, Ward Hill, MA, USA, with 20 mol% excess), ZrO(NO3)- 6H,O
(99%, Sigma-Aldrich, St. Louis, MO, USA) and La(NO3)3- 6H,0O (99%, Alfa Aeser, Ward
Hill, USA) are dissolved in distilled water. Then, C1gH505Ta (99.9%, Strem Chemicals,
Newburyport, MA, USA) is slowly added dropwise to the metal salt solution upon contin-
uous stirring on a magnetic stirrer. The reaction mixture is dried at 80 °C overnight and
calcined at 400 °C for 3 h to burn out the organic residues, and then at 750 °C for 4 h in an
Al;O3 crucible.

After both synthesis routes of the precursor powders, the high density of the pellets is
achieved by a hot-pressing (HP) technique. The calcined pellets are thoroughly ground in
an agate mortar and the resulting powders are pre-pressed at 100 MPa into pellets with
a diameter of 13 mm using a uniaxial press (Paul-Otto Weber). For the powder from the
solid-state synthesis, the hot-pressing of the pellets is conducted at 1150 °C and 50 MPa
under a flowing N, atmosphere for 3 h. Similarly, for the powder from the solution-assisted
solid-state synthesis, the hot-pressing is conducted at 1075 °C and 50 MPa under the same
flowing N, atmosphere for 3 h. The hot-pressed pellets are then cut into ~0.65 mm thick
slices by using a diamond saw under ethanol.

2.1.2. Sample Characterization

The purity of the phases and the crystal structure of the hot-pressed LLZO samples are
characterized by X-ray diffraction (XRD) using the Bruker D4 Endeavor diffractometer with
Cu-K, radiation in a 26 range from 10° to 80° with a step size of 0.02° at room temperature.

The relative densities of the HP pellets are determined via Archimedes’s method using
water as a liquid medium.

Inductively coupled plasma optical emission spectroscopy (ICP-OES) (Thermo Ele-
mental, IRIS Intrepid) is used to determine the elemental composition of the hot-pressed
LLZO samples. For this, 50 mg LLZO samples are dissolved in a solution of 2 g ammonium
sulphate and 4 mL H,SOy, until the powder is completely dissolved. The obtained solution
is diluted to 50 mL by using distilled water for the ICP-OES analysis. The experimental
inaccuracy of ICP-OES analyses is about 3% of the measured concentration.

For the microstructural investigations, the pellets are mechanically ground using SiC
sandpapers up to 4000 grit and mirror-polished by a water-free diamond suspension up
to 0.5 pm under a 10 N force. In order to remove the surface contamination of the LiOH
and Li;COj3 layer and to reduce the surface roughness, thermal etching under flowing
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Ar for 2 h at 800 °C and the plasma-etching in the glove box (with Ar atmosphere) are
conducted before polishing. For the scanning electron microscopy (SEM) and electron
backscatter diffraction (EBSD) measurements, the pellets are transferred into the chamber
immediately after the final polishing step is finished, in order to minimize the surface
contamination, e.g., by carbonate formation, from the exposure to the moist air. The SEM of
the precursor powders and HP pellets and the EBSD of the HP pellets are performed on the
scanning electron microscope JEOL JSM-7000F (2006) with a combined EDX/EBSD-System
EDAX Pegasus.

The EBSD measurements are conducted at an accelerating voltage of 30 kV with a
lateral resolution of 1.2 nm and the HP pellets are tilted at 70° toward the EBSD detector.
A working distance of 20 mm and a step size of 1 um are used for EBSD mapping. The
scanning area of the HP pellets is large enough (500 um x 1000 pm), so that a sufficient
statistical accuracy can be achieved with a huge number of investigated grains and grain
boundaries. The grain boundary (GB) and triple junction (T]) analysis of LLZO pellets
is conducted from the collected EBSD data using the open source toolbox MTEX [23] in
Matlab. The grain boundary misorientation angle 0 is calculated from the rotation angle
with respect to the crystal symmetry, which can be obtained from the Euler angles (¢, ®,
¢») of the adjacent grains.

2.2. Percolation Models

As reported in Ref. [20], percolation theory can predict intergranular corrosion degra-
dation preferentially occurring along the grain boundaries in steels. The basic idea includes
a binary classification of the grain boundaries present in the material, i.e., coincidence site
lattices (CSLs) and random grain boundaries. The CSLs are grain boundaries for which
the adjacent periodic crystal lattices have common atomic positions in order to obtain
the most stable energetic state [24,25]. They are characterised by the quantity X, which
is the density of the coincident sites in crystal lattice [26,27]. For example, £5 means that
every fifth lattice site is a coincidence site. This distinction reflects whether an individual
grain boundary is expected to block percolation of ions (“resistant grain boundary” for
CSLs) or support it (“susceptible grain boundaries” for random grain boundaries). In the
analysis of grain boundary microstructures in polycrystalline materials, grain boundaries
with a misorientation angle 8 < 15° are considered as low angle grain boundaries (LAGBs)
based on the dislocation structure [26]. LAGBs consist of isolated dislocations and are not
participating in the percolating process [20,21]. High angle grain boundaries (8 > 15°)
with low-% values are defined as CSL boundaries (CSLs) and Brandon’s criterion [25],
A = 15° /3053 is used to calculate the deviations from CSLs in the cubic structure. Other
grain boundaries with high-X value or grain boundaries that cannot be described by CSLs,
i.e., the misorientation angle of the grain boundary is far beyond the deviations from Bran-
don’s criterion, are considered as random grain boundaries. This classification proposes a
distinction between grain boundaries, which may be susceptible to Li plating, and resistant
grain boundaries. According to the raised hypothesis, fatal failure could occur in such a
network if a percolating path of susceptible grain boundaries may form inside the solid
electrolyte, connecting anode and cathode.

In addition to the first picture, where grain boundaries themselves are considered as
the limiting elements to form a conducting network, the focus of the second picture is on
the triple junctions, where three adjacent grain boundaries come together. The connection
between two conducting grain boundaries has to cross the triple junction, and the triple
junction itself can be considered as a conducting or blocking element. Hence, according
to this picture, triple junctions may play an important role in the connectivity of a grain
boundary network. The triple junctions in the microstructure can be distinguished by the
number of CSLs connected, namely the “resistant triple junctions” with 3-CSL or 2-CSL
connected, and the “susceptible triple junctions” with 1-CSL or 0-CSL connected [28,29],
which are schematically shown in Figure 1.
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Figure 1. Schematic sketch of two different types of triple junctions in terms of percolation probability:
the triple junctions with 3-CSL and 2-CSL are resistant triple junctions, which are expected to block
Li percolation; the triple junctions with 1-CSL and 0-CSL are susceptible triple junctions, which are
potentially active for the Li plating process. Here, thin blue lines denote CSLs, while bold black lines
denote random grain boundaries.

Only the triple junctions with at least two random grain boundaries are considered to
be susceptible to percolation, which are potentially the active entities in the process of Li
plating and percolation along grain boundaries in the solid electrolyte.

In a two-dimensional calculation of the homogeneous bond percolation for the hexag-
onal or honeycomb lattice, which is assumed to approximately represent polycrystalline
microstructures considering the topological rather than the geometric nature appropriately,
the theoretical percolation threshold (p.) of the susceptible grain boundaries/triple junc-
tions is about 65% (fraction of resistant grain boundaries/triple junctions is 35%) [30,31].
This percolation threshold is confirmed by both analytical models [32] and experimental ob-
servations [33], since the honeycomb lattice can reflect the connectivity of the polycrystalline
structure. Based on the aforementioned distinction of grain boundaries and triple junctions,
we can investigate whether such a percolation model is suitable for the lithium plating
failure across grain boundary networks in the sense of homogeneous bond percolation.

3. Results and Discussion
3.1. Microstuctural Analysis

Dense LLZO samples (99% of the theoretical density of a perfect crystal) with larger
grains (LG) and smaller grains (SG) are obtained by hot-pressing of LLZO precursor
powders with different particle morphologies (see Figure 2 and Table 1), synthesized by
the conventional solid-state method and solution-assisted solid-state synthesis method,
respectively.

Table 1. Summary of synthesis route information leading to different grain sizes in the samples.

Sample Powder Synthesis Surface Roughness Grain Size
SG SASSR 147 + 10 nm 7.25+4.29 pm
LG SSR 202 £ 10 nm 10.30 £ 6.07 pm

The actual composition for the hot-pressed LLZO obtained from both synthesis routes
is Lig 3Al g1 LazZry ¢Tag 4012, according to the ICP-OES analysis. XRD analysis confirms
the formation of the pure cubic garnet phase (space group Ia3d) of the SG and LG samples.
The SEM micrographs of the surfaces of the hot-pressed LLZO samples and corresponding
XRD patterns are presented in Figure 3.
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Figure 2. SEM images of precursor powders synthesized from: (a) conventional solid-state reaction
(SSR) and (b) solution-assisted solid-state reaction (SASSR).
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Figure 3. SEM images of the pellets with (a) larger grains (LG) and (b) smaller grains (SG). The
visible surface pores are removed by polishing before further processing. The corresponding (c¢) XRD
patterns of the pellets are compared with the cubic phase of Lig 5LazZr; 5Tag 505, calculated from
the results of Awaka et al. [34].

3.2. Grain Boundary and Triple Junction Classification

From the EBSD grain orientation maps of the hot-pressed pellets (Figure 4), the grain
size (largest grain diameter) statistics is evaluated and shown in Figure 5.

62



Batteries 2023, 9, 222

©

m-3m _
[111]

[001] [011]

Figure 4. EBSD mean grain orientation maps with grain boundaries in solid black line of the hot-

pressed pellets (a) LG, (b) SG and (c) the inverse pole figure [001] to indicate the cystallographic
orientations.
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Figure 5. Grain size distribution histograms obtained from EBSD analysis of the hot-pressed pellets
(a) LG, (b) SG.

The mean grain size of each hot-pressed pellet and its corresponding standard devia-
tion are summarised in Table 1. For the sample of small grains (SG), the grain size is more
centrally distributed than that of the sample of large grains (LG).

The grain boundary misorientation is also investigated from EBSD data and compared
with the Mackenzie distribution [35] to determine its randomness (Figure 6).

A wide range of misorientation angles from 15° to 65° is observed in both LG and SG
pellets. Apparently, no low angle grain boundaries (LAGBs), which have a misorientation
angle below 15°, are detected, and therefore the calculated length fraction of LAGBs is
confirmed to be 0%. Hence, all grain boundaries in the pellets are either coincidence
site lattices (CSLs) or random grain boundaries. The fraction of grain boundaries with
relatively lower misorientation angle (from 15° to 35°) in SG samples is larger than the
theoretical Mackenzie distribution, indicating that the grain boundaries in SG pellets prefer
to have a lower lattice mismatch. In contrast, in LG samples, the distribution of grain
boundary misorientation is in coincidence with the Mackenzie distribution, indicating a
non-preferential orientation of the grains.
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Figure 6. Grain boundary misorientation angle maps and distribution histograms compared with the
misorientation density function (MDF) according to the Mackenzie distribution [35] in the selected
area of the pellets: (a) LG, (b) SG.

Based on the crystal symmetry and the orientation from the EBSD measurements, we
calculate the misorientation angles (8°) for CSLs (up to £49) from their Euler angles and
evaluate a specific deviation angle (A8°) for each CSL according to Brandon’s criterion [25],
AO = 15° /%093 which is summarised in Table 2.

The grain boundary fraction of each type is given by the length fraction, i.e., the
total grain boundary length of one type normalised to the total length of all the grain
boundaries. The fraction of different types of triple junctions is given by its number fraction.
The evaluation for the grain boundary distribution is conducted through the entire EBSD
scanning area of 500 pm x 1000 pm. The calculated fraction of CSLs and random grain
boundaries are summarised in Table 3.

Table 2. List of CSLs (X < 49) with Brandon’s criterion in cubic LLZO (CSL type X, Euler angles
(¢1, P, ¢7) in degree, misorientation angle 6° and its deviation AB°).

z ¢ @ ¢ 0° A°
3 63.43 4819 333.44 60 8.66
5 5313 0 0 36.87 6.71
7 56.31 31 326.31 38.21 5.67
9 104.04 27.27 284.04 38.94 5
1 108.44 35.10 288.44 50.48 452

13a 2262 0 0 2262 416

13b 53.13 2262 323.13 27.80 416
15 111.80 21.04 291.80 48.19 3.87

17a 28.07 0 0 28.07 3.64

17b 85.24 4510 318.37 61.93 3.64

19a 99.46 18.67 279.46 26.53 3.44

19b 59.04 37.86 329.04 46.83 3.44

21a 51.34 17.75 321.34 21.79 327
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Table 2. Cont.

z 1 @ 2 0° A@°
21b 116.57 25.21 296.57 44.42 3.27
23 116.57 16.96 296.57 40.46 3.13
25a 16.26 0 0 16.26 3
25b 90 36.87 306.87 51.68 3
27a 105.95 15.64 285.95 35.43 2.89
27b 101.31 22.19 281.31 31.59 2.89
29 79.38 34.15 312,51 46.40 2.79
31 113.20 29.43 293.20 52.20 2.69
33a 97.13 14.14 277.13 20.05 2.61
33b 119.75 14.14 299.75 33.56 2.61
33¢ 68.20 40.75 338.20 58.99 2.61
35 50.04 19.46 329.04 34.05 2.54
37a 18.98 0 0 18.98 2.46
37b 110.56 13.35 290.56 43.14 247
39 54.46 26.18 324.46 32.20 2.40
39b 83.99 29.33 317.12 50.13 2.40
39¢ 85.60 41.96 302.47 50.13 2.40
41a 12.68 0 0 12.68 2.34
41b 108.44 17.97 288.44 40.88 2.34
43a 102.53 12.38 282.53 27.91 2.29
43b 76.87 45.76 324.25 60.77 2.29
45a 75.96 27.27 309.09 36.87 224
45b 81.87 38.94 315 53.13 224
47 108.44 23.81 288.44 43.66 2.19
492 113.96 11.60 293.96 4357 2.14
49b 116.57 33.20 296.57 4923 2.14

Table 3. Summary of grain boundary characteristics for small grain (SG) and large grain (LG) samples
of HP-LLZO.

Property SG LG
d (pm) 7.25 10.30
Grain Boundary Distribution
CSL% 12.29 13.31
%3% 1.42 1.78
9% 1.00 091
>27% 0.71 0.65
Triple Junction Distribution
focsr% 62.65 61.55
ficsL% 32.05 31.70
facsr% 5.02 6.20
facsr% 0.27 0.54
f = facsL/1— facsL% 5.04 6.23

For reasons which will be discussed in the following section, we use here a rather high
limiting value of 249 for the distinction between CSL and random grain boundaries. We
can conclude that both SG and LG samples have a very low fraction (< 15%) of CSL grain
boundaries and a high fraction of random grain boundaries. The fraction of the former in
LG sample (13.31%) is slightly larger than that in SG sample (12.29%), but this difference is
not significant.

In general, the fraction of CSLs in a microstructure is dependent on the stacking-fault
energy of the material. Metallic polycrystals such as stainless steels have a low stacking-
fault energy, resulting in a high fraction of CSLs [36]. Twinning often occurs when there
are not enough slip systems to accommodate deformation or when the material has a
very low stacking-fault energy. A fundamental effect of the twin formation on the CSL
distributions is via the crystallographic constraints related to the CSL framework, i.e., the
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so-called X-product rule, also named as coincidence index combination rule [27,36,37]. It
describes that the integer product or quotient of the X values of any two CSLs connected
at one triple junction is equal to the X value of the third CSL, i.e., £x x Zy = Xxy or Xx/y.
This product rule is strictly valid only for triple junctions with three non-random grain
boundaries and for the material with a cubic symmetry [27]. One typical example is the 3"
(n =1, 2, 3) product effect, which indicates an interaction between ¥£3-, X9- and ¥27-CSLs.
If the fraction of X3-CSLs is increased through deformation and an annealing process,
the corresponding fraction of 23" type boundary increases and thus the microstructure is
enhanced with increased resistant triple junction fraction [20,33].

In the further analysis of the grain boundary distribution in our LLZO pellets, the
twin-characterized £3 grain boundary is observed to have a small fraction, that is 1.42%
in SG and 1.78% in LG, corresponding to the low fraction of the CSLs. The total fraction
of ¥3"-CSLs, which are dominant in a twin-limited microstructure [33], is 3.13% for SG
and 3.34% for LG. As listed in Table 3, these fractions are much smaller than the total
CSL fraction in each pellet and even far smaller than the ¥3"-CSL fraction in the twinned
metallic microstructure (> 20%) [20,33,38]. Furthermore, the fraction of the triple junctions
with 3-CSLs in both pellets is facs; < 0.55%, which means that the possibility for a triple
junction to have 3-CSLs connected is very small. Thus, we can conclude that the garnet
type hot-pressed ceramic LLZO is not a twin-limited microstructure and the product rule
for £3"-CSLs is not applicable in the investigated samples. Aside from the absence of
slip systems in LLZO, which describe the dominant energy scale for plasticity-driven
recrystalisation in metallic systems, electrochemical aspects might also contribute to the
found discrepancy between LLZO and metallic grain boundary resilience. Specifically,
we note that recent investigations on grain boundary diffusivites have exhibited few
cases of Li diffusivities lower in GBs than in the bulk for twin GBs and comparable to
bulk diffusivity for certain types of screw GBs in LLZO, see Ref. [39,40]. The absence of
a preference for low-energy states under long time tempering increases the number of
fundamentally different characteristics between metallic and ceramic grain boundaries
concerning transport properties [20,21,33,38].

Finally, Figure 7 presents the distributions of CSLs, random grain boundaries and
different triple junction structures in the LLZO pellets.

The results are summarized in Table 3. We can see clearly the dominance of random
grain boundaries and triple junctions with 0-CSL (>60%) and 1-CSL (>30%).

— CSLs

— Random GBs
o TJs with 0-CSL
o TJs with 1-CSL
o TIs with 2-CSL
o TJs with 3-CSL

Figure 7. CSL grain boundaries (£ < 49), random grain boundaries and different triple junction
structures (with different numbers of connected CSLs) in the selected area of the pellets: (a) LG and
(b) SG.

3.3. Percolation Hypothesis

In this section we return to the raised question, whether established grain boundary
and triple junction percolation models, e.g., for corrosion or embrittlement in metallic
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systems, could also be useful for failure in LLZO-based all-solid-state batteries. This
question can now be addressed based on the extended analysis of the preceding section.

There is extended experimental evidence from the percolation analysis in the corrosion
tests of stainless steel that the low-X CSLs, especially these with X~ < 29, have a higher
resistance to percolating degradation than the random grain boundaries [20,21,33,38]. In
contrast, the above results for LLZO show a clear dominance of random grain bound-
aries. To ensure a specific choice of a cutoff criterion between CSL grain boundaries that
are considered as resistant, and random grain boundaries that may be susceptible to Li
plating, is not affecting the result, we shift the transition between these two categories
even up to X49. The percolating paths in the microstructure are broken according to the
conjecture if the resistant grain boundary fraction is larger than 65% (or susceptible grain
boundary fraction is smaller than 35%) from the homogeneous bond percolation theory
of the honeycomb lattice [20,30,31,33]. Obviously, with a random grain boundary fraction
of about 87%, which is far above 35%, this criterion is fulfilled under all circumstances,
hence percolation should always occur. We can therefore conclude that a distinction of
grain boundaries according to CSLs and random grain boundaries does not lead to a
applicable criterion to predict percolation-based failure of solid electrolytes. Aside from
the honeycomb structure, we arrive at the same conclusion for a random network of either
CSLs or random grain boundaries [20,41], with a slightly higher tendency for percolation
in SG pellets. A consideration on the basis of resistant triple junction also leads to a similar
picture. As suggested by Kumar [33], the fraction of resistant triple junctions is defined
as f = facsr/1 — facs and is listed in Table 3. Here it is shown that the resistant triple
junction fraction f and the CSL boundary fraction in SG samples are smaller than those in
LG pellets, which is consistent with other publications [20,21]. From our results above, the
fraction of resistant triple junctions of the pellets f (5.04% in SG, 6.23% in LG pellets) would
be far smaller than the threshold for percolation suppression, contrary to the experimental
findings that the majority of samples does not suffer from short-circuiting at the first battery
cycles. However, LLZO-based all-solid-state batteries can still fail at post cycling stage due
to intergranular Li penetration [4,42,43].

We can therefore conclude this section by the statement that a percolation criterion for
Li plating based on the classification between resistant and susceptible grain boundaries
similar to metallic systems does not seem to be appropriate. Nevertheless, the distinction
of grain boundaries may still have an influence on the Li plating kinetics and could
therefore affect the long term stability of solid electrolysis. This topic may be the subject of
future investigations.

4. Conclusions

In this paper, the microstructure, and in particular the grain boundary and triple
junction characteristics of LLZO hot-pressed pellets, which were synthesized using two
different processing routes, were analyzed. Based on these results, an investigation of the
transferability of a percolation-based failure model from metallic systems to ceramic solid
electrolyte systems was performed. The key results are summarised as follows:

e The synthesis methods of the precursor powder and hot-pressed pellets are successful
in producing large amounts of pure cubic phase of Ta:LLZO with very high relative
density, the same composition and surface treatment, but with different grain size
distributions, namely small grain (SG) and large grain (LG) samples.

e The fraction of CSL grain boundaries are slightly larger in the LG sample than those
in the SG sample.

e The fraction of random grain boundaries is significantly higher than in typical metallic
materials.

e Our investigations indicate that percolation-based failure criteria, which are success-
fully used, e.g., for corrosion of austenitic steels, cannot be applied for the prediction
of Li plating along grain boundaries in LLZO as solid electrolytes. This conclusion
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does however not exclude that different grain boundary characteristics can influence
the delayed failure after long operation times.

Overall, the results suggest that the solid electrolyte LLZO is rather robust against
Li penetration from the perspective of grain boundary percolation, and at least we do
not find strong model-based arguments for such a failure mode. Therefore, the early
manufacturing steps of the solid electrolyte, which are decisive for the grain structure, and
which were proposed as origin for grain boundary percolation, are probably not competing
with fracture induced failure during later fabrication and operation [6]. In turn, tuning of
the grain structure may therefore be a suitable way to improve the mechanical stability of
the solid electrolyte against fracturing or even to enable self-healing features.

Author Contributions: Conceptualization, S.F.,, C.H. and R.S.; methodology, S.F. and Y.A.; software,
S.F; validation, S.F., C.H. and R.S.; formal analysis, S.F; investigation, S.F. and Y.A_; resources, M.E;
data curation, S.F,; writing—original draft preparation, S.F.; writing—review and editing, C.H. and
R.S; visualization, S.F,; supervision, R.S.; project administration, M.F. and R.S.; funding acquisition,
M.E and R.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the German Ministry of Research and Education (BMBF) in
the framework of the project MEET Hi-End IIL. The authors gratefully acknowledge the computing
time granted by the JARA Vergabegremium and provided on the JARA Partition part of the super-
computer JURECA at Forschungszentrum Jiilich [44]. Open access was funded by the Deutsche
Forschungsgemeinschaft (DFG, German Research Foundation)—491111487.

Data Availability Statement: The data presented in this study are available on request.

Acknowledgments: The authors would also like to especially thank to Alexander Schwedt, Fadli
Rohman for the support of EBSD measurements and Stefan Neumeier for the support of hot-pressing.

Conflicts of Interest: There is no conflict to declare.

Abbreviations

The following abbreviations are used in this manuscript:
ASSB All-Solid-State Batteries

LLZO Li7La3ZrZO]2
EBSD Electron Back Scatter Diffraction

CSL Coincidence Site Lattice

LAGB Low Angle Grain Boundary

GB Grain Boundary

HP Hot-Pressing

XRD X-Ray Diffraction

ICP-OES  Inductively Coupled Plasma Optical Emission Spectroscopy
SEM Scanning Emission Microscopy
MDF Misorientation Density Function
TJ Triple Junction

LG Large Grain

SG Small Grain

SSR Solid-State Reaction

SASSR Solution-Assisted Solid-State Reaction

1. Goodenough, ].B. Rechargeable batteries: challenges old and new. J. Solid State Electrochem. 2012, 16, 2019-2029. [CrossRef]

2. Murugan, R,; Thangadurai, V.; Weppner, W. Fast lithium ion conduction in garnet-type LiyLazZryOqy. Angew. Chem. Int. Ed.
2007, 46, 7778-7781. [CrossRef]| [PubMed]

3. Arinicheva, Y.; Wolff, M.; Lobe, S.; Dellen, C.; Fattakhova-Rohlfing, D.; Guillon, O.; Bohm, D.; Zoller, F.; Schmuch, R.; Li, J.;
et al. Ceramics for electrochemical storage. In Advanced Ceramics for Energy Conversion and Storage; Elsevier: Amsterdam,
The Netherlands, 2020; pp. 549-709.

68



Batteries 2023, 9, 222

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

Motoyama, M.; Tanaka, Y.; Yamamoto, T.; Tsuchimine, N.; Kobayashi, S.; Iriyama, Y. The Active Interface of Ta-Doped
LiyLa3Zr,Os; for Li Plating/Stripping Revealed by Acid Aqueous Etching. ACS Appl. Energy Mater. 2019, 2, 6720-6731.
[CrossRef]

Manthiram, A.; Yu, X.; Wang, S. Lithium battery chemistries enabled by solid-state electrolytes. Nat. Rev. Mater. 2017, 2, 1-16.
[CrossRef]

McConohy, G.; Xu, X.; Cui, T,; Barks, E.; Wang, S.; Kaeli, E.; Melamed, C.; Gu, X.W.; Chueh, W.C. Mechanical regulation of lithium
intrusion probability in garnet solid electrolytes. Nat. Energy 2023, 8, 241-250. [CrossRef]

Ren, Y.; Shen, Y.; Lin, Y.; Nan, C.W. Direct observation of lithium dendrites inside garnet-type lithium-ion solid electrolyte.
Electrochem. Commun. 2015, 57, 27-30. [CrossRef]

Han, F.; Westover, A.S.; Yue, J.; Fan, X.; Wang, F.; Chi, M.; Leonard, D.N.; Dudney, N.J.; Wang, H.; Wang, C. High electronic
conductivity as the origin of lithium dendrite formation within solid electrolytes. Nat. Energy 2019, 4, 187-196. [CrossRef]
Song, Y.; Yang, L.; Zhao, W.; Wang, Z.; Zhao, Y.; Wang, Z.; Zhao, Q.; Liu, H.; Pan, F. Revealing the short-circuiting mechanism of
garnet-based solid-state electrolyte. Adv. Energy Mater. 2019, 9, 1900671. [CrossRef]

Cheng, E.J.; Sharafi, A.; Sakamoto, J. Intergranular Li metal propagation through polycrystalline Lig 25Alg 25LazZr,O1, ceramic
electrolyte. Electrochim. Acta 2017, 223, 85-91. [CrossRef]

Sharafi, A.; Haslam, C.; Kerns, R.D.; Wolfenstine, J.; Sakamoto, J.S. Controlling and correlating the effect of grain size with
the mechanical and electrochemical properties of LiyLazZr,Oy; solid-state electrolyte. |. Mater. Chem. 2017, 5, 21491-21504.
[CrossRef]

Yonemoto, F.; Nishimura, A.; Motoyama, M.; Tsuchimine, N.; Kobayashi, S.; Iriyama, Y. Temperature effects on cycling stability
of Li plating/stripping on Ta-doped LiyLa3ZryOqy. J. Power Sources 2017, 343, 207-215. [CrossRef]

Tsai, C.L.; Roddatis, V.; Chandran, C.V.; Ma, Q.; Uhlenbruck, S.; Bram, M.; Heitjans, P.; Guillon, O. Li;La3Zr;O;, Interface
Modification for Li Dendrite Prevention. ACS Appl. Mater. Interfaces 2016, 8, 10617-10626. [CrossRef] [PubMed]

Ren, Y.; Shen, Y,; Lin, Y.; Nan, C.W. Microstructure Manipulation for Enhancing the Resistance of Garnet-Type Solid Electrolytes
to “Short Circuit” by Li Metal Anodes. ACS Appl. Mater. Interfaces 2019, 116, 5928-5937. [CrossRef]

Cheng, L.; Chen, W.; Kunz, M.; Persson, K.A.; Tamura, N.; Chen, G.; Doeff, M.M. Effect of surface microstructure on electrochemi-
cal performance of garnet solid electrolytes. ACS Appl. Mater. Interfaces 2015, 7, 2073-2081. [CrossRef]

Wells, D.B.; Stewart, J.; Herbert, A.W.; Scott, PM.; Williams, D.E. The Use of Percolation Theory to Predict the Probability
of Failure of Sensitized, Austenitic Stainless Steels by Intergranular Stress Corrosion Cracking. Corrosion 1989, 45, 649-660.
[CrossRef]

Gaudett, M.A; Scully, ].R. Applicability of bond percolation theory to intergranular stress-corrosion cracking of sensitized AISI
304 stainless steel. Metall. Trans. 1994, 25, 775-787. [CrossRef]

Perriot, R.; Uberuaga, B.P.; Zamora, R.J.; Perez, D.; Voter, A.F. Evidence for percolation diffusion of cations and reordering in
disordered pyrochlore from accelerated molecular dynamics. Nat. Commun. 2017, 8, 618. [CrossRef] [PubMed]

Lee, J.; Urban, A.; Li, X.; Su, D.; Hautier, G.; Ceder, G. Unlocking the Potential of Cation-Disordered Oxides for Rechargeable
Lithium Batteries. Science 2014, 343, 519-522. [CrossRef] [PubMed]

Tsurekawa, S.; Nakamichi, S.; Watanabe, T. Correlation of grain boundary connectivity with grain boundary character distribution
in austenitic stainless steel. Acta Mater. 2006, 54, 3617-3626. [CrossRef]

Kobayashi, S.; Kobayashi, R.; Watanabe, T. Control of grain boundary connectivity based on fractal analysis for improvement of
intergranular corrosion resistance in SUS316L austenitic stainless steel. Acta Mater. 2016, 102, 397-405. [CrossRef]

Tsai, C.L.; Dashjav, E.; Hammer, E.M.; Finsterbusch, M.; Tietz, E; Uhlenbruck, S.; Buchkremer, H.P. High conductivity of mixed
phase Al-substituted Li;LazZr,Oqy. J. Electroceramics 2015, 35, 25-32. [CrossRef]

Mainprice, D.; Hielscher, R.; Schaeben, H. Calculating anisotropic physical properties from texture data using the MTEX
open-source package. Geol. Soc. Lond. Spec. Publ. 2011, 360, 175-192. [CrossRef]

Kronberg, M.; Wilson, F. Secondary recrystallization in copper. JOM 1949, 1, 501-514. [CrossRef]

Brandon, D. The structure of high-angle grain boundaries. Acta Metall. 1966, 14, 1479-1484. [CrossRef]

Gottstein, G.; Shvindlerman, L. Grain Boundary Migration in Metals: Thermodynamics, Kinetics, Applications; Engineering &
Technology, Physical Sciences, CRC Press: Boca Raton, FL, USA, 2009.

Priester, L.  Grain Boundaries: From Theory to Engineering; Springer Series in Materials Science, Springer: Dordrecht,
The Netherlands, 2013.

Fortier, P; Aust, K.; Miller, W. Effects of symmetry, texture and topology on triple junction character distribution in polycrystalline
materials. Acta Metall. Mater. 1995, 43, 339-349. [CrossRef]

Fortier, P; Miller, W.; Aust, K. Triple junction and grain boundary character distributions in metallic materials. Acta Mater. 1997,
45, 3459-3467. [CrossRef]

Sykes, MLE.; Essam, ].W. Exact Critical Percolation Probabilities for Site and Bond Problems in Two Dimensions. J. Math. Phys.
1964, 5, 1117-1127. [CrossRef]

Stauffer, D.; Aharony, A. Introduction to Percolation Theory, 2nd ed.; Taylor & Francis: London, UK, 1992.

Frary, M.; Schuh*, C.A. Connectivity and percolation behaviour of grain boundary networks in three dimensions. Philos. Mag.
2005, 85, 1123-1143. [CrossRef]

69



Batteries 2023, 9, 222

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Kumar, M.,; King, W.E.; Schwartz, A.]. Modifications to the microstructural topology in fcc materials through thermomechanical
processing. Acta Mater. 2000, 48, 2081-2091. [CrossRef]

Awaka, J.; Takashima, A.; Kataoka, K.; Kijima, N.; Idemoto, Y.; Akimoto, ]. Crystal Structure of Fast Lithium-ion-conducting
Cubic LiyLazZryOqy. Chem. Lett. 2011, 40, 60-62. [CrossRef]

Mackenzie, ] K. Second paper on statistics associated with the random disorientation of cubes. Biometrika 1958, 45, 229-240.
[CrossRef]

Don, J.; Majumdar, S. Creep cavitation and grain boundary structure in type 304 stainless steel. Acta Metall. 1986, 34, 961-967.
[CrossRef]

Palumbo, G.; Aust, K.T.; Erb, U.; King, PJ.; Brennenstuhl, A.M.; Lichtenberger, P.C. On annealing twins and CSL distributions in
F.C.C. polycrystals. Phys. Status Solidi 1992, 131, 425-428. [CrossRef]

Schuh, C.A.; Kumar, M.; King, W.E. Analysis of grain boundary networks and their evolution during grain boundary engineering.
Acta Mater. 2003, 51, 687-700. [CrossRef]

Yu, S.; Siegel, D. Grain boundary contributions to Li-ion transport in the solid electrolyte LiyLazZr ;015 (LLZO). Chem. Mater.
2017, 29, 9639-9647. [CrossRef]

Zhu, Y. Atomistic Modeling of Solid Interfaces in All-Solid-State Li-ion Batteries. Ph.D. Thesis, University of Maryland, College
Park, MD, USA, 2018.

Ren, J.; Zhang, L.; Siegmund, S. How Inhomogeneous Site Percolation Works on Bethe Lattices: Theory and Application. Sci. Rep.
2016, 6, 22420. [CrossRef]

Aguesse, F.; Manalastas, W.; Buannic, L.; Lopez del Amo, ].M.; Singh, G.; Llordés, A_; Kilner, J. Investigating the dendritic
growth during full cell cycling of garnet electrolyte in direct contact with Li metal. ACS Appl. Mater. Interfaces 2017, 9, 3808-3816.
[CrossRef]

Liu, X; Garcia-Mendez, R.; Lupini, A.R.; Cheng, Y.; Hood, Z.D.; Han, E; Sharafi, A.; Idrobo, ].C.; Dudney, N.J.; Wang, C.; et al.
Local electronic structure variation resulting in Li ‘filament’formation within solid electrolytes. Nat. Mater. 2021, 20, 1485-1490.
[CrossRef]

Krause, D.; Thornig, P. JURECA: Modular supercomputer at Jiilich Supercomputing Centre. . Large-Scale Res. Facil. 2018, 4, 1-9.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

70



batteries

Article

Engineered Grain Boundary Enables the Room Temperature
Solid-State Sodium Metal Batteries

Yang Li 12, Zheng Sun !, Haibo Jin ! and Yongjie Zhao 1-2*

Citation: Li, Y.; Sun, Z; Jin, H.; Zhao,
Y. Engineered Grain Boundary
Enables the Room Temperature
Solid-State Sodium Metal Batteries.
Batteries 2023, 9, 252. https://
doi.org/10.3390/batteries9050252

Academic Editor: Hirotoshi

Yamada

Received: 6 March 2023
Revised: 23 April 2023
Accepted: 24 April 2023
Published: 27 April 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Beijing Key Laboratory of Construction Tailorable Advanced Functional Materials and Green Applications,
School of Materials Science and Engineering, Beijing Institute of Technology, Beijing 100081, China
Yangtze Delta Region Academy, Beijing Institute of Technology, Jiaxing 314000, China

*  Correspondence: zhaoyjl4@bit.edu.cn

Abstract: The NASICON-type (Sodium Super Ionic Conductor) NazZr,;Si,PO;; solid electrolyte
is one of the most promising electrolytes for solid-state sodium metal batteries. When prepar-
ing Na3Zr,Si,POq, ceramic using a traditional high-temperature solid-state reaction, the high-
densification temperature would result in the volatilization of certain elements and the consequent
generation of impurity phase, worsening the functional and mechanical performance of the NASI-
CON electrolyte. We rationally introduced the sintering additive B,O3 to the NASICON matrix and
systemically investigated the influence of B,O3 on the crystal structure, microstructure, electrical
performance, and electrochemical performance of the NASICON electrolytes. The results reveal that
B,O3 can effectively reduce the densification sintering temperature and promote the performance
of the Na3Zr;Si; POy electrolyte. The NazZr;SipPO12-2%By03-1150 °C achieves the highest ionic
conductivity of 47 x 107* S cm™! (at 25 °C) with an activation energy of 0.33 eV. Furthermore, the
grain boundary phase formed during the sintering process could improve the mechanical behavior
of the grain boundary and inhibit the propagation of metallic sodium dendrite within the NASICON
electrolyte. The assembled Na/NazZr;SipPO1,-2%B,03/Naz V1 5Cr 5(PO4)3 cell reveals the initial
discharge capacity of 98.5 mAh g~! with an initial Coulombic efficiency of 84.14% and shows a
capacity retention of 70.3% at 30 mA g~ over 200 cycles.

Keywords: NASICON; B,O3; microstructure; grain boundary

1. Introduction

At present, fossil energy is being consumed at an excessive rate; thus, there is an
urgent need to expand research into other types of new energy sources. In the meantime,
new types of energy storage systems are also required [1-5]. Among these, electrochemical
energy storage has attracted popular research interest owing to its high-energy conversion
efficiency and ease of maintenance [6-8]. Currently, the consumer market is dominated
by commercial lithium-ion batteries, but the limited reserves of lithium resources hinder
their further development and utilization. The sodium-ion battery is deemed one of the
promising candidates for the lithium-ion battery system because of its wide availability and
homogeneous distribution on Earth [9-11]. However, sodium-ion batteries with organic
liquid electrolytes have issues of easy leakage, flammability, and the growth of sodium
dendrites. Solid-state batteries with solid-state electrolytes rather than traditional organic
electrolytes can well address the above-mentioned issues [12-14]. The solid-state electrolyte
plays a crucial role in the performance of the solid-state battery. In general, solid-state
electrolytes are required to have favorable room-temperature ionic conductivity, high
stability in the air, and excellent mechanical properties [15,16].

The NASICON electrolyte with a stoichiometry of Naj;xZr;SixP3.yO1 (0 < x < 3)is
obtained by partially replacing P with Si in NaZryP3015 [17,18]. The NASICON electrolyte
has the highest room-temperature ionic conductivity of about 107* S cm~! when x = 2
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(Na3Zr;SipPO1;). Recently, various emerging methods of preparing NasZr,Sip PO1, ceramic
electrolyte with high performance have appeared, such as spark plasma sintering (SPS),
microwave-assisted sintering, hot pressing (HP), and the cold sintering process (CSP), but
these preparation methods always need special equipment and are costly [19-22]. Usually,
the high-temperature solid-state reaction is utilized to prepare Na3Zr,Si,PO1, ceramic.
However, the high-sintering temperature would bring about the volatilization of sodium
and phosphorus elements, producing impurity phase ZrO, at the grain boundary [23-25].
Moreover, abnormal grain growth is also accompanied by the deteriorated mechanical
property of NASICON electrolytes. Therefore, low-cost and low-sintering temperatures are
imperative for the large-scale synthesis of NASICON electrolytes. The sintering additive-
assisted solid-state reaction is a well-known approach for ceramic sintering. At a certain
temperature, the sintering additives would change into a liquid phase at the grain boundary.
Furthermore, on account of the surface tension, the liquid phase would spontaneously
fill the voids between the grains. Accordingly, this liquid phase plays an important role
in facilitating mass migration during the sintering process and effectively lowers the
densification sintering temperature. After sintering, the liquid phase would present as
an amorphous phase lying at the grain boundary, resulting in dense microstructure and
enhanced mechanical behavior.

In this work, NazZr,Si,PO1,-xB,O3 ceramic electrolytes were synthesized through
the solid-state reaction. The B,O3 would change into a liquid phase during the high-
temperature sintering process, consequently promoting the densification sintering pro-
cess. The charge transfer capability of NazZr;Si;PO1,-xB,O3 is improved owing to the
as-obtained dense microstructure and reduced grain boundary resistance. In the meantime,
the interface compatibility between the ceramic electrolyte and metallic Na anode has also
been greatly boosted. As a result, the assembled solid-state full battery operates well at
room temperature and reveals excellent electrochemical performance, highlighting the ef-
fectiveness of grain boundary engineering in a solid-state electrolyte toward a rechargeable
solid-state metal battery.

2. Experimental Section
2.1. Synthesis of NazZr,Si;PO13-B,O3 Ceramics

Na3Zr;Si,PO12-xB, O3 (abbreviated as NZSP-xB,03, x = 0, 1, 2, and 4 wt.%) ceramics
were synthesized through the conventional solid-state reaction. NayCOj3 (99.5%), ZrO,
(99.99%), SiO, (99.5%), and NH4H,POy (99.0%) were utilized as raw materials without
further treatment. In order to compensate for the volatilization of sodium element during
the sintering process, an excessive amount of Nay,COj3 (10 wt.%) was added. Anhydrous
ethanol was used as the milling medium when the weighted raw materials in accordance
with as-designed compositions were thoroughly ball-milled. Thereafter, the mixtures were
dried in an electric oven at 60 °C for 12 h. The dried powder was pre-calcinated in a muffle
at 1000 °C/10 h (with a heating rate of 5 °C min~1). Afterwards, the as-obtained products
with different amounts of B,O3 (0, 1, 2, and 4 wt.%) were ball-milled again (same conditions
as previous) and pressed into pellets with a diameter of 10 mm under 10 MPa and then
sintered at different temperatures (1050, 1100, 1150, and 1250 °C) for 10 h. After sintering,
the as-obtained ceramic pellets had a thickness of about 1 mm and a diameter of 8-9 mm.
The as-sintered ceramics were carefully polished with sand paper prior to use.

2.2. Microstructure and Performance Characterization

The phase structure of the samples was identified with an X-ray diffractometer with
Cu K radiation (A = 1.5418 A, Bruker D8 Advance). A field emission scanning electron
microscope (Hitachi Regulus8230) equipped with an energy dispersive spectrometer was
adopted for microstructural and composition analysis. The ionic conductivity was assessed
using AC impedance analysis (Chenhua 660E). The measured frequency range was 1
MHz~0.1 Hz. The equivalent circuit was fitted in the Nyquist plot using the Z-view
software. The total ionic conductivity (o) can be calculated using ¢ = 51ka wherein S is
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the area of the ceramic pellet, R is the total resistance of the ceramic pellet, and L is the
thickness of the ceramic pellet. The interfacial area specific resistance (ASR) is computed
using ASR = Rinterface X S2, Wherein Ripterface 1S the interfacial resistance between the
metallic sodium anode and the solid electrolyte, and S; is the contact area of the sodium
metal anode with the solid electrolyte. The galvanostatic charge/discharge measurement
was conducted on a battery testing system (Land multi-channel battery test instrument,
Wuhan, China).

2.3. Synthesis of the Composite Cathode

The cathode active material NazVj 5Crg 5(PO4)3 was prepared according to our previ-
ous research [26,27]. Na3zV 5Cr5(PO4)3 (the carbon content of about 3 wt.%), plastic-crystal
electrolyte, polyvinylidene fluoride (PVDEF), and carbon black were mixed with a weight
ratio of 60:25:10:5 to create the composite cathode. Herein, the plastic-crystal electrolyte
was prepared by heating a 20:1 molar mixture of succinonitrile and NaClOjy to achieve a
clear solution at 65 °C, then allowing it naturally cool to 25 °C. This composite cathode
was dispersed in N-methyl-2-pyrrolidone and stirred for 12 h. The as-achieved slurry was
carefully coated onto aluminum foil and dried at 40 °C for another 12 h under vacuum.

The loading mass of active material was about 2-3 mg cm™2.

2.4. Assemble and Disassemble Cells

To test the electrochemical performance of the cells, CR2032 coin cells with ceramics
as the electrolyte and sodium metal (with an area of about 0.3 cm?) as the anode were
assembled. The ceramic electrolyte was sandwiched between sodium foil and the composite
cathode. Before assembling the solid-state sodium metal battery, the as-sintered ceramics
were carefully polished with sand paper. The Na metal was pressed onto one side of the
ceramic electrolyte by hand; the as-synthesized cathode was placed onto the other side.
Next, the CR2032 cell was sealed at 10 MPa.

The packaged cell case was opened and the sodium metal on the solid electrolyte
surface was removed. To observe the combination of metallic sodium anode with the
ceramic electrolyte, we broke the ceramic electrolyte along its diameter to obtain a complete
cross-section. The whole process of assembling and disassembling was completed in a
glove box filled with Ar and the transfer for XPS analysis was also finished in a homemade
container with the protection of Ar.

3. Results and Discussion

The crystal structure of the as-obtained ceramics was identified using XRD analysis.
Figure 1a shows the XRD patterns of NazZr,SiPO12-¥B,Oj3 sintered at 1150 °C (abbreviated
as NZSP-xB,O3—1150 °C). All diffraction peaks show a good match to the monoclinic
phase Na3Zr,Si;POq, (PDF#: 84-1200), suggesting that the introduction of B,O3 could not
vary the main phase structure of the NASICON matrix. In addition, no obvious diffraction
peaks associated with B,O3 could be identified, and it is possible that B,Os exists as an
amorphous phase at the grain boundary after sintering. In addition, the ZrO, phase can be
clearly observed, which is attributed to the sodium and phosphorus elements volatilizing
during the high-temperature sintering process [23-25].
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(a)

(c)

Intensity (a.u.)

The sectional SEM images of NZSP-xB,O3—1150 °C are presented in Figure 1b and
the SEM analysis results of the other samples are summarized in Figure S1. The result
indicates that bare NZSP has clear grain boundaries together with a certain number of
pores. In addition, an intergranular fracture morphology and an abnormal grain growth
are observed for the bare NZSP, implying a weak grain—grain bonding strength. In contrast,
the NZSP-xB,O3 samples present bigger grain sizes, fewer pores, and blurred grain boundaries
covered by the amorphous phase, demonstrating a much denser microstructure. The reason for
this is that the liquid phase would form at the grain boundaries when the temperature reaches
the melting point of B,O3 (450 °C) and fill the pores between these grains, resulting in a closer
grain contact. With the increase in B,O3 content, the fracture behavior of ceramics changes from
an intergranular to a transcrystalline fracture, indicating that the grain bonding strength was
observably enhanced [28]. Moreover, by observing the microstructure of the ceramic electrolytes
obtained at different sintering temperatures, it can be concluded that the ByO3-modified NZSP
ceramics can obtain a denser microstructure at lower temperatures, suggesting that the liquid
phase formed during the sintering process can effectively facilitate the migration of mass
and reduce the densification temperature of the NASICON matrix. The energy dispersive
spectroscopy (EDS) results of the surface for NZSP-2%B,O3—1150 °C (Figure 1c) and the results
with an enlarged scale (Figures S2 and S3) show the uniform distribution of elements over
the sample. Furthermore, element B is uniformly dispersed at the grain boundary. The
shrinkage variation of NZSP-xB,Oj is exhibited in Figure S4. The B,O3-modified NZSP
sintered at low temperatures also can shrink considerably compared with bare NZSP.
Again, this reconfirms that the liquid phase can promote the densification sintering, which
is consistent with the SEM analysis results.
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Figure 1. (a) XRD patterns of NZSP-xB,O3—1150 °C. (b) Sectional SEM images. (c) EDS mapping
results for the surface of NZSP-2%B,03;—1150 °C.
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Intensity (a.u.)

Figure 2 exhibits the Rietveld refinement results of the samples and Table S1 displays
detailed information about the crystal structure. Generally, all of these samples possess
a typical NASICON structure with a space group of C2/c, implying that the B,O3 as a
sintering additive does not change the structure of the NASICON matrix. As listed in
Table S1, the lattice parameters and cell volume changed after B,O3, suggesting that the
composition of phases changed after B,O3 addition. This can be explained by the present
matrix phase possibly being a deviation from NazZr,Sip POy, that is, for example, Na-rich
NZSP (Naz;yZry—,SizPO1z). Then, additional Na may react with B,O3 to form a Na-B-O
compound that may act as a good sintering additive located at the grain boundary, which
is consistent with the results of the SEM-EDS.
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Figure 2. Rietveld refinement plots of (a) NZSP—1250 °C, (b) NZSP-1%B,03—1150 °C, (c) NZSP-
2%B,03—1150 °C, and (d) NZSP-4%B,03—1150 °C.

ITonic conductivity is an important parameter to assess the capability of ion transport
in the electrolyte. Electrochemical impedance spectra (EIS) analysis was performed with
these ceramic samples. The EIS plots are collected in Figure 3a, Figures S5 and S6. Typically,
the impedance spectra of NZSP-xB,Oj3 consist of a sloping line in a low-frequency region
and a semicircle in a high-frequency range [29,30]. Furthermore, the room temperature
ionic conductivity was calculated according to the resistance obtained from the impedance
spectra and corresponding results are collected in Figure 3b. The ionic conductivity of NZSP-
xBp03—1050 °C and NZSP-xB,03—1100 °C increases monotonously with increasing B,O3
content, but NZSP-xB,O3—1150 °C increases first and then decreases. NZSP-4%B,0O3—
1050 °C, NZSP-4%B,03—1100 °C, and NZSP-2%B,03—1150 °C achieve ionic conductivity
of 44 x 107%,4.6 x 1074, and 4.7 x 1074 S cm ™. In other words, NZSP-xB,Oj sintered at
lower sintering temperatures can achieve the same or even better room temperature ionic
conductivity than bare NZSP sintered at 1250 °C (3.4 x 10~* S cm™1). This can be ascribed
to the dense microstructure and the increased average grain size [31-34]. However, when
too much content of B,Oj3 is added, the ionic conductivity decreases. Figure 3c,d, Figures S7
and S8 show temperature-dependent Nyquist plots and Arrhenius plots of conductivities
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for these ceramic electrolytes. Furthermore, the activation energy (E,) was computed and
the E; of NZSP-4%B,03—1050 °C, NZSP-4%B,03—1100 °C, NZSP-2%B,03—1150 °C, and
NZSP-1250 °C is 0.37, 0.37, 0.33, and 0.36 eV, respectively.
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Figure 3. (a) Nyquist plots of the impendence spectroscopy of NZSP-xB,O3—1150 °C. (b) The
room temperature ionic conductivity of NZSP-xB,O3 obtained at different sintering temperatures.
(c) The temperature-dependent Nyquist plots and (d) Arrhenius temperature-dependent total ionic
conductivity plot of NZSP-2%B,03—1150 °C.

Symmetrical sodium metal cells were assembled by using NZSP—1250 °C and NZSP-
2%B,03—1150 °C as the solid electrolytes to investigate the interfacial electrochemical
behavior. Figure 4a shows the EIS plots of as-assembled symmetric batteries and the inset
is the interfacial area specific resistance (ASR). Figure S9 shows the result of the fitted
circuit simulation and the total impedance consists of electrolyte impedance and interface
impedance. The impedance of the Na/NZSP-2%B,03 /Na symmetric battery is smaller than
that of the Na/NZSP/Na symmetric battery. In addition, the symmetric battery with bare
NZSP electrolyte has an ASR of 148 ohm c¢m?. Moreover, Na/ NZSP-2%B,03/Na presents
an ASR of 67 ohm cm?, indicating that the engineered grain boundary can observably
promote Na* migration at the interface and improve the interfacial compatibility of metallic
sodium and solid electrolyte. The total impedance of Na/NZSP-2%B,03/Na symmetrical
battery gets significantly reduced with increasing the temperature (Figure 4b). According to
the corresponding Arrhenius plot (Figure 4c), the activation energy of sodium ion transfer
at the Na/NZSP-2%B,05 interface is about 0.33 eV, such a low value indicates that ion
migration at the interfaces is dramatically facilitated [35]. Galvanostatic charge/discharge
measurements were utilized to assess the cycling stability of as-assembled cells. As shown
(Figure 4d), at room temperature the Na/NZSP-2%B,03/Na battery presents a stable
cycling performance at 0.05 mA cm~2 up to 1000 h with no significant variation in the
polarization response, indicating the effective inhibition of metallic sodium dendrite growth.
Moreover, the cycling performance of the symmetrical cell under variable current densities
0f 0.1-0.3 mA cm 2 at 60 °C was also assessed (Figure 4e,f). As observed, the polarization
voltage hysteresis linearly increases with increasing the current density. The favorable
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cycling stability and rate performance are attributed to improved interfacial compatibility
and effective inhibition of sodium dendrite growth.
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Figure 4. (a) Room temperature EIS profiles of symmetric sodium metal batteries based on
NZSP—1250 °C and NZSP-2%B,03—1150 °C ceramic electrolytes. The inset is the comparison
of the ASR of the interface between metallic sodium anode and solid electrolyte. (b) Temperature-
dependence EIS profiles of symmetrical sodium metal batteries with NZSP-2%B,03—1150 °C ceramic
electrolyte. (c) The fitted overall areal specific resistance of the Na/NZSP-2%B,0O3 /Na cell against the
temperature and the corresponding Arrhenius plot. (d-1) Voltage profiles of Na/NZSP-2%B,03 /Na cell at
0.05 mA cm 2 and 25 °C. (e-1,f-1) Voltage profiles of Na/NZSP-2%B,03/Na cell at 0.1-0.3 mA cm~2 and
60 °C. (d-2,e-2,f-2) are corresponding locally enlarged images.

We dissembled the cycled symmetrical cell to gain more information about the in-
terphase between the metallic sodium anode and NZSP-2%B,03—1150 °C electrolyte.
Figure 5a shows XPS analysis results of the section and surface of the ceramic electrolytes
after electrochemical cycling. Obviously, the integral area and relative intensity of the
Na 1s spectrum become larger owing to the increased surface roughness and coverage of
interfacial products. In the meantime, the peak of Si 2p shifts toward the lower-binding
energy indicating that the reduction in Si** would occur as the sodium metal contacts
with the ceramic electrolyte, and the Zr 3d, P 2p, and B 1s are virtually unaffected. The
overlay SEM-EDS mapping results of the cross-section of cycled symmetrical cells are
provided in Figure 5b. After cycling, the ceramic electrolyte still has a dense microstructure,
illustrating favorable mechanical properties; sodium metal is uniformly deposited onto the
ceramic electrolyte surface, and no visible “dead sodium” can be observed. Furthermore,
the sodium metal and ceramic electrolyte are tightly combined together and there is no
appreciable gap between them, suggesting a high integrity of the interface. It should be
noted that the evident demarcations within the region of Na metal are induced during the
sample preparation process.

The nucleation and growth of metal dendrites seriously affect the performance of
solid-state metal batteries. In addition, metal dendrites are mainly formed at the interface
between the solid electrode and the electrolyte, and the grain boundary of the solid-state

77



Batteries 2023, 9, 252

(c)

electrolyte [36,37]. Usually, the grain boundary in polycrystalline ceramic electrolytes
has low-ionic conductivity, poor mechanical strength, and high-electronic conductivity
compared to the grain bulk [28,38]. On the one hand, the high-electronic conductivity of
the grain boundary would drive the reduction in Na*, leading to the formation and growth
of sodium dendrite at the grain boundary. Furthermore, the voids between the grains
would provide an additional barrier to the Na* transport, resulting in an increase in the
grain boundary resistance for ionic transportation [28]. With the addition of B,Oj3 to the
NASICON matrix, the amorphous phase formed after the sintering process can reduce
the electronic conductivity of the NASICON grain boundary, hindering the formation of
metallic sodium dendrite. In addition, the bonding strength of the grain boundaries is also
increased and the penetration path of the sodium dendrites is blocked.

The nucleation and growth of dendrites at the interface are mainly ascribed to the
inhomogeneous distribution of Na* flux at the interface, and the loose microstructure of
ceramic electrolyte would further degrade this circumstance [39,40]. However, using the
B,0O3-modified NASICON electrolyte can enhance the interface contact of the metallic
sodium anode and ceramic electrolyte, alleviating the edging effect and homogenizing the
distribution of Na* (Figure 5c).
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Figure 5. (a) XPS spectra of the surface and section of cycled NZSP-2%B,03—1150 °C ceramic
electrolyte. (b) Cross—sectional SEM image and EDS mapping results of NZSP-2%B,03;—1150 °C/Na
interface disassembled from cycled symmetric sodium metal cell. (¢) The demonstration of interface

contact between the ceramic electrolyte and the Na metal anode; the left is for Na/NZSP—1250 °C
and the right is for Na/NZSP-2%B,03—1150 °C.

The solid-state sodium battery is assembled with NazV; 5Cro5(POy)3 as the cathode
active material and NZSP-2%B,03—1150 °C as the ceramic electrolyte. Figure 6a shows
the schematic diagram of the solid-state sodium battery and the room temperature EIS
plot fitted according to the equivalent circuit displayed in the illustration. Figure 6b shows
the initial charge/discharge profiles of the as-assembled solid-state battery at 30 mA g*1
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and the initial discharge capacity of 98.5 mAh g~! achieves a Coulombic efficiency of
84.14%. The long-term cycling performance of the solid-state battery with NZSP—1250 °C
as the ceramic electrolyte is demonstrated in Figure 6¢c. The capacity of the solid-state
battery decays rapidly with a capacity retention of 48% after 200 cycles. However, the
solid-state battery with NZSP-2%B,03—1150 °C electrolyte has a capacity retention of
70.3% after 200 cycles at 30 mA g~! (Figure 6c), which is mainly ascribed to the enhanced
ionic conductivity of the ceramic electrolyte and the improved interfacial compatibility of
metallic Na and NASICON electrolytes. As shown in Figure 6d, the solid-state sodium
metal battery can offer reversible capacities of 106.8, 78.4, and 70.6 mAh gfl at 30, 100, and
200 mAh g, respectively. The specific capacity can be fully restored to its initial state
following a complete rate trial, highlighting the advantage of an all-solid-state sodium
metal battery based on a stable Na/NZSP-2%B,03—1150 °C interface.
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Figure 6. Electrochemical performance of the solid-state sodium metal batteries based on NZSP-
2%By03—1150 °C ceramic electrolytes. (a) The impedance profile of solid-state sodium metal battery.
(b) The initial charge/discharge curves of the solid-state sodium metal batteries at a current density of
30 mA g~ . (c) Cycling performance of the solid-state sodium metal batteries based on NZSP—1250
°C and NZSP-2%B,03—1150 °C ceramic electrolytes. (d) Rate performance of the solid-state sodium
metal batteries based on NZSP-2%B,03—1150 °C ceramic electrolytes.

4. Conclusions

In summary, NZSP-xB,O3 ceramics were prepared using a sintering additive-assisted
solid-state reaction. With a low-melting point of 450 °C, B,O3 would change into a liquid
phase at a certain temperature during the sintering process and fill the voids between
the grains, thus, accelerating the process of densification sintering and then achieving a
dense microstructure. After sintering, the liquid phase exists at the grain boundary as
an amorphous phase, reducing the electronic conductivity of the grain boundary and
impeding the formation of metallic sodium dendrites. Furthermore, the engineered grain
boundary is also beneficial to promote the interface contact between the ceramic electrolyte
and the metallic sodium anode, effectively lowering the ASR from 148 to 67 ohm cm?.
Eventually, the B,O3-modified NASICON-type electrolyte-based all-solid-state sodium
batteries were constructed and the desirable electrochemical performance was realized.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/batteries9050252/s1, Figure S1. Sectional SEM images of the
NZSP-xB,03—1050 °C and NZSP-xB,O3—1100 °C ceramics. Figure S2. EDS mapping results
with an enlarged scale for NZSP-2%B,03—1150 °C ceramic. Figure S3. Energy spectrum element
analysis of grain boundaries for NZSP-29%B203—1150 °C ceramic. Figure S4. Shrinkage variation
of the NZSP-xB,Oj3 ceramics pellets sintered at different temperatures. Figure S5. Nyquist plots
of the room temperature EIS of (a) NZSP-xB,O3—1050 °C and (b) NZSP-xB,O3—1100 °C ceramic
pellets. Figure S6. Nyquist plots of NZSP—1250 °C. Figure S7. The temperature-dependent Nyquist
plots of (a) NZSP-4%B,03—1050 °C, (c) NZSP-4%B,03—1100 °C, and (e) NZSP—1250 °C. The
Arrhenius temperature-dependent total conductivity plots of (b) NZSP-4%B,03—1050 °C, (d) NZSP-
4%B,03—1100 °C, and (f) NZSP—1250 °C. Figure S8. Nyquist plot of NZSP-2%B,03—1150 °C at
room temperature, simulation results based on the equivalent circuit, and illustration of analysis
of Ry, and Rgy,. Figure 59. Room temperature Nyquist plots of symmetric sodium metal batteries
based on NZSP—1250 °C and NZSP-2%B;O3—1150 °C ceramic electrolytes. The insets are the
equivalent circuit and illustration of analysis of Rsg and R;. Table S1. Cell Parameters and volume of
NZSP—xB203.
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Abstract: Li-ion batteries are currently considered promising energy storage devices for the future.
However, the use of liquid electrolytes poses certain challenges, including lithium dendrite penetra-
tion and flammable liquid leakage. Encouragingly, solid electrolytes endowed with high stability
and safety appear to be a potential solution to these problems. Among them, ionic liquids (ILs)
packed in metal organic frameworks (MOFs), known as ILs@MOFs, have emerged as a hybrid solid-
state material that possesses high conductivity, low flammability, and strong mechanical stability.
ILs@MOFs plays a crucial role in forming a continuous interfacial conduction network, as well as
providing internal ion conduction pathways through the ionic liquid. Hence, ILs@MOFs can not only
act as a suitable ionic conduct main body, but also be used as an active filler in composite polymer
electrolytes (CPEs) to meet the demand for higher conductivity and lower cost. This review focuses
on the characteristic properties and the ion transport mechanism behind ILs@MOFs, highlighting the
main problems of its applications. Moreover, this review presents an introduction of the advantages
and applications of [ls@MOFs as fillers and the improvement directions are also discussed. In the con-
clusion, the challenges and suggestions for the future improvement of ILs@MOFs hybrid electrolytes
are also prospected. Overall, this review demonstrates the application potential of ILs@MOFs as a
hybrid electrolyte material in energy storage systems.

Keywords: ionic liquids; metal organic frameworks; solid-state electrolyte; Li battery

1. Introduction

The increasing demand of clean energy calls for the progression of advanced energy
storage systems, which helps to regulate the unstable energy output using renewable en-
ergy [1]. Nowadays, electrochemical energy storage, such as Li-ion batteries, is considered
to be one of the most promising future energy storage techniques [2]. The rapid develop-
ment of Li-ion batteries has drawn much attention from researchers due to their distinct
advantages, such as high theoretical energy density, stable energy output and low memory
effect. However, the highly flammable electrolytes, complex temperature management
and limited practical capacity still restrict the further development of Li-ion batteries. In
comparison, lithium batteries which utilize an Li-metal anode show significant superiority
in high energy density due to their ultra-high theoretical capacity of 3860 mAh/g and
ultra-low electrode potential of —3.04 V (vs. SHE), which reveals promising prospects in
alleviating the “range anxiety” of electrical vehicles [3]. Unfortunately, serious challenges
remain to be solved before the practical application of lithium batteries, including the
infinite volume change of Li metal and the generation of Li dendrites, and even “dead
lithium” caused by the pulverization of the Li anode [4].

The emergence of solid-state electrolytes with a comparatively higher safety and longer
life span offers a potential solution to the challenges faced in Li metal batteries. Solid-
state electrolytes with a high shear modulus can provide sufficient mechanical strength to
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suppress the uneven Li deposition. In addition, solid-state lithium batteries employing
solid electrolytes with high thermal stability prevent the potential thermal runaways,
which greatly improves the safety of high energy-density devices. Solid-state electrolyte
can be mainly classified into inorganic ceramic electrolyte, solid polymer electrolyte and
a combination of the two. As a solid electrolyte with promising prospects for practical
application, solid polymer electrolytes which exhibit the advantages of shape versatility, low
weight, flexibility and low processing costs have become the research focus [5]. However,
on the one hand, the high crystallinity of polymer chains at room temperature results in
an undesired ionic conductivity. On the other hand, the low electrochemical stability of
polymers can cause interfacial side reactions, resulting in an increased interfacial resistance
and structural degradation of electrode materials. Moreover, due to volume effects, poor
contact between the electrode and electrolyte can also occur during long-term cycling. These
challenges need to be addressed to improve the performance of polymer-based electrolytes
in lithium-ion batteries [6,7]. To solve the problem, adding inorganic fillers into solid
polymer electrolyte and forming composite polymer electrolyte is regarded as the ultimate
approach to construct solid-state electrolyte with advanced comprehensive properties.
However, the nano effect of inorganic fillers leads to two challenges: firstly, the unsatisfied
dispersity of filler, and secondly, the low upper limit of filler addition. Therefore, the
properties of composite polymer electrolyte have not yet met the established standards for
practical operation of batteries. For example, the low migration number of lithium ions of
composite polymer electrolytes can easily form a lithium-ion concentration gradient on the
electrode surface, which accelerates dendrite growth. Moreover, the conduction of Li-ions
can easily be impeded by overly added fillers, leading to discontinuous Li* transmission
pathways, which attenuates the high C-rate performance of batteries. Furthermore, during
the Li* deposition process, the uneven electric field on the electrode surface resulting from
the inhomogeneous distribution of inorganic fillers can also accelerate electrode decay.
Hence, in view of composite polymer systems, the structure and the chemical composition
of fillers has a significant impact on the conductive property of the polymer electrolyte
chain, and can therefore enhance comprehensive performance of polymer electrolyte [8].
Therefore, developing advanced fillers for high-performance solid electrolyte is considered
an urgent requirement for Li-metal solid-state battery manufacturing.

Notably, in view of the advantage of high conductivity, stable structure and high
chemical compatibility, other types of newly developed solid electrolytes have become
substantial alternatives for ceramic electrolytes and composite polymer electrolytes [9-11].
Most recently, ionic liquids (ILs)@metal organic frameworks (MOFs) have emerged as a
promising candidate material for potential utility because of their high ion conductivity,
abundant metal sites, large specific surface area and modulable ability [12]. Unlike conven-
tional carbonate solvents, ionic liquids are a class of molten salts that exist entirely in ionic
form at room temperature. Generally speaking, the cations of ionic liquids are derivatives
of 1-methylimidazole and anions are conjugate bases of inorganic acids [13]. Equipped
with unique properties such as nonflammability, low vapor pressure and electrochemical
stability [14], ionic liquids have been widely used in Li-ion batteries to replace carbonate
solvents or participate in the formation of functional SEI [15]. Apart from that, ionic liquids
can also be used as stabilizing agents in solid-state batteries to improve interface stabil-
ity [16]. However, the direct use of ionic liquids as liquid electrolytes still cannot avoid the
problem of Li dendrites caused by low Li* transference number (t;;,) and possible liquid
leakage. The low transference number originates from the free anion and cation migration.
Although the nonflammable ILs avoid electrolyte combustion, the dendrite remains can
penetrate the separator and cause a short circuit under abuse conditions. Meanwhile, the
high cost of the ionic liquids system impedes the application progress of lithium-ion batter-
ies. Hence, some researchers use MOFs to confine ILs, which achieves high performance
solid-state electrolytes with a low ILs dosage, contributing to the transition metal ion or
clusters and organic ligands on MOFs [13]. In the 1990s, Robison and Hoskins reported
the first successfully synthesized MOF [N(CH3)4][CulZnII(CN)4] [17], the stable porous
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structure, diverse combination of metal and organic units and the tunable electrochemical
property of which attracted the interest of researchers [18-21]. Usually, simple and inexpen-
sive methods such as the microwave-assisted heating method, hydrothermal method and
solvent self-assembly methods have been proposed to synthesize MOFs [22-24]. Through a
self-assembling procedure in a solution experiment, the chemical bonds formed between
organic ligands and metal ions can bring the unique properties which cannot be achieved in
other skeletal compounds [25]. Compared with ILs hybrid electrolyte and SPEs in Figure 1,
using MOFs to confine ILs can not only avoid leakage of ILs and provide mechanical sup-
por, but also facilitate the ion conductivity of MOFs material. Consequently, with tunable
porosity, rich Lewis acidic active sites and a modular nature, ILs@ MOFs have been regarded
as promising materials for applications as electrolyte of solid-state lithium batteries.

lon Conductivity

Specific Energy Density Thermal stability
Processing cost Chemical Stability
Long Cycle Stability Mechanical Strength
Solid polymer electrolyte ILs@MOFs base electrolyte

ILs@MOFs composite polymer electrolyte ©ILs composite polymer electrolyte

Figure 1. The performance comparison diagram of different organic electrolyte: SPE, ILs@MOFs-
based electrolyte, ILs@MOFs CPE and ILs CPE.

In this review, the application of ILs@MOFs materials as the main body of solid
electrolytes in lithium battery was first explored, including MOFs interface layers for
solid electrolytes as well as the use of MOFs materials directly as solid electrolytes after
modification and compounding with ionic liquids. Meanwhile, the application of MOFs as
fillers in composite polymer electrolytes was also reviewed. This review provides guidance
in exploring the ionic conduction mechanism inside ILs@MOFs-based solid electrolyte
materials, and brings significant suggestions for the future application orientation of MOFs
materials in energy storage devices.

2. Tonic Liquids Hybrid MOFs as Electrolyte
2.1. Composition and Structure Introduction of MOFs Hybrid Electrolyte

Traditional ionic liquid electrolytes possess a low Li* transference number and weak
dendrite resistance. To solve these problems, the innovative development of advanced
electrolyte by applying MOFs as the main body for ionic conduction, as well as taking
advantage of metal nodes in consideration of the distinctive features of MOFs, have been
proposed by researchers. Generally, MOFs exhibit three types of features: tunable porous
structure, multi metal node properties and modular nature. Firstly, since the pore size
is determined by organic linkers, it is feasible to adjust the pore size to suit the desired
application by inserting molecules into the MOFs cage or using MOFs as fillers for selective

84



Batteries 2023, 9, 314

permeating, for example [12,26]. Additionally, high specific surface area allows a high
density of charged species and therefore provides abundant Li* hopping sites in a small
volume. The ordered porosity could suppress dendrite formation by promoting uniform Li*
plating [27]. Secondly, the metal nodes of MOFs not only play a role in connecting organic
links, but also serve as Lewis acidic active sites which prefer to bind with electronic cloud,
and thus anions can be selectively absorbed by MOFs with alternative absorption strength
through the proper regulation of metal nodes [28,29]. Finally, in contrast with inorganic
compounds, organic segments are also easy to make post-synthesis modifications to, and
are endowed with additional features to improve electrolyte behavior. For example, fluoric
groups and amination groups can functionalize MOFs through simple aqueous reaction
which would simultaneously promote the formation of stable anion-derived SEI [30].

Inspired by porous zeolites, which were investigated as fillers in solid polymer lithium
electrolyte systems [31], Long et al. used electrolyte solution-contained MOFs as pos-
sible lithium superionic conductors [32,33]. They synthesized MOFs-74 material upon
the graft of lithium alkoxide. After soaking the as-prepared MOFs in 1 M LiBF4 in 1:1
ethylene carbonate (EC) and diethyl carbonate (DEC) solution, a maximum conductivity
of 44 x 107*Scm ™! at room temperature and a low Ea of 0.15 eV can be achieved for
the obtained electrolyte pellets. It had been speculated that the lithium alkoxide anion
binding with exposed metal sites can promote Li* transportation through one-dimensional
hexagonal channels of MOFs and the robust structure prevented dendrite growing in
organic solutions. After soaking in carbonate solution, the high density of charge carriers
in channels can also facilitate Li* hopping. Different from the ionic conduction mechanism
of inorganic solid-state electrolytes, in which metal ions hop through vacancies to enable
the charge transfer process, the main conduction mechanism of MOFs lies in the adsorp-
tion of solution anions by metal nodes, which allows the dissociated Li* to complex and
transport along [34]. Nonetheless, the flammable inner solution cannot be avoided, which
leaves safety hazards unresolved, and the relatively low conductivity also limits the further
application of MOFs.

2.2. Proposal and Development of ILs@MOFs

On the basis of extensive research on MOFs containing carbonate solutions [35-37], as
well as the application of ILs liquid electrolytes [38], some researchers suggests integrating
ILs that possess high stability and nonflammability with MOFs. The combination of ILs
with MOF materials is often achieved by encapsulating ILs in porous MOFs using host-
guest interactions. In this system, ILs serve as ion conduction electrolytes while MOFs
act as a solid supporting framework. As suggested by group interactions in FI-IR and
microporous adsorption properties in BET tests, the ILs in the pores of MOFs exists in
the form of both physisorption and chemisorption [39]. The first example regarding the
incorporation of ILs into the micropores of MOFs was presented by Kitagawa et al. [40].
Figure 2a shows that researchers used a simple mixing and heating method to incorporate
ILs of EMI-TFSA (1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)amide) into the
pores of MOFs material ZIF-8 ((Zn (MeIM)2; H(MeIM) = 2-methylimidazole)). Kitagawa
et al. systematically investigated EMI-TFSA@ZIF-8 and verified that the addition of ionic
liquids into the framework of MOFs can lower the melting point of ionic liquids and
stabilize the liquid phase of ionic liquids at low temperatures (Figure 2b,c). They also
found that ion dynamics can be controlled through this subject-object interaction, which
exhibited great potential in realizing the actual ion conduction process [41]. To endow
actual ionic conduction capability, researchers mixed EMI-TFSA with LiTFSA to obtain
(EMI0.8Li0.2) TFSA, which was then heated and mixed with ZIF-8 to obtain the target
product. Although the ionic conductivity of obtained (EMI0.8Li0.2) TFSA@ZIF-8 ions
is two orders of magnitude lower than that of the pure (EMI0.8Li0.2) TFSA due to the
lower fluidity, the activation energy in (EMI0.8Li0.2) TFSA is nearly as high as that in bulk
(EMI0.8Li0.2) TFSA, which suggests that the diffusing mechanisms of Li* are the same

85



Batteries 2023, 9, 314

(a)

lonic Liquid (IL)

(Figure 2d). Experiments demonstrate that Li* can dissociate from anions in the framework
of MOFs and achieve ion conduction by diffusion through the internal micropores.
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Figure 2. (a) The incorporation of ionic liquids into micro pores of MOFs. Reproduced with permis-
sion [40]. Copyright 2014, Wiley. (b) The DSC curves of bulk EMI-TFSA and EMI-TFSA@ZIF-8 at
different volumetric occupancies. The sharp peak in 257 K and 231K represent melting and freezing
of liquid state. Reproduced with permission [40]. Copyright 2014, Wiley. (c) Arrhenius plot of the
ionic conductivity in heating process, the slope indicates the pseudoactivation energy changes around
phase transition point, the green line stands for pure ILs and the red and blue lines stand for 100% and
75% ILs occupied MOFs respectively. Reproduced with permission [41]. Copyright 2015, American
Chemical Society. (d) Arrhenius plot of the self-diffusion coefficient of lithium nucleus in ILs and
ILs@MOFs. Reproduced with permission [41]. Copyright 2015, American Chemical Society.

2.3. Advantages and Function Mechanism of ILs@MOFs Electrolyte

Inspired by the research of Kitagawa’s group, Pan’s group further proposed the practi-
cal application of MOFs-based composite ionic liquids in battery systems, and summarized
the three advantages brought by ILs@MOFs comprehensively, including high conductivity,
mechanical support and dendrite suppression [42]. (EMI0.8Li0.2) TFSI ionic liquid and
MOF-525 were selected for compounding based on the electrochemical stability and the
appropriate pore size of the MOFs. Firstly, in terms of the high conductivity, it was found
that the conductivity of the electrolyte increased substantially with the increase of ionic
liquids loading, which proves that the ionic conductivity of the electrolyte is dependent
on the bulk phase transport within the nanocrystal. In addition to conductor phase trans-
port, the lithium-ion transport mechanism of ILs@MOF also includes intercrystal transport
mechanism. Studies revealed that the mid-frequency spectrogram of EIS reflects liquid-like
electrolyte properties, from which the researchers concluded that ionic liquids infiltrate
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the interface between nanocrystals at the atomic level. The nano-wetting interface enables
the direct interfacial connection of the internal ILs, and X-ray photoelectron spectroscopy
(XPS) characterization confirmed that the nature of interface lied in nanocrystals. Apart
from that, MOFs play an important role in hindering the movement of large ions while
the migration of lithium ions of small size remains unaffected, thus increasing the Li*
transference number. Secondly, in terms of mechanical strength, the MOFs skeleton in
ILs@MOF also provides the framework for alternative physical properties and presents a
dry powder appearance rather than gel even with the encapsulation of ILs, which improves
the overall mechanical strength. Finally, the ability to suppress dendrites” growth has
been strengthened through the regulation of chemical environment and construction of
physical barrier. Researchers discovered that ILs@MOFs possessing both high mechanical
strength and nano-wetting properties are capable of not only impeding the penetration
of dendrites, but also filling the gap between the electrolyte layer and metal electrode by
utilizing dendrites for self-healing, ultimately resulting in reduced resistance after cycling.

The ability to suppress lithium dendrite is essential for ILs@MOFs, as dendrite may
induce a short circuit and even thermal runaway. The factors influencing dendrite formation
in solid-state batteries can be summarized as follows: (i) the high electric driving force
for dendrite tips to extend into defects or grain boundaries of SSEs; (ii) the low dendrite
consumption rate induced by the sluggish ionic transport kinetics of SSEs; and (iii) the
high interface impedance of the solid-solid interphase in solid-state batteries that cause
retardance in ionic transportation, which induces surface Li* deficiency and aggravates
tip ion deposition and dendrite growth [43,44]. To overcome dendrite formation, three
improvement strategies of ILs@MOFs have been proposed. First, a conformal coating layer
of ILs@MOFs can be formed between the electrolyte and Li metal anode. Pan et al. prepared
hybrid-sized ILs@MOF nanoparticles as novel electrolyte. The larger particles effectively
suppressed Li dendrites’ propagation while smaller particles filled the gap of larger particles
to achieve better contact and further barricade dendrites [45]. Second, ILs@MOFs can inhibit
dendrite through Li ion flux regulation. Zhang et al. constrained glymes ILs in Uio-66
to accelerate Li ions’ transportation and confine ILs anion which relieved the difference
between Li* ion diffusion and deposition rates and prevented inhomogeneous Li dendrite
formation [46]. Finally, ILs can form a nanowetted interface between MOFs and Li metal
to improve their compatibility, which ameliorates the detrimental point contact. Pan et al.
found that in combination with ILs@MOFs electrolyte, the Li electrode surface was flat
and composed by plate-like nanostructures after cycling [47]. The appearance of S and F
elements belonging to ILs on Li surface after nanowetting ensured good contact between
electrolyte and anode at first, and the formed stable interphase can also protect the battery
from dendrite-induced short circuit.

Despite the many benefits of ILs@MOFs, the combination of solid-state frameworks
and liquids also increases the research complexity in ion transport mechanisms. In pure ILs
systems, the coordination environment and solvation pattern of ILs have been investigated
by researchers [48,49]. Through molecular dynamics simulations, researchers calculated the
free energy and transition barrier of alkali metal ions, as well as mapping the free energy
landscape of alkali metal ions in ILs, which provided further instructions on restricting
anion mobility. However, unlike pure ionic liquids, the ionic conduction of ILs@MOF
contains both the contribution of highly mobile ILs at the nano-wetting interface and the
conduction contribution of ILs in the pores of MOFs. Conventionally, EIS has been widely
used to determine the transport mechanism of ILs, in which results showed that the ion
transport was mainly determined by the migration and transport of ILs wrapped in the
outer layer of MOFs, while the ILs in the pores would not participate [50]. In Figure 3a, the
broad NMR lines above —20 °C indicated that there existed two lithium spin reservoirs,
and the fast Li* fraction appears small. The result has shown that with ILs, most Li*
did not change dynamics properties, which means that only Li* near surface can interact
with surface ILs to facilitate transportation. Researchers also found that after flooding
the MOFs crystals with excess Li-ILs to form a gel electrolyte, the overall Li-ion transport
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became faster and the measured conductivity also enhanced as expected (Figure 3b) [51].
However, if the isolated ILs on MOFs surface dominate the transport of lithium ions, the
advantages of MOFs in avoiding ionic liquid leakage would be counterbalanced. Hence, the
utilization of IL in the pores of MOFs and research on its intrinsic ion transport are of greater
significance. Micaela et al. prepared layered ILs@MOF films and washed off the excess ILs,
and then systematically investigated the mechanism of Li-based ionic liquid conduction
in MOF [52]. They found that the conductivity of HKUST-1 MOF was many orders of
magnitude higher when containing pure [BMIM][TFSI] ionic liquid inside, indicating that
the measured conductivity was mainly attributed to the internal ions. The ion mobility
in subsequent tests decreased by two orders of magnitude with the increase loading of
ILs. Therefore, researchers believed that the internal anions and cations with a large radius
would hinder ion conduction by ion bunching and pore blocking, as reproduced by the
molecular dynamics simulations (Figure 3c). Meanwhile, if a more mobile Li* is added to
the ionic liquid to form [Li0.2BMIMO0.8] [TFSI], the full-load ionic conductivity is as high
as 70 times that of the original ionic liquid. In addition, researchers demonstrated that
the high ionic conductivity originated from the role of ionic liquids by loading samples
with only LiTFSL Li* in ILs attenuates ionic bunching as well as pore blocking through the
effect of Li-TFSI neutrals. Simulations also revealed that Li* in ILs conducts via the typical
Grotthuss mechanism, binding with TFSI™ and then releasing to bind with TFSI™ at the
next site repeatedly.
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Figure 3. (a) The 7Li NMR lines of MOFs hybrid Li* with ILs, MOFs hybrid Li* with ILs and
Li salt and pure MOFs with ILs and Li salt. Reproduced with permission [50]. Copyright 2021,
Roman Zettl and Ilie Hanzu. (b) Arrhenius plots of the nanostructured MOFs/Li-ILs with different
composition. Reproduced with permission [51]. Copyright 2019, Wiley. (c) The snapshot of the ions
of [Li0.2BMIMO.8][TFSI] IL in HKUST-1 MOF at different loading and the ion distribution of Li-free
reference system under identical conditions. Reproduced with permission [52]. Copyright 2021,
American Chemical Society.
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2.4. Improvement Direction of ILs@MOFs Electrolyte

Although research on the ionic conduction mechanism is not extensive, the general
direction for improving ILs@MOFs is clear: enhancing the IL accommodation capacity
of MOFs with high stability and striving to control the addition of ILs while ensuring
overall conductivity. Among those efforts on the performance improvement of ILs@MOFs
electrolyte, the synthesis of MOFs with core-shell structure has been extensively studied.
Mai et al. prepared the first MOF-in-MOF core-shell structure of UiO-66@UiO-67 and filled
the core-shell structure with the ionic liquid Li-[EMMI][TFSI] [53]. This unique structural
design combined the advantages of different types of MOFs, using UiO-67 material with
large pore size and high specific surface area as the external bulk of the ionic liquid load,
and small pore size UiO-66 material as the inner core to restrict the movement of large
ions inside ionic liquid (Figure 4a). Upon the same Li-IL addition, the compact granular
electrolyte (CSIL) showed a high room-temperature ionic conductivity of 2.1 x 1073Sem™1,
which exceeded that of UiO-66 by nearly five times. The ty;, is also twice as high as that
of UiO-67, reaching 0.63 (Figure 4b). The researchers found that the fabricated materials
did not form ILs@MOFs, which are prone to leakage, but formed nano-wetting interfaces
between adjacent nanoparticles in a dry powder state. The prepared liquid-containing
nanoparticles displayed excellent thermal, structural, and electrochemical stability and can
withstand a compression pressure of 30 MPa, exhibited a thermal degradation temperature
of over 360 °C, and showed an oxidative potential of up to 5.2 V. During a cycle stability
test under rate of 2C, the Li/CSIL/LiFePO4 (LFP) battery exhibited specific capacity of
158 mAh g~! and capacity retention of 99% after 100 cycles (Figure 4c). Although in-depth
investigations regarding the maximum internal liquid capacity of MOFs before and after the
formation of the core-shell structure are still required, their pioneering work demonstrating
the potential of core-shell structured MOFs as high-performance solid-state electrolyte
bodies remains relevant. Based on a similar thought, Tian et al. also proposed MOFs as
cores to form the MOF@PIN (polymerized ionic net-work) structure [54]. PIN as a network-
like polyconic liquid was used as a shell to adsorb IL to prevent leakage and provide
conductive pathways, and HKUST MOFs as a core to support the shell and improve the
structural ability to withstand pressure. Compared to solid PIN solids, HKUST@PIN
provides internal frame space which obtained an ILs loading of 250% (mass ratio). In
contrast to hollow PIN, HKUST@PIN revealed a stronger interaction tendency towards
TFSI anions and thus exhibited a higher ty;,. Other researchers have also used MOFs as
shells and ceramic particles as cores inside the MOFs to increase the mechanical strength
and provide internal ion pathways [55]. On the one hand, ILs were stored in the external
HKUST-1 shell as well as in the voids of the reinforcement layer to facilitate the interfacial
ion diffusion of the nanomaterials. On the other hand, Li6.75La3Zr1.75Nb0.25012 (LLZN)
ceramic cores not only provide additional Li* pathways that facilitate ion transport such
as vacancy diffusion, interstitial atom diffusion and substitution diffusion [56,57], but also
provide a thermal stability of 300 °C and a high modulus of 71.49 MPa for the electrolyte
due to its excellent mechanical strength and heat endurance [58]. To illustrate the enhancing
effect of ILs@MOFs, the performance of the above-mentioned ILs@MOFs in batteries has
been summarized in Table 1.

However, as far as the current studies are concerned, several unsolved problems still
exist, including the enhancement of mechanical strength, which remains speculative with
indirect evidence, with the actual performance enhancement not as effective as claimed. In
view of this, future efforts on improving comprehensive performances of ILs@MOFs need
to focus more on the mechanism analysis and the use of more complete argumentation
methods. From another point of view, using MOFs-in-Polymer (such as HKUST@PIN),
which can combine the advantages of polymer, ILs and MOFs, and ILs@MOFs, as polymer
electrolyte filler can also be promising.
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Figure 4. (a) Schematic diagram of the architecture UIO-66@67 with corresponding TEM image and
continuous ionic pathways within nanowetted interface and particles in UIO-66@67 with Ils (CSIL).
Reproduced with permission [53]. Copyright 2021, Wiley. (b) DC polarization curve and tg;, of
UIO-66@67 with Ils. Reproduced with permission [53]. Copyright 2021, Wiley. (c) Room temperature
cycling stability (blue line) and Coulombic efficiencies (yellow line) of Li/CSIL/LFP under 0.2C.
Reproduced with permission [53]. Copyright 2021, Wiley.

3. ILs@MOFs as Filler of Composite Electrolyte
3.1. Advantages and Bottlenecks of ILs/MOFs in Composite Electrolyte

As an important functional filler of CPEs, MOFs have been widely used [59-62]. On
the one hand, the surface metal nodes as well as functional groups can interact with lithium
salt and polymer, therefore facilitating the solvation of lithium salt and the Li ion transport
through segment movement [63]. The defect of metal nodes may bring ion conduction
to the crystal, making MOFs competitive fillers in enhancing ionic conduction efficiency
for composite polymer electrolytes. On the other hand, as with traditional filler, rapid
interphase conduction between polymer electrolyte and fillers can improve electrochemical
performance [64].

Since MOFs have been extensively studied as CPE fillers, the interaction of polymers
with ionic liquids has also attracted the attention of researchers. In general, ionic liquids
are able to form ILs-Gel gel electrolytes with suitable polymers, acting as plasticizers [65].
To reduce the crystallinity of polyethylene oxide (PEO), ionic liquids [EMIM][TFSI] were
added to PEO solid electrolytes to obtain a room-temperature ionic conductivity of up to
1.85 x 1074 Sem! by Polu et al. [66]. Considering the narrow electrochemical window of
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MOF fibrous membrane

PEO, Hofmann added 1-ethyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)azanide
(EMPyrr-TFSA) ILs into PEO, which achieved an electrochemical stabilization window of
0~5.2 V while obtaining a room temperature ionic conductivity at the mS cm~! level [67].
Further substituting PEO matrix with PVDE-HFP, a wider electrochemical stable win-
dow of 0~6.2 V can be obtained. Apart from that, researchers also used ionic liquids to
replace flammable organic solutions, thus improving the thermal stability and safety of
electrolytes [68].

Previous studies revealed that as framework structure compounds rich in OMS, MOFs
materials can encapsulate organic solutions to form quasi-solid electrolytes [41,57]. There-
fore, the application of MOFs can be extended into polymer electrolytes to act as fillers
which would bind ILs (Figure 5). Firstly, the MOFs framework provided suppor to ILs,
which prevents the leakage of ILs during tight battery assembling and also enhances the
mechanical strength of electrolyte. Secondly, the ILs provide extra ionic transport path-
ways inside MOFs to enhance conductivity (Figure 6a). Finally, the interaction of MOFs
particles and ILs reduces the addition of Ils to achieve approximate performance, which
lowers the production cost. Guo et al. synthesized a series of PEO-n-UiO CPE containing
Li-[EMIM][TFSI] for the first time in regards to reducing the mass fraction of [Is@MOFs
fillers based on the study of Ils@MOFs electrolytes [42,57,69]. Combining SEM, XRD and
DSC characterization results, the researchers found that the addition of ILs@MOFs still
retained the plasticizer effect of ILs in reducing the crystallinity of PEO. The resulting CPE
reached an optimized room temperature ionic conductivity of 1.7 x 107 S cm™!, and the
Li* transference number was increased to 0.35 due to the pore absorption effect of MOFs
on anions.

> single-ion polymer

Y
&
©
&8
&
[ rewnsimciea

\\\ / \ / T L

PIN shell connecting MOF particles for fast Li* transfer

Figure 5. The development from MOFs filler CPEs, ILs plasticized CPEs and MOFs and ILs PIN to
ILs @MOFs filler CPEs. Reproduced with permission [54]. Copyright 2023, Elsevier. Reproduced
with permission [70]. Copyright 2016, Wiley. Reproduced with permission [71]. Copyright 2022,
American Chemical Society.
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Figure 6. (a) The crosslinked composite solid electrolyte and Li* migration pathway. Reproduced
with permission [72]. Copyright 2020, American Chemical Society. (b) The van der Waals volumes of
EMIM* and TFSI™ and structure of ZIF-based ionic conductor after incorporating (EMIMO0.83Li0.17)
TESIL Reproduced with permission [72]. Copyright 2020, American Chemical Society. (c) Schematic
illustration of structure of hollow ZIF-8/IL filler and the its function in storage LiTFSI. Reproduced
with permission [73]. Copyright 2022, Wiley. (d) XPS N 1s spectra of PEO CPE and ILs@MOFs
CPE, reflected the extra N* from [EMIM][TFSI] ILs. Reproduced with permission [73]. Copyright
2022, Wiley.

Mai et al. selected ZIF-8 materials with micropore sizes that matched the size of
EMIM* ions as MOFs framework to accommodate ionic liquids, which obtained a ty i, up
to 0.67 [72]. Explanation for this performance enhancement lies in the confining effect
of ZIF framework on EMIM* and TFSI™ in lithium-containing ionic liquids with a large
ionic radius, making them difficult to diffuse under the drive of electric field (Figure 6b).
Meanwhile, the zinc ion in ZIF-8 which acts as a Lewis acid center, can adsorb TFSI—
based on Lewis acid-base interaction, which immobilizes anion movement and promotes

* dissociation at the same time. The Lewis acid site also reduced the crystallinity of
polymer by the reduction of ion coupling; therefore, the ion migration ability is enhanced.
Consequently, a room-temperature ionic conductivity of 4.26 x 10~ and a tr;, of 0.67 were
achieved simultaneously. In addition to the advantages of ionic liquids themselves being
retained, the characteristics of MOFs can be better utilized when combined with polymer.
Luo et al. used tannic acid for etching to obtain ZIF-8 with larger size after the introduction
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of ionic liquids (Figure 6¢) [73]. They suggested that the effect of ZIF-8 on ionic liquids not
only lay in the adsorption of anions by Lewis acid, but also depended on the interaction
between imidazole N of ZIF-8 with N* of EMIM* [74]. This can be confirmed from N 1s
XPS spectra of EMIM™ in Figure 6d. Through density functional theory (DFT), researchers
found that the interaction made Li* inclined to combine with TFSI™ site and thus promoted
lithium-ion movement. The Li deposition and stripping stability was also found to be
improved in the cycling of symmetric lithium batteries. Conclusions were drawn by the
authors that, firstly, the insulate hollow ZIF-8 shell layer inhibits the generation of lithium
dendrites; secondly, the hollow inner cavity can accommodate the ionic liquid as well as
provide low-potential electron deposition of dead lithium, which alleviates the degradation
of polymer matrix; and finally, the rigid shell structure can mechanically block lithium
dendrites and prevent penetration.

However, as an inert filler, MOFs material not only provides insufficient conductivity,
but is also likely to agglomerate after exceeding the percolation threshold, which would
in reverse destroy the continuous transport pathways inside electrolyte [75]. Therefore,
preparation methodologies regarding the mixing of ILs@MOFs and polymers have also
been investigated by researchers. The traditional mixed coating technique inevitably
suffers from particle aggregation, which is caused by the decrease tendency of surface
energy. Moreover, a single ILs@MOFs filler may not achieve the complex performance
requirements. Exploring novel composite approaches using ionic liquids, MOFs, and
polymers can facilitate further enhancement of the performance of composite electrolytes.
Tu et al. proposed an in-situ growth approach to prepare CPE containing MOFs material,
followed by ionic liquid impregnation (Figure 7a). This ensured the uniform distribution of
MOFs in CPE which can be considered a promising way to enhance the comprehensive
performance of solid-state lithium batteries [76]. The Li* flux can be modified through
uniform growth MOFs to obtain homogenized lithium deposition. Yang et al., on the other
hand, used an electrostatic spinning technique to form hybrid composite fillers including
ILs@MOFs with flame retardant materials [77]. They poured PEO hybrid ILs@MOFs
composite polymer in the electrospinning framework structure constructed by polymer
fiber and flame-retardant materials, achieving improved flame retardancy and relieved
lithium ion concentration (Figure 7b). As shown in Figure 7c, Sun et al. used an electrospray
technique combined with electrostatic spinning to prepare highly stable polymer backbones
loaded with ILs@MOFs [78]. The electrospray technique can not only retain the integrity of
the fiber skeleton, but also ensure the uniform distribution of nanoparticles. Consequently,
more preparation methodologies such as in-situ growth, hybrid fillers and electrospray
should be developed to solve problems of particle aggregation as well as performance
deficiency. Although great promises have been delivered by these applications in the
combination of ionic liquids with polymer electrolytes, shortcomings still exist. For example,
the compatibility of ionic liquids with polymers generally limits the loading amount of ionic
liquids. Excessive addition not only reduces the mechanical strength of the electrolyte, but
also results in the leakage of ILs when the cell is assembled compactly with high pressure
loading [59,79]. Moreover, even though the ionic conductivity of the electrolyte can rise to
excellent levels, previous studies have demonstrated that the overall conductivity in ionic
liquids containing lithium salts is mostly contributed by the ionic liquid anion and cation,
while the Li* transference number is usually lower than 0.3 [80]. This would result in the
concentration polarization of effectively conducted lithium ions in the electrolyte, limiting
the charge/discharge capability of the battery, especially at a high C-rate [81].
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Figure 7. (a) The preparation method of in-situ growth ILs@MOFs CPEs, Reproduced with per-
mission [76]. Copyright 2022, American Chemical Society. (b) Schematic diagram of electrostatic
spinning ILs@MOFs CPEs. Reproduced with permission [82]. Copyright 2022, Elsevier. (c) The
preparation process of electrospray and electrostatic spinning ILs@MOFs CPEs. Reproduced with
permission [83]. Copyright 2022, Elsevier.

3.2. Ionic Transport Mechanism and Development Strategy of ILs@MOFs CPEs

Although many ILs@MOFs polymer electrolytes have been developed, the ion-dipole
interaction and ionic transport mechanism behind it still remain to be discovered. In terms
of factors influencing the Li* transport efficiency, the pore size of MOFs, as well as the
loading amount of ionic liquid, are concerned, since only the proper pore size can restrict
the movement of large ions and ILs exert great influence on polymer chain mobility and
carrier concentration. However, although horrow-ILs-ZIF-8 adds more lithium salts to
the ionic liquid than ILs-ZIF-8 in order to increase the lithium-ion migration number, the
tri+ was still lower than ILs-ZIF-8 (0.41 vs. 0.59) even though the etched hollow ZIF-8
exhibited a pore size nine times larger than the normal ZIF-8 [74,84]. Based on this irregular
variation trend, future studies on the relationship between pore size of MOFs and Li*
transfer number of electrolytes in the same framework system are particularly important.
Moreover, the loading conditions of ionic liquids in the pores of MOFs mainly depend
on the variation of particle pore volume and specific surface area, and if only the single
specific surface area variation is considered, the possible impact of ionic liquids wrapping
around the outside of MOFs will be ignored. Meanwhile, excess ionic liquids may exist
outside MOFs and form a triple layer structure of ILs@MOFs@ILs, which can be identified
by thermogravimetry analysis (TGA) in Figure 8a [77]. The exposed ionic liquid layer is not
only prone to leaking when added to the polymer electrolyte, but certain decomposition
may also occur for ionic liquids with narrow electrochemical windows (Figure 8b) [82].
In the study proposed by Yuan et al., it was found that although ILs@MOFs were able
to increase the ionic conductivity of the PEO electrolyte, the lithium-ion transfer number
decreased from 0.23 to 0.13 compared with pure PEO (Figure 8c). The reason for this
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phenomenon mainly lies in exceeding ILs addition in consideration of accommodation
limit, which resulted in the release of internal uncoordinated anions accompanied by the
increase of polarization degree [52,84]. Therefore, favorable ionic transport capabilities can
only be achieved with the right amount of ionic liquid. Unlike traditional CPEs, the addition
of ionic liquids increases the analysis complexity of the system from the perspective of
multi-components. The role of pure MOFs materials without the addition of ILs acts as both
solid plasticizer and Lewis acid site to disrupt the segmental regularity of polymer chain
and adsorb anions, and no additional Li* conduction pathways would be formed inside
MOFs due to its intrinsic inert nature. The crucial difference between MOFs and other inert
fillers is the ion restriction effect of the MOFs framework structure and the enhancement of
the Lewis acid-base interaction provided by the abundant metal sites. Upon the addition
of ionic liquids, additional ion transport paths can be taken into account in the composite
polymer electrolytes, which is similar to the percolation theory in the active filler contained-
CPE category [75], and the highest ion transport capacity can be achieved at the optimum
content of ILs@MOFs active fillers. The regulation is depicted as follows: at a low addition
of active filler, ion transport mainly occurs in the polymer phase, in which an ion migration
enhancement of the polymer chain with decreased crystallinity is achieved. When the filler
reaches the optimum content, Li* conduction routes can interconnect along the continuous
percolation interface on the MOFs surface and therefore enhance ionic conductivity through
the fast pathway (Figure 8d) [82].
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Figure 8. (a) TGA curves of ILs@MOFs and IL and MOF while the IL is EMI-TFSI and the MOFs is
ZIF-8. Reproduced with permission [82]. Copyright 2022, Elsevier. (b) The LSV curve of MOFs ILs
CPE, PEO@ZIF-8 and ZIF-8@EMI-TFSI. Reproduced with permission [82]. Copyright 2022, Elsevier.
(c) DC curves of PEO-only electrolyte and ILS@MOFs CPEs (insert: AC impedance test of symmetric
cells before and after polarization). Reproduced with permission [84]. Copyright 2020, American
Chemical Society. (d) The Li* conductive mechanism of CPEs. Reproduced with permission [82].
Copyright 2022, Elsevier.
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However, the highly conductive ionic transport paths would be blocked when the
content of particles continuous to increase and unavoidable aggregation occurs, and the ion
transport path through polymer matrix is also diluted by the aggregated fillers. Although
ions can be transported through the matrix and filler, the polymer phase and the inorganic
phase undergo mutual obstruction, which eventually leads to a decrease in ionic conductiv-
ity [85]. In the current study on the addition of ILs@MOFs, Sun et al. found a slight increase
in polymer ionic conductivity with the addition of small amounts of ILs@MOFs, and a
significant increase in conductivity can be obtained after the loading amount achieved
a certain extent, which triggered the generation of continuous ion channels [39]. Mai
et al., on the other hand, proposed a solid-liquid-like transport interface mechanism [72].
They concluded that the ILs@MOFs material added in the experiment acts as a high-speed
migration path for lithium-ion transport between polymer chains through experimental
and computational analysis of diffusion energy barriers. Lithium ions bounded by polymer
chain segments are solvated on the surface of ILs@MOFs by TFSI™ to enter the framework.
Simultaneous desolvation of an equal amount of lithium ions is transferred to other PEO
chains. The lithium ions in ILs@MOFs exhibit significantly stronger mobility, and the
electron density in the micropores changes after the addition of ionic liquids. It is difficult
to determine both the lithium ion and external lithium salt concentrations and energy levels
inside the filler, which poses a new challenge to the application of space charge layer theory.
More scientific evaluation methods for compatibility of ionic liquids, MOFs materials, and
polymeric substrates, and Li* migration paths in the solid-liquid systems of ILs@MOFs are
still required for future research applications.

4. Conclusions and Perspectives

In this review, the main advances in hybrid solid-state electrolytes associated with
MOFs materials are highlighted. As an important candidate technology for next-generation
electrochemical energy storage devices and two application aspect for MOFs-based solid
electrolytes are discussed in this paper, including the employment of ILs@MOFs materials
as conductive bodies, and ILs@MOFs as composite polymer electrolyte fillers. As an
emerging fast ion transport material, ionic liquids in combination with MOFs in framework
structures can combine the advantages of ILs and MOFs to enhance ion transport capacity
and ion selectivity and improve interfaces while achieving liquid encapsulation to improve
the overall structural stability. ILs@MOFs hybrid electrolytes utilize a robust framework
to enhance dendrite resistance and restrict internal fluid flow to prevent leakage. The
organic framework with metal ions offers an enhanced lithium-ion transference number
due to the confining effect on both anions and cations, and the absorption of anions on
metal nodes. The internal ionic liquid provides rapid ion transfers within the crystal and
intergranular wetting interfaces, which also reduces system flammability. Therefore, the
matching of pore size with ions and the adjustment of Lewis acidity can better perform
the role of host and guest. Consequently, the possible ion transport mechanism is mainly
one-dimensional ion transport within the framework of MOFs, where Li* ions dissociate
and transfer at the solid-phase interface and the internal solvent. Although the complex ion
transport mechanism and precise role of ILs in this system still need deeper investigation,
the application of ILs@MOFs has shown promising prospects, which provides a structural
reference for new solid electrolytes.

The use of ILs@MOFs materials as fillers for polymers originates from the combination
of multifunctional MOFs framework structure and ILs plasticizer with high ionic conductiv-
ity. While using ILs@MOFs materials as polymer electrolyte fillers, novel low-energy paths
for ion transportation can be formed, in which the solid-liquid-like interfacial conduction
mode in the polymer greatly improves the Li* transport speed of the electrolyte. Therefore,
the overall ionic conduction network is composed of Li* transport pathways formed at
the interface between MOFs fillers as well as the solvate-desolvate ILs conduction routes
inside the polymer matrix, originating from both chain segment movement and interfacial
percolation interfacial theory. Moreover, compared to direct IL addition, ILs@MOF also
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plays a better role in limiting adsorption and stabilization, improving ion selectivity and
structural stability effectively. In view of the above-mentioned advantages and prospects,
the higher application feasibility of MOFs as solid electrolyte also sheds light on its possible
future commercialization.

Allin all, ILs@MOFs materials are a promising solid-state electrolyte candidate, either

used as bulk material or fillers. Comprehensive performances of ILs@MOFs can be achieved
through the complementary individual components including ILs and MOFs, in which ILs
provide ion conductivity and surface wettability, and MOFs provide structural support
and functional sites. However, the interaction mechanism between ILs and MOFs still
requires further research, such as on solvation and desolation behavior at the ILs@MOFs
surface. More importantly, the inner ion transportation mechanism of the ILs@MOFs system
remains unclear, which needs more illustration in order to guide frontier technologies.
Future research can address:

1.

The development of new MOFs materials. MOFs materials have powerful modular
properties due to the rich variety of inorganic metal centers and bridging organic
ligands in combination with various grafting methods. For lithium conduction in
Li-ion batteries, the composition of the MOFs material will determine the strength of
the encapsulant-frame interaction. The reasonable regulation on Lewis acidity and
charge density of MOFs material will effectively improve the ionic conductivity and
selectivity of the hybrid electrolyte.

Developing evaluation methods for the performance of ILs@MOFs. While the encap-
sulation of different kinds of ILs in MOFs has become relatively common, the types of
ILs and the generated transference properties are not yet well summarized and are
still in the mapping stage. Therefore, theoretical calculations of ILs and systematic
encapsulation schemes based on theoretical and practical phenomena are particularly
important for the systematic development of ILs@MOFs hybrid electrolytes.
Deepening the study of key structural factors for MOFs. Due to the complex topology
of MOFs materials, the specific surface area, particle size and pore size of the formed
structures can have different effects on interaction with ILs and electrochemical
properties. The study of these structure-related relationships can better serve the
development of new ILs@MOFs materials.

Carrying out in-depth theoretical studies on ion transport mechanisms. The mecha-
nism of lithium-ion transport can serve as an important guide for the design of both
electrolyte systems with ILs@MOFs as the main body and composite polymer systems
with ILs@MOFs as fillers. As a new type of solid electrolyte system, the transport
mechanism of ILs@MOFs as the main electrolyte system has not been clarified in rela-
tion to the type and amount of inner or external ILs. Thus, the basis of the conduction
theory still needs to be clarified. Nonetheless, the transport mechanism regarding
MOFs in composite polymer systems can be explained using the common theory of
composite electrolyte systems to a certain extent, while the influence of their metal
sites and encapsulants on conduction still lacks empirical evidence and remains to be
explored. Along with more extensive experiments, basic conduction theory research
needs to be developed as soon as possible.

Deepening the analysis of electrolyte/electrode interfacial evolution processes. In elec-
trolyte with ILs@MOFs as the main body, the stability of ILs@MOFs in contact with the
lithium anode interface directly affects the SEI generation and the growth of dendrites.
Therefore, ensuring good contact between the interface of rigid ILs@MOFs materials
and electrodes as well as providing high mechanical strength and thermodynamics
stability for electrolyte against electrode is urgent. A thorough theoretical study of
the multiple interfaces related to ILs@MOFs can better integrate it with the existing
theoretical system and facilitate further theoretical design and practical applications.
The integrated development of ILs@MOFs in the mass production of electrolytes. In
industrialized battery design, factors such as raw material production process, match-
ing degree with present manufacturing procedures, and overall battery performance
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need to be considered. ILs@MOFs materials can be synthesized at room temperature
or using hydrothermal methods, which can meet commercial large-scale production
requirements. Due to the precedent of commercial polymers, electrolyte membranes
can be easily prepared through solution-casting technique by the simple mixing and
flowing of precursor polymer solution containing ILs@MOFs fillers. However, the cur-
rent problem is the high price of raw materials such as ionic liquids and the difficulty
of ensuring uniformity in large-scale production. The development of sustainable,
environmentally friendly, low-cost mass production solutions is of great significance
for practical production.
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Abstract: Solid sodium ion batteries (SIBs) show a significant amount of potential for development
as energy storage systems; therefore, there is an urgent need to explore an efficient solid electrolyte
for SIBs. NazZr;Si; PO, (NZSP) is regarded as one of the most potential solid-state electrolytes (SSE)
for SIBs, with good thermal stability and mechanical properties. However, NZSP has low room
temperature ionic conductivity and large interfacial impedance. F~ doped NZSP has a larger grain
size and density, which is beneficial for acquiring higher ionic conductivity, and the composite system
prepared with epoxy can further improve density and inhibit Na dendrite growth. The composite
system exhibits an outstanding Na* conductivity of 0.67 mS cm ™! at room temperature and an ionic
mobility number of 0.79. It also has a wider electrochemical stability window and cycling stability.

Keywords: sodium ion battery; epoxy-NZSPF 7; composite solid electrolyte; solid-state electrolyte

1. Introduction

Energy storage systems (ESSs) are gradually becoming essential and important in
people’s daily lives, as these can provide us with convenience in many aspects [1-4]. As
a hopeful substitute for lithium-ion batteries (LIBs), SIBs have caught the attention of a
number of researchers recently because of their rich sodium resources, low prices and
excellent sustainability. However, because sodium is more reactive than lithium, it is more
likely to form dendrites in the conventional liquid electrolyte battery system, posing serious
efficiency problems and safety hazards. Hence, research on solid or quasi-solid sodium ion
batteries is of great importance for improving battery efficiency and safety [5-16].

To date, different types of sodium materials, such as Na-3”-Al,O3, sulfides, polymers,
and Na superionic conductor (NASICON) have been reported for use as sodium ion solid-
state electrolytes. As a solid electrolyte, Na-f3”-Al,O3 is now successfully used in Na-S
batteries; however, it is sensitive to moisture [17] and has a high preparation temperature,
which poses some limitations to its production applications. Most sulfide-based solid
electrolytes are limited in their application due to their instability in air [18] and narrow
electrochemical stability window [19], despite their high ionic conductivity and good
ductility. The polymer solid electrolyte is flexible, and the contact between it and the
electrode is flexible, which makes it malleable and easy to process and shape. However,
the ionic conductivity and ion transfer number dose not meet the imposed requirements
when using at room temperature. To achieve ionic conductivity for battery applications,
a temperature of 60 °C or higher is required. This temperature approaches the melting
point of anode, Na (97 °C), which can cause safety problems. By comparing with the
sodium-ion solid electrolyte above, a significant amount of attention has been devoted
to NASICON (Nay4xZr;SixP3_«O12) because of its high ionic conductivity, wide window
of electrochemical stability and stability in air. Hong [20] and Goodenough [21] were the
first to study Nay,, ZrySixP3_xO1s. The highest ionic conductivity was 1074 Sem ™! (x = 2)
at room temperature [20,22]. It has also been further improved by doping modifications
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of NASICON. The rare earth element La-doped NazZr,Si;PO1, has an ionic conductivity
comparable with that of ionic liquid electrolytes (107" S em™1) [23].

In recent years, several studies have reported anion-assisted ways to increase the room
temperature’s ionic conductivity [23-25]. Lu et al. modified the Lig25Gag25La3zZr201,
crystals via F~assisted synthesis to generate smoother and quicker diffusion channels for
Li*, thus improving the ionic conductivity [23]. Li et al. reported that anion-substituted
LizyLay/3-xTiO3 has a higher ionic conductivity [24]. Goodenough reports that the sub-
stitution of F for OH, which allows Li(OH)( 9F(1Cl to have an improved Li* diffusion
path [26]. Although anion-assisted NZSPs have high ionic conductivity, they still do not
provide effective inhibition of dendrite growth, resulting in uneven Na plating or streaking,
leading to poor cell performance. This is because voids still exist on the surface of the
SSE, leading to the uneven deposition of Na on the electrode surface and promoting the
growth of dendrites. Here, we investigated F~-assisted NZSP solid electrolyte materials.
It was found that the grain size and densities of NZSP increased with the introduction
of F. However, it is still not enough to inhibit the growth of Na dendrites. Then, we
prepared a composite system by depositing epoxy into the pores of NZSPF via vacuum
adsorption. The composite system greatly modified the cycling performance of the cell
with almost no decrease in ionic conductivity and no increase in impedance. The ionic
conductivity of epoxy-NZSPF 7 is 0.67 mS cm ! (NZSPF 7 is 0.95 mS cm ™). In addition,
epoxy-NZSPF 7 has a wider electrochemical stability window. Finally, we also assembled
a Na |l epoxy-NZSPF 7 | Na3V,(POy)3 quasi-solid SIB, with good cycling performance at
40 °C.

2. Materials and Methods
2.1. Synthesis of NZSPF Solid Electrolyte

Traditional solid-phase reactions were adopted to synthesize F~-assisted NZSPFy
materials. NayCOj3, ZrO,, SiO,, and NH4H;PO4 were weighed according to certain sto-
ichiometric ratios and then x mol of NaF (x = 0, 0.1, 0.3, 0.5, 0.7, and 1.0) was added
separately. The final results were labeled NZSPFy. Balls, materials and ethanol were added
to the ball mill tank in the ratio of 32:5:8. The milling was then carried out with a planetary
ball mill at 400 rpm for 10 h. The 12 h drying of precursors was carried out under vacuum
at 80 °C; then, the mixtures were transferred to a muffle furnace for 12 h preheating at
900 °C, followed by 3 h sintering at 1050 °C. The sintered powders were further ball-milled
at 200 rpm for 10 h to obtain a uniform powder size. During the ball-milling process, a
5% mass fraction of PVA solution was added to act as a binder. The pressing of powers
into pellets (diameter 16 mm, thickness 1 mm) was carried out at 120 MPa. Finally, the 4 h
sintering of pellets was carried out at 800 °C to remove the PVA solution. After cooling to
room temperature, the 24 h sintering of pellets was performed at 1100 °C to obtain NZSPFy
solid electrolyte.

2.2. Synthesis of Epoxy-NZSPF 7 Solid Electrolyte

The DGEBA (diglycidyl ether of bisphenol-A) and PACM (4,4’-diaminodicyclohexyl-
methane) were dissolved in THF in stoichiometric ratios to obtain 1 mol L~! solutions,
respectively. Then, the two solutions were mixed in a volume ratio of 2:1 (DGEBA:PACM)
and stirred for 1 h. The sintered NZSPF ceramic sheets in 2.1 were completely immersed
in the mixed solution, kept in a vacuum environment for 20 min and cycled three times.
The sintering of pellets was carried out at 150 °C for 24 h to obtain an epoxy-NZSPFy
solid electrolyte.

2.3. Characterization and Measurements

A Bruker D8 Advance X-ray diffractometer configured with Cu K« radiation in the
20 scope of 10-60° was adopted to collect the X-ray diffraction (XRD) patterns, and the
collection of data was carried out at 5° min~!. The chemical component in an Escalab
250Xi instrument from Thermo Scientific configured with an Al K« micro-focused X-ray
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source was demonstrated via X-ray photoelectron spectroscopy (XPS) tests. The collection
of Fourier transform infrared (FTIR) spectra were carried out on a Nicoletis 10 spectrometer
from Thermo Scientific. The spectrum was from 4000 cm ! to 400 cm~!. The microstruc-
tures of SSE were studied using scanning electron microscopy (SEM) (QUNATA-FEG). The
measurement of thermostability was carried out via thermogravimetric analysis (TGA) on
a Netzch STA449F3 analyzer under N, conditions at a heating rate of 10 °C/min from 25 to
700 °C.

A CHI660E (ChenHua) electrochemical workstation with an AC amplitude of 10 Mv
and a frequency scope from 10 Hz to 10° Hz was adopted to make electrochemical
impedance spectroscopy (EIS) tests at room temperature. A combination of direct-current
(DC) polarization and alternating-current (AC) impedance was used for the ion transference
number test. A CR2032 cell case was chosen to assemble a Na/NZSPF, /Na symmetric
battery. AN AC impedance test is performed on the battery before the DC polarization
test; then, a small bias voltage (5 mV) is added to the battery for the DC polarization test,
and after the planned current of the battery is stabilized, the battery is then tested for AC
impedance again. The electrochemical stability windows of NZSPF 7 and epoxy-NZSPF 7
solid electrolytes were evaluated with cyclic voltammetry (CV) and linear sweep voltamme-
try (LSV). The tests were performed on the Au | NZSPF; 7 | Na and Au | epoxy-NZSPF; 7 | Na
cells and the scanning rate was 0.2 mV s~! at room temperature. The electrochemical stabil-
ity test was carried out to test the interfacial stability and Na stripping—plating behavior.
The testing of assembled Na | NZSPFy | Na and Na | epoxy-NZSPF 7 | Na symmetric cells
was carried out on a Blue Power Test System CT2001A with a constant current density of
0.1 mA em~! at 40 °C.

The assembly of the full cell was carried out in an argon atmosphere glove box
using Na metal as the anode, NZSPF y and epoxy-NZSPF 7 as the solid electrolyte, and
NazV,(POy)3 as the cathode using a 2032 cell case. For the preparation of the cathode
electrode sheet, NazV,(POy)3, the mixture of acetylene black carbon and PVDF was carried
out in NMP with a mass ratio of 7:2:1. Using Al foil as a fluid collector, the coasting of the
slurry was carried out on the surface of Al foil, followed by 12 h OF drying under vacuum
at 80 °C to eliminate the NMP solvent. The Na metal, solid electrolyte and cathode pole
piece were assembled in the order of Na | epoxy-NZSPF0.7 | NazV,(POy);. The addition
of 10 puL liquid electrolyte (ethylene carbonate (EC) as the solvent and NaClOy as the salt)
was conducted between the solid electrolyte and the pole pieces to wet the contact surface.
The constant current charge/discharge test of the batteries was performed on the LAND
CT2001A test system at 40 °C to evaluate the long-cycle performance.

3. Results and Discussion

To investigate the influence of adding F~, we used XRD to measure the lattice structure
of samples with different fluorine contents. According to Figure S1, the main diffraction
peaks of NZSPF, (x =0, 0.1, 0.3, 0.5, 0.7, and 1.0) are consistent with the monoclinic NZSP
structure [27]. This phenomenon proves that the introduction of F~ did not destroy the
crystal structure. However, with the increase in NaF content, a ZrO, secondary phase
was detected. This may be due to the reaction of Si** /P> with F during the process of
high-temperature sintering, as it leads to a reduction in Si**/P>* content and, finally, the
deposition of the ZrO, secondary phase. In addition, no fluorine-related phases were
observed in the XRD patterns of all samples, which could be due to F occupying positions
in the lattice dot matrix or high-temperature volatilization.

These featured peaks of P-O and Si-O groups (Figure S2) were analyzed with FTIR
spectroscopy. All samples displayed the same stretching or bending vibration pattern.
The peaks at 598 and 1128 cm~! were ascribed to P-O stretching in tetrahedral PO43~
units [25,27], while the peaks at 501 and 863 cm ! were ascribed to the Si-O stretching
in tetrahedral SiO4*~ units [25,28]. These outcomes definitively prove that SiO44~ and
PO43 ~ units are in the NZSPF crystal structure. These peaks are shifted to varying degrees,
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presumably due to F occupying the position of the O element in the NZSPFy lattice, causing
the conformity of positive and negative centers in the lattice [26].

To further investigate the elemental composition of NZSPFy, XPS was used to char-
acterize NZSP, NZSPF ;. Figure S3a shows the full XPS spectra of NZSP and NZSPF ;.
Different peak areas corresponding to Na, Zr, Si, P, O are obviously found, which proves
that the major components of the ceramics is NZSPF 7. High-resolution XPS (Figure S3b) is
adopted to detect the F 1s peak, which proves the successful doping of the F element. The
binding energy at 684 eV corresponds to the F-5i/P bond [29,30], showing that the F~ takes
up the O?~ place in the NZSPF, lattice. The intensities of the P 2p and Si 2p peaks reduce
slightly under the help of F~ (Figure S3c,d), indicating a slight decrease in the concentration
of P5* and Si** because of the reaction of P>* /Si** with F and the volatilization of the results
at high temperatures. In addition, a slight shift in P 2p and Si 2p to a higher binding energy
was observed in NZSPF, 7 by comparing with the undoped sample, and the presence of
P/Si-F bonds [31] can explain this shift, which also proves that F~ takes up part of the 0%
sites in the NZSPF 7 lattice.

Although the doping of NaF can reduce the resistance of NZSP (Figure S5) and
improve the ionic conductivity (Figure S6), the cycling stability is deemed unsatisfactory
(Figure S7). This is because the NZSPF 7 grain boundaries are not dense, which also leads
to the ability of growing and forming Na dendrites in the crevices (Figure S9). Therefore,
it is necessary to modify NZSPF 7 to strengthen the interface between the SSE and the
electrode, and to stop the development of Na dendrites.

Figure 1a shows the FTIR spectra of the epoxy, NZSPF 7, and epoxy-NZSPF 7 com-
posite system. The FTIR spectra of epoxy-NZSPF; ; do not show new peaks, only a simple
superposition of the two monomers. This indicates that no new substances are produced in
the composite system and no reaction occurs between the two monomers. Figure 1b shows
the TGA curves of epoxy, NZSPF 7, and epoxy-NZSPF 7. It can be seen that in the tested
temperature range, NZSPF; ; does not undergo mass loss and is thermally stable, while
the mass loss of epoxy starts to occur at 300 °C and almost completely decomposes after
reaching 600 °C. This coincides with the weight loss range of the composite system, and
it can be determined that the mass loss of the composite system is caused by epoxy. This
indicates that epoxy was successfully filled into the voids of NZSPF 7, further improving
the densities of the ceramics (Figure S10).
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Figure 1. (a) FTIR spectra and (b) TGA analysis for NZSPF 7, epoxy and epoxy —NZSPF 5.

To observe the surface difference between NZSPF; ; and epoxy-NZSPF 7, and the
distribution of epoxy resin in NZSPFj7, SEM and EDS tests were performed on both
NZSPF, 7 (Figure S4) and epoxy-NZSPF ;7 (Figure 2). Figure 5S4 shows the SEM image of
NZSPF 7. The SEM images show that with the growth in NaF content, the size of NZSPFy
grains gradually grows larger. However, F promotes grain growth, reduces grain boundary
concentration and increases ceramic density to a certain extent, which can efficiently
decrease the grain boundary concentration, increase the ionic conductivity and reduce
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the grain boundary resistance [32,33]. There are still a large number of interstices in the
middle of the ceramic after high-temperature sintering, and the existence of these interstices
leads to uneven deposition of dendrites here and reduces the electrochemical performance.
Figure 2 shows the surface of epoxy-NZSPF; ; composite solid electrolyte after polishing;
compared with NZSPF 7, the gap in the composite system is significantly reduced, which
is a good verification of the increased densities. The denseness of epoxy-NZSPF7 is
97.6% and NZSPF 7 is 93.4%, while that of un-assisted NZSP is only 79.8%. This shows
that the filling of epoxy can raise the densities of the composite system because the prior
condition for a solid electrolyte to have a high ionic conductivity is a high density [34,35].
Additionally, Figure 2c displays the EDS discussion on the epoxy-NZSPFj 7 ceramic sample.
Because epoxy contains a large number of C elements, by observing the distribution of
C elements, we can find that epoxy is evenly distributed in the composite system. The
maps also confirm that O, P, Si, F, Na and Zr factors generally show an even homogeneous
distribution in the composite system, and the content of the F element is essentially the
same as that of NASPF 7.

Figure 2. SEM image of (a) NZSPF; 7 and (b) epoxy-NZSPF 7; (¢) EDS mapping of epoxy-NZSPE ;.

The electrical conductivities of the solid electrolyte were investigated with EIS. Fig-
ure 3a displays the impedance spectra of NZSPF 7 and epoxy-NZSPF 7. According to the
Nyquist curve, the resistance of NZSPF; 7 and epoxy-NZSPF 7 are calculated as 370 () and
420 Q. The overall conductivity measures from the EIS are 0.95 and 0.67 mS cm~!. The
impedance of epoxy-NZSPF; 7 becomes larger and the ionic conductivity decreases are
due to the fact that the epoxy impedance of the pure phase is extremely large; therefore,
filling the gap to NZSPF 7 results in a growth in the impedance and a decline in the ionic
conductivity of epoxy-NZSPF ;.
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Figure 3. (a) EIS measurements at room temperature; (b) LSV of the AulNZSPFy;|Na and
Aulepoxy—NZSPF 7 | Na cells at room temperature; (c) variable current cycling of Na | NZSPF; 7 | Na
and Na | epoxy—NZSPF 7 | Na symmetric cells (the current density is 0.1 mA cm~2 and becomes
0.2 mA cm 2 after 200 h).

To verify the conduction behavior of sodium ions, the sodium ion transfer number
(tna™) was determined. The tn,* (40 °C) of NZSPE) 7 was 0.84, while that of epoxy-NZSPF 7
was 0.79. This proves that the filling of epoxy does not significantly affect the tn,* and Na*
is still transported by NZSPF 7 as a transport channel rather than epoxy.

In addition to having a high ionic conductivity, a wide-range electrochemical stability
window is also a basic necessity for SSE in actual use. The electrochemical stability win-
dows of NZSPF 7 and epoxy-NZSPF; is assessed via LSV with Au|NZSPF;; | Na and
Aulepoxy-NZSPF 7 | Na batteries with a scan rate of 0.2 mV s~1at30°C (Figure 3b). The
electrochemical stability window of the NZSPF 7 is 4.85 V, while the current intensity of
epoxy-NZSPF 7 remains constant in the range of 2-7 V. This indicates that the electrochem-
ical steadiness window of theepoxy-NZSPF, 7 up to 7 V. It is expected that epoxy-NZSPF 7
can be used as a high-voltage sodium battery. The electrochemical properties of NZSPF 7,
NZSPF; 7 and epoxy-NZSPF 7 are listed in Table 1.

Table 1. Electrochemical properties of NZSPF,, NZSPF; ; and epoxy-NZSPF ;.

Sample Impedance at Room Ionic Ton Transfer Number Electrochemical
P Temperature Conductivity Stabilization Window
NZSPFE, 1527 0.45 0.68 -
NZSPF 7 370 Q) 0.95mS cm~! 0.84 485V
epoxy-NZSPF 7 420 O 0.67 mS cm™! 0.79 7V

Figure 3c shows that epoxy-NZSPF 7 can be cycled steadily for above 200 h (100 cycles)
at a current density of 0.1 mA cm~2 with no fluctuation in potential, and remains stable
for nearly 200 h when the current density grows to 0.2 mA em~2. This indicates that
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epoxy-NZSPF ; can promote the even deposition of Na* and stop the Na dendrites from
developing. In contrast, NZSPF 7 could only keep steady at 0.1 mA em~2 and immediately
short-circuited at 0.2 mA cm~2. It can be noted that NZSPF 7 needs 5-10 h to adapt to the
electrode with significant potential fluctuations, while epoxy-NZSPF 7 hardly needs this
process. Compared to this, epoxy-NZSPF 7 requires a shorter activation time and does not
show significant short-circuiting after increasing the current, indicating that it has higher
electrode stability.

Finally, Na INZSPF;; | NagV,(PO,)3; and Na | epoxy-NZSPF; | NagV,(PO,)s solid
SIBs were assembled. Figure 4 shows the performances of batteries. The polarization of
NZSPF 7 is bigger with the gradual current rate growth (Figure 4a), while the charge/
discharge curve of epoxy-NZSPF 7 is smooth and the polarization is basically unchanged
(Figure 4b). The discharge specific capacities of epoxy-NZSPF 7 are 96.9, 80.1, 68.9 and
48.9 mAh g1 at 0.1C, 0.5C, 1C and 2C. In the case of the reversion of the current density to
1C and 0.5C, the given capacities are 60.8 and 70.5 mAh g*1 (Figure 4c). This shows that
when the current returns to the same rates, it has excellent reversibility and steadiness, al-
though the reversible capacity is slightly reduced. Figure 4d shows the cycling performance
of cells assembled with two different electrolytes at a current rate of 0.1C at 40 °C. The
discharge-specific capacity remains 93.7 mAh g~ ! after 150 cycles, which is 95.8% capacity
retention of initial capacity (97.8 mAh g~'). The mean coulombic efficiency is close to 99%,
which is only 79.1% for NazgV,(POy)3 | NZSPF) 7 | Na battery.
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Figure 4.

(a) Charging—discharging profiles of NazV,(POy)3 | NZSPF)7|Na at different ates;
(b,¢) charging-discharging profiles of Na3V,(POy)3 | epoxy-NZSPF, 7 | Na at different rates; (d) cycling
performance of the Na3V,(POy)3 | epoxy —NZSPF 7 | Na battery at a current density of 11.76 mA g’1 ;
(e) SEM image of sodium metal surface before cycling; SEM image of sodium metal surface of
(f) Na3zV,(POy)3 I NZSPF 7 | Na battery and (g) NazV,(POy4); | epoxy—NZSPF 7 | Na battery after
cycling.

Figure 4e-g shows the SEM images of the Na electrode surface. Obviously, after
150 cycles, Na dendrites were formed at the boundaries and voids of the NZSPF0.7 solid
electrolyte (Figure 4f), resulting in inhomogeneous Na plating/striping with a corre-
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sponding aggravation of the cell behavior [30]. However, the Na electrode surface of
NazV;,(POy)3 | epoxy-NZSPF 7 | Na battery was clean and smooth (Figure 4g), and almost
no Na deposition was found, indicating that the epoxy-filled dielectric material can effec-
tively prevent the formation of dendrites and enhance the battery cycling behavior.

4. Conclusions and Outlook

In conclusion, the grain boundary concentration of NZSP was effectively reduced by
introducing NaF into the NZSP solid electrolyte and a denser NZSPF;; with improved
ionic conductivity was obtained (0.98 mS cm~1); however, NZSPF;; did not stop the
development of sodium dendrites well and had poor interfacial properties. For this reason,
a composite solid electrolyte epoxy-NZSPF; 7 was prepared via simply vacuum adsorption
and by filling the interstitial space of NZSPF; 7 with epoxy and curing it. Epoxy-NZSPF 7
combines the great ionic conductivity of inorganic electrolytes as well as the good interfacial
contact from organic polymer electrolytes, with high ionic conductivity (0.67 mS cem™ 1)
as well as excellent interfacial performance and cycling behavior (the initial capacity of
cells is 97.9 mAh g~ ! with a 96.4% retention rate after 150 turns). According to the above-
presented results, this study may offer a novel idea for research concerning solid electrolytes
for sodium-ion batteries.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/batteries9060331/s1. Figure S1. (a) XRD patterns of
NZSPFx (x = 0, 0.1, 0.3, 0.5, 0.7, and 1.0); Figure S2. FTIR spectras of NZSPFx (x = 0, 0.1, 0.3,
0.5, 0.7, and 1.0); Figure S3. XPS spectra of (a) survey spectra, (b) F 1s, (c) P 2p and (d) Si 2p of
NZSPF0.7; Figure S4. SEM images of NZSPFx ceramic pellets, (a) x = 0, (b) x = 0.1, (c) x = 0.3, (d)
x =0.5, (e) x = 0.7, and (f) x = 1.0; (g/h) the corresponding elemental mapping in the square of (e)
image; (h) densities and relative densities of NZSPFx; Figure S5. EIS measurements performed of
NZSPFx (x =0, 0.1,0.3, 0.5, 0.7, and 1.0) solid electrolytes; Figure S6. Ion conductivity (red) and ion
transfer number (blue) of NZSPFx (x =0, 0.1, 0.3, 0.5, 0.7, and 1.0) solid electrolytes; Figure S7. cycling
performance of Na3V2(PO4)3 | NZSPF0.7 | Na battery; Figure S8. Arrhenius plots of NZSPFx (x = 0,
0.1,0.3,0.5,0.7, and 1.0) solid electrolytes; Figure S9. SEM images of the sodium metal surface of cell
Na3V2(PO4)3 | NZSPF0.7 | Na (a) before and (b) after cycling; Figure S10. The densities of NZSPF0.7
and epoxy- NZSPF0.7; Figure S11. Variable current cycling of Na | NZSPF0.7 | Na symmetric cells
(the current density is 0.1 mA cm~2 and becomes 0.2 mA cm ™2 after 200 h); Figure S12. Variable
current cycling of Na | epoxy-NZSPF0.7 | Na symmetric cells (the current density is 0.1 mA cm~2 and
becomes 0.2 mA cm 2 after 200 h); Table S1. Chemical composition for NZSPFx (x =0, 0.1, 0.3, 0.5,
07,1.0).
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Abstract: Nature-abundant sodium metal is regarded as ideal anode material for advanced batteries
due to its high specific capacity of 1166 mAh g~! and low redox potential of —2.71 V. However,
the uncontrollable dendritic Na formation and low coulombic efficiency remain major obstacles
to its application. Notably, the unstable and inhomogeneous solid electrolyte interphase (SEI) is
recognized to be the root cause. As the SEI layer plays a critical role in regulating uniform Na
deposition and improving cycling stability, SEI modification, especially artificial SEI modification, has
been extensively investigated recently. In this regard, we discuss the advances in artificial interface
engineering from the aspects of inorganic, organic and hybrid inorganic/organic protective layers.
We also highlight key prospects for further investigations.

Keywords: sodium metal; artificial SEI; dendrite formation; batteries

1. Introduction

To date, sodium (Na) ion batteries have been commercialized as a supplemental
technology for lithium (Li) ion batteries due to natural-abundant Na resources and low
costs [1]. However, the energy density of Na ion batteries appears to be unsatisfactory as
compared to updated Li ion batteries [2,3]. To meet the rapidly growing demands for the
energy density of Na ion batteries, the development of advanced electrode materials with
high capacity is highly desired [4].

Among various materials, the metal Na has been proposed as an ideal candidate
due to its high specific capacity (1166 mAh gfl) and low redox potential (—=2.71 V) [5-7].
In this regard, investigations regarding Na-based batteries, including Na-S, Na-O, and
Na-CO; batteries, have been widely reported [5]. However, the cycling performances
and safety issues of Na anodes remain unsatisfactory. It has been reported that growth of
dendrites may be the root reason. The spontaneous reaction between Na and electrolytes
can form a chemically/mechanically unstable solid electrolyte interphase (SEI), which
cannot maintain long-term cycling of the Na anode [8,9]. During plating/stripping, the SEI
would be thickened, broken and collapsed [7,9], inducing dendrite formation. Additionally,
the thickness change during Na plating/stripping can lead to great local stress, making the
SEI much more unstable and more easily cracked [10,11]. In particular, the dendritic Na
can penetrate through the separator and detach from the matrix easily to form “dead” Na,
leading to battery short circuits and a short cycle life [11-14]. Therefore, effective efforts to
modify Na metal anodes are highly necessary.

Under this background, several approaches have been proposed to stabilize Na an-
odes: for instance, constructing a 3D host to resolve infinite volume expansion [6,14,15],
coating the separator to block Na dendrites [16,17] and employing an Na alloy to build
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stable anodes [18-20]. Although these approaches have some positive effects in sup-
pressing dendritic Na formation, the properties of SEI films remain unsatisfactory, and
the irreversible side reactions cannot be totally suppressed. The electrolyte modification
seems to be promising for increasing the stability of the SEI interphase. However, the
additives, salts and solvents cannot hold for long-term cycling due to continuous con-
sumption [11,21]. Accordingly, the ideal SEI for Na metal should possesses excellent
chemical/electrochemical stability, good ionic conductivity, even Na* flux/electric field
distribution, sufficient Young’s module, good flexibility and robustness [22]. In this regard,
artificial interphase engineering is of vital importance, since the protective layer can be
precisely designed and easily adjusted. More importantly, the artificial SEI boasts most of
the above-mentioned merits of an ideal SEI. So far, extensive research has been conducted
on artificial interphase configuration to improve the stability of the SEI [23,24]. Therefore,
it is necessary to summarize the research progress in artificial SEI design in recent years.

In this review, we discuss the advances in artificial interface engineering from the aspects
of inorganic, organic and hybrid inorganic/organic protective layers, as shown in Figure 1.
The specific modified materials, synthetic processes and properties of the artificial SEI layers
are systematically reviewed. Meanwhile, the working mechanism of these artificial SEIs is
also briefly analyzed. We also conclude by outlining future directions of artificial interphase
chemistry for advanced Na metal anodes. We hope this review can deepen the understanding
of artificial SEI layers by exploring stable and dendrite-free Na anodes.

Figure 1. Schematic illustration of artificial interface engineering from the aspects of inorganic,
organic and hybrid inorganic/organic protective layers. Different colors represent different artificial
SEI layers. For each artificial SEI layer, the typical materials are showed correspondingly.

2. Challenges for Dendrite-Free Na Metal Anodes

Like other alkali metals, Na is thermodynamically unstable; this is the root cause of
uncontrollable parasitic reactions and the formation of chemically/mechanically unstable
SEIs [23,24]. Figure 2a shows the main challenges of Na metal anodes. As compared with Li
metal, Na metal is more prone to deposits in dendritic morphology and suffers from severe
volume expansion [25,26]. During plating/stripping, the SEI can be cracked and form “dead”
and isolated Na. Meanwhile, the growth of dendrites can lead to battery short-circuiting. The
overall challenges regarding dendrite-free Na metal anodes are discussed below.
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Figure 2. (a) Schematic illustration of challenges for Na metal anodes [25]. Copyright 2018, Elsevier.
(b) The growth of dendrites and formation of “dead” Na [6]. Copyright 2020, Wiely-VCH.

2.1. High Reactivity

The Na atom can lose electrons to form Na™ easily. In dry air, the Na metal can react
with O; and CO,. When contacting water or moist air, the Na metal can form flammable
H, to cause fire or even explosions. Due to high reactivity, the Na metal will induce
unavoidable side reactions with liquid electrolytes, resulting in SEI formation, Na corrosion
and poor cycling performance, as shown in Figure 2b. Even worse, the leakage or breakage
of batteries can cause safety issues.

2.2. Unstable SEIs

It is expected that the ideal SEI layer is dense and inert so as to effectively isolate
electron transfer and prevent further parasitic reactions [24,27]. Nevertheless, the structure
of the SEI layer formed in common electrolytes is demonstrated to be porous and fragile.

As it is recognized, the properties of the SEI layer formed in common electrolytes de-
pend on the solvents, additives and Na salts. Typically, the SEI layer is mainly composed of
inorganic species (e.g., NaF, Na,O and Na,CO3) and organic species (e.g., RONa, ROCO,Na
and RCOONa; where R is the alkyl group) [25]. The possible formation mechanism is
summarized in the following equations [28,29].

C3H,05(EC) + 2Na* + 2¢~ — NayCOs + CoH, (1)
C5HyO3(PC) + 2Na* + 2e~ — NapCOs| + CsHy T @
C3H3FO3(FEC) + Na* + e~ — NaFJ + CO,1 + CH,CHO? @)
PFs~ +3Na* + 2¢~ — 3NaF|, + PF; @)

Na + 3Na* + 2e~ — 3NaF| + PF; )
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Meanwhile, the reduction of solvents can supply a large amount of oxygen atoms, lead-
ing to the formation of NayO. Owing to the lack of advanced characterization techniques,
the formation mechanism and detailed composition of the SEI layer remain controversial.
Further investigations are needed for understanding the mechanism. Additionally, the SEI
layer formed on the Na metal is dissolved in electrolytes more easily than that of Li [30,31].
Due to the non-uniform distribution of compositions, the ionic conductivity of the SEI layer
is spatial varying, resulting in uneven distribution of the Na* flux. Meanwhile, due to
the “host-less” nature of the Na matrix, the SEI layer cracks easily during repeated Na*
plating/stripping, which in turn accelerates dendrite growth due to increased Na* flux
and preferential Na* plating around the cracks. Furthermore, the repeated breakage of the
SEI layer also leads to uncontrollable electrolyte consumption, followed by low coulombic
efficiency and high SEI impedance [32,33]. As a result, Na metal with unsatisfied SEI
properties inevitably suffers from poor performance.

Based on previous research [34,35], further progress on building ideal SEI layers for
dendrite-free Na metal should be centered around the following characteristics: firstly, high
Na* conductivity so as to facilitate uniform Na* deposition and regulate preferential Na
plating; secondly, electrochemical stability and electronic insulation to prevent further side
reactions; thirdly, sufficiently robust to maintain long-term large volume expansion and
dendrite propagation; finally, homogeneous in composition to decentralize the Na* flux.

2.3. Uncontrollable Dendritic Na Formation

Dendrite growth is also a serious problem, as shown in Figure 2b. The dendrite growth
can penetrate the separator and form “dead” Na, leading to battery short circuiting and
poor cycling stability. The morphology of Na dendrites can be divided into needle-like,
tree-like and mossy-like types; however, it is difficult to distinguish them clearly. In most
case, these types of dendrites can co-exist in rechargeable batteries [36,37].

Based on previous research [38], it is widely accepted that the concentration of Na* will
decrease to zero near the surface in Sand’s time. Due to the spatial variation in ionic conductiv-
ity and the localized electric field, the rough surface will induce uneven Na™ plating/stripping,
resulting in dendrite formation. Subsequently, the tips of dendrites become hot sites for further
dendritic Na nucleation and growth due to their larger electric field and ionic concentration
gradients. Once the dendrite is nucleated, the growth rate of dendrites is a key parameter to
determine the lifetime of Na anode. According to Sand’s law, the speed of dendrite formation
is inversely proportional to the square of the deposition current [32,37,39,40].

Dendrite growth can expose the fresh Na surface to depletion of electrolytes and active
Na. Meanwhile, the unstable dendrites detach from the matrix to form “dead” Na. Through
microscopy observation, it has been proven that the porous Na dendrites can break away
from the bulk Na matrix easily, as compared with Li dendrites. The dendrites intrinsically
exhibit much higher chemical reactivity and weaker mechanical stability [39].

2.4. Severe Volume Expansion

The severe volume expansion can be regarded as the root cause of the continuous side
reactions. Theoretically, the thickness would increase by 8.86 um with 1 mAh cm 2 Na. To satisfy
industrial requirements, the deposited capacity would be above 3.5 mAh cm 2 [34,41]. Due to
uneven deposition, the practical volume variation would be more evident than theoretically
expected. In addition, due to the host-less nature, the volume expansion is considered to
be relatively infinite [42]. Meanwhile, due to lack of flexibility, the SEI can be cracked easily
during volume expansion, which accelerates the formation of “dead” Na and consumption of
electrolytes, as shown in Figure 2b.

To alleviate the volume expansion and mitigate the inner strain, nanostructured hosts
such as Cu foam [43—45], carbon matrix [42,46,47] and Mxene [48,49] are proposed to
accommodate Na. Nevertheless, these hosts increase the total weight and volume of the
Na anode at the expense of total energy density. The recent development of hosts for
dendrite-free Na metal has been discussed in several reviews [26,50].
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3. Advances in Artificial SEI Interphase

A stable SEI is the ultimate pursuit for achieving dendrite-free Na metal anodes. With
a deep understanding of the plating/stripping mechanism, several strategies (e.g., chemical
pretreatment, building protective film by advanced deposition technologies and free-
standing protective layers) for building artificial interphase have been proposed [36,37,39].
Typically, the chemical composition, structure and thickness of artificial SEI layers can
be precisely controlled by optimizing the reagent species, concentration, and reaction
temperature, time, etc. [36]. As reported, the artificial SEI can be classified into inorganic
rich or organic rich or their hybrids [24,51,52]. The characteristics of the inorganic rich and
organic rich SEI are schematically presented in Figure 3a,b. In this section, we will discuss
the recent advances in constructing artificial SEIs for stable Na metal anodes.

(a) Inorganic-enriched SEI

@ Na*(Faster transfer)

(b) Organic-enriched SEI

Figure 3. Schematic illustration of (a) inorganic-enriched SEI and (b) organic-enriched SEI on Na
metal [51]. Different colors represent different SEI species. Copyright 2021, Wiely-VCH.

3.1. Inorganic Interphase

Adopting the experiences and knowledge of LiX (X = F, Cl, Br, I) for dendrite sup-
pression in Li metal batteries, NaX are proposed for inorganic interphase configuration
through chemical pretreatment methods [22,36,53]. In the early stage, Wang et al. proposed
a simple chemical pretreatment of Na with a SbF3/DMC solution. Through an exchange
reaction, an inorganic SEI rich in NaF and Na3Sb alloy is formed. By taking advantage of
the synergistic effect of NaF and Na3Sb, the hybrid NaF/NazSb interphase greatly reduces
the surface reactivity and interfacial impedance [54,55]. Recently, the NaF-rich interphase
has also been reported by reaction with 1-butyl-2,3-dimethylimidazolium tetrafluoroborate
(BdmimBFy) [56], CoF; [57], AlF3-coated solid-state electrolytes [58] and triethylamine
trihydrofluoride [59]. The shear modulus of NaF is 31.4 GPa, which is much higher than
that of metallic Na (3.3 GPa); thus, it plays an important role in suppressing Na dendrite
growth [57,60]. Inspired by these works, NaCl-rich interphases have also been investigated.
For instance, Huang et al. adopted SnCl, to treat Na with the formation of the NaCl/Na-Sn
alloy interphase [61]. As expected, both rapid ion transportation and suppressed parasitic
reactions were obtained, which jointly achieved a nondendritic morphology over 500 h in
Nal INa batteries. Similar treatment methods have also been reported using ZnCl, and
SnCly [62-64]. Analogous to NaF and NaCl, the Nal- and NaBr-rich interphases were reported
by reaction with 1-iodopropane and 1-bromopropane, respectively [65,66]. In Na | | Na cells,
the Nal-coated Na was stable for 500 h under 0.25 mA cm™2 and 0.75 mAh cm ™2, while the
NaBr-coated Na was stable for 250 h under 1.0 mA cm 2 and 1.0 mAh cm 2. According to
the density functional theory calculations in Figure 4a, the energy barriers for interface ion
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diffusion decrease in the following order: NaF > NaCl ~ Nal > NaBr [66]. The lower energy
barrier is more favorable for nondendritic deposition.

The S-containing protective layer is also attractive for nondendritic Na plating/stripping
due to its high ionic conductivity. Sun et al. synthesized Na3PSy as an artificial protective
layer by reacting Na with P4Si¢ in diethylene glycol dimethyl ether. By controlling the
concentrations of P4S14 and the reacting time, the thickness and composition of the NazPSy
can be optimized. The thin NazPS, layer can reduce unwanted side reactions and uniform
Na™ flux during plating/stripping [67]. The MogSg and MoS, were also used for building
NayxMogSg and NayS protective layers, as shown in Figure 4b,c, respectively [68,69]. In
addition to NaX and the S-containing protective layer, the NasN layer is also attractive due to
its high ionic conductivity. In 2021, Sun et al. directly embedded NaNOj into the Na matrix to
form NagN and NaNxOy. As shown in Figure 4d,e, the NagN and NaNxOy provide good SEI
stability and Na* conductivity, while the remaining NaNOj; works as an SEI stabilized for
long-term cycling [70].

—_—
Q

—
o
&

B In vacuum
B JDFT fluid

8

°
@

o
3

Diffusion energy barier (V/atom)
o
2
&

o
8

Mg" MNa* Li* NaF NaCl NaBr Nal LiF LCI LBr LIl LIOH Li,CO,
Solid electrode interface (SEI)

(C) a..ws, ( d) pressing 1

<L D S

1
Mo Quantum Dots @

n\\s\\\\ﬁw\\\\\\\\\\i

NasS Mo Quantum Dots

2 @ o
R
£ |ne il

Conversion Reaction
4Na+MoS, —> 2Na,S+Mo

NaNOy<fA .

Sectional View

Na-MoS2 (CR) hybrid

Figure 4. (a) Calculated energy barriers for Mg, Na and Li atom diffusion on the surface with noted
chemistry [66]. In this paper, the * symbol marks the data points obtained from ref. [14]. Copyright 2017,
Nature. (b) The function of MogSg-formed NayMogSg protective layer [68]. Copyright 2019, American
Chemistry Society. (c) The fabrication of MoyS-based protective layer and the corresponding conversion
reaction [69]. Copyright 2017, American Chemistry Society. (d) Mechanically fabricated NaNOs;-derived
NagN/NaNxOy protective layer. (e) Image of the Na anodes with and without NaNO; [70]. Copyright
2021, American Chemistry Society. (f) Schematic illustration of red phosphorus formed Na3P layer and
the dendrite suppression mechanism [71]. Copyright 2021, Wiely-VCH.

Recently, Yu's group built a NazP protective layer to protect Na metal by treating
it with red phosphorus. As shown in Figure 4f, the Na3P layer can provide high ionic
conductivity of ~0.12 mS cm ™! and high Young’s modulus of 8.6 GPa, which regulates
uniform Na* flux and prevents the dendrite growth. As proven by cryo-TEM, the NasP
phase can remain after repeated plating/stripping, which is highly attractive for achieving
stable Na anodes. Benefiting from these advantages, the Na| | Na cells with a NasP artificial
layer present a nondendritic morphology for 780 h at 1.0 mA cm~2 and 1.0 mAh cm™2. In
addition, the artificial phosphorus derived protection layer was also applied for dendrite-
free potassium metal, with satisfactory performance [71]. More recently, Yu's group
also proved that the NayTe artificial interfacial layer showed similar advantages [72].

118



Batteries 2023, 9, 345

At 1.0 mA cm 2 and 1.0 mAh cm 2, the Na@Na,Te provides excellent cyclic stability for
700 h. As interfaces with a single component cannot meet all the requirements of an ideal
SEI, Wu et al. and Ji et al. further developed a hybrid NazP/NaBr interphase with faster
ionic conductivity compared with NasP [73,74]. Rui et al. also adopted V,S3 [75], VN [13],
VSe [76], VP, [77] and BiOCl [78] as precursors to build artificial heterogeneous interphase
layers. With vanadium and NazBi, a more uniform deposition of Na* is promoted and
better cycling performance is achieved.

The Na alloy interphases are also attractive. Due to the low reduction potential of
Na, the metal cations dissolved in solvents can spontaneously alloy with Na. For Li metal,
Li et al. immersed Li in Mg(TFSI), containing electrolytes, with the formation of Li-Mg
alloy [79]. The pre-alloying with Mg avoids the nucleation of Li at the hot points for
dendrite growth and prevents electrolyte corrosion. This approach also applies to Na
metal anodes. By taking advantage of Sn(TFSI),, a Na-Sn alloy interphase rich in NagSny
and Naj47Sn, can be obtained. Under 0.25 mAh cm~2, the Na| | Na cells can physically
mitigate dendrite growth for 1700 h due to their fast ion transport properties. Despite the
surface alloy, some cations can be reduced as metals, usually acting as nucleation seeds for
dendrite suppression [80]. Chen’s group used Bi(SO3CF3)3 to treat Na with the formation
of Bi. Under 0.5 mA cm~2, the Na-Bi anode can cycle for 1000 h without overpotential
increase [81]. Analogous AgTFSI and AgCF;SO3 were also achieved with the formation
of Ag seeds [82,83]. Notably, these species are also powerful for using as additives for
electrolyte modification [39]. More recently, Yu et al. also alloyed the Na surface with Ga
liquid metal and Sn foil via in-suit rolling [84-86].

In addition to chemical pretreatment methods for inorganic SEI configuration, the
physical deposition method is also proposed. Among the different technologies, the atomic
layer deposition (ALD) technology is most attractive, since it has long been used for
building advanced protective layers for batteries. Early in 2017, a thin Al,O3 protective
layer was achieved on Na through low-temperature plasma-enhanced ALD, as shown in
Figure 5a [87-89]. The low-temperature ALD can avoid the melting of Na (98 °C) due to
its low working temperature of 75 °C. Based on the growth rate of Al,O3, the thickness
of 10, 25 and 50 cycles of ALD Al,O3 is confirmed to be 1.4, 3.5 and 7 nm, respectively.
Attractively, the Al,O3 can convert into highly conductive NaAlOy during cycling. The
Na@Al,Oj3 displayed an island-like morphology up to 500 cycles, even at 3 mA cm 2.
Analogous to ALD, the molecular layer deposition (MLD) technology is also proposed for
building hybrid inorganic/organic protective layers [90]. The MLD will be discussed in the
following hybrid interphase section.

Another type of inorganic SEI is designed by using prefabricated free-standing films.
Typically, these free-standing films can improve the surface sodiophilicity with functional
groups. Meanwhile, with these free-standing films, the average plating/stripping coulom-
bic efficiency and cycling stability of Na | | Cu batteries is increased during long-term
cycling, indicating reduced side reactions. Peng et al. presented an O-functionalized 3D car-
bon nanotube film (O¢-CNT), as shown in Figure 5b [91]. According to DFT calculation, the
oxygen function group strongly interacts with Na*, as shown in Figure 5¢, which provides
a robust sodiophilic interphase. Benefiting from the sodiophilic nature, the Os-CNT offers
preferential Na nucleation with a reduced overpotential and improves the reaction kinetics.
Similar free-standing films are also proposed with O and N functioning 3D nanofibers
(ONCNFs) [92]. Despite 3D carbon nanofibers, 2D materials such as MXenes, graphene,
silicene, germanene, phosphorene, h-BN, SnS, SnSe and g-C3Njy film have also attracted
tremendous attention [93-95]. In order to accelerate surface Na* transfer and improve
the ionic conductivity of the protective layer, the introduction of defects, the increase in
bond length and the proximity effect should be seriously considered, as confirmed by
first-principles calculations. Meanwhile, their balance with surface stiffness for dendrite
suppression is also a critical factor. In this regard, Chen et al. used MXene and carbon
nanotubes (CNTs) to construct a 3D MXene/CNTs sodiophilic layer for rapid Na* diffusion
and dendrite suppression [96]. Li et al. also prepared Sn* pillared Ti3C; MXene [97]. The
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Sn?* can act as sodiophilic seeds and form highly conductive Naj5Sn, alloy to balance
the electric field. Tian et al. also reported Mgz*-decorated Ti3Cy MXene as a protective
layer for Na metal [98]. In addition to these, Wang et al. prepared a 3D sodiophilic TizC,
MXene@g-C3Ny hetero-interphase in Figure 5d, in which MXene acts as the highly con-
ductive substrate, and the g-C3Ny acts as an interfacial modulation layer to regulate Na*
deposition. As shown in Figure 5e, the Ti3C, MXene@g-C3Ny hetero-interphase shows the
largest adsorption energy, contributing to the formation of a sodiophilic surface [99]. In
conclusion, these free-standing protective layers possess tuned electronic properties, strong
sodiophilicity and structural robustness.
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Figure 5. (a) Schematic of the ALD deposition of Al,O3 with TMA and O, plasma [87]. Copy-
right 2017, Wiely-VCH. (b) The function of the O—CNT network in homogeneous nucleation and
smooth Na deposition. (c) Binding energies of Na with various functional groups [91]. Copy-
right 2019, Wiely-VCH. (d) The fabrication process of TizC; MXene@g—C3N, hetero—interphase
for dendrite suppression. (e) Binding energies of Na with Cu, TizC, MXene, g—C3Ny and TizCp
MXene@g—C3Ny [99]. Copyright 2022, American Chemistry Society.

3.2. Organic Interphase

Apart from the inorganic interphase, the organic interphase is also attractive, since the
precursor can be precisely designed and optimized at the molecular level [24,100,101]. The
organic SEI layer is capable of alleviating the volume expansion and preventing dendrite
growth due to its excellent flexibility.

Previously, the polar polymers (poly(dimethylsiloxane)(PDMS), polyacrylic acid(PAA),
etc.) were proven to be strongly interacting with Li*, which would be effective for regulating
uniform distribution of ion flux [102-104]. Inspired by these works, Ma’s group prepared a
fibrillar poly(1,1-difluoroethylene) (PVDF) fiber film (f-PVDF) with non-through pores by
electro-spinning. By working as a blocking interlayer for dendrite suppression, the f-PVDF
film is superior to the conventional compact PVDF film, PVDF film with through pores,
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polyethylene oxide (PEO) film, and polytetrafluoroethylene (PTFE) film. It is noticed that
the polar C-F group affinity to Na® is stronger than C-O groups in PEO, which provides
a better environment for uniform Na* deposition. Meanwhile, the f-PVDF shows better
electrolyte uptake for faster ion conductivity. More recently, Lu et al. protected Na metal
anodes by soaking them in 1,3-dioxolane (DOL), as shown in Figure 6a. The polar C-O of
DOL can break with the formation of poly(DOL), which enables a faster interfacial transport
and a lower interfacial resistance. In detail, the polymerization of DOL forms Na alkoxides
(CH30CH,CH,0ONa and CH3CH,;OCH,;ONa) and HCOONa. Then, the Na alkoxides
transform into RONa by further reacting with Na. Finally, the RONa and HCOONa in
turn react with DOL continuously. With protected poly(DOL), a cycling life over 2800 h
at TmA cm~2 can be obtained in symmetric cells. Lu et al. also proposed spraying DOL
for large-scale manufacturing [105]. Meanwhile, as shown in Figure 6b, Wei et al. also
used imidazolium ionic liquid monomers to prepare ionic membranes through in-suit
electro-polymerization. The obtained ionic membrane (about 50 nm thick) can regulate the
electric field and stabilize the Na anode [106].
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Figure 6. (a) Process of preparing poly(DOL)—protected Na metal [105]. Copyright 2021, Royal Society
of Chemistry. (b) In—suit polymerization of imidazolium ionic liquid monomers on Na [106]. Copyright
2017, Wiely-VCH. (c) The fabrication of a PhS;Nay—rich protection layer on Na [107]. Copyright
2019, Wiely-VCH. (d) The HCOONa protective layer on Na metal and Cu foil for Na | INazV,(POy)3
and HCOONa-Cu | | NazV;(POy); batteries [108]. Copyright 2023, Wiely-VCH. (e) Deposition of Na
morphology on Cu foil without and with the MOFs layer [109]. Copyright 2019, Elsevier.

In addition to polymer-based SEI, organic Na benzenedithiolate (PhS;Nay) and
HCOONa have also been reported, as shown in Figure 6¢,d. In 2020, Wu et al. reported a
PhS;Najy-rich protection layer for Na metal. They first chemically treated Na metal with Sg
and para-dichlorobenzene (p-DB) in tetrahydrofuran solution, along with the formation
of poly(phenylene sulfides) (PPS), NaCl, and NaySy. Then, it was converted into PhS;Na,
upon cycling. Using DFT calculations, they established the function of PhS,Naj; species.
Since the binding energy of Na* in PhS;Na; (—2.3 eV) and Ph-S-Na (—2.13 eV) is much
lower than that of CH3ONa (—2.49 eV), CH30CO,Na (—2.497 eV) and Na,CO;5 (—3.5 eV),
a higher ionic conductivity is proven for the PhS;Nay-based SEI [107]. More recently,
Zheng et al. treated Na with formic acid vapor via a solid—gas reaction strategy. After
10 s, the silvery-white Na surface changed into dark-red HCOONa, as confirmed by X-ray
diffraction and Raman spectroscopy. Then, the organic HCOONa layer could work as
a robust interfacial layer with a low Na* diffusion barrier. Additionally, the HCOONa
interface could also extend to anode-free batteries with format-modified collectors [108].

Recently, metal-organic frameworks (MOFs) and covalent organic frameworks (COFs)
have been reported to serve as ionic sieves to control uniform Na* plating. In 2019,
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Chen et al. prepared MOF-199 and ZIF-8 as a coating layer on a Cu substrate [109]. By
acting as a compact and robust shield, the MOF-199 layer can physically prevent dendrite
growth, thus regulating dense Na deposition and producing less excess SEI formation, as
shown in Figure 6e. Similar Mg-based MOF-74 has also been proposed by Yang et al. They
first prove that the main group II metals (Be, Mg, and Ba) can act as nucleation seeds for
homogeneous Na deposition. Benefiting from these merits, the Mg-based MOF-74 is used
to control Na deposition. With eliminated nucleation barriers, a uniform morphology can
be obtained [110]. The liquid MOF of ZIF-62 has also been proposed for building protective
layers for solid batteries [111]. The ZIF-62 interlayer is synthesized from the high-temperature
monophase of liquid MOE. The uniform ZIF-62 layer can increase interfacial sodiophilicity and
improve e~ /Na* transport kinetics. More recently, the sp? carbon COF (sp2¢-COF) functional
separator has also been built to induce a robust SEI [16]. The high-polarity architecture shows
a good affinity toward Na*, which helps to achieve a uniform ion flux and a nondendritic
morphology during plating/stripping [112,113]. To date, reports on applying MOFs and
COFs to prevent dendrite growth of Na metal remain limited.

3.3. Hybrid Interphase

To combine the advantages of artificial inorganic SEI and organic SEI, researchers
have proposed a hybrid organic-inorganic SEI, in which the inorganic components offer
sufficient mechanical strength to suppress dendrites and the organic components provide
a certain flexibility to alleviate the volume expansion. In 2017, Kim et al. presented a
free-standing inorganic/organic protective layer composed of mechanically robust Al,O3
and flexible PVDF polymer (FCPL). The FPCL has a high shear modulus, which is critical
for dendrite suppression. Nevertheless, the FCPL could not enhance cycling stability due
to its low ionic conductivity [114]. In order to further improve the ionic conductivity, Jiao
et al., using NaF and PVDF, prepared a similar free-standing and implantable artificial
film (FIAPL) to protect Na [115]. In FIAPL, the organic PVDF film could accommodate the
volume expansion and thereby maintain the integrity of the interface, while the inorganic
NaF particles could improve ionic conductivity and mechanical strength, resulting in
uniform Na nucleation and deposition. The same PVDF/NaF layer was also coated on Cu
substrate for Na deposition [116]. Inspired by the PVDF/NaF layer, Yu et al. further treated
Na with PTFE via in-suit rolling with the formation of NaF/organic carbon species, which
function with C=C and C-F groups [117]. They experimentally verified the high mechanical
strength, fast ionic kinetics and good sodiophilicity of this protective layer [117-120]. As
reported by Tao et al., the PTFE-derived NaF/carbon layer can be rapidly induced by
pressure and a diglyme-induced defluorination reaction, as shown in in Figure 7a. It is
explained that the diglyme can bond with Na easily to form chains of O-Na-O, which react
with PTFE film rapidly. Benefiting from these merits, the NaF/organic carbon protective
layer shows a long life of 1800 h under 3mAh cm~2. The authors also confirmed a similar
H,C-O-HnpC chain could be obtained using other solvents [121].

The polymer/metal interphases have also been proposed. The polymer film is flexible
to accommodate surface expansion, whereas the sodiophilic metal can offer sufficient Na*
ions and high mechanical modulus for dendrite-free plating/stripping. In 2020, Huang et al.
reported a well-designed artificial protective layer consisting of PVDF and Sn by coating a
Cu collector. [122]. With the PVDF-5Sn protective layer, a high average CE of 99.73% can be
obtained for 2800 h at 2 mA ecm~2. Li et al. also proposed a polyacrylonitrile (PAN) film
with a thin Sn layer coated on the bottom. As shown in Figure 7b, benefiting from the low
nucleation barrier of Sn seeds, the PAN-Sn protective layer can regulate Na deposition with
a controlled location and orientation [123]. More recently, in 2022, Li et al. constructed a
similar polymer PVDF and metal Bi layer on Cu substrate (PB@Cu). The cyclic voltammetry
and galvanostatic discharge curves in Figure 7c,d confirm the alloying/dealloying of Bi.
With Bi metal, the deposition kinetics of Na are increased. At 1 mA cm 2 and 1 mAh em 2,
the PVDEF-Bi layer provides a high utilization of Na and a long lifetime of 2500 h, as shown
in Figure 7e. The superior electrochemical performance of the PVDE-Bi layer is revealed to
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originate from flexible PVDF, which could accommodate severe volume change induced
by Na* plating/stripping. Meanwhile, the Bi and/or sodiated Na3Bi can offer high ionic
conductivity and sufficient mechanical strength [124].
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Figure 7. (a) Schematic of pressure and diglyme—induced defluorination reaction for preparing PTFE-
derived NaF/carbon layer [121]. Copyright 2023, Wiely-VCH. (b) Schematic illustration of PAN—Sn
guiding Na deposition with a controlled location and orientation [123]. Copyright 2020, Wiely-VCH.
(c) CV curves and (d) the first discharge curves of Na| | Cu batteries with bare Cu and PB@Cu.
(e) The voltage—time curves of Cu and PB@Cu with Na anode at 1 mA em~2and 1 mAh ecm 2 [124].
The plating of Na on Cu and Pb@Cu are highlighted with different colors, respectively. Copyright
2022, Elsevier.

In contrast to stiff and dense inorganic ALD coatings, MLD coatings are confirmed to
release volume expansion due to the reduced density and increased flexibility of hybrid
organic-inorganic layers [90]. Meanwhile, the hybrid layers provide higher tune ability, since
the integration of organic bonds in MLD coatings provides attractive chemical/electrochemical,
mechanical and electrical performances. As expected, the MLD technologies show significant
improvements in stabilizing Na metal without dendrite growth. As shown in Figure 8a,
in 2017, Zhao et al. used trimethylaluminum and ethylene glycol (Alucone) to introduce
an organic—inorganic composite layer on the Na anode via MLD at 85 °C. During experi-
mental testing, thicknesses of 10, 25 and 40 MLD cycles were performed. It was proven that
25 MLD cycles of AIEG (Na@25Alucone) were optimal. As reported, the SEI on Na@25Alucone
showed higher contents of beneficial NaF and Na,O [125].

The MLD technology is also beneficial for solid Na batteries. In 2020, Sun et al. also coated
the same Alucone via MLD between Na and solid Na3SbS3 and Na3PSy electrolytes, in which
the Alucone layer worked as an interfacial stabilizer [126]. As confirmed, the type of artificial
SEI layer is dependent on the ALD and MLD depositions cycles. If the deposition cycles of
ALD and MLD are small, it will form a nano-alloy interface; if the deposition cycles of ALD
and MLD are large, it will form full monolayer. More recently, in 2023, Sun et al. formed nano-
hybrid interfaces with nano-alloy and nano-laminated structures (from Al,O3 to Alucone)
through ALD-deposited inorganic Al,O3 and MLD-deposited organic Alucone for alkali
metal anodes, as shown in Figure 8b [127]. Time-of-flight secondary ion mass spectrometry
(TOF-SIMS) results are shown in Figure 8c—e; the Na—, Al~, CAL™ and AlO? are probed on
the Na surface, which is realized to be robust and chemically /electrochemically stable upon
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4. Conclusions and Perspectives

In this review, we summarize recent progress on artificial SEI design for Na metal
anodes. Some related studies are summarized in Table 1. The configuration of advanced
artificial SEI layers has been proposed by several researchers; this includes chemical coat-
ing, physical deposition, ex-suit conversion reactions and free-standing films. Based on
experimental understanding, the artificial SEI layer can be precisely designed by optimizing
the composition, thickness and morphology. Different types of artificial SEI films have
their own advantages and disadvantages in suppressing dendrite growth. The inorganic
artificial SEI layers usually show high ionic conductivity, good mechanical strength, high
Young’s modulus and excellent stability. However, the inorganic artificial SEI is brittle,
which makes them rupture easily during huge volume expansion. On the contrary, the
organic artificial SEI layers are usually highly elastic, which encourages intimate contact
with the Na matrix and the effective maintenance of volume expansion. Meanwhile, the
organic artificial SEI can be processed easily. However, the mechanical strength, Young’s
modulus and ionic conductivity of organic artificial SEI layers are much lower than those
of inorganic artificial SEI layers. As a result, the long-term cycling performance of the Na
anode with an organic artificial SEI layer is not very good. For the hybrid organic-inorganic
SEI, the inorganic components offer sufficient mechanical strength to suppress dendrites,
and the organic components provide a certain flexibility to alleviate the volume expansion.
At present, the hybrid artificial SEI layers are mainly prepared via ex-suit coatings, which
are limited in controlling the distribution and connection of inorganic-organic components.
At the same time, the transport of Na®* in the hybrid interphase is still limited. These pro-
tective layers are either highly conductive or demonstrate mechanical stiffness/flexibility.
Benefiting from these merits, the protective layers are highly effective in regulating uniform
Na™ deposition and suppressing dendritic Na formation.

Despite the advantages mentioned above, some challenges still need to be explored
for Na metal: (1) the effect of the physical structure, chemical composition, optimization
method and Na* diffusion mechanism on dendrite suppression should be further inves-
tigated; (2) the evolution and failure of artificial SEIs during plating/stripping need to
be studied; (3) advanced characterization technologies should be used to reveal the inner
relationship between the SEI and Na metal; (4) the design of SEIs should meet practical
conditions, especially with limited Na and lean electrolytes; (5) the formation/growth of
dendritic Na and the dynamic evolution of the interphase layer need to be fully understood
for better SEI configuration.

Table 1. A comparison of the electrochemical performances of various artificial SEI layers for
Na metal. In the table, EC, PC, FEC, DMC, DEC, EMC, DME, TEGDME and NaTFSI represent
ethylene carbonate, propylene carbonate, fluoroethylene carbonate, dimethyl carbonate, diethyl
carbonate, ethyl methyl carbonate, 1,2-dimethoxyethane, tetraethylene glycol dimethyl ether, and Na
bis(trifluoromethanesulfonyl)imide, respectively.

Current
Interphase Technique Electrolyte (z?p::lit;) Llf(e}tll)me Ref.
(mAh cm~—2)

NaF/Na3Sb In-suit reaction 1 M NaClOy in EC/PC/2%FEC 0.5,0.25 650 [54]
NaF In-suit reaction 1 M NaTFSI in DME 2,2 1000 [59]
Nal In-suit reaction 1 M NaClOy4 in EC/DEC/5%FEC 0.25,0.75 500 [65]

NaBr In-suit reaction 1M NaPFg in EC/PC 1,1 250 [66]
NayMogSg In-suit sodiation 1 M NaPFg in EC/DMC 0.5,/ 1200 [68]
NasP Rolling 1 M NaTFSI in FEC/EMC 1,1 780 [71]
Na,Te Rolling 1 M NaClOy in EC/DEC/5%FEC 1,1 700 [72]
NagP/NaBr In-suit reaction 1 M NaPF¢ in EC/DEC/5%FEC 1,1 700 [73]
Bi In-suit reaction 1 M NaSO;CFj3 in Diglyme 05,1 1000 [81]
Al,O3 ALD 1 M NaClOy in EC/DEC 0.25,0.125 450 [87]
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Table 1. Cont.

Current

Interphase Technique Electrolyte (2?;:2;) Llf(e}tl;me Ref.

(mAh cm—2)
O¢-CNT Free-standing films 1 M NaSO;CFj; in Diglyme 1,1 4500 [91]
Poly(DOL) In-suit reaction 1 M NaPFq in TEGDME 1,1 2800 [105]
PhS;Naj, Self-activation 1M NaPFé6 in EC/PC 1,1 800 [107]
HCOONa In-suit reaction 1 M NaPFg in Diglyme 2,1 2200 [108]
NaF/PVDF Rolling 1 M NaClO, in EC/DEC/2%FEC 1,1 770 [117]
PBDF/Bi Coating on Cu 1 M NaPFg in Diglyme 1,1 2700 [124]
Alucone MLD 1M NaPFg in EC/PC 1,1 270 [125]
Al,O3-Alucone ALD-MLD 1 M NaPFg in EC/DEC/FEC 3,1 1500 [127]

Artificial SEI layers with high ionic conductivity, high Young’s modulus and mechani-
cal flexibility are effective for suppressing dendritic Na formation. However, artificial SEIs
alone are insufficient to address all the existing issues of Na metal anodes. For these reasons,
multiple approaches with specific objectives are necessary for promoting the realization of
metal Na. We expect this review will promote a deeper understanding of the SEI of Na.
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