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INTRODUCTION

Despite the importance of peptide synthesis in medicinal chemistry, the current organic synthetic methods
for peptides were developed almost 50 years ago. Completely new synthetic methodologies are therefore
clearly necessary for modern organic synthesis. This article summarizes several new aspects in this regard
from our laboratory.

In the 1970s, we initiated research into Lewis acids, an amazing area of organic chemistry. Lewis acids
coordinate to various functional groups in substrates. After coordination, the reactivity of the functional
group changes significantly. This new chemistry of Lewis acid catalysts opened a new door for initiating
numerous new reactions for organic synthesis. For example, after coordination by a Lewis acid, the carbonyl
group reactivity changes completely". We have published numerous studies and revealed several leading
principles of these new reactions"”. However, the changes in reactivity are only for one functional group of a
given substrate. This chemistry is known as a “reagent-controlled” or “catalyst-controlled” reaction. In fact,
most of the organic reactions known to humans originate from reagent-controlled reactions. In contrast,
most biological reactions in the human body proceed through multiple functional groups of the same
substrate. This multi-functional interaction is known as a “substrate-controlled” reaction. We are interested
in substrate-controlled reactions and have reported a number of reactions, including the asymmetric
epoxidation of olefinic alcohols*.

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0
By International License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, sharing,
adaptation, distribution and reproduction in any medium or format, for any purpose, even commercially, as

long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and
indicate if changes were made.
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In 2010, I decided to change my research area and initiate research toward peptide synthesis. The history of
peptide synthesis really began in the 1960s. At that time, Dr. Merrifield reported an amazingly useful solid
phase peptide synthesis (SPPS), and since then, the method has been broadly used in research labs and
industry. However, this method presents several serious problems that make the application of peptides as a
new modality for the drug market very challenging. The issues of SPPS are as follows: linear synthesis;
racemization; prevention of analysis during synthesis; exceedingly low yields; costly purification. These
problems have also been discussed by major pharmaceutical companies in the important journal,
J Org Chem®. In little over a decade, we succeeded in developing a completely new methodology for peptide
synthesis [Figure 1]. In fact, most of our new methodology depends on substrate-controlled reactions, in
spite of Merrifield’s method that depends on reagent-controlled reactions.

Let me give you some examples of the differences between the two methodologies. Most of the SPPS
method depends on reagent-controlled reactions. Specifically, the method depends on carboxylic acid
activation. Numerous activation reagents have been developed, and in fact, many are commercially
available. Our substrate-controlled reactions depend on tantalum-catalyzed reactions [Figure 2]. Ta metal
has a strong affinity to oxygen but a weaker affinity to nitrogen. This unique property plays an important

role in this transformation and no other metal ions work for this purpose'**®.

Starting with this peptide synthesis, we decided to develop a completely new and transformative
methodology from the previous SPPS methodology.

Importance of convergent synthesis

We have successfully changed from a linear to a convergent synthetic route [Figure 3]. This is related to the
later described protecting group-free strategy, where the protecting group-free protocols for both the head
and tail amino acid and carboxylic acid groups are successfully activated to realize the simultaneous
synthesis from three components (m + n + o). As a result, not only can 50-peptide insulin be synthesized
but also the 100-peptide limit is closer to being achieved®.

Amide to amide transformation is reasonably rare in organic synthesis. In this case, an amide bond is
activated by the Boc group of an amino acid to thus generate a new longer peptide. The method can also be
used for peptide bond formation as a convergent methodology [Figure 4]"..

Use of safe solvents

In order to use solvents safe for humans, we have developed a supersilyl method that increases the
lipophilicity of peptides and have successfully used ordinary solvents, such as ethyl acetate, toluene, and
acetonitrile [Figure 5]"..

Reduction in use of resin materials

Since this is a solution method, the expensive solid resin is not used. In fact, solid phase peptide synthesis is
based on resin, which has a rather large molecular weight and, moreover, is difficult to analyze after the
reaction.

Protecting group-free synthesis

Using various inexpensive metal reactants, the first protection group-free peptide synthesis was enabled by
metal ions of silicon and aluminum [Figure 6]. In both cases, the metal ion plays two roles in organic
synthesis, namely, carboxylic acid activation and amino group protection".
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Figure 3. Convergent synthesis of peptides.

Flow synthesis

Using protecting Fmoc groups in our flow synthesis, a high purity tetrapeptide was obtained with a 90%
yield in three steps [Figure 7]. Flow synthesis fulfilled the role of providing a component in the above-
mentioned convergent synthesis. The pentafluorophenyl ester plays the following important roles in our
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Figure 6. Concept of non-peptide synthesis.

peptide synthesis. First, it enables a high reactivity of activation of carboxylic acid. Second, it enables the
reaction proceeds in three minutes at room temperature. Finally, it allows a substrate ratio of 1:1 to be used
for the process".

Environmentally benign purification

Since this basically is not a carboxylic acid activation method, racemization does not require consideration,
and because a hydrophilic supersilyl method is used, an ordinary simple short path column is sufficient
[Figure 8]
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Figure 8. Non-racemization process using silicone reagent.

Reduction of process mass intensity
Because the reactants are very inexpensive and have low molecular weight, the number of steps is small, and
high concentration reactions are possible, the process mass intensity is exceedingly small.

Henceforth, we can confirm the social implementation of this new synthesis method through joint research
with companies and simultaneously make daily efforts to make the method more elegant. In particular, we
have started to develop a catalytic reaction with less than a 1% catalyst loading without using stoichiometric
reagents and further focus on developing a higher quality process using data-driven chemistry.

CONCLUSION AND OUTLOOK

Even with these findings, there remain significant opportunities for new innovation. I believe peptide
synthesis is truly a science of tomorrow, and I hope more young scientists join this amazing area.
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Abstract

Herein, we propose a versatile “functional modular assembly” strategy for customizing MOFs that allows installing
the desired functional unit into a host material. The functional unit could be switched according to different
applications. MOF-808, a highly stable Zr-MOF containing dangling formate groups, was selected as a host
material for demonstration. Functional molecules with carboxyl connectors can be directly inserted into MOF-808
to form functional modular MOFs (FM-MOFs) through single substitution, while for those without carboxyl
connectors, a pre-designed convertor was grafted firstly followed by the functional molecules in a stepwise
manner. A series of tailor-made FM-MOFs were generated and show excellent performance toward different
applications, such as adsorption, catalysis, fluorescent sensing, electrochemistry, and the control of surface
wettability. On the other hand, the functional units on the FM-MOFs can switch freely and completely via full
interconversion, as well as partly to construct multivariate MOFs (MTV-MOFs). Therefore, this strategy provides a
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benchmark for rapid customization of functional MOFs for diverse applications that can realize the rapid modular
design of materials.

Keywords: Metal-organic frameworks, functionality, modular design strategy, customization

INTRODUCTION

Porous materials have been attracting intense attention owing to their wide range of potential
applications"”. Rational design and functional targeting synthesis of porous materials on demand by the
introduction of functional groups or molecules are essential for practical application™". It is relatively
difficult to insert and modify functional groups in the structures of conventional porous solids such as
zeolites and activated carbons, especially at the molecular level, whereas metal-organic frameworks (MOFs),
newly developed porous crystalline materials constructed by metal clusters and organic linkers, are
acknowledged to be relatively easy in this regard”*. Because of their highly diversified structure, tailorable
porosity, and tunable functionality, MOFs show great potential in various areas including adsorption"*'?,

catalysis">'", chemical sensing"*'"), and electrochemistry"”"*. Endowed with these fantastic features, MOFs
are an ideal platform to customize functional materials on demand. Currently, various functional methods
have been used in different kinds of MOF materials for a given system"*”". However, these functional
approaches sometimes have poor versatility and are difficult to extend to other host MOFs or functional
molecules™. In some cases, time- and resource-intensive processes are needed to find and design requisite
host materials, functional parts, and their appropriate connection modes in each unit operation. Besides, it
is also relatively difficult to impart some complex but useful functional molecules into MOF structures
through direct postsynthetic substitution or sophisticated organic synthesis. Considering the variety and
complexity of practical demands, a general strategy that allows the versatile and facile customization of
MOFs according to a wide variety of applications is highly desirable yet remains a challenge to date.

To tackle the above-mentioned question, we here propose a “functional modular assembly” (FMA) strategy
for customizing MOFs - a versatile conceptual approach that allows installing desired functional units into a
host MOF material, opening up the possibility of assembling modular devices according to practical
requirements. Such a novel strategy should possess the following features: (i) the functional module on the
host MOF can be installed and switched freely, acting as a “plug and socket”, and thus a proper functional
unit can be inserted for a targeted application; (ii) to enrich modular diversity, the accessible functional
molecules should be modularized as much as possible; (iii) the assembly step of installing functional
modules onto host MOF should be accomplished in a simple manner, thereby facilitating target
customization of MOFs in a facile and efficient way; and (iv) the host MOF material should be stable
enough to be used in different conditions. In addition, as most MOFs are moisture sensitive and unstable in
aqueous media, developing stable hydrophobic MOFs is necessary for practical applications'”***.

To fulfill this goal, the proper connection mode between host material and modules is firstly needed.
Considering the reversibility of coordination bonds in MOFs, postsynthetic substitution appears to be a
reliable and simple approach to implementing installing and switching functional modules in MOFs.
Moreover, combining different functional modules into one host MOF through multi-substitution may also
open up the possibility of constructing multivariate MOFs (MTV-MOFs) for a target application. In this
work, as a proof-of-concept experiment, we demonstrate that such a “functional modular assembly” strategy
can be achieved on the highly robust MOF-808. This Zr-MOF was chosen as a host material for the
following two reasons: (i) exceptional water/chemical stability; and (ii) the dangling formate groups on Zr,
clusters are prone to be substituted by other ligands with carboxyl groups in a simple way, making it easy to
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graft functional molecules/active fragments onto the host material. These interesting features of MOF-808
stimulate us to try to use the carboxyl group as a connector to assemble functional modular MOFs (FM-
MOFs). Functional molecules with a carboxyl connector can be directly inserted into MOF-808 through
single substitution. For functional molecules without a connector, we insert a pre-designed convertor and
modules in a stepwise manner by tandem postsynthetic modification. That is, the convertor has two
different terminals that can combine modules and MOF-808, respectively. Theoretically, a wide range of
accessible functional molecules could be used as modules in the assembly process, thus generating
practically numerous distinct new MOFs for functional targeting customization. To prove the feasibility of
our strategy, several applications from completely different fields including adsorption, catalysis, fluorescent
sensing, electrochemistry, and the control of surface wettability were selected as examples. Such tailor-made
FM-MOFs exhibit excellent performance toward different target applications. Moreover, the functional
units on our FM-MOFs can fully interconvert via a simple solvothermal method, readily implementing the
installing and switching of modules in MOFs freely. Interestingly, we also found that two functional
modules can be assembled into MOF-808 through partial conversion to construct multivariate FM-MOFs.
Overall, this functional modular assembly strategy enables MOFs to achieve the goals of multi-modules,
multi-objectives, switchable modules, and interfunctional coordination, providing a general and simple
route for the rapid targeting customization of functional MOFs on demands.

RESULTS AND DISCUSSION

Customization of FM-MOFs by single substitution

A schematic illustration of the construction of FM-MOFs is shown in Scheme 1. Theoretically, in the
assembly process, various desired functional modules could be imparted into the host framework to
customize FM-MOFs according to arbitrary target applications. Thus, it is imperative to ensure that the
various functional molecules can be modularized as much as possible. Considering that labile formate
groups on MOF-808 are easy to be substituted, a carboxyl group can serve as a connector to impart
functional molecules into MOF-808. To specify this concept, several applications including Hg*' capture,
Ag" recovery, proton conductivity, detection of nitro explosives, and the control of surface wettability were
taken as examples. We subsequently used thioglycollic acid (M1, M refers to module), propiolic acid (M2),
oxalic acid (M3), pyrenecarboxylic acid (M4), and perfluorooctanoic acid (M5) to assemble series of FM-
MOFs based on MOF-808 according to respective target applications [Figure 1 and Supplementary Figure 1].
Supplementary Figure 2 shows the PXRD patterns of MOF-808 and its functional derivatives. It is obvious
that the related peaks of these assembled FM-MOFs are in good agreement with that of pristine MOF-808,
confirming that the crystal structure of these materials remains intact after functional modules insertion. N,
adsorption-desorption isotherms of FM-MOFs measured at 77 K display a typical I isotherm, suggesting the
reservation of microporous features after introducing functional units into the framework, despite a
decrease in their BET surface areas [Supplementary Figure 3]. The scanning electron microscopy (SEM)
images demonstrate that our FM-MOFs possess octahedral morphology, with no apparent morphology
change observed compared with MOF-808 [Supplementary Figure 4]. Individually, given that the thiolate
ligand possesses a strong coordination ability to Hg*, thioglycollic acid (M1) was used as a functional
modular to construct FM-MOF-1 for Hg* capture. The successful insertion of M1 into MOF-808 was also
proved by Fourier transform infrared (FT-IR) spectroscopy, '"H nuclear magnetic resonance (NMR)
spectroscopy, and elemental analysis. The FT-IR spectra of FM-MOF-1 reveal that there is a new peak at
2564 cm ' [Supplementary Figure 5], which can be attributed to the S-H stretching of free -SH groups.
Supplementary Figure 6 shows the '"H NMR spectra of FM-MOF-1 and MOF-808 after dissolving the
samples in KOH/D,O solution. Obviously, the peak intensity at = 8.3 ppm corresponding to the hydrogen
of formate of FM-MOF-1 significantly decreased and a new peak at § = 2.8 ppm for the hydrogen signal of
-CH,- in M1 appeared, indicating that formate ligands on Zr, clusters were substituted by M1 molecules. All
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these observations demonstrate that M1 was successfully inserted into the framework of MOF-808. To
evaluate the effectiveness of FM-MOE-1 for Hg** capture, adsorption kinetics and isotherms were measured.
As shown in Figure 1B and Supplementary Figure 7, an extremely quick process was observed for FM-
MOE-1. Over 99% of Hg** was removed within 5 min. Supplementary Figure 8 shows the adsorption
isotherms of FM-MOF-1 towards Hg*". By fitting with Langmuir model, the saturated Hg** removal capacity
of FM-MOF-1 was estimated to be 758 mg g, suggesting the great potential of FM-MOF-1 for Hg*
capture. Similarly, considering the strong affinity of the terminal alkynyl group toward Ag’, propiolic acid
(M2) was selected as another functional module to assemble FM-MOFE-2 for silver recovery. FT-IR and 'H
NMR spectra were used to demonstrate the successful insertion of M2 into the framework of MOF-808
[Supplementary Figures 9 and 10]. Supplementary Figure 11 shows the adsorption kinetics of FM-MOF-2
towards Ag'; the removal efficiency increased sharply during the initial stage and then approached
equilibrium after 2 h of contact. The adsorption isotherm revealed that FM-MOF-2 exhibits high silver
uptake [Figure 1C]. By fitting with Langmuir model, the saturated Ag" uptake capacity was calculated to be
806 mg g, surpassing most reported porous materials [Supplementary Table 1]***¥, This is also the first
study of introducing alkynyl groups into the MOF framework for Ag* recovery. Besides, to construct the
proton-conducting MOF, we used oxalic acid as the functional module to assemble FM-MOF-3. The
detailed characterizations are provided in the Supplementary Materials [Supplementary Figures 12-14].
Proton conductivities were then checked on a pressed plate at varying relative humidity (RH) from 33% to
100% at 298 K for FM-MOEF-3. As shown in Supplementary Figure 15, all of the Nyquist plots display
circular arcs at high frequencies. The proton conductivity of FM-MOF-3 increased with the elevated
moisture [Figure 1D], suggesting water molecules play a vital role in the proton transportation of this MOF.
Meanwhile, FM-MOF-3 exhibited a striking proton conductivity of 1.2 107 S cm™ at 298 K and 100% RH,
whereas the original MOF-808 displayed an inferior proton conductivity of 2.2 10° S cm™ under the same
condition [Supplementary Figure 16]. It should be noted that only a few MOFs featuring high proton
conductivity over 102 S cm™ have been reported™”. Moreover, to achieve the goals of detecting nitro
explosives and controlling surface wettability, conjugated pyrenecarboxylic acid (M4) and perfluorooctanoic
acid (Ms5) were utilized as modules to construct FM-MOF-4 and FM-MOFE-5, respectively. The related
characterizations can be found in the Supplementary Materials [Supplementary Figures 17-20]. To
investigate the explosive sensing ability of FM-MOF-4, fluorescence quenching titrations were conducted by
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Figure 1. Customization of FM-MOFs through single substitution. (A) Schematic illustration of constructing FM-MOFs by functional
modules with carboxyl connector. (B) Hg”* adsorption kinetics of FM-MOF-1 at the initial concentration of 10 ppm. (C) Ag”adsorption
isotherm for FM-MOF-2. The inset shows the linear regression by fitting the experimental data with the Langmuir model. (D) Humidity
dependence of the proton conductivities in FM-MOF-3 at room temperature. (E) The effect on the emission spectra of FM-MOF-4
dispersed in DMF upon incremental addition of a TNP solution (1 mM). The inset shows the original fluorescence and the decreased
fluorescence upon the addition of TNP solution (1 mM). (F) Contact angle images of FM-MOF-5 and MOF-808.

the increasing amount of nitro aromatics. As shown in Figure 1E, fast and significant fluorescence
quenching was observed with an increase in the amount of TNP (2,4,6-trinitrophenol). The fluorescence
quenching could be discerned at a low concentration (0.5 uM; Supplementary Figure 21) and reached nearly
83% when the concentration of TNP increases to 1 mM. By contrast, other nitro compounds have little
effect on the fluorescence intensity [Supplementary Figure 22]. These results demonstrate that FM-MOF-4
could selectively and sensitively detect TNP over other nitro explosives. On the other hand, the surface
wettability of FM-MOEF-5 and MOF-808 was also examined by contact angle measurements. As shown in
Figure 1F, the contact angle of water on MOF-808 was estimated to be 37°, whereas FM-MOF-5 gave the
water contact angle at as high as 142°. The surface character of MOF-808 transformed from hydrophilic to
hydrophobic after M5 insertion into the framework, confirming the coating of perfluoroalkyl groups on the
surface of material can dramatically enhance its hydrophobicity. This hydrophobic behavior of FM-MOEF-5
was also illustrated by water vapor adsorption experiment: the water uptakes of MOF-808 reduced
significantly after the incorporation of M5 [Supplementary Figure 23].

Customization of FM-MOFs through tandem postsynthetic modification

The above proof-of-concept experiments revealed that functional molecules with carboxyl groups can be
used as modules to insert into MOF-808 directly according to numerous target applications. However, to
expand the scope of our strategy, some useful functional molecules without carboxyl groups should also be
modularized. To solve this problem, we installed a pre-designed convertor into MOF-808 before functional
modules insertion through a tandem postsynthetic modification [Figure 2]. Such convertors should have
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Figure 2. Customization of FM-MOFs through tandem postsynthetic modification. (A and B) Scheme illustration of FM-MOFs and their
pore structures. (C) Hg®* adsorption isotherm of FM-MOF-6. The inset shows the linear regression by fitting the experimental data with
the Langmuir model. (D) Yields of various cyclic carbonates prepared from the cycloaddition of CO, with related epoxides catalyzed by
FM-MOF-8 (red) and FM-MOF-9 (blue).

two terminals that can combine modules and the host framework, respectively. Here, the aforementioned
Hg* capture and CO, conversion were taken as target applications to fully illustrate this. Firstly, we tried to
use thioglycollic acid (M1) to construct FM-MOEF-1 for mercury adsorption. Considering a functional unit
with more chelating sites is needed to achieve higher Hg** uptake capacity, 1,2-ethanedithiol (Ms)
containing higher sulfur content yet without carboxyl group compared with M1 was adopted. To impart M6
on MOF-808, we chose propenoic acid (M7) as a convertor and inserted it into the host framework firstly to
construct FM-MOEF-7, where the accessible vinyl groups could allow for further chemical modifications. As
shown in Supplementary Figures 24-28, FM-MOF-7 was characterized by PXRD, N, adsorption, SEM, FT-
IR, and '"H NMR. FT-IR spectra reveal the appearance of a new characteristic peak at 1639 cm™ compared
with MOF-808, which can be attributed to the C=C stretching band of vinyl groups
[Supplementary Figure 27]. 'H NMR spectra demonstrate that the peak at 8.3 ppm assigned to the formate
groups disappeared and several strong peaks around 5.0-7.0 ppm corresponding to the vinyl groups
emerged, indicating the successful insertion of M7 into MOF-808 [Supplementary Figure 28]. FM-MOEF-7
was then treated with 1,2-ethanedithiol (Mé) to obtain FM-MOF-6 through the thiol-ene “click” reaction
between thiol compounds and the vinyl groups in FM-MOE-7. The resulting material was also carefully
characterized by PXRD, N, adsorption, FT-IR, SEM, and NMR [Supplementary Figures 29-33]. Compared
with FM-MOE-7, FT-IR spectra of FM-MOF-6 show a new peak at 2555 cm™ despite the absence of the
band at 1639 cm’, indicating the elimination of vinyl groups and the appearance of free-standing thiol
group after modification [Supplementary Figure 32]. The thio-ene transformation was also confirmed by
the disappearance of the peaks around 5.0-7.0 ppm corresponding to the hydrogen signals of vinyl groups in
the "H NMR spectrum of FM-MOF-6 and the concomitant emergence of new peaks around 2.0 and 3.0


https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202207/5064-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202207/5064-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202207/5064-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202207/5064-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202207/5064-SupplementaryMaterials.pdf

Peng et al. Chem Synth 2022;2:15 | https://dx.doi.org/10.20517/cs.2022.15 Page 7 of 13

ppm attributed to the different hydrogen of -CH,- in M6 [Supplementary Figure 33]. To assess the overall
capacity of FM-MOF-6 towards Hg*, the adsorption isotherm was then measured. As shown in Figure 2C,
FM-MOF-6 displayed extremely high Hg* uptake. By fitting with Langmuir model, the saturated
adsorption capacity of FM-MOF-6 for Hg** was determined to be 1077 mg g, which is about 1.4 times
higher than that of FM-MOEF-1, surpassing various MOF adsorbents Supplementary Table 2°**. In
addition, we also investigated the adsorption kinetics of FM-MOF-6 toward Hg*. As shown in
Supplementary Figure 34, a quick purification process was observed. The removal efficiency displayed a
steep profile at the initial stage and then tended to equilibrium with about 99.84% of Hg*" ions being
removed. The excellent performance of FM-MOF-6 in mercury capture can be traced to the strong binding
interactions between the Hg and sulfur species in FM-MOF-6, as evidenced by the enlarged S 2p binding
energy of XPS analysis and the absence of S-H stretching mode in FT-IR spectra after Hg** adsorption
[Supplementary Figures 35-37]. These results demonstrate the superiority of the utilization of FM-MOF-6
as a promising candidate for mercury capture from aqueous solutions.

On the other hand, the cycloaddition of CO, with epoxides into cyclic carbonates is an attractive strategy for
addressing anthropogenic CO, emission issues, and imidazole-based functional molecules are regarded as
efficient catalysts for this purpose. Considering the issues of homogeneous catalysts in product purification
and catalyst recycling, it is advisable to graft imidazole-based functional molecules onto host materials for
use as heterogeneous catalysts. Here, we chose 1-allylimidazole (Ms8) as a functional module to construct
FM-MOE-8. Because of the absence of carboxylic connector in M8, a suitable convertor was needed.
Therefore, bromoacetic acid (M9), which contains both a carboxylic connector and an accessible
bromomethyl group for further chemical modification, was selected to assemble FM-MOF-9 first. The
detailed characterizations are provided in Supplementary Figures 38-42. FM-MOF-9 was then treated with
1-allylimidazole (M8) through a tandem postsynthetic modification to obtain FM-MOF-8, as characterized
by PXRD, N, adsorption, SEM, FT-IR, and NMR [Supplementary Figures 43-47]. Interestingly, the two
incorporated modules of M8 and M9 in FM-MOF-8 combined together to form an imidazolium-based
ionic liquid (IL) unit. Because of the proper distribution of formate groups in MOF-808, theoretically, such
IL unit in FM-MOF-8 would also disperse uniformly within the pore, thus avoiding agglomeration and
providing more accessible catalytic sites compared to the conventional dipping method. To evaluate the
effectiveness of FM-MOF-9 as a catalyst, experiments were carried out. As shown in Figure 2D, the reaction
yields catalyzed by FM-MOF-8 from related epoxides were determined to be 97.1% for epichlorohydrin,
95.2% for epibromohydrin, 86.2% for 1,2-epoxybutane, and 84.1% for allyl glycidyl ether, indicating that
FM-MOF-8 exhibited a highly efficient catalytic performance for a variety of epoxides. It should be noted
that the good performance of FM-MOF-8 was achieved without using any co-catalysts, whereas most
reported MOF catalysts employ other substances, such as TBAB, to improve activity, which is considered
uneconomical and complicated"”. In contrast, FM-MOF-9 showed an extremely low activity, with a yield of
< 10% under similar conditions, manifesting that the grafted M8 played a key role during the catalytic
process. The above two proof-of-concept experiments fully demonstrated the reliability of this tandem
postsynthetic modification for inserting functional modules without a carboxyl connector into MOF-808,
which greatly expands the scope of FM-MOFs for functional targeting customization.

Switching modules on FM-MOFs

Another important aspect to consider is whether the functional modules on FM-MOFs could be freely
switched in a simple manner, which allows for changing user-defined units in accordance with different
needs, thereby affording matrix recycling and cost saving. The mutual transformation among FM-MOE-2,
FM-MOF-7, and FM-MOF-9 was taken as a representative sample to confirm this [Figure 3]. These FM-
MOFs were added into the solution containing the corresponding functional module, and the detailed
experiments can be found in the Supplementary Materials. This conversion process was repeated several
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Figure 3. Full conversion process among FM-MOFs: (A and B) scheme illustration of mutual transformation among FM-MOFs and the
associated pore structures of FM-MOF-2, FM-MOF-7, and FM-MOF-9; (C) the conversion process characterized by 'H NMR spectra;
and (D) the conversion rate from FM-MOF-9 to FM-MOF-7 with the increase of time.

times, and the as-transformed FM-MOFs were determined by '"H NMR analysis. As shown in
Supplementary Figures 48-53, for all three FM-MOFs, the signals of the original functional module
disappeared, whereas the peaks attributed to the new unit emerged, demonstrating full switching of
functional modules on MOF-808. Besides, PXRD measurements indicate no apparent loss of crystallinity
during the conversion process [Supplementary Figures 54-59]. To further illustrate this, we also
symmetrically investigated the conversion process from FM-MOF-9 to FM-MOEF-7 with the increase of
time. As shown in Figure 3C and D, the conservation rate reached 65% in the initial 1 h and steadily
increased over time. After 24 h of reaction, the '"H NMR spectrum reveals that § at 3.8 ppm corresponding
to the hydrogen signals of -CH,- in M9 significantly decreased, whereas several new peaks around 5-7 ppm
attributed to the vinyl group in M7 enhanced dramatically, achieving a high conservation of 95%. The peak
of Mo further reduced when we repeated this conservation process several times, demonstrating essentially
full conversion from FM-MOEF-9 to FM-MOF-7.

Interestingly, we found that two functional modules could coexist in one host matrix during the switching
process, which would form multivariate MOFs (MTV-MOFs) via partial conversion [Figure 4]. For full
illustration, Hg*" detection was selected as target application. We combined a mercury capture module and
fluorophore moiety into MOF-808 through partial conservation and supposed that the resulting MTV-MOF
would show improved performance in mercury detection. As such, the aforementioned FM-MOF-1 was
immersed in DMF solution containing M4 for a period of time to obtain FM-MOF-1-4 (see Supplementary
Figures 60-62). Compared to FM-MOF-1, the "H NMR spectra of this MTV-MOF reveal that § at 2.8 ppm
corresponding to M1 decreased and new peaks assigned to the hydrogen signals of pyrene in M4 emerged
[Figure 4C]. The relevant signals of M1 in FM-MOF-1 and FM-MOF-1-4 were also integrated against that
of the BTC ligand, resulting in peak ratios of 6:7 and 6:2, respectively, demonstrating that 71% of M1 was
substituted by M4 during module switching process [Supplementary Figures 63 and 64]. FM-MOF-1-4 was
then used to sense a trace quantity of Hg* in aqueous solutions. As shown in Figure 4D, obvious
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Figure 4. Partial conversion process among FM-MOFs: (A) scheme illustration of constructing MTV-MOF through a partial conversion
process; (B) constructing FM-MOF-1-4 from FM-MOF-1; (C) 'H NMR spectra of (A) FM-MOF-1-4, (B) FM-MOF-1, and (C) FM-MOF-4
in D,0/KOH solution; (D) effect on the emission spectra of FM-MOF-1-4 with different concentration of Hg2+ in aqueous solution; and
(E) Stern-Volmer plots of Hg”* in aqueous solution for FM-MOF-1-4 (red) and FM-MOF-4 (blue).

fluorescence quenching was observed as the concentration of Hg* increased from 10 to 100 uM, specially,
the quenching effect of Hg* was quantified by the Stern-Volmer equation (I/I = 1 + K [M]), where I, and I
are emission intensity of MOF material before and after reaction with Hg*, K, is the Stern-Volmer
quenching effect constant of Hg*, and [M] is the concentration of Hg*". As shown in Figure 4E, FM-MOE-
1-4 showed a distinguishable K, value for Hg*" at 6260 M, which is 2.6 times higher than that of
FM-MOF-4 at 2410 M. It is worth noting that FM-MOF-1 exhibited very weak fluorescence, and no visible
quenching effect was observed towards Hg*". With M4 anchored in the pores, the thiol group within MOF
and the fluorophore part of pyrene can cooperatively interact to significantly improve sensing performance.
Specifically, the thiol groups of M1 in MOF captured traces of Hg*, and then the fluorophore pyrene of M4,
which is in close proximity, responded to mercury ions. This process allows two functional modules to work
in a cooperative manner. The above representative sample, therefore, demonstrates the feasibility of
constructing MTV-MOF via partial conversion, which may further enhance the performance of MOFs. In
principle, two arbitrary functional modules can exist in one host MOFs, thus constructing numerous of
MTV-MOFs for target applications.

CONCLUSION

We propose a versatile “functional modular assembly” strategy for customizing MOFs, which allows
installing the desired functional unit into a host material, and the unit can be switched flexibly according to
different requirements. Functional molecules with connectors could be used as modules to insert into MOF
structures through single substitution directly. To enrich modular diversity, molecules without connectors
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could also be modularized by inserting pre-designed convertors into MOFs ahead through tandem
postsynthetic modifications. Therefore, a wide range of available functional molecules, both with and
without connectors, could be modularized during such an assembly process. Thus, a series of tailor-made
FM-MOFs were generated and showed excellent performance toward entirely different fields, covering
adsorption, catalysis, fluorescent sensing, electrochemistry, and the control of surface wettability. Moreover,
the functional units on our FM-MOFs can be freely switched via full interconversion. Interestingly, we also
found that two functional modules could coexist in one host matrix through partial conversion, opening up
the possibility to construct multivariate MOFs (MTV-MOFs). Our strategy, therefore, provides a versatile
and simple route for the rapid targeting customization of functional MOFs according to diverse
applications, achieving the goals of multi-modules, multi-objectives, switchable units, and interfunctional
cooperation for FM-MOFs.
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Abstract

Sodium metal batteries (SMBs), benefiting from their low cost and high energy densities, have drawn considerable
interest as large-scale energy storage devices. However, uncontrollable dendritic formation of sodium metal
anodes (SMAs) caused by inhomogeneous deposition of Na* severely decreases the Coulombic efficiency, leads to
short cycling life, and poses potential safety hazards, dragging SMBs out of practical applications. Electrolytes are
attracting massive attention for not only providing ion transport channels but also exhibiting vital effects on
interfacial compatibility and dendrite growth. In fact, the as-formed solid electrolyte interphase (SEI) has a great
influence on the deposition and stripping process of SMAs. Moreover, Na plating process is accompanied by the
generation of SEI, in which the electrolyte plays a vital role. Nevertheless, until now, the interaction among
electrolyte-SEl-sodium dendrite has rarely been summarized. Herein, a fundamental understanding of sodium
dendrite is concluded and the influence of the electrolyte and interface on Na" deposition is emphasized.
Furthermore, the outlook for constructing dendrite-inhibited SMAs is suggested.

Keywords: Sodium metal anode, interface chemistry, dendrite suppression, solid electrolyte interphase,
electrolytes
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INTRODUCTION

In recent years, due to their low pollution and ability to regenerate, solar, geothermal, biomass, wind, and
tidal power have been favored by researchers"”. However, renewable energy has a short retention period,
requiring strict energy storage, so the demand for high-efficiency energy storage devices is gradually
increasing” .. In contemporary battery technologies, owing to their excellent electrochemical properties and
high energy densities, lithium-ion batteries (LIBs) have been widely used in portable electronic devices,
electric vehicles, and energy storage power stations'”. Nevertheless, LIBs with graphite as anode have
reached their theoretical energy density, which is difficult to apply to large-scale energy storage. At the same
time, the metal raw materials required by LIBs, such as lithium, cobalt, and manganese, are rare in the
lithosphere, which is not conducive to expanding the production scale and lowering the cost®. Therefore, a
new battery system is urgently needed to reduce battery cost and meet the expanding energy storage

9-11]

market!

With Na ranking seven most abundant and widely distributed in the Earth’s crust, sodium-ion batteries
(SIBs) have the edge in resource reserve, cost, energy conversion efficiency, cycle life, stability, and
maintenance cost™**?. Sodium metal has been reckoned as an ideal anode for SIBs among the available
anode materials with a high theoretical capacity of 1166 mAh g* and a low redox potential of -2.71 V (vs.
standard hydrogen electrode)!”"”. Na metal can be paired with high-capacity sodium-free cathodes in
I to achieve

23-25

particular, such as sulfur (S)®, oxygen (O,)"", carbon dioxide (CO,)", and selenium (Se)"
the high theoretical energy density. Therefore, due to these multiple advantages, sodium metal batteries
(SMBs) have attracted a lot of attention from researchers and are expected to be an alternative for the next

26-29]

generation of high-energy batteries™ .

Sodium metal is in a thermodynamically unstable state in the electrolyte, and the electrode surface is
inclined to form a solid electrolyte interphase (SEI) film with ion conduction and electron insulation**".
The SEI film can isolate sodium metal and electrolyte to a certain extent to prevent the continuous
occurrence of side reactions. However, it cannot withstand the severe volume change caused by sodium
deposition/stripping during the cycling, which will lead to the formation of tree-like or moss-like dendrites
after uneven deposition on the surface of sodium metal””. Sodium dendrites can exacerbate side reactions,
cause “dead sodium” generation, reduce Coulombic efficiency (CE), and increase battery polarization. In
more severe cases, dendrites will pierce the SEI, leading to short circuit®***. To make things worse, the
accompanying thermal runaway will cause fires and even explosions, dragging SMBs out of commercial
applications. Hence, strategies to inhibit dendrite growth to achieve safe SMBs have been strongly
considered during the past few decades”*".,

By surveying the recent literature, several review papers related to dendrite-inhibited SMBs have been
published in recent years*. As is known, the deposition behavior of Na* is closely related to the interface
properties of sodium metal anodes (SMAs). Electrolytes are attracting massive attention for not only
providing ion transport channels but also exhibiting vital effects on the interfacial compatibility of sodium
anodes. However, until now, the interaction among electrolyte-SEI-sodium dendrite has rarely been
summarized, and reviews about electrolyte regulation strategies in suppressing dendrite growth for SMBs
have not been published thus far!
dendrite and then gathers various electrolytes, including the components, concentrations, and additives of
liquid electrolytes and solid-state electrolytes technologies, to inhibit dendrite growth and the related SEI for
dendrite-suppressed SMAs [Figure 1], Finally, this review briefly presents a general conclusion and
outlook for constructing high-performance and dendrite-suppressed SMBs.

41-43

| This review summarizes a fundamental understanding of sodium
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metal anode

Figure 1. Summary of interface strategies towards dendrite-suppressed SMAs. SMAs: Sodium metal anodes.

UNDERSTANDING INTERFACE CHEMISTRY OF SODIUM ANODES

As is known, the existence of sodium dendrites is one of the toughest challenges for the commercial
application of SMBs. It not only induces a low Coulombic efficiency and short cycling lifespan but also
causes a poor safety profile for SMBs***. The generation of sodium dendrites is closely related to the
formation of SEI and the resulting interfacial chemistry between SMAs and electrolytes. The nature of the
SEI is believed to determine the plating/stripping behavior of sodium metals and the reversibility of
batteries. In fact, electrolytes influence the formation and evolution of SEI. Therefore, controlling interfacial
chemistry through electrolyte regulation plays an important role in the practical application of SMBs"**.
This section discusses a comprehensive understanding of the dendrite formation mechanisms and the
interaction among electrolyte-SEI-sodium dendrite.

Formation mechanisms of sodium dendrite

In general, the deposition of Na* occurs during the passage of Na' through the SEI layer and the acquisition
of electrons on the current collector, and this process is influenced by the inhomogeneous nucleation
behavior™. During the deposition course, local electric field will induce an overpotential peak for non-
homogeneous nucleation due to the uneven distribution of electric field caused by the impurities and
defects in the sodium metal itself, which in turn will overcome the nucleation barrier and start the
nucleation and deposition. The SEI is not sufficient to support the pressure brought by the sodium metal
deposition and breaks into fragments around the deposition site to continuously expose fresh metal and
generate a new SEI. Meanwhile, sodium metal tends to be deposited under the new SEI, gradually
consuming sodium metal and generating dendrites. Although both sodium and lithium share many
similarities, such as preferring to grow on the nucleation sites created by cracks, sodium dendrites are not
just analogs of lithium dendrites”™. The shapes of sodium dendrites are undefined but are frequently either
needle or mossy structures. However, for lithium, these structures are concerned with defect catalyzed base
growth conditions at low currents. In addition, they exhibit different hardness. With regard to Na, it is soft,
which means it cannot penetrate separators as lithium does. As for Li, due to the greater hardness, lithium
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dendrite is inclined to penetrate the SEI, thus leading to the short circuit. Furthermore, the ion radius of Na
is 55% larger than Li, which will lead to different SEI forming situations, thus working on dendrites"**.
Besides that, the lithium dendrite growth pattern can be accounted for by Sand’s time model. Nevertheless,
it is difficult to explain sodium dendrite formation by using a formula, due to the lack of experimental data.
Based on the current situation of SMB research, it is hard to form a continuous and complete SEI on the
surface of sodium metal; sodium dendrites grow following a surface growth mechanism, i.e., they grow as
particles over the entire sodium metal surface and even scatter in the pores of the diaphragm, thus causing a
short circuit [Figure 2].

During the deposition process, the initial growth direction of sodium dendrites will be along the tip. In
addition, dissolution of sodium dendrites is observed on the anode and, due to the electrostatic shielding
effect, dissolution does not occur at the tip but preferentially at the bottom of the dendrite, where the
disconnected low-density mossy electrodeposits are called “dead Na”. The dead Na will quickly drift to the
electrolyte surface, and the detached moss (isolated) sodium fragments will fill the electrolyte and the
diaphragm, eventually short-circuiting the cell. Consequently, for sodium, owing to its softness, the short
circuit can be explained by the accumulation of dead Na.

L= {—p)n [e_bC“ +L(1- e—bfu)] e (1)

Thus far, lithium dendrites have been extensively studied, and models such as tip growth, root growth, and
surface growth have been proposed. However, as there is no existing appropriate model for sodium
dendrite, we can turn to the lithium model for insight into the influencing factors, as lithium is similar to
sodium to some extent. Akolkar put forward Equation (1) (where i, represents tip current density and i;
represents flat surface current density), which shows that the higher the i/i; ratio, the higher the dendrite
propagation®’. In addition, the cathodic transfer coefficient (), the bulk concentration of Li (C,), and b
parameter all function on dendrite growth. Fast dendritic growth is favored when operating near the
limiting current (i/i; is close to unity); however, slow but sustained dendritic growth can take place well
below the limiting current density. Dendrite growth is suppressed in systems that exhibit a lower cathodic
transfer coefficient””.

The relationship between electrolyte-SEl-sodium dendrite

Electrolyte plays an important role in ion transport and affects the deposition morphology of metal anodes.
Different electrolyte types have a major influence on dendrite appearance®™** . SEI layers will greatly
affect dendrite formation. In liquid electrolytes, following the cycling of batteries, SEI layers will be easily
formed, and the uneven morphology of sodium surface will contribute to the growth of dendrite”™. The
thicker SEI film exhibits better mechanical strength, conducive to inhibiting dendrite formation.
Interestingly, CE will decrease because of the electrolyte consumption caused by SEI formation”""”. The
thinner SEI cannot withstand the dendrite penetration despite showing high CE with little electrolyte
consumption”. Therefore, the mechanical strength of SEI is important when considering the balance
between CE and dendrite growth. Moreover, the component of SEI is also of importance for dendrite
generation”. As mentioned above, during the Na plating/exfoliation process, an SEI film is produced.
However, long-term, highly reversible, and non-dendritic electroplating stripping of Na anodes using
diethylene glycol dimethyl ether with NaPF, electrolyte led to SEI fracture due to its poor mechanical
strength. Further characterization showed that a homogeneous and dense SEI consisting of Na,O and NaF
was formed on the sodium metal surface, which was highly permeable to the solvent"”. Homogeneity of the
SEI promotes uniform Na* flux and non-dendritic sodium, thus keeping the SEI intact and stable during
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Figure 2. Formation mechanism of sodium dendrite.

cycling. Besides that, the concentration of electrolyte is worth considering. For instance, excessive NaF tends
to form a more brittle SEL, which leads to CE fluctuations and dendrite growth in ether-based electrolytes.
This factor is discussed in the subsequent section on high-concentration electrolytes”. Basically, in addition
to the essential factors brought by the characteristics of SMBs, the influence of external conditions also
significantly affects its growth"”?. Current density and charging capacity are the key parameters affecting
dendrite morphology by influencing the formation of SEI***. Wenzel et al. showed that dendrites exhibit
shrub-like growth with a current density of 120 pA cm?, while, when increased to 240 pA cm?, the dendrites
demonstrate apparent dendritic growth”. It is well known that high current densities accelerate dendrite
growth, but they also cause a shift from needle-like to moss-like sodium dendrites. One-dimensional
needle-like dendrites are a safety hazard due to their growing length. Although three-dimensional mossy
dendrites tend to grow in all directions, the lateral growth is dominant and usually results in more dead Na
because the roots of sodium dendrites prefer to dissolve compared to the tips, which possess a strong
electrostatic shielding effect””. Whichever dendrites are formed, the performance of the battery is severely
affected. A further increase in current density, however, induces a further increase in the deposition
overpotential, which results in a more nonuniform deposition of sodium metal. In addition to current
density and capacity, temperature and internal battery pressure, referred to as the external causes, affect ion
diffusion and then SEI formation, thus working on dendrite growth, which is not discussed further here
because of the lack of research in SMBs.

LIQUIDE ELECTROLYTES

Liquid electrolyte is currently the most mature electrolyte system. Because of the loose and fragile SEI, with
weak mechanical strength and dissolving in liquid electrolytes, unfavorable dendritic growth will emerge,
leading to serious security trouble. Hence, a homogeneous, strong, and dense SEI is vital in protecting
SMBs. Electrolyte additives, (local) concentrated electrolytes, and emerging novel electrolytes are regarded
as some of the effective solutions in liquid electrolytes”*'..

Electrolyte additives

Electrolyte additives are the most convenient solution to sodium dendrites. NaF, with high surface energy,
possesses the strong ability to adjust surface tension and suppress dendrite growth. NaF is also intrinsically
characterized by negligible solubility in most electrolytes and wide electrochemical stability windows'*.
Consequently, generated by F, it can enhance the mechanical strength of SEI and promote uniform
distribution of Na'. Currently, as the most extensively used additive, fluoroethylene carbonate (FEC) has
been proven to be capable of promoting the formation of NaF-rich SEI and obtaining a compact deposition.
However, FEC also tends to overreact with sodium, which constantly destroys and generates the SEI layer,
consuming sodium and thus reducing CE. As a result, a new additive was added to the electrolyte to inhibit
FEC from reacting with sodium by Zhu et al.*” 1,3,2-Dioxathiolane 2,2-dioxide (DTD) and FEC were added
as additives to the non-combustible electrolyte, and a stable fluoride SEI was generated in situ on the surface
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of the SMAs, effectively inhibiting dendrite growth and alleviating the occurrence of side reactions
[Figure 3A]. DTD additive is conducive to forming a constitutionally stable SEI layer, which enables
dendrite-inhibited Na anode.

In addition to NaF additive, Li et al. showed that nitrofullerene [C,(NO,),] additive, exhibiting good
compatibility with different electrolytes, enabled highly reversible and dendrite-free SMAs [Figure 3B]"**.
Consequently, they could promote the formation of stable protective layers on SMAs and facilitate uniform
Na deposition, thus effectively suppressing Na dendrite growth. Moreover, Wang et al. used sodium
polysulfide (Na,S,) alone as a prepassivation agent to improve the long-term reversibility of Na anode; the
concomitant stable interface could inhibit the dendrite formation®. However, Na,S.-NaNO, as co-additive
had the opposite result, and the as-formed SEI with a component of sodium alkoxide (RCH,ONa) and Na,S
gave rise to dendritic/mossy Na growth [Figure 3C]. Chen et al. constructed fast Na* diffusion SEI with
different interface compositions through the interaction of sodium and tin chloride, and the results show
that the interface of symbolic inorganic components had better structural stability and cycling performance
[Figure 3D]™!. This provides guidance for the selection of additives for SMBs.

In addition to the above additive strategies for regulating SEI, a reasonable and feasible cationic additive
strategy for stabilizing SMAs was proposed [Figure 3E]®™). Due to the electrostatic shielding effect, the
electrolyte containing cationic additives gas evolution was prevented to a certain extent, and the anode
appeared smooth [Figure 3F]. Through first-principles calculation and molecular dynamics simulation,
three principles were proved, including electrode potential, LUMO level reduction, and binding energy with
solvent. Mature cationic additive strategies provide new opportunities for the rational design of electrolytes
for stable and safe SMBs.

(Local) concentration electrolytes

Salt concentration in the electrolyte has an enormous influence on improving electrochemical performance
and suppressing dendrite growth. Increasing the electrolyte concentration can form a unique solvated
structure and reduce the reaction between sodium and electrolyte, thereby reducing the formation of
dendrites. Regarding the illustration of concentration effect, solvation structure and interfacial structure are
deemed to influence the electrolyte properties as well as electrode-electrolyte interfaces that together can
affect the battery performance. Figure 4A depicts two models, the superhigh concentration model and the
ultralow one, which show that the former will get an anion-derived SEI and the latter will achieve a solvent-
derived SEI". From that perspective, Ma et al. used different concentrations of NaCF,SO, dissolved in
TEGDME solvent as electrolytes for Na-O, batteries and tested their electrochemical properties for
comparison'®’. The results show that the stability of the electrolyte lowered with decreasing concentration.
Thus, the stability of the Na cell was substantially improved when a saturated electrolyte was used. This is
mainly due to the enhanced corrosion resistance of the sodium anode, reduced oxygen solubility, and
effective inhibition of Na dendrite growth at the mercy of the high-concentration electrolyte [Figure 4B].

This work not only brings new insights to advance the development of long-life sodium-oxygen batteries
but also stimulates additional studies to gain fundamental insights into the high concentration electrolytes
for metal-oxygen batteries.

High-concentration electrolyte can solve the problem of dendrite growth caused by the strong reaction
nature of sodium and electrolyte, but the high viscosity, excessive cost, and poor wetting of HCE also limit
its application®”. As shown in Figure 4C, by adding inert solvents such as double (2,2,2-trifluoroethyl) ether
(BTFE) to the HCE, BTFE does not react with sodium metal and can form a local high-concentration
electrolyte (LHCE) without changing the solvation structure®. LHCE not only provides high thick
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Figure 3. Electrolyte additives regulate SEI for dendrite-inhibited SMAs. (A) Diagram of SEl layer formed in TMP/FEC-E with or without
DTD. Reproduced with permission from™®. Copyright 2021, Elsevier. (B) Diagram of C¢o(NO,),-affected Na anode. Reproduced with
permission from™?. Copyright 2021, Elsevier. (C) Diagram of Na,S, additive- and Na,S,-NaNO, co-additive-affected Na anode.
Reproduced with permission from™>. Copyright 2018, Wiley-VCH. (D) Simulation of Na* concentrations and deposition structures of
Na metal anodes in the SEI layer. Reproduced with permission from'®. Copyright 2020, The Royal Society of Chemistry. (E) Interfacial
environment in the electrolyte with cation additives. (F) In situ optical microscopic observations of Na deposition on copper wire in 1.00
M NaPF, DME and 1.00 M NaPF, + 0.50 M LiPF, DME. Reproduced with permission from™".Copyright 2018, Cell Press. SEI: Solid
electrolyte interphase; SMAs: sodium metal anodes.

electrolyte contact with metal sodium to reduce corrosion but also forms effective wetting between sodium
and cathode material, providing a good interface reaction. In this study, LHCE [2.1 M NaFSI/DME-BTFE
(1:2)] could achieve a high CE of > 99%, compared with other electrolytes in different concentrations. XPS
analysis disclosed that more FSI anions participated in the formation of a more robust SEI layer when Na
metal was cycled in either HCE or LHCE, thereby mitigating the consumption of solvent molecules during
repeated Na deposition stripping processes [Figure 4D].

In addition, LHCE with a molar ratio of NaFSI:DME:OTE (1H,1H, 5H- octafluoropentyl -1,1,2, 2-
tetrafluoroethyl ether) = 1:1.5:3 was used as the model electrolyte to in situ construct inorganic SEI films
with gradient distribution on the surface of sodium anode [Figure 4E]"*. In the presence of OTE, the
solvation configuration of the electrolyte changed from 3D network aggregation in HCE to cationic and
anion solvent clusters in LHCE, which promoted more anions to enter the first solvated sheath. The overall
migration mechanism of cation and anion solvent clusters in the electrolyte resulted in the enrichment of a
large number of anions on the surface of Na, which promoted the gradual decomposition of FSI" anions,
thus forming the inorganic rich and gradient distribution of ultra-thin SEI, such as NaF, NaSON, Na,§, efc.,
which further reduced the activation energy of Na'transport in the SEI film. These advantages made
Na||Na,V,(PO,), battery exhibit different morphology [Figure 4F-H]. This study provided new insights into
developing high energy density SMBs by regulating the electrode-electrolyte interface membrane.
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Figure 4. Local concentration electrolytes regulate SEI for dendrite-inhibited SMAs. (A) Solvation and interfacial structures of superhigh
and ultralow concentrated electrolytes. Reproduced with permission from™*. Copyright 2020, American Chemical Society. (B) Voltage
profiles for Na/Na symmetric cells running in O, with NaCF,;SO,/TEGDME electrolytes in various concentrations. Reproduced with
permission from[%].Copyright 2021, Elsevier. (C) Diagram of dilution from a HCE to a LHCE. (D) Atomic ratios of SEI layer after the
10th stripping of Na//Cu cells using dilute, HCE, and LHCE. Reproduced with permission from™®’. Copyright 2018, American Chemical
Society. (E) Diagram of interface behavior Na“ deposition. (F-H) Deposition morphology of sodium anode with different concentrations
of electrolyte. (E-H) Reproduced with permission from™. Copyright 2021, Elsevier. SEI: Solid electrolyte interphase; SMAs: sodium
metal anodes; LHCE: local high-concentration electrolyte.

Novel electrolytes

In the above discussion, we summarize the effects of additives and concentrations on the interface in the
regulation of liquid electrolytes. Most of the currently available organic electrolytes form SEI with
continuity and inhomogeneity, as well as more severe dendrite growth now. Hence, it is very important to
regulate the interface from the composition of electrolytes (salts and solvents)™®’. As shown in Figure 5A,
Sun et al. designed the first chloroaluminate ionic liquid electrolyte for rechargeable SMBs by adding two
important additives (ethylaluminum dichloride and 1-ethyl-3-methylimidazolium bis(fluorosulfonyl)imide)
to an ionic liquid consisting of AICL/1-methyl-3-ethylimidazolium chloride/NaCl*". The system exhibited
good inflammability and the absence of obvious dendrites. Meanwhile, they found that the formation of
stable SEI is related to the existence of FSI anions, but the single presence of FSI anions is not sufficient to
support metal Na anode for long-term charging and discharging cycles. Furthermore, a novel, dual
electrolyte consisting of 8”-alumina solid electrolyte (BASE) and an inorganic IL, Na[OTF]-Cs[TEFSA], was
integrated by Wang et al. [Figure 5B]"". Investigations revealed IL exhibited high ionic conductivity and
excellent thermal and chemical stability, making it propitious for intermediate-temperature operations.
After 400 cycles, no significant change was observed in the interfacial resistance, which meant no dendrite
formation. Ruiz-martinez et al. designed a liquid-amino electrolyte with diverse dissolved sodium salts*.
This electrolyte had excellent properties of low flammability and high electrical conductivity. Most notably,
using this electrolyte can effectively inhibit dendrite growth on the surface of SMAs, enabling highly
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Figure 5. Novel electrolytes regulate SEI for dendrite-inhibited SMAs. (A) Diagram of the battery configuration and IL electrolyte.
Reproduced with permission from™”. Copyright 2019, Nature Publishing Group. (B) Operation mechanisms of Na-S battery using dual
BASE/IL electrolyte. Operation temperature, 150 °C; IL, Na[OTF]-Cs[TFSA]. Reproduced with permission from"".Copyright 2021,
Wiley-VCH. (C) CV for Na deposition/stripping over Na (supported on Cu) in a three-electrode cell. Reproduced with permission
from®?. Copyright 2017, The Royal Society of Chemistry. (D) Structure diagram of Na-LMBs; charge capacity, discharge capacity,
Coulombic efficiency, and energy efficiency as a function of cycle number; and the theoretical capacity is 10 Ah. Reproduced with
permission from">. Copyright 2022, Elsevier. SEI: Solid electrolyte interphase; SMAs: sodium metal anodes.

reversible plating/stripping. In addition, the same high CE and cycling stability could be achieved by sodium
deposition on copper foil [Figure 5C]. Zhou et al. designed a new type of sodium liquid metal battery, which
used low melting point ternary mixed cationic chloride molten salt LICL-NACL-KCI (59:5:36 mol%) as the
electrolyte, greatly reduced the operating temperature and sodium halide content of the battery, and
effectively inhibited the dissolution of SMAs in the electrolyte™. At the same time, the utilization rate of
electrode materials was effectively improved through the construction of Bi-Sb binary alloy electrode, and
the 10 Ah battery maintained a Coulomb efficiency of about 97% and ran stably for more than 700 cycles
[Figure 5D]. The exploration and research of new electrolytes provide infinite possibilities for the realization
of high-performance SMBs. The development of new electrolytes starts from scratch, so their development
is relatively slow. In the future, new salts and solvents should be designed to regulate the interface chemistry
of Na anode and thus achieve high-performance SMAs.

Table 1 shows the performance of representative batteries assembled with liquid electrolytes in the recent
literature. Liquid electrolyte is the most used battery system. It has high current density and cycle life.
However, its security severely limits the stable cycle for a long time. As a result, the solid-state battery is the
future development trend to improve the safety performance of batteries.

SOLID-STATE ELECTROLYTES

Many safety problems emerge in liquid electrolytes, such as electrolyte volatilization and overreaction with
sodium anode*””.. While these problems do not exist in solid-state batteries, the growth of sodium
dendrite, serious interface problems between the surface of sodium and solid electrolyte, and the ion
conductivity at low room temperature are all urgent problems for solid-state electrolytes. Commonly used
solid-state electrolytes are mainly divided into inorganic electrolytes and polymer electrolytes"*. Inorganic
electrolytes represented by inorganic ceramics have high ionic conductivity and firm thermal stability but
poor mechanical properties, and defects in inorganic materials themselves may aggravate sodium dendrite
growth"”'**. Polymer electrolytes provide an acceptable interface with their excellent flexibility, whereas
low ionic conductivity and parasitic reactions with sodium make them unsuitable to SMBs"*”\. Hence,
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Table 1. Performance of representative batteries assembled with liquid electrolytes

Current density Stripping capacity Cycles CE
Electrolyte (mA cm) (mAh cm?) hours (h) (%) Refs.
1.0 M NaPF,FEC/PC + HFE 0.5 0.5 100 942 [44]
1.0 1.0 570
5.0 1.0 200
1.0 5.0 800
2.1 M NaFSI DME/BTFE 1.0 1 950 989 [45]
2.0 950
0.8 NaPF, FEC 0.5 1 1350 93.4  [46]
+DTD 1 5 720
1M NaPF,/DGM 2 1 400 99 [55]
+0.033 M Na,S, 5 1 60
1.0 M NaDFOB EC/DMC 1.5 0.1 34 - [72]
4 M NaFSI/DME + 1% SbF, 0.5 - 1000 - [74]
1M NaPF, DME 0.5 0.5 500 99.4 [82]
+0.5M Cgo(NO,), 0.5 1.0 400
2.0 2.0 1200
0.8 M LiPF, DME 0.5 0.5 300 99.2 [84]
+1.0 M NaPF, 2.0 2.0 300
1.6 M NaCF,50; TEGDME 0.5 2.0 800 - [86]
1M NaPF, FEC/DMC + DMTP 1 1 900 96.6 [94]
5 1 250
0.3 M NaPF./EC/PC + 2 wt % BSTFA 0.5 0.5 350 - [95]
5 M NaFSI DME 0.0028 0.0014 600 99.3 [96]
1M NaPF, DGM 0.5 1 300 99.9 [97]
0.64 M NaBF,/G2 0.5 - 3000 99.9  [98]
1 2000
0.8 M NaPFg - - - 97.0 [99]
DME
+0.4 M LiPF,
DME:NaFSITTE = 1:1.2:1 1 1 590 - [100]

conventional inorganic electrolytes can be combined with polymer electrolytes to form hybrid inorganic-
polymer electrolytes, which are capable of overcoming the disadvantages of polymer and inorganic
electrolytes, meaning high ionic conductivity and favorable electrode-electrolyte interface. Moreover, the
improved mechanical strength of hybrid inorganic-polymer electrolytes, due to inorganic binding to
polymer electrolytes, can also inhibit the formation of sodium dendrite"*""?),

Polymer electrolytes

The limitations of liquid electrolytes, such as sodium dendrite growth, serious side reactions, and liquid
leakage, hinder the development of SMBs. However, these safety issues will not readily happen in organic
polymer electrolytes. However, low ionic conductivity is an issue for conventional polymers. Polyether,
especially polyethylene oxide, has attracted extensive attention in polymer electrolytes since 1973 due to its
superior coordination ability with alkali metal ions. Chen et al. optimized the ratio of 3-{2-[2-(2-
methoxyethoxy)ethoxy]-ethoxy} methyl-3-methyloxetane (MEMO) to 3-hydroxymethyl-3-methyloxetane
(HMO) monomers [Figure 6A], in which the former provides conductive suspension and the latter supplies
cross-linked branched chain sites, thus forming a polyether-based hyperbranched copolymer electrolyte
with both high ionic conductivity and favorable mechanical strength!""”. Furthermore, the concentration of
NaTFSI plays a great role in ionic conductivity of the electrolyte, making up for its shortcomings. Similarly,
as observed in Figure 6B, Yao et al. designed an advanced all-solid-state sodium battery
(NVP@C|PEGDMA-NaFSI-SPE|Na) to achieve high ionic conductivity'®'. UV-cured novel solid polymer
electrolyte displayed enhanced ionic conductivity (= 10* S cm™ at RT) and interfacial contact. The dendrite
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Figure 6. Polymer electrolytes regulate SEI for dendrite-inhibited SMAs. (A) Schematic conformation of PEO and PMH. Reproduced
with permission from™.Copyright 2020, Elsevier. (B) The construction architecture of the NVP@C|PEGDMA-NaFSI-SPE|Na.
Reproduced with permission fromm].Copyright 2020, Wiley-VCH. (C) Diagram of the ionic-exchange process. (D) Surface
morphology of sodium metal plates after 20 cycles in SSIB and LSIB. (C and D) Reproduced with permission from™*. Copyright 2020,
Wiley-VCH. (E) Schematic of in situ preparation process for PBA-based GPE in NVP||GPE||Na SMBs. Reproduced with permission
from™. Copyright 2022, Wiley-VCH. SEI: Solid electrolyte interphase; SMAs: sodium metal anodes.

growth on the surface of sodium electrode was inhibited significantly. In addition, a solid-state polymer
electrolyte (PFSA-Na) was fabricated by a facile ionic exchange from a raw commercial material
[Figure 6C]""*. The as-prepared PFSANa not only had excellent ionic conductivity but also showed
excellent resistance to low temperature. In addition, the excellent cycling performance at low temperatures
indicated the practicability of the electrolyte at low temperatures. At the same time, the dendrite-free
morphology also further promoted the development of SMAs [Figure 6D]. Moreover, because of the
economically friendly synthetic method of PESA-Na membranes, it can be a favorable candidate for large-

scale energy storage systems.

For challenges related to the contact between anode and polymer electrolytes, Zhao et al. showed that an
improved interface was established between a composite Na/C metal anode and the solid PEO electrolyte,
which led to more homogeneous plating and stripping, reducing/suppressing dendrite formation""”. A
series of star-like hyperbranched polymers composed of a 8-CD core and multiple PMMA-b-PEGMA arms
were synthesized through the ATRP method, and free-standing and flexible SPE films were prepared by
complexing the resultant polymers with NaSO,CF, salt in a THF solvent and casting the resulting
solution"'”. The polymer exhibited excellent ionic conductance, thermal stability, and a wide
electrochemical window. This provides a new direction for the development of new and safe sodium
batteries. Polymer electrolytes show excellent performance and can inhibit dendrite formation to a certain
extent. This also indicates the future market prospects for polymer electrolytes.

Gel polymer electrolytes (GPEs) composed of polymer matrix and liquid electrolytes have attracted
extensive attention in SMBs. The liquid parts provide high ionic conductivity and low interfacial
impedance, while the polymer matrix presents excellent mechanical properties and flexibility.
Unfortunately, GPE:s still face the problems of unstable electrolyte interface and dendrite growth. Therefore,
the design and fabrication of advanced gel electrolytes are of the utmost importance for the realization of
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safe SMBs with excellent performance'”""*. Wen et al. designed a new photopolymerized gel electrolyte of
ETPTA-NaClO,-QSSE, which exhibited unprecedented room-temperature ionic conductivity of
1.2mS cm’, a wide electrochemical window up to 4.7 V (vs. Na'/Na), and outstanding compatibility with
Na metal anode"”. Due to its enhanced interfacial stability, Na symmetric cells based on this electrolyte
showed superior long-term cycling performance and morphology of dendrite-inhibited SMAs. This strategy
proposed for quasi-SSE provides a new direction for the development of RT high-energy-density flexible
solid-state SMBs. Besides that, Zhang et al. developed a poly(butyl acrylate)-based GPE with a high RT ionic
conductivity of 1.6 mS cm™ by in situ polymerization [Figure 6E]"*". As a result, NVP||GPE||Na full cell
displayed satisfactory cycle performance and rate performance.

Considering liquid electrolytes employed in batteries give rise to safety hazards such as fire and explosions
in an abnormal state, Park et al. devised noncombustible GPEs formed by in situ cross-combination of
polypropanolactone triacrylate gel precursors*. Although GPEs exhibited a 3D network structure, their
ionic conductivity can reach 6.3 mS cm™ due to the interaction between Na* and carbonyl and high
segmental motion of the polycaprolactone chain. The polymer network with high ionic conductivity could
significantly inhibit Na dendrites by bringing in uniform Na deposition, thus improving the interface
properties of Na electrode. In addition, Zheng et al. prepared three novel cross-linked gel tricopolymer
electrolytes with different copolymers by in situ radical polymerization"*. The GF separators with GPEs
were uniform and showed outstanding integrity, whereas the one with LE manifested that a lot of small
particles adhered to the fiber surface. These granules were speculated as dead Na, causing the capacity of the
liquid battery to degrade or even short circuit after long cycles.

Inorganic electrolytes

The currently used inorganic SSEs are mainly divided into oxide and sulfide inorganic SSEs. For the former,
the traditional oxide electrolyte exhibits high mechanical strength and good dendrite inhibition
performance, but the ionic conductivity is low, and the interface contact is unstable. The latter, sulfide
electrolytes, have attracted great attention these years, but the shuttling effect and instability are serious
problems.

Oxide-type solid-state electrolytes

Poor interface contact is an urgent problem for inorganic solid electrolytes. Lai et al. demonstrated that a p”-
AlLO, electrolyte with a vertically porous bilayer structure [Figure 7A] could solve this issue"™. The carbon-
coated vertically porous p”-ALO, layer provided fast electronically and ionically conductive pathways,
preventing sodium dendrite from penetration. In addition, B”-AlO, showed very good thermal stability, and
its excellent sodium ion conductivity at high temperatures made it commonly used in high-temperature
batteries. However, at room temperature, the sodium ion conductivity of the p”-ALO, is at the mercy of the
content of Na,O in materials. To make B”-AlO, exhibit acceptable sodium ion conductivity, Bay et al.
showed that, by applying a heat treatment in an argon atmosphere to a finely polished Na-p”-alumina
surface, a low interfacial resistance to sodium metal of < 10 Q cm” could be achieved [Figure 7B]"*?. There
was a significant decrease in the interfacial resistance from 10,000s Q cm* for non-heat-treated samples to 8
Q cm?, achieved by heat treating the Na-f”-alumina pellets at 900 °C. Therefore, the high ionic conductivity
of the Na-B”-alumina ceramic at room temperature is available (1.6 mS cm™). Nevertheless, at room
temperature, more issues remain to be solved, as B”-Al,O, shows lower mechanical properties and more
defects (crystal boundaries, pores, efc.) which cannot inhibit the growth of sodium dendrite. In addition, its
low sodium affinity is not suitable for normal temperature SMBs.



Li et al. Chem Synth 2022;2:16 | https://dx.doi.org/10.20517/cs.2022.19 Page 13 of 25

o T T 10° 1
B T =00 °C E T
mSig” 0 1 |
2000} © g : r
S 1500 % o ~§ Ll § . ]
g Re@)i) { =
Froof [~ { ZYf r 1
4 N oo =
o y 1 1 1 1 .\ L 1 1 1 1

10° :
0 500 1000 1500 2000 2500 0 200 400 600 800 1000 :
Re(Z) () Heat treatment T (“C) i

Top-side view

Solid electrolyte

Na'metal

I Electron-reject interphase
Confined dendrite growth

Figure 7. Inorganic electrolytes regulate SEI for dendrite-inhibited SMAs. (A) Schematic of the bilayer B"-Al,O, electrolyte structure.
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room temperature. (left) Schematic of Na/Na-B"-alumina/Na cell and equivalent circuit for fitting the impedance spectra. (middle)
Representative Nyquist plots for the different heat-treatment temperatures. Markers represent experimental data and lines represent
the fitted data. (right) Interfacial resistance according to heat-treatment temperature. Reproduced with permission from"??. Copyright
2020, Wiley-VCH. (C) Crystal structure view of Nas ,MgqZr, 4Si, ,Po 5O - Reproduced with permission from™®. Copyright 2021,
Elsevier. (D) Diagram of the ultrasound solid welding method. Reproduced with permission frommf’].Copyright 2021, Nature Publishing
Group. (E) (left) SEM-EDS mapping images of NZSP-0.2Mg against sodium metal after cycling. (right) Confined Na plating at the
interface of Na/NZSP-0.2Mg. Reproduced with permission from"”".Copyright 2021, Wiley-VCH. (F) (top) Diagram of the reactive
Na/sulfide-based SSEs interface and stable Na@alucone/sulfide-based SSEs interface. Top-side SEM of the cycled Na|Na;SbS,|Na
using (bottom left) bare Na and (bottom right) Na@mld 150 C electrodes. Reproduced with permission frommg].Copyright 2021,
Wiley-VCH. SEl: Solid electrolyte interphase; SMAs: sodium metal anodes.

NASICON is the first reported inorganic solid-state oxide electrolyte, in which Na,Zr,PSi,O,, (NZSP) is the
most typical sodium superionic conductor, providing an ionic conductivity of about 10* S/cm at room
temperature. Moreover, NASICON is also capable of providing high chemical and electrochemical stability,
with a wide voltage window (> 5 V) for SMBs. However, the large crystal boundary impedance of the
material itself makes the sodium easily grow along the crystal boundary, and the crystal boundary
impedance also makes NASICON mostly exhibit poor ionic conductivity"*. By making the graphene
interface layer on the NZSP surface with CVD method, many distributed defect networks were constructed,
so that the uniform deposition of metal sodium at the electrolyte and electrode interface could inhibit the
growth of Na dendrite and reduce the interface impedance"*". An integrated structure composed of dense
electrolyte layer and porous sodium layer can also effectively reduce the contact resistance between
electrolyte and sodium anode and effectively suppress the growth of sodium dendrite.

The dendrite suppressing ability for primitive NZSP is poor. Therefore, Weng et al. showed that the
optimized Na, Mg, Zr,Si,,P,,O,, electrolyte was obtained by simultaneously substituting the Zr*" with Mg*"
and P** with Si** through solid-state reaction"””. The improved dendrite regulating performance can be
explained by the monoclinic structure [Figure 7C], which forms an effective three-dimensional Na*
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transport network*”. Furthermore, the problem of contact between Na and NZSP can be tackled by a room
temperature ultrasound solid welding strategy [Figure 7D]"*. With the aid of ultrasound, an intimate
bonding interface with a stable interfacial layer was constructed, effectively alleviating dendrite growth.
Conversely, the grain boundary phase of a Mg**-doped NZSP conductor (denoted as NZSP-xMg) was
manipulated to introduce favorable Na, ,;MgsPO,-dominant interphase, which facilitated its intimate
contact with Na metal and worked as an electron barrier to suppress Na metal dendrite penetration into the
electrolyte bulk. As shown in Figure 7E, sheet-like sodium metal was observed to adhere to the surface of
NZSP-0.2Mg, and no sodium dendrites appeared"””. The Na plating mechanism showed that, in NZSP-
0.2Mg, the electron-insulted Na, ,sMgsPO, was introduced to suppress electron transport through the grain
boundary and helped to form desirable interphase, which ensured robust Na plating/stripping cycles
constrained at the interface. In conclusion, the oxide solid-state electrolyte crystal boundary impedance is so
enormous that it is necessary to improve the material density, reduce the crystal boundary impedance,
usually through high-temperature annealing, and improve the solid-solid interface between the electrode
and electrolyte.

Sulfide solid-state electrolytes

Sulfide plays an important role in inorganic solid electrolytes, which is generally soft in texture and obtained
with high energy density and low interface resistance without high-temperature annealing. As the
electrostatic effect between sulfur and sodium ions is weak, it can provide higher ion conductivity than the
oxygen group. The sulfur group and the modified selenium-based solid electrolyte generally provide an
ionic conductivity of 10°S cm™, which is much higher than the oxygen-based solid-state electrolyte. The
reported Na, ,Sb,,W, S, showed the highest ionic conductivity and provided 4.1 + 0.8 x 10* S cm™ at room
temperature. Sulfur-based solid-state electrolyte is therefore considered one of the SSEs with commercial
promise. However, the high reactivity and weak electrochemical stability between sulfur solid electrolyte
and sodium will lead to the decomposition of sulfur solid electrolyte, which in turn causes uneven
deposition of sodium and produces sodium dendrite. Therefore, a stable interface layer is usually added to
the negative pole side*®.

A molecular layer deposition (MLD) alucone film was employed on the surface of sodium, which passivated
the surface of anode, effectively alleviating the growth of sodium dendrite while preventing the breakdown
of Na,SbS,, a solid electrolyte. However, for sulfide-based electrolytes, an inherent problem is that metallic
sodium reacts thermodynamically with most thiophosphates to form poor ionic conducting products.
Although substitution of P can improve electrochemical performance, those elements that contribute to
improved ionic conductivity and chemical stability (As, Sb, etc.) have redox activity, which directly leads to
the decomposition of electrolytes in SMB. Therefore, Zhang et al. used alucone films deposited on Na foil to
separate Na metal and sulfide electrolytes (as shown in Figure 7F)"*). In the absence of MLD coating,
continuous protruding particles appeared on the surface of the exposed Na metal electrode, indicating the
growth of Na dendrites. In contrast, Na@mld 150 C had a flat and smooth surface, showed evidence of
limiting Na dendrites and was in close contact with the Na,SbS, electrolyte. Inserting CPEO, an electrolyte
membrane between sodium and Na,SbS,, prevents electron transport from reducing solid-state electrolyte
surface defects, thus forming a uniform surface on sodium metal surface and inhibiting dendrite growth.

Hybrid inorganic-polymer electrolytes

Solid electrolytes, considered as promising electrolytes which exhibit much less danger than liquid
electrolytes in SMBs, cannot contact thoroughly with the anode/cathode. Modification of inorganic
electrolytes can enhance the ion conductivity at room temperature and suppress dendrite growth through
coating. Nonetheless, inorganic electrolytes are costly and usually not stable enough in air, thus are not
conducive to the development of commercialization. Correspondingly, polymer electrolytes generally
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exhibit strong flexibility, are inexpensive, easy to prepare, and are more likely to form a tight electrode-
electrolyte interface with them.

Inorganic fillers are introduced into polymer electrolytes to form hybrid inorganic-polymer electrolytes.
The hydroxyl and functional groups with other characteristics are brought into hybrid electrolytes, such as
oxygen vacancy available with Lewis acids and Lewis bases on the polymer chain or sodium salt formation
interaction, which transforms the crystallinity of polymers, increases freed Na* concentration, improves
stability and mechanical modulus of polymer electrolytes, efc. It is expected to solve the above key problems
of low ionic conductivity and mechanical property.

Different materials have been used in the hybrid electrolyte system, including 0D nanoparticles, 1D
nanowires, 2D layered materials, and 3D continuous packing structures*****), Nano-sized NZSP powders
were first prepared by Niu ef al. with a sol-gel method"**. As shown in Figure 8A, there are many pores in
the cathode without succinonitrile (SN), and the interface contact between the cathode and solid electrolyte
is poor, which hinders the transport of Na' at the cathode and electrolyte-cathode interface. The addition of
SN is conducive to the formation of a compact and stable contact interface between nanocomposite cathode
and solid electrolyte, improves ion transport, and increases battery cycle life. As shown in Figure 8B, a
composite electrolyte with sandwich heterostructure was designed, and the electrochemical window was
widened to 5 V®''. A continuous interface can be formed between the 3D interconnected NZSP and the
polymer matrix, facilitating rapid diffusion of sodium ions. The integrated 3D structure is permeated by
PAN or PEO. The porous side filled with PAN can withstand oxidation at high voltage, while the porous
side filled with PEO can withstand Na metal reduction at low voltage. The battery composed of
Na,V,(PO,).F, showed excellent electrochemical performance towards a high-voltage solid-state battery.
The combination of inorganic ceramic filler and organic polymer matrix is an effective method to improve
the safety of hybrid electrolyte. However, increasing the amount of ceramic filler reduces flexibility and thus
increases the interfacial resistance"””. Ran et al. proposed a gradient composite electrolyte (GCE), which
used Sc and GE doped NZSP as filler and PEO as matrix**. In Figure 8C, an enhanced conduction pathway
is formed around the ceramic filler in NZSP-PEO CE (blue area). This region is called the space charge
region and is driven by the different free energy densities of the region from the inner layer to the outer
surface. In such CE, the ceramic filler concentration must be greater than the percolation threshold to
ensure a highly conductive pathway for interconnection. Matios et al. formulated a reactivity-guided
strategy for the synthesis of hybrid SPEs with optimized compositions of polyester PPC, ceramic
NASICON, and PEO host to simultaneously improve ionic conductivity, interfacial impedance,
electrochemical stability, and mechanical properties'*.

A low-cost and cross-linked gel-polymer electrolyte of poly(methyl methacrylate) (PMMA) was
compounded, enabling dendrite suppression and excellent cycling stability"'”. In addition to organic cross-
linked polymers, Lei et al. developed a blended inorganic ionic conductor/GPE composite electrolyte, where
a p/B”-ALO, nanowire (AN) membrane possessing 78.1% B”-phase was tightly wrapped by PVDF-HFP-
based GPE, effectively inhibiting the growth of Na dendrite and successive side reactions of the Na metal
anode [Figure 8D]"". This study for the first time proved the efficient inorganic solid electrolyte ion
conductor/polymer composite gel transmission behavior of sodium ions with inorganic ion conductor in its
solid-liquid mixture of sodium ion transport mechanism, and illustrated the high efficient inorganic ion
conductor matrix composite gel electrolyte for building an important highly stable solid SMB system. It
provides a universal strategy for achieving high energy density, long life, and high safety of SMBs
[Figure 8E].
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Figure 8. Hybrid inorganic-polymer electrolytes regulate SEI for dendrite-inhibited SMAs. (A) Proposed Na” transport model schematic
in the composite electrolytes and illustration of the cathodes. Reproduced with permission from“36].Copyright 2020, Elsevier. (B)
Schematic representation of composite electrolyte. Reproduced with permission from™". Copyright 2021, Elsevier. (C) Schematic of ion
pathway in NZSP-PEO CE. Reproduced with permission from™”". Copyright 2021, American Chemical Society. (D) Structure of ANS-
GPE composite electrolyte and mechanism of sodium ion transport. (E) Schematic of NVP/Na batteries using ANs-GPE and GFs-GPE
electrolytes. (D and E) Reproduced with permission from[m.Copyright 2016, Nature Publishing Group. (F) Optical microscope images
of pristine Na and its morphologies after 100 h plating/deposition when coupled with 2-GPH GPE and LE. Reproduced with permission
from™?. Copyright 2020, Wiley-VCH. SEI: Solid electrolyte interphase; SMAs: sodium metal anodes.

Different materials can be mixed into gels to enhance mechanical strength and form an excellent interfacial
matrix on the anode. As observed in Figure 8F, doping graphene oxide (GO) into PVDF-HFP generates
many amorphous regions during the gel electrolyte generation to enhance sodium ion conductivity and
form a uniform and smooth surface*. Meanwhile, the large number of oxygen-containing groups
provided by GO can effectively anchor the sodium ions in the electrolyte and promote rapid and uniform
sodium ion transport. Moreover, the strong H-F hydrogen bond between GO and PH can significantly
increase Young’s modulus of the gel electrolyte and effectively inhibit the growth of sodium dendrites. As a
result, uniform sodium deposition and ultra-long reversible sodium plating/exfoliation at high current
density (5 mA cm?™) are achieved. Furthermore, the photoinitiator benzophenone (BP) and nanometer filler
HKUST-1 were imported into the PEO matrix, thus acquiring a composite electrolyte by UV curing"*". For
PHGE (PEO + 5.0 wt.% HKUST-1 gel electrolyte), comparatively coarse surfaces could be noticed even after
many cycles. The addition of HKUST-1 convincingly fixed the anions in the battery, stabilized the interface,
facilitated the even deposition of Li/Na, and significantly improved the cyclic stability of symmetrical
batteries, leading to uniform Na deposition and high sodium transport.
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With the progress of gel polymer, novel electrolytes are being developed all the time. Wang et al. showed
that, due to the existence of loose and multilayered structure of the Ti,C,T, MXene filler, the
electrochemical properties of the battery were greatly enhanced, as the filler could expand the porosity of
the polymer films and augment the contact sites of sodium ions®’. After 300 cycles, lichen-like sodium
dendrites were viewed on the Na anode with GPE-0 (no Ti,C,T,). In contrast, no pronounced dendrites
were noticed on the one with GPE-8, while the sodium ions were evenly deposited on its anode. Although
gel electrolyte can inhibit the growth of dendrites to a certain extent, the liquid electrolyte it contains may
also pose a safety hazard. Moreover, gel electrolytes generally need to be operated at higher temperatures, so
cells that can cycle stably at RT are yet to be developed. In addition to GO and MXene, some 2D materials
(BN, clay, etc.) have also been used as electrolytes in battery systems to improve ionic conductivity and
inhibit dendrite growth"*"'**. Hamisu et al. fabricated an hBN-SPSU(Na)/PPEGMA hybrid electrolyte based
on polysulfone-sodium sulfonate [SPSU(Na)] blended with poly(polyethylene glycol methacrylate)
(PPEGMA) using nano-sized hexagonal boron nitride (nano-hBN) as filler"*”. Homogeneous dispersion of
hBN not only improves the mechanical properties of polymer electrolytes but also enhances ionic
conductivity. The addition of new 2D materials provides a new idea for the preparation of high-
performance electrolytes. Through the hybrid effect, solid electrolytes present high ionic conductivity, wide
stable potential windows, excellent mechanical properties, and good interface binding ability, thus meeting
the requirements of practical application of solid batteries.

Table 2 presents the performance of representative batteries assembled with solid electrolytes in the recent
literature. Solid electrolytes have high mechanical properties, wide electrochemical windows, and excellent
thermal stability. They can also inhibit dendrite growth and promote the development of metal battery
commercialization. However, due to their poor interfacial contact and low working current density, it is still
necessary to spend a lot of energy to develop high-performance solid electrolytes systems.

In conclusion, we have discussed each of types of electrolytes above. The ideal electrolyte should have high
ionic conductance, high interfacial stability, wide electrochemical window, thermal stability, low cost, and
long life. However, different electrolytes show diverse properties. Liquid electrolyte additives can directly or
indirectly participate in the construction of SEI layer to effectively inhibit the growth of sodium dendrite,
but different kinds of additives may cause the battery internal reaction to be too complex, which is not
conducive to the study of the electrode surface reaction; High-concentration electrolyte is an improvement
of liquid electrolyte, which can solve the problem of sodium dendrite and prevent the excessive reaction of
metal sodium and electrolyte, but the ion transmission speed and cost caused by high-concentration
electrolyte density are important reasons for the difficulty of its commercialization; Novel electrolytes
provide infinite possibilities for the development of high-performance batteries. The solid-state electrolyte is
the hotspot and focus of research; Polymer electrolytes can provide excellent flexibility thus forming an
acceptable contact with the anode; Inorganic solid-state electrolytes can confine the growth of dendrite by
strategies such as doping; Hybrid solidstate electrolytes can effectively use the properties of the first two.
Nevertheless, whatever the type of the electrolyte is, interfacial chemistry between SMAs and electrolytes
plays a vital role in regulating the Na plating/stripping behavior and improving the cycling performance of
SMBs. This shows that there is still a lot of space for the progress of SMBs.

CONCLUSIONS AND OUTLOOK

Sodium batteries, as an important supplement to LIBs, can effectively alleviate the dilemma of energy
storage, and SMBs receive more attention because of their high energy density. Nevertheless, the safety
problems of dendrite growth seriously hinder the development of sodium batteries. We provide a
fundamental discussion on sodium dendrite and then summarize the study advances on suppressed
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Table 2. Performance of representative batteries assembled with solid electrolytes

lonic + . . Current Cycles
. .. Na’ transference Electrochemical window .
Material conductivity number ) density hours Refs.
(mScm™) (mAcm®  (h)
B/B"-Al,05 ANs + PVdF-HFP 1.07 0.37 B 0.5 300 [47]
8 wt % PCL-TA +15 vol % 6.3 - 4.5 0.5 400 [48]
TMP
PSTB + PVCA 0.1 0.88 4.5 01 025 051 620 [62]
PVDF-HFP/PMMA 3.28 0.558 5.25 0.5 300 [65]
+ 8wt %Ti;C,T, MXene
PFSA-Na 0.159 - 4.7 0.5 300 [114]
ETPTA-QSSE 12 0.62 4.7 0.1 1000 [119]
PBA 1.6 0.39 4 0.2 900 [120]
MADEMP-AEDEP-EA 3.37 0.52 49 0.2 700 [121]
HKUST-1/PEO 0.6 3.48 517 0.2 1000 [122]
GO/NASICON 0.6 - - 0.5 1000 [124]
NZSP-xMg 0.15 0.95 - 0.3 7000 [127]
NZSP/PEO 0.04 - 4.7 0.2 300 [136]
PEO-PN 0.12 0.61 52 0.1 1000 [138]
GO + PVDF-HFP 23 0.82 4.7 5 400 [140]
AIF;/NASICON 0.024 - - 0.15 150 [143]
0.25 150
BTO/NZSP 0.96 - 4.4 0.1 1000 [144]
0.2 1000
0.3 1000
NBO/NASICON 1 - 6 0.3 600 [145]
Na,Zr,Si,PO., 0.85 - 43 0.1 1000 [146)
SnO,/Sn + NASICON 0.59 - 3 0.1 1500 [147]
NaPTAB + PVDF-HFP 0.94 0.91 52 0.05 100 [148]
NaTFSI/PEO 80 °C 0.41 0.16 4.66 0.1 1000 [149]
octa-POSS/PEG/NaClO,, 0.45 0.23 4.5 0.1 5100 [150]
0.5 3550
NZSP/PVDF-HFP 0.1 0.63 4.4 0.2 400 [151]
NaClO,/PEGDA/PEG 0.08 0.83 4.8 - - [152]
EPTA 533 0.42 55 1 800 [1531]
PEO/PMMA/PVDF-HFP 2.02 - 49 0.25 600 [154]

dendrite from the perspective of electrolytes and related SEI, including the component and the
concentration of liquid electrolytes, solid-state electrolytes, and gel electrolytes. The related issues of SMAs
and the strategies regulated by electrolytes and SEI are summarized in Figure 9. This provides a direction for
us to inhibit dendrite growth through electrolytes regulation and SEI strategies in the future.

At present, despite great efforts implemented by researchers to surmount SMA issues, there are still a lot of
unknown things about Na anode interface chemistry, including the Na ion nucleation mechanism on
electrode surface, growth behavior of Na, the Na stripping mechanism, the dynamic evolution mechanism
of SEI, the interaction mechanism between SEI and Na anode, the physical and chemical properties of SEI,
and the state of SEI in the liquid environment. Thus, how to thoroughly characterize the existing crucial
issues is an urgent challenge to be solved in future research.

Insight into the mechanism of dendrite formation. As a world-class problem in LMBs, dendrite has perplexed
many researchers, as there does not exist a perfect description of its growth. Nevertheless, for SMBs, there is
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Figure 9. Conclusion and outlook of sodium metal anodes.

not even a proposed model at present. Therefore, the formation model of sodium dendrite is urgent to put
forward, which lies in more advanced characterization techniques to reveal the in-depth mechanism.

Exploring advanced electrolyte additives. Electrolyte additives can optimize the physical structure and
chemical composition of SEI, facilitate the even deposition of sodium ions, and realize the dendrite-free
metallic sodium anode.

Developing novel functional electrolytes. For liquid electrolytes, novel functional salts and solvents need to be
explored and designed, with a focus on enhancing CE and settling safety issues. In terms of solid
electrolytes, new synthesis methods and preparation technologies need to be explored to realize high ionic
conductivity and a broad electrochemical window of electrolytes.

Delving into the influence of SEI on dendrite. Currently, most research on SEI focuses on the battery
performance. However, the overall dendrite suppression is inseparable from the construction of SEI. Hence,
the study of the inhibitory effect of SEI on dendrite should be given great importance, e.g. the impact of
different chemical components in SEI and the influence of the balance between thickness and uniformity on
dendrite.

Clarify the relationship among electrolyte, SEI, and dendrite. The structural characteristics of electrolyte, SEI,
and dendrite need to be studied by advanced characterization methods, and the relationship among them
should be elucidated. This provides a more effective way to achieve a dendrite-free sodium anode through
electrolyte regulation and SEI strategies in the future.

Emerging computer-aided methods. The design and development of electrolytes and the influencing factors
of SEI components on dendrites are very complex. It is a rather time-consuming and costly process to
explore through experiments. As a result, mechanism exploration can be combined with emerging
computational science such as machine learning and large data analysis to predict the possible mechanism
for sodium dendrite and SEI, thus saving labor cost and contributing to technological development.

Combining advanced characterization with theoretical simulations. Advanced characterization techniques
should be combined with theoretical simulation to explore Na metal deposition/stripping behavior and the
mechanism of SEI formation.
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individual authors breast cancer. N Engl J Med 2011;364:412-21. [PMID: 21247310 DOI: 10.1056/NEJMo0al008108]
Organization as author Diabetes Prevention Program Research Group. Hypertension, insulin, and proinsulin in participants

with impaired glucose tolerance. Hypertension 2002;40:679-86. [PMID: 12411462]
Both personal authors and |Vallancien G, Emberton M, Harving N, van Moorselaar RJ; Alf-One Study Group. Sexual dysfunction

organization as author in 1,274 European men suffering from lower urinary tract symptoms. J Urol 2003;169:2257-61. [PMID:
12771764 DOI: 10.1097/01.ju.0000067940.76090.73]

Journal articles not in Zhang X, Xiong H, Ji TY, Zhang YH, Wang Y. Case report of anti-N-methyl-D-aspartate receptor

English encephalitis in child. J App! Clin Pediatr 2012;27:1903-7. (in Chinese)

Journal articles ahead of  |Odibo AO. Falling stillbirth and neonatal mortality rates in twin gestation: not a reason for

print complacency. BJOG 2018; Epub ahead of print [PMID: 30461178 DOI: 10.1111/1471-0528.15541]

Books Sherlock S, Dooley J. Diseases of the liver and billiary system. 9th ed. Oxford: Blackwell Sci Pub;
1993. pp. 258-96.

Book chapters Meltzer PS, Kallioniemi A, Trent JM. Chromosome alterations in human solid tumors. In: Vogelstein
B, Kinzler KW, editors. The genetic basis of human cancer. New York: McGraw-Hill; 2002. pp. 93-
113.

Online resource FDA News Release. FDA approval brings first gene therapy to the United States. Available from:

https://www.fda.gov/NewsEvents/Newsroom/PressAnnouncements/ucm574058.htm. [Last accessed
on 30 Oct 2017]

Conference proceedings Harnden P, Joffe JK, Jones WG, editors. Germ cell tumours V. Proceedings of the Sth Germ Cell
Tumour Conference; 2001 Sep 13-15; Leeds, UK. New York: Springer; 2002.

Conference paper Christensen S, Oppacher F. An analysis of Koza's computational effort statistic for genetic
programming. In: Foster JA, Lutton E, Miller J, Ryan C, Tettamanzi AG, editors. Genetic
programming. EuroGP 2002: Proceedings of the 5th European Conference on Genetic Programming;
2002 Apr 3-5; Kinsdale, Ireland. Berlin: Springer; 2002. pp. 182-91.

Unpublished material Tian D, Araki H, Stahl E, Bergelson J, Kreitman M. Signature of balancing selection in Arabidopsis.
Proc Natl Acad Sci U S A. Forthcoming 2002.

For other types of references, please refer to U.S. National Library of Medicine.
The journal also recommends that authors prepare references with a bibliography software package, such as EndNote to
avoid typing mistakes and duplicated references.

3.3.10 Supplementary Materials

Additional data and information can be uploaded as Supplementary Materials to accompany the manuscripts. The
supplementary materials will also be available to the referees as part of the peer-review process. Any file format is
acceptable, such as data sheet (word, excel, csv, cdx, fasta, pdf or zip files), presentation (PowerPoint, pdf or zip files), image
(cdx, eps, jpeg, pdf, png or tiff), table (word, excel, csv or pdf), audio (mp3, wav or wma) or video (avi, divx, flv, mov, mp4,
mpeg, mpg or wmv). All information should be clearly presented. Supplementary materials should be cited in the main text
in numeric order (e.g., Supplementary Figure 1, Supplementary Figure 2, Supplementary Table 1, Supplementary Table 2,
etc.). The style of supplementary figures or tables complies with the same requirements on ﬁgures or tables in main text.
Videos and audios should be prepared in English, and limited to a size of 500 MB or a duration of 3 minutes.

2.4 Manuscript Format
2.4.1 File Format
Manuscript files can be in DOC and DOCX formats and should not be locked or protected.

2.4.2 Length
There are no restrictions on paper length, number of figures, or amount of supporting documents. Authors are encouraged
to present and discuss their findings concisely.
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2.4.3 Language
Manuscripts must be written in English.

2.4.4 Multimedia Files

The journal supports manuscripts with multimedia files. The requirements are listed as follows:

Videos or audio files are only acceptable in English. The presentation and introduction should be easy to understand. The
frames should be clear, and the speech speed should be moderate.

A brief overview of the video or audio files should be given in the manuscript text.

The video or audio files should be limited to a size of up to 500 MB.

Please use professional software to produce high-quality video files, to facilitate acceptance and publication along with the
submitted article. Upload the videos in mp4, wmv, or rm format (preferably mp4) and audio files in mp3 or wav format.

2.4.5 Figures

Figures should be cited in numeric order (e.g., Figure 1, Figure 2) and placed after the paragraph where it is first cited;
Figures can be submitted in format of tiff, psd, Al or jpeg, with resolution of 300-600 dpi;

Figure caption is placed under the Figure;

Diagrams with describing words (including, flow chart, coordinate diagram, bar chart, line chart, and scatter diagram, etc.)
should be editable in word, excel or powerpoint format. Non-English information should be avoided;

Labels, numbers, letters, arrows, and symbols in figure should be clear, of uniform size, and contrast with the background;
Symbols, arrows, numbers, or letters used to identify parts of the illustrations must be identified and explained in the
legend;

Internal scale (magnification) should be explained and the staining method in photomicrographs should be identified;

All non-standard abbreviations should be explained in the legend;

Permission for use of copyrighted materials from other sources, including re-published, adapted, modified, or partial
figures and images from the internet, must be obtained. It is authors’ responsibility to acquire the licenses, to follow any
citation instruction requested by third-party rights holders, and cover any supplementary charges.

2.4.6 Tables

Tables should be cited in numeric order and placed after the paragraph where it is first cited;

The table caption should be placed above the table and labeled sequentially (e.g., Table 1, Table 2);

Tables should be provided in editable form like DOC or DOCX format (picture is not allowed);

Abbreviations and symbols used in table should be explained in footnote;

Explanatory matter should also be placed in footnotes;

Permission for use of copyrighted materials from other sources, including re-published, adapted, modified, or partial tables
from the internet, must be obtained. It is authors’ responsibility to acquire the licenses, to follow any citation instruction
requested by third-party rights holders, and cover any supplementary charges.

2.4.7 Abbreviations

Abbreviations should be defined upon first appearance in the abstract, main text, and in figure or table captions and used
consistently thereafter. Non-standard abbreviations are not allowed unless they appear at least three times in the text.
Commonly-used abbreviations, such as DNA, RNA, ATP, etc., can be used directly without definition. Abbreviations in
titles and keywords should be avoided, except for the ones which are widely used.

2.4.8 Italics
General italic words like vs., et al., etc., in vivo, in vitro; t test, F test, U test; related coefficient as 7, sample number as n,
and probability as P; names of genses; names of bacteria and biology species in Latin.

2.4.9 Units
SI Units should be used. Imperial, US customary and other units should be converted to SI units whenever possible. There
is a space between the number and the unit (i.e., 23 mL). Hour, minute, second should be written as h, min, s.

2.4.10 Numbers
Numbers appearing at the beginning of sentences should be expressed in English. When there are two or more numbers
in a paragraph, they should be expressed as Arabic numerals; when there is only one number in a paragraph, number < 10

should be expressed in English and number > 10 should be expressed as Arabic numerals. 12345678 should be written as
12,345,678.

2.4.11 Equations
Equations should be editable and not appear in a picture format. Authors are advised to use either the Microsoft Equation
Editor or the MathType for display and inline equations.
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2.5 Submission Link
Submit an article via https://oaemesas.com/login?Journalld=cs.
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