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ABSTRACT: Development of sodium and potassium ion batteries with greater energy density is
gaining great attention. Although recently proposed alloying anodes (e.g., Sn, Bi) demonstrate
much higher capacity than classic carbon anodes, their severe capacity fading hinders their
practical applications. The failure mechanism has traditionally been attributed to the large
volumetric change and/or their fragile solid electrolyte interphase (SEI). However, herein we
present a completely new cogitation and approach based on electrolyte engineering to stabilize
alloying anodes. This approach results in unprecedented high capacity (>650 mAh g!) and
stability (>500 cycles) of alloying anodes by simply tuning the electrolyte compositions, without
the needy for nano-structural control and/or carbon modification. We confirm that the cation
solvation structure, particularly the type and location of the anions in the electrolyte, plays a
critical role in alloying anode stabilization. We further present a new anionic and alloying anode
reaction model showing that the root cause of the capacity fading in these alloys is dictated by
the properties of the anions and not only the volume change or fragile SEI effect. Our model
elucidates the failure mechanism in alloying anodes and provides a new guideline for electrolyte

design that stabilizes alloying anodes in emerging mobile ion batteries.
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Pursuing rechargeable metal-ion batteries with greater energy density is attracting great attention
due to increasing demand for energy storage, where alloying anodes can provide very high
capacity.'-” This is particularly true since sodium and potassium ion battery technologies offer
limited capacity and stability using classic carbon-based anodes compared to lithium ions.?!!
However, alloying anodes are notorious for their severe capacity fading, which has hindered
their practical applications. The failure mechanism of alloying anodes has always been ascribed
to the large volumetric change (~300%) and/or the fragile solid electrolyte interphase (SEI).!?-13
This interpretation is popular because the pulverization of the alloy-based electrodes can be
observed during the reactions. As a result, many strategies have been developed to overcome this
issue. These strategies include nano-structural controlling, carbon modification, and improving
electrical conductivity. Thus, many nanostructured alloys including particles,!¢ fibers/tubes,> 17
film/membrane,'® '° and hierarchical material?> %! are being explored to stabilize alloying
anodes. Characteristic, conductive and/or protective materials such as carbon and artificial solid
electrolyte interphase (SEI) have been also used to improve alloying anode capacities
stabilities.?>>

Herein we show that an unprecedented high capacity (>650 mAh g'!) and stability (>500
cycles) can be achieved in alloying anodes by simply tuning the electrolyte composition, without
the need for nanostructural control, carbon modification, and/or SEI engineering. We confirm
that the cation solvation structure (e.g., Na*, K¥), particularly the type and location of the anions
present in the metal salt and solvents, plays a critical role in affecting the alloying anode
performance. In addition, we present a new anionic model showing that the anion corrosion plays
at least an equally important role in alloying anode stability as the volume variation and fragile

SEI models. Moreover, we present a new reaction model for alloying anode to make the

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Energy Letters

connections between the electrolyte compositions, SEI chemistry, electrode pulverization, and
the stability of alloying anode. Our model provides a different viewpoint to understand alloying
anode behaviors. More new insights are presented when we revisit the alloying anode
performance in recent literature.'* 1> We believe that this study not only complements existing
knowledge on failure mechanism for alloying anodes but also presents a new principle for

electrolyte design to improve alloying anode performance in emerging mobile ion batteries.

RESULTS AND DISCUSSION
Factors affecting alloying anode performance. Alloying anodes with varying nanostructures
such as particles'®, fibers!’, tubes®, films'®, membranes!®, and hierarchical structures®” 2! have
been synthesized to achieve high capacity and stability. Some of these classic strategies to
improve alloying anode performance are summarized in Figure 1la. However, the capacity,
stability and initial Coulombic efficiency of alloying anodes (i.e., <500 mAh g, ICE < 60%)
still have plenty of room to be improved, even when small areal loading and current densities
(less than 1 mg cm™ and 100 mA g!, respectively) are used (Table S1). In contrast, we find that
a high capacity and stability can be achieved readily in alloying anodes by electrolyte
engineering (i.e., tuning the cation solvation structures as discussed later). For example, using
electrolyte engineering strategy, we have been able to achieve areal loading, capacity, and ICE as
high as 5 mg cm2, 650 mAh g'!, and ICE >85%, respectively (Figure 1b).

Specifically, we have achieved a high capacity of 700 mA g-!' using micro-sized Sn tested
at a current density of 500 mA g'' in 1.0 M NaPFy in dimethoxyethane (DME) electrolyte. A
capacity retention as high as 85.3% has been achieved after 200 cycles (Figure 2a), where the
Coulombic efficiency is higher than 99.8 % (Figure S1). The good performance of the alloying

anode (e.g., Sn) was also demonstrated under varying active material ratio, areal capacity,
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amount of electrolyte used, and rolling process conditions (e.g., the electrode with or without
rolling process) (Figure S2). In contrast, a severe capacity fading was observed when we
changed the metal salt from NaPF4 to NaCF;SO; or NaClO,4, or when we changed the solvent
from DME to the ethylene carbonate/diethyl carbonate (EC/DEC) or propylene carbonate (PC)
(Figure 2a-d). This result indicates that the electrolyte composition (i.e., solvation structure) is a
very important parameter in determining Sn anode performance. This point is further
corroborated by results on Bi anode used in sodium and potassium batteries, respectively (Figure
2¢, ¢). Firstly, a high capacity of 377 mAh g! and a high CE of 99.8% can be achieved for
micron-sized Bi at a current density of 500 mA g'!, where capacity retention as high as 90.8%
can be achieved after 500 cycles (Figure. 2¢, Figure S3). In addition, a high capacity of 387
mAh g, high CE of 99.6%, and good capacity retention of 94.4% after 100 cycles was
demonstrated for micron-sized Bi in potassium ion battery (Figure 2e, f). However, to obtain
these good results, the electrolyte should be 1.0 M MPFq, (M= Na*, K*) in DME. Otherwise,
inferior stabilities are observed. This is the case when we use a different electrolyte salt (e.g.,
NaCF;SO; or NaClOy) or solvent (e.g., EC/DEC, or PC) as shown in Figure 2c-f. Thus, our
preliminarily results show that the electrolyte composition is a very important factor in
determining alloying anode stability and performance, and not only volume changes of the anode
or SEI effects.

We also considered that the alloying anode capacity fading might result from the
electrolyte decomposition on the metal electrode. This is because the interplay of metal electrode
and electrolyte has been reported in the literature before.?-3! We confirm that the capacity fading
of the alloying anode might not result from the metal electrode in Figure S4. We also

demonstrated the superiority of the electrolyte 1.0 M MPF¢ in DME. This is confirmed by the
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metal plating/stripping in the asymmetric (i.e., Cu | Na or Cu | K) and symmetric cells (i.e., Na |
Na or K | K) (Figure S5a-b), which are being widely used in metal batteries (e.g., Li, Na, K
batteries).>?3¢ We find that the NaPFs demonstrates higher reversibility and CE compared to
other sodium salts such as NaCF3;SO; and NaClO,, where the DME solvent is always superior to
EC/DEC and PC solvent (Figure SSc-g). Thus, the capacity fading might result from the
difference in electrolyte compositions (i.e., the cation solvation structure, the type of the anions

in the electrolyte).

Role of SEI and solvation structure. The role of SEI and electrolyte composition (i.e.,
solvation structure) in determining alloying anode performance (e.g., Sn, Bi) was investigated in
sodium-ion batteries (Figure 3a). Firstly, we used the alloying anode to assemble a half cell
using the electrolyte 1.0 M NaPF4 in DME for forming an SEI after the 1% cycle (i.e., alloy@SEI
in Figure 3a). Then, we dis-assembled the battery and used the alloy@SEI anode to assemble
new batteries using different electrolytes (e.g., incompatible electrolytes). We find that the
alloy@SEI anode demonstrates a fast capacity fading, which is similar to that of fresh alloying
anode tested in an identical electrolyte (Figure 3b-c). These results show that the formed SEI
cannot stabilize the alloying anode if the electrolyte composition is incompatible with the anode.
In contrast, we also obtained an alloy@SEI anode by cycling a cell in incompatible electrolyte
first and then used the alloy@SEI anode in a compatible electrolyte (i.e., 1.0 M NaPF4 in DME)
(Figure 3d). We find that the alloy@SEI anode can cycle well in the compatible electrolyte
(Figure 3e-f). These results demonstrate that the alloy@SEI anodes are stable in compatible
electrolytes (e.g., NaPFy) even if the alloy structure was initially destroyed by cycling (for one
cycle) in the incompatible electrolyte. In fact, the cycling performance is as good as that of the

freshly-prepared alloying anode. Herein, we also considered the possible dissolution and/or
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cracking of SEI component that might occur during experiments. This is because the dissolved
SEI component can change the solvation structure and possibly affect the electrode performance.
Finally, we find that the dissolution and cracking of the SEI component are very limited (Figure
S6). Thus, these results confirm that the effect of the formed SEI in maintaining anode stability is
limited for these alloying anodes, while the electrolyte composition (i.e., solvation structure) is

the dominant effect in determining alloying anode performance.

Performance of cycled anodes in different electrolytes. The morphological changes of cycled
Sn anodes were examined in different electrolytes (Figure S7). We find that, when tested in 1.0
M NaPFg in DME electrolyte, the micron-sized Sn anode can be pulverized into nanoparticles
gradually until it forms a porous and branched structure (Figure S7a-c, Figure S8). Interestingly,
the separator surface remained clean. In contrast, a glossy polymeric gel-like layer that fully
covers the pulverized Sn particles was observed in the case of 1.0 M NaCF;SO; in DME
electrolyte (Figure S7d-f),’”> 3% with black impurities covering the separator. The worst
performance was observed in 1.0 M NaClO4 in DME electrolyte, where a gel-like layer formed
which is too thick to observe the Sn particles, with more black impurities on the separator
(Figure S7g-1). The black impurities might result from side-reactions, which may be the main
reason for capacity fading because we can observe electrode pulverization in all the cases.

These comparative results indicate that the reason for the varying anode stability
performance may be related to the different anions present in the electrolyte since the same DME
solvent was used for batteries tested in Figure S7a-i. One possibility is that some side reactions
have occurred between the electrolyte and electrode catalyzed by the corrosion capabilities of the
anions. This is a reasonable hypothesis because such phenomena are common in material

science; for example, the corrosion of steel in solution is caused by anions.?® 40 In addition to the
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effect of the anions, we further examined the solvent effect when the alloying anode was cycled
in 1.0 M NaPFg4 in PC electrolyte. We find that the Sn anode is pulverized and black side-
products were also formed on the separator (Figure S7j-1). This result demonstrates that the
solvent can also affect the alloying anode performance, even though the same NaPF¢ salt was
used in the two solvents (DME and PC). Briefly, we can conclude from the experiments above
that the corrosion capability of anions in the electrolyte should decrease in the sequence of ClO4
> CF;SO;5 > PFq, while the DME is a better solvent for preventing corrosion compared to PC or
EC/DEC. This because DME has a stronger interaction with the Na* ions, which keeps the
anions far from the electrode surface, as discussed later. A similar phenomenon was confirmed
by studying the morphological evolution of Bi alloys cycled in various electrolytes (Figure S9).
We find that the surface of the Bi alloy cycled in 1.0 M NaPF4 in DME electrolyte is smooth
without gel-like layer, while a fully covered by-product is observed on the cycled Bi alloy when
PC or EC/DEC solvents (instead of DME) were used. Besides the electrode evolution, we further
find that the CE and capacity exhibit the same trend. In other words, degradation of the Bi alloy
anode is smallest for PF¢ and largest for CF;SO5- and ClOy47; similarly, the Bi alloy anode is most
stable in DME compared to EC/DEC and PC solvents. These results demonstrate the better
capability of PF¢ anions, and DME to stabilize Sn and Bi alloying anodes (Figure 2, Figure S7-
S10). Besides, the differences in the electrode can be further observed and analyzed by
electrochemical impedance spectroscopy (EIS) and X-ray photoelectron spectroscopy (XPS).41-43
Our results show that the formed SEI is dependent on the compositions of the electrolyte.
Essentially, the different chemical reactions of the cation-solvent-anion that take place on the
alloying anode interface give rise to different components and properties of SEI (Figure S11-

S12).
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Role of solvation structure. With the role of anions and solvents demonstrated, we discuss the
role of the solvation structure. A redshift of the P-F vibration in the PF¢ anion from 768 cm™! to
740 cm! was observed in the Raman spectrum,* demonstrating the solvation process, where
solid Na*PFg salt is dissolved into solvated PFgs ions in the electrolyte (Figure 4a). The PFq
anions have a high degree of mobility in EC/DEC and PC compared to DME, as confirmed by
the higher wavenumber in DME (at 743 ¢cm!) compared to 740 cm™! in EC/DEC and PC. This is
reasonable because the EC/DEC and PC have a higher capability to dis-associate Na"PF4
because of the high dielectric constant (i.e., egc=89.78; £pc=64.92; epmp=7.2).4¢ 47 In other
words, the average distance between Na* and PF¢ in DME solvent (i.e., Na'[DME]y ¢1[PF¢]) is
shorter than that in EC/DEC (i.e., Na'[EC];7[DEC]413[PF¢]) and PC solvent (i.e.,
Na'[PC]y1.75[PF¢]) due to the low dielectric constant and amount of DME solvent when 1.0 M
NaPFg salt is used (Figure S13). However, the Na™ and PFg is easier to form than the Na*-PF4
contact ion pair*® in EC/DEC and PC solvent, as confirmed by the FTIR results (Figure S14).
The PF¢ has more opportunities to contact with the Na* in the first solvation structure when the
EC/DEC or PC solvent is used. This is because the steric hindrance existing in the carbonate-
based electrolyte (i.e., Na"'[EC]s¢, Na*[DEC]4 or Na*[PC],¢ via monodentate chelation) is much
less than that in DME-based electrolyte (i.e., Na'[DME], via bidentate chelation). In this way,
DME can separate the Na” and PF4 effectively not only in the bulk electrolyte but also on the
electrode interface, as discussed later.

Besides, we find that the proportion of the coordinated DME (i.e., Raman peak at 856 cm™!)
is the highest in 1.0 M NaPFg in DME electrolyte (Figure 4b).* This is because the PF¢ has the
weaker coordination capability with the cation compared to CF3;SO; and ClOy4, thereby

facilitating good coordination between DME and the cations. In contrast, the CF;SO;5 and ClO,
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anions can coordinate with the cation competitively and exclude DME out of the solvation
structure, thereby giving rise to more free DME. These observations are consistent with the 'H-
NMR analysis, in which the shift of CH;/CH, peaks in DME is the most obvious when NaPFg
was used instead of NaClO, and NaCF;SO; (Figure 4c). The information on the solvation
structure present in different solvents can be obtained from the '"’F-NMR of PF4 anions (Figure
4d). The appearance of the '"F-NMR peak at a low magnetic field (i.e., high extranuclear
electron cloud density) in the solvents DME, PC, and EC demonstrates that the cation has good
coordination with these solvents. In contrast, the coordination between the branched/linear DEC
and the cations is not so condensed, leading to the peak shift towards the higher magnetic field.
Thus, we can see a medium F- NMR peak shift in the mixed EC/DEC solvent.

Based on these results, the proposed coordination structures are illustrated in Figure 4e.
Note that this is an average coordination structure for the Na* and solvent. We believe that one
Na* can coordinate with two DME molecules, while one Na* can coordinate with four solvent
molecules in the case of EC, PC, or DEC, but the DEC-based solvation structure is loose due to
the branched structure. These results demonstrate that the Na* solvation structure in 1.0 M NaPFgq
in DME electrolyte is stable and not so condensed. This means that PF4 anions have adequate
freedom of movement, while the PF4 is not easy to contact with the Na* to form the Na*-PFg
contact ion pair due to the bidentate chelation of Na*-DME. Therefore, the PF4 can be always
kept a distance from Na® even the distance of Na* and PFg is short. In contrast, the PFq is
relatively easy to contact with Na* due to the lower steric hindrance resulting from the
monodentate chelation of Na*-EC or Na*-PC, even though the distance of Na* and PF¢- might be
somewhat large (Figure 4¢). These viewpoints are consistent with the analysis done by FTIR

and '"F- NMR (Figure S13-S14, Figure 4d). In this way, the PFs demonstrates different
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opportunities to contact with the alloying anode interface during the Na* desolvation process,
and then affect the electrode performance, as discussed later. Thus, we observe that the alloying
anode capacity is highest in DME and is lowest in EC/DEC and PC. Besides, a fast capacity
decay can be observed when either CF5SO;5™ or ClO4 anions was used. This occurs because the
CF;SO;™ or ClO4 anions can occupy the DME position in the solvation structure, meaning they
can affect the alloying anode stability more easily during the de-solvation process. Thus, we
believe that the site of anions in the solvation structure plays a key role in determining the Sn and

Bi anode performance and stability.

Simulation and interfacial model. Our viewpoint about the solvation structure has also been
studied and confirmed by molecular simulations. We show the radial distribution function (RDF)
of Na* cations to the oxygen in different solvents (e.g., DME, PC, DEC) in Figure Sa. The
results indicate that DME has the highest occurrence around Na* compared to PC and DEC. This
is consistent with our coordination model shown in Figure 4e, in which we believe that DME
has more interaction with the Na* ions. In addition, the steric effect of anions (e.g., PF4, CF3SO3"
and ClO4) was considered through the buried volume (%VBur) calculations (Figure Sb-e),
which represents the space occupied by anions immediately coordinated to the central Na*.>* We
find that a medium %VBur of 26.8% for PF¢ is observed which corresponds to a medium degree
of mobility in the electrolyte. In contrast, the ClO4 has a smaller %VBur of 24%, enabling its
higher degree of mobility in the electrolyte. Although the CF3SO3- anion occupies a high volume
(i.e., %VBur of 28%), the strong interaction between Na* and the CF3SO;™ anion can compensate
for the steric effect and still induce a high appearance frequency around the Na*. These results

are consistent with the Raman and NMR observations.
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Particularly, this point was further supported by simulation of the interfacial behaviors on
the alloying anode surface when different metal salts (NaPFgs, NaCF;SO;, and NaClO4) were
used in DME. We find that the frequency of ClO4 and CF;SO;5 appearance on the alloying
anode surface is much higher than that of PF¢ (Figure 5f-h). This result explains their inferior
performance because CF;SO5 and ClO4 would be closer to the cations on the anode surface due
to their strong coordination capability and a high degree of mobility. In addition to the snapshot,
the statics analysis also corroborates this viewpoint. We find that the frequency of anions
appearing near the alloying anode is in the sequence of ClO4 > CF;SO5; > PFs when the DME
solvent is used (Figure S15). Thus, the simulations are consistent with our hypothesis, in which
the properties of anions play a critical role in determining alloying anode performance.

Finally, we present a solvation structure and an anionic interfacial model to interpret the
observed alloying anode behaviors. We use the generic formula M*[solvent],[anions] (M = Na*,
K*) to represent the electrolyte. Our results indicate that the distance between the anions and
cations in a solvation structure is smaller for C104~ and CF3SOj5™ than PF¢ in DME (Figure 6a-c).
As a result, PF4 is kept farther from the alloying anode surface (green slabs in Figure 6)
compared to ClO4 and CF3SO;™ during the de-solvation process. Thus, good stability is obtained
in 1.0 M NaPFg in the DME electrolyte. The molecular interaction can also be described using
our model when the EC, EC/DEC or PC solvents are used (Figure 6d-f). We propose that the
mobility of PF4 in these solvents is higher than that in DME, particularly in the interfacial region
during the de-solvation process, which leads to a high frequency of PF¢ occurrence on the
alloying surface. This is reasonable because these kinds of solvents cannot form a five-ring
complex like DME, meaning PF¢ cannot be kept far enough from the anode surface. As a result,

alloying corrosion and a severe capacity fading are observed. This analysis shows that the type
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and position of anions at the alloying anode surface can be controlled by changing the metal salts
as well as the solvents. Therefore, we can tune the alloying anode performance by simply
changing the composition of the electrolyte. The anions can move close to the alloying anode
surface if the anion has a strong coordination capability with the cation (e.g., CF3SO3") and/or
high mobility (e.g., ClOy4"). Similarly, the anions can move close to the alloying anode surface if
the solvent has an insufficient coordination capability to exclude the anion (e.g., EC/DEC, PC).
Thus, our anionic interfacial model can interpret all the observed alloying anode performance
based on the metal salt or solvent that makes up the electrolyte. The rationality of our interfacial
model was further demonstrated by changing the type of solvent in the electrolyte. The other
kind of ether-based electrolyte (e.g, 1.0 M NaPF¢ in diethylene glycol dimethyl ether
(DEGDME), and tetraethylene glycol dimethyl ether (TEGDME)) and the effect of different
solvent (e.g., DOL, EC, PC, ) with different dielectric constant’'-> were also studied (Figure
S16). The observed alloying anode perofmrance in Figure S16 are consistent with our interfacial
model (Figure 6g-i). Based on this model, we can further conclude that the electrolyte
decomposition is a solvent-derived process, which can be affected directly by the anionic

characteristics (e.g., properties, positions) and the type of solvent.

Alloy reaction model. Additional insight can be gained into our model when we consider the
classic literature on electrolyte and SEI chemistry.’*¢! We present a new reaction process model
for alloying anode to understand the relations between the electrolyte properties, SEI chemistry,
electrode pulverization, and the stability of alloying anode. We can classify two types of sites on
the surface of the pristine alloying anode: 1) fresh site, which has the same properties as the bulk
phase. The fresh site will be stable when the electrolyte is compatible with the alloying anode

(e.g., 1.0 M NaPF¢ in DME). As such, there are no side-reactions (i.e., electrolyte decomposition)
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that occur at fresh sites, which means there is no SEI formation. In contrast, the fresh site is not
stable when the electrolyte is incompatible with the alloying anode (e.g., 1.0 M NaPF; in
NaClO,). In the latter case, e side-reactions (i.e., electrolyte decomposition) can occur on this
fresh site, and an SEI can be formed.; i1) active site, which is a site on which the electrolyte can
be decomposed due to high reactivity, thus an SEI is formed on the anode surface. Using this
classification, the SEI chemistry and alloying anode performance can be related as discussed
below.

In the compatible electrolyte, the electrolyte decomposition can occur only on the active
sites to form the SEI during the 1% cycle; the fresh site remains stable, and more fresh sites could
be formed upon alloying anode pulverization during discharge. In such case, the alloying anode
can be stabilized after the 2" cycle for two reasons: i) the active site becomes stable because the
SEI can cover the active site (i.e., active site@SEI) and reaction activities were reduced on the
surface, particularly because the electrolyte is anode-compatible; ii) the fresh site remains stable,
and no electrolyte decomposition takes place at this site because of the inherent electrolyte
compatibility (Figure 7a). In contrast, in the case of incompatible electrolytes, the electrolyte
decomposition could occur on both the active and fresh sites, giving rise to SEI-coated active site
(i.e., active site@SEI) and SEI-coated fresh site (i.e., fresh site@SEI), and newly-formed fresh
site due to the alloying anode pulverization. As a result, a low CE (i.e., large irreversibility) is
observed in the 1% cycle. In the 2™ cycle, the electrolyte decomposition can occur continually at
least on the newly formed fresh site; meanwhile, the electrolyte decomposition can also occur on
the active site@SEI and fresh site@SEI due to incompatibility of electrolyte with the alloying
anode (Figure 7b). As a result, the electrolyte decomposition and severe capacity fading can

always be observed upon cycling, as shown in Figure 2.
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Based on this analysis, several conclusions can be made: 1) the electrolyte is the most
critical factor in stabilizing the alloying anode; ii) the alloying anode pulverization is not the
main cause of capacity fading. In other words, the pulverization is a consequence of the
(dis-)charge process under which the exposed fresh site can be stabilized in anode-compatible
electrolytes; iii) the formed SEI can reduce the electrode activities and mitigate the electrolyte
decomposition, but this positive effect does not take place in anode-incompatible electrolytes; iv)
finally, the interplay of metal electrode and electrolyte (e.g., wettability, side-reactions) need to
be considered, while the characteristics of alloying anode (e.g., porous integrity) can affect the
electrolyte compatibility. In brief, the stability of cation-solvent-anion needs to be considered on
the alloying anode and metal electrode both, because it determines the compatibility of
electrolyte directly (Figure S17). We hope these relations are helpful for designing more
versatile electrolyte compatible with the alloying anode and/or other kinds of anode for wider

applications.

In summary, we present a new insight into the factors affecting alloying anode performance in
metal ion (Na*, K*) batteries. We demonstrate that the solvation structure, particularly the type
and location of the anions, can be tuned by the metal salt and solvent, and can consequently
control the alloying anode performance. Unprecedented high performance is achieved in alloying
anodes (e.g., Sn, Bi) without the needy of nanostructural design or carbon modification for the
micron-sized alloying anodes. In addition, we introduce a new anionic interfacial model and
alloying anode reaction model to interpret the alloying anode morphological and electrochemical
performances observed in different electrolytes. Our model presents a new underlying
mechanism for the morphological and electrochemical performance of alloying anodes, which

complements the well-known volumetric change and/or fragile SEI effects. Our interfacial model
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can be used to design electrolyte compositions that preserve the structural stability and improve

the electrochemical performance of alloying anodes in mobile ion batteries.
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Figure 2. Comparative performance of alloying anodes in different electrolytes. Cycling

performance of (a, b) Sn and (c, d) Bi anode in (a, ¢) 1.0 M NaPFg, NaCF;SO; or NaClO, in

DME, and in (b, d) 1.0 M NaPF in DME, EC/DEC, or PC, respectively. Insets in (a) and (c) are

the SEM images of the micro-sized Sn and Bi particles, respectively. (e, f) Cycling performance

and Coulombic efficiency of Bi anode in 1.0 M KPFg, in DME, or PC, respectively.
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Figure 3. Role of SEI in alloying anode stability. (a) Alloying anodes (Sn or Bi) were cycled in
1.0 M NaPF; in DME first to form the SEI layer (alloy@SEI electrode). Then we assembled the
alloy@SEI electrode in a new battery using a different electrolyte. Cycling performance of the
(b) Sn@SEI and (c) Bi@SEI electrodes in different electrolytes. (d) Alloy anode was cycled in
different electrolytes first to form the SEI layer, and then we assemble the alloy@SEI electrode
in a new battery using 1.0 M NaPF¢ in DME electrolyte. Cycling performance of the (e¢) Sn@SEI

and (f) Bi@SEI in the 1.0 M NaPF; in DME electrolyte.
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Figure 4. Solvation structure of the cations and solvents. (a) Raman spectra of PF¢ anions in
different kinds of solvents. (b) Raman spectra of CH, rocking/C-O stretching vibrations and (c)
'"H NMR spectra of different types of sodium salt in DME a. (d) '’F-NMR spectra of PF4 anions
in different kinds of solvents. (¢) Proposed coordination structure of Na*-solvents pairs, in which

the opportunities of PF4 to contact the Na™ was presented.
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36 Figure 5. Simulation and interfacial behavior analysis. (a) Radial distribution function (RDF)
of Na* to oxygen in DME, PC, and DEC, respectively. (b) Illustration of the interaction between
41 the anion and cation. Buried volume (%VBur) calculations for different anions (¢) PF¢, (d)
43 CF;S0y5, and (e) ClO4 with the Na*. Interfacial behavior of molecules on the alloy anode surface

45 in (f) 1.0 M NaPF; in DME, (g) 1.0 M NaCF;SO; in DME, and (h) 1.0 M NaClO, in DME.
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Figure 6. Anionic interfacial model from the bulk electrolyte to the alloy interface. The

mode in DME-based electrolyte using different metal salt of (a) NaPF¢, (b) NaCF3;SOs;, and (c)

NaClOy,, respectively. The model of NaPF¢-based electrolyte using different solvent of (d) EC,

(e) EC/DEC, (f) PC, (g) DOL/DME, (h) TEGDME or DEGDME, and (i) PC/DME or EC/DME.
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Figure 7. Alloying anode reaction model. Comparative alloying anode behaviors in the (a)
compatible and (b) incompatible electrolyte upon cycling. After the 1% cycle, the SEI coated
active site (i.e., active site@SEI), original fresh site, the newly-formed fresh site (i.e., caused by
electrode pulverization) are all stable upon cycling in compatible electrolytes, thus a good
performance can be observed. In contrast, the active site@SEI, original fresh site, the newly-
formed fresh site are not stable in incompatible electrolytes, thus a severe capacity fading can be

observed.
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