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SnO,@CMK-8 composite, a highly promising anode for Na-ion batteries (NIBs), is incorporated
with polyvinylidene difluoride (PVDF), sodium carboxymethylcellulose (NaCMC), sodium
polyacrylate (NaPAA), and NaCMC/NaPAA mixed binders to optimize the electrode
sodiation/desodiation properties. Synergistic effects between NaCMC and NaPAA lead to the

formation of an effective protective film on the electrode. This coating layer not only increases
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the charge—discharge Coulombic efficiency, suppressing the accumulation of solid-electrolyte
interphases, but also keeps the SnO, nanoparticles in the CMK-8 matrix, preventing oxide
agglomeration and falling off upon cycling. The adhesion strength and stability towards the
electrolyte of the binders are evaluated. In addition, the charge-transfer resistance and apparent
Na® diffusion of the SnO,@CMK-8 electrodes with various binders are examined and post-
mortem analyses are conducted. With NaCMC/NaPAA binder, exceptional electrode capacities
of 850 and 425 mAh g are obtained at charge—discharge rates of 20 and 2000 mA g,
respectively. After 300 cycles, 90% capacity retention is achieved. The thermal reactivity of the
sodiated electrodes is studied using differential scanning calorimetry. The binder effects on NIB

safety, in terms of thermal runaway, are discussed.

1. Introduction

Rechargeable Na-ion batteries (NIBs) is an appealing alternative or complementary
technology to lithium-ion batteries (LIBs) for large-scale energy storage. “? The main incentive
for using NIBs is the abundance, global distribution, and low cost of sodium precursors.
However, NIBs are still in the early stages of development. For example, although there has been
decent progress on cathode materials, including layered oxides, polyanionic compounds,
Prussian blue analogues, and organic compounds,*® finding a good anode is relatively
challenging since the commonly used LIB graphite anode has poor Na* storage capability.>* In
addition to electrode materials, there are many components in NIBs, such as binders, conductive

agents, electrolytes, additives, and separators.**™** These seemingly minor parts greatly affect the

performance of NIBs.*
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In general, the main function of polymer binders is to glue the active materials and
conductive agents to the current collector, to maintain mechanical integrity, simultaneous
electronic and ionic percolation, and to reduce thickness expansion. The importance of binders is
usually overlooked, since they account for only ~5 wt% of the electrode material and essentially
contribute little to capacity."**"*® Polyvinylidene difluoride (PVDF) is a widely used binder in
LIBs due to its acceptable bonding capability and electrochemical stability.”* PVDF is usually
dissolved in volatile, flammable, and toxic N-methyl-pyrrolidone (NMP) solvent for electrode
slurry preparation, which requires special care of the processing conditions, and thus has a high
production cost.**?° Moreover, both PVDF and NMP are expensive and difficult to recycle. For
NIB applications, it has been reported that PVDF tends to defluorinate during sodiation, leading
to loss of electrode integrity.?* In this context, new water-soluble binders have recently attracted
a lot of attention for LIBs and NIBs due to their low cost, nontoxicity, short drying time, easy
processing, and great bonding ability.”* % It is noted that cost-effectiveness and large-scale
applications are emphasized for NIBs. Using appropriate and inexpensive binders (which
account for only ~5 wt% of electrodes) to improve battery performance is thus more desirable
than developing sophisticated active materials for the same purpose. The radius of Na* (1.02 A)
is larger than that of Li* (0.76 A), and thus the electrode volume variation upon
charging/discharging for NIBs is higher than that for LIBs.?” This implies that binders can play a
more significant role in determining performance for NIBs. All these factors justify the

importance of further study about water-soluble binders for NIBs.

SnO; has attracted much attention as an NIB anode because it is chemically stable, readily
available, and nontoxic, and has a high theoretical capacity.”® ** Recently, the present authors

proposed a unique three-dimensional (3D) architectured SnO,@CMK-8 electrode with a high tap
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density.*” CMK stands for “Carbon Mesostructured by KAIST”, to mark the contribution from
KAIST, Korea, to template-assisted fabrications of mesoporous carbons.** The CMK-8 is a kind of 3-
D mesoporous carbon with an la3d symmetry, which can be prepared by using ordered porous silica
KIT-6 as the hard template for nanocasting.** With optimized electronic and ionic conduction in
the electrode, SnO, nanoparticles (NPs) underwent a conversion reaction (SnO, + 4Na" + 4™ «
Sn + Na,O) and then an alloying reaction (Sn +3.75Na’ + 3.75e” < %NajsSny), resulting in a
reversible capacity of as high as 800 mAh g *.3 This electrode is quite promising, even though
PVDF binder was used. However, there are some issues (e.g., relatively low (~55%) first-cycle
Coulombic efficiency (CE), limited rate capability, and non-ideal cycling stability) that must be
overcome before practical applications become feasible. The effects of binder selection on the
electrochemical performance of a SnO,-based NIB anode are still unclear; various binders have
been arbitrarily chosen in the literature (PVDF is the most common).*>*" The only study on
binders for SnO, anodes showed that polyacrylic acid (PAA)-soluble starch (SS) binder was
superior to the conventional PDVF binder in terms of electrode durability.*® However, the SnO,
capacity was relatively low (i.e., 370 mAh g @100 mA g %), so the volume expansion/shrinkage
during cycling was relatively gentle (less harsh on binders). A more systematic and detailed

investigation is called for.

Binder selection can be electrode-material-specific. Komaba et al. found that a hard carbon
anode with sodium carboxymethyl cellulose (NaCMC) binder has better reversibility and
cyclability than those of an electrode with PVDF binder.?* With NaCMC binder, the hard carbon
derived from cherry petals showed a high initial capacity of 310 mAh g* and great cycling
stability.*® NaCMC binder was also found to improve the CE, rate capability, and stability of a

Na,TigO13 anode.®® It was recently reported that a NasV2(PO4),Fs cathode with NaCMC binder
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has excellent high-rate performance and cycle life (i.e., 75 mAh g @70 C and 79% capacity
retention after 3500 cycles).?* In addition, NaCMC binder was found to be also suitable for
phosphorus/carbon nanotube (CNT), PbTiOs;, and NapMnO, electrodes.****? However,
opposite results have also been reported; for example, a sodium Prussian blue/PVDF electrode
showed superior charge—discharge performance to that with NaCMC binder.* Contradictory
results have also been reported for sodium polyacrylate (NaPAA) binder, which can outperform
PAA binder due to its more favorable polymer conformation and the fact that Na* can improve
the solid-electrolyte interphase (SEI) properties.”*** N-doped CNT*® and FeS,”® anodes with
NaPAA binder exhibited excellent capacity, CE, and cycling stability, whereas an Sn-Co anode
with the same binder showed poor durability.*® An appropriate binder must thus be selected for a
given electrode material to optimize electrochemical performance. The development of a good

binder for high-capacity SnO, anodes of NIBs is the goal of the present work.

The thermochemical stability of sodiated anodes is a crucial property that affects thermal
runaway in practical NIBs. Two key factors are of major concern: (i) the exothermic onset
temperature, which governs the initial step that triggers a fire/explosion, and (ii) the total heat
released, which is indicative of the magnitude of reaction enthalpy.*’*® Both factors are
associated with the thermal stability of the SEI layer.*”*® Since the binder can affect SEI
chemistry,*® it is expected that electrode thermal reactivity will vary with binder type. This topic,
however, has received little attention to date. The present study first investigates this issue for
NIBs using differential scanning calorimetry (DSC). PVDF, NaCMC, NaPAA, and mixed
NaCMC/NaPAA binders are systematically compared in terms of crystallinity, bonding strength,
stability, and the resulting electrode morphology, surface chemistry, impedance, and

sodiation/desodiation properties.
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2. Results and discussion

Figure 1(a) shows the wide-angle XRD pattern of the SnO,@CMK-8 sample. All peaks
are attributed to various crystallographic planes of standard tetragonal SnO, (JCPDS 41-1445).
The crystallinity of CMK-8 is too low to exhibit distinct diffraction signals. The broad peaks
indicate that SnO, had a small crystal size. The microstructure of SnO,@CMK-8 examined with
TEM is shown in Figure 1(b). The SnO, NPs (dark spots), with a uniform size of approximately
2(x1) nm, were highly dispersed and well confined within the 3D porous CMK-8 matrix (bright
framework). The SnO,-to-CMK-8 weight ratio was found to be approximately 85:15.% The
small-angle XRD data for pristine CMK-8 and SnO,@CMK-8 samples are shown in Figure S2.
The intensities of the 1.1° and 1.3° peaks, which corresponded to (211) and (220) superlattice
diffractions, respectively, of the CMK-8 highly ordered mesoporous structure with an la3d
symmetry, significantly decreased after SnO, incorporation. This confirms that most of the

mesopores of CMK-8 were filled with SnO, NPs.

The thermal stability of the binders was evaluated with TGA; the obtained data are shown
in Figure S3. Considering the hydrophilicity of NaCMC and NaPAA, the gradual weight loss
before ~150 °C for the two binders can be attributed to the removal of absorbed water. NaCMC
showed the lowest decomposition temperature (about 300 °C), producing Na,O and Na,COs. >
PVDF decomposed at ~420 °C with a huge weight drop of > 60%. NaPAA had the highest
thermal stability (i.e., the smallest weight loss, 25%, at the highest temperature, 460 °C). It is
noted that for any binder, the decomposition temperature is much higher than that used for slurry
drying (i.e., ~100 °C), and thus binder thermal stability is not an issue during the electrode

fabrication process.

This article is protected by copyright. All rights reserved



The bonding ability of the binders was evaluated using peel tests. Scotch tape was adhered
to the electrode, and then manually peeled off to test the adhesion. As shown in Figure S4, for
the PVDF sample, the active material layer was mostly removed from the substrate. With
NaCMC binder, the adhesion between Cu foil and the coating material layer was improved.
However, the connection between the SnO,@CMK-8 NPs was still not strong, as a clearly
detached film was found on the tape side. NaPAA binder enhanced the inter-particle adhesion
even more, since the amount of SnO,@CMK-8 on the tape was reduced. The highest adhesion
strength was found for NaCMC/NaPAA mixed binder. The carbonyl and carboxyl groups on the
binders can form hydrogen bonds between the polymer chains and interact with SnO, and the
current collector to maintain mechanical stability.*” In addition to being an adhesive, NaCMC

is also a dispersant,***

which can modify the conformation of the mixed binder and increase the
number of bonding sites with the active material and Cu foil, which reduces the flaw size®* and

leads to excellent adhesion of the electrode.

Figure 2(a) shows the initial five CV curves of the SnO,@CMK-8 electrode with
NaCMC/NaPAA binder. In the first negative scan, there were small humps around 1.5-2.0 V,
which were associated with the surface group reduction at the electrode. The irreversible peak at
~0.8 V can be attributed to FEC decomposition and SEI formation.**>> A conversion reaction of
SnO, with Na* then occurred, which formed Sn and Na;O. When the potential was scanned
towards even lower voltage (< 0.3 V), another cathodic peak arose, indicating the occurrence of
Sn-Na alloying reactions (forming NaSns, NaSn, NagSns, Na;sSna, etc.).”®°" Below 0.1 V, Na*
insertion into the carbon phase can also take place.”® In the following positive scan, the reverse
reactions (i.e., desertion, dealloying, and re-conversion) occurred, contributing to the anodic

peaks. The CV redox behavior became stable in the subsequent scans. The voltammetric
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characteristics of the SnO,@CMK-8 electrodes with other binders are similar, as shown in

Figure S5.

The charge—discharge curves of various SnO,@CMK-8 electrodes (for the initial five
cycles) are shown in Figure 2(b) and Figure S6. The Coulombic inefficiency (CI = 1-CE) was
ascribed to the partial trapping of Na in SnO, and the formation of an SEI layer (i.e., electrolyte
decomposition).?®*° Figure 2(c) indicates that the first-cycle CE values for the PVDF, NaCMC,
NaPAA, and NaCMC/NaPAA electrodes are 53%, 60%, 62%, and 70%, respectively. The initial
efficiency of 70% is among the best reported in the literature (the mechanism is discussed later),
with efficiencies of 30-45% being common for various SnO,-based NIB anodes.**38°>°%0 At
the fifth cycle, a CE of 99.3% was obtained for the NaCMC/NaPAA electrode at a low charge—
discharge rate of 20 mA g . The data suggest that an appropriate binder can accommodate the

volume change and modify the surface chemistry of SnO,@CMK-8, improving the reversibility

of the electrode.

XPS was used to examine the surface chemical composition of the electrodes. The C 1s
spectra of the as-prepared electrodes are shown in Figure 3(a). The peak at ~284.6 eV
corresponds to the binding energy of C-C and C—H bonds.*®* The PVDF electrode exhibited
strong signals at 285.5 and 290.6 eV, which can be attributed to -CH,— and —CF,— bonds,
respectively.®® For the aqueous binder electrodes, the 286.7 eV peak is associated with C—O
bonding (for NaCMC), and the 288.5 eV peak is ascribed to the -COONa group (for both
NaCMC and NaPAA).*®® Figure 3(b) presents the Sn 3d spectra of the electrodes, which show
similar binding energies for all binders. The 3d*? and Sn 3d*? peaks located at 487.5 and 496.1
eV, respectively, confirm that the valence of Sn was +4.3%* Interestingly, the normalized peak
intensity for electrodes decreased in the sequence PVDF > NaCMC > NaPAA >

8
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NaCMC/NaPAA. These results suggest that the NaCMC/NaPAA electrode was best covered by
the binder layer, decreasing the signals from the underlying SnO,. The co-existence of NaCMC
and NaPAA led to a synergistic improvement in homogeneous wetting of the binder on active

particle surface, consistent with the adhesion testing results (Figure S4) before cycling.

Figure 3(c) compares the surface-exposed Sn content levels of various electrodes before
and after five charge—discharge cycles. It was found that the surface Sn concentration of the
PVDF electrode was considerably reduced after cycling, whereas that of the NaCMC/NaPAA
electrode remained almost unchanged. Continuous electrolyte decomposition (suggested by the
low CE; Figure 2(c)), and thus the growth of the SEI layer, is responsible for the clear decrease
in the Sn ratio of the PVDF electrode. Figure 3(d) shows the F spectra of the cycled electrodes.
The peak at ~687.6 eV for the PVDF electrode is associated with its —CF,— bond.®>® All the
electrodes showed a new signal at ~684.1 eV after cycling, corresponding to NaF within SEI,
which originated from electrolyte decomposition.®®®” The low NaF intensity for the

NaCMC/NaPAA electrode further supports the suppressed SEI growth.

Figure 4 illustrates the electrode microstructure development. Due to the crystalline nature
(see Figure S7) and bundle formation of PVDF chains,®® PVDF binder cannot uniformly cover
the electrode surface. The electrolyte easily permeated through PVDF and came into direct
contact with the electrode material, leading to a large electrolyte decomposition reaction and
high CI, especially in the first cycle. Moreover, this SEI layer did not seem to be robust enough
to withstand the SnO, volume change upon charging/discharging (according to Figure 2(c)). The
repeated breakdown and re-formation of the SEI layer led to its thickening like a snow cover. In
contrast, NaCMC and NaPAA binders are fully amorphous (Figure S7) and can form a relatively
continuous surface coating layer because of better wetting and spreading properties on particle

9
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surface, which acted like an artificial SEI layer (since these binders are reasonable ionic
conductors but poor electronic conductors), improving electrode passivation. In addition, this

layer was mechanically stable, minimizing the growth of the SEI layer.

The charge—discharge curves (after five conditioning cycles) of the SnO,@CMK-8
electrodes measured at various rates are shown in Figure 5(a) and Figure S8. At 20 mA g, the
measured discharge (desodiation) capacities were 795, 800, 810, and 850 mAh g for the
electrodes with PVDF, NaCMC, NaPAA, and NaCMC/NaPAA binders, respectively.
NaCMC/NaPAA mixed binder is most suitable for the SnO,@CMK-8 electrode. With the unique
3D mesoporous architecture and appropriate selection of functional binder, the obtained
electrode capacity of 850 mAh g is superior to most reported values.3*>38°°596064 Thae great
bonding ability of the binder can increase the active material utilization. The thin SEI layer
facilitated Na* transport across the electrode/electrolyte interface.”> Moreover, the carbonyl and
carboxyl groups of the binders may partially participate in the sodiation/desodiation reaction.®®

As a result, the NaCMC/NaPAA electrode had great charge—discharge capacity.

The electrode’s volumetric specific capacity is also a concern for practical battery
applications. The compressed densities of the PVDF, NaCMC, NaPAA, and NaCMC/NaPAA
layers were 0.40, 0.47, 0.47, and 0.48 g cm 2, respectively (including binder and carbon black).
The water-soluble binders can more closely pack the active material particles and reduce the
inter-particle space in the electrodes (as illustrated in Figure 4). The volumetric capacities of
these electrodes were calculated to be 254, 301, 311, and 326 mAh cm™ at 20 mA g,
respectively. Nanostructured materials usually exhibit low volumetric performance. However,

the experimental data confirm that our anode with an appropriate binder has a much higher

10
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volumetric capacity than that (130 mAh cm™®) of a hard carbon electrode, which is the most

popular NIB anode studied in the literature.®®

The binder effects on the rate capability of the SnO,@CMK-8 electrodes are shown in
Figure 5(b). At a high rate of 2000 mA g, the electrodes with PVDF, NaCMC, NaPAA, and
NaCMC/NaPAA binders had reversible capacities of 325, 345, 365, and 425 mAh g,
corresponding to 41%, 43%, 45, and 50% retention, respectively, compared to the values
measured at 20 mA g *. The reasons for the performance variation were determined using EIS.
As revealed in the Nyquist plots of Figure 5(c), the spectra consisted of a semicircle at high
frequency and a sloping line at low frequency, which can be characterized by the equivalent
circuit shown in the figure inset, where R., Ry, CPE, and W are the electrolyte resistance,
interfacial charge transfer resistance, interfacial constant phase element, and Warburg impedance
associated with Na* diffusion in the electrode, respectively.® The R values, which are related to
the EIS semicircle diameter, were calculated to be 580, 400, 370, and 240 Q for the PVDF,
NaCMC, NaPAA, and NaCMC/NaPAA electrodes, respectively. The PVDF electrode having the
largest R is attributed to its having the thickest SEI layer (Figure 3(c)). The apparent Na*
diffusion coefficients (Dna') for the electrodes can be calculated from the oblique linear Warburg
parts®; the calculated values for these electrodes are 1.7 x 10, 3.8 x 10", 6.1 x 10™, and 8.3
x 10™° cm? s, respectively. The tightly packed SnO,@CMK-8 NPs can form a favorable Na*
diffusion pathway, which resulted in an enhanced transport rate. The Dy," values of the PVDF
and NaCMC/NaPAA electrodes were also estimated using CV (see Figure S9 for details). The
linear relationship between the redox current and the square root of the CV sweep rate indicates

that the sodiation/desodiation reactions are diffusion-controlled. The obtained Dy, values are

11
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7.2 x 10 and 1.2 x 10 cm? s, respectively, which are consistent with the EIS data, again

confirming the importance of binder selection in achieving the desired electrochemical properties.

The cycling stability of the various SnO,@CMK-8 electrodes was evaluated at 100 mA g~
' the results are shown in Figure 5(d). The capacity retention ratios after 300 cycles are 78%,
83%, 85%, and 90% for the PVDF, NaCMC, NaPAA, and NaCMC/NaPAA electrodes,
respectively, with the CE values saturating at 98.6%, 99.1%, 99.2%, and 99.7%, respectively.
Figure 5(e) reveals the variation of R, with the number of cycles for the electrodes. The more
pronounced R increase upon cycling for the PVDF electrode indicates the inferior surface
passivation of this electrode. The accumulation of the SEI layer, which not only increased the
electrode resistance but also decreased the number of electroactive sites, led to the capacity
fading. In contrast, the adhesive and dispersant nature of NaCMC,*! when mixed with NaPAA,
improved wetting and spreading of the binder on the active particle surface. This artificial layer
formed was robust and can suppress the SEI evolution, improving the electrode durability. The
cycling stability of the electrodes was further examined at a high charge—discharge rate of 2000
mA g (Figure S10). After 150 cycles, the capacity retention ratios were 56%, 64%, 66%, and
73% for the PVDF, NaCMC, NaPAA, and NaCMC/NaPAA electrodes, respectively. The
decreased durability at a high sodiation—desodiation rate suggests that the electrode volume
expansion/shrinkage, rather than other parasitic reactions, is mainly responsible for the capacity
decay. A good binder, even though it accounts for only a small portion of the electrode, plays a
significant role in cycling stability, especially under high-rate operation. Besides the binder
selection, the electrode cycling stability can also be improved by development of new electrolyte

formulations, electrode architectures, and other pretreatment processes.™® "

12
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Figure S11 compares the surface appearances of the electrodes after 300 charge—discharge
cycles. For the PVDF electrode, some of the Cu substrate was exposed (due to the detachment of
the active material layer), whereas the NaCMC/NaPAA electrode retained the best mechanical
integrity. The corresponding electrode morphologies examined using SEM are shown in Figure
6. The PVDF electrode had huge cracks and was covered by a thick SEI layer. The PVDF binder
could not withstand the substantial electrode volume change during cycling (Figures 6(a)),
leading to decohesion and pulverization (see the FIB cross-section image in Figure 6(e)). As
shown in Figures 6(b) and (c), thinner SEI layers and smaller cracks were found for the NaCMC
and NaPAA electrodes. The highest structural stability was found for the electrode with
NaCMC/NaPAA mixed binder (Figure 6(d)). The types of groups on the polymer chains of
NaCMC are different from those of NaPAA (Figure S1) and thus may provide extra bonding
sites. Moreover, NaCMC can act as a dispersant to enhance the uniformity of NaPAA in the
electrode slurry.™™>* As reveled in the cross-section micrograph of Figure 6(f), the active
material layer was tightly adhered to the current collector. This confirms that NaCMC/NaPAA
mixed binder can buffer the electrode mechanical stresses during cycling and maintain structural

integrity, suppressing the growth of the SEI layer.

The stability of the polymer binders was also examined by soaking in the electrolyte; the
results are shown in Figure S12. The PVDF powder was easily peptized by the electrolyte. This
implies that the structural firmness and the conductive pathways of the PVDF electrode can be
degraded by electrolyte penetration, especially with high-expansion electrode materials. In
contrast, the other water-soluble binders were quite stable in the organic electrolyte and settled

down well under the vessels. This property is important for sustaining a robust electrode
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framework. The stable NaCMC and NaPAA binders can also serve as barrier layers to reduce

undesirable parasitic reactions between the SnO,@CMK-8 electrode and the electrolyte.

The SnO,@CMK-8 powder was scraped from the PVDF and NaCMC/NaPAA electrodes
after 300 charge—discharge cycles and then subjected to TEM analyses. As shown in Figure 7,
for the PVDF sample, the SnO, NPs had escaped from the CMK-8 matrix, leading to
agglomeration and separation of the oxide. In contrast, with the NaCMC/NaPAA binder, the
microstructure of SnO,@CMK-8 was well preserved. These results suggest that the binder can
effectively wrap the SnO,@CMK-8 spheres and keep the SnO, NPs encapsulated inside the
CMK-8 matrix after cycling (as shown in Figure 4). The conducting network and electroactive

sites for SnO, can thus be retained, leading to excellent cycling stability of the electrode.

Figure 8 shows the thermal reactivity of the sodiated electrodes with various binders
examined with DSC. In general, the following reactions can be distinguished in the DSC profiles
with increasing temperature: the original SEI film breakdown, the chemical reaction between the
electrolyte and the SEI-free sodiated anode (leading to the formation of a new SEI layer), and the
thermal decomposition of this re-formed SEI layer.*"* It was found that the original SEI layer of
the PVDF electrode decomposed at the lowest temperature (as shown in Table 2) with the least
heat released. These data indicate that the SEI chemistry is indeed altered by the electrode binder.
The reasons for the more exothermic SEI decomposition reactions of the aqueous binder
electrodes are unknown; this topic requires further investigation. Interestingly, the reaction
enthalpies of the SEI-free anodes and electrolyte (the second DSC peaks) were significantly
reduced with the use of the aqueous binders, especially NaCMC/NaPAA. It is believed that the
binder layer which effectively wets the electrode surface can decrease direct contact with the
electrolyte, suppressing reactivity. The total heat generated, summarized in Table 2, for the

14
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PVDF, NaCMC, NaPAA, and NaCMC/NaPAA samples is 300, 247, 232, and 195 J g,
respectively, up to 225 °C. The binder effects on the electrode safety characteristics were

demonstrated for NIB applications for the first time in this study.

3. Conclusion

Binder selection was found to be crucial for optimizing the electrochemical performance of
the SnO,@CMK-8 anode for NIBs. NaCMC/NaPAA binder, which is stable in the electrolyte,
can effectively wet, spread on the surfaces and tightly glue the SnO,@CMK-8 particles,
increasing the adhesion strength and compressed density of the active material layer. This mixed
binder (with synergistic effects) not only withstood the electrode volume variation and
maintained structural integrity upon cycling, but also formed a protective layer on the electrode
to separate the liquid electrolyte with the active particles and suppress the growth of the SEI
layer. Reduced R and increased Dy, were also found for this electrode, which showed excellent
capacity (850 mAh g or 326 mAh cm™), rate capability (425 mAh g *@2000 mAh g %), and
cycling stability (90% capacity retention after 300 cycles). The use of NaCMC/NaPAA binder
also increased the exothermic onset temperature and reduced the total heat generated at the anode,
improving the NIB safety. This cost-effective binder has great practical potential for NIB

applications.

4. Experimental procedures
4.1. Synthesis of SnO,@CMK-8 and cell assembly.
SnO,@CMK-8 was synthesized using procedures described in our previous study.** PVDF

(Sigma-Aldrich), NaCMC (Sigma-Aldrich), and NaPAA (Kishida Chemicals) binders were used
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as received. The molecular structures of the binders are shown in Figure S1. The electrode slurry
was made up of 80 wt% SnO,@CMK-8, 10 wt% carbon black, and 10 wt% binder dispersed in
either N-methyl-2-pyrrolidone (for PVDF) or distilled water (for NaCMC, NaPAA, and
NaCMC/NaPAA (1:1 by weight)). The slurry was coated onto Cu foil with a doctor blade and
dried at 100 °C for 3 h under vacuum. The final thickness of the active material layers was
approximately 65 um. The active material loading was typically 1-1.2 mg cm 2 This electrode
was roll-pressed and then punched to match the required dimensions of a CR2032 coin cell.
While preparing the NaCMC/NaPAA electrodes, we did not find any considerable impact of
binder mixing sequence on the electrochemical properties. Thick Na foil and a glassy fiber
membrane were used as the counter electrode and separator, respectively. The electrolyte was 1
M NaClOy in propylene carbonate (PC)/ethylene carbonate (EC) mixed solvent (1:1 by volume)
with 5 wt% fluoroethylene carbonate (FEC) additive. The assembly of the coin cells was
performed in an argon-filled glove box (Innovation Technology Co. Ltd.), where both the

moisture and oxygen content levels were maintained at below 0.5 ppm.

4.2. Material and electrochemical characterizations.

The crystallinity of SnO,@CMK-8 was characterized with X-ray diffraction (XRD; Bruker
D8 ADVANCE) using Cu K, radiation as the incident X-ray source. The small-angle XRD
patterns were recorded with a Shimadzu LabX XRD-6000 diffractometer with Cu K, radiation.
The morphology and microstructure of the samples were examined using scanning electron
microscopy (SEM; FEI Inspect F50), a focused ion beam (FIB; FEI V ersa 3D), and high-
resolution transmission electron microscopy (TEM; JEOL 2100F). X-ray photoelectron

spectroscopy (XPS; VG Sigma Probe) was used to analyze surface chemical compositions of the
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electrodes. The Al K, radiation (1486.6 eV) was used as the excitation source. All of the
acquired spectra were referenced to the C 1s peak of hydrocarbon at a binding energy of 284.6
eV. XPSPEAK 4.1 software was adopted for the data fitting. Thermogravimetric analyses (TGA,
PerkinElmer TGA7) were conducted with a heating rate of 5 °C min to characterize the thermal
stability of the binders. Electrochemical impedance spectroscopy (EIS) was performed in a
frequency range of 100 kHz-10 mHz with an AC amplitude of 10 mV. A Biologic VSP-300
potentiostat was used for cyclic voltammetry (CV) measurements. The charge—discharge
properties (such as capacity, rate performance, and cycling stability) of various electrodes were
evaluated using a battery tester (Arbin, BT-2043) at 25 °C. For each condition, at least five coin
cells were tested. The performance deviation was typically within 5%. The reported data are the
median values. The thermal reactivity of the sodiated SnO,@CMK-8 samples with various
binders was evaluated using DSC (Netzsch DSC3500) in a temperature range of 50-225 °C. The
samples were pre-sodiated to 0.01 V vs. Na/Na®, recovered from the coin cells, placed into Al
capsules in the glove box without washing and drying, and then transferred to the DSC chamber,

which was filled with N gas and heated at a rate of 10 °C min™.
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Table 1. Charge—discharge properties and film densities of SnO,@CMK-8 electrodes with

various binders.

PVDF NaCMC NaPAA NaCMC/NaPAA
First-cycle CE 53% 60% 62% 70%
Maximum capacity
(Cao: at 20 MA g 1) 795 800 810 850
High rate capacity
(Caon: at 2000 MA ¢ ° 325 345 365 425
Rate capability 41% 43% 45% 50%
C2000/C20
Cycling retention 0 0 0 0
(after 300 cycles) 8% 83% 85% 0%
Film density (mg/cm™®) 0.40 0.47 0.47 0.48
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Table 2. DSC data of sodiated SnO,@CMK-8 anodes

temperature range of 50-225 °C.

with various binders evaluated in a

Exothermic onset

Total heat

Binders temperature (°c) released (J g%)
PVDF 75 300
NaCMC 101 247
NaPAA 101 232
NaCMC/NaPAA 100 195
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Figure 1. (a) Wide-angle XRD pattern and (b) TEM images of SnO,@CMK-8 composite.
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Figure 6. SEM images of SnO,@CMK-8 electrodes with (a) PVDF, (b) NaCMC, (c) NaPAA,
and (d) NaCMC/NaPAA binders after 300 charge—discharge cycles. FIB cross-section images of
(e) PVDF and (f) NaCMC/NaPAA electrodes after the same cycles.
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Figure 7. TEM images of SnO,@CMK-8 samples with (a) PVDF and (b) NaCMC/NaPAA

binders after 300 charge—discharge cycles.
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Figure 8. DSC data of sodiated SnO,@CMK-8 samples with various binders.
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