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Abstract: Inspired by the fermentation of multiple small bread embryos to form large bread embryos,
in this study, the expansion of tin foil inlaid with sodium rings in the process of repeated sodium
inlaid and removal was utilized to maximum extent to realize the formation of sodium-tin alloy anode
and the improvement of sodium storage characteristics. The special design of Sn foil inlaid with
Na ring realized the in-situ electrochemical formation of fluffy porous sodium-tin alloy, effectively
alleviated the volume expansion and shrinkage of non-electrochemical active Sn metal, and inhibited
the generation of sodium dendrites. The abundance of sodium ions provided by the Na metal
ring compensated for the active sodium components consumed during the repeated formation of
SEI. When sodium-tin alloy in situ derived by Sn foil inlaid with Na ring was used as negative
electrodes matched with SCDC and Nag 91MnO; hexagonal tablets (NMO HTs) positive electrodes,
the as-assembled sodium-ion energy storage devices present high specific capacity and excellent
cycle stability.

Keywords: in situ electrochemical derivatization; sodium-tin alloy; anode; sodium storage

1. Introduction

With the aggravation of the greenhouse effect and the increase of people’s demand
for clean energy, lithium-ion batteries (LIBs), which are scarce in resources, will not be
able to meet the demand for large-scale energy storage due to the price rise and market
competition [1-3]. Among many alternatives, sodium ion batteries/capacitors (S5IBs/SICs)
with similar working principle to LIBs/LICs, suitable Stoke radius (solvation radius, that
of Na* is 4.6 A), rich sodium resources, aluminum as a collector, low cost and other
advantages have attracted extensive attention of researchers [4]. However, the larger radius
of Na* (1.02 A) than that of Li* (0.76 A) makes it difficult to insert Na* into the interlayer
of commercial graphite, which results the low theoretical capacity (35 mA h g~!) and
energy density of SIBs [5,6]. Although transition metal oxides/sulfides/selenides based on
conversion-reaction mechanism can deliver fascinating sodium ion storage capacity, their
realistic application is still limited because of the slow dynamics and inadequate cyclic
stability [7-9]. Therefore, the exploration of anodes for rapid storage of Na* ions is still an
important research area.

Sn, Sb, Te, Bi, Si and Se metal and their alloys with good electrical conductivity
and high specific capacity were considered as rapid sodium ion storage anodes [10-19].
However, the large volume expansion of them often leads to capacity attenuation and
insufficient cycle stability of SIBs during repeated charge and discharge [20-25]. Aiming at
the volume expansion mentioned, many strategies such as heterogeneous element doping,
carbon coating were taken. Although these strategies can effectively alleviate the problem
of large-rate discharge, the electrochemical activity Na ions consumed by the repeated
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formation of SEI film still cannot be instantaneously replenish during the process of charge
and discharge, and their specific capacity and cyclic stability are still far from practical
application [26-30]. Therefore, based on rational utilization of expansion of metal Sn during
charge and discharge, this study purposefully designed a Sn foil inlaid Na ring structure
to in situ achieve electrochemical derivatization of sodium-tin alloy anode. Subsequently,
the sodium-tin alloy anodes derived by tin foil inlaid sodium ring were matched with the
positive electrode of sodium citrate derived carbon (SCDC) and NMO HTs respectively to
assemble button cells. The result demonstrated that these cells exhibited the high mass
specific capacity and excellent cyclic longevity, which is about 100 mAh g~ for SCDC after
10,000 cycles and 60 mAh g~! for NMO HTs after 8400 cycles.

2. Materials and Methods
2.1. Materials and Chemicals

All the reagents used were manually ground for several minutes without further purification.

2.2. Preparation of Nag 91 MnO, Hexagonal Tablets

Nay.91MnO; hexagonal tablets were prepared as follows: MnO, and anhydrous
Na,COs3 with different molar ratio of 1:0.53 were separately added to a certain amount of
deionized water, and subsequently were stirred and evaporated to dryness on the heated
magnetic stirrer, then the homogenous mixture of MnO, and anhydrous Na,CO3; were
obtained. Finally, the temperature of the mixture was procedurally raised to 350 °C at a
rate of 3 °C per minute for 6 h in air, then to 850 °C at the same rate for 12 h in air. A kind
of smoke grey powder was obtained.

2.3. Instrumentation and Sample Analysis

The morphologies and microstructure of the NMO HTs and sodium-tin alloy pre-
pared by electrochemical in-situ method was detected by Field Emission Scanning Elec-
tronic Microscopy (FESEM, JSM-6701F). Transmission electron microscopy (TEM) and
high-resolution TEM (HRTEM) were performed with HITACHI-H7650 and JEM-2100F
(JEOL) instruments, and the kinetic energy of electrons was 200 kV. For SEM detection
of sodium-tin alloy, it was particularly worth mentioning that the button battery after
circulation was disassembled in the glove box with water and oxygen content less than
0.1 ppm, next the sodium-tin alloy was taken out. After washing with DMC solution, the
sodium-tin alloy was placed in the glove box overnight to drying, and cut off the parts with
scissors. Subsequently, one of the cut parts was paste on the conductive adhesive of the
sample stand, and transferred into the test box filled with high purity argon gas. The entire
transfer process was carried out in the high purity argon gas.

2.4. Electrochemical Measurements

The electrochemical tests were performed at constant temperature of 25 °C using
double-electrode 2032-type coin cells with sodium disc or tin foil disc and sodium rings
as the counter electrodes. For fabrication of SCDC and NMO HTs cathodes, 70 wt% of
active material, 20 wt% of carbon black (Super-P) and 10 wt% of polyvinylidenefluoride
(PVDF) in methyl-2-pyrrolidone (NMP) were well mixed and then coated on the Al foil
which served as a current collector. After heated at 90 °C for 12 h under vacuum, the
sheet was pressed and punched into 14 mm diameter electrodes with a mass loading of
1.0-2.0 mg. For electrochemical in situ fabrication of sodium-tin alloy anode: after inserting
2 mm sodium ring around the 14 mm tin foil, sodium-tin alloy is formed during repeated
charge and discharge. The electrolyte used in our work was 1 M NaClOy in a 1:1:1 (v/v/v)
mixture of ethylene carbonate (EC), diethyl carbonate (DMC) and ethyl methyl carbonate
(EMC), which was added 2% (mass ratio) fluoroethylene carbonate (FEC). The cell assembly
was carried out in an argon-filled glove box with both the moisture and the oxygen content
below 0.1 ppm. The CV tests were conducted with scan rates from 0.1 to 5mV s~ 1. Electrical
impedance spectroscopy (EIS) studies were carried out using PGSTAT302N (Metrohm Co.,
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Herisau, Switzerland) in the frequency range from 0.1 MHz to 0.05 Hz with an amplitude
of 5 mV. Galvanostatic charge/discharge and cyclic stability characteristic were collected
between 2.0 V and 4.0 V on a Neware BTS-5V10 mA (New well electronic Technology Co.,
LTD, Guangzhou, China).

3. Results and Discussions

As Figure 1 shown, inspired by the crowded arrangement and fermentation of multiple
small embryos into a large embryo, this study aims to design the tin foil inlaid sodium ring
structure to realize the in-situ electrochemical formation of sodium-tin alloy. The unique
structure can alleviate the volume expansion and shrinkage of non-electrochemical active
metal Sn and inhibit the generation of sodium dendrites. The embedded sodium ring can
provide sufficient electrochemical activity Na* for the system, which can compensate for
sodium ions consumed by the repeated formation of SEI during the charge and discharge
process of anode and cathode materials. To avoid the influence of positive electrode reaction
on the evolution process of sodium-tin alloy, the mature SCDC was selected as the positive
electrode to assemble coin cells.
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Figure 1. The schematic illustration for in situ electrochemical derivation of sodium-tin alloy.

Firstly, the morphology of SCDC was tested by SEM and TEM. As Figure 2a and
inset 2a shown, SCDC presents a comb structure. Raman result present inset Figure 2a
demonstrated that the ratio of D/G was 2.57, which indicated that SCDC was rich in defects.
The existence of these defects is beneficial to improve the storage of sodium ions. To explore
the optimum operating voltage range of coin cell with sodium tin alloy as anode and SCDC
as cathode. Cyclic voltammetry of these cells was determined in different voltage range.
As shown in Figure 2a, the polarization of cyclic voltammetry curves for SCDC positive is
significant at 1.0 V-4.0 V compared with at 1.5-4.0 V and 2.0-4.0 V. Therefore, considering
the influence of the operating voltage range on mass specific capacity of SCDC, 1.5 V4.0 V
is selected as the charge-discharge voltage range. As a comparison, the electrochemical
properties of pure sodium and tin foil anode were also tested, as exhibited in Figure 2c.
The results show that when sodium-tin alloy prepared by in situ electrochemical epitaxy is
used as anode, SCDC exhibits the highest gradient mass specific capacity compared with
that of pure Sn foil and pure Na metal disc as anode, just as shown in Figure 2d. It should
be noted that the specific capacity of the pure sodium anode for the first 20 laps was lower
than that of the sodium tin alloy anode because the voltage range for the first 10 laps is 24 V.
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Figure 2. (a) The morphology of SCDC tested by FESEM, Raman (in the upper right of Figure 2a)
and TEM (in the right bottom of Figure 2a); (b) Cyclic voltammetry curves of SCDC vs. Na/Na* in
different voltage ranges of 1.0-4.0 V, 1.5-4.0 V and 2.0-4.0 V; (c) Cyclic voltammetry curves of SCDC
vs. Na/Na™ at different scan rate of 5mV s~!, 10 mV s~ ! and 20 mV s—1; (d) Comparison of gradient
properties for pure Sn foil, pure Na metal disc and sodium-tin alloy anode in situ electrochemical
derived from Sn foil inlaid with sodium ring.

The gradient characteristic (Figure 3a—c) and cyclic stability (Figure 3b—d) of SCDC vs.
sodium-tin alloy anode were also determined. As presented in Figure 3a,b, SCDC exhibits
the first mass specific capapcity of 280 mAh g~!, and considerable mid-value voltage of
2.66 V. Figure 3c indicates that SCDC exhibited high gradient capacities of 250 mAh g~ !,
170 mAh g !, 155mAh g !, 148 mAh g !, 145mAh g1, 125mAh g ! and 120 mAh g !
at the current density of 0.1 Ag=1,02A g 1,04 A g 1,08A¢g 1,16 Ag ,32A¢g7!
and 6.4 A g~ !, respectively. Along with high capacity of 100 mAh g~! and ultra-long cyclic
life of 10,000 cycles at 1.0 A g~ !, sodium-tin alloy in situ electrochemically derived will
possibly be a candidate anode of devices with high mass specific capacity and excellent
cyclic longevity. It basically attributes to the multi-hole and irregular surface of sodium-tin
alloy, which can afford more storage space for electrochemically active Na* ions. While
these electrochemical activity Na ions can instantaneously complement those consumed
during the repeated formation of SEI film.

Considering the universal application of the sodium-tin alloy in situ electrochemically
derived, the coin cells were also assembled, in which sodium-tin alloy in situ electro-
chemically derived by Sn foil (13 mm) inlaid with Na ring (1 mm) was negative, and
Nag91MnO; hexagonal tablets (just as XRD demonstrated inset Figure 4b) was the counter
electrode. The electrochemical performance of as-assembled coin cells presents that NMO
HTs vs. sodium-tin alloy anode displays a high first-lap specific capacity of 140 mAh g~ ! at
0.1 A g~! current density, and it remains nearly 90 mAh g~! after 570 cycles, as Figure 4a
shown. The gradient capacity and the cyclic stability for NMO HTs cathode vs. sodium-tin
alloy anode was also collected, as shown in Figure 4b,c. In the gradient range from 0.1 to
1.6 A g1 for 10 laps at each stage, the discharge capacity of the coin cell with NMO
HTs as cathode and sodium-tin alloy as anode keeps 96 mAh g~! at current density of
0.1 A g~! after 10 laps. When the current density stepwise increased to 0.2, 0.5, 1, and
2 A g1, the corresponding specific capacities present 85, 78, 67, and 55 mAh g, respec-
tively. When the current density turns back to 0.1 A g~ !, the specific capacity still maintains
140 mAh g~! and ultimately holds 89 mAh g~!. However, it cannot be neglected that
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the first coulombic efficiencies of these batteries are all lower than 70% and gradually
increase to 100% as the charge-discharge cycle continues, which dominantly comes down
to the concentration polarization caused by the difference of sodium ion concentration on
the surface of metal tin anode at the initial stage of charge and discharge. But with the
progress of the charging and discharging cycle, this polarization gradually weakens, so that
NMO HTs still maintains nearly 60 mAh g~! specific capacity after 8400 cycles at 1 A g~
directly achieved after gradient cycles, as Figure 4c,d demonstrated. The excellent cyclic
stability principally attributes to the improvement of Na* ion transport rate caused by thin
lamellar of NMO HTs cathode and the exceptional conductivity and stability of sodium-tin
alloy counter electrode in situ electrochemically derived by Sn foil (13 mm) inlaid with Na
ring (1 mm).
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Figure 3. The electrochemical characteristic for sodium ion capacitors with SCDC as cathode and
sodium-tin as anode; (a) curves of voltage vs. specific capacity for the first charge-discharge; (b) the
gradient performance obtained from 0.1 to 6.4 A g~ ! increasing by 2 times and circulates 10 laps for
each current density; (c) the cyclic performance at 1 A g~1; (d) curves of voltage vs. specific capacity
for the first 100 cycles of (c).

To further explore the potential reasons for the excellent electrochemical performance
of NMO HTs, we performed CV detection and fitting. Figure 5a illustrates the original CV
curves at different scan rates of NMO HTs positive vs. sodium-tin alloy negative in situ
electrochemically derived, it is found that there are one distinct reduction peak at 2.13 V
and two oxidation peaks at 2.45 V and 3.6 V, respectively. CV curves scanned at different
rates shown in Figure 5b are overlapped and almost the same shape, which further con-
firms the excellent reversibility of the above coin cell. Furthermore, the capacitive/battery
contribution to the total charge storage of NMO HTs positive vs. sodium-tin alloy negative
electrochemically derived was also quantified through the method of charging storage
distinction according to the accurate and efficient analysis method of charge storage mech-
anism and pseudo contribution in cyclic voltammetry curve developed by Dunn et al.
Accordingly, the total current at a fixed potential can be expressed as the combination of
two parts of pseudocapacitive (k;v) and diffusion-controlled capacity (kov"°) [31,32].

i(V) = kv + ko @)
For further mathematical treatment, Equation (1) slightly transfers to

i(V)/v22 =K% + ky )
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Figure 4. (a) Cycle performance of Nag9;MnO, hexagonal tablets (NMO HTs) vs. sodium-tin alloy in
situ electrochemically derived directly collected for 570 cycles at 0.1 A g~1; (b) Capacity evolution
of NMO HTs vs. sodium-tin alloy in situ electrochemically derived by evolving current densities
ranging from 0.1,0.2,0.4,0.8,1.6 A gfl and transfer to 0.1 A g*1 (inset, XRD of NMO HTs); (c) Cycle
performance for 8400 cycles at 1 A g~ ! directly collected after the various current densities for NMO
HTs vs. sodium-tin alloy in situ electrochemically derived were tested; (d) The profiles of voltage vs.
specific capacity for NMO HTs vs. sodium-tin alloy at 1.5-4.0 V between 4290th and 4300th cycles.

On account of the linear fitting (Figure 5c) for logarithm of voltage to logarithm of
currents at each potential, the coefficients k; and k; can be determined, and the k;v and
ko1 were calculated. Then the pseudo capacitive (k;v) and diffusion control contribution
(kov%?) are distinguished [33-35]. As demonstrated in Figure 5d, the shaded regions
stand for the contribution from charge controlled by the capacitive, while the blank areas
represent the diffusion control contribution. The results demonstrate that the capacitive
controlled charge occupied about 25% of the entire charge storage capacity of 1.3 mV s~ 1.
However, it suddenly increases to 30% at 1.5 mV s~1, which is due to the coin cell holds for
a whole night between 1.3 mV s~ ! and 1.5 mV s~ ! test. In particular, the capacitance charge
ratio has turned slowly upward from 1.7-2.1 mV s~! (Figure 5e). The above results indicate
although the proportion of NMO HTs pseudocapacitive charge is less than 30% of the
total charge, the dynamic defects of solid-state diffusion can still be effectively alleviated.
This is also demonstrated by electrochemical impedance spectroscopy (EIS, Figure 5f). As
Figure 5f indicated, the Nyquist plot in high frequency region is respectively contributed
by physical impedance of device and interface impedance resistances between NMO HTs
electrode and electrolyte, while the low-frequency impedance derived from the diffusion
of Na ions, which is consistent with the equivalent current diagram inset Figure 5f.

In order to verify the in-situ electrochemical formation of sodium-tin alloy and com-
pare the differences between sodium-tin alloy derived by (a) pure Sn foil and (b) Sn foil
inlaid with Na metal ring. the according image were observed after repeated charge-
discharge. As Figure 6a—c presented, the surface of sodium-tin alloy derived by Sn foil
inlaid with Na metal ring become multi-hole and irregular compared with that of sodium-
tin alloy derived by pure Sn foil. This unique structure is contributed to affording more
storage space for electrochemically active Na* ions. Simultaneously, Na ions consumed by
the repeated formation of SEI film can be instantaneously complement during the process
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of charge and discharge. Together with the uniform distribution of Na and Sn elements
(Figure 6d,e), sodium-tin alloy in situ derived by Sn foil inlaid with Na ring was used
as negative, and matched with SCDC and NMO HTs as positive present high specific
capacity and remarkable cyclic stability. This provides a new avenue for the assembly
of sodium storage energy devices with excellent electrochemical performance. The EDS
(Figure 6f) of sodium-tin alloy further verified that the molar ratio of Na and Sn elements
is 19.4/1, which is far higher than maximum theoretical mole ratio 15/4 for sodium em-
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(Naj5Sny <15Na*+4Sn +15e ™), Na metal ring also compensated for sodium ions consumed
by the repeated formation of SEI in reaction system during charge and discharge.
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d
2.1 mV s~ ! at intervals of 0.2 mV s~; (c) The b-value determination of the peak currents of cathode

voltammetry curves of NMO HTs vs. Na/Na®* at different scan rate between 1.1 mV s~! an

shows that charge storage of SCDC vs. sodium-tin alloy; (d) Cyclic voltammetry curves of NMO
HTs vs. Na/Na* at 1.3 mV s~! and the shadowed areas represent the capacitive contribution;
(e) Separation of diffusion-controlled and capacitive charge at different sweep rates; (f) Nyquist dots
of the NMO HTs vs. sodium-tin alloy in situ electrochemically derived by Sn foil (13 mm) inlaid with
Na ring (1 mm) before and after 8400 cycles at 1 A g~ ! (inset, the corresponding equivalent circuit
diagram after 8400 cycles).
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Figure 6. Low magnification FESEM images of sodium-tin alloy derived by (a) pure Sn foil and
(b) Sn foil inlaid with Na metal ring; (c)The representative district scanning and corresponding
element mappings: (d) Na and (e) Sn; (f) the electron diffraction spectra (EDS) of sodium-tin alloy.
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4. Conclusions

To summery, the sodium-tin alloy was successfully in situ electrochemically derived
through a simple and practicable design of Sn foil (13 mm) inlaid with Na ring (1 mm).
In view of the distinctive design, the expansion of tin foil during the repeated sodium
ions inlaid and removal was utilized to maximum extent, the formation of sodium-tin
alloy anode and the improvement of sodium storage characteristics were realized, Na
ions consumed by the repeated formation of SEI film were instantaneously complement.
When the in-situ as-derived sodium-tin alloy was used as anode, SCDC as cathode, the
as-assembled sodium ion capacitors exhibited about 100 mAh g~! high specific capacity
after 10,000 cycles; while when NMO HTs as cathode, the as-assembled sodium ion batteries
exhibited favorable pseudocapacitive behavior and about 80 mAh g~! specific capacity after
8400 cycles. The above results demonstrated that the strategy of in-situ electrochemical
derivation can provide a reference for sodium ion energy storage devices with overall
electrochemical characteristics.
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