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Metal-free Na-ion battery with sodium-deficient cathodes such as layered oxides foresees a careful tuning of the
sodium content at the negative side. We exploit a versatile chemical strategy to get sodiated versions of a tin-
carbon (Sn-C) alloying electrode for application in full-cell. The process is performed by capillary contacting
Sn-C and sodium metal to trigger the chemical alloying, which leads to the Na,Sn-C electrode. The success of the
reaction is monitored by X-ray diffraction (XRD) and Raman spectroscopy, while the morphological changes are
exploited by scanning electron microscopy (SEM). The achieved NaSn-C electrode is advantageously used as

anode in combination with Al-doped, Na-defective layered oxide in a full-cell. The battery is cycled galvanos-
tatically and fully investigated by electrochemical impedance spectroscopy (EIS). The optimized Sn-C|NCAM cell
reveals maximum capacity of 120 mAh gz, energy and power density respectively of 300 Wh kges; and 650 W
kg;;t, and lifespan extended over 250 cycles.

1. Introduction

Na-ion battery so far appeared as the less expensive and more
accessible analogue of the most widely diffused Li-ion one, based on the
ions exchange by a rocking-chair mechanism [1,2]. However, the
exploitation of such an intriguing reaction, which can efficiently move
the lithium ions from cathode to anode for storing energy and back to get
power, appeared relevantly more complex in the sodium environment
than lithium [3,4]. Indeed, one of the most diffused and efficient cath-
odes for Na-cell is represented by the transition-metal layered oxide that
can be sodium deficient or sodium rich, with O, P5, P3 or P3’ structures
[5-10]. This variety of configurations typically requires a sodium metal
anode to compensate the alkali metal content into the cathode structure
[11]. On the other side, olivine-type electrodes have represented so far
the cheapest, still well-performing, cathode for actual application in
Li-ion batteries due to the modest economic and environmental impact
[12,13]. However, the synthetic pathways for achieving the sodium
analogue of these electrodes typically lead to the predominant formation
of the electrochemically inactive maricite structure instead of the olivine
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triphylite one [14-16]. Hence, electrochemical de-lithiation from
Li-based olivines can be used for removing the alkali metal from the
polyanionic framework, to finally get a version of the cathode host
framework, which can operate reversibly when coupled in sodium metal
battery [17]. Therefore, a balanced Na-ion battery using at the cathode
side either layered oxides or electrochemically converted olivines
mandatory foresees the adequate pre-storing of Na reservoir in anodes,
in analogy to what already adopted for Li-ion cells, in particular using
the Li-alloying electrodes [18-21]. Among the alloying materials suit-
able for this activation process, Si, Sn and Sb revealed the most prom-
ising features both in lithium [22-28] and in sodium batteries [29-35].
Moreover, the study of pre-sodiation of both cathode and anode ac-
quired relevant importance for Na-ion batteries, due to the above
mentioned sodium deficiency at the cathode side and initial irrevers-
ibility due to solid electrolyte interphase (SEI) formation at the anode
side [36]. In these regards, different strategies have been adopted for the
pre-sodiation of electrodes, including electrochemical activation of
anode and cathode [16,36,37], chemical or mechanochemical treat-
ments [38-40], as well as the use of sacrificial Na salts as the additives
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[41-43]. Relevantly, the high conductivity of metallic Sn and Sb can
allow either the typical electrochemical sodiation by charging/di-
scharging in half cell to retrieve the electrode for full-cell application
[27], or a more scalable and appealing pathway in which the Na-metal
alloy is directly achieved by mechanochemical treatments [44]. Herein
we exploit a direct mechanical treatment of a previously prepared Sn-C
anode [45] for application in a full Na-ion cell using the Nag 45Alo.03.
Cog.18Nip.18Mng 4702 (NCAM) layered cathode described elsewhere [11,
46]. The anode can operate in Na-cell according to the alloying mech-
anism with a capacity over 100 mAh g~*, however with an initial irre-
versibility exceeding 50 % of the steady state value, which is typical of
this class of materials [17,23]. Instead, the cathode can deliver in
half-cell about 180 mAh g~!, however with an initial charge limited to
only 60 % of the maximum value [10,11]. The compensation of the
initial sodium deficiency at the cathode side and of the initial irrevers-
ibility of the anode is originally exploited by a pre-treatment process of
the Sn-C anode consisting of mechanical capillary contact with sodium
metal. Tuning the contact time and pressure allowed the achievement of
various degrees of anode sodiation, as monitored by XRD, Raman
spectroscopy and confirmed electrochemically. The most suitable con-
dition is then adopted to get adequate Na,Sn-C anode for the application
in the full-cell with the selected NCAM cathode, which is subsequently
cycled by concomitantly monitoring the single electrodes as well as the
full-cell voltage, and characterized by EIS and ex-situ SEM. Subse-
quently, an optimization of the Sn-C|[NCAM full-cell setup has been
carried out to improve the performances and avoid side reactions or
inefficiency, thus leading to an enhanced battery. This full-cell has been
characterized in terms of rate capability, interfacial features, and long
term cycling ability. The outcomes of this work suggested the mechan-
ical pre-sodiation a well-suitable approach to scale up the Na-ion battery
and achieve a sustainable energy storage.

2. Materials and methods

Sn-C was synthetized as reported in previous paper [45]. In brief,
resorcinol was mixed with formaldehyde and sodium carbonate as
catalyst to obtain a dark orange hydrogel, which was aged, ground,
washed with water and then immersed in tert-butyl alcohol and filtered.
Afterwards, the particles were mixed overnight with the organometallic
tin source tributylphenyltin (TBPT), recovered, placed in an oven under
Ar-Hs flux, and heated at 700 °C for 2 h. NCAM was synthetized through
a co-precipitation method, according to previous works [10,46], by
dissolving nitrate precursors of Al, Co, Ni, and Mn in deionized water to
obtain a solution with a Al/Co/Ni/Mn molar ratio of 1:2:2:4.5. The
corresponding hydroxide was precipitated from the solution using
NaOH, filtered, washed with deionized water, and dried. This precursor
was mixed with NaOH in 1:1 molar ratio, calcinated at 500 °C, grinded,
pelletized, calcinated again at 1000 °C in a dry air flow, rinsed with
deionized water, and dried under vacuum at 100 °C overnight.

The electrode slurries were prepared by dispersing the active mate-
rial (either NCAM or Sn-C), polyviniylidene fluoride (PVDF 6020
Solef®) binder, and carbon black (Super P carbon, Timcal), mixed by the
8:1:1 wt ratio in N-methyl-2-pyrrolidone (NMP, Sigma-Aldrich), and
then stirred at room temperature until homogenization (about 2 h). The
obtained slurries were cast by a doctor blade tool on either aluminum
(thickness of 20 um, MTI Corporation) for NCAM or scratched copper
foils (thickness of 30 um, MTI Corporation) for Sn-C and subsequently
dried for 3 h on a hot plate at 70 °C, cut into disks of 10 mm-diameter,
and dried again for 3 h at 110 °C under vacuum to remove possible
traces of water and NMP solvent. Prior to vacuum drying, NCAM elec-
trodes were pressed with a hydraulic press (Silfradent) for 30 s at 110
bar, while the SnC tape was calendared by using an MSK-2150 Rolling
Machine (MTI Corp.) to achieve a thickness within the range of 100 —
110 pm. Carbon/PVDF electrodes coated on scratched Cu foil, labelled
SPC-Cu, were prepared to determine the electrolyte cathodic stability.
These —SPC-Cu electrodes were achieved by doctor blade casting
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procedure described above, using carbon black (Super P carbon, Time-
cal) and PVDF binder in the 80:20 wt. % ratio, cut into 10 mm disks, and
dried at 110 °C for 3 h under vacuum. Sn-C electrodes were sodiated via
capillary contact between the material and sodium metal inside an Ar-
filled glove box: the Sn-C electrode was placed in contact with a so-
dium metal disk wetted with a 1 M solution of sodium perchlorate
(NaClOy) dissolved in propylene carbonate (PC, battery grade, Sigma-
Aldrich) with 3 % in weight of fluoroethylene carbonate (FEC, battery
grade, Solvionic) and placed in between two Petri dishes. Subsequently,
a 1 kg weight was stacked on the electrode and the system was allowed
to chemically react until the target time was reached (1 h,2h, 6 h, 10 h,
and14 h). The final active material loading of Sn-C electrodes employed
in the capillary sodiation studies was about 2.0 mg cm ™2, as normalized
to the electrode geometric area (0.785 cmz). It is worth mentioning that
the activation time of the Sn-C electrodes in this work may be subjected
to ad hoc modulation according to the active material loading, pressure,
electrode, and electrolyte composition adopted during the process. Two-
electrode Swagelok T-type sodium half-cells were assembled by stacking
a 10mm-diameter working electrode (either pristine or sodiated Sn-C
anode, or NCAM cathode), a 10mm-diameter sodium metal disk
(Sigma Aldrich, 99 %) as counter electrode, and a 10 mm-diameter glass
fiber (Whatman® GF/B) disk as separator. A three-electrode Swagelok
T-type sodium cell was prepared using a 10 mm-diameter SP-Cu working
electrode, a 10 mm-diameter sodium metal counter electrode, a 10 mm-
diameter glass fiber (Whatman® GF/B) disk as the separator, and an
additional 10 mm sodium metal disk as reference electrode. Three-
electrode Swagelok T-type full-cells were assembled by stacking a
NCAM cathode, a 2 h sodiated Sn-C anode, one glass fiber (Whatman®
GF/B) disk as the separator, and an additional sodium metal disk as the
reference electrode placed at the top side of the T-cell. Optimized setup
CR2032 coin-type full-cells (MTI Corporation) were assembled by using
a 10 mm-diameter NCAM cathode, a 10 mm-diameter Sn-C anode acti-
vated for 30 min, and a 16 mm-diameter glass fiber (Whatman® GF/B)
disk as the separator (the active material loading of the electrodes is
reported in the respective figure caption whenever a full-cell is re-
ported). All the full-cells were prepared by using negative to positive (N/
P) capacity ratios of 1.1, as determined by considering mass loadings
and specific capacities of the two electrodes. In every cell configuration,
1 M solution of NaClO4 in PC + 3 % wt FEC was used as electrolyte. The
sodiated Sn-C electrodes were used without any other treatment before
assembling the cells. All cells were assembled and sealed inside an Ar-
filled glovebox (MBraun, O5 and HoO content lower than 1 ppm).

XRD patterns of the pristine and activated Sn-C electrodes, leaned on
a glass sample holder and sealed with Kapton tape, were collected
through a Bruker D8 Advance instrument using a Cu K, source and a
graphite monochromator of the diffracted beam by performing scans in
the 26 range from 27° to 47° at a rate of 4 s step” ! with a step size of
0.02°. SEM images of the pristine and sodiated (14 h) Sn-C electrodes
and EDS spectra were collected through a Zeiss Sigma 300 FE-SEM (5
keV beam) equipped with Bruker QUANTAX EDX detector. Raman
spectroscopy was performed on micrometric Sn powder (< 45 pm par-
ticle size, 99.8 % trace metal basis, Sigma-Aldrich), pristine, and sodi-
ated Sn-C electrodes, by using a Czerny-Turner spectrometer (iHR320
Horiba Scientific) equipped with a diffraction grating of 1800 grooves
mm ! and a laser source with A = 532 mm. Before the analysis, all the
electrodes, recovered after chemical process, were washed with
dimethyl carbonate (DMC) solvent and dried under vacuum for 30 min.
For Raman analysis all the samples were placed into a sealed sample
holder in Ar atmosphere.

The activated Sn-C electrodes were cycled in two-electrode Na|Sn-C
half-cells at the constant current of 15 mA g! in the voltage range of
0.01 - 2.0 V for the capillary sodiation process study. Additional gal-
vanostatic cycling tests were performed in two-electrode Na|[NCAM and
Na|Sn-C half-cells in the 1.4 - 4.6 V and 0.01 - 1.5 V voltage ranges,
respectively, at the constant current rate of 50 mA g™ for NCAM and 100
mA g for the Sn-C electrode sodiated for 2 h. Full Sn-C|NCAM 3-



L. Minnetti et al.

electrodes T-type cells were galvanostatically cycled at the constant
current of 15 mA gg in the 1.0 — 4.5 V voltage range by adopting the
constant current-constant voltage (CCCV) mode with constant voltage
step during charge at 4.5 V until a residual current value of 3.75 mA gey
was reached. Full Sn-C|NCAM coin-type cells were cycled at the constant
current rate of 120 mA g in the following voltage ranges: 1.0 - 4.1 V,
1.0 - 4.0V, 1.5 - 4.5 V by adopting the CCCV mode at 4.5 V until a
residual current value of 12 mA gei; was reached. A rate capability test
was conducted on an additional Sn-C|[NCAM coin-type full-cell by
increasing the current from 1 C (considered in this work as 50 mA ggit for
conveniencey ¢4 9 C, 3 C, 4 C, and 5 C every 5 cycles and lowering back to 1
C after 25 cycles in the 1.0 — 4.0 V voltage range. Long-term galvano-
static cycling was conducted on the same cell at the constant current of
200 mA ggl; in the 1.0 — 4.0 V voltage range, by adopting the CCCV mode
at 4.0 V until a residual current value of 50 mA ggit was reached. EIS
measurements were carried out on the three-electrode Sn-C|NCAM T-
type cell at the OCV condition and after 1, 8, and 10 galvanostatic cycles
by superimposing an alternate voltage signal of 30 mV in the 500 kHz —
100 mHz frequency range (1 V bias voltage). Additional EIS measure-
ments were performed on the Sn-C|[NCAM coin-type cell at the OCV
condition, and after the rate capability test. All the Nyquist plots
recorded by EIS were analyzed through non-linear least squares (NLLS)
fitting method by using the RelaxIS3 software (rhd instruments), and
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only fits with ¥? value of the order of 10~* or lower were accepted [47,
48]. The distribution of relaxation times (DRT) functions were calcu-
lated after subtracting the low-frequency diffusion region, by using the
software RelaxIS3. The A-factor for the DRT analysis was optimized ac-
cording to Tikhonov regularization, by calculating the sum of squared
residuals (SSR) vs. 4, and assuming a Gaussian distribution [49,50]. The
charge/discharge cycling tests were performed by a MACCOR series
4000 battery test system, while the EIS measurements were carried out
by using a VersaSTAT MC Princeton Applied Research (PAR, AMETEK)
instrument. All the data were recorded at room temperature (25 °C). All
potentials are given vs. Na'/Na redox couple (E = —2.71 vs. SHE).
Ex-situ SEM images of pristine and cycled Sn-C and NCAM electrodes
were collected as above described.

3. Results and discussion

In order to minimize the relevant irreversible capacity of Na-alloying
electrodes, such as in Sn-C during the first cycle, that limits their direct
use in full Na-ion cell without the proper treatment [17], we originally
exploit here a strategy consisting of capillary contact between the
electrode and sodium metal wet by the electrolyte, in order to obtain a
chemical partial pre-sodiation. The cycling response and the structural
features are reported in Fig. 1. The related galvanostatic tests are
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Fig. 1. Electrochemical and structural characterization of Sn-C samples with different sodiation times. (a) Voltage profiles as a function of SoC%, corresponding to
the degree of sodiation (see Fig. S1 in Supporting Information for related galvanostatic profiles), with magnification of the low SoC% region in the inset. Tests
performed by using a constant current of 15 mA g™* in the 0.01 — 2.0 V voltage range. (b) First discharge (Na-alloying) capacity values at corresponding sodiation
time with related exponential trend (dashed line). (¢) XRD patterns of sodiated Sn-C samples compared to corresponding reference diffractogram of Sn (ICSD
#106072). Room temperature (25 °C). See Materials and methods section for acronyms.
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performed at a current of 15 mA g between 0.01 and 2.0 V on elec-
trodes contacted with Na for various times to assess the actual chemical
sodiation degree vs. contact time. Fig. 1a shows the obtained voltage
profiles as a function of the percent state of charge (SoC%). The SoC%
values are calculated for each cell as the percent ratio of the first
discharge (Na-alloying) capacity to the first charge (Na-dealloying)
reversible capacity. Magnification of the low SoC% region is reported in
the inset, while Fig. S1 in Supporting Information shows the corre-
sponding galvanostatic voltage profiles as a function of the actual
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specific capacity (i.e., E /V vs. capacity /mAh g™!). The discharge ca-
pacity of the cell using the pristine Sn-C (0 h of sodiation) shows an
irreversibility exceeding by 250 % the reversible value (~150 mAh g !
in Fig. S1), thus indicating SoC% of 250 %. This relevant side capacity is
mainly due to the concomitant electrolyte decomposition and electrode
structural re-organization during first discharge, which is a character-
istic of this type of electrodes [17,51]. As the time of contact between Na
metal and Sn-C increases, the SoC% shrinks to reach 170 % for 1 h of
sodiation, and less than 5 % for 14 h of sodiation, thus suggesting the
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Fig. 2. Characterization of the pristine and sodiated (14 h) Sn-C electrodes. (a) Raman spectra recorded in the 150 — 2000 cm™ range. Indexed peaks identify specific
transitions identifications. SEM images at different magnifications of (b-d) pristine and (i-k) sodiated electrodes. In details: (c, j) backscattered electrons images. SEM-
EDS elemental maps of (e, 1) C, (f, m) Sn, (h, o) Cu, (g) F, and (n) Na for (e-h) pristine and (1-0) sodiated electrodes. See Materials and methods section for acronyms.
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gradual suppression of the irreversible capacity, and the concomitant
increase of reversible Na storage into the Sn-C structure by progressive
chemical alloying. This behavior is also evidenced in Fig. 1b, which
shows that the values of the first discharge capacity decrease upon
chemical activation time by approximately following an exponential
function (dashed line). On the other hand, the effectiveness of Na-Sn
alloying is demonstrated by the XRD patterns of the sodiated Sn-C
samples reported in Fig. 1c, that reveal the gradual disappearance of
the metallic Sn reflections at 20 of 30.5°, 31.9°,43.8°, and 44.8°
(reference ICSD #106072), and the concomitant formation of weak
signals attributed to a NaySny alloy at 26 between 31.5° and 35° [17].
This response well suggests the tunability of the chemical sodiation
process adopted in this work for possible application of the alloying
electrode in combination with a vast array of cathodes, that may require
different sodiation degree, such as layered oxides [10], olivines [16],
and Na-conversion materials [52].

Fig. 2 depicts the structural and morphological changes of the Sn-C
electrodes upon 14 h of sodiation described above, exploited by
Raman spectroscopy and SEM/EDS. Prior to the analysis on electrodes, a
Raman spectrum of micrometric Sn powder is collected (see Fig. S2 in
Supporting Information) in order to achieve a reference for metallic tin
signals, which are centered at about 143 and 211 cm! [53]. The Raman
spectra recorded for pristine, and sodiated Sn-C (Fig. 2a) indicate the
presence of two strong bands at 1350 and 1600 cm™, due to D and G
vibrations of the carbon matrix. Nevertheless, the pristine electrode
(brown line) shows a weak peak around 200 em™! (indexed with
asterisk) ascribed to the vibrational transition of Sn, while in the sodi-
ated sample (green line) this peak almost vanishes. Furthermore, the
magnified region between 150 and 800 cm 'reveals for the sodiated
sample two additional indexed peaks, possibly ascribed to residual
NaClOy salt and product of the SEI formed at the Sn-C surface after the
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direct reaction with Na metal [53,54]. On the other hand, the SEM
images at different magnifications of the pristine Sn-C (Fig. 2b—d) and of
the sodiated one (Fig. 2i-k) depict changes of the typical submicrometric
agglomerated morphology principally occurring at the material surface.
These changes are in part evidenced by the rise of bright spots, high-
lighted by blue circles and arrows in Fig. 2j, likely accounting for the
presence of sodium at the activated Sn-C surface. The EDS elemental
maps collected on the SEM of the bare Sn-C in Fig. 2d show the expected
presence of C (Fig. 2e) and Sn (Fig. 2f) components of the active mate-
rial, Cu (Fig. 2h) of the support, and F (Fig. 2 g) of the polymeric binder
used to form the electrode tape. Instead, F is missing in the maps
collected on the SEM of the sodiated electrode of Fig. 2k while Cu is
weakened (Fig. 20), likely due to the surface covering by SEI. Further-
more, Na is detected (Fig. 2n) alongside with C (Fig. 21) and Sn (Fig. 2m),
thus accounting for the Sn-C sodiation.

The Na deficiency in the NCAM cathode studied in a preliminary
work [10] would not allow the use of a typical anode without any
Na-reservoir in its structure, necessary for allowing the complete
discharge of the latter during the subsequent cycles in a possible full-cell
combining the two materials. Therefore, among the pre-sodiation con-
ditions of the Sn-C shown in Fig. 1b, a treatment time of 2 h has been
initially selected as the most suitable for achieving a sufficient
Na'-reservoir to allow the proper operation of a full-cell combining this
anode with the NCAM cathode as reported in Fig. 3. The time evolution
of the full-cell voltage during galvanostatic cycling at a current of 15 mA
gZ}u in the 1.0 — 4.5 V range is reported in Fig. 3a (black line), in addition
to the voltage signatures of Sn-C (red line) and the NCAM (blue line),
collected separately using a Na reference electrode to help a better un-
derstanding of the concomitant contributions of anode and cathode.
Remarkably, the first charge profile of the full-cell depicts the combi-
nation of the partial de-sodiation of Na-deficient NCAM and of the
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corresponding sodiation of Sn-C. Subsequently, the cell reversibly
operates with a voltage showing sloping signature combining the char-
ge/discharge curves of anode and cathode for over 10 cycles, with initial
capacity as high as 150 mAh gz, and a final value of about 110 mAh g%,
as evidenced either by the corresponding voltage profile in Fig. 3b and
the cycling trend in Fig 3c. However, the full-cell reveals a low
coulombic efficiency (Fig 3c), fluctuating from 51 to 85 %, likely due to
the reactivity of the electrodes, particularly the anode where the pres-
ence of Na metal clusters could induce a larger irreversibility with the
electrolyte due to parasitic reactions. It is worth noting that the shape of
the voltage profiles changes from the initial cycles to the 10th cycle as a
consequence of the above mentioned low efficiency of the full-cell, thus
leading to the instability of the battery and to the consequent fast ca-
pacity fade, which is partially mitigated by the CCCV mode [46,55]. On
the other hand, the low efficiency of the full-cell progressively triggers
metallic sodium deposition below 0 V on the anode surface (see red line
in Fig. 3a at the 8th and 10th cycles). This undesired process, which is
actually promoted by the relatively high charge cut-off, suggests the
need for optimization of the galvanostatic cycling protocol. Overall, the
results of Fig. 3 indicate the feasible cathode/anode setup in terms of the
N/P ratio (i.e., 1.1), and the suitability of the chemical sodiation of the
Sn-C electrode for achieving reversible operation of the full-cell. The
data also suggest the need for a better tuning of the electrolyte as well as
of the cycling condition, to get a higher efficiency and increase the
full-cell stability and cycle life [56,57].

To shed light on the modification upon cycling of interfacial prop-
erties and charge-transfer kinetics of the Sn-C|[NCAM full-cell, EIS
analysis is performed in Fig. 4. The related Nyquist plots at the OCV and
after 1, 8, and 10 galvanostatic cycles at the discharged state of the cell
(voltage = 1 V) are collected in Fig. 4a. All the spectra reveal a low-
frequency line typical of diffusion and middle-to-high-frequency
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semicircle(s) typical of interfacial processes. The low-frequency region,
simulated by WQw elements, has been subtracted from the overall
response to achieve the plots of Fig. 4b, with the aim of better evidencing
the middle-to-high frequency features related to interfacial kinetics and
to meet the boundary conditions (w — 0) required for the subsequent
calculation of DRT function with Tikhonov regularization [47-50].
Fig. 4a reveals two semicircles at middle-to-high frequencies, so that the
overall Nyquist plots can be modeled to an equivalent circuit Rej(R1Q1)
(R2Q2)WQyw in Boukamp’s notation [47,48]. Although the individual
anode and cathode contributions to the overall cell polarization cannot
be properly discerned in the response of the full-cell in Figs. 4a,b, the
two evidenced semicircles can be likely related with anode and cathode
SEIs (RspiQsgp) at higher frequencies, and to charge-transfer processes
(RctQq) at lower frequencies, along with the electrolyte resistance (Re])
detected at the highest-frequency intercept with the real axis. The
middle-to-high frequency dispersions in Fig. 4b have been fitted ac-
cording to the equivalent circuit Rej(RsgiQsgD)(RetQq1), and the results
displayed in Table 1 and Fig. 4c, which clearly show, after the cell for-
mation cycle, a progressive increase of all resistances upon cycling. The
increase of R, value from the 1st to the 8th cycle indicates a progressive
consumption of the electrolyte by side reactions, whose products can
threaten the cell stability, thicken the interphases, and increase Rgg; and
R.t. At the 10th cycle, both R.| and Rggy abruptly rise-up, thus indicating
a worsening of the interfaces and, consequently, of the charge-transfer
kinetics. Overall, from the 1st to the 10th cycle, Rgg; and R respec-
tively raised by 129 % and 210 %, further suggesting the need for a
better selection of the cell setup to avoid its failure. It is worth noting
that the decrease of R during the first cycle is likely due to SEI partial
dissolution, which is a known phenomenon in Na-ion cells [58]. Indeed,
as the EIS measurements are performed at the discharged state of the
full-cell (de-sodiated anode), some degree of SEI dissolution can occur in

0 50 100 150 200 250 300 350
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Fig. 4. EIS analysis of the Sn-C|NCAM three electrode full-cell. (a) Nyquist plots collected at the OCV of the cell and after 1, 8, and 10 galvanostatic cycles and (b)
corresponding plots after subtraction of the diffusive contribute. (c) Trend of Rej, Rsg;, and R as a function of the cycle number obtained from NLLS analysis of the
impedance spectra. (d) DRT analyses in terms of y-factor vs. frequency with associated peak indexing obtained from the Nyquist plot after 1, 8, and 10 galvanostatic
cycles. EIS collected in the 500 kHz — 100 mHz frequency range with an alternate voltage signal of 30 mV. DRT calculations performed according to Tikhonov
regularization with an optimal A-value of 0.1 and assuming a Gaussian distribution. Room temperature (25 °C). See Materials and methods section for acronyms.
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Table 1

NLLS analysis of the Nyquist plots reported in Fig. 4b recorded by performing
EIS on Sn-C|NCAM full-cell using an additional Na electrode as reference, after
subtraction of the diffusive contribution from Nyquist plot of Fig. 4a. Only fits
with a Xz value of the order of 10* or lower were considered suitable [47,48].
See Materials and methods section for acronyms.

Cell Equivalent circuit Re (Q) Rsgr R (Q) X2
condition Q)
OoCVv Rei(RsE1Qsgr) 232+ 88+3 78 +£2 4 x
(RaQa) 0.3 10
After 1 cycle Rei(Rse1QseD) 19.4 + 70 + 4 34+ 4 4 x
(ReQaD) 0.1 10°
After 8 cycles  Rei(RsgrQsenD) 22.1 + 112 + 88 +5 9 x
(RerQa) 0.2 4 10°
After 10 Rei(Rsg1Qsgr) 28.6 + 160 + 106 + 6 x
cycles (RetQaD) 0.4 8 15 1074

the initial cycling at the negative side, resulting in a decreased Rgg; (from
88 Q to 70 Q). Since the SEI can act as a barrier to overcome, its
decreased thickness can improve charge transfer, thus limiting the R at
the anode side. After the initial cycles, the SEI consolidates and keeps
increasing as above discussed, leading to electrolyte depletion and
increasing Rggr and R, [58]. The calculated DRT functions (Fig. 4d), with
an optimized A-value of 0.1 (see Fig. S3 in Supporting Information),
deconvolutes the different semicircles into peaks according to their
relaxation frequencies [50]. Beside the minor peak labelled as P1 in the
high-frequency region (f > 10* Hz) related with contribution from
particle-particle and particle-current collector contact resistance, two
main peaks can be clearly discerned at the 1st cycle: the peak labelled as
P2 (f~ 10° Hz) related with Rggy, and the peak labelled as P3 (f ~ 102 Hz)
related with R¢. Both contributions increase progressively in intensity
upon cycling, proportionally to the diameters of the associated semi-
circles, and P3 shifts to lower frequencies more markedly. For sake of
clarity, the scattered Nyquist dispersion at the 10th cycle makes the
gaussian distribution of P3 quite noisy; nevertheless, a clear shift from
the previous cycles can be identified, thus suggesting worsening kinetics
that progressively hinder the electrochemical processes. Although these
results cannot fully discern the degradation mechanism in the cell, we
may reasonably assume that parasitic reactions ascribed to the electro-
lyte can actually worsen the electrode/electrolyte interphases.
Furthermore, the anode and cathode EIS contributions, separately
collected using the additional Na-reference, are plotted in Fig. S4
(Supporting Information). The results of the related fits by Equivalent
Circuit method are summarized in Tab. S1 and Tab. S2 and are
consistent with those obtained with the analysis of full-cell polarization.

To partially exclude the electrode structural deterioration or mal-
functioning upon full-cell operation, we have collected in Fig. 5 SEM
images of the pristine NCAM (panels a, b) and Sn-C (panels e, f), as well
as those of NCAM (panels ¢, d) and Sn-C (panels g, h) taken from a cell
cycled at 15 mA gei. The NCAM before cycling shows a micrometric
morphology (Fig. 5a) which reveals the submicron layers of the material
when the magnification is increased (Fig. 5b) [10]. Furthermore, the
cycled NCAM electrode evidences similar morphology at the lower
magnification (Fig. 5¢), however with a surface covered by electrolyte
decomposition products forming the SEI, whilst the higher magnifica-
tion image (Fig. 5d) still reveals the layers staking of the material which
remains almost unaltered. On the other side, the pristine Sn-C shows the
micrometric  particles of the glassy carbon formed by
resorcinol-formaldehyde annealing (Fig. 5e), and some nanometric Sn
particles embedded in its surface at higher magnification (Fig. 5¢) [45].
Despite the morphological similarity, the SEM of Sn-C after cycling
highlights a rougher and more porous surface compared to the pristine
state, with some bright spots typically triggered by a lower material
conductivity (Fig. 5 g), and clear signs of side product precipitation in
the SEI (Fig. 5h). These features well suggest the electrode structural
stability and indicate once more the relevant presence of by-products
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likely precipitated at the electrode surface by electrolyte decomposi-
tion, further suggesting a better tuning of the electrolyte to improve the
full-cell performance. This process appears more evident at the anode
side rather than the cathode, as already indicated by the substantial
increase of the interface resistance of Sn-C side of the full-cell (Tab. S2)
compared to NCAM (Tab. S1), and confirmed by EIS analysis of the
full-cell (see Fig. 4).

The preliminary results obtained for the Sn-C|NCAM full-cell clearly
show the necessity of a dedicated experimental setup to stabilize the
electrode/electrolyte mutual interactions. In this regard, a cathodic
electrochemical stability window (C-ESW) of the electrolyte is assessed
on a Na|SP-Cu cell and the results reported in Fig. S5 (Supporting In-
formation). The measurement reveals the occurrence of irreversible
processes below 1.5 V vs. Na/Na ascribed to FEC reduction and SEI
formation in the first cycle [58,59], as well as side voltammetry waves at
about 0.9 V vs. Na'/Na during the whole measurement, possibly due to
electrolyte reduction. We may reasonably suppose that this undesired
process is even more relevant at low current rates, such as those used in
the full-cell in Fig. 3 [60]. These side reactions, already mentioned to
justify the limited SEI stability revealed by EIS measurements in Fig. 4,
are likely responsible for the low efficiency of the full-cell in Fig. 3. In
order to check the individual behavior of NCAM and Sn-C, the electrodes
are cycled in half sodium cells at the constant rates of 50 and 100 mA
gL, respectively, as shown in Fig. S6 (Supporting Information). The
voltage profiles of the NCAM electrode evidence the Na-(de)intercala-
tion in the layered structure, between 2.2 and 4.2 V (Fig. S6a), with an
initial charge capacity of about 87 mAh g™, that is the 58 % of the one
ascribed to the subsequent discharge (151 mAh g™!). The difference
between first charge and first discharge capacity is attributed to the
Na-deficient character of the P3/P2-type layered oxide, which has the
chemical formula Nag 4gAlg 03C00.18Nig.18Mng 4705 [10]. The half-cell
using NCAM reveals an efficiency exceeding 97 % after initial cycles,
with a retention of about 64 % over 100 cycles (Fig. S6b). In contrast,
the Sn-C anode activated for 2 h (Fig. S6¢) exceeds the reduction degree
expected by Fig. 1b, and reveals an almost fully-sodiated state of the
electrode rather than a partially sodiated one. As mentioned in the
experimental section, this outcome suggests that the activation actually
depends on the material loading and the experimental setup, which
require further tuning to allow the full control of the process. Further-
more, the voltage profiles show the typical sloping behavior and char-
acteristic signatures ascribed with the Na-Sn alloying and Na insertion
into the amorphous carbon, with a reversible capacity of about 80 mAh
g ! [17,30,31]. The corresponding cycling trend in Fig. S6d reveals a
coulombic efficiency fluctuating between 96 % and 98 % after the first
cycle, which leads to a capacity retention of about 73 % over 100 cycles.
Considering the results of the half-cells, an optimization of the full-cell
setup to increase the stability and the cycle life is carried out and the
results are reported in Fig. 6. The figure shows the galvanostatic cycling
of three different Sn-C|NCAM full-cells at a constant current increased
up to 120 mA g‘1 instead of 15 mA gE;t (Fig. 3), and within various
voltage setups adopted to limit the electrolyte decomposition and in-
crease the cell efficiency and cycle life. Fig. 6a—c shows the voltage
profiles of the cells cycled in the 1.5 — 4.5 V with an additional constant
voltage step at 4.5 V until a current value of 12 mA g is reached (CCCV
mode), 1.0 — 4.1 V, and 1.0 — 4.0 V voltage ranges, respectively, while
Fig. 6d depicts the cycling trends and coulombic efficiency of the three
cells. It is worth noting that a 30 min activation rather than a longer step,
such as that previously adopted for the preliminary full-cell, is carried
out on the Sn-C anode due to the loading effect on the activation time
already mentioned. The voltage profiles of the three cells reveal the
combination of anode and cathode features, with the partial
de-sodiation of Na-deficient NCAM and of the concomitant sodiation of
Sn-C. The cell cycled up to 4.5 V (Fig. 6a) presents the higher maximum
capacity of about 130 mAh g', despite a low coulombic efficiency under
95 % in the initial cycles which decreases to 75 % after 100 cycles,
leading to a rapid capacity fade to 20 mAh g ! already after 50 cycles
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Fig. 5. SEM images of pristine (a, b) NCAM and (e, f) Sn-C electrodes and of (¢, d) NCAM and (g, h) Sn-C electrodes recovered upon the cycling test at 15 mA g&l‘t ona
Sn-C|NCAM full-cell in the 1.0 — 4.5 V voltage range with an additional constant voltage step at 4.5 V (CCCV mode) until a final current of 3.75 mA gL, was reached.

Room temperature (25 °C). See Materials and methods section for acronyms.

(green dots in Fig. 6d). This behavior may be ascribed to the above
mentioned parasitic reactions of the electrolyte at low potential at the
anode side, which can reach value approaching 0 V as triggered by the
relatively high voltage of the full cell and the CCCV mode [53]. To limit
this drawback, the CCCV mode is avoided and the upper voltage cut-off
lowered to 4.1 V (Fig. 6b), and subsequently to 4.0 V (Fig. 6¢). The
corresponding cells reveal a lower maximum capacity of about 110 mAh
g ! and 101 mAh g, respectively, compared to the one cycled at a
higher cutoff, however with an increase of coulombic efficiency and
stability. Indeed, both cells show a coulombic efficiency higher than 98
% for the whole test, with a capacity retention of 48 % for the cell up to
4.1 V (orange dots in Fig. 6d) and of 57 % for the cell up to 4.0 V (blue
dots in Fig. 6d). Therefore, the obtained results suggest the narrowing of
the voltage window and the use of high current rates as suitable setup to

limit the parasitic reactions and increase the efficiency and stability of
the resulting full-cell.

The galvanostatic performance of the optimized Sn-C|NCAM full-cell
are reported in Fig. 7. Initially, the rate capability of the cell is evaluated
in terms of voltage profiles (Fig. 7a) and the cycling trend (Fig. 7b) by
increasing the current from 1 Cto 5 C (1 C =50 mA g'l) inthe1.0-4.0V
voltage range, which is the one providing the best performance in Fig. 6.
The cell reveals the expected shape of the voltage profiles influenced by
the various C-rates, characterized by the combination of Sn-C and NCAM
features, as already described (see discussion of Fig. 6). Furthermore, the
profiles of Fig. 7a suggest an increase of the ohmic polarization by
raising the current which leads to the decrease of capacity from 120
mAh gggt at 1 C to a still relevant value of 80 mAh gg&t at 5 C. On the other
hand, the cycling trend of Fig. 7b depicts that the initial capacity is
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Fig. 6. Galvanostatic cycling tests of Sn-C|NCAM full-cells adopting different voltage ranges at the constant current rate of 120 mA ge. In detail: (a-c) selected
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timeframe. Room temperature (25 °C). See Materials and methods section for acronyms.

almost completely recovered by decreasing the current back to 1 C (~
108 mAh g;it) after the whole test, and that the increase of the current
raises the coulombic efficiency over 98 % since the parasitic reactions
are mitigated as mentioned above [58]. This aspect suggests again the
use of high current instead of the low one to trigger the capacity
retention of the full-cell [61]. Nevertheless, the trend of Fig. 7b suggests
a good rate capability and stability of the optimized cell configuration
upon the stress caused by raising the currents. To further investigate the
interfacial stability of the optimized —Sn-C|NCAM full-cell, EIS mea-
surements are performed before and after the rate capability test, and
the results reported in Fig. S7 (Supporting Information). The Nyquist
plots are modeled to an equivalent circuit Rej(RsgiQsen) (RetQda) WQw in
Boukamp’s notation [47,48], and the fitting results displayed in Tab. S3.

The results reveal the stabilization of the electrode/electrolyte
interphase in the optimized cell, however with a slightly higher increase
of the R¢; compared to the cell of Fig. 4 (i.e., 280 % rather than 210 %),
which is possibly due to the increased materials stress driven by the rate
capability test. Nevertheless, the obtained stability of the electrolyte and
the SEI is ascribed to the optimized full-cell setup and testing conditions
when compared to the trends observed in Fig. 4. Gravimetric energy
density and power density (Fig. 7c) are calculated from the rate capa-
bility test integrating the capacity or the current as a function of the cell
voltage, respectively, and normalizing by the mass of the cathode active
material (the average discharge voltage was employed for the power
density). The cell reveals an initial energy density at 1 C of about 300 Wh
kgzii, which decreases as the current increases, whilst the power density
raises concomitantly to reach a maximum value of about 650 W kgE;t at
5C. These high values can actually reflect lower, but still relevant,
gravimetric energy and power densities of the entire Na-ion battery, as
normalized to the whole mass including anode, electrolyte, and other
inactive components (e.g. current collectors, separator, cell casing).

Nevertheless, the results of the optimized full-cell, especially in terms of
energy density, are promising if compared to other cells employing hard
carbon as anode material combined with layered oxide cathodes (see
Table S4 in Supporting Information). Hence, the Sn-C|[NCAM full-cell
reaches energy density of 300 Wh kgg: at a current of 50 mA g}, which
is higher than that achieved by some literature examples such as the HC|
Na[Li0_05Mn0_5Ni0_3Cu041Mgo_05] O cell (i.e., 215 Wh kg71 at 20 mA gil)
[62], the HC|03-Nag 9[Cug 22Feg.30Mng 4g]02 cell (i.e., 210 Wh kg_l at
10 mAg’l) [63], and the C|NaFeg sMng 502+10 %wtNagP cell (i.e., 210
Wh kg’1 at 20 mA gil) [64]. Furthermore, the obtained values are well
competing if compared with full-cells employing different cathodes
requiring pre-sodiation, such as the polyanionic one in the NPUCS|NVPF
cell (136 Wh kg_l at 100 mA g_l) [65], and the Prussian blue in the
PAQS|Nal.78MnFe(CN)g » 2-3H,0 cell (100 Wh kg™! at 34 mA g 1)
[66]. Relevantly, our full-cell holds the promising energy density of 205
Wh Kgze even at a current as high as 250 mA g~'. These outcomes
suggest the use of the chemically sodiated alloying Sn-C anode to
improve the energy density of the Na-ion full-cell. With the aim of
further studying the lifespan, a long term cycling test of the Sn-C|[NCAM
full-cell is carried out at the constant current rate of 200 mA g;ét in the
1.0 - 4.0 V voltage range, with an additional constant voltage step at 4.0
V until a final current of 50 mA gcL.. The voltage profiles (Fig. 7d) show
the well-defined combination of anode and cathode features, and a
maximum capacity of 85 mAh g;it, in agreement with the rate capability
test. The cell also depicts a coulombic efficiency approaching 100 %
after initial cycles, and a capacity retention of 55 % after 250 charge/-
discharge runs (Fig. 7e), thus confirming the key role of the electrolyte
stability and the anode chemical activation to get a relevant perfor-
mance of the Na-ion full-cell.
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current of 200 mA g, in terms of (d) selected voltage profiles and (e) discharge capacity trend reporting coulombic efficiencies on right-hand side y-axis started after
the rate capability test. Voltage range 1.0 — 4.0 V with an additional constant voltage step at 4.0 V (CCCV mode) until a final current of 50 mA gex. Sn-C activated for
30 min timeframe. Room temperature (25 °C). See Materials and methods section for acronyms.

4. Conclusions

In this work we exploited the pre-treatment process of a Sn-C anode
for achieving its efficient operation as the alloying electrode in Na-ion
battery in combination with a NCAM layered cathode. The treatment
consisted of direct Sn-C chemical sodiation by capillary contact of the
electrode with Na metal, controlling time and pressure, especially
considering active material loading, to properly tune the alkali metal
content in the electrode. XRD, Raman spectroscopy, SEM/EDS analysis,
and electrochemical tests have shown the achievement of different
sodiation degrees in the anode by changing the activation time, which
can allow its combination with various Na-deficent cathodes, such as the
layered oxides, in full-cell configuration. Hence, a Sn-C|[NCAM cell was
initially tested with N/P ratio of 1.1 and subjected to charge/discharge
tests at 15 mA gei; showing reversible voltage profiles for only 10 cycles.
The cell revealed an initial capacity as high as 150 mAh gg; and a final
one of about 110 mAh g}, with a coulombic efficiency fluctuating from
51 to 85 %. The relatively low efficiency leading to the above short

cycling has been ascribed to side reactions of the electrodes with the
electrolyte, in particular at the anode side, confirmed by the C-ESW of
the electrolyte, by the EIS measurements and DRT calculation performed
on the full-cell. The above tests indicated an increase of about 129 % of
the SEI resistance, and of 210 % of the charge-transfer one, as confirmed
by the increase in intensity and concomitant shift to lower frequencies of
the DRT peaks. This behavior suggested worsening of the reaction ki-
netics by cycling, and the need for better tuning of the cell and the
galvanostatic cycling conditions to achieve higher efficiency and sta-
bility. On the other hand, ex-situ SEM analysis of Sn-C and NCAM have
shown the structural integrity of the electrodes upon cycling, which has
instead promoted the electrolyte decomposition and precipitation of
side product at the surface, principally at the anode one. These pre-
liminary outcomes allowed the optimization of the Sn-C|NCAM full-cell
setup to avoid the side reactions by better tuning its balance, increasing
the current rate, and narrowing the voltage window. Indeed, the opti-
mized full-cell revealed a rate capability extended up to 5 C (1 C = 50
mAh gcl), with improved electrode/electrolyte interphase stability and
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promising maximum energy and power densities of 300 Wh kggl; and
650 W kg;}it, respectively. Furthermore, the cell revealed a stability
increased to 250 charge/discharged cycles at 200 mA ge; with a
maximum capacity of 85 mAh gz and good retention. The obtained
results suggested the direct chemical anode sodiation adopted in this
work as suitable approach to achieve full Na-ion battery with promising
performances in terms of efficiency and stability, which is proposed for a
sustainable energy storage.
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