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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Full Na-ion battery combining a P3/P2 
layered-oxide cathode and a tin-carbon 
anode.

• The alloying anode is achieved using 
CMC binder and water as the casting 
solvent.

• The full-cell is enabled by chemical 
sodiation of the alloying-anode.

• The external sodiation allows cell 
balancing and stabilizes the anode 
without further treatment.

• The full-cell delivers up to 310 Wh kg− 1 

(cathode) and 175 Wh kg − 1 (anode & 
cathode).
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A B S T R A C T

Alternative materials to (purely) carbon-based anodes could enhance the energy density of sodium-ion batteries, 
and thus favor their complementarity to lithium-ion batteries. This work provides a viable setup of Na-ion cells 
combining a P3/P2 sodium-deficient layered cathode and a tin-carbon Na-alloying anode with a glyme-based 
electrolyte. Galvanostatic cycling in sodium half-cells of the water-processed alloying anode with sodium car
boxymethyl cellulose (CMC) binder shows a maximum capacity of ~260 mAh g− 1, a capacity retention exceeding 
70 % after 150 cycles, and an average Coulombic efficiency over 99 %. The multi-metal cathode evidences a 
great cycling stability over 100 cycles, with average Coulombic efficiency between 99.5 and 99.6 % as favored by 
the presence of Al3+ ions in its structure. Full Na-ion batteries exploiting ad hoc chemically-sodiated tin-based 
anode and sodium-deficient layered cathode operate with average working voltage of 3 V, and maximum 
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capacity of 120 mAh g− 1 retained for 95 % over 100 cycles in the best experimental setup. The rationally 
designed full-cell reaches theoretical energy density between 310 and 250 Wh kg− 1 as referred to the cathode 
weight.

1. Introduction

1.1. Sodium-ion batteries

Sodium-ion batteries (SIBs) are attracting massive attention as a 
possible complementary system to lithium-ion batteries (LIBs), due to 
the abundant natural reserves of sodium and to the similar electro
chemistry based on the rocking-chair mechanism [1]. SIBs are contin
uously subjected to technical analysis to assess their practical feasibility, 
which is heavily influenced by price fluctuation due to supply chain 
variation, thus requesting a detailed techno-economical assessments to 
keep track of this blooming drop-in technology [2–7]. At the present 
state, the lower gravimetric and volumetric energy density of SIBs rep
resents the main limiting factor to be addressed in order to match the 
LIBs performance, by novel and more competing cell designs [8,9]. 
Besides, pursuing a satisfactory tradeoff between electrochemical per
formance and overall materials cost is greatly influenced by the choice of 
the cathode chemistry [10,11], as well as by the adopted electrolyte 
[12–16]. Furthermore, a potential step forward may be the imple
mentation of alternative anodes, beyond those based on Na-insertion 
into low-density hard carbons (HCs) and Na-(co)intercalation into 
graphite [17–20].

1.2. Na-alloying anodes

Na-alloying anodes rely on metallic or non-metallic elements, such as 
tin (Sn) [21], lead (Pb) [22,23], phosphorus (P) [24–26], or antimony 
(Sb) [27,28], which can reversibly form alloys with sodium and deliver 
relevant capacities. Differently from LIBs, the use of silicon (Si) in 
Na-cells is hindered by the low stability of the corresponding Na-Si al
loys, although a recent study shed light on the role of Si as structural 
stabilizer and redox-active element in multicomponent alloys for SIBs 
[29]. In general, the alloying process occurs through the multi-step 
formation of sodiated compounds, which is, however, a kinetically 
limited reaction, the reversibility of which may be limited by a notable 
shape variation of the alloying particles depending on the test conditions 
[30–33]. Despite the concerns risen by the above volumetric expansion 
upon sodiation [34], Sn, Pb, and P can theoretically offer an attractive 
volumetric capacity above 1.0 Ah cm− 3 at the fully sodiated state, which 
is an essentially two-fold increase with respect to HCs, usually delivering 
between 0.4 and 0.5 Ah cm− 3 [35]. In particular, Sn has been suggested 
as a non-toxic and abundant element with a relevant theoretical capacity 
of 847 mAh g− 1, corresponding to the formation of the fully-sodiated 
Na15Sn4 alloy [31,33,36]. However, the formation of the above alloys 
can undermine the mechanical stability and pulverize the electrode, 
thus leading to electrochemical performance deterioration due to the 
loss of electrical contact within the particles and the detachment of the 
solid electrolyte interphase (SEI) from the surface [37]. In this regard, a 
recent report has shown that Na-alloying anodes based on micrometric 
size particles can deliver a reversible and stable reaction [35], although 
a recent work revealed relevant decrease in the Sn particles size during 
cycling independently from their initial shape [21]. These consider
ations have opened the debate on the optimal electrode architecture, 
which is also influenced by the choice of the polymeric binder due to its 
stabilizing role, as well as its potential for production/processing cost 
reduction, and environmental impact limitation [38]. Increasing the 
volumetric capacity of anodes based on HCs is currently a 
widely-investigated topic, however, issues including a low tap density 
and difficult calendering process are still affecting these interesting 
materials. Therefore, the significantly higher density of Sn compared to 

HCs appeared a favorable aspect to trigger SIBs towards energy density 
close to the threshold of LIBs [39,40]. Still, the minerals price and en
gineering state-of-art of metallic tin have both reached their asymptote, 
thus leaving only little room for improvements in cost. Indeed, as 
punctually discerned in a recent report, alloy-based anodes could be 
effective materials to lower the costs of SIBs in the next-future, although 
their broad diffusion may require enhancement of the cathode to keep 
the pace of LIBs and hold long-term competitivity [7].

1.3. An enhanced SIB configuration

Herein, we propose a highly-cyclable Na-ion full-cell by rationally 
combining enhanced cathode, anode and electrolyte materials to ensure 
a high capacity retention and stable galvanostatic cycling. The P2/P3- 
mixed layered-oxide cathode benefits from the incorporation of a 
small amount of Al3+ in the structure, which reinforces the stability 
toward the characteristic phase transitions of this class of materials 
[41–43]. Our approach can enable the realization of practical SIBs 
adopting P3/P2 class of layered-oxide cathodes, thus paving the way for 
further studies on this topic. Typical cathodes that deliver higher 
reversible capacity, such as those having O3 structure (i.e., the most 
diffused structure of Li-layered oxide cathode), are preferred since they 
can allow easier setup of the systems, in spite of pre-treatments may be 
still requested for allowing high cell efficiency [44–48]. However, the 
O3-type cathodes can face some problems, such as the poor symmetry of 
the crystal structure that may influence the electrochemical response of 
the native structure, since Na-ions diffuse through face-shared intersti
tial tetrahedral sites, while multiple phase transitions from O3 to O′3, 
P3, P′3, and P3″ can trigger an adverse effect on the cycling performance 
[49,50]. Moreover, the sodium extraction from the O3-phase can 
generate an increasing number of prismatic vacancies, resulting in the 
sliding of crystallite layers and culminating in the formation of ther
modynamically stable P3-type phase [51]. On the other hand, P2-class 
cathode typically benefits from a larger Na layer spacing compared to 
the others, which can enhance the transport proprieties of Na+, the rate 
performance, and the cycling stability of the electrode [52]. However, 
the large fraction of empty Na+ ion sites in P2 layered materials can lead 
to inadequate Coulombic efficiency during the first charge/discharge 
cycle, with related issues on Na full-cell balancing. Hence, the synergic 
combination of the fast Na+-ions diffusion of the P2-type material with 
the appropriate cycling stability exhibited by P3-type ones appeared to 
us of particular interest to enhance the electrochemical performance of 
the biphasic cathode [53–56]. Meanwhile, we demonstrated that 
chemical-sodiation can suitably allow the development of Na-ion energy 
storage systems using Na-deficient cathode, since the sodium content of 
the anode can be tuned by optimizing and controlling the sodiation 
procedure. We expect these findings to trigger renewed interest on 
mixed layered structured cathodes, often excessively overlooked in the 
past due to the lack of Na within their structure. The anode relies on 
nanometric tin particles incorporated into a buffering and 
highly-conductive carbon matrix [57]. The related slurry has been 
prepared by using CMC, which is a fluorine-free binder that allows for 
the aqueous processing to reduce manufacturing costs and increase the 
environmental compatibility [38]. In addition, the use of glyme-based 
electrolyte is suggested as a chemically stable alternative to the con
ventional carbonate-based solutions. The electrodes have been initially 
investigated in sodium half-cells to assess their performance in the 
proposed electrolyte medium, and then in full sodium-ion cells to 
determine the energy content, interphase properties, and electro
chemical behavior. Finally, a thorough overview of the structural and 
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morphological evolution of the electrodes upon cycling is provided by ex 
situ X-ray diffraction and scanning electron microscopy.

2. Experimental section

2.1. Electrode materials

The Na0.48Al0.03Co0.18Ni0.18Mn0.47O2 (NCAM) cathode material 
consisting of 79 vol% P3-type (space group R3m, No. 16) and 21 vol% 
P2-type (space group P63/mmc, No. 194) structures was synthesized 
through a co-precipitation route and calcination at 1000 ◦C following an 
optimized method reported in previous works [42,43]. The tin-carbon 
(Sn-C) anode with a Sn to C weight ratio of 35:65 was synthetized as 
previously reported via resorcinol-formaldehyde jellification, impreg
nation with an organometallic tin precursor, and annealing under Ar/H2 
(95/5 vol%) at 700 ◦C [58].

2.2. Electrode preparation

The electrode slurries were prepared in a mortar by dispersing the 
active material powder, either NCAM or Sn-C, carbon black (Super P 
carbon, SPC, Timcal), and either polyvinylidene fluoride (PVdF 6020, 
Solef) or CMC (average molecular weight 700 000, Sigma-Aldrich) as 
binder for the cathode and anode tapes, respectively. The three com
ponents were mixed in the 8:1:1 wt ratio and dispersed either in N- 
methyl-2-pyrrolidone (NMP, Sigma-Aldrich) for the cathode, or in 
deionized H2O for the anode achieving a 2.5 wt% CMC solution. The 
obtained slurries were cast by a doctor blade tool on either aluminum 
foil (thickness of 15 μm, MTI Corporation) for NCAM or copper foil 
(thickness of 10 μm, MTI Corporation) for Sn-C and subsequently dried 
at 70 ◦C inside a climatic chamber equipped with a peristaltic pump. The 
tapes were subsequently calendared by using an MSK-2150 Rolling 
Machine (MTI Corp.) to achieve thickness values within the range from 
80 to 100 μm for the anode (about 60 % of the initial thickness) and in 
the range from 70 to 90 μm for the cathode (about 70 % of the initial 
thickness). Afterwards, the tapes were cut into discs of 10 and 14 mm- 
diameter (electrode geometric area of 0.785 and 1.54 cm2, respectively) 
and dried for 2 h at 110 ◦C under vacuum inside a Büchi oven to remove 
possible traces of H2O and NMP before transfer in an Ar-filled glovebox 
(MBraun, H2O and O2 below 0.5 ppm). Additional slurries of anode and 
cathode were prepared with the same procedure as above, however with 
different thicknes. Therefore, the active material loading ranged within 
3.5 and 7.6 mgSn-C cm− 2 and within 1.5 and 11.5 mgNCAM cm− 2. The 
specific values are indicated in the corresponding figure panels. A SPC: 
PVdF electrode was also prepared with a 80:20 wt ratio, using NMP as 
solvent, and casting the slurry onto Al. After drying and calendaring, the 
electrode tape was cut into discs of 10 mm- diameter and later employed 
for the electrolyte electrochemical stability test. The sodiated state of the 
Sn-C electrodes (NaxSn-C)minutes was obtained inside an Ar-filled glove 
box via capillary contact between the pristine Sn-C electrode and sodium 
metal by applying a weight of 0.2 kg at the electrode surface for a certain 
time. Prior to the contact, the sodium metal foil was soaked with the 
electrolyte solution, that is, sodium hexafluorophosphate as the con
ducting salt (NaPF6, 99.9 % trace metals basis, anhydrous, battery grade, 
Sigma-Aldrich) dissolved in diethylene glycol dimethyl ether (DEGDME, 
CH3(OCH2CH2)2OCH3, Sigma-Aldrich) in a 1 molsalt dmsolvent

− 3 (1 M 
concentration). Prior to use, DEGDME was stored in dry molecular sieves 
(0.3 nm, rods, ~1.6 mm diameter, Sigma- Aldrich) for one week to 
remove H2O, the content of which was verified to be below 10 ppm by an 
899 Karl Fischer Coulometer (Metrohm). Three sodiation times were 
evaluated, that is, 15, 27 and 30 min, and the obtained electrodes have 
been indicated as (NaxSn-C)15min, (NaxSn-C)27min and (NaxSn-C)30min.

2.3. Material characterization

X-ray diffraction (XRD) was performed by scanning the 10◦–60◦ 2θ 

range on the pristine Sn-C anode with step size of 0.02◦ and rate of 10 s 
step− 1, using a Bruker D8 Advance instrument equipped with a Cu Kα 
radiation source (8.05 keV). Thermogravimetric analysis (TGA) was 
performed on the pristine CMC powder, and the aqueous CMC solution 
between 25 and 800 ◦C, with a heating rate of 5 ◦C min− 1 by a Mettler- 
Toledo TGA 2 instrument (Mettler-Toledo, Columbus, OH, USA) under a 
dry air flow.

2.4. Na half-cells characterization

Three-electrode Swagelok-type T-cells using 10 mm-diameter elec
trodes and CR2032 coin-type cells (MTI Corp.) using 14 mm-diameter 
electrodes were assembled inside an Ar-filled glovebox by stacking a 
sodium metal disc (99.9 % trace metal basis, Sigma-Aldrich) as counter/ 
reference electrode, a 10 or 16 mm glass fiber (Whatman GF/B) disc as 
separator soaked with the DEGDME 1 M NaPF6 electrolyte (50 l and 200 
μl for coin- and Swagelok-type cells, respectively), and either Sn-C, 
(NaxSn-C)min, or NCAM as working electrode. The electrolyte stability 
toward oxidation was determined through inert-electrode Linear-Sweep 
Voltammetry (LSV) carried out in three-electrode Swagelok-type T-cell 
using Na as reference electrode and a SPC-based working electrode, with 
a scan rate of 0.1 mV s− 1 from the open circuit voltage (OCV) to 5 V. The 
electrochemical processes and the electrode/electrolyte interphases of 
Sn-C and NCAM were investigated through cyclic voltammetry (CV) and 
electrochemical impedance spectroscopy (EIS) in three-electrode Swa
gelok-type T-cells employing a VersaSTAT MC Princeton Applied 
Research (PAR-AMETEK) multichannel potentiostat. CV was performed 
within the 0.01–2.0 V vs. Na+/Na and 1.2–4.2 V vs. Na+/Na potential 
ranges for Sn-C and NCAM, respectively, at a scan rate of 0.1 mV s− 1, 
while EIS measurements were collected at the OCV condition before 
cycling, and upon 1 and 5 CV runs, using an alternate voltage signal of 
10 mV in the frequency range between 500 kHz and 100 mHz. Rate 
capability test on the pristine Sn-C anode was performed by galvano
static cycling in Na half-cell between 0.01 and 2.0 V, applying specific 
currents increasing every 10 cycles from 0.05 A g− 1 to 0.10, 0.20, 0.30, 
0.60, and 1.2 A g− 1, before decreasing it back to 0.05 A g− 1 at the 61st 
cycle. The chemical pre-sodiation of the anode was investigated by 
galvanostatic cycling Na||(NaxSn-C)min half-cells between 0.01 and 2.0 
V at the constant current rate of 0.05 A g− 1, the sodiation degree (x) 
related to the 27 min sodiation protocol was estimated through galva
nostatic and potentiostatic methods. The galvanostatic test was carried 
out in 2-electrode cell, by applying a current of 0.05 A g− 1 from the OCV 
of the Na||(NaxSn-C)27min cell to 2.0 V. The potentiostatic test was a 
coulometry performed in 3-electrode cell by holding the potential at 0.5 
V vs. Na+/Na for 5 h and 20 min, acquiring the current each 3 s. To assess 
the Na-plating risk window, the 2-electrode half-cell used to estimate the 
sodiation degree was galvanostatically discharged using a current of 
0.05 A g− 1 held for 8 h. Na||NCAM half-cells were galvanostatically 
cycled either in the 1.4–4.2 V voltage range at the constant current rate 
of 0.05 A g− 1, or limiting the voltage window between 1.4 and 4.0 V at a 
constant specific current of either 0.05 A g− 1 or 0.1 A g− 1. The lifetime/ 
energy trade-off in the 1.4–3.9/4.0/4.1/4.2 V voltage range was inves
tigated by galvanostatically cycling 3-electrode Na||NCAM Swagelok- 
type T-cell at 0.05 A g− 1, while acquiring EIS spectra at the end of the 
1st, 5th, 10th, and 50th discharge. The average discharge voltage (i.e., 
the mean voltage) was considered as the performance-indicator of this 
test. To assess the interplay between electrolyte decomposition, 
magnitude of applied current, and NCAM side feature at high-voltage, 
two Swagelok-type T-cells (2-electrode configuration without Na refer
ence) were galvanostatically cycled either at 0.05 A g− 1 or 0.12 A g− 1 

between 1.2 and 4.4 V. All the galvanostatic cycling tests, except for the 
former one, were carried out in CR2032 coin-type cells using a MACCOR 
series 4000 battery tests instrument either at 25 or 30 ◦C (see specific 
values in the corresponding figure captions).
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2.5. Full-cells characterization

(NaxSn-C)27min||NCAM full-cells were assembled by using a negative 
to positive ratio (N/P) between 1.1 and 1.3, as determined by consid
ering the initial capacity achieved by the electrodes in the respective Na 
half-cells, e.g., 1.19 mAh cm− 2 for NCAM during discharge (Na-inter
calation) and 1.53 mAh cm− 2 for (NaxSn-C)27min during charge (Na- 
dealloying), with active material mass loadings of 7.5 mg cm− 2 and 6.2 
mg cm− 2, respectively. The full-cells were assembled by stacking one 
(NaxSn-C)27min electrode, one glass fiber (Whatman GF/B) disc as 
separator soaked with the DEGDME 1 M NaPF6 electrolyte (50 μl) and 
one NCAM electrode. The specific capacity, as well as the specific cur
rent, is referred to the cathode active material mass. The (NaxSn-C)27min 
and NCAM capacity values for the N/P determination were evaluated by 
galvanostatic cycling of the corresponding Na half-cells either between 
0.01 and 2.0 V at 0.05 A g− 1 for (NaxSn-C)27min, or between 1.4 and 4.4 
V at 0.05 A g− 1 for NCAM. The electrochemical performance of the 
(NaxSn-C)27min||NCAM full-cell was evaluated through galvanostatic 
cycling in the 0.8–4.2 V voltage range either at the 0.05 A g− 1 or 0.10 A 
g− 1 constant current rate (referred to the NCAM mass), or in the 
restricted 0.8–4.0 V and 0.8–3.9 V voltage ranges at 0.05 A g− 1. For the 
latter test, a potentiostatic step was adopted at 3.9 V at the end of every 
charge until the current decreased to 0.0125 A g− 1. The rate capability 
test was carried out in the 0.8–4.1 V voltage range by applying specific 
currents increasing every 5 cycles from 0.05 A g− 1 to 0.10, 0.15, 0.20, 
and 0.25 A g− 1 before lowering it back to 0.05 A g− 1 at the 26th cycle. 
The energy density of this test was reported considering either the 
cathode active material content (NCAM) or both anode plus cathode 
(namely NCAM and Sn-C). The current rate capability test was carried 
out without using potentiostatic steps. An additional normalization of 
the energy density (Wh kg− 1) of the full-cells has been carried out by 
taking into account full electrode masses and stack with separator/ 
electrolyte for possibly enabling preliminary benchmarking of the 
laboratory-scale cells. EIS spectra were collected using an alternate 
voltage signal with an amplitude of 10 mV between 500 kHz and 20 mHz 
at the OCV and in the discharged state after the rate capability test. After 
the above test, the full-cell was also subjected to CV within the 0.8–4.2 V 
vs. Na+/Na potential range using a scan rate of 0.1 mV s− 1. All the EIS 
plots were fitted using the non-linear least squares (NLLS) method with 
the aid of the Boukamp software by accepting only fits with a χ2 value of 
the order of 10− 4 or lower [59,60]. All the galvanostatic cycling of the 
full-cells were carried out in CR2032 coin-type cells, while the rate 
capability test combined with EIS, SEM and CV was carried out in a 
3-electrode Swagelok-type T-cell. The galvanostatic cycling tests were 
performed using a MACCOR series 4000 battery tests instrument either 
at 25 or 30 ◦C (see specific values in the corresponding figure captions). 
The EIS and CV tests employed a VersaSTAT MC Princeton Applied 
Research (PAR-AMETEK).

2.6. Ex situ analyses

The (NaxSn-C)27min and NCAM electrodes were investigated by XRD 
after 100 galvanostatic charge/discharge cycles in (NaxSn-C)27min|| 
NCAM full-cells at 0.05 A g− 1 in the 0.8–4.0 V voltage range. The XRD 
data were acquired in the 10◦–80◦ 2θ range through a Bruker D8 
Advance instrument equipped with a Cu Kα radiation source using a step 
size of 0.02◦ and rate of 10 s per step. Scanning electron microscopy 
(SEM) of a (NaxSn-C)27min electrode retrieved from a cycled full-cell was 
performed using a ZEISS Crossbeam XB340 microscope operating with 
an accelerating voltage of 5 kV in secondary electrons mode. To avoid 
external contamination, the electrode was transferred from the Ar-filled 
glove box to the microscope with the aid of a sealed transfer box. Prior to 
all the ex situ analyses, the cells were recovered at the discharged state 
and disassembled inside the Ar-filled glove box, and the retrieved 
electrodes were washed with a few drops of DEGDME and dried under 
vacuum at room temperature. The (NaxSn-C)27min electrode morphology 

and elemental distribution were investigated by means of SEM-Energy 
Dispersive X-ray Spectroscopy (SEM-EDS) using a Zeiss EVO 40 
relying on a LaB6 thermionic gun in secondary electrons mode operating 
at 5 kV. EDS elemental maps were collected on the SEM secondary 
electrons images via an X-ACT system associated with the SEM 
equipment.

3. Results and discussion

3.1. Characteristics and performance of the Sn-C anode in Na half-cells

As mentioned above, the Sn-C electrode is achieved by using water as 
casting-solvent and CMC as binder in order to lower down the overall 
price and mitigate possible health/environmental issues caused by 
fluorinated binders and organic solvent [38]. Therefore, a thorough 
investigation is certainly requested in addition to that previously re
ported in literature to check the stability of the nanostructured Sn-C in 
the new environment [58]. Initially, the thermal proprieties of the CMC 
binder are investigated through TGA upon heating from 25 ◦C to 800 ◦C 
under dry air flow, either in the pristine state (i.e., material powder) or 
in the H2O 2.5 % CMC solution used for the slurry preparation. The 
thermograms and respective derivate curves are reported in Fig. 1a, 
which shows for the dry CMC three main oxidation/decomposition steps 
indicated by the derivative peaks centered at 280 ◦C, 310 ◦C, and 400 ◦C, 
while the process at 120 ◦C is attributed to the loss of trapped water/
moisture within the CMC structure. The same test carried out on the 
aqueous CMC solution displays the expected weight loss at 120 ◦C due to 
the removal of the water, until reaching ~2.5 % of the initial weight, 
that is, a value matching the nominal CMC content. Interestingly, the 
water removal occurs through various steps, indicating the formation of 
solvation structures with the CMC. The stability of the nanometric Sn 
particles toward possible oxidation to SnO2, triggered by water during 
electrode preparation and drying, is assessed via XRD.

The diffractogram of the dry Sn-C electrode in Fig. 1b indicates the 
absence of additional phases, beside the ones related to Sn and to the Cu 
current collector (reference data from ICSD #40038 and #627114, 
respectively). These outcomes indicate the relevant stability of the 
active material during water processing, while the broad wave detected 
between 20 and 30◦ originates from the carbon matrix hosting the 
nanometric Sn particles, and possibly from the amorphous CMC binder 
whose diffractogram is also reported for better comparison in Fig. 1b 
[61,62].

Fig. 2 reports the electrochemical response of the Sn-C electrode in 
Na half-cell achieved by performing CV and EIS. The voltammograms in 
Fig. 2a reveal during the first cathodic scan a current onset below 0.6 V 
vs. Na+/Na, due to the beginning of Na-Sn alloy formation and the 
concomitant insertion of Na into the amorphous carbon matrix until 
0.01 V vs. Na+/Na [63]. This voltammetric wave appears partially 
irreversible, mostly due to the side reduction of the electrolyte which 
typically leads to the formation of a protective SEI layer at the electrode 
surface [64]. Different kinetics for the oxidation processe compared to 
the reduction one are indicated by the first anodic scan, which shows a 
more resolved signal evolving by a series of peaks extending from 0.15 
to 0.66 V vs. Na+/Na, due to the Na-Sn dealloying below 0.5 V vs. 
Na+/Na, and to the deinsertion of Na from the carbon at higher values 
[65]. The signal related to the irreversible electrolyte reduction 
remarkably decreases at the second cathodic scan, and almost fully 
vanishes during the subsequent cycles which exhibit exclusively a 
voltage slope with onset below 0.4 V vs. Na+/Na. Instead, the anodic 
profiles show the above discussed oxidation peaks, which appear well 
defined between 0.1 and 0.7 vs. Na+/Na during the whole CV test. These 
results substantially differ from previous literature on Sn-based anodes 
for SIBs, which reported the presence of one or more additional peaks 
upon the cathodic scan in the region between 0.1 and 0.8 V vs. Na+/Na, 
thus suggesting possible influence of the binder nature, the character
istic electrode structure, and its morphology on the Na–Sn alloying 
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kinetics [66–69]. By the ongoing of CV, the current intensity raises for 
the anodic process at 0.21 V vs. Na+/Na, fluctuates for the one at 0.28 V 
vs. Na+/Na, while decreases for the processes over 0.5 V vs. Na+/Na. The 
modification in current response of the Na–Sn dealloying processes in
dicates the variation of the corresponding kinetics, likely due to the 
consolidation of the SEI layer and stabilization/rearrangement of the 
hosting carbon matrix upon repeated cycling, which favor the 
low-voltage processes (<0.5 V vs. Na+/Na) and limit the cell polariza
tion [64]. In addition, the improvement of the profiles overlapping upon 
repeated scans suggests the progressive stabilization of the electro
chemical process, thus indicating the effectiveness of the Sn-C nano
structure in buffering the volume variations associated to the Na–Sn (de) 
alloying to avoid structural degradation of the electrode. The EIS graphs 
in Fig. 2b, recorded at the OCV condition of the cell and after 1 and 5 CV 
scans, evidence an overall decrease of the electrode/electrolyte inter
phase resistance upon cycling, thus further suggesting the 
above-mentioned enhancement. The NLLS analysis of the Nyquist plots 
allows for the evaluation of resistive and capacitive components of the 
cells through the description of the frequency-dispersion spectra with 
the equivalent circuit Re(RnQn)Qw, where: i) Re defines the electrolyte 
bulk resistance obtained by high frequency intercept of the plot; ii) the 
(RnQn) elements (with n = 1, 2, …) account for the electrode/electrolyte 
interphase phenomena, including possible charge transfer processes and 
SEI formation, identified by high-middle frequency semicircles the 
width of which allows the determination of the total interphase resis
tance (RI = R1 + R2 + …); iii) Qw is a constant phase element (CPE) 

represented by the tilted line at low-frequency values that describes the 
semi-infinite Warburg-type Na+ ion diffusion [59,60]. Table 1 summa
rizes the NLLS results and reveals an interphase resistance value of about 
53 Ω at the OCV, that decreases to 8 Ω after the first cycle, and stabilizes 
around the same value after 5 CV scans. The table also shows the 
modification of the equivalent circuit after 1 cycle and the decrease of 
the (RnQn) elements number. The remarkable decrease of the resistance 
upon CV, and the reduction of the circuital elements number are in line 
with the modification of the electrode/electrolyte interphase discussed 
above, which improves the conductivity and the reaction kinetics by the 
ongoing electrochemical process.

Fig. 3 summarizes the galvanostatic cycling performances of the Sn-C 
electrode in sodium half-cell. A rate capability test is initially performed 

Fig. 1. Physicochemical features of the Sn-C electrode and CMC binder, in detail: (a) TGA of pristine CMC binder and of H2O 2.5 % CMC solution, and corresponding 
DTG curves (dotted lines); (b) X-ray diffractograms of the Sn-C electrode, and of the CMC binder at the pristine state and after drying its H2O solution. Reference data 
for Sn (β-Sn, ICSD # 40038) and Cu (ICSD # 627114) are reported for comparison.

Fig. 2. (a) CV profiles and (b) Nyquist plots recorded by EIS upon CV on a Na||Sn-C half-cell; CV potential range: 0.01–2.0 V vs. Na+/Na, scan rate: 0.1 mV s− 1, EIS 
performed at the OCV cell condition, and after the 1st and 5th CV scan between 500 kHz and 100 mHz using an alternating voltage signal with an amplitude of 10 
mV. Temperature: 25 ◦C.

Table 1 
NLLS analysis carried out on the Nyquist plots displayed in Fig. 2b recorded on a 
three-electrode Na||Sn-C half-cell at the OCV and after 1 and 5 CV runs.

Cell 
condition

Circuit R1 [Ω] R2 

[Ω]
R3 

[Ω]
RI =

∑
Rn 

[Ω]
χ2

OCV Re(R1Q1) 
(R2Q2) 
(R3Q3)Qw

42.5 ± 7.1 7.2 
±

2.9

3.3 
±

0.4

53.0 ± 5.4 2 ×
10− 5

After 1 
cycle

Re(R1Q1)Qw 7.5 ± 0.5 / / 7.5 ± 0.5 4 ×
10− 4

After 5 
cycles

Re(R1Q1)Qw 7.8 ± 0.7 / / 7.8 ± 0.7 2 ×
10− 4
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by increasing the current every 10 cycles from 0.05 A g− 1 to 0.10, 0.20, 
0.30, 0.60, and 1.20 A g− 1, with selected voltage profiles in Fig. 3a and 
the corresponding charge capacity trend in Fig. 3b. The first cycle of this 
test at 0.05 A g− 1 reported in Fig. S1 (Supporting Information) evidences 
the irreversible capacity expected by electrolyte decomposition, SEI 
formation, and electrode reorganization, that leads to an initial 
Coulombic efficiency of 61.5 %. Instead, the voltage profile after 10 
cycles at the same current reveals an efficiency approaching 100 %, and 
a reversible electrochemical process centered between 0.2 and 0.8 V, 
evolving by a single sloped profile during discharge and various merged 
plateaus during charge, as already observed during the CV (compare 
Fig. 3a with Fig. 2a). The curves of Fig. 3a also show a moderate 
decrease in terms of delivered capacity alongside a slight increase of the 
overpotential upon current increase, due to the increasing ohmic po
larization. Indeed, the charge capacity vs. cycle number trend displayed 
in Fig. 3b exhibits a maximum capacity of 212 mAh g− 1 achieved at 0.05 
A g− 1, and values of 166, 137, 80, 50, and 32 mAh g− 1 at 0.10, 0.20, 
0.30, 0.60, and 1.20 A g− 1, respectively. In addition, the electrode re
covers 89.6 % of the initial capacity after decreasing the current rate 
back to 0.05 A g− 1 at the 61st cycle, thus suggesting remarkable struc
tural stability upon cycling at high currents. The trend of Fig. 3b also 
evidences a progressive improvement of the delivered capacity during 
the initial stages of the test, which is accompanied by an increase of the 
Coulombic efficiency from 61.5 % at the first cycle to a value around 99 
% upon 10 galvanostatic cycles. This activation process is likely justified 
by the progressive improvement of the electrode/electrolyte interphase 
previously observed by CV and EIS. On the other hand, a fast 
enhancement of the cell efficiency is crucial to avoid a relevant con
sumption of the cyclable Na, which may potentially undermine the 

performance of the full-cell especially in presence of a sodium-deficient 
cathode such as the one adopted in this study (Na0.48Al0.03Co0.18

Ni0.18Mn0.47O2, or NCAM) [42]. Taking into account this limitation, the 
pre-sodiation of the Sn-C anode through direct contact with sodium 
metal, i.e., chemical sodiation, is selected as viable method to ensure a 
sufficient sodium reservoir in the full-cell setup using the NCAM cathode 
[70]. The control of the contact time between Sn-C and Na metal, the 
applied pressure, and the content of active material in the electrode play 
fundamental role during pre-sodiation. The above conditions are crucial 
for regulating the sodium content into the anode, which must provide a 
sufficient amount of cyclable Na to balance the full-cell, and avoid at the 
same time an excess that can trigger undesired metal plating during 
charge [70]. Other pre-sodiation strategies not considered in this work 
rely on the use of sacrificial salts and/or additives within the cell, 
however with additional processing steps that may lead to gas evolution 
upon cell operation [26,71–75]. Therefore, the chemical sodiation of the 
Sn-C electrode is evaluated herein by tuning the contact time, as evi
denced by Fig. 3c, which shows the voltage profile at the first (left-hand 
side) and 150th (right-hand side) cycles of Na half-cells studied at 0.05 
A g− 1 using Sn-C electrodes chemically sodiated for either 15, 27, or 30 
min. All cells show a higher capacity during charge than during 
discharge in the first cycle, rather than the typical behavior in which the 
discharge exceeds the charge observed for the cell using the pristine 
Sn-C (compare Fig. 3c and Fig. S1). In addition, the data indicate for the 
pre-treated electrodes the absence of the irreversible shape typically 
ascribed to the electrolyte reduction, and evidence a higher capacity 
upon charge compared to pristine Sn-C, that is, around 250–260 mAh 
g− 1 instead of 212 mAh g− 1. These outcomes suggest an effective 
pre-sodiation triggered by the contact time, and possible over-sodiation 

Fig. 3. (a, b) Galvanostatic cycling performance upon rate capability test of a Na||Sn-C half-cell in terms of (a) selected voltage profiles (10th cycle for each current 
rate) and (b) corresponding charge capacity vs. cycle number trend; (c, d) galvanostatic cycling performance of Na||(NaxSn-C)min half-cells tested at 0.05 A g− 1 using 
Sn-C electrodes chemically sodiated for either 15, 27, or 30 min reported in terms of (c) 1st (left-hand panel) and 150th (right-hand panel) voltage profile, and (d) 
corresponding charge capacity vs. cycle number trends. Right y-axes in panels (b) and (d) reports Coulombic efficiency; voltage range: 0.01–2.0 V; electrode geo
metric area: 1.54 cm2; active material mass loading: 6.0–6.8 mg cm− 2. Temperature: 25 ◦C.
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at the electrode surface due to the excess charge capacity, which appears 
not detrimental for the anode stability as demonstrated by the corre
sponding cycling trend in Fig. 3d [76]. It is worth mentioning that the 
cell using the (NaxSn-C)15min still delivers around 200 mAh g− 1 during 
first discharge, thus indicating an insufficient sodiation degree achieved 
using 15 min of contact to get a suitable balancing of the full-cell with 
the Na-deficient NCAM. On the other hand, the cell using (NaxSn-C)30min 
shows less than 20 mAh g− 1 during first discharge, thus achieving almost 
full sodiation of the Sn-C after 30 min of contact with Na. The latter 
excessive sodiation may lead to alkali metal deposition during Na-ion 
full-cell charging, although it may represent a viable pathway in view 
of a possible application in Na metal-free sulfur-based full-cells [63]. On 
the other hand, the (NaxSn-C)27min delivers 90 mAh g− 1, which is ex
pected to counterbalance the NCAM capacity even considering its 
Na-deficiency. Therefore, we may indicate 27 min as the most adequate 
timeframe within our pre-sodiation conditions to achieve efficient 
Na-ion cell. The trends in Fig. 3d evidence for the cells using the 
pre-sodiated electrodes a retention ranging from 70 % to 76 % over 150 
cycles, which is also demonstrated by the voltage profile of the last cycle 
in Fig. 3c (right-hand panel). Furthermore, the pre-sodiated electrodes 
show a faster interphase activation compared to the pristine Sn-C elec
trode, since the related Na half-cells reach a Coulombic efficiency higher 
than 99 % far faster (compare Fig. 3b and d).

The chemical sodiation triggered by mechanical contact between Na 
foil and the electrode wet by the electrolyte allows a rapid and efficient 
activation of the material, and represents a viable strategy for achieving 
Na-ion batteries exploiting alloying negative electrodes [70,77]. The 
development of new battery configurations based on electrode 
pre-sodiation by capillary diffusion requires an adequate tuning of the 
contacting time, to ensure a Na-amount in the anode sufficient to fully 
allow the electrochemical reaction at the cathode. The activation pro
tocol for the Sn-C electrode with contact time of 27 min is selected as 
suitable for Na-ion cell application, and therefore electrochemically 
investigated hereafter by means of galvanostatic and potentiostatic 
techniques, as well as morphologically using ex-situ SEM-EDS analysis to 
determine the actual Na content in the (NaxSn-C)27min electrode. Fig. 4a 

indicates a delivered capacity upon galvanostatic charge of the Na|| 
(NaxSn-C)27min cell using a current of 0.05 A g− 1 between the OCV and 
2.0 V corresponding to 268.0 mAh g− 1, in accordance with the result 
presented in Fig. 3. Fig. 4b shows the potentiostatic polarization (coul
ometry) extended to a timeframe comparable with that of the previous 
galvanostatic experiment. Hence, a sodiation degree in (NaxSn-C)27min 
of x = 0.5 is calculated by taking into account the overall extracted 
capacity (ε = 2.828 C), the Faraday constant (F = 96485 C mol− 1), the 
mass of Sn-C in the electrode (m = 2.872 × 10− 3 g), and its molar weight 
with the Sn0.35C0.65 chemical formula (MSn-C = 49.355 g mol− 1), using 
the equation: x = ε×MSn− C

F×m . The plating-risk window analysis represents a 
key-factor, which determines the safety level of the anode in a Na-ion 
device [78,79]. To assess this aspect for the (Na0.50Sn-C)27min elec
trode, the half-cell of Fig. 4a is over-discharged for 8 h using a current of 
0.05 A g− 1 without imposing any voltage limit, and the result are re
ported in Fig. 4c (inset shows a magnification of the onset for 
Na-nucleation). This test suggests that the anode has a tolerance of 13 
mAh g− 1 over its theoretical capacity (i.e., 271 mAh g− 1 for Sn0.35C0.65) 
before occurring of Na-plating, thus allowing the estimation of ±5 % of 
possible N/P fluctuation without compromising the safe Na-ion full-cell 
operation. Importantly, the Na distribution across the electrode upon 
chemical sodiation is accounted by means of SEM-EDS analysis in 
Fig. 4d–g. The elemental maps distributions of Na and Sn, respectively 
reported in Fig. 4d and e, suggest that the sodiation protocol related to 
27 min yields to a uniform sodiation of the (Na0.50Sn-C)27min electrode, 
without relevant clusters of metallic Na or considerable damage. To 
further verify the sodiation degree (x), the atomic ratio of Na and Sn in 
the (NaxSn-C)27min electrode is accounted by sampling EDS spectrum in 
various portions (the spectra of some representative spots are reported 
in Fig. 4f and g). Remarkably, x is estimated to range from 0.67 to 0.36, 
with average value of 0.52, which agrees with the coulometry estima
tion of Fig. 4b, despite the error derived from the presence of Na in the 
CMC binder, as well in possible NaPF6 salt residue.

Fig. 4. Estimation of Na content across the (NaxSn-C)27min electrode through electrochemical methods and SEM-EDS investigation, and determination of its Na- 
plating window, in detail: (a) galvanostatic charge of Na||(NaxSn-C)27min half-cell reported in terms of first charge profile (6.1 ± 0.1 mg of Sn-C, 14 mm-diam
eter electrode); (b) coulometry test (chronocoulometry at 0.5 V vs. Na+/Na, 1 point collected each 3 s, 5 h and 20 min timeframe) to assess the sodiation degree x in 
(NaxSn-C)27min electrode (2.9 ± 0.1 mg of Sn-C, 10 mm-diameter electrode, test carried out in Swagelok-type T-cell); (c) plating test carried out using the half-cell of 
panel (a) to assess the allowed fluctuation of the N/P ratio before Na-plating; (d, e) SEM-EDS elemental maps distribution, related respectively to Na and Sn, and (f, 
g) related spectra.
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3.2. Characteristics and performance of the NCAM cathode in Na half- 
cells

The NCAM cathodes were prepared and studied in previous work 
using a carbonate-based electrolyte [42], which offered relevant sta
bility towards oxidation and allowed for the investigation of 
high-voltage features of the electrochemical process [80]. Lately, great 
attention has been devoted to glyme-based electrolytes relying on sol
vents with CH3(OCH2CH2)nOCH3 general formula due to their relevant 
Na+ solvation capability and transport properties, as well as adequate 
viscosity and dielectric constant, particularly for low n values that 
ensure high Na+ conductivity [12]. However, their stability towards 
oxidation is usually limited to potential values below 4.5 V vs. Na+/Na, 
which can hinder their application in batteries using high voltage 
cathodes. Herein, the DEGDME 1 M NaPF6 electrolyte solution is 
exploited due to the promising performance demonstrated in other 
systems [81–83], although a thorough investigation to assess its 
compatibility with the NCAM cathode is still needed. Therefore, the 
electrochemical process and electrode/electrolyte interphase of the of 
NCAM in DEGDME 1 M NaPF6, as well as its cycling response in Na 
half-cells, are investigated by CV, EIS, and galvanostatic cycling, and the 
results are reported in Fig. 5. The voltammetry curves (Fig. 5a) reveal a 
reversible electrochemical Na+ (de)intercalation process, characterized 
by several peaks occurring within the 1.2 − 4.2 V vs. Na+/Na potential 
range. It is worth mentioning that the first anodic scan (black curve in 
Fig. 5a) starts from a potential of about 3.1 V vs. Na+/Na, i.e., a high 
value indicating for the pristine NCAM material a partially charged 
state, which is in line with the sodium content below 0.5 equivalents in 
its stoichiometry. As the voltammetry scan begins, two resolved oxida
tion peaks appear at about 3.2 and 3.4 V vs. Na+/Na, attributed to the 
Ni4+/Ni2+ couple, followed by two merged peaks at 3.7 and 3.8 V vs. 
Na+/Na ascribed to the Co4+/Co3+ couple, and by a current increase 
with an onset at 4.1 V vs. Na+/Na likely due to possible phase transition 
including partial electrolyte oxidation [43,84]. The first cathodic scan 
shows the partial reversibility of the latter process, with a first reduction 
signal slightly below 4.1 V vs. Na+/Na, two reversible peaks ascribed to 

the Co4+/Co3+ couple merged at ~3.7 V vs. Na+/Na, and those associ
ated to the Ni4+/Ni2+ couple at 3.3 and 3.2 V vs. Na+/Na, all with a very 
modest polarization and remarkable symmetry compared to the oxida
tion ones. By the ongoing of the first cathodic scan, the CV reveals the 
appearance of reduction waves approximately at 2.7 V, 2.3 V, and below 
2.0 V vs. Na+/Na associated to the Mn4+/Mn3+ redox process, which are 
reversed during the second and the subsequent anodic scans into a single 
broad peak extended from 1.8 to 2.9 V vs. Na+/Na [43,84]. In spite of a 
minor signal decrease above 4.1 V, all the described oxidation and 
reduction signals are almost fully reproduced throughout the whole CV 
test, with more defined peaks compared to those observed in previous 
work using a carbonate-based electrolyte [13,42,85]. Hence, the CV 
response of Fig. 5a suggests that the kinetics associated with the ion 
motion within the layered electrode structure can be promoted into a 
more efficient way by the glyme-based electrolyte rather than the 
carbonate-based one. Furthermore, the almost full overlapping of the 
voltammograms during the whole test indicates a relevant reversibility 
in the glyme-based electrolyte of the NCAM electrochemical process, 
which can proceed without significant modification or gliding of the 
layers into the material, and with minor structural reorganization due to 
sodium vacancy ordering. The electrode/electrolyte interphase changes 
occurring during CV are monitored by performing EIS, as illustrated by 
the corresponding Nyquist plots in the inset of Fig. 5a. The data reflect 
the contribution of several resistive and pseudocapacitive elements, 
arranged in the equivalent circuit depicted in Table 2 along with the 
corresponding NLLS fitting results. The various elements account for the 
electrolyte resistance at high frequencies, the interphase resistance 
including the Na+ diffusion across the SEI and the charge transfer pro
cesses at intermediate frequencies, as well as the Na+ diffusion within 
the NCAM lattice at low frequencies. The NLLS results show a relatively 
low electrode/electrolyte interphase resistance at the OCV, that is, 151 
Ω, which decreases to 112 Ω upon discharge to 1.2 V vs. Na+/Na due to 
the concomitant increase of the NCAM conductivity promoted by 
full-sodiation. The resistance increases back to 166 Ω at the discharged 
state after 5 cycles, in part due to NCAM de-sodiation with conductivity 
decrease, and in part due to the marginal electrode passivation induced 

Fig. 5. Electrochemical response of the Na||NCAM half-cells, in detail: (a) CV profiles recorded between 1.2 and 4.2 V vs. Na+/Na, inset shows Nyquist plot recorded 
by EIS during CV (test carried out at 25 ◦C); (b, c) selected voltage profiles (b) and discharge capacity trend (c), with coulombic efficiency reported in right y-axis, 
related to galvanostatic cycling tests performed between 1.4 and 4.2 V at a specific current of 0.05 A g− 1; (d, e, f) selected voltage profiles related to galvanostatic 
cycling tests performed between 1.4 and 4.0 V at a current of (d) 0.05 A g− 1 and (e) 0.10 A g− 1 and (f) related discharge capacity trend (coulombic efficiency 
reported in right y-axis). Active material loading: 4.8–6.0 mg cm− 2, CV scan rate: 0.1 mV s− 1; EIS performed at the OCV cell condition and upon CV after the 1st and 
5th cycle between 500 kHz and 100 mHz, alternate voltage signal with an amplitude of 10 mV. The galvanostatic tests were performed at 30 ◦C.
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by the partial electrolyte oxidation or minor phase change at 4.2 V vs. 
Na+/Na as discussed during CV [41]. The latter irreversible processes 
may be strongly limited by decreasing the charge voltage cutoff or by 
increasing the employed current, as demonstrated by the galvanostatic 
cycling tests performed on Na||NCAM cells hereafter. Initially, the gal
vanostatic performance of the Na||NCAM half-cell is investigated in the 
1.4–4.2 V voltage range at 0.05 A g− 1, as reported in Fig. 5b in terms of 
voltage profiles and in Fig. 5c in terms of discharge capacity vs. cycle 
number trend. In line with the CV, the voltage profiles show an initial 
short charge (gray line) evolving through the series of plateaus 
described above from 3.2 to 4.1 V, and the side plateau at 4.2 V at the 
end of the charge possibly due to the partially irreversible processes. The 
initial charge with a capacity of about 60 mAh g− 1 is reflected during the 
first discharge into multi-step process with an overall capacity of 115 
mAh g− 1, accounting for the Na-deficiency of the NCAM, while the 
subsequent charge and discharge proceed reversibly with a slight in
crease of capacity upon cycling to 123 mAh g− 1 at the 69th cycle, and a 
Coulombic efficiency approaching 99 % (see corresponding cycling 
trend in Fig. 5c). The latter capacity value is indeed selected to achieve 
the discharge capacity retention, which resulted in 78 % after 300 cy
cles. The excellent performance of the NCAM in the glyme-based solu
tion within the experimental setup adopted herein represents a step 
forward compared to the one previously achieved by NCAM in 
carbonate-based one, where a higher capacity achieved by increasing 
the voltage cutoff was retained for only 60 % over 100 cycles due to the 
formation of insulating side products at the electrode/electrolyte 
interphase [41]. As mentioned above, a further improvement of the 
capacity retention may be achieved by lowering the charge cutoff to 4.0 
V or by increasing the current, although a lower capacity may be 
expectedly achieved due to the limited exploitation of the NCAM elec
trochemical process. Accordingly, further galvanostatic tests are per
formed by limiting the voltage range to 1.4–4.0 V and using specific 
currents of either 0.05 or 0.1 A g− 1 (Fig. 5d–f). The voltage profiles of 
the cells show similar features to those discussed previously in Fig. 5b 
without relevant signs of electrolyte decomposition, however with a 
lower capacity due to the lower voltage cutoff and/or higher current. 
Indeed, the cell cycled at 0.05 A g− 1 (Fig. 5d) shows an initial charge 
capacity of ~50 mAh g− 1 and a discharge one of ~115 mAh g− 1, while 
the one cycled at the higher current of 0.1 A g− 1 (Fig. 5e) evidences a 
similar initial charge capacity and a reversible one of 96 mAh g− 1. Both 
cells proceed without any capacity fade over 100 cycles, with an average 
Coulombic efficiency ranging between 99.5 % and 99.6 % (see the ca
pacity and efficiency trends in Fig. 5f), thus suggesting essentially the 
absence of irreversible reactions. To further understand the above dis
cussed cell behavior, Fig. S2 (Supporting Information) shows the elec
trochemical stability toward oxidation of the DEGDME 1 M NaPF6 
electrolyte and the galvanostatic cycling coupled with EIS investigation 
of the NCAM cathode in Na half-cells. The electrolyte anodic stability is 
determined by LSV using a Na||SPC 3-electrode T-cell, the profile of 
which in Fig. S2a indicates current below 15 μA cm− 2 from the cell OCV 
to 4.2 V vs. Na+/Na, increasing to 28 μA cm− 2 around 4.4 V vs. Na+/Na, 
and then rapidly raising to high values due to electrolyte decomposition.

The effects of the upper voltage limit on cathode stability and 

interphase characteristics are investigated by galvanostatic cycling of 
Na||NCAM half-cells at 0.05 A g− 1 with charge either up to 3.9, 4.0, 4.1, 
or 4.2 V, carrying out the EIS after the 1st, 5th, 10th, and 50th discharge. 
The related cycling trends summarized in Fig. S2b evidence a capacity 
retention always exceeding 93 %, with modest influence of the voltage 
cutoff, despite the cell charged up to 4.2 V displays the lowest retention 
as expected by more relevant electrolyte decomposition. The EIS 
Nyquist plots for the cells at the OCV and upon cycling are collected in 
Fig. S2c–d, and the overall interphase resistance (RI) is achieved by NLLS 
analysis in Table S1 as sum of the resistance values defined by each 
semicircle in the corresponding equivalent circuit. The trends of RI re
ported in Fig. S3 reveal for the cells cycled in the 1.4–3.9 V and 1.4–4.0 V 
intervals a resistance decrease upon first cycle, due to partial dissolution 
of the SEI, and an increase after the subsequent cycles due to its thick
ening and stabilization upon partial electrolyte decomposition [41,43,
64]. On the other hand, the cell cycled in the 1.4–4.1 V interval shows 
resistance increase after 1 cycle, decrease after 5 cycles, and final raise 
until the end of the test, thus suggesting initial growth, subsequent 
partial dissolution, and final thickening of the SEI. Instead, the cell 
cycled in the 1.4–4.2 V interval depicts a continuous resistance increase 
upon cycling, thus accounting for permanent thickening of the SEI 
within the wider voltage window, as also suggested by the lowest 
retention already shown in Fig. S2. On the other hand, the high effi
ciency of the NCAM cathodes and the excellent performances of the 
(NaxSn-C)27min anodes within the operating voltage and current condi
tions indicate their combination in a glyme-based electrolyte as poten
tially suitabile for achieving balanced Na-ion full-cells.

3.3. Full Na-ion battery

Recently, only few reports have studied SIBs exploiting Na-deficient 
cathodes and alloying anodes, mainly due to the challenges associated 
with these active materials [31,86]. Herein, we concomitantly overcome 
the Na-deficiency of the NCAM and the initial irreversibility of the Sn-C 
by rationally balancing the sodium content into a (NaxSn-C)27min elec
trode, to ensure an N/P ratio between 1.1 and 1.3. In addition, we use 
electrodes with relatively high active material loading, as shown by the 
anode and cathode voltage profile delivered upon the first cycle in the 
example of Fig. S4 (Supporting Information). Accordingly, Fig. 6 reports 
the results related to galvanostatic cycling of full (NaxSn-C)27min||NCAM 
cells (see representative scheme in Fig. 6a) under various conditions, as 
well as to the ex situ XRD analysis carried out on the electrodes after 
cycling. In line with the outcomes of anode and cathode above observed 
in the half-cells investigations, a first test is carried out by cycling the 
full-cells in the 0.8–4.2 V voltage range either at 0.05 A g− 1 or at 0.1 A 
g− 1 as displayed in Fig. 6b and c, respectively, and in terms of selected 
voltage profiles, and in Fig. 6d in terms of comparison of discharge ca
pacity vs. cycle number trends. The full-cells reveal both at 0.05 A g− 1 

(Fig. 6b) and at 0.1 A g− 1 (Fig. 6c) a sloped voltage shape, resulting from 
the combination of the anode and cathode ones, with maximum 
discharge capacity respectively of 115 mAh g− 1 and 110 mAh g− 1, 
retained for ~85 % over 100 cycles with average Coulombic efficiency 
exceeding 99 % (Fig. 5d). This stable behavior indicates an optimal cell 
balance, with only slight influence of the applied current. It is worth 
mentioning that literature works suggested further improvement of the 
cell performance by adopting ad hoc designed formation cycles [87,88]. 
To further promote the stability, the full-cells are galvanostatically 
cycled in the restricted voltage ranges of 0.8–4.0 V and 0.8–3.9 V, using 
a current rate of 0.05 A g− 1 as displayed in Fig. 6e and f in terms of 
voltage profiles and in Fig. 6g and h in terms of discharge capacity vs. 
cycle number trend. Lowering the charge cutoff does not significantly 
affect the cell capacity, which stabilizes around 115 mAh g− 1 in both 
cases, as also promoted by the additional potentiostatic step adopted in 
the case of the cell charged at the lowest voltage cutoff (see experimental 
section for further details). The voltage profiles of Fig. 6e and f reveal 
slight increase of the charge/discharge polarization during cycling, 

Table 2 
NLLS analysis carried out on the Nyquist plots displayed as inset in Fig. 5a 
recorded on a three-electrode Na||NCAM half-cell at the OCV and after 1 and 5 
CV runs.

Cell 
condition

Circuit R1 [Ω] R2 [Ω] RI =
∑

Rn 

[Ω]
χ2

OCV Re(R1Q1) 
(R2Q2)Qw

47.4 ± 1.1 103.6 ± 13.1 151.0 ± 13.1 4 ×
10− 4

After 1 CV Re(R1Q1) 
(R2Q2)Qw

21.5 ± 2.9 90.5 ± 8.3 112.0 ± 8.8 3 ×
10− 4

After 5 CV Re(R1Q1) 
(R2Q2)Qw

14.4 ± 2.1 152.2 ± 7.5 166.6 ± 7.8 4 ×
10− 4
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although the typical voltage shape of NCAM remains almost unaltered, 
thus suggesting the retention of the corresponding electrochemical ac
tivity. Relevantly, the cell cycled using 4.0 V as the charge cutoff retains 
about 85 % of the initial maximum capacity upon 100 (dis)charge runs, 
similarly to that charged up to 4.2 V, while the one exploiting the 3.9 V 
cutoff retains 95 % over the same cycling interval. This retention 
improvement may be ascribed to the high and stable efficiency in view 
of a mitigated electrolyte decomposition at the cathode side, as already 
discussed in the half-cells study in Fig. 5f, although a still observed ca
pacity decrease occurring upon cycling indicates the need for further 
optimizations both in terms of cycling conditions and electrolyte 
composition. The structural features of NCAM and (NaxSn-C)27min upon 
100 cycles are investigated by ex-situ XRD on the full-cell cycled between 
0.8 and 4.0 V of Fig. 6e,g and the acquired patterns are reported in 
Fig. 6i. The figure evidences the structural retention for the NCAM 
cathode, as all the main peaks of the mixed P2/P3 layered oxide hold 
their position after cycling, due to the enhanced stability toward phase 
transition favored by the presence of Al3+ [41]. Instead, the 
(NaxSn-C)27min structure after galvanostatic cycling appears different 
compared to the spectra of the pristine Sn-C reported in Fig. 1b. Indeed, 
the XRD pattern in Fig. 6i shows less intense peaks for elemental Sn and 
signals related to the NaSn2 phase at 12◦ and 36◦, thus indicating only 
partial dealloying upon full-cell discharge. This outcome suggests 
incomplete anode exploitation potentially affecting the capacity 

retention in the full-cell, which can be addressed by further tuning the 
N/P ratio and by improving the testing procedures.

With the aim of further investigating the (NaxSn-C)27min||NCAM cell 
in terms of energy content, Fig. 7 reports a rate capability test combined 
with EIS study, carried out in the intermediate 0.8–4.1 V voltage range 
by increasing the current every 5 cycles from 0.05 A g− 1 to 0.10, 0.15, 
0.20, and 0.25 A g− 1 before lowering the current back to 0.05 A g− 1 at 
the 26th cycle. The corresponding voltage profiles (Fig. 7a) depict the 
shape expected by the galvanostatic tests already discussed in Fig. 6, 
with moderate polarization upon current rate increase, and a maximum 
capacity of ~120 mAh g− 1 achieved at the lowest current. Interestingly, 
the cell delivers about 90 % of its maximum capacity by doubling the 
current from 0.05 to 0.1 A g− 1, and still a relevant 78 % of the maximum 
value by five-fold current increase, from 0.05 to 0.25 A g− 1. Fig. 7b 
displays the theoretical energy density values for the Na-ion cell as 
referred either to the NCAM cathode mass (bottom x-axis) or to the 
overall active materials mass, namely NCAM and (NaxSn-C)27min (top x- 
axis), estimated by taking into account the corresponding voltage pro
files at the 5th cycle at each current rate of Fig. 7a. The figure shows an 
energy density ranging from 250 Wh kg− 1 to 310 Wh kg− 1 as referred to 
the NCAM cathode mass, which turns into a value ranging from 115 Wh 
kg− 1 to 170 Wh kg− 1 when the overall anode plus cathode mass is taken 
into account. In addition to the normalization reported in Fig. 7b, Fig. S5
(Supporting Information) provides a parallel normalization of energy 

Fig. 6. (a) Schematic representation of the sodium-ion battery configuration; (b–h) galvanostatic cycling performance of (NaxSn-C)27min||NCAM full-cells at various 
conditions reported in the panels, in detail:, (b, c, e, f) selected voltage profiles and (d, g, h) corresponding discharge capacity vs. cycle number trends (Coulombic 
efficiency in right-hand side y-axes); (i) ex situ X-ray diffractograms of (NaxSn-C)27min and NCAM electrodes after 100 cycles between 0.8 and 4.0 V. Electrode 
geometric area: 1.54 cm2; active material loading: 5.3–6.8 mgNCAM cm− 2, 3.5–4.5 mgSn-C cm− 2; N/P ratio between 1.1 and 1.2. Temperature for galvanostatic 
cycling: 30 ◦C.
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density taking into account the full electrodes including current col
lectors, binder, and electronic conductor (SPC), as well as their stack 
with separator/electrolyte, for enabling possible benchmarking. Hence, 
the cell delivers over 90 Wh kg− 1 when full electrodes are considered, 
and 60 Wh kg− 1 when the stack with separator (Whatman GF/B)/elec
trolyte is considered, which are lower values than the theoretical ones, 
clearly reflecting the laboratory-scale nature of the cell. It is worth 
mentioning that these values may be actually increased by scaling-up 
the cell to limit the mass contribution of elements such as current col
lectors, separators and electrolytes. For example, changing the separator 
from Whatman GF/B to celgard, which can allow a lower electrolyte/ 
electrode mass ratio of 1–2 μL/mg, increases the energy density referred 
to the stack with separator/electrolyte from 60 Wh kg− 1 to 80 Wh kg− 1. 
On the other hand, the cell shows a Coulombic efficiency exceeding 99 
% after the first cycle at each current, and a full capacity retention by 
lowering back the current to the initial value after the rate capability test 
(see corresponding trend in Fig. 7c). The interphase modifications of the 

electrodes by full-cell cycling are investigated by the EIS Nyquist plots in 
Fig. 7d, and NLLS analysis using the resistive and pseudocapacitive el
ements in the equivalent circuit of Table 3. The elements account for 
electrolyte resistance, and the combined Na+ diffusion and transfer 
events in the two electrodes. The (NaxSn-C)27min||NCAM cell exhibits 

Fig. 7. Galvanostatic cycling performance upon current rate capability test of (NaxSn-C)27min||NCAM full-cell, in detail: (a) selected voltage profiles (5th of each 
current rate explored), (b) corresponding representation of the charge/discharge voltage vs. energy density (top x-axis refers to both electrodes active material 
masses, while bottom x-axis refers to NCAM mass only), (c) capacity trend vs. cycle number (coulombic efficiency in right-hand side y-axis), (d) electrochemical 
characterization of the electrodes/electrolyte interphases through Nyquist plot recorded by EIS (data collected before cycling and after the 30th discharge), (e, f) SEM 
images at different magnification of the (NaxSn-C)27min electrode retrieved from cycled full-cell. Electrodes geometric area: 0.785 cm2, active material: 11.5 ± 0.1 
mgNCAM cm− 2, 7.6 ± 0.1 mgSn-C cm− 2. Active material ratio: 1.28, N/P ratio: 1.1. Tests performed at 25 ◦C.

Table 3 
NLLS analysis carried out on the Nyquist plots displayed in Fig. 7d. The 
impedance spectra were acquired on the (NaxSn-C)27min||NCAM cell at the OCV 
and after the current rate capability test, and fitted using the Boukamp software, 
by exclusively accepting results with χ2 values of the order of 10− 4 or lower.

Cell 
condition

Circuit R1 [Ω] R2 [Ω] RI =
∑

Rn 

[Ω]
χ2

OCV Re(R1Q1) 
(R2Q2)Qw

12.5 ± 0.1 14.1 ±
1.0

26.6 ± 1.0 3 ×
10− 4

After 30 
cycles

Re(R1Q1) Qw 59.5 ± 1.2 / 59.5 ± 1.2 3 ×
10− 4
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EIS responses characterized by relatively low interphase resistance at 
the OCV, settling at 27 Ω and moderately increasing upon stabilization 
of the interphase at 60 Ω, that is, a modest value accounting for the cell 
stability and relevant capacity retention driven by the adequate setup in 
terms of electrodes features. The electrochemical process retention is 
further demonstrated by the CV response of the (NaxSn-C)27min||NCAM 
full-cell reported in Fig. S6 (Supporting Information), carried out after 
the current rate capability test of Fig. 7. The CV clearly shows the 
combined electrochemical features of the anode and cathode materials, 
evolving with a still distinguishable detail. Beside the stability of the 
cathode above demonstrated, a further interesting proof of the integrity 
of the water-processed anode using the CMC binder is given by the SEM 
images of the (NaxSn-C)27min anode retrieved from the full-cell upon 
cycling. The images reported in Fig. 7e and f with different magnifica
tions depict a uniform morphology, characterized by a rough surface 
reasonably due to the CMC, wrapping-up the micrometric Sn-C particles, 
some of which are clearly visible at higher magnification (Fig. 7f). 
Moreover, the low amount of cracks spotted onto the surface may sug
gest limited changes through the electrode caused by the volume vari
ation upon cycling.

The lifetime/energy trade-off in the 1.4–3.9/4.0/4.1/4.2 V voltage 
ranges is gathered by analyzing the Na||NCAM half-cells of Fig. S2 and 
the (NaxSn-C)27min||NCAM full cells of Fig. 6 in term of trends of the 
discharge mean voltage upon cycling, as reported in Fig. S7. The com
parison of the above trends in half-cells (Fig. S7a) and full-cells (Fig. 7b) 
shows that the more conservative testing condition (i.e., charge to 3.9 V 
at 0.05 A g− 1) lowers down the discharge mean voltage due to incom
plete charge, while enhances the retention of the same parameter as the 
side reactions on NCAM are mitigated compared to the more demanding 
condition (i.e., charge to 4.2 V at 0.05 A g− 1). On the other hand, the full- 
cell charged up to 4.2 V at the higher current of 0.10 A g− 1 (Fig. 4b) 
retains its mean voltage more than those cycled at 0.05 A g− 1 since the 
side reactions are mitigated, thus indicating that the applied current 
plays a key role for full-cell stability. To further verify this aspect, two 
Na||NCAM half-cells are galvanostatically cycled between 1.2 and 4.4 V 
by applying a current of either 0.05 A g− 1 or 0.12 A g− 1. The related 
results presented in Fig. S7c and d in terms of selected voltage profiles 
and discharge capacity trends clearly show that the voltage shape is less 
retained at lower current than higher one, due to more pronounced 
electrolyte decomposition. However, we do not exclude possible side 
reactions due to NCAM irreversible structural changes at high voltage.

4. Conclusion

In this work we provided a viable pathway to achieve highly cyclable 
Na-ion full-cells based on layered-oxide cathode, Na-alloying anode 
water-processed with CMC binder, and a glyme-based electrolyte. The 
P3/P2 NCAM cathode showed relevant stability and efficiency in Na- 
half cell, maximum discharge capacity of 161.1 mAh g− 1, as well as a 
modest interphase resistance and structural stability, despite it appeared 
quite challenging for full-cell implementation due to its native sodium- 
deficiency. The NCAM interphase proprieties depended on the adopted 
upper voltage limit (i.e., 3.9, 4.0, 4.1, or 4.2 V), thus suggesting the 
implementation of suitable protocols for enhancing the cell efficiency 
during galvanostatic cycling. On the other hand, the Na-alloying Sn-C 
anode outperformed the hard-carbons in Na-cell reported in literature 
due to a high volumetric capacity, relevant stability, and suitable 
interphase features. However, the relevant irreversibility during the first 
cycle hampered its direct application at the pristine state in a balanced 
and efficient Na-ion full-cell. We have concomitantly overcome the 
above two issues (i.e., Na-deficiency in NCAM and Sn-C first cycle irre
versibility) by adopting an alternative approach, consisting of chemical 
pre-sodiation of the alloying anode prior to the use in Na-ion full-cell. 
This process actually allowed the anode to act as the Na reservoir in an 
efficient full-cell using the NCAM cathode, by tuning the electrode 
loading, the binder nature, the electrolyte formulation, and the Na/Sn-C 

contacting timeframe. Galvanostatic and potentiostatic techniques 
assessed the electrochemical suitability of the (NaxSn-C)27min anode for 
full-cell application, while SEM-EDS analysis depicted a uniform 
morphology having evenly-distributed Na across the electrode pre- 
treated following our protocol. The full-cells, achieved by rationally 
combining a Sn-C anode pre-sodiated for 27 min and the NCAM cathode 
with a N/P ratio from 1.1 to 1.2, revealed high cycling stability, with 
maximum capacity around 120 mAh g− 1, that approached the maximum 
electrodes capacity achieved in half-cell. Furthermore, the full-cell 
performance has been retained between 85 % and 95 % of the 
maximum capacity over 100 galvanostatic (dis)charge cycles, depend
ing on experimental constraints such as voltage cutoff from 3.9 to 4.1 V, 
and applied current from 0.05 to 0.25 A g− 1. This optimal retention has 
been supported by XRD, CV and ex-situ SEM images. Hence, we have 
estimated for our (NaxSn-C)27min||NCAM full-cell an energy density 
ranging from 310 to 250 Wh kg− 1, based on the cathode mass only, 
which reflected values from 175 to 141 Wh kg − 1 considering both 
electrodes active material, whilst lower values considering all the cell 
components, including inactive ones, that may be further improved by 
tuning the materials for possible cell scaling-up. These results suggested 
our approach as suitable for achieving an enhanced Na-ion battery, 
despite further improvements in terms of cycle life and stability may be 
achieved by additional optimization of the electrodes balancing, cell 
operation conditions, and electrolyte.
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