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Abstract

Recent research focusses typically on sodium-ion half cells, and the progress of high
performance and cost-effective full cells remain a critical obstacle to commercialize sodium-
ion batteries. Here, we rationally designed a full sodium-ion battery based on NazV,(POg)s3
(NVP-C) cathode and Pb anode materials. Carbon coated NVP-C is prepared via easy and
one-step solid-state method. With 8 wt% carbon content, the obtained NVP-C core-shell
structure provides an excellent reversible capacity of 104 mAh/g at C/10 rate, approaching its
theoretical capacity. The NVP-C electrode even at a high 10C rate delivers a primary
reversible capacity of 87 mAh/g with 99.9% capacity retention almost after 3500 cycles. As
an anode, Pb delivers an initial reversible capacity of 477 mAh/g at a fixed current density of
13 mA/g with a good cyclability and capacity retention of 98.5% over 50 cycles. From the as
prepared materials a full cell was achieved, which exhibited a preliminary reversible capacity
of 233 mAh/g at C/10. In addition, the good rate capability including discharge energy
density in the range of 170-180 Wh/kg brands the full cell a potential candidate in practical
sodium-ion battery application. The excellent electrochemical behavior with simple, low-cost
properties of fabricated full cell mark it as attractive option for high-energy and energy

storage applications.
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1. Introduction

Owing to their excellent electrochemical performance rechargeable lithium-ion
batteries (LIBs) become, over the past several decades, an indispensable energy storage
device in the world [1-3]. Though, the advancement of LIBs yet experiences strong issues
such as limited cobalt and lithium sustainability and safety issues. The limited abundance and
especially the uneven distribution of lithium, added to the emerging huge demand for
electrical energy storage, could increase the cost and limit the sustainability of lithium.
Sodium-ion batteries (SIBs), however still in early stages of its development, are
comparatively appropriate for grid storage applications with large-scale integration as
associated with low cost precursors and abundance properties of sodium (4™ most abundant
element in the Earth) [4, 5] and the possibility to substitute the copper into aluminium in
current collectors. It is important to advance new and novel electrode materials for high-

performance SIBs.

In the past few years, a wide array of cathode materials such as transition metal oxides
[6-11], phosphates [12-14], and ferrocyanides [15, 16] has been investigated for sodium-ion
batteries (SIBs) with moderate operating voltage (~3.0 V) [17]. The polyanionic phosphate
materials have attracted a great attention as cathode materials for SIBs due to stable
reversibility and high redox voltage. In this regard, Na* superionic conductor (NASICON)
materials have been explored as potential cathodes for SIBs. Normally, NASICON materials
are well insertion hosts with the structure of NayM,(X0O,)3, where M = Ti, V, or Fe; and X =
S, P, Mo, W, or As. Rhombohedral NazV2(PO,)s (NVP) provides excellent ionic mobility and
great theoretical capacity (117.6 mAh/g) with high redox voltage. Moreover, NVP
accommodates Na ions in the interstitial sites with three-dimensional (3D) framework of PO,
tetrahedra and VOg octahedra sharing the oxygen. Though, the less conductivity which is

because of the dissociation of PO, tetrahedra from VOg octahedra in rhombohedral structure,



restricts its rate capability and cycling ability. Many strategies have been adapted to get over
it, such as, decreasing particle size [18, 19] metal ionic doping [20-22], morphology
designing [23, 24], and most importantly carbon coating [25-29]. The NVP-C core—shell
nanostructure with thin carbon layer coating on NVP nanoparticles is favorable due to
enhanced electron conduction with instantaneously smaller diffusion length for the associated
Na’ ions. Though, the synthesis of NVP-C core-shell structure is difficult, because the
preparation of large poly-phosphate framework normally includes calcination course at high
temperature, in which the core has a tendency to grow and cumulate into big grain sized

particles [29-31].

On the anode side for SIB, although graphite associates with poor Na-ion insertion,
hard carbon (HC) can assist an excellent capacity of 300 mAh/g because of the complex
mechanism including pseudocapacitive activities, but is a costly material. Many candidates
have been proposed during the last decade including intercalation, conversion and alloying
materials. Among the alloying materials, lead (Pb) has the advantage of being the most
recycled metal since it recycling reaches even more than 99% (one of the uppermost
recycling rates in the earth where no other metal is managed with a such higher
sustainability). Up to now, lead-acid batteries are the most-reported, and widely used system
compared to other batteries. As newly battery technologies (ion batteries) are introduced,
lead-acid batteries are now side-lined by them. Though, Pb was generally not supported as
feasible anode material for alkali-ion battery applications due to its toxicity, and only few
report can be found regarding Pb-based anode materials for Li [32], Na [33] and K-ion [34].
Moreover, Pb based composite such as Pb(NO3),/CNT shows potential sodium storage as
reported by Lin et al. [35]. Pb as alloy anode has however shown higher gravimetric and

volumetric capacities than traditional carbonaceous anodes [36-38].



In this work, we prepared NazV2(PO,); using a facile one-step solid-state method and
prepared an efficient Pb based electrode to finally build a NVP/Pb SIB. The mechanism of
sodiation/desodiation was studied in both materials. The performance of the NVP/Pb battery
was evaluated at different rates. The performance of this new SIB is encouraging, and could
become an elegant way to recycle the classical lead-acid batteries into anode material for

potential Na-ion batteries.

2. Experimental details

2.1 Synthesis

10 mmol of V,05 (99.9%, Alpha), 30 mmol of NaH,PO4+2H,0 (99.9%, Alpha), and
2.5g of sugar (2.5 g) were mixed at 1000 rpm in a stainless steel vessel for 2 hours using
SPEX ball mill. After the ball milling process, the obtained mixture was pressed into pellets

and calcined at 800 ° C for 24 h under argon flow.

2.2 Material characterization

Powder X-ray diffraction (XRD) was carried out via Bruker D8 Advance
diffractometer with monochromatic CuK,, radiation (A = 1.5406 A). The X-ray Rietveld
refinement was completed using FullProf program with the help of the pseudo-Voigt
function. laser excitation of 532 nm equipped with LabRAM HR was engaged for Raman
studies. The X-ray photoelectron spectroscopy (XPS) analysis was examined with the help of
ESCALAB 250 (ThermoElectron) spectrometer with Al Ka excitation source (1486.6 eV).
The morphology and composition of the nanostructures were examined via field emission
scanning electron microscope (FESEM, Hitachi S-4800) and high-resolution transmission

electron microscope (HRTEM, TECNAI G2 20 Twin, FEI).

2.3 Electrochemical characterization



The electrochemical properties of (NVP-C) electrode as cathode was investigated by
standard coin cells fabricated in glove box (argon-filled). The associated electrode was
formulated using Polyvinylidene fluoride (PVdF) (Solef 5130, Solvay) binder and a uniform
mixture (1:1) of vapor grown carbon fibers (VGCF-H) and carbon black as conductive
additive, altogether in 1-Methyl-2-pyrrolidinone (NMP) (99.5% Sigma Aldrich) solvent. A
slurry associating with active material (70%wt), conductive additive (18%wt) and binder
(12%wt) was equally mixed using planetary ball-milling (1 h), tape-casted on aluminium foil
substrate, initially dried at normal atmosphere and eventually at 80 °C under vacuum for 12h

[39]. The active electrode mass in the prepared electrode is varied between 2 and 10 mg/cm?.

The electrochemical tests were executed by using metallic sodium (sigma Aldrich) as
counter-electrode and 1 M NaPFs in diglyme as electrolyte, and whatman glass-fiber as
separator. The choice of diglyme is imposed by the anode material which offers the best
performance with this special electrolyte. The electrochemical tests were executed at 25 °C
by using MPG system. For in situ XRD investigation, the electrode was fabricated on
aluminium collector using the in situ cell as reported previously [40]. The cell was cycled at
low C/10 rate (one Na* extraction/insertion in 10 h), and the interval among two successive

XRD patterns associates with 0.1 extracted/inserted Na*.

Full cells were fabricated with NVP-C as cathode material and Pb as anode material.
The micrometric Pb powder (99.95%, Sigma Aldrich) was used without any further
treatment. Like cathode, same material and procedure were considered to prepare anode
electrode. However, the electrode formulation ratio was 98:1:1 for active material, conductive
additive and binder, respectively. The Mcathode/Manode Mass ratio for full coin cell was
eventually chosen at 4.8:1 (capacity balance as specified by half-cell performance),
considering for this purpose the mass of the positive electrode should be higher than negative

electrode to provide sufficient sodium supply.



3. Results and discussion

3.1 NVP synthesis and characterization

NVP-C is depicted in Fig. 1a. All the intense and well-defined peaks of XRD indicates to
rhombohedral NazV,(PO,)s structure (space group: R -3 c) with refined lattice parameters of
a=8.7323(2) A, b=8.7323(2) A, ¢=21.8212(7) A, a=90.00°, $=90.00°, and y=120.00° in
agreement with reported results (COD#96-222-5133) [42]. The Rp and Rwp values for the

refinement are 19.7 and 22.8, respectively. The crystal structure of NazV,(PO,)s was

originally reported by Delmas et al [43].

Tiny diffraction peaks related to unknown impurity by-product phase are observed

around 24 and 27°, likely originated from high temperature preparation process.
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Figure 1 (a) X-ray diffraction powder pattern (CuK,, source) Rietveld refinement, (b) Raman
scattering spectrum, (c) High-resolution XPS spectrum, and (d) TG analysis of NVP-C
powder.

Raman spectrum was examined to analyse the nature of the associated carbon present
in NVP-C material (Fig. 1b). The sharp peaks at 138, 228, and 333 cm * are ascribed to the
crystalline lattice vibrations [44]. Two distinctive bands located at 1350 and 1605 cm*
correspond to disorder phonon mode (D-band) and E2g vibrations (G-band) of graphite,
respectively [45]. Additionally, the bands present at 1040 and 446 cm*, associate to the
stretching vibrations mode of the PO, [46, 47]. The peak around 576 cm™* is due to the
intramolecular stretching modes of the PO,’~ anion [48]. The broad (D+G) bond refers to the
mixed phase combining both the amorphous and graphitic carbon is observed around 2500-
3500 cm ' [49]. The peak intensity ratio (Io/lg) of D and G bands of 0.86 indicates the

moderately disordered carbon nature.

XPS studies were examined to characterize the states of chemical bonds related to
NVP-C. The core-level XPS spectrum (Fig. 1c) of V 2p forms a doublet for V 2p1/2 and V
2p3/2 at the binding energies of 524.4 and 517.3 eV, agreeing to V** oxidation state [50-52].

The poor peak detected at 519.3 eV is allocated to the satellite peak of O 1s [53].

The thermogravimetric (TG) data were collected up to 700 °C in air to calculate the
associated carbon content. As per TG curve (Fig. 1d) a first loss of ~1% is observed before
100°C which might be attributed to traces of water adsorbed on NVP particles. The smaller
weight gain between 150 and 350 °C observed for carbon-coated NasV,(PO,); should be
attributed to the slight oxidation of \/** [54]. Similar kind of trend is reported in the literature
for NVPC material [42, 55]. The drastic loss of 7 wt.% between 400 and 550°C can be
attributed to carbon oxidation. After 600 °C, there is a gain of weight as the core particles

participate in oxidation after losing its shell structure.



3.2 Morphological analysis

The morphology of prepared material was examined by SEM, as depicted in Fig. 2a,
b. SEM images display that NazV,(PO,)3-C has a core-shell structure with the particle size in
the range of 0.2-2 um. To inspect the elemental composition of NVP-C, energy dispersive X-
ray spectroscopy (EDS) spectrum was executed (Fig. S1) revealing that the content for NVP-
C with element approximate ratio of Na:V:P:0=3:2:3:12, in good agreement with the

formation of NazV,(PO,); (Table S1).

TEM and HRTEM confirms that the hierarchical architecture of as-prepared material
is built including the carbon coating with the nanoshell thickness of around 20 nm, as shown
in (Fig. 2c, d). It is also observed that the NVP particles has a clear boundary with residual
carbon shell developed from sugar pyrolysis process (Fig. 2d, e). TEM elemental mapping of
NVP-C were alongside investigated (Fig. 2f-j), demonstrating the homogeneity of C, Na, V,

P, and O elements in each particle and the homogeneous carbon shell.



50 nm

Figure 2 (a, b) FESEM images, (c, d) HRTEM images and (e-j) EDS elemental mapping of
NVP-C powder.

3.3 Electrochemical performance of NVP-C cathode

The electrochemical behaviour of the Na3V23+(PO4)3-C was studied first in half cells
vs. Na. Fig. 3a, b displays the charge-discharge (CD) data of NVP-C in the voltage window
of 3-3.8 V vs. Na'/Na at C/10 rate (current density of 5.12 mA/g). At this rate, the charge
process occurs as a flat plateau around 3.39 V, and corresponds to the extraction of 2 Na*
(Fig. 3a) while the discharge’s plateau is at 3.37 V and corresponds to the re-insertion of 2
Na’, in good agreement with a reversible biphasic reaction [56]. At this rate, the polarization
is very low (around 20 mV). The extraction of 2 Na" suggests that only the V**/V** redox

couple can be activated in this potential window. The rather flat plateaus confirm the
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occurrence of reversible phase transformation among NazV2(POs); and NaVy(POy)s

according to these equations:

Charge (—2Na)

Na3V,(P0,4)3

N d

Discharge (+2Na)

-
.
%

)
=)
1 -

Voltage (V) vs. Na/Na
[55)
+

NaV,(P0,4); €9)

T
(=) ]
=} =}

&
[—]
Coulombic efficiency (%)

3.24
3.0 ) 3
0 1 W2 3
x (Na’)
C 130 —
- o
) d
= 120 u— Charge
< .10 —e— Discharge
E 1o ."‘. —=u— Coulombic efficiency
z 5 cn m=c/5c.'10'
g ot""'"'“é 2C 2C -& "
2. 100+ oo
£ 901 L
: s
=9
v 80 T v T T Y Y
0 10 20 30 40 50 60

Cycle number

[
=}

b s

Voltage (V) vs. Na/Na"

Voltage vs. Na/Na®

w
h
L]

— st
2nd

?J
&
3

=
n

3.2

0 20 40 60 80

100

Specific capacity (mAh/g)

120

—C/M10—C/5—C/2——C
e D e 5 G e 10C

»
=

by
=

0 20 40 60 80

100

Specific capacity (mAh/g)

120

Figure 3 (a) Voltage curves of NVP-C electrode per Na" ion at C/10 current rate. (b)
Galvanostatic charge-discharge profiles of first five cycles at C/10 current rate. (c) Rate
performance at different current rates starting from C/10 and 10C (1 C=51.2 mA/g). (d)
Galvanostatic charge-discharge plots at different current rates.

Fig. 3c compares the specific capacities of NVP-C electrode ranging from C/10 (5.12

mA/g) up to 10C (512 mA/g). The electrode exhibits very high-rate capability with the

associated discharge capacities of 104, 103, 102, 101, 99, 94, and 87 mAh/g at the rates of

C/10, C/5, C/2, 1C, 2C, 5C, and 10C, respectively. Even at high 10C rate, the NVP-C
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electrode is efficient to provide ~85% of its reversible capacity as compared to the capacity
obtained at C/10 rate, demonstrating an excellent rate capability of the electrode. When the
rate is returned to C/10, the associated electrode sustains almost 100% of the initial capacity
highlighting the robustness of NVVP framework and its excellent ionic and electronic transport
properties. Fig. 3c and 3d display the rate capability and the charge—discharge plots of
electrode at different C-rates: one notes a slight increase of the voltage polarization appears at

high rate Fig. 3d, but concomitantly the coulombic efficiency is increased Fig. 3c.

a iy o b g
_— = . 1st
=100 s 2nd
- F105 20 & 3.61 ——850th
E 30 2 Z
z 2 ¢
'S 60- = 1005 ~ 34
= r 2
40 £ g
5 w Charge E %D
E’E +— Discharge 95 s = 3.2
8 204 —a— Coulombic efficiency g g
o o
)
0 T T T T T T T —+ 90 3.0 Y T T T f
0 100 200 300 400 500 600 700 800 0 20 40 60 80 100 120
Cycle number Specific capacity (mAh/g)
C 100 110 d 3.8
En —'A =\? T st
= 804 - i 2nd
< F105 22 5 3.6 ——3500th
E £ Z
N’ L
z 601 z ¢
g sy desumeiiasesie- 1 00 %‘5 ~ 3.4
& 404 @ <
3 _ 2 g
L‘:E) 204 . g?s:l:g:rgc 95 E g 3.2
8 —=— Coulombic cfficicncy g g
= &
0+ 90 """
0 500 1000 1500 2000 2500 3000 3500 0 20 40 60 80 100
Cycle number Specific capacity (mAh/g)

Figure 4 (a) Stability studies and associated coulombic efficiency of NVP-C electrode
studied at 1C for 850 cycles. (b) Corresponding galvanostatic charge-discharge profiles. (c)
Long-term stability performance and coulombic efficiency at 5C for 3500 cycles. (d)
Corresponding galvanostatic charge-discharge profiles.

The long-term cyclic stability of NVP-C electrode was also examined at 1 and 5C

rates. In Fig. 4a, the early discharge capacity at 1C is 100 mAh/g, and 98% (considering the
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highest discharge capacity, generally about 5™ cycle) of the associated capacity is maintained
even after 850 cycles. Furthermore, the related coulombic efficiency quickly reaches to
99.8% after few cycles and maintained an excellent result throughout the cycling studies. The
voltage profiles of NVP-C at various cycles under 1C rate shows a still limited polarization at
this rate (Fig. 4b). The exceptional cycle durability of the NVP-C cathode is also studied at
higher current density of 5C (3500 cycles), as shown in Fig. 4c. The first discharge capacity
is 86.2 mAh/g at 5C, which slightly increases up to 90 mAh/g during first couple of cycles.
After 3500th cycles, the specific capacity is stabilized to 86.1 mAh/g that agrees to 99.9 % of
the starting reversible capacity. After 3500 cycles at 5C, although only a very low loss of
capacity is measured, an increase of the polarization is observed (Fig. 4d) likely due to a
decrease of conductivity influenced by the change of Na dynamics and charge-transfer
impedance [57]. This remarkable cyclability (3500 cycles) at high current rate signifies the
NVP-C cathode as a potential contender for SIB application as compared with previously

reported literature (Fig. 5a, b).

Figure 5 (a, b) Capacity and stability results of our NVP-C half-cell compared with reported
literatures.

Here we selected some recently reported high-performance Na ion batteries fabricated

with NVP and related composites [58-68]. Some literature shows slightly higher capacities
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compared to our electrode (Table 1), however none of the previous works showed stable

capacities for 3500 cycles.

Table 1: Typical electrochemical performance of NVP-C from previously reported literature.

Prepar Carbo Za:itzlfel Reversible Cana )I(V|I:1
Mate | ation n and Electrode Electrol capacity Rate | /C;, um Ref
rial me;ho source | morph formulation yte (mAh/g) (C) mal) Cyc .
ology (%) les
100 to 80% active + 1M
NVP/ | Sol-gel | Ascorbi | 200 nm 10% carbon .
C method ¢ acid particle black + 10% NaCF184 in 98 1 74 450 | [58]
S PVDF in NMP
nanogr
ains 70 % active + 1M
NVP/ | Sol-gel | ACCI® | with 20% carbon | NaClOg in 105 . o6 | 200 | [59]
AC method carbon diamet black + 10 EC+ DMC
er of %PVDF in NMP (1:2)
~5 nm
Two-
step micron- | 80% active + 1M
NVP/ solid- Glucos sized 10% carbon NaFSl in
C state e particle black + 10% EC+PC 104 1 89 100 | [60]
reactio s PVDF in NMP (1:1)
n
nano- 80% active + 1M
NVP/ Sol-gel | Glycolic sized 10% carbon NaClO4 in
C method acid morpho | black + 10% EC+PC ~105 1 97 | 100 | [61]
logy PVDF in NMP (1:1)
particle o . M
NVP/ | Sol-gel | Critic | S8 o carvon MaclOs In 100 1| o8 | 100 | 621
C method acid black + 10% .
3-11 1 pypfinnmp | (L)
um 5% FEC
1.0 um,
Carbon- with 75% active + 1M
NVP/ | thermal | Glucos | irregula | 15% acetylene .
C reducti e r black + 10% NaCPI84 in 95 1 95 50 | [63]
on morpho PVDF in NMP
logy
70 % active + NaClll\O/|4 in
NVP/ | Sol-gel | Acetyle ) 20% acetylene
C method ne black + 10 E(lel?l\ic 107 1 86 300 | [64]
o . :
%PVDF in NMP 59 FEC
Modifie Particle 70% active + 1M
NVP/ d Oxalic s 200 20% carbon NaPFs
C/Ag | Pechini | acid | nmto5 | black + 10% | EC+PC 113 1 98 | 100 | [65]
method pnm PVDF in NMP (1:1)
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In

, . . 70 % active + 1M
NVP@ | situ oxi particle 20%oacetlyvlene NaClO. in
PEDO | dation | PEDOT | is ~500 black + 10 Ec+D4Ec 100 93 | 100 | [66]
T polyme nm . .
rization %PVDF in NMP (1:1)
NVP@ | Electro Citric 50-200 75% active + 1M
C spinnin p nmin 10% acetylene
nanof 9 apc\'/‘;',' diamet | black + 15% EgiFI,DFEGC 110 93 | 300 | [67]
ibers | method er PVDF in NMP
surfact 80% active + N%aFI’VILG
NVP/ ant- oleic submic 10% carbon ~10
C assiste acid ron black + 10% E((:i"o[z/fc ~100 0 100 | [68]
d PVDF in NMP FEC)
70% active +
NVP- | Solid- | g oo t%otgr: 9% C65+ 9% Na},F'\: - Lol 99. | 350 | OUr
o,
C state few um VGCF + 12% Diglyme 9 0 K

PVDF in NMP

3.4 Reaction mechanism

To establish the reaction mechanism of NVP-C cathode, operando XRD analysis was

conducted with a special in situ cell with cobalt (Co K,) source in the 26 range (22°—44°)

within the potential window of 3.0-3.8 V at rate of C/10 and the results are depicted in Fig.

6a.
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Figure 6 (a) Operando XRD patterns of NVVP-C battery during the first cycle at C/10 current
rate with cobalt (Co K,) source, aluminium collector and with beryllium cell window. (b)
Contour plot of the operando XRD results.

The associated CD profile of the NVP-C electrode is presented on the right of Fig. 6a
to observe the change in states with XRD. The associated contour plots of operando XRD
patterns are also presented in Fig. 6b, red and blue colors signify the maximum and minimum
intensities of XRD peaks, sequentially. The intensity of NVP peaks (*) are slowly decreases
in the charge step starting from OCV to 3.8 V, while new peaks nearby are growing
indicating the formation of the well crystalized NaV,(POy)s (#) [69] (Fig. S2) as a typical
biphasic reaction in agreement with previous literatures [64, 70, 71]. The pristine NASICON
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structure is maintained and only one of the two Na Wyckoff sites (6b and 18e) is occupied
(6b). Only two thirds of Na atoms can be electrochemically extracted from NVP structure
through the V**/V** oxidation process [72, 73], the V**/V°* redox couple was reported in the

NVP around 4 V vs. Na'/Na only in partially Cr [74], Al [75], or Fe [76] substituted NVP.

During initial discharging stage, the intensities of newly developed NaV2(PO,); phase
peaks reduce with the appearance of NasV,(PO,)s phase peaks. At the end of full discharge
down to 3 V, each and every XRD appeared peaks are recognized to NazV2(POy)s,

confirming the complete reversibility of the mechanism (Fig. S2).
3.5 Electrochemical performance of Pb//NVP-C full cell

Recently our group has showed that Pb anode for sodium-ion half-cell exhibits i) an
excellent reversible capacity of 464 mAh/g with the retention of 98.5 % of its initial capacity
after 50 cycles, ii) a good capacity retention even at high current rate (~2 A/g) and iii) both
extremely low polarization and irreversibility in first cycle for a high loaded electrode (98/1/1
as Pb/PVdF/conductive additive % ratio) [38]. The associated reaction mechanism of Pb

with Na-ion can be defined as consecutive reversible phase transitions as follows:
Pb < Nan3 <> NaPb <—>Nang4 <> N3.15Pb4 (2)

The detailed electrochemical performance of Pb anode in Na-ion half-cells is presented in
Fig. S3. The mechanism of Pb anode in Na ion half/cell was primarily studied by Jow et al.
[77], followed by Chevrier et al. [78], altogether supporting the above mentioned reaction

mechanism.
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Figure 7 (a) Galvanostatic profiles of NVP-C cathode (black) and Pb anode (red) half-cells
versus Na/Na®. (b) Capacity retention of Pb//NVP-C full coin cell with coulombic efficiency
at C/10. (c) corresponding charge-discharge profiles. (d) magnified view of 75" cycle.

Based on the evaluation of half-cell performance of the NVP-C and Pb electrodes, we
assembled full coin-type cell and evaluated their performance. The individual galvanostatic
profiles obtained in the full cell, displayed in Fig. 7a, are as expected similar to those of the
half cells. As NVP-C is the source of Na, to build the full cell the NVP-C cathode mass was
overbalanced to compensate the sodium losses in the SEI formation. The full coin cell with
NVP-C cathode and Pb anode has a mass loading ratio of 8:1 (vs ~ 4.8:1 for theoretical
balance, taking into account the initial irreversible capacities in half-cells). We well recognize

in the full cell galvanostatic curve the shape of the NVP plateau (Fig. 7c and d) with the
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overlap of the four sodiation plateaus coming from Pb anode. From the operando XRD (Fig.

6) and the previous study of Pb/Na [38], the following reactions can be proposed:
Pb//INVP-C full cell charge-discharge process:

Charge (—2Na)
Cathode: Na;V,(P0O,); © NaV,(P0,);
Discharge (+2Na) 3)
Disharge (+3.75Na)
Anode: Pb o 1/4 Na;sPb,
Charge (—3.75Na)

As NVP-C cathode material is used in large excess in full cell, the electrochemical
performance of full cell is limited by the Pb anode. Then, capacity values shown here are
relative to anode active material (Data considering the active material are given in Figure
S3). The cell showed a good reversible capacity of 233 mAh/g (Fig. 7c). The coulombic
efficiency progressively increases and become stable around 99% after 20 cycles (Fig. 7b).
The CD curves show stable stage-like plateaus, even after 75" cycles, showing good

reversibility of the successive sodiation/desodiation process as depicted in Fig. 7b, c.

The rate performance of this pioneer full cell using different C-rates starting from
C/10 to 10C was tested and are presented in Fig. S4a. At the current rates, the reversible
capacity of the full cell drops regularly and still recovers (41 %) of initial capacity with an
excellent coulombic efficiency of almost 100%. The shape of the CD plots of assembled full
cell at different current rates is unchanged up to 2C rate. The full cell delivered a discharge
energy density of 170 Wh/kg (by using the mass loading of both NVP-C and Pb electrodes)
with sustaining power density of 8 W/kg as specified by Ragone plot in Fig. S4b. This value
decreases to 18 Wh/kg, with the increase in power density 1165 W/kg. This is comparable
with previously reported NVP-C based full cells such as NasV,(PO,)s//NazV,(PO,)s (50-60

Wh/Kkg) [79], NasV2(PO,)s//graphite (160-180 Wh/kg) [80], NazV2(PO,)s//hard carbon (130-
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150 Wh/kg) [81], Na3V2(PO,)s//NaTi,(PO4); (60-80 Wh/kg) [82], Hard carbon//NVPSi-0.05
(342 Wh/kg) [83] and CuS//NVPF/NVP (162.2 Wh/kg) [84]. Moreover, The full cell also
shows comparable energy density with other reported Na-ion based full cell systems such as
NaMnOy//NaTiy(PO4)s/C (30 Wh/kg) [85], NTO nanotube//VOPO, (220 Wh/kg) [86],
Sb@TiO./INVP (151 Wh/kg) [87], Hard carbon//NVPF@rGO (162 Wh/kg) [88],
Graphite//Na; sVO4gFo7 (149 Wh/kg) [89], and VO, nanosheet//NVOPF nanocuboid array

(215 Wh/kg) [90] with maintaining good power density at the same time.

In terms of practical aspect, the studied Pb//NVP-C full cell shows moderate
performance, and more work should be done to improve both the capacity and its retention.
This system Pb/NVPC will represent a promising Na storage system in terms of energy
density (gravimetric as well as volumetric) when one will be able to tackle the capacity

fading through optimization of both the electrodes balancing and electrolyte formulation.

Conclusions

In summary, a full cell prototype associated with NVP-C and Pb electrodes was
designed and evaluated. NVP-C was synthesized through a simple solid-state process,
providing a high-performance cathode material for SIB with excellent capacity and stability
as well. It was demonstrated that the as-formed cathode exhibited capacity of 104 mAh/g at a
current rate of C/10 and an exceptional capacity retention with almost 99.9 % of the first
cycle capacity after 3500 cycles vs metallic sodium. Moreover, taking the different reaction
kinetics of the Pb anode into consideration, the full Pb//NVP-C SIB showed a reasonable
cycle stability for a preliminary study. The assembled full cell demonstrated a reversible
capacity of 233 mAh/g at C/10, with an excellent energy density of 170 Wh/kg. This

prototype full cells show that the concept gives a real potentiality. No doubt that the moderate
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present performance needs to be improved by working on the electrode and electrolyte
formulations for instance to counter the soluble degradation products composed at the anode
able to diffuse to the cathode (phenomenon pronounced in SIB because of the strong
reactivity and solubility of the products) [91], as well as the balancing in the full cell design.
In this way we can bridge the gap between lab-made full cell for real-world industry scalable
practice full cell. These pioneer results using Pb as negative electrodes in SIB provide an
elegant attempt to recycle this element and there is a big room to improve this new and

promising concept in near future.
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