
HAL Id: hal-03562412
https://hal.science/hal-03562412v1

Submitted on 22 Jul 2024

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documentsmay come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaireHAL, est des-
tinée au dépôt et à la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
français ou étrangers, des laboratoires publics ou
privés.

Distributed under a Creative Commons CC BY-NC 4.0 - Attribution - Non-commercial use - International
License

Carbon-coated FePO4 nanoparticles as stable cathode for
Na-ion batteries: A promising full cell with a Na15Pb4 anode
Bidhan Pandit, Bernard Fraisse, Lorenzo Stievano, Laure Monconduit, Moulay

Tahar Sougrati

To cite this version:
Bidhan Pandit, Bernard Fraisse, Lorenzo Stievano, Laure Monconduit, Moulay Tahar Sougrati. Carbon-coated
FePO4 nanoparticles as stable cathode for Na-ion batteries: A promising full cell with a Na15Pb4 anode.
Electrochimica Acta, 2022, 409, pp.139997. ⟨10.1016/j.electacta.2022.139997⟩. ⟨hal-03562412⟩

https://hal.science/hal-03562412v1
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr


1 

Carbon-coated FePO4 nanoparticles as stable cathode for Na-ion 

batteries: A promising full cell with a Na15Pb4 anode 

Bidhan Pandit1, Bernard Fraisse1, Lorenzo Stievano1,2, Laure Monconduit1,2, 

Moulay Tahar Sougrati*,1,2 

1. ICGM, Univ. Montpellier, CNRS, ENSCM, Montpellier, France 

2. RS2E, CNRS, Amiens, France 

*Corresponding Author: Moulay-Tahar.Sougrati@umontpellier.fr  

Abstract 

The cheap and non-toxic FePO4, which can be recovered from spent LFP batteries, provides a 

reversible capacity of 103 mAh/g in coin cells, corresponding to 76% of theoretical capacity, 

with very good rate capability and stability. The study of the electrochemical mechanism 

during sodiation carried out by in situ X-ray diffraction (XRD) reveals a pure biphasic 

transition during Na+ (de)insertion. The chemical diffusion coefficient (DNa) determined from 

galvanostatic intermittent titration technique and electrochemical impedance spectroscopy 

varies in the range 10−16-10−10 cm2/s at room temperature depending on the degree of sodiation. 

As a proof of concept, a full cell fabricated using a carbon-coated C@FePO4 cathode and a 

Na15Pb4 anode obtained by electrochemical sodiation of recyclable Pb, maintained 76% of the 

initial capacity over 100 cycles at constant C/10 rate. This outstanding electrochemical 

performance, based on the combination of the low-cost C@FePO4 cathode with a recyclable 

lead-based anode, makes this new technology a promising real-world alternative for future 

commercial Na-ion systems. 
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1. Introduction 

Sodium-ion batteries (SIBs) have been recently proposed as a complement to lithium-ion 

batteries (LIBs) for large-scale energy storage application, because of their low cost, excellent 

performance, and the wide availability of sodium [1–5]. Owing to the much larger size and 

atomic weight of Na+ (1.06 Å, 22.99 g/mol) compared with Li+ (0.76 Å, 6.94 g/mol), the 

identification of a suitable intercalation electrode material that can ensure reversible 

(de)intercalation of sodium ions without a significant volume change and/or structural 

degradation has long been pursued [6]. To realise a working SIB technology, a crucial issue is 

to realize relevant Na+ host materials for both negative and positive electrodes [7–10]. Until 

nowadays, a variety of materials, such as transition metal oxides [11–15], phosphates [16–18], 

Prussian blue analogues [19,20], carbodiimides [21,22], metal alloys [23–26] and hard carbons 

[27,28], have been proposed as anode/cathode materials. Many of these materials exhibit good 

reversible capacity and cycling stability, demonstrating the practical feasibility of SIBs.  

In particular, transition metal phosphates with olivine crystal structure have gained a noticeable 

attention as SIB cathodes due to their worthy charge-discharge kinetics, high operation voltage, 

and safety properties [29–33]. Nevertheless, Ni, V, and most of all Co phosphates are not 

desirable as electrode materials for large-scale energy storage given their rareness/cost and 

their ecological/environmental impact. Iron, on the contrary, is abundant, widespread and much 

cheaper. Indeed, Fe-based cathode materials have motivated great attention for the 

development of safe and low-cost SIBs [34], and among them, iron phosphates have shown 

particularly attractive properties [35].  

Differently from LiFePO4 (LFP), an excellent commercial cathode for LIBs with well-known 

properties [16], olivine (triphylite) NaFePO4 (NFP) is a metastable polymorph, the 

thermodynamic stable form crystallising with the maricite structure [36]. As a consequence, 

the direct synthesis of olivine NFP is practically impossible, and a common way to obtain it is 

by sodiating previously delithiated LFP [37]. In spite of the similar crystal structure, 
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thermodynamics and kinetics for Na+ (de)insertion in olivine NFP are slightly different from 

the corresponding (de)lithiation process in LFP [38,39]. The low electronic conductivity of 

NFP, which has a strong impact on its cycling performance, can be improved by carbon coating, 

leading to a strong improvement of the electronic conductivity. However, the coating process 

must be applied to the pristine LFP before its delithiation to avoid a possible reduction of the 

Fe3+ contained in FePO4. So, starting from commercial carbon-coated LFP can be a good option 

for obtaining FePO4/C by a one-step chemical delithiation. Alternative strategies to improve 

the electronic conductivity include doping and composite engineering by embedding the FePO4 

particles into a conductive matrix. Fan et al. a simple method to directly grow FePO4 

nanoparticles on graphene nanosheets with a reversible capacity of 92 mAh/g at 0.2 C with 

good rate capability [40]. Liu et al. showed that adequately mixing FePO4 nanoparticles with 

single-walled carbon nanotubes leads to enhanced electrochemical performance and improved 

cycling stability [41]. Similarly, Fang et al. demonstrated that mesoporous FePO4 nanospheres 

with conductive carbon exhibit a higher discharge capacity and better cycle stability [42].  

In this work, a carbon-coated FePO4@C (FP@C) composite obtained by chemical delithiation 

of a commercial carbon-coated LFP@C precursor was evaluated as cathode material for SIBs. 

The optimised contact between the electrochemically active FePO4 particle and the outer 

conductive carbon coating acting as an effective electron transport pathway provides improved 

performance in comparison with the simple mixture of the two separate components, especially 

at high current rates. Such a promising cathode was assembled in full cell vs. a lead-based 

anode, Na15Pb4, previously obtained by electrochemical sodiation of Pb metal. Indeed, lead is 

a promising alloying negative electrode material which has recently shown excellent 

performance in SIBs with gravimetric and volumetric capacities higher than traditional 

carbonaceous anodes [43,44]. Moreover, due to its widespread application in lead-acid 

systems, the recovery of Pb from spent batteries is a perfectly established technology, with a 
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recycling rate exceeding 99%. Such a combination therefore represents an original and viable 

battery technology featuring long cycle life, excellent energy/power densities and safety. 

2. Experimental details 

2.1 Carbon-coated FP synthesis 

The core-shell FP@C composite was prepared by the chemical oxidation process of a 

commercial carbon-coated lithium iron (II) phosphate (LiFePO4@C, Triphylite) by taking 

inspiration from the method of Armand and co-workers [45]. The wet chemical oxidation of 

commercial C@LFP was achieved in excess of (NH4)S2O8 (1.2 mole of (NH4)S2O8 per mole 

of LFP) starting from an aqueous suspension of 1 g of LFP in 50 ml of deionised water via the 

following reaction: 

2LiFePO�  + (NH�)�S�O�  →  2FePO�  +  (NH�)�SO�  +  Li�SO�          (1) 

The black solid was then filtered, washed with distilled water and ethanol for several times, 

and dried in air at 60°C for overnight.  

It is worth noting that reaction (1) allows the recovery of Li+ as lithium sulphate. Therefore, 

this method could be very efficient in the recycling of spent LFP batteries (not used here) to 

convert them to FP to be used in Na-ion batteries and hence starting from waste materials 

instead of using fresh LFP. 

2.2 Material characterization 

X-ray diffraction (XRD) patterns were measured on a D8 Advance Bruker instrument using 

the monochromatic CuKα radiation (λ = 1.5406 Å). Full pattern matching refinement was 

carried out with the FullProf program using the pseudo-Voigt profile function. Raman studies 

were performed with a Horiba LabRAM HR, with a 633 nm laser excitation beam. X-ray 

photoelectron spectroscopy (XPS) analysis was carried out on a ESCALAB 250 

(ThermoElectron) spectrometer with Al Kα excitation source (1486.6 eV). Morphology and 

composition of the materials were characterized by using a scanning electron microscope 
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(Hitachi S-4800) and a high-resolution transmission electron microscope (TECNAI G2 20 

Twin, FEI) equipped with an Energy Dispersive X-ray (EDX) detector. 57Fe Mössbauer spectra 

were measured at room temperature (293 K) with a 57Co:Rh source and a Kr gas proportional 

counter. The spectrometer was operated with a triangular velocity waveform, and the spectra 

were fitted with superpositions of appropriate sets of Lorentzian lines using the PC-MOS 

computer program [46]. Thermogravimetric analysis (TGA) was performed under airflow in 

the temperature range of 20−800 °C using a Netzsch STA-449 F1 Jupiter analyser. 

2.3 Electrochemical characterization 

The electrochemical properties of the FP@C composite were studied in standard coin cells 

assembled in an argon-filled glove box. Electrode formulation was made using a mixture of 

carbon black and vapour-grown carbon fibers (VGCF-H) as conductive additives, and 

Poly(vinylidene fluoride) (PVdF) as the binder, suspended in 1-Methyl-2-pyrrolidinone (NMP, 

anhydrous, 99.5%). A slurry containing the active material (70%), the binder (12%) and the 

conductive additive (18%) was homogeneously mixed in a planetary ball-milling for 1 h, tape 

casted on an aluminium foil (18 µm), dried at room temperature for 12 h and finally at 80 °C 

under vacuum overnight. The final mass loading of active material on the electrode can be 

varied between 2 and 10 mg/cm2 by slightly modifying the viscosity of the initial slurry. 

Electrochemical tests in half-cell were performed against a Na (Sigma-Aldrich, purity >99.9%) 

counter-electrode, using an electrolyte of 1 M NaPF6 dissolved in diglyme. Whatman glass-

fiber was used as separator. All tests were carried out at room temperature (25 °C) in the 

galvanostatic mode between 1.5 and 4.0 V vs Na+/Na at C/n rate (corresponding to the reaction 

of 1 mole of Na per mole of FP in n hours).  

Electrochemical impedance spectroscopy (EIS) measurements were performed using three-

electrode Swagelok-type cells. The FP@C electrode was assembled as the working electrode, 

while two separate foils of Na metal were used as counter and reference electrode.  
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Galvanostatic intermittent titration technique (GITT) measurements were performed in a 3-

electrode Swagelok cell: the cell was charged for 1h at a current rate of C/10, followed by open 

circuit relaxation up to the condition dv/dt=0.1 mV/h. The evolution of the quasi-equilibrium 

potential vs. capacity in NaxFePO4 obtained from the GITT results is shown in Figure S4. 

Finally, full cells were built with FP@C as cathode material and Na15Pb4 as anode. Na15Pb4 

electrodes were obtained by electrochemical sodiation of Pb electrode in half-cells vs. Na 

metal; qs described in detail in ref. [47]: a slurry containing 98% Pb powder (Sigma–Aldrich, 

purity 99.95%, ∼325 mesh), 1 % mixture of carbon black and vapor ground carbon fibers 

(VGCF-H) and 1 %Poly(vinylidene fluoride) (PVdF, Solef 5130, Solvay) in 1-Methyl-2-

pyrrolidinone (NMP, anhydrous, 99.5% Sigma–Aldrich) was homogeneously mixed by a 

planetary ball-milling for 1 h, tape casted on a 150 μm thick copper foil, dried at room 

temperature for 12 h and finally at 120 °C in vacuo overnight. The so-obtained Pb electrodes 

were then directly sodiated in coin cells against a pure Na (Aldrich) counter-electrode using a 

1 M NaPF6/diglyme electrolyte. The electrode was then unmounted from the coin cell, rinsed 

twice in dyglime and dried in vacuo at room temperature before use. The modification of the 

viscosity of the initial slurry allows controlling the mass loading of anode active material, 

which can be varied between 1 and 10 mg/cm2. The m+/m- (positive/negative) mass ratio was 

chosen at 5:1, based on the practical reversible capacity of the two electrodes, which is about 

100 and 480 mAh/g at C/10 for FePO4 and Na15Pb4, respectively (vide infra). For all full cell 

experiments, the C/n rate corresponds to the reaction of 1 mole of Na per mole of Na15Pb4 in n 

hours.  

In situ XRD measurements were performed using a specifically designed in situ cell with an 

aluminium collector placed on beryllium window [48]. The in situ XRD cell was placed in an 

X'Pert Pro diffractometer with the Co Kα radiation. The cell was cycled at a low rate of C/30, 

and the interval between two successive X-ray patterns corresponds to 0.03 inserted or de-

inserted Na+.  
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3. Results and discussion 

3.1 Structural and morphological analysis of FP@C 

The X-ray diffraction pattern and the Raman spectrum of sample FP@C prepared by chemical 

delithiation of LFP@C are shown in Figures 1 and S1. XRD shows the presence of pure 

orthorhombic heterosite FePO4 (space group Pnma) confirming the efficiency of the chemical 

delithiation. The refined cell parameters (a = 9.8184(2) Å, b = 5.7920(1) Å, c = 4.7835(1) Å 

are in good agreement with previous results [30,49]. As already shown in previous studies 

[50,51], the stretching modes of the PO4
3− anion visible in the Raman spectrum as narrow bands 

above 900 cm−1 are diagnostic of the (de)lithiation state of LiFePO4. The observed bands at 

908, 959, 1068, and 1126 cm−1 thus confirm the presence of FePO4. The most intense peaks in 

the Raman spectrum in the 1200-1600 cm−1 range, however, are the typical D and G bands of 

carbon, generally attributed to disorder-induced modes related to structural defects in carbon 

and to the first-order scattering of the E 2g phonon of C sp2 atoms, respectively [52]. The D-

to-G band intensity ratio (R = ID/IG) can be used to evaluate the graphitization degree of carbon 

materials, and in this specific case the R value is 1.09, indicating a rather disordered carbon 

structure. 

 
Figure 1: (a) FP@C X-ray diffraction pattern (Cu Kα source) with Rietveld refinement and (b) Raman scattering 

spectrum (633 nm laser).  
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The XPS spectra of FP@C are shown in Figure 2. The peaks at 725.8, 712.1, and 715.1 eV in 

the Fe 2p spectrum confirm the presence of Fe(III), whereas no Fe(II) is detected, at least on 

the surface of powder grains [53]. The P 2p spectrum, on the other hand, clearly show a spin-

orbit doublet with a dominant contribution at 133.3 eV, typical of the phosphate group of 

FePO4 [54]. The O 1s spectrum shows the presence of two oxygen signals at 531.2 and 

532.9 eV attributed to lattice oxygen and surface hydroxyls, respectively, while the C 1s 

spectrum shows a dominant peaks at 284.4 eV, typical of carbon black, and two minor peaks 

at 286 and 288.3 eV, attributed to surface C-O and carboxyl groups, respectively [53,54]. 

 
Figure 2: High-resolution XPS spectra of (a) Fe 2p, (b) P 2p, (c) O 1s, and (d) C 1s of the as-prepared FP@C. 

The room temperature 57Fe Mössbauer spectrum of FP@C shown in Figure 3 consists of a 

major quadrupole doublet with hyperfine parameters (Table 1) typical of the high-spin 

octahedral Fe(III) occupying the M2-site of heterosite. A minor component corresponding to 

about 13 % of the iron, with hyperfine parameters in the typical range of high-spin Fe(III) likely 

located in M1 antisite or surface defects of FePO4 [55]. XPS and Mössbauer spectroscopy 
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together testify the complete oxidation of the Fe(II) in LFP to Fe(III) by chemical treatment in 

both bulk and surface of FP@C particles. 

Table 1: Room temperature 57Fe Mössbauer hyperfine parameters of FP@C. 

Components 
δ 

(mm/s) 
∆ 

(mm/s) 
Γ 

(mm/s) 

Area 
(%) 

Site 

Comp1 0.43(1) 1.54(1) 0.24(2) 87(1) Fe(III) in B-site of FePO4 

Comp2 0.41(1) 0.65(2) 0.45(3) 13(1) 
Fe(III) in A-antisite or surface 

defects of FePO4 
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Figure 3: Room temperature 57Fe Mössbauer spectrum of sample FP@C. 

The carbon content of FP@C was determined by TGA in air flow (cf. Figure S2). Two mean 

sequential losses are observed around 100 °C and 500 °C, attributed to physisorbed water and 

carbon oxidation, respectively. The carbon content determined in this way is about 1.4 wt. %.  

The SEM analysis of FP@C, shown in Figure 4, reveals that FP@C consists of quasi-spherical 

particles with sizes ranging from 50 to 300 nm resulting from the aggregation of primary FePO4 

nanoparticles. EDS analyses (cf. Figure S3 & Table S1) confirm the average composition of 

FP@C with an element ratio Fe : P : O = 1 : 1 : 4, as expected for FePO4. The associated EDS 

elemental mapping (Figure 4c-h) shows the homogeneous distribution profiles of Fe, P, O and 

C over the surface for the composite. 
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Figure 4: (a, b) SEM images of FP@C sample. (c-h) Corresponding EDS elemental mapping. (Elements are 

indicated in the left bottom corners) 

 

3.2 Electrochemical performance 

The performance of the FP@C composite as cathode material for SIBs was evaluated by 

galvanostatic cycling (Figure 5). A first activation cycle is performed at C/30, with a discharge 

capacity exceeding 130 mAh/g, conforming to 0.78 inserted Na+, out of which only 0.61 can 

be recovered during the subsequent charge, corresponding to a reversible capacity of 

103 mAh/g. This reversible capacity is significantly lower than the theoretical value of 

178 mAh/g, which corresponds to the full (de)sodiation of FePO4, but remains in line with 

those of other composites obtained using more complicated synthetic strategies [41,56]. It is 

interesting to notice that the shape of the first discharge profile is clearly different from the 
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following ones, underlining the importance of the activation step that occurs through a slightly 

different electrochemical path.  

 
Figure 5: Galvanostatic charge/discharge curves (a) and corresponding derivative (b) of FP@C in half-cell vs. 

Na in 1 M NaPF6/diglyme electrolyte at C/10 following a first activation cycle at C/30.  

Cycle life and rate capability of FP@C are shown in Figure 6. The specific discharge capacities 

attain values of 100, 96, 85, 75 and 63 mAh/g at C/10, C/5 C/2, C and 2C, respectively. The 

capacity is fully recovered upon returning to C/10. After the first activation cycle, the 

associated coulombic efficiency remains very close to 100 % independently of the C-rate.  

The long-term capacity retention of FP@C was tested at 2C rate (cf. Figure 6c). At this high 

rate, the capacity increases gradually during the first 80 cycles, and then remains virtually 

constant for the following 1000 cycles. The corresponding coulombic efficiency also remains 

very stable, close to 100% throughout the whole galvanostatic test. Such an increase in the 

capacity during the first cycles was already reported by Liu et al. in a recent study on 

FP/graphene composites, and tentatively attributed to the decrease of the FP particle size.[56] 

Indeed, as already mentioned above, the sodiation mechanism of FP is known to be different 

from the lithiation one, the former occurring with a lower rate constant, slower diffusion rate 

and higher activation energies.[57] In our case, we observe, during the first cycles, both a 

decrease of the polarisation with cycling, as well as a gradual amorphisation, at least during 

the first two cycles, as testified by the operando XRD study (vide infra). All these observations 
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go in the same direction, and indicate that the gradual amorphisation of the material with the 

number of sodiation/desodiation cycles induces an improvement of the diffusion of Na+ in the 

FP channels. As a consequence, a decrease of the polarisation is observed which, given the 

slopy profile of the discharge curves, produces a slight increase in capacity and an increase of 

the number of cycles when the cycling rate is high. A similar trend, but for a smaller number 

of cycles, is observed also in the rate capability test shown in Figure 6a.  

In addition to the intrinsically structural properties of FP, its excellent electrochemical 

performance most probably comes from the carbon coating, which improves the electronic 

percolation and provides an adequate electrode porosity for the electrolyte to access the 

electrode surface, thereby significantly alleviating the polarisation during the frequent 

discharge/charge steps, particularly at higher current densities.  

 
Figure 6: (a) Rate capability of FP@C electrode between C/10 and 2C. (b) Galvanostatic charge/discharge 

profiles at various current rates. (c) Cycling performance and Coulombic efficiency measured at 2C for 1000 

cycles. (d) Galvanostatic charge/discharge profiles at various cycles. 
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The dynamics of Na+ (de)insertion in FePO4 can be studied by following their solid-state 

chemical diffusion coefficient (DNa), a quantity that describe the property of ions transport 

under a concentration gradient. The Na+ diffusion in the lattice of host is typically the important 

rate-determining step during charge/discharge of SIBs, and determining DNa is therefore 

significant to recognize the fundamental kinetic property of electroactive material.  

The DNa values for FP@C estimated by both GITT and EIS (cf. Figures S4 and S5) in 3-

electrode configuration range from 7.3×10−16 to 3.2×10−11 cm2/s, and from 1.7×10−13 to 

1.4×10−10 cm2/s, respectively (cf. SI section for more details about the corresponding 

calculation methods). The values obtained by the two techniques, in good agreement between 

them, can be compared to previous literature report [58]. Tang et al. [59] reported the diffusion 

coefficient of LiFePO4 in the range of 10–14–10–18 cm2/s. 

3.3 Na+ insertion/deinsertion mechanism 

Operando XRD was used to investigate the insertion/extraction mechanism of Na+ in FP@C 

(Figure 7). Before beginning the first discharge, all diffraction peaks can be indexed in the 

heterosite system. Upon discharging, a new set of peaks emerges, slowly replacing the 

gradually disappearing pattern of FePO4 through a pseudo-biphasic mechanism. The 

mechanism is not purely biphasic, since, during the discharge, the pattern of FePO4 is slightly 

modified with a gradual but steady shift of all reflections and a general increase of the linewidth 

before being totally consumed. The following charge, however, does not follow the same path, 

and at least one additional intermediate phase, which has a clear solid solution behaviour, 

appears along the desodiation. The formation of an intermediate phase with an average 

composition of Na2/3FePO4 had already been proposed by Galceran et al. [49], and its absence 

during the first sodiation can be clearly attributed to kinetic limitations, in agreement with 

previous literature [32]. So, the overall (de)sodiation can be expressed as the sequence of 2 bi‐

phasic processes, the intermediate phase having a solid solution existence domain. At the end 

of the charge process, the XRD pattern of FePO4 is modified a little as compared to the pristine 
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FePO4, with a slight shift of the reflections and a general increase of the linewidth. This 

indicates that pristine FePO4 undergoes a partial irreversible modification/amorphisation 

during the first charge, most probably retaining some of the inserted Na+ and thus named 

Na0+δFePO4. During the second discharge, the process also occurs via the formation of the 

Na2/3FePO4 intermediate, indicating that the kinetic limitations are lifted in the first sodiation 

process with the formation of the modified/amorphised Na0+δFePO4. (cf. Figure S6). 

 
Figure 7: (a) Operando XRD analysis (Co Kα radiation) of FP@C vs. Na at C/10 during galvanostatic cycling. 

(b) Contour plot of the operando XRD results. The non-indexed peaks are due to in situ cell window. 
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3.4 Full cell performance 

Lead is usually not considered as a possible anode for ion battery applications due to its weight 

and toxicity. Nevertheless, thanks to its extensive use in lead-acid batteries, its rate of recycling 

exceeds 99%, one of the highest on Earth in terms of recycling rates and sustainability [60]. 

Recently, the electrochemical properties of lead as negative electrode for SIB have been 

highlighted. [44,61,62] Lead shows an excellent capacity retention of 464 mAh/g after 50 

cycles with a capacity loss of only 1.5% in 1 M NaPF6/diglyme electrolytes, associating to a 

volumetric capacity of 5289 mAh/cm3, as well as very interesting high rate performance with 

current densities up to ~2 A/g (cf. Figure S7 for more information about the electrochemical 

behaviour of Pb in half cell vs. Na). 

The promising properties of lead anodes prompted us to propose a SIB full cell device with 

FP@C as the positive electrode and Na15Pb4 (prepared by electrochemical sodiation of Pb 

metal) as the negative electrode with a NaPF6-diglyme electrolyte. Cell scheme, voltage profile 

and cycling properties of the FP@C/Na15Pb4 full cell are shown in Figure 8. The mass balance 

of anode and cathode was estimated based on the reversible capacity of the two electrodes, 

which is about 100 and 480 mAh/g at C/10 for cathode and anode, respectively. The full cell 

with FP@C cathode and Na15Pb4 anode has a mass loading of 5.6 and 1.1 mg, respectively, 

with a slight excess of the Na15Pb4 anode in order to counter the irreversible loss of Na+ during 

the first discharge because of SEI formation and irreversible Na+ trapping in FePO4. 
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Figure 8: (a) Scheme of the FP@C/Na15Pb4 full cell. (b) Galvanostatic charge/discharge curves of the FP@C 

cathode (black) and the Na15Pb4 anode (red) in the voltage ranges 1.5-4 V and 0-1.5 V vs. Na+/Na, respectively. 

(c-d) Capacity retention, coulombic efficiency and charge-discharge signatures of the FP@C/Na15Pb4 full cell at 

C/l0. 

The initial discharge and charge specific capacities of the full cell are 96 and 67 mAh/g, 

correspondingly, with an initial coulombic efficiency of 70 %. Even though this corresponds 

to a relatively large irreversible capacity loss of about 30 % after the first cycle, the coulombic 

efficiency increases rapidly during the subsequent cycles, approaching 100 %. At the same 

time, the capacity decreases only slowly, stabilising at about 50 mAh/g, with 76% capacity 

retention even after 100 cycles.  

4. Conclusions 

A core-shell FP@C electrode fabricated by a very simple chemical process starting from 

commercial LFP@C materials displays correct preliminary rate performance and cycling 

stability vs. Na+/Na, with a reversible capacity of 103 mAh/g, associating to 76 % of its 

theoretical capacity at C/20. A reversible discharge capacity of 60 mAh/g is also maintained 
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for more than a thousand cycles at the high rate of 2C. The carbon coating and the resulting 

composite electrode are responsible of this excellent battery performance. This kind of cathode 

material can be seen as a way to recycle spent LFP cathodes from LIBs.  

FP@C provides excellent performance in full cell configuration vs. Na15Pb4, with a first 

discharge capacity of 96 mAh/g at C/10 and good cycle life with a 76 % capacity retention 

after 100 cycles. These first results on this innovating system provide an excellent starting point 

for the development of commercial Na-ion batteries for large-scale energy storage applications 

starting from LFP recycled from spent LIBs and a highly recyclable Pb-based anode material. 
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