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ABSTRACT  

Triphylite NaFePO4 is considered a promising positive electrode for sodium-ion batteries due to 

its exclusive composition of abundant elements, high thermal stability, and theoretical capacity 

(154 mAh g−1). However, the low thermodynamic stability of triphylite NaFePO4 precludes direct 

synthesis techniques such as the solid-state route, thus hampering its commercial viability. Herein, 

we report a novel preparation of heterosite FePO4, a triphylite NaFePO4 desodiation product, 

through the delithiation of triphylite (olivine) LiFePO4 using Cl2 gas. Besides the scalability 

prospects, the present technique efficiently recovers the lithium source in a utilitarian form. The 

prepared FePO4 electrode yields a high reversible capacity of 127 mAh (g-FePO4)
–1 at 0.05C (1C 

= 154 mA g−1) and good cycling performance (capacity retention of 98.5% after 250 cycles at 1C). 

X-ray diffraction (XRD) revealed the reversible phase transition between heterosite FePO4 and 

triphylite NaFePO4 during charge-discharge. 
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INTRODUCTION 

As the world steers toward environmentally benign materials, sodium-ion batteries (SIBs) have 

emerged as promising alternatives to lithium-ion batteries (LIBs) owing to the abundance and 

extensive distribution of sodium resources.1, 2 Besides sustainability, sodium manifests chemical 

properties similar to lithium because of their proximity in the periodic table (Group 1 elements), 

betokening the possibility of battery systems comparable to LIBs.3-5 Even so, SIB advancement is 

heavily encumbered by insufficient capacities due to the scarcity of positive electrode materials, 

especially the elements (such as transition metals) for their redox centers. Thus, the possibility of 

high-performance positive electrodes employing abundant elements would be a significant 

milestone for high-energy-density SIB.  

The search for SIBs positive electrodes has galvanized explorations into polyanionic 

materials, such as phosphates and pyrophosphates (Na3V2(PO4)3, Na3V2(PO4)2F3, Na2FeP2O7, etc.) 

in attempts to emulate the electrochemical performances of their Li analogs in LIBs.6-11 In 

particular, NaFePO4 positive electrodes have demonstrated remarkable structural stability, high 

energy density, and stable electrochemical behavior.12-14 The olivine NaFePO4 is known to 

crystalize in two polymorphs, maricite and triphylite (so-called olivine structures in Li-based 

systems). The maricite NaFePO4 has high thermodynamic stability that allows solid-state or 

hydrothermal syntheses at high temperature. However, this polymorph has limited Na+ diffusion 

paths and a high diffusion barrier which generally results in low electrochemical performance.14-

20 In search of solutions, a study reported that the desodiation of a nano-sized maricite NaFePO4 

formed an amorphous FePO4 with significantly enhanced Na+ mobility.21 Other studies have also 

shown that reducing the particle sizes and elevating cell operation temperature to 90 °C partially 

activated the maricite NaFePO4 and improved charge-discharge capacity.17, 22  
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Against this backdrop, triphylite NaFePO4 has been reported to embody Na+ diffusion paths 

along the [101] direction, much like triphylite LiFePO4, which renders positive electrodes with 

substantial performances (capacity of ~120 mAh g−1).14-16, 23 Despite these prospects, the direct 

synthesis of triphylite NaFePO4 remains a challenge because the thermodynamically unstable 

triphylite phase easily converts to the maricite phase when heated above 480 °C.15, 24 Therefore, 

triphylite NaFePO4 is typically prepared through chemical or electrochemical delithiation from 

triphylite LiFePO4 (See Table S1 for the summary of delithiation and sodiation methods, 

Supporting Information).15, 23, 25-29 Delithiation engenders a structure known as heterosite FePO4 

whose framework is identical to that of triphylite LiFePO4 without the Li atoms. It should be 

mentioned that although electrochemical delithiation is a common synthesis method in studies 

entailing triphylite NaFePO4, the process has limited commercial feasibility.23, 25, 30 Similarly, the 

practicality of the chemical delithiation process, which uses oxidizing reagents such as nitronium 

tetrafluoroborate ([NO2][BF4]) in acetonitrile,15, 26-28 is heavily limited by the cost and difficulty in 

handling [NO2][BF4]. In an attempt to alleviate these handicaps, Berlanga et al. recently proposed 

a low-cost and eco-friendly synthesis method wherein Na2S2O8 was used for delithiation and 

Na2S2O3 for sodiation to produce the triphylite NaFePO4 and sufficiently recover the lithium 

sources.29 There is another delithiation method of LiFePO4 using peracetic acid, and the resulting 

FePO4 showed better rate performance than the one delithiated by [NO2][BF4].
30 Other delithiation 

methods using K2S2O8 solution under microwave condition31 and formic acid with H2O2
32 have 

been also reported as a green method. Compared to these methods, Cl2 gas treatment is also a pro-

environmental method because Cl2 gas has sufficient reactivity to complete the reaction and the 

extracted lithium source is efficiently recovered. Furthermore, the residual Cl2 gas can be easily 

recovered and reused even if excess Cl2 was employed.   
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 It is worth noting that the desodiation (or delithiation) of polyanion frameworks is not 

limited to chemical or electrochemical processes. In fact, a previous report demonstrated that Cl2 

gas treatment of Na3V2(PO4)3 could effectively produce desodiated NaV2(PO4)3 (or the two-phase 

mixture of Na3V2(PO4)3 and NaV2(PO4)3, depending on the reaction conditions) which was used 

to devise a reference electrode for a two-electrode SIB configuration.33 Compared to the 

conventional delithiation (or desodiation) techniques, the use of an oxidative gas shortens the 

reaction durations and improves the scalability of the process. The use of a nonaqueous medium 

(acetonitrile here) also has a high applicability to various materials because many positive 

electrode materials are unstable in aqueous media, especially in the charged state. 

In an effort to augment the viability of NaFePO4 positive electrodes for SIBs, this paper 

presents a novel preparation method for heterosite FePO4. Here, a triphylite (olivine) LiFePO4 is 

delithiated using Cl2 gas to produce the heterosite FePO4 and recover Li in the form of LiAlCl4 

(Figure 1). The obtained heterosite FePO4 is characterized through X-ray diffraction (XRD) and 

the Rietveld refinement to ascertain its crystal structure. Scanning electron microscopy (SEM) and 

energy dispersive X-ray (EDX) spectrometry are employed to confirm the morphology and 

elemental composition before and after the delithiation process. The electrochemical properties of 

the positive electrode are further evaluated through a series of electrochemical performance tests. 

 

EXPERIMENTAL SECTION 

Materials and Handling. All moisture- and oxygen-sensitive materials were handled under a dry 

Ar atmosphere (H2O < 1 ppm and O2 < 1 ppm) in a glove box. The materials sensitive to the 

moisture in air were handled under a dry air atmosphere in an open dry chamber. The reagents: 

LiFePO4/C (Toshima Manufacturing, purity 99.9%, carbon coating: 1.15%), acetonitrile (Fujifilm 
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Wako Pure Chemicals, super dehydrated, H2O < 10 ppm, purity > 99.8%), AlCl3 (Fujifilm Wako 

Pure Chemicals, purity 98.0%), and Cl2 gas (Sumitomo Seika Chemicals, purity > 99.4%), were 

used as-purchased for the delithiation process. Sodium metal (Sigma-Aldrich, purity 99.95%), 

Super C65 (MTI Corp.), 1 mol dm−3 Na[PF6]-EC/DMC (1:1 v/v) (Kishida Chemical, battery 

grade), fluoroethylene carbonate (FEC, Fujifilm Wako Pure Chemicals), polyvinylidene fluoride 

(PVDF, Kureha Corp.), and N-methylpyrrolidone (NMP, Fujifilm Wako Pure Chemicals, purity > 

99.0%) were used for cell assembly. 

Delithiation of LiFePO4. Under a dry air atmosphere, 7.8885 g (50.003 mmol) of LiFePO4/C, 

8.0156 g (60.114 mmol) of AlCl3, and approximately 50 mL of acetonitrile were added into an air-

tight glass reaction vessel. The vessel was evacuated before slowly introducing 100 kPa of Cl2 gas 

(26.5 mmol) from a storage cylinder via a reaction manifold.33 The mixture was left undisturbed 

in the reaction vessel for 72 h. After the reaction, all the volatile gases were evacuated through a 

liquid nitrogen cold trap. The reaction product was washed with acetonitrile several times to 

remove LiAlCl4 and dried at 60 °C under a vacuum for two days to obtain FePO4/C powder.  

Characterizations. X-ray diffraction (XRD) patterns of the samples were collected using a Rigaku 

SmartLab diffractometer (Ni filtered Cu-Kα, 40 kV-30 mA, scan rate: 0.1° min−1). The Rietveld 

refinement of the obtained XRD patterns was performed using the FullProf software.34 The 

samples were subjected to scanning electron microscopy (SEM, SU-8020, Hitachi) for surface 

observation. The element composition of the samples was obtained by energy dispersive X-ray 

spectroscopy analysis (EDX, EMAXEvolution X-max, Horiba).   

Preparation of Electrode. The electrode was prepared by mixing the obtained FePO4/C with 

Super C65 carbon and PVDF (80:15:5wt%) in NMP using a planetary mixer (AR-100, Thinky). 
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The mixture was thereafter pasted onto an Al foil and dried under vacuum for 2 h at room 

temperature and overnight at 80 °C. The dried electrode was punched into discs (diameter: 10 mm). 

Preparation of Coin Cells. Type-2032-coin cells were assembled in a glove box under a dry Ar 

atmosphere. The sodium metal negative electrode was cut into a disk (diameter: 13 mm) and 

attached to an Al plate current collector. The FePO4/C electrode prepared in the method described 

above was used as a positive electrode. A 1 mol dm−3 Na[PF6]-EC/DMC (1:1 v/v) with 3wt% of 

FEC additive was selected as the electrolyte. A glass microfiber (Whatman GF/D) was used as a 

separator. 

Electrochemical Measurements and Characterization of Electrode. Charge-discharge 

properties, rate capabilities, and cycle performance were evaluated using a charge-discharge test 

device (HJ1001SD8, Hokuto Denko) at 25 °C. The capacity was calculated based on the weight 

of the FePO4 active material. The cutoff voltage for the tests was set in the 2.0–3.8 V range. After 

the charge-discharge tests, the coin cells were disassembled, and the electrodes were characterized 

by XRD. 

 

RESULTS AND DISCUSSION 

In this study, FePO4/C powder was obtained through the delithiation of LiFePO4/C using Cl2 gas, 

in accordance with the following reaction (1): 

 

2LiFePO4 + 2AlCl3 + Cl2 → 2FePO4 + 2LiAlCl4      (1)  

 

Here, Cl2 gas works as an oxidizing agent while AlCl3 acts as a Lewis acid for dissolving 

the LiCl formed on the surface of LiFePO4.
33 Most notably, the Cl2 gas used in this reaction makes 
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this preparation process uniquely expedient for mass production while ensuring a high recovery 

efficiency of the lithium source. This reaction can theoretically recover 100% of lithium in the 

form of LiAlCl4 using acetonitrile. In the present method, the LiAlCl4 dissolved in acetonitrile was 

separated from FePO4/C through simple filtration or centrifuge. The lithium recovery ratio is 

obtained as 97.4% (see Supporting Information in details of calculation).  Notably, the recovered 

LiAlCl4 is expected to gain utility in various applications that augment the economic viability of 

this method. For example, the LiAlCl4 can be used directly as an electrolyte for lithium/thionyl 

chloride primary batteries which are known for their high energy densities and long lifetimes.35, 36 

Other works have also suggested that this byproduct can be used as electrolytes in solid-state or in 

SO2 solutions for LIBs.37-39 Furthermore, chemical conversion through hydrolysis or metathesis 

can also yield other lithium compositions. 

X-ray diffraction (XRD) patterns of the obtained FePO4/C (heterosite, space group: Pnma) 

and the pristine LiFePO4/C (triphylite, space group: Pnma) are illustrated in Figure 2 for 

comparison. The patterns were also analyzed through the Rietveld refinement (see Tables S2 and 

S3 for crystallographic data of LiFePO4/C and FePO4/C, Supporting Information). The XRD 

pattern of the obtained FePO4/C corresponds with that of FePO4 heterosite, albeit with some 

impurity peaks assigned to LiFePO4.
40 The weight fractions of FePO4 (98.0%) and LiFePO4 (2.0%) 

phases, determined through the Rietveld quantitative phase analysis, verified the high efficacy of 

the preparation method. The small charge capacity in the charge curve of the Na/FePO4 cell shown 

in Figure S1 (Supporting Information) also indicates that lithium is adequately extracted and the 

remaining lithium has a very limited impact on the electrochemical performance of the SIB. 

The scanning electron microscopy (SEM) images and the energy dispersive X-ray 

spectroscopy (EDX) mappings of the obtained FePO4/C and the pristine LiFePO4/C are shown in 
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Figure 3.  The SEM images reveal that the present delithiation process did not damage the 

morphology of the pristine particles. The EDX analysis of the obtained FePO4/C and the pristine 

LiFePO4/C identifies that the carbon contents of both materials are almost the same, indicating 

that this Cl2 gas treatment did not damage the carbon coating of the pristine LiFePO4. The EDX 

mapping images, obtained at the same magnification level, display an even distribution of all the 

elements across the obtained FePO4/C particles. Additionally, the EDX results show that only 

0.1% of Cl is present on the FePO4/C surface, confirming that the byproduct was adequately 

removed from the product (see Table S4 for detailed amount of each element, Supporting 

Information).  

The electrochemical performance of the Na/NaFePO4 cell is highlighted in Figure 4. The 

current densities are expressed as C-rates of NaFePO4 (theoretical capacity of 154 mAh g–1). Prior 

to the electrochemical performance tests, the FePO4 electrode was discharged at 0.05C for 

sodiation (see the preliminary discharge curve of the Na/FePO4 cell in Figure S2, Supporting 

Information). The electrode achieved a discharge capacity of 127 mAh (g-FePO4)
–1, comparable 

performance with chemically or electrochemically prepared NaFePO4 in previous works.23, 25, 26, 41 

The preliminary discharge curve also exhibited a slightly larger overpotential that was attributed 

to the reconstruction of the surface layer between electrode and electrolyte. 25 After the preliminary 

discharge, charge-discharge curves were obtained at 0.05C. Figure 4(a) shows the charge process 

entails a single-phase reaction ranging from NaFePO4 to Na2/3FePO4, followed by a two-phase 

reaction ranging from Na2/3FePO4 to FePO4.
15, 25, 42, 43 However, these reaction ranges cannot be 

clearly discerned from the discharge curves (see the ex-situ XRD results below for the assignments 

of the plateaus). These results are attributed to the kinetics of (de)sodiation process, wherein Na+ 

mobility during the phase transformation between FePO4 and Na2/3FePO4 is slower than in the 
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solid-solution region between Na2/3FePO4 and NaFePO4.
25 Figure 4(b) shows the rate capability at 

varied C-rates. The measurements performed at 0.1C, 0.2C, 0.5C, 1C, and 2C provided discharge 

capacities of 100, 88, 71, 60, and 50 mAh (g-FePO4)
–1, respectively. The charge-discharge curves 

obtained during the rate capability tests (Figure S3, Supporting Information) demonstrate 

increased polarization at higher current densities, evincing that the poor kinetics during the 

desodiation/sodiation reactions resulted from the low diffusivity of Na+ and/or the high phase 

transformation barrier in NaxFePO4. The low diffusivity of Na+ is ascribed to the rigid 

∙∙∙−PO4−Fe−PO4−∙∙∙ framework, which impedes the movement of the larger-sized Na+ (compared 

to Li+).41 As shown in Figure 4(c), the cycle performance at 0.2C yielded an initial discharge 

capacity of 72 mAh (g-FePO4)
–1 and an average coulombic efficiency of 99.9% for 150 cycles. 

During cycling, the discharge capacity was observed to increase gradually, reaching 88 mAh (g-

FePO4)
–1 at the 150th cycle. One possible reason for the increase is the increase in active sites 

because of the deagglomeration of particles during the cycle. On the other hand, the cycle 

performance at 1C (Figure 4(d)) achieved an initial discharge capacity of 69 mAh (g-FePO4)
–1 and 

remarkably maintained an average coulombic efficiency of 98.9% for 1000 cycles. Additionally, 

the electrode exhibited excellent capacity retentions of 98.5%, 97.1%, and 88.6% after the 250th, 

500th, and 1000th cycles, respectively. The corresponding charge-discharge curves in Figures S4 

and S5 (Supporting Information) appear to overlap each other throughout the cycles, evidencing 

the high reversibility of the mechanisms. The excellent cycle performance observed indicates that 

delithiation using Cl2 does not damage the host framework of the pristine LiFePO4. In addition, 

this electrochemical performance indicates Cl2 gas treatment can preserve the carbon coating of 

the pristine LiFePO4 and keep good electronic conductivity of the material. 
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An XRD pattern of the discharged electrode after 1000 cycles (Figure S6(a), Supporting 

Information) shows the triphylite NaFePO4 structure (space group: Pnma)15 was maintained 

throughout cycling. The absence of a phase transition to maricite validates the high structural 

stability of this framework. The SEM image obtained after the electrode was carefully washed 

demonstrates that the distinct shape of particles was preserved with no sign of cracks or deposits 

from electrolyte decomposition. Although EDX analysis (Figure S6(b) and Table S5, Supporting 

Information) can only approximate the elemental composition, the obtained Na/Fe ratio of 1.06 

suggests that the sodiation process has high reversibility throughout the 1000 cycles.  

The phase transition mechanism during charge-discharge was determined through ex-situ 

XRD analyses of FePO4/C electrodes at different states of charge, as shown in Figure 5. Before 

the charge-discharge test, the electrode manifests peaks belonging to the heterosite FePO4
23 

(Pattern (1), Figure 5). After discharge to 2.0 V, the diffraction pattern shows that a triphylite 

NaFePO4
15 (Pattern (2), Figure 5) is formed. This suggests that Na-ion insertion into the heterosite 

FePO4 involves a FeIII/FeII reaction accompanied by a structural transformation to the triphylite 

NaFePO4. However, this pattern retains some FePO4 peaks since the discharge capacity obtained 

is lower than the theoretical capacity. The XRD pattern obtained at the state of charge of 32% 

during charging confirms the existence of a Na2/3FePO4 intermediate phase (space group: Pnma) 

15, 25, 42, 43 with diffraction peaks at higher angles than those of NaFePO4 (Pattern (3), Figure 5). 

This structural change validates the single-phase reactions exhibited by the charge curves in Figure 

4(a). After charging the electrode to 3.8 V, majority of the peaks displayed were ascribed to the 

FePO4 (Pattern (4), Figure 5), demonstrating the high reversibility of the two-phase 

sodiation/desodiation reaction between heterosite FePO4 and triphylite Na2/3FePO4. Even so, peaks 
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ascribed to residual Na2/3FePO4 were also noted, signifying incomplete charging due to the low 

diffusion coefficient of Na+.41  

 

CONCLUSION 

Herein, we report a novel preparation for a heterosite FePO4 positive electrode for SIBs through 

the delithiation of LiFePO4/C using Cl2 gas. The heterosite framework of the obtained FePO4/C 

electrode is ascertained through a combination of XRD analyses and the Rietveld refinement. 

Charge-discharge tests demonstrate a high reversible capacity of 127 mAh (g-FePO4)
–1 at 0.05C, 

indicating comparable performance with previously reported NaFePO4. Additionally, the electrode 

exhibits excellent cycling performance at 1C with high capacity retentions of 98.5%, 97.1%, and 

88.6% after 250, 500, and 1000 cycles, respectively. Ex-situ XRD analyses confirm the 

sodiation/desodiation mechanisms involve highly reversible phase transitions between the 

heterosite FePO4 and triphylite NaFePO4 via an intermediate Na2/3FePO4 phase. This study 

establishes delithiation using Cl2 gas as an effective technique for the mass production of highly 

stable triphylite structures. 
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Supporting Information.  

The Supporting Information is available free of charge at DOI: xx. Details on the calculation of 

lithium recovery ratio; summary of previously reported preparation methods for triphylite 

NaFePO4 from olivine LiFePO4; crystallographic parameters of LiFePO4 and FePO4; 

Electrochemical properties, XRD, SEM, and EDX data for the electrode materials (PDF). 
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Figure 1. Schematic illustration of the synthetic route of FePO4/C by delithiation using Cl2 gas 

and the recovery route of the Li sources. 
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Figure 2. XRD patterns with Rietveld refinement results of (a) the pristine LiFePO4/C and (b) the 

FePO4/C obtained by delithiation of LiFePO4/C using Cl2 gas. 
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Figure 3. SEM images and EDX mappings of (a) the pristine LiFePO4/C and (b) the FePO4/C 

obtained by delithiation of LiFePO4/C using Cl2 gas. 
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Figure 4. Electrochemical performance of the Na/NaFePO4 cell with the 1 mol dm−3 Na[PF6]-

EC/DMC (1:1 v/v) with 3wt% of FEC addition. The FePO4 obtained by chemical oxidation was 

preliminarily discharged at 0.05C prior to these tests. (a) Charge-discharge curves at 0.05C, (b) 

rate capability test, (c) cycle performance at 0.2C, and (d) cycle performance at 1C. Fluctuation 

observed during the cycle performance test over 1000 cycles is caused by physical shocks to the 

test cells. 
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Figure 5. Ex-situ XRD patterns of the FePO4/C electrodes at different states of charge. (1) Before 

preliminary discharge (pristine heterosite FePO4), (2) after preliminary discharge (mainly assigned 

to NaFePO4), (3) after charge to 32% SOC (mainly assigned to Na2/3FePO4), and (4) after full 

charge (mainly assigned to FePO4). The simulated patterns are calculated based on 

crystallographic data in previous reports15, 40 using VESTA software. The peak at 44.7° is assigned 

to Al metal.44 
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FePO4 obtained by delithiation of LiFePO4 with Cl2 gas is used as an electrode for SIBs. The 

delithiated Li source can be recovered. 

 

 

 


