
This item is the archived peer-reviewed author-version of:

Synthesis, structure and electrochemical properties of 
 fluoride-phosphate

Reference:
Fedotov Stanislav S., Kuzovchikov Sergey M., Khasanova Nellie R., Drozhzhin Oleg A., Filimonov Dmitriy S., Karakulina
Olesia, Hadermann Joke, Abakumov Artem M., Antipov Evgeny V..- Synthesis, structure and electrochemical properties of 

 fluoride-phosphate
Journal of solid state chemistry - ISSN 0022-4596 - (2016), p. 1-8 
Full text (Publishers DOI): http://dx.doi.org/doi:10.1016/j.jssc.2016.02.042

Institutional repository IRUA

http://anet.uantwerpen.be/irua


Synthesis, structure and electrochemical properties of 

LiNaCo0.5Fe0.5PO4F fluoride-phosphate 

Stanislav S. Fedotova,b,*, Sergey M. Kuzovchikova, Nellie R. Khasanovaa, Oleg A. Drozhzhina, Dmitriy S. 

Filimonova, Olesia M. Karakulinac, Joke Hadermannc, Artem M. Abakumova,b,c, Evgeny V. Antipova 

a Department of Chemistry, Lomonosov Moscow State University, 119991 Moscow, Russian Federation 
b Skoltech Center for Electrochemical Energy Storage, Skolkovo Institute of Science and Technology, 143026 Moscow, 

Russian Federation 
c EMAT, University of Antwerp, Groenenborgerlaan 171, B-2020, Antwerp, Belgium 

Abstract 

LiNaCo0.5Fe0.5PO4F fluoride-phosphate was synthesized via conventional solid-state and novel freeze-drying routes. The 

crystal structure was refined based on neutron powder diffraction (NPD) data and validated by electron diffraction (ED) and 

high-resolution transmission electron microscopy (HRTEM). The alkali ions are ordered in LiNaCo0.5Fe0.5PO4F and the 

transition metals jointly occupy the same crystallographic sites. The oxidation state and oxygen coordination environment of 

the Fe atoms were verified by 57Fe Mössbauer spectroscopy. Electrochemical tests of the LiNaCo0.5Fe0.5PO4F cathode 

material demonstrated a reversible activity of the Fe3+/Fe2+ redox couple at the electrode potential near 3.4 V and minor 

activity of the Co3+/Co2+ redox couple over 5 V vs Li/Li+. The material exhibits a good capacity retention in the 2.4÷4.6 V 

vs Li/Li+ potential range with the delivered discharge capacity of more than 82% (theo.) regarding Fe3+/Fe2+.  

Highlights 

- Freeze-drying method was successfully applied to the synthesis of LiNaCo0.5Fe0.5PO4F fluoride-phosphate. 

- The crystal structure of LiNaCo0.5Fe0.5PO4F was refined based on NPD and validated by ED and HRTEM. 

- The LiNaCo0.5Fe0.5PO4F cathode material demonstrated a reversible Li de/intercalation in the 2.5÷4.6 V vs Li/Li+ 

potential range. 
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Introduction 

Li-ion batteries provide a number of advantages over the existing energy storage technologies in terms of size, energy 

density, cycle life and power. Nowadays this technology not only takes part in shaping wireless devices but also conquers 

grid application niches. A crucial part that dominates the functional properties of Li-ion batteries as well as the price is the 

cathode [1,2]. In chase of low-cost, environmentally benign and chemically stable cathode materials, a huge variety of 

candidates was thoroughly scrutinized starting from simple layered oxides to complex polyanion and mixed anion 

compounds. At the same time, the crystal structure of the cathodes has evolved from close packings into much more 

sophisticated arrangements, which opened up ample opportunities to tune their electrochemical properties. The substitution 

within the metal cation sublattice drastically influences the delivered capacities and operating voltages and even alters the 

mechanism of the alkali ion extraction/insertion [3-6]. In many cases minor metal doping enables stabilizing different crystal 

structures with unique electrochemical performance [7,8]. The combination of different transition metals with particular 

electrochemical activities appeared to be a viable strategy in the search for new cathode materials. The other way towards 

the enhancement of cathode characteristics lies in the substitution within the anion sublattice or, in other words, combining 

two or more anion moieties [9,10]. In this case, fluoride-containing mixed-anion materials have drawn specific attention 

owing to the increase of the working potential compared to their oxide counterparts, anticipated better kinetics due to a lower 

affinity of lithium to fluorine than oxygen and richer structural diversity. A phosphate group chosen as a second anionic 

species is able to provide structural, thermal and chemical stability of the materials. Hence, fluoride-phosphate materials with 

AMPO4F (A = Li, Na; M = V, Fe) and A2MPO4F general formulae (A = Li, Na; M = Mn, Fe, Co, Ni) have been rigorously 

examined recently [11-22].  

The interest in the A2MPO4F class was also ignited by the theoretical possibility of utilizing a multi-electron redox process 

with a reversible de/intercalation of more than one alkali ion doubling the specific capacity. In this series, the most attractive 

cathode containing earth-abundant elements, namely Li2FePO4F, crystallizes in three different polymorphs, which cannot be 

obtained directly due to their metastable crystal structures. Thus, the Li2FePO4F polymorph with a 3D framework [17] can 

be prepared through electrochemical ion exchange from isostructural conventionally synthesized LiNaFePO4F. This, so-

called “stacked” Li2FePO4F, exhibits a reversible electrochemical activity at an average potential of 3.4 V vs Li/Li+ in contrast 

to the high-voltage electrochemical behavior of the cobalt-containing counterpart Li2CoPO4F [18,19], which demonstrates a 

reversible de/intercalation of lithium above 4.8 V vs Li/Li+ (beyond the stability window of commercial electrolytes).  

The substitution effect of Fe by Co in the stacked Li2FePO4F was estimated ab initio [20], it revealed that a partial 

replacement of Co by Fe in Li2Fe1−xCoxPO4F might lower the average potential of the material in comparison to the pure 

Li2CoPO4F thereby adjusting it to the values sustained by conventional electrolytes. Furthermore, density states analysis for 

Li2Fe0.5Co0.5PO4F brought out a strong hybridization for Fe-3d, Co-3d bands near the Fermi level, which implies that the Co-

doped Li2Fe1-xCo1-xPO4F may possess better electronic conductivity than the pure phase. These two points are worth 



validating, since these features may result in enhanced electrochemical properties of the resulting cathode material such as 

better energy density and power parameters.  

Our previous investigation of Li2Fe1-xCoxPO4F fluoride-phosphates disclosed the presence of a limited solid solution 

(0.7 ≤ x ≤ 1) [21]. A further raise of the Fe content (x < 0.7) is thermodynamically unfavorable, however it is still possible 

once the simultaneous replacement of Li by Na takes place. Introduced to the structure, sodium ions play an important role 

in maintaining the fluoride-phosphate framework by pillaring the continuous tunnels [17]. To investigate the effect of the 

substitution on the electrochemical properties of these fluoride-phosphates we chose the LiNaFe0.5Co0.5PO4F composition 

with half-mixing in the transition metal sublattice. To obtain LiNaFe0.5Co0.5PO4F and the corresponding electrode material 

we used different synthesis: conventional solid-state and freeze-drying routes. Here, the latter technique was applied to the 

synthesis of fluoride-phosphate materials for the first time. It allowed combining two essential approaches to enhance the 

conductivity and, therefore, electrode performance: carbon coatings and nanostructuring, which led to materials with superior 

capabilities compared to conventional ceramic methods [23-25]. In this paper, we use this approach for the synthesis of 

LiNaCo0.5Fe0.5PO4F fluoride-phosphate with mixed occupancies in the metal sublattice and report on its crystal structure and 

electrochemical properties. 

Experimental 

Sample preparation 

All of the reagents used in the syntheses were tested by means of X-ray powder diffraction (XPD), the hydrate water 

content was determined by thermal gravimetric analysis. 

The LiNaCo0.5Fe0.5PO4F sample was synthesized via a two-step conventional solid-state method. First, LiCo0.5Fe0.5PO4 

was prepared as described in Ref. [26]. Then stoichiometric amounts of LiCo0.5Fe0.5PO4 and NaF (99.9%) were mixed in a 

ball-milling machine (Fritch Pulverisette) in acetone media for 3 hours (200 rpm), pelletized and annealed under an argon 

flow at 625°C for 1 h followed by quenching to room temperature. For the freeze-drying method, the initial reagents (Li2CO3 

(99%), Co(NO3)2∙5.6H2O (99%), NH4H2PO4 (99.5%)) were dissolved in distilled water to form a transparent solution. The 

fine iron powder was dissolved in a 10% excess of HNO3 (15% mass solution) at 80°C. The resulting light-brown solution 

was cooled down to room temperature and ascorbic acid was added serving as both an organic additive and reducer. 1M 

CH3COOH was used to control the pH in the 3÷3.5 range. The third solution was prepared from equimolar NaF and NH4F 

(99%) so that the molar ratio of Na:Co:F was 1:1:2. The three solutions were combined together and pulverized into liquid 

nitrogen, then placed into a vacuum sublimation machine Labconco Freezone 7948030. The pressure was kept at 0.1–0.3 

mbar and the temperature was gradually increased from −40 to +30°С during 48 hrs. The final granulated powder was pressed 

into pellets and annealed at 350°C for 5 hours in a flow of high purity Ar to decompose the organics and remove volatile 

components. The product was ball-milled and annealed at 600°C in an argon flow for 1 hour with immediate quenching to 

room temperature.  

Materials characterization 

High-resolution synchrotron X-ray powder diffraction (SXPD) data were collected at the ID31 beamline of the European 

Synchrotron Radiation Facility (ESRF, Grenoble, France) using a wavelength of 0.40006 Å and eight scintillation detectors, 

each preceded by a Si (111) analyzer crystal. The powder sample was contained in a thin-walled quartz capillary, which was 

spun during the experiment.  

Room temperature neutron powder diffraction (NPD) data were collected with the high-resolution powder diffractometer 

HRPT [Paul Scherrer Institute (PSI), Switzerland] at the wavelength of 1.494 Å. The Rietveld refinement of the 

LiNaCo0.5Fe0.5PO4F structure from NPD data was performed in JANA2006 program [27]. 

Electron diffraction (ED) and high-resolution transmission electron microscopy (HRTEM) study was carried out using a 

FEI Tecnai G2 electron microscope operated at 200 kV. Electron dispersive X-ray analysis (EDX) was conducted at a Philips 

CM 20 electron microscope (200 kV) using an Oxford Instruments detector. The specimen for the TEM study was prepared 

by grinding the sample under ethanol and depositing a few drops of the suspension onto a copper grid covered with a holey 

carbon layer. The experimental HRTEM image was filtered using a low bandpass filter and the theoretical one was calculated 

using a defocus and thickness of resp. 31 nm and 6.3 nm. 

The morphology and particle size of the material were investigated by scanning electron microscopy (SEM) on a Supra 

50 VP LEO (LaB6-cathode, In-Lens-detector, 10÷20 kV) electron microscope. All the samples were preliminary coated with 

a 10 nm layer of metallic chromium by magnetron sputtering in Ar-plasma (Quorum Technologies Q150T Turbo-Pumped 

Sputter Coater / Carbon Coater).  

Thermal analysis of the prepared samples was carried out with a (TG-DSC) STA-449 apparatus (Netzsch, Germany) 

under argon/oxygen flow (80:20 vol.). The powders were heated at 5÷10 K/min rate in the 25÷600C temperature range. 
57Fe Mössbauer spectra of LiNaCo0.5Fe0.5PO4F were collected at room temperature with a 57Co/Rh γ-ray source in a 

transmission mode. The velocities were calibrated with a high purity standard α-Fe absorber. Isomer shifts were related to α-

Fe. The experimental data were fitted using the software “UnivemMS” [28].  

Electrochemical measurements 

The positive electrodes were prepared by thorough mixing of 75% active material, 10% carbon black (Carbon Super-C) 

and 15% polyvinylidene fluoride (PVdF) in N-methyl-pyrrolidone. The slurry was cast on the Al foil by Doctor Blade© 

technique. 10 mm round electrodes were cut out of the foil, weighed and dried at 120°C under vacuum for 4 hours to remove 

the residual water and solvent. Electrochemical evaluation of the materials was performed in two-electrode Swagelok cells, 

assembled in an Ar-filled glovebox (MBraun, Germany). Li-foil was exploited as a counter electrode (anode). The solution 

of 1M LiPF6 in EC:DMC (1:1 vol.) served as an electrolyte. Borosilicate glass fiber was used as a separator. Galvanostatic 



cycling with potential limitation (GCPL) and cyclic voltammetry (CV) measurements were carried out on Biologic VMP-3 

(EC-Lab) at room temperature. 

Results and discussion 

Crystal structure of LiNaCo0.5Fe0.5PO4F 

The LiNaCo0.5Fe0.5PO4F sample for the structure refinement was obtained by a conventional solid-state route as described 

above. The phase analysis of the sample using SXPD data revealed minor amounts of LiCo0.5Fe0.5PO4 (2.3 wt. %) and Li3PO4 

(1.4 wt. %) impurities. The ratio of Co, Fe and P was determined by EDX from 40 spectra to be 0.52(3):0.48(3):1.17(6) 

respectively that is close to the ascribed formula. The unit cell and space symmetry were confirmed by electron diffraction 

(Figure 1). The derived reflection conditions are 0kl: k + l = 2n, and hk0: h = 2n and corroborate the Pnma (#62) space group. 

The reflections which do not match these reflection conditions, such as h00: h = 2n + 1 and 00l: l = 2n + 1 in the [010] ED 

pattern and 0k0: k = 2n + 1 in the [001] pattern are caused by double diffraction. 

 
 

Figure 1. ED patterns of LiNaCo0.5Fe0.5PO4F along the [100], [010] and [001] main zone axes. 

 

The structure of LiNaCo0.5Fe0.5PO4F was refined from NPD data with the use of LiNaFePO4F as a starting model [17], 

with LiCo0.5Fe0.5PO4 and Li3PO4 admixture phases being included into the refinement. The background was fitted by a set of 

Legendre polynomials, followed by a refinement of the cell parameters and the peak shapes with a Pseudo-Voigt function. 

NPD allows locating correctly the positions of light elements, especially lithium. It is also sensitive to a Na/Li disorder and 

distinguishes Fe and Co sites due to different scattering lengths of these elements (9.45 and 2.49 fm respectively). After the 

full profile matching the scale factors, atomic coordinates and atomic displacement parameters (ADPs) were refined. Initially, 

ADPs were constrained to be equal for the sites occupied by a particular element and at the final stages all constraints were 

removed. The introduction of mixed Na/Li occupancies for the alkali metal positions resulted in an insignificant disorder, so 

the occupancies were fixed to 1. The crystallographic parameters, positional parameters, ADPs and main interatomic 

distances are listed in Tables 1–3, respectively. The experimental, calculated and difference NDP profiles after the Rietveld 

refinement are shown in Fig. 2.  

 
Figure 2. The experimental, calculated and difference NDP profiles after the Rietveld refinement of LiNaCo0.5Fe0.5PO4F. 

The bars mark the reflection positions of the LiNaCo0.5Fe0.5PO4F main phase (1), LiCo0.5Fe0.5PO4 (2) and Li3PO4 (3) 

impurities. 

The crystal structure of LiNaCo0.5Fe0.5PO4F is shown in Fig. 3, top. Edge-shared MO4F2 octahedra chains, bridged by 

PO4 tetrahedra, form a 3D-framework with continuous tunnels stretched along the [010] direction and cavities filled by 

sodium and lithium atoms, respectively. The alkali sites were found to be fully occupied by sodium and lithium. The sodium 

atoms (Na1) are located in continuous tunnels along the b axis and are coordinated with four oxygen and one fluorine atoms 

forming a distorted trigonal bipyramid with the average Na1–X (X = O, F) distance of 2.35 Å (Fig. 3, bottom). The Li2 

environment includes four oxygen with three shorter, one longer Li-O distances, and one fluorine atom resulting in a similar 

bipyramidal polyhedron. If the Li3 atom is considered to be bonded with the closest three oxygens and one fluorine (within 



2.1 Å), then it ends up strongly under-bonded (0.77(1) BV units). Hence, the coordination number of Li3 should be increased 

by the addition of O5 and F2 atoms at 2.434 and 2.791 Å respectively. In this case, the BVS value approaches 0.87(1) which 

is closer to 1. Therefore, it may be concluded that Li3 has [5+1] coordination (Fig.3, bottom). The positions of the fluorine 

atoms, refined from those of the initial model, are supported by the BVS values (Table 2). 

 
Figure 3. Top: ball-polyhedral representation of the LiNaCo0.5Fe0.5PO4F crystal structure. The MO4F2 units are depicted as 

blue octahedra, PO4 units as orange tetrahedra, sodium atoms are designated as yellow (Na1), lithium – red and brown (Li2, 

Li3 resp.), fluorine – green, oxygen – violet spheres. Bottom: coordination environment of the alkali atoms with the bond 

distances (Å). 

In contrast to LiNaMPO4F (M = Fe, Co) [17,29], the PO4 tetrahedra in LiNaCo0.5Fe0.5PO4F are almost regular with an 

average P–O length equal to 1.54 Å. The MO4F2 octahedra are slightly distorted for both M1 and M2, though the average 

M–X (X = O, F) distances are the same (2.11 Å) for both MO4F2 octahedra. A completely random Fe/Co distribution over 

the M1 and M2 positions led to a twice larger ADP for the position M2 compared to that of the position M1. That is why the 

Fe/Co ratio was refined. The M2 site appears to be slightly more preferable for the Co atoms than the M1 site, although the 

Co/Fe ratio in these positions deviates from 1:1 by less than 5% only (Table 2). This small ordering partly supports the 

computational work [20], which demonstrated that the M2 site is likely to be occupied by Co. The partial Fe/Co ordering is 

corroborated by Mössbauer spectroscopy (see below) revealing two distinct Fe sites with 43/57% occupancies. It should be 

noted that the BVS values for the M1 and M2 cations (Table 2) are consistent with their nominal oxidation numbers 

supporting the refinement. 

Further validation was performed by HRTEM observations. The theoretical [010] HRTEM image calculated using the 

parameters from Table 2 is in a fairly good agreement with the experimental one (Fig. 4). 

 
Figure 4. [010] experimental and theoretical (white square) HRTEM images.   



Table 1. Crystallographic data and parameters of the structure refinement for LiNaCo0.5Fe0.5PO4F 

formula LiNaCo0.5Fe0.5PO4F 

powder color dark grey 

space group  Pnma (#62) 

a, Å  10.9564(2) 

b, Å  6.3399(2) 

c, Å  11.3926(2) 

V, Å3  791.35(3) 

Z  8 

density calc., g·cm−3  3.49 

temperature, K 293(1) 

diffractometer  HRPT 

radiation  neutrons, 1.494 Å 

# of reflections  6383 

# of ind. reflections 969 

reflections used [I ≥ 2σ(I)]  752 

Rint  0.045 

no. of refined parameters  100 

Robs/Rp/Rwp  0.0088/0.0223/0.0279 

g. o. f.  1.69 

 

Table 2. Fractional coordinates isotropic atomic displacement parameters, occupancy factors and BVS for 

LiNaCo0.5Fe0.5PO4F. 

Atom x/a y/b z/c Uiso, Å2 Position Occupancy BVS 

M1* 0 0 0 0.0060(7) 4a 0.472(3)/0.528(3)* 1.883(4) 

M2* 0.5 0 0 0.0080(7) 4b 0.528(3)/0.472(3)* 2.056(5) 

Na1 0.7754(3) 0.9913(6) 0.6535(3) 0.0134(7) 8d 1 1.124(5) 

Li2 0.0545(1) 0.75 0.7319(11) 0.028(2) 4c 1 0.92(2) 

Li3 0.275(1) 0.25 0.5816(12) 0.028(2) 4c 1 0.87(1) 

P1 0.7539(3) 0.75 0.9227(3) 0.0064(6) 4c 1 4.91(2) 

P2 0.0411(3) 0.25 0.7417(3) 0.0124(8) 4c 1 4.91(2) 

O1 0.8191(2) 0.9498(4) 0.9649(2) 0.0111(5) 8d 1 2.05(1) 

O2 0.7342(3) 0.75 0.7894(3) 0.0137(7) 4c 1 1.85(2) 

O3 0.1812(3) 0.25 0.7427(3) 0.0121(7) 4c 1 1.93(2) 

O4 0.6256(3) 0.75 0.9839(3) 0.0096(6) 4c 1 2.01(2) 

O5 -0.0087(3) 0.25 0.8686(2) 0.0113(6) 4c 1 1.94(1) 

O6 -0.0069(3) 0.4495(3) 0.6795(2) 0.0102(4) 8d 1 2.07(2) 

F1 0.8710(3) 0.75 0.5282(3) 0.0131(7) 4c 1 0.970(6) 

F2 0.0604(3) 0.75 0.8945(3) 0.0167(9) 4c 1 0.971(9) 

* - mixed Co/Fe occupation  

Table 3. Selected interatomic distances for LiNaCo0.5Fe0.5PO4F. 

Bond 
Interatomic 

distance, Å 
Bond 

Interatomic 

distance, Å 

M1–O1 (×2)* 2.046(2) M2–O4 (×2) 2.107(2) 

M1–O5 (×2) 2.182(2) M2–O6 (×2) 2.072(2) 

M1–F2 (×2) 2.096(2) M2–F1 (×2) 2.148(2) 

P1–O1 (×2) 1.532(3) P2–O3 1.535(4) 

P1–O2 1.534(4) P2–O5 1.545(5) 

P1–O4 1.569(4) P2–O6(×2) 1.542(3) 

Na1–O1 2.413(4) Li3–O1 (×2) 2.034(5) 

Na1–O2 2.224(4) Li3–O3 2.104(13) 

Na1–O3 2.270(4) Li3–O5 2.434(12) 

Na1–O6 2.433(4) Li3–F1 2.033(12) 

Na1–F1 2.339(4) Li3–F2 2.791(13) 

Li2–O2 1.984(12) Li2–O6 (×2) 2.107(5) 

Li2–O4 2.579(12) Li2–F2 1.853(12) 

  



Mössbauer spectroscopy 

LiNaCo0.5Fe0.5PO4F was characterized by Mössbauer spectroscopy at room temperature. The spectrum of the sample 

prepared by solid-state method is presented in Figure 5. The hyperfine Mössbauer parameters [the isomeric shift (δ), the full 

width at half maximum (Γ), and quadruple splitting (Δ)] are given in Table 4. The spectrum was fitted with two doublets 

corresponding to the Fe2+ iron cations in the M1 and M2 octahedral sites with close, but slightly different, hyperfine 

parameters and spectral contributions (Table 4), which is in a good agreement with the structural refinement results. The 

components attributed to other iron states like Fe3+ were not detected in the sample spectrum. These data, coupled with the 

NPD refinement results, indicate no alkali metal vacancies that confirms the LiNaCo0.5Fe0.5PO4F formula. 

 
Figure 5. Mössbauer spectrum of LiNaCo0.5Fe0.5PO4F, collected at 300К. 

 

Table 4. 57Fe Mössbauer spectrum parameters for LiNaCo0.5Fe0.5PO4F. 

Component 

δ,  

mm/s  

±0.02 

Δ,  

mm/s 

±0.02 

Γ, 

mm/s 

±0.01 

Relative 

contribution, 

% ±2 

Doublet_1 1.21 2.31 0.38 57 

Doublet_2 1.24 2.49 0.26 43 

Electrochemical tests 

The solid-state prepared material exhibited extremely poor electrochemical activity, therefore for the electrochemical 

evaluation, LiNaCo0.5Fe0.5PO4F cathode materials were synthesized via the freeze-drying route. Li3PO4 and metallic Co were 

detected as minor impurities (4 and 6 wt. % respectively). The carbon content was estimated by thermogravimetric analysis 

to be 9.4 wt. %, which were factored into calculations of the gravimetric capacity along with the impurities. It is interesting 

to analyze and compare the morphology and particle sizes of materials prepared by two different techniques. The solid-state 

synthesis resulted in huge “fused” agglomerates of particles larger than 10÷20 μm (Fig. 6a). The freeze-drying method led to 

a drastic change in the morphology with a significant shrinkage of the particle sizes. In this case, the material consisted of 

50÷150 nm particles (Fig. 6b, c). This effect can be explained by a high degree of homogenization as well as the influence 

of the residual carbon, which hinders both growth and agglomeration of the particles.  

 

Figure 6. SEM images of LiNaCo0.5Fe0.5PO4F synthesized by conventional solid-state (a) and freeze-drying assisted 

methods with 10K amplification (b) and 50K amplification (c). 

The electrodes were tested by GCPL and CV techniques in a two-electrode cell with metallic Li as a counter electrode. 

LiNaCo0.5Fe0.5PO4F demonstrated a reversible Li-ion intercalation under galvanostatic cycling in the 2.4÷5.1 V vs Li/Li+ 

range. The first charge process occurs at higher potentials than the subsequent ones, while the first and following discharge 

curves are almost the same (Figure 7, left). A higher voltage upon first charging evidences that it is more difficult for the 



larger Na+ to be removed from the structure. After the extraction of Na+ ions, Li ions are mainly de/intercalated during 

subsequent charge/discharge processes agreeing with the change of the curve shape and indicated by cyclic voltammetry as 

well (Figure 7, right). In fact, the distinctive behavior in the first cycle is characteristic of many Na-containing fluoride-

phosphates cycled in a Li cell, like 3D-NaLiFePO4F or layered Na2FePO4F and attributed to the extraction of Na with a 

consecutive de/intercalation of Li ions [14,17], which was confirmed by XRD and EDX measurements on cycled electrodes 

demonstrated the complete Na removal.  

The redox activity attributed to the Fe3+/Fe2+ transition is almost fully reversible with the average potential located at 

~3.4 V vs Li/Li+, still the Co3+/Co2+ transition is characterized by a less reversibility and minor cathodic response compared 

to the corresponding anodic activity which might be ascribed mostly to the electrolyte decomposition at high voltages. 

Moreover, at potentials over 5 V, the LiNaCo0.5Fe0.5PO4F cathode material exhibits a serious capacity fading (Figure 7, left). 

A raise of the cut-off potentials up to 5.2 and 5.3 V vs Li/Li+ (Figure 7, right) weakly affects the Fe3+/Fe2+ cathodic activity 

but results in a growing Co3+/Co2+ discharge capacity. Under these conditions, the average Co3+/Co2+ potential cannot be 

clearly defined. It might be seen that Co2+ starts oxidizing at slightly higher potentials than in Li2CoPO4F [18,19]. 

  

Figure 7. Left. Charge/discharge curves of LiNaCo0.5Fe0.5PO4F within 2.4÷5.1 V vs Li/Li+ range at C/10. Right. 

LiNaCo0.5Fe0.5PO4F cyclic voltammograms within different potential ranges at a scan rate of 100 µV/s. 

This increase of the Co3+/Co2+ charge potentials in the mixed LiNaCo0.5Fe0.5PO4F can be explained in terms of changes 

in the bond distances. Assuming that Co and Fe are randomly distributed in the structure, some Co2+O4F2 octahedra are 

neighbored by one or two Fe2+O4F2 octahedra with 75% or 25% probability respectively. Initially, M–X bond distances are 

equal for both metals. On charge, Fe2+ ions oxidize first turning into Fe3+ with a smaller ionic radius (0.78 Å vs 0.645 Å 

respectively [30]), leading to a shrinkage of the Fe3+–X distances with an extension of the Co2+ octahedron (Figure 8). As a 

result, Co2+–X distances stretch and induce a shift of the Co3+/Co2+ potential to higher values. However, it should be noticed 

that the potentials corresponding to the Co3+/Co2+ redox activity for Li2-xCo0.5Fe0.5PO4F and Li2-xCoPO4F with the same Li 

content (x value) are higher for the latter phase due to a greater electronegativity of Co vs Fe. A similar influence of the M–

X bond length on the redox potential was clearly demonstrated experimentally and computationally for LiFeSO4F triplite and 

tavorite polymorphs [7, 31], evidencing that the 0.3 V raise for the triplite partly originates from a slight elongation of the 

average Fe2+–O bond distance [32]. 

 
  

Figure 8. Graphical representation of the changes in M–X (X = O, F) bond distances during the deintercalation process. 

Arrows designate the directions of bond distance changes. 



The next step was to examine the LiNaCo0.5Fe0.5PO4F cathode material in the 2.4÷4.6 V vs Li/Li+ range, which covers 

mostly the Fe3+/Fe2+ redox activity. At C/20 the material is capable to deliver more than 55 mAh/g corresponding to 82% of 

the theoretical capacity regarding to Fe3+/Fe2+ (67 mAh/g) with a good capacity retention and sloping voltage profile 

suggesting a one-phase de/intercalation mechanism favorable for rapid kinetics (Figure 9, left). The material also retains a 

significant amount of the initial capacity with increasing C-rates (Figure 9, right).  

 

Figure 9. Left. Charge/discharge curves of LiNaCo0.5Fe0.5PO4F within the 2.4÷4.6 V vs Li/Li+ range at C/20. Right. 

Charge/discharge curves of LiNaCo0.5Fe0.5PO4F at various C-rates. The inset demonstrates the capacity vs cycle number 

dependence at different C-rates. 

Conclusions 

We succeeded to synthesize the mixed LiNaCo0.5Fe0.5PO4F fluoride-phosphate by conventional solid-state and freeze-

drying methods. The crystal structure was refined based on the neutron powder diffraction data revealing a complete alkali 

metal ordering within three crystallographic sites, and a small degree of ordering of Fe and Co at the transition metal sites. 

One-step freeze-drying synthesis resulted in a material with nano-sized morphology in comparison to that of two-step solid-

state synthesis. This material efficiently deintercalates Na+ and intercalates Li+ involving an Fe3+/Fe2+ redox activity centered 

at 3.4 V (vs Li/Li+). Capable of delivering a reversible capacity approaching 82 % of the theoretical value (regarding to 

Fe3+/Fe2+), the material exhibits stable cycling within the 2.4÷4.6 V vs Li/Li+ range at increasing C-rates up to 2C. The redox 

activity corresponding to the Co3+/Co2+ transition in the material takes place over 4.9 V (vs Li/Li+) which is slightly higher 

than in the pure Li2CoPO4F. Unfortunately, a thorough investigation of the subtle effects of Fe for Co substitution on the 

operating potentials in the orthorhombic LiNaCo0.5Fe0.5PO4F fluoride-phosphate is now hindered by degradation processes 

occurring at high voltages in most commercially available electrolytes. 
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