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Abstract 

LiCoPO4 (LCP) is a challenging high voltage positive electrode material for next generation 

secondary Li-ion cells. Doping the LCP olivine lattice with iron and annealing the material at high 

temperature disclose improved and stable performances in lithium cells. Here we investigate the 

structural effects of iron doping and annealing at high temperature by advanced synchrotron X-ray 

techniques (X-ray diffraction and absorption) in close comparison with the corresponding 

performances in lithium cells (lithium de-insertion/insertion) and the ionic diffusion coefficients 

evaluated by galvanostatic intermittent titration tests. The partial substitution of cobalt ions in the 

olivine lattice with iron ions, 2+ or 3+, strongly affects the long range crystal structure as well as 

the short range atomic coordination. These structural changes alter the concentration of antisite 

defects, the natural concentration of lithium vacancies, the size of the lithium diffusion channels 

along the [010] direction as well as their local distortion. The balancing between these competitive 

effects modulate the lithium transport properties in the lattice.  
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1. Introduction 

A breakthrough progress in Li-ion batteries (LIBs) can be achieved in terms of higher energy 

densities, longer cycle life, improved safety and sustainability 1 by the development of anode, 

cathode and electrolyte materials relying on innovative chemistries 2,3.In recent years many possible 

alternative formulations for next generation lithium-ion cells have been proposed in the literature, 

all based on a variety of different chemistries at the cathode, anode and electrolyte sides 4–6. Among 

them we demonstrated the concept of a 4.4 V Li-ion cell made by coupling a 

LiCo0.9Fe0.1PO4olivine(LCfP) cathode, a nanocomposite Sn-C anode and an ionic liquid-based 

electrolyte 7. This formulation is an interesting alternative in respect to the analogue 4.5 V cell (e.g. 

8) based on the spinel LiMn1.5Ni0.5O4 cathode and a carbonaceous cathode, due to the intrinsic 

improved safety on both the cathode (olivine vs. spinel) 9–11 and electrolyte (ILs vs organic 

carbonates) sides 12,13.  

The LiCoPO4 cathode (LCP) is a promising high potential positive electrode material for high 

energy Li-ion cells due to its very high working potential (>4.7 V vs. Li)14. Unfortunately, 

compared to the isostructural and commercially exploited LiFePO4, LCP cathodes suffer poor 

reversibility in the first electrochemical de-insertion/insertion 15, a remarkable capacity fading upon 

cycling in lithium cells 16,17 and a spontaneous self-discharge once fully charged 18,19. Some of these 

drawbacks can be mitigated by an appropriate tuning of the cathode composition, especially by 

partial substitution of the Co2+ with Fe2+/Fe3+. 

The synthesis of LCP-based olivines with partial substitution of cobalt with iron (LCfP) has 

been already proposed in the literature 16,20–29. In particular Han and co-workers 21 illustrated the 

beneficial effects of the Fe2+ doping in terms of reversibility of the electrochemical lithium de-

insertion/insertion from/into the LCP olivine lattice. Similar benefits have been highlighted also by 

Allen and co-workers 22,27 who showed the long term cycling stability of iron-doped LCP materials 

and discussed the complex interplay between the structural alterations of the lattice induced by 
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Fe2+/Fe3+doping and the transport properties. Similar studies focused on the investigation of the 

effect of Fe2+doping onto the crystal structure and electrochemical properties in lithium cells of 

LCfP materials have been proposed by Kang 23, Yang 24, Strobridge25 and Kosolova30. In ref. 16 we 

showed the superior performances in lithium cells of an LCfP material obtained by solvothermal 

synthesis followed by high temperature annealing. Apparently the simultaneous partial substitution 

of cobalt with iron and thethermal treatment at high temperature in argon plays a major role in the 

enhancement of the reversibility of the lithium de-insertion/insertion in the LCfP lattice. 

Here we illustrate in details the short and long-range structural alterations induced by iron-

doping and high temperature annealing on LCP-based olivine lattice materials synthesized by a low 

temperaturesolvothermal method 15,31,32. Our analysis, based on synchrotron X-ray diffraction and 

X-ray absorption experiments, allows to closely relate the local coordination around the transition 

metals with the redox activity in lithium cells as well as with the ionic transport properties obtained 

by Galvanostatic Intermitted Titration Tests (GITT).  

 

2. Experimental details 

2.1Synthesis route 

LCP has been synthesized by a solvothermal route15,31,32. Two water solutions, one containing 

LiOH•H2O (solution A) and another containing LiH2PO4 and CoSO4•7H2O (solution B) have been 

added in sequence to ethylene glycol (EG) under vigorous stirring (EG:H2O v/v ratio=2:1, final 

volume 30 ml). The molar ratios of LiH2PO4, CoSO4•7H2O and LiOH•H2O have been optimized to 

the values 1:1:1.75. The Co2+ concentration in the final EG:H2O solution is 0.1M. The obtained 

purple suspension has been sealed into a 45 mL Teflon-lined autoclave and heated in oven at 220°C 

for 15 h. The products have been filtered, washed with H2O/ethanol and dried in oven. Iron doped 

materials have been obtained by using as additional reagent FeSO4•7H2O and by setting the relative 

molar ratio of CoSO4 and FeSO4 to 0.9:0.1. The composition of the synthesized material has been 
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determined by inductively coupled plasma−atomic emission spectroscopy (ICP-AES) using a Vista 

MPX Rad−VARIAN instrument following the experimental protocol described elsewhere16. 

Undoped LCP and iron-doped LCP have been also annealed at high temperature under Ar flow (40 

ml/min) at 700°C for 1h.  

Four samples have been synthesized and studied: a summary of the synthesis conditions, 

estimated stoichiometries from ICP-AES 16 and the corresponding sample codes adopted throughout 

the text is presented in the table 1. The possible minor alteration of the stoichiometries for samples 

annealed at high temperature compared to the pristine ones has been discussed by us in ref. 16 and 

theseevaluationsare here adopted. 

Table 1. Synthesis conditions and estimated stoichiometries . 

Sample coding 
CoSO4 : FeSO4 

molar ratio 

Annealing 
temperature under 

Ar flow /°C  

Estimated stoichiometry 
from ICP-AES 

LCP  1:0 - Li1.000Co1.001PO4 

LCP@Ar 1:0 700 Li1.000Co1.001-xPO4 

LCfP 0.9:0.1 - Li0.944(Fe0.1Co0.9)1.027PO4 

LCfP@Ar 0.9:0.1 700 Li0.944-x(Fe0.1Co0.9)1.027PO4 

 

 

2.2 X-ray diffraction experiments 

XRD experimentshave been carried out at the ELETTRA synchrotron radiation source (MCX 

beamline, X-ray wavelength = 1.24 Å). XRD has been recorded in the 12-60° 2θ range with steps of 

0.015° (time/step of 2 sec). Structure refinement has been performed by the Rietveld method using 

GSAS34starting from the olivine lattices of the prototypal LiCoPO4 phase (orthorhombic unit cell 

with space group n°62 Pnma, Li atoms in 4a (0,0,0), Co in 4c (xTM,¼,zTM), P in 4c (xP,¼,zP), O in 
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4c (xO,¼,zO) 4c’ (xO’,¼,zO’), and 8d (xO’’,yO’’,zO’’))
35. The structure of the olivine lattice of the 

LiCoPO4 phase is represented in the figure 1. 

 

Figure 1. Structure of the olivine lattice. Green spheres are metal atoms, blue ones are lithium 
atoms and the PO4octhaedra are drawn in red. 

 

In the Rietveld refinements, few constrains have been adopted: in particular the Li:Co:P ratios 

have been fixed to the estimated stoichiometries (see table 1), and thus occupancies have not been 

freely optimized: only the anti-site Li/Co cationic disorderhas been refined. Debye-Waller factors 

have been optimized by applying two constrains: all cations (i.e. Li, Co, Fe) have been constrained 

to the same values as well as all atoms (i.e. P and O) constituting the PO4tetrahedra. In summary, 

the following parameters have been optimized: (a,b,c) lattice parameters, Caglioti coefficients, 

Gaussian-to-Laurentian coefficients, Debye-Waller factors for cations and for PO4tetrahedra, the 

Li/Co cationic disorder and the atomic positions. 
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2.3X-ray absorption experiments 

X-ray absorption spectroscopy experiments were carried out at the Italian beamline for X-ray 

absorption spectroscopy (LISA)of the European Synchrotron Radiation Facility (ESRF, Grenoble). 

All samples were mixed with celluloseand pressed to obtain pellets, which were measured at room 

temperature in transmission mode at the Co K-edge(7712 eV); iron doped samples were also 

measuredin fluorescence mode at theFe K-edge(7112 eV). The same sample was used for spectra at 

both absorption edges in order to rule out spurious contributions. Energycalibrations have been 

carried out using Co and Fe metal foilsas a reference; standard commercial Fe2O3, LiCoPO4 and 

LiFePO4 samples were also measured as references for XANESanalysis. 

The analysis of the XAS signals has been performed by Viperprogram36. The absorption 

spectrum below the pre-edgeregion has been fitted to a straight line while the 

backgroundcontribution above the postedge region has been fitted to apolynomial function. After 

subtraction of the fitted background,the absorption spectra have been normalized andtransformed in 

the k space (k). The k3 weighted EXAFSoscillations, k3(k), were Fourier transformed (FT) in the 

krange between 1.72 and 11.87Å-1for the Coedge andbetween 2.03 and 10.25 Å-1 for the Fe 

edgeusing a Hanning window function to obtain the magnitude plots of the EXAFS spectra in R-

space (Å). The analysis hasbeen restricted to the firstfour FT peaks by inverse Fouriertransforming 

(Fourier filtering) the data in the R rangebetween 0.85and 4.85 Å(or 0.98 and4.87 Å for the Fe 

edge). The fit in the k-space has been performedusing standard single-scattering EXAFS formula 

withamplitude and phase functions generated from ab initio codeFEFF integrated in ARTEMIS 

(IFEFFIT package)37. 

The fitting has been performed according totwo different models (i.e. Model A and Model B) 

for the analyzed range. In both case eight scattering paths have been considered. The EXAFS fitting 

parameters for all the shells are the bond distances and the mean square relative displacements 

whereas the coordination numbers have been fixed as discussed in the Results. The interatomic 
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distances (D) used as starting points for the fit are the values by thesynchrotron diffraction 

experiments (see next section). 

 

2.4Electrochemical tests 

The electrode films have been deposited on an aluminium foil by doctor-blading a slurry 

composed of 80% of the active material (AM), 10% of PVdF-HFP (Kynar Flex 2801) and 10% of 

Super P carbon in tetrahydrofuran (THF, Sigma-Aldrich). The mass loading over the aluminium foil 

is approximately 2-3 mg cm−2. All the samples have been tested in galvanostatic cycling in lithium 

cell in the cell potential range 3.5–5 V at 0.1C rate (1C = 167 mA g−1). The galvanostatic cycling 

experiments have been carried out with a MTI galvanostat using ECC-STDflat cells (EL-CELL 

Gmbh). The cells have been prepared in an Iteco Engineering Ar-filled glovebox, by coupling the 

electrode under test with a lithium foil counter electrode in 1 M LiPF6 ethylene 

carbonate/dimethylcarbonate (EC:DMC) electrolyte solution (Solvionic), soaked on a WhatmanTM 

glass fiber separator.Lithium diffusion coefficients have been derived from Galvanostatic 

Intermitted Titration tests (GITT) experiments. GITT tests have been performed by using an MTI 

galvanostatanECC-REFflat cellson three-electrode cells with lithium metal foils as the counter and 

reference electrodes. The titrations have been carried out by applying square current pulses of 17 

mA/g for 30min, followed by potential relaxation steps of 30 min at the open circuit voltage. The 

lithium diffusion coefficients have been calculated during electrochemical de-lithiations by 

applying the well-known equations described in ref. 38. 

 

3. Experimental results 

3.1. X-ray diffraction 

The X-XRD patterns of synthesized samples obtained by using a synchrotron source are 

shown in Figure 2.  
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Figure 2. Synchrotron XRD patterns of the synthesized samples before and after the annealing at 

700° C under Ar. 

All reflections in all patterns can be indexed to single olivine phase with a Pnma space 

group. The lack of unindexed peaks confirms the phase purity of all the samples and the absence of 

contaminants above 2-3vol.%, which is the typical detection limit for phase identification by 

powder XRD 39. 

Starting from the stoichiometries derived from the experimental ICP data, and summarised 

in the Table 1, a detailed structural analysis of all the synthesized materials has been carried out by 

Rietveld refinement of the diffraction data. The results of Rietveld refinement for the four materials 

are reported in Table 2-3-4-5. 
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Table 2. Summary of the Rietveld Refinement results for the LCP sample (Li/Co anti-site defects 
1.5±0.2%; Rwp =2.05% G.o.f. = 1.14). Errors on the last digit of the optimized atomic positions (cell 
axes fractions) are reported in parenthesis. 

Cell parameters Atoms Wyckoff 
position 

Atomic coordinates 

x , y , z 

Debye-
Waller 

factors / 
A2 

Occupancies 

a=10.219±0.002 

b=5.926±0.002 

c=4.707±0.004 

Li  

Co  

P  

O1 

O2 

O3 

4a 

4c 

4c 

4c 

4c 

8d 

0 , 0 , 0 

0.777(2) , ¼  , 0.522(1) 

0.597(2) , ¼  , 0.083(3) 

0.596(1) , ¼ , 0.763(1) 

0.954(2) , ¼ , 0.292(4) 

0.165(3) , 0.044(4) , 
0.252(2) 

1.2±0.8 

1.2±0.3 

0.8±0.2 

0.8±0.1 

0.8±0.1 

0.8±0.2 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

Table 3. Summary of the Rietveld Refinement results for the LCP@Ar samples (Li/Co anti-site 
defects 0.6±0.2%; Rwp =2.50% G.o.f. = 1.22). Errors on the last digit of the optimized atomic 
positions (cell axes fractions) are reported in parenthesis. 

Cell parameters Atoms Wyckoff 
position 

Atomic coordinates 

x , y , z 

Debye-
Waller 

factors / 
A2 

Occupancies 

a=10.207±0.003 

b=5.923±0.001 

c=4.702±0.003 

Li  

Co  

P  

O1 

O2 

O3 

4a 

4c 

4c 

4c 

4c 

8d 

0 , 0 , 0 

0.779(2) , ¼  , 0.522(1) 

0.594(2) , ¼  , 0.081(3) 

0.598(1) , ¼ , 0.762(1) 

0.954(2) , ¼ , 0.292(4) 

0.164(3) , 0.048(4) , 
0.281(2) 

0.6±0.3 

0.6±0.3 

0.5±0.3 

0.5±0.3 

0.5±0.3 

0.5±0.3 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

In the case of LCP and LCP@Arundoped samples, the structural analyses highlight an 

isotropic slight contraction of the cell parametersand the corresponding shrinking of the unit cell 

volume (-0.3%) after annealing. This cell volume contraction occurs with simultaneous fading of 

the refined Li/Co anti-site defects. This combined trend of the cell volume and cationic disorder has 

been already reported by us for similar LCP samples 3216 as well as for the parent LiFePO4 lattice40. 
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Table 4. Summary of the Rietveld Refinement results for theLCfP sample (Li/Co anti-site defects 
2.1±0.4%; Rwp =2.87% G.o.f. = 1.42). Errors on the last digit of the optimized atomic positions (cell 
axes fractions) are reported in parenthesis. 

Cell parameters Atoms Wyckoff 
position 

Atomic coordinates 

x , y , z 

Debye-
Waller 

factors / 
A2 

Occupancies 

a=10.224±0.003 

b=5.930±0.001 

c=4.704±0.003 

Li  

Co  

Fe 

P  

O1 

O2 

O3 

4a 

4c 

4c 

4c 

4c 

4c 

8d 

0 , 0 , 0 

0.779(2) , ¼  , 0.520(1) 

0.779(2) , ¼  , 0.520(1) 

0.594(2) , ¼  , 0.082(3) 

0.600(1) , ¼ , 0.758(1) 

0.956(2) , ¼ , 0.299(4) 

0.167(3) , 0.046(4) , 
0.283(2) 

1.2±0.3 

1.2±0.3 

1.2±0.3 

0.6±0.3 

0.6±0.3 

0.6±0.3 

0.6±0.3 

1.0 

0.9 

0.1 

1.0 

1.0 

1.0 

Table 5. Summary of the Rietveld Refinement results for theLCfP@Ar sample (Li/Co anti-site 
defects 0.7±0.2%; Rwp =3.38% G.o.f. = 1.81). Errors on the last digit of the optimized atomic 
positions (cell axes fractions) are reported in parenthesis. 

Cell parameters Atoms Wyckoff 
position 

Atomic coordinates 

x , y , z 

Debye-
Waller 

factors / 
A2 

Occupancies 

a=10.191±0.003 

b=5.919±0.001 

c=4.705±0.003 

Li  

Co  

Fe 

P  

O1 

O2 

O3 

4a 

4c 

4c 

4c 

4c 

4c 

8d 

0 , 0 , 0 

0.778(2) , ¼  , 0.522(1) 

0.778(2) , ¼  , 0.522(1) 

0.594(2) , ¼  , 0.086(3) 

0.601(1) , ¼ , 0.761(1) 

0.953(2) , ¼ , 0.304(4) 

0.166(3) , 0.049(4) , 
0.284(2) 

0.8±0.3 

0.8±0.3 

0.8±0.3 

0.7±0.3 

0.7±0.3 

0.7±0.3 

0.7±0.3 

1.0 

0.9 

0.1 

1.0 

1.0 

1.0 

1.0 

Turning to the doped LCfP sample, the iron substitution slightly increases anisotropically 

the cell volume of + 0.1% compared to the undoped LCP sample (+0.1% along the a and b axes and 

-0.1% along the c-axis). This minor expansion is expected since the Fe2+ ionic radius (0.780 Å) is 
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slightly larger in respect to Co2+ (0.745 Å) 41, and confirms our findings on similar samples 

prepared in slightly different experimental conditions 16. 

For what concerns the LCfP@Arsample, it shows a remarkable contraction of the cell volume 

(-0.5%) after annealing, in comparison to the pristine LCfP sample. This volumetric contraction is 

anisotropic since the a and b cell parameters decrease of -0.3% and -0.2%, respectively, whereas the 

c cell parameter is unaltered. Also in this case, the cell shrinking occurs in parallel with a decrease 

of the antisite cationic disorder.  

Starting from the structural results from the Rietveld refinements some additional comments 

can be done concerning the changes of the bond distances around the metals in the octahedral site 

(i.e. 4c site). In the table 6, bond distances estimated from structural refinements of the XRD data 

are summarized. 

Table 6. Bond distances (Å, estimated mean uncertainty ±0.01Å) and degeneracies (in parentheses) 
calculated from structural refinements of the synchrotron XRD data (M=Co for LCP and CPD@Ar, 
M=Co/Fe for LCfP and LCfP@Ar) 

Chemical bond LCP LCP@Ar LCfP LCfP@Ar 

M-O 2.06 (x2) 2.08 (x2) 2.06 (x2) 2.05 (x2) 

2.09 2.09 2.09 2.07 

2.17 2.16 2.14 2.12 

2.20 (x2) 2.19 (x2) 2.19 (x2) 2.20 (x2) 

mean 2.13 2.13 2.12 2.12 

M-P 2.79 2.80 2.79 2.78 

M-Li 3.21 3.21 3.21 3.20 

Apparently the four samples show only minor changes of the bond distances. However, one 

can note that the metal-oxygen bond distances decrease with iron doping and become even smaller 

after annealing.It is important to underline that in the doped samples, the estimated bond distances 

M-O are unavoidably weighted means that include both the Co-O and the Fe-O first coordination 
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shells. In this view the XRD technique is unable to finely decouple the possible alteration around 

the cobalt or the iron ions in the olivine lattice. More details about the local structure of the four 

samples around the transition metals can be obtained by the XAS analysis (see below). 

In summary XRD confirms that all samples are constituted by pure olivine structure and that 

doping affects the long-range ordering of the lattice. The high temperature annealing under Ar leads 

to the cell contraction and to an antisite defect concentration decrease. However, in the 

undopedLCP@Ar sample the volumetric contraction is isotropic whereas in the LCfP@Ar is 

anisotropic. 

3.2. X-ray absorption: XANES 

The Co K-edge and Fe K-edge data are presented in the figure 3a-b. For each spectrum, the 

intensity of the main absorption peak has been normalized at the peak maximum and samples 

compared using E0, defined as the energy at half the height of this absorption peak 42. The standards 

used for energy calibrationcontained Co0, Co2+, Fe2+ and Fe3+.  

Figure 3. XANES (a) Co K-edge and (b) Fe K-edge for the four synthesized samples. In the inset 

the pre-edge regions are shown. 

In Figure 3a, all the Co edges reveal the Co 1s→4p white lines that are apparently unaltered 

regardless the eventual iron-doping or annealing at high temperature. The dipole forbidden pre-edge 



13 
 

peaks, attributable to the Co 1s→3d transition, follow an identical trend compared to the white line, 

thus indicating the retention of the Co2+ state seen in the calibration standard 23. On the contrary in 

the figure 3b, both Fe pre-edge and E0, suggest a 2+ oxidation state for the LCfP sample and an 

almost 3+ state for the LCfP@Ar after annealing. The estimated iron oxidation state in the 

LCfP@Ar sample is 2.8±0.1.  

The experimental evidence of the iron oxidation of the LCfP lattice after the high temperature 

annealing confirms our hypothesis discussed in ref. 16, as well as the observation by Allen and co-

workers by Mossbauer spectroscopy for an iron doped LiCoPO4sample annealed at 600°C in 

nitrogen flow 22.  

3.3. X-ray absorption: EXAFS 

The obtained radial distribution functions for the four samples are shown in Figure4 for both 

the Co- (upper panel) and Fe-edges (lower panel). 
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Figure 4.Radial distribution function obtained after Fouriertransformation of k3χ(k) 
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Both Co and on the Fe-edges show a strong peak between 1 and 2 Å, and three additional 

peaks at higher distances, in the range between 2 and 5 Å, whose intensity decreases with increasing 

distance. All the plotted radial structures present similar shape, suggesting a similar local structure 

around both the scattering atoms, i.e. Fe and Co, in all the four samples. Small differences can be 

noted in the radial function of the LCfP@Ar sample at the Co-edge (around 1.2 Å) and more clearly 

at the Fe-edge, where a shift in the peak position centred between 3 and 4 Å is evident. 

Inanalogy with the EXAFS analyses of the isostructural LiFePO4 phase 43,44, the only 

previous EXAFS study on LiCoPO4 by Kang and co-workers assign the first three peaksof the 

radial distribution function to the Co-O, Co-P and Co-Co bonds, respectively45. In particular Kang 

performed a quantitative EXAFS fit of the Co-O peak using four different Co-O distances44, two of 

them with a double degeneracy, to mimic the CoO6 octahedral coordination. On the other hand,for 

the isostructural LiFePO4 phase excellent fits have beenrefined assuming only three Fe-O distances, 

all with a double degeneracy43,with negligible improvements obtained from an additional fourth Fe-

O component. Turning to the higher shells, quantitative EXAFS fittings performed only on the 

isostructural LiFePO4 phase assumed five phosphorous atoms located at three different distances 

and outer iron neighbors at two different distances 43,44. 

As previously stated, we assumed two models, namely Model A and B.InModel A (see the 

supplementary material) six oxygen atoms, located at three different distances, constitute the first 

neighbors shell. The second neighbors shell has been modeled with five phosphorous located at two 

different distances and six oxygen atoms located at a slightly higher distance.The third shell at 

higher distances is due to Co/Fe atoms at two different distances.In particular we assumed 4 metal 

atoms at a shorter distance (~ 3.9 Å) from the scattering center and two at longer distance (~ 4.6 Å). 

This assumption came from simple considerations from the crystal structure shown in the Figure1.  

In order to check the reliability of the Model A, we also considered Model B (see the 

supplementary material) that matches the assumption made for the isostructural LiFePO4 in ref. 43. 

In particular Model B adopts the same contributions for the first (oxygen) and the third (metal) shell 
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compared to Model A, but considering different contributions for the second shell. In particular in 

Model B, the second neighbors shell has been modeled with five phosphorous located at three 

different distances, thus neglecting the contribution of the six oxygen atoms located at a slightly 

higher distance. 

It is important to underline that the Model B is close to other models previously reported in 

literature for the EXAFS analysis 43,44,46of the LiFePO4 olivine structure. However, an accurate 

evaluation of all the possible scattering paths obtained from the ab initio code FEFF integrated in 

ARTEMIS 37 suggests the occurrence of significant contribution due to scattering from the six 

second-neighbors oxygen, thus making Model A closer to the crystallographic structure. 

The analysis has been carried out for both models, obtaining qualitatively similar results: the 

relative quality of the various fitting has been evaluated by using the usual R factor 37.The EXAFS 

fitting parameters for all the shells are: (a) the bond distances and (b) the mean square relative 

displacements, whereas the coordination numbers have been fixed. The number of fitting 

parameters are the same for the two models. In the following we describe the results from Model A, 

which provided the smallest R factor values for all fits, whereas those of Model B are summarized 

in the supporting material. 

Quantitative fittinganalyseshavebeenperformedonthe curves oftheinverseFourier 

transformation in the k range accordingtothe peaksappearingintheradialstructure functions and are 

plotted in the Figure5 for both models. The fitted distances between scattering atoms for the Model 

A are summarized in Table 7 whereas the mean square relative displacements are reported in the 

supplementary material. 

It must be noticed that both models provides for the first coordination shell distances which are 

slightly lower than the shortest metal–oxygen distances calculated from the Rietveld refinements 

(1.85-1.93 vs 2.05-2.08 Å). A similar discrepancy for the shortest metal oxygen distances has been 

already observed for EXAFS and XRD results on LiFePO4 [44]. 
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Figure 5.Data (point) and best fit (red line
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sample, the Fe-O first coordination shell shrinks and the octahedral distortion around the iron 

centres decreases, being the Fe-O distances scattered in a narrower interval compared to the 

CoO6octahedra, i.e. 1.85-2.16 vs 1.88-2.11Å for the LCfP@Ar and LCfP samples, respectively.  

Table 7. FeFF fit results (distances between scattering atoms in Å) for the Model A for the four 
considered samples. CN is the coordination number; M-Z represent the central absorber (M, that is 
Co or Fe respectively in the Co K-edge and the Fe K-edge fits) and the scattering atom (Z, that is O, 
P/O or Co/Fe in the three shells considered). Statistical errors on distances are in all cases smaller 
than 0.01 Å. 

   Co K-edge  Fe K-edge 

Shell M-Z CN LCP LCP@Ar LCfP LCfP@Ar LCfP LCfP@Ar 

1st 

M-O 2 1.93 1.92 1.91 1.85 1.92 1.88 

M-O 2 2.02 2.03 2.02 2.02 2.00 1.97 

M-O 2 2.17 2.19 2.17 2.16 2.17 2.11 

2nd 

M-P 1 2.82 2.78 2.80 2.87 2.83 2.73 

M-P 4 3.28 3.25 3.26 3.27 3.29 3.25 

M-O 6 3.51 3.56 3.57 3.52 3.30 3.28 

3rd 
M-M’ 4 3.86 3.85 3.88 3.85 3.97 3.41 

M-M’ 2 4.74 4.72 4.76 4.76 4.86 4.33 

R factor (%)  2.9 5.1 3.9 5.8 6 8.5 

In summary, the simultaneous iron doping and annealing in Ar, and the consequent iron 

oxidation, leads to a remarkable contraction of both the Co-O and Fe-O first shells and to a decrease 

of the octahedral distortion. On the contrary the simple annealing under Ar of the undoped LCP 

leads to an additional expansion and distortion of the CoO6octahedra, whereas the simple doping 

with Fe2+ leads to a smaller M-O distances but to an increase of the MO6 distortion. 

Compared to the pristine LCP lattice, the Co-P mean distances are larger in all the LCP@Ar, 

LCfP and LCfP@Ar samples. On the contrary the Fe-P mean distance is larger in the LCfP sample 

compared to the Co-P distance in the LCP lattice, but remarkablyshorter after annealing under Ar. 
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Apparently in the doped and annealed sample LCfP@Ar the PO4octahedra shifts within the cell 

closer to the Fe3+ centers in respect to the Co2+ ions. This effect is expected due to the stronger 

Coulombian attraction of the Fe3+ compared to the Co2+ centers and to the possible occurrence of a 

lithium vacancy close to the Fe3+ ions.  

Turning to the M-M’ third shell distances, these values are closely related to the variation in 

size of the unit cell. In fact, taking into consideration the crystal structure shown in figure 4, the first 

Co-M (or Fe-M) distance corresponds to approximately ටቀ
௕

ଶ
ቁ
ଶ

+ ቀ
௖

ଶ
ቁ
ଶ

, where b and c are the 

olivine cell parameters, whereas the second Co-M (or Fe-M) distance exactly corresponds to the 

cell parameter c. As expected, the trend of the fitted Co-M and Fe-M third shell distances nice 

compares with the variation in size of the crystallographic unit cell obtained by the XRD data (see 

above).  

The LCP@Ar sample shows a slight contraction of the Co-Co distances compared to the LCP 

material in parallel with the isotropic cell volume shrinking of -0.3%. The LCfP sample shows a 

slight enlargement of the Co-Co distances compared to the LCP sample whereas the Fe-Fe distances 

are approximately 2% larger compared to the Co-Co ones in the same sample. This distance 

expansion compares well with the overall isotropic cell volume enlargement of +0.1% and 

illustrates an interesting inequivalent local environment around Fe or Co.  

The LCfP@Ar materials shows, in line with the overall -0.5% cell volume shrinking observed 

by XRD, a contraction of both the Co-M and Fe-M distances, compared to the LCfP sample. 

However, the Co-M and Fe-M distances vary with different magnitudes. In fact, whereas the Co-M 

distances in the LCfP@Ar sample decreasesless than 1% compared to the LCfP material, the Fe-M 

distances decreases of approximately 15%. This remarkable structural alteration is in line with the 

previous evidences for the Fe-O and Fe-P coordination shells and confirms the structural diversity 

of the local coordination around Fe or Co in the LCfP@Ar lattice. 
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In summary, the doping with Fe2+ of the olivine lattice, i.e. LCfP sample, leads to a slight 

overall lattice expansion as well as to a minor enlargement of the CoO6octahedra. Moreover, despite 

few minor difference, all the three fitted neighbors shells around the Fe2+ and the Co2+ centers are 

very similar. On the contrary in the doped and annealed sample LCfP@Ar, both the FeO6 and the 

CoO6 octahedra compress, the PO4octahedra shifts closer to the Fe3+ centers and overall local 

environment around the iron ions shrinks more remarkably compared to the analogue compression 

around the cobalt centers. 

Despite minor differences, a comparison of the obtained parameters (see supporting info) 

shows that both model A and B provides the same indications about the alterations of the Co-X and 

Fe-X (X=O, P, M) distances in all samples. 

3.4 Electrochemical data 

The performances in galvanostatic tests at 0.1C rate (1C = 167 mA g−1) of lithium cells using 

the four samples are presented in the Figure 6a-b. 

 
 

Figure 6. Cell voltage profile in galvanostatic conditions of the (a) undoped and (b) iron doped 

samples before and after the annealing at 700° C under Ar. 

The charge/discharge profiles of the first cycles of all samples present a reversible double 

voltage plateau centred around 4.8 V corresponding to the redox couple Co3+/Co2+.The double 
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plateaux are due to the two consecutive biphasic electrochemical lithium extraction-insertion in the 

olivine lattice35: 

LiCoPO4↔Li0.7CoPO4+0.3 Li++0.3 e- [R1] 

Li0.7CoPO4↔CoPO4+0.7 Li++0.7 e- [R2] 

Apparently the voltage profile in the first galvanostatic cycle of the doped samples shows 

similar features compared to the undoped ones. In all cases no evidence of a voltage plateau at 

about 3.4-3.6 V vs. Li+/Li due to the Fe3+/Fe2+ couple during the first charge has been recorded. 

This peculiar electrochemical feature has been already observed in the literature on similar iron-

doped lithium cobalt phosphate materials 21–24,30.  

The galvanostatic response of LCP@Ar reveals a negative effect of the high-temperature 

annealing on the cell performances: it shows reversible voltage plateaus centred at 4.8 V, with a 

discharge capacity through the first cycle of about 85 mAh g−1compared to the 103 mAhg-1 of the 

LCP material. On the contrary the iron-doped sample boosts its electrochemical reversibility after 

the high temperature annealing. The LCfP@Ar sample shows a similar galvanostatic plateau at 

4.8 V, with a reversible capacity that exceeds 110 mAh g−1, overcoming the performances of LCfP 

and of the undoped LCP samples. Also in the case of the LCfP@Ar sample no evidence of 

electrochemical processes associated to the Fe3+/Fe2+ redox couple within the voltage range 3.4-

3.6 Vis observed. This absence is not surprising, since we proved by XANES the oxidation of Fe2+ 

during annealing (see the previous section). 

The lithium diffusion coefficients in all samples have been evaluated by GITT in order to 

highlight differences and trends induced by doping and annealing. The experimental results 

obtained as mean values between charge and discharge data in two different GITT experiments are 

shown in the figure 7as a function of the nominal lithium content (x) in the olivine lattice (LixMPO4 

with M=Co or Co/Fe). 



21 
 

The lithium diffusion coefficients range for all samples between 10-15 and 10-10 cm2s-1 and 

show similar trends with the lithium content. These values are in line with the data measured by 

Allen27, Kang45, Kosova and co-workers26 by impedance spectroscopy, chrono amperometry and 

GITT, respectively, for the LiCoPO4 and LiCo1-xFexPO4 (x=0.127, 0.0523 and 0.526).  

 

Figure 7.Li+ diffusion coefficients for the undoped and iron-doped samples before and after the 

annealing at 700° C inAr derived from GITT runs. 

Turning to the evolution of the ionic diffusion coefficients with the lithium content, a first 

decreasing slope is observed between the x=1 and x=0.65 followed by a slight increase to a pseudo-

maximum at x=0.5-0.45. At smaller lithium content the lithium diffusion coefficient fades almost 

monotonically in all cases. However the magnitude of the various trends is different in the various 

samples. The high temperature annealing negatively affects the lithium mobility in the undoped 

sample, as the LCP@Ar sample shows a diffusion coefficient systematically smaller compared to 
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the LCP one. Similarly the iron doping damages the dynamics of lithium in the lattice: at lithium 

content x<0.5, the LCfP sample shows the smallest diffusion coefficients among all samples. 

Apparently the simultaneous iron doping and annealing leads to an improved lithium mobility 

compared to the pristine undoped LCP samples. In fact the LCfP@Ar sample shown the largest 

diffusion coefficients among all samples in the entire composition range. It is interesting to observe 

that the ratio between the ionic diffusion coefficient between the undoped LCP and the doped and 

annealed LCfP@Ar sample, i.e. 𝐷௅஼௉
௅௜శ

𝐷௅஼௙௉@஺௥
௅௜శ൘  , ranges approximately between 0.2 and 0.5, being 

the lithium ions two to five times more mobile in the LCfP@Ar samples compared to the 

benchmark LCP. This difference is in agreement with the ratio (approximately 0.4) in the diffusion 

coefficient estimated by Allen and co-workers by impedance spectroscopy on the same 

stoichiometries and pristine iron oxidation state.27 

4. Discussion and conclusions 

The XRD and XAS data analyses of the four LCP-based olivine materials highlight a complex 

alteration of the local coordination environment around the transition metals as well as a parallel 

modification of the long range ordering due to iron doping and annealing in argon at 700°C. 

Moreover these four materials show different functional properties in lithium cells in terms of 

reversible lithium electrochemical de-insertion/insertion as well as lithium ionic diffusivity. Having 

in mind that the reversibility of lithium extraction/insertion in galvanostatic tests can be strongly 

affected by the ionic transport properties, it is therefore important to decouple and discuss the 

various effects that drive the interplay between structure and lithium mobility.  

Atomistic simulations and energetic evaluation of the diffusion of lithium ions in the 

LiFePO4 olivine lattice have been proposed and discussed by many research groups. 47,48The lowest 

energy migration pathway for vacancy hopping between neighbouring lithium positions is along the 

Li-ion channels in the [010] direction. The size of these channels, the thermodynamic concentration 



 

of lithium vacancies in the lattice as well as the presence of cation mixing on the lithium atomic 

sites (antisite defects) play a major role in the enhan

To facilitate the discussion a pictorial representation of the alteration of the structure along the 

[010] lithium diffusion paths in the four samples is shown in the figure 8.

 

Figure 8. Pictorial representation of the alteration of the structure along the [010] lithium diffusion 

paths in the four samples. 

Assuming the LCP sample as benchmark, the annealing under Ar

results in the crystallographic cell contraction

coordination around the cobalt ions. This structural evolution leads to the shrinking of the size of 

the lithium channels along the [010] direction 
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coordination around the cobalt ions. This structural evolution leads to the shrinking of the size of 
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antisite defects predicted by the Rietveld Refinement. Apparently these two effects counterbalance, 

thus resulting in a slightly smaller ionic diffusion coefficient. 

The partial substitution of cobalt with Fe2+ ions in the LCfP sample leads to a cell 

expansion,mainly along the a and b axes, as well as to the slight shift of the PO4 octahedron far 

from the iron centres and closer to cobalt. These structural changes results in the overall expansion 

of the size of the lithium channels in proximity of cobalt ions and justify the increase of the 

concentration of antisite defects estimated in the Rietveld Refinments. The different coordination 

around the two transition metal ions may also suggest the possible occurrence of diffusion 

bottlenecks in proximity of iron centres due to the shift of the phosphate ion tetrahedra. The 

resulting overall effect is a remarkable decrease of the mobility of lithium ions in the LCfP material 

compared to the LCP. 

The annealing under Ar of the LCfP sample to give the LCfP@Ar material leads to: (a) the 

almost full oxidation of the Fe2+ to Fe3+, (b) a remarkable cell shrinking and (c) the shift of the PO4 

octahedron closer to the iron ions. These effects leads to the contraction in size of the lithium 

channels along the [010] direction and support the parallel decrease of the concentration of antisite 

defects estimated by the Rietveld Refinements of the XRD data. Contrary to the case of the LCfP 

sample, the different coordination around the two transition metal ions may also lead to a further 

local enlargement of the lithium diffusion in proximity of iron centres due to the opposite shift of 

the phosphate ion tetrahedral closer to the metal center. Moreover, the oxidation of the iron ions is 

expected to increase the natural concentration of lithium vacancies, as already discussed by us in 

ref. 16.All these concomitant effects result in the increase of the diffusion coefficient of lithium ions 

in the LCfP@Ar material compared to the LCP. 

In summary the partial substitution of cobalt ions in the olivine lattice with iron ions, 2+ or 

3+, strongly affects the long range crystal structure as well as the short range atomic coordination. 

These structural changes alters the concentration of antisite defects, the natural concentration of 
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lithium vacancies, the size of the lithium diffusion channels along the [010] direction as well as 

their local distortion. The balancing between these competitive effects modulate the lithium 

transport properties in the lattice. In particular the incorporation in the olivine lattice of 

aliovalentFe3+ ions in the LCfP@Ar material leads to an enhancement of the lithium diffusion 

coefficient and to an increase of electrochemical lithium extraction/insertion reversibility in lithium 

cells.  

Supplementary material 

In the supplementary material the structure EXAFS fitting models A and B are summarized 

and the fitting results for Model A (mean square displacements) and B (distances and mean square 

displacement) are reported. 
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