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Abstract: 

In the path toward the design of Li-ion batteries with increased energy densities, efforts are 
focused on the development of positive electrodes that can maximize the voltage of the full cell. 
However, the development of novel materials operating at high voltage, while showing high 
efficiency and meeting strict safety standards, is an ongoing challenge. LiCoPO4 is being 
explored as a possible candidate, as the Co2+/3+ redox couple operates at 4.8V vs Li+/Li0. The 
presence of phosphate groups is typically expected to stabilize the compound against oxygen 
loss, yet the changes in Co-O bonding upon Li extraction have not been ascertained. Further, 
LiCoPO4 is riddled with problems relating to poor transport and strain in the crystal structure of 
the products of deintercalation, which handicap its use as a high voltage electrode. In this work, 
ion substitution to generate Li1.025Co0.84Fe0.10Cr0.05Si0.01(PO4)1.025 is found to stabilize both the 
electronic structure and crystal structure to substantially boost the ability to fully utilize the redox 
capacity of the material. A thorough study by spectroscopic tools, combined with computations 
of the electronic structure, was used to probe changes in chemical bonding. The measurements 
revealed the existence of redox gradients between surface and bulk which are common in other 
materials reacting at high potential. The study offers comprehensive understanding into the 
fundamental reactions in LiCoPO4-type frameworks, while demonstrating that ion substitution is 
an effective tool to boost their performance. 

   



Introduction: 

A rechargeable lithium ion battery that could meet the strict industrial energy density 

standards would be crucial in the shift of society away from fossil fuels,1 for instance, by 

enabling the storage of renewable energy to power eco-friendly transportation. Presently, the 

development of Li-ion battery technology to meet such strict requirements at the packaged cell 

level is focused on two areas—pushing the ability of a given electrode material to reach its 

theoretical capacity in a sustainable manner,2 and finding novel electrode materials operating at 

high potential and delivering high capacity.3 To this end, olivine-type LiCoPO4 is being pursued 

as a positive electrode material that may help reach these goals, with a relatively large theoretical 

capacity of 167 mAh/g, and a very high voltage of operation of 4.8V vs Li+/Li0.4 However, the 

extended performance of electrodes based on LiCoPO4 is crippled by irreversibilities that result 

in rapid degradation. They stem from a combination of inefficiencies during the bulk 

transformations and the deleterious interaction with the electrolyte at the surface of the charged 

electrodes.5-7  

To help overcome some of the problems associated with cycling LiCoPO4, ion 

substitution has been utilized as a strategy. Ion substitution into olivine structures can be carried 

out while maintaining close to the same theoretical capacity and discharge voltage (thus not 

sacrificing theoretical energy density), while potentially enhancing carrier transport within the 

crystal structure, stabilizing the delithiated states, and creating less reactive species at the 

electrode surface.8,9,10 Fe-substitution of just 10% has led to improved electrochemical 

performance, through the existence of some Fe3+ on both the Li and Co sites, which stabilizes the 

structure and creates Li vacancies to increase Li+ conductivity.5 Building on the success of Fe-

substituted LiCoPO4, some of us designed a compound with the a nominal stoichiometry of 



Li1.025Co0.84Fe0.10Cr0.05Si0.01(PO4)1.025, which, thus far, has exceeded the electrode performance of 

non-substituted LiCoPO4 in both rate capability, and cycling stability.11  Since it was known that 

Fe3+ substitution led to improved performance5, other trivalent ions, e.g., Al3+, Ga3+, V3+, Cr3+, 

were screened for further improvement. Cr3+ gave the largest increase in discharge capacity and 

also reduced the fade rate relative to substitution using Fe only. Furthermore, to reduce the 

reactivity of the electrolyte with the electrode, a small amount of Si for Co substitution to 

introduce less reactive Si-O bonds led to an improvement in coulombic efficiency. The bulk Si 

substitution for Co was explored based on the observation that Si containing electrolyte additives 

improved the electrolyte performance for LiCoPO4 based electrodes. The amount of Fe, Cr and 

Si substitution for Co was optimized to achieve a balance of high discharge capacity, low fade 

and high coulombic efficiency.11 

This study aims to shed light on the factors behind the electrode properties of LiCoPO4, 

by focusing on the changes in structure and Co-O bonding induced by lithium deintercalation 

and the ensuing improvement brought about by ion substitution. Structural and electronic 

information was obtained using a combination of X-Ray Diffraction (XRD), O K-edge, Co and 

Fe L-edge Soft X-Ray Absorption Spectroscopy (XAS), and Electron Energy Loss Spectroscopy 

(EELS). The combination of techniques provided insight in both the bulk and surface of the 

materials.  

Results and Discussion: 

For all electrode materials, the starting materials, in addition to 5 wt% acetylene black, 

were ball milled for 90 min using a Spex SamplePrep 8000 M Mixer/Mill. The milled powders 

were heated in a tube furnace at a rate of 10ᵒCmin-1 to 700ᵒC under N2, held at 700ᵒC for 12h and 



furnace cooled to room temperature. LiH2PO4, Co(OH)2, Si(OCOCH3)4, Cr2O3 and 

FeC2O4∙2H2O were used as starting materials with mole ratios dependent on the desired product. 

The electrode composite was prepared via an n-methylpyrrolidone (NMP) based slurry. 

The cathode powder (8 wt.%), polyvinylidene fluoride (10 wt.%) , super-P carbon (7 wt.%) and 

conductive carbon nanotube composite (3 wt.%) (CheapTubes.com) were mixed in NMP using a 

shaker mill and then coated onto Al foil using an adjustable film applicator followed by drying at 

80oC to remove the NMP. Electrodes were placed at the center of stainless steel CR2032 

electrochemical cells. The cells were assembled and sealed in an Ar-filled glovebox in which the 

H2O and O2 levels were maintained below 1 ppm. Metallic lithium was used as the counter and 

pseudo-reference electrode. The electrolyte solution consisted of 1 M LiPF6 in a mixture of 

Ethylene carbonate (EC) and Ethyl methyl carbonate (EMC) in a 3:7 wt % ratio. A Celgard 2400 

separator was placed between the working and counter-electrode. Electrochemical cycling was 

performed at a rate of 0.1C and halted at desired potentials. All potentials in this paper are 

referenced to the Li+/Li0 electrode. After cycling, cells were opened in a glovebox and washed in 

anhydrous DMC to remove excess electrolyte. The electrodes were then enclosed in an Ar-filled 

metal sleeve rated for vacuum applications in order to transport them to different experimental 

stations without any contact with air. 

All samples used in this study were characterized by X-ray diffraction (XRD) to 

determine lithium content in LixCoPO4 and phase purity. Patterns were collected between 10ᵒ-

80ᵒ, 2θ, utilizing a step size of 0.02ᵒ, at a rate of 0.1ᵒ/min 2θ, in a custom air-free sample holder, 

using a Bruker D8 Advance diffractometer using Cu Kα radiation ( λ = 1.5418 Å). Patterns were 

refined using the Pawley Refinement method.  



X-ray absorption spectroscopy (XAS) was conducted at the O K-, Co L- and, where 

applicable, Fe L-edges at Beamline 4-ID-C at the Advanced Photon Source (APS, Argonne 

National Laboratory, IL). Samples were loaded into the measurement chamber using an Ar-filled 

glove bag. The spectra were collected simultaneously utilizing sample photocurrent for the TEY 

at ~10-9 Torr (total electron yield, TEY) and a Silicon drift diode (Vortex) for total fluorescence 

yield, TFY, in order to make surface to bulk comparisons, respectively. Data were obtained at a 

spectral resolution of ~0.2 eV, with a 2 sec dwell time. 3 scans were performed on each sample, 

at each absorption edge, and scans were averaged in order to maximize the signal to noise ratio. 

An energy reference for Fe, Co and O was recorded simultaneously with the XAS for accurate 

energy alignment. 

EELS analysis was performed by utilizing an aberration-corrected JOEL JEM-

ARM200CF equipped with a cold field emission source and a post-column Gatan Enfina EELS 

spectrometer. The accelerating voltage and emission current were set to 200 kV and 19 µA for 

both imaging and EELS to reduce beam induced damage and contamination. The average 

collecting time is 0.5s using 3mm aperture and 0.2ev/ch dispersion.  

Density Functional Theory (DFT) calculations were carried out using the projector 

augmented wave method12,13 within the VASP code.  More specifically, the HSE06 functional14, 

which approximates the exchange correlation functional by calculating the exchange part of the 

potential exactly, was selected for the part of charge density near the ion core where electrons are 

localized, whereas the standard GGA (PBE)15 was used for approximations farther away where 

electrons are delocalized. The HSE06 functional contains the percentage of exact exchange and 

the range parameter at their default values of 25% and 0.11 Bohr-1.  This approach allows us to 

calculate multiple transition metal atoms (Fe and Co) at multiple valences self-consistently 



without needing to introduce different species- and valency-specific correction terms as would be 

necessary with the DFT+U methodology16, and provides a firm platform on which to compare 

total energies across all calculations.  Furthermore, the HSE06 functional has been shown to be 

significantly more effective in reproducing the valence band electronic structure than either 

standard GGA or DFT+U.  This is particularly true for calculating the location of the transition 

metal d-states with respect to the oxygen p-states.  Since we are concerned with oxidation of Co, 

Fe, and O, the energy position of these states is of primary importance. 

For each compound and at each Li concentration, both the lattice and the ionic positions 

were fully relaxed.  A four formula unit cell with a k-point mesh of 2x3x4 in the irreducible 

Brillouin zone was employed for relaxation.  As a final step, the number of k-points was tripled, 

so that electronic self-consistency was achieved, and the density of states (DOS) was calculated.  

The DOS were decomposed into their constituent elemental components and broadened using a 

Gaussian broadening function of 0.1 meV. All calculations were done using a spin-polarized 

methodology, but for simplicity of presentation the majority and minority DOS have been added 

together. 

Results 



 

Figure 1. Galvanostatic charging data for LiCoPO4 (black), 
Li1.025Co0.084Fe0.10Cr0.05Si0.01(PO4)1.025 (blue) and LiFe0.25Co0.75PO4 (green). All electrodes were 
cycled at a rate of C/10. 

The electrochemical response of the different LiCoPO4-based electrodes upon Li 

deintercalation in a Li metal half-cell is shown in Figure 1. Experiments were carried out 

galvanostatically at a C/10 rate. All materials presented characteristic, flat, charge profiles at or 

above 4.8V vs. Li+/Li0 during at least portions of the process of deintercalation. The minor 

fluctuation in voltage at 118 mAh/g of the LiCoPO4 curve is atypical and specific to the 

individual cell used to produce the materials for characterization experiments described below. 

The LiCoPO4 electrode (blue curve in Figure 1) accumulated a charge capacity of 150 mAh/g, 

which would correspond to Li0.10CoPO4 assuming 100% of the capacity was from Li+ 

deintercalation. It is highly likely, however, that some of the charge capacity is associated with 

deleterious electrolyte oxidation because a cutoff of 5.3 V, well above the electrolyte window of 

stability, was necessary to achieve these high capacities. Indeed, only 88 mAh/g were achieved 

at 5.0 V. The green curve in Figure 1 shows the charging profile of LiFe0.25Co0.75PO4. In 



addition to the high voltage process typical of a CoPO4 framework, LiFe0.25Co0.75PO4 exhibited a 

plateau around 3.6V vs. Li+/Li0 between 0-30 mAh/g, consistent with the oxidation of Fe2+ to 

Fe3+.17 This compound reached 162 mAh/g at 5.0 V. In turn, 

Li1.025Co0.84Fe0.10Cr0.05Si0.01(PO4)1.025 only features a plateau at 4.55V vs. Li+/Li0, amounting to 

15 mAh/g of overall capacity, in addition to the activity at 4.8 V (blue curve in Figure 1). At 

5.0 V, charging a Li1.025Co0.84Fe0.10Cr0.05Si0.01(PO4)1.025 led to a specific charge capacity of 165 

mAh/g. The values of capacity at 5.0 V for these two compounds, together with much lower 

overpotential needed to extract Li (100-150 mV), exemplify the positive impact of ion 

substitution on the properties of Co-based olivines. The differences in composition of these three 

materials is small, but the effect on charging performance was dramatic. For instance, there was 

only 15% of Co substitution in the case of Li1.025Co0.84Fe0.10Cr0.05Si0.01(PO4)1.025, but it resulted in 

an increase in capacity of over 40% at the same potential. In addition to enabling higher specific 

capacities, ion substitution has also been demonstrated to have a positive effect on capacity 

retention at multiple charge rates.4 

Coulometric measurements in Li metal half cells are unreliable above 4.3 V because of 

extensive simultaneous electrolyte decomposition. Therefore, the changes occurring solely at the 

phosphate were evaluated by powder XRD, featured in Figure 2. The patterns of the pristine 

forms of both materials have similar unit cell parameters (Table 1), consistent with the small 

levels of Co substitution. The values were similar to those published in the literature for 

LiCoPO4.5, 18 In turn, both the pristine and fully charged state of LiCoPO4 and 

Li1.025Co0.84Fe0.10Cr0.05Si0.01(PO4)1.025 could be indexed with olivine-type structures with space 

group Pnma. 



 

 

Figure 2. (a) Ex Situ XRD of LiCoPO4 in the pristine state (black), and after a first charge to 
5.3V (grey), and Li1.025Co0.084Fe0.10Cr0.05Si0.01(PO4)1.025 in the pristine state (red) and a first 
charge to 5V (pink). The electrochemical profiles for the cells can be found in Figure 1. (b,c) 
Inset between 29-32ᵒ 2θ to observe the evolution of the (020) reflection for (b) 
Li1.025Co0.084Fe0.10Cr0.05Si0.01(PO4)1.025 and (c) LiCoPO4. *Denotes peak from Al foil 

 

 

 

 A 
parameter (Å) 

B 
parameter (Å) 

C 
parameter (Å) 

Unit 
Cell Volume 

(Å3) 



LiCoPO4 pristine 10.20 5.92 4.70 283.8 

Intermediate Phase in 
LiCoPO4 charged to 5.3V 

10.12 5.93 4.72 283.2 

Delithiated Phase in 
LiCoPO4 charged to 5.3V  

9.61 5.76 4.77 264.1 

Li1.025Co0.84Fe0.10Cr0.05Si0.01(PO4)1.025 10.21 5.93 4.70 284.6 

 LixCo0.84Fe0.10Cr0.05Si0.01(PO4)1.025 

(Charged to 5.0V) 
9.61 5.78 4.76 264.7 

Table 1. Calculated Unit Cell Parameters from XRD pattern in Figure 2. Values were obtained using the 
Pawley Refinement Method. 

 

Pawley refinements of the powder XRD patterns after electrochemical delithiation, 

revealed the presence of two phases in the LiCoPO4 electrode, in contrast to a single phase in 

Li1.025Co0.84Fe0.10Cr0.05Si0.01(PO4)1.025. The (020) reflection, found at 30°, 2q, in Cu Kα radiation, 

is particularly sensitive to the formation of the different phases.18 Changes on this reflection are 

shown as inset in Figure 2b, 2c for Li1.025Co0.84Fe0.10Cr0.05Si0.01(PO4)1.025 and LiCoPO4, 

respectively. In the case of charged LiCoPO4, 3 peaks were found between 30-32ᵒ, 2θ. The peaks 

at 30.6ᵒ and 31.0ᵒ, 2θ were successfully indexed to the (020) and (211) reflections of CoPO4, 

with position and intensity ratios matching literature reports.18 In turn, a peak at 29.9ᵒ, 2θ was 

indexed to the overlapping (020) and (211) reflections from an incompletely delithiated phase. 

The cell parameters of the different phases, extracted from the fit of this pattern can be found in 

Table 1. Upon delithiation, the a and, in the case of the fully delithiated phase, b parameters 

decreased compared to the pristine state, while there was expansion in the c direction.18 While 

not showing exactly the same values, the intermediate phase was assigned to Li2/3CoPO4, based 

on the fact that it is the only observed intermediate in the literature, at approximately 4.87 V vs 



Li+/Li0.9 The two peaks present at 30.6 and 30.9ᵒ, 2θ, in the pattern of charged 

Li1.025Co0.84Fe0.10Cr0.05Si0.01(PO4)1.025 were indexed to the (211) and (020) reflections, 

respectively of a highly oxidized phase. The corresponding cell parameters (Table 1) were close 

to CoPO4. These results indicate that, despite the similar capacities (150 mAh/g vs. 165 mAh/g, 

see above) collected with both electrodes, electrochemical delithiation was incomplete in the 

LiCoPO4 electrode, even upon charging to 5.3V vs Li+/Li0, consistent with other findings in the 

literature.19 This finding is expected based on the fact that electrolyte oxidation is severe above 

4.8 V vs Li+/Li0. It is concluded that small amounts of Co substitution have a significant effect: 

higher capacities at lower voltage, which also translate into a more effective utilization of the 

active material. 

In order to understand the effect of lithium deintercalation on the electronic properties of 

the resulting phases, and how it is modulated by ion substitution, X-ray absorption spectroscopy 

(XAS) was collected at the O K-, Co LII, III-, and Fe LII, III-edges. In the case of LiCoPO4 and 

Li1.025Co0.84Fe0.10Cr0.05Si0.01(PO4)1.025, data were collected for electrodes in the pristine state, as 

well as upon intermediate charging to 4.87V or  4.79V, respectively, and a full charge to 5.3 or 5 

V, respectively (see markers in Figure 1). LiFe0.25Co0.75PO4 was used as a basis for comparison 

with DFT calculations below because the levels of substitution were compatible with the 

computational methods, which require the formation of supercells commensurate with the 

chemical complexity of the compound. In this case, only pristine and fully charged electrodes 

were measured. The spectra were simultaneously measured in both Total Electron Yield (TEY) 

and Total Fluorescent Yield (TFY) detection modes. TEY detects the ejected Auger electrons 

from the X-ray absorption process. Since the Auger electron escape length is very shallow 

(typically less than few nm penetration depth)20 due to absorption by the material, the resulting 



spectra are representative of the surface of the sample. The TFY detector captures the radiated 

photons due to fluorescence processes. These photons escape from deep within the sample 

(typically around 100 nm), so the corresponding spectra have a strong contribution from the bulk 

of the sample. 

The Co LII, III-edge spectra originate from the dipole allowed Co(2p) à Co(3d) transition. 

The Co L edge consists of two distinct peaks located at 775 eV (LIII) and 790 eV (LII), separated 

in energy due to spin-orbit splitting of the 2p1/2 and 2p3/2 orbitals. Changes in the peak shape and 

energy are reflective of changes in molecular geometry around the Co atoms as well as the 

formal oxidation state. Oxidation of Co would theoretically yield an XAS spectrum with peaks 

that have shifted to a higher energy. The TEY XAS spectrum of pristine LiCoPO4 presented a 

prominent LII peak at 790 eV and a large LIII peak at approximately 775 eV, highlighted in 

Figure 3a and Figure SI 1. Sharp multiplet structures were observed in the LIII features. The 

spectrum of pristine Li1.025Co0.84Fe0.10Cr0.05Si0.01(PO4)1.025 was found to be very similar (Figure 

3c). Overall, the spectral signatures are consistent with Co2+.21 When the spectra were collected 

in TFY (Figures 3b,3d, SI 2), the prominent peak locations remained unchanged in the pristine 

states. The significant growth of the LII peak relative to the LIII can be attributed to self-

absorption, a phenomenon that distorts XAS spectra due to variations in penetration depths into 

the sample.22 Self-absorption is unavoidable, leads to slightly incorrect peak sizes, and influences 

the ratio of peak sizes between TEY and TFY comparisons. 



 

Figure 3. Ex Situ XAS collected during the first charge at the Co LIII-Edge for a, b) LiCoPO4 
and c, d) Li1.025Co0.084Fe0.10Cr0.05Si0.01(PO4)1.025 electrodes. Spectra in a) and c) were collected in 
Total Electron Yield mode, whereas b) and d) were collected in Total Fluorescence Yield mode. 
P = pristine, I = intermediate potential (4.79 or 4.87 V); C = fully charged (5.3 or 5.0 V). 

Changes in the Co L-edges upon charging the electrodes were monitored, and shown in 

Figure 3, in blue and red. When unsubstituted LiCoPO4 was delithiated, virtually no change was 

recorded in the TEY spectra. This observation lends to the conclusion that the surface of the 

electrode remains predominantly Co2+ in LiCoPO4, regardless of charge state. However, upon 



examining the corresponding TFY spectrum, a shift in the center of gravity of both peaks to a 

higher energy can be observed, indicating formation of some Co3+, with accompanying loss of 

multiplet features in the bulk of the material. The persistence of multiplet features, absent in Co3+ 

compounds,21, 23 indicates that Co2+ remained in the sample, and thus it was not completely 

oxidized. This observation is consistent with the simultaneous existence of two phases within the 

charged LiCoPO4 electrode material, as demonstrated by XRD. In the case of oxidized 

Li1.025Co0.84Fe0.10Cr0.05Si0.01(PO4)1.025, the fine multiplet features of the peaks at the LIII edge 

disappeared in the TFY spectra, concomitant to a peak shift to higher energy by about 2 eV. 

Additionally, a new feature arose at 792 eV in the LII region, as can be seen in Figure SI 3 and 

SI 4. These changes denote the presence of a majority Co3+.21, 23 The dramatic changes that take 

place in this ion-substituted material compared to LiCoPO4 prove that Co is more redox active in 

these electrodes, consistent with the ability to completely delithiate the structure, indicated by 

XRD measurements. The multiplet features were still present in the TEY spectra of 

Li1.025Co0.84Fe0.10Cr0.05Si0.01(PO4)1.025, leading to a smaller overall shift to high energy of the 

peaks compared to TFY. The presence of these multiplet features indicates that there was still 

Co2+ on the surface of the electrode. However, comparison with the TEY spectrum of charged 

LiCoPO4 revealed that the surface was substantially more oxidized in the case of the ion 

substituted material. The trends observed in Li1.025Co0.84Fe0.10Cr0.05Si0.01(PO4)1.025 were generally 

reproduced upon full charging of a LiFe0.25Co0.75PO4 electrode (Figure 4), confirming that ion 

substitution generally favors the complete utilization of the Co2+/Co3+ redox couple. 

Comparisons between the charged Li1.025Co0.84Fe0.10Cr0.05Si0.01(PO4)1.025 and charged 

LiFe0.25Co0.75PO4 electrode were made, featured in Figures SI 6, SI 7. A greater activity of Co 



was observed in the Li1.025Co0.84Fe0.10Cr0.05Si0.01(PO4)1.025 electrode, which may suggest that 

more Li is removed from this material. 

 

Figure 4. (a,b) Ex situ XAS spectra of the Co LIII-Edge of  pristine LiFe0.25Co0.75PO4 (black) and 
electrochemically delithiated to 5V (red, see Figure 1). collected in (a) TEY and (b) TFY 
detection modes. (c,d) Corresponding XAS spectra at the O K-Edge in (c) TEY and (d) TFY 
detection modes. 



Just like the Co L-Edge, the Fe L-Edge measures the dipole allowed Fe(2p) à Fe(3d) 

transition. It provided information about the oxidation state of Fe atoms within 

Li1.025Co0.84Fe0.10Cr0.05Si0.01(PO4)1.025 (Figure 5).  

 

 

Figure 5. (a,b) XAS spectra taken at the Fe LIII-edge of LixCo0.084Fe0.10Cr0.05Si0.01(PO4)1.025   in 
(a) TEY and (b) TFY detection modes. In ascending order is the pristine electrode (black), 
followed by galvanostatically charged electrodes measured ex situ at 4.63V (blue), 4.81V 
(green), and 5V (red) vs Li+/L.i.  

The pristine material presented a TFY spectrum that consisted of an LIII peak at roughly 

708 eV, with a small feature at 711 eV. The energy splitting by about 14 eV was again due to 

spin-orbit coupling. These energies are consistent with Fe2+.24 In contrast, the corresponding 

TEY spectrum also showed a prominent peak at around 710 eV, which is typically observed in 

Fe3+ compounds such as FePO4.24 The close ratio of intensity between the 708 and 710 eV peaks 

indicate that the Fe atoms were in a mixed Fe2+/Fe3+ oxidation state on the surface of this 

material. Upon charging the electrode to 20 mAh/g (4.63 V), the LIII edge in the TFY spectrum 



became dominated by the feature at 710 eV, and remained unchanged thereafter. The intensity at 

708 eV also considerably decreased in the TEY spectrum of the sample harvested at 20 mAh/g, 

leading to a dominant peak at 710 eV. These results confirm the complete oxidation of Fe atoms 

from Fe2+ to Fe3+ in both the bulk and surface of the material in the early stages of 

deintercalation, which remain electrochemically inactive during further charging. 

 



Figure 6. Ex Situ XAS collected during the first charge at the O K-edge for a, b) LiCoPO4 and c, 
d) Li1.025Co0.084Fe0.10Cr0.05Si0.01(PO4)1.025 electrodes. Spectra in a) and c) were collected in Total 
Electron Yield mode, whereas b) and d) were collected in Total Fluorescence Yield mode. P = 
pristine, I = intermediate potential (4.79 or 4.87 V); C = fully charged (5.3 or 5.0 V).   

O K-edge X-ray absorption spectroscopy measures the O 1s to O 2p transition that takes 

place during the process of absorption of an X-ray photon. Because this specific excitation is a 

governed by dipole transition matrix elements, which dictate a selection rule of Δl = ±1, this 

technique is uniquely sensitive to the O 2p unoccupied states. As some O 2p orbitals hybridize 

with transition metal 3d states, unique spectral features manifest themselves in the “pre-edge” 

region, below 535 eV. Above this energy, signals are due to hybridization between O 2p and 

transition metal 4s and 4p states. The O K-edge spectra in Figure 4 and 6 were collected for the 

same samples as the Co spectra. In the pristine states, both LiCoPO4 and 

Li1.025Co0.84Fe0.10Cr0.05Si0.01(PO4)1.025 showed small, but visible peaks at 530.7 eV in the surface-

sensitive TEY spectra (Figure 6a and c). LiFe0.25Co0.75PO4 showed an even smaller pre-edge by 

comparison (Figure 4c). The existence of a pre-edge is indicative of a level of hybridization that 

is unusual for an M2+-O2- bond in a phosphate, which has fairly ionic character. Indeed, this pre-

edge signal is absent in all the TFY spectra (Figures 4d and 6b, d), suggesting that it resulted 

from defects at the surface of the materials. In the case of Li1.025Co0.84Fe0.10Cr0.05Si0.01(PO4)1.025, 

it is possible that it arises from the presence of Fe3+ in the pristine surface state, since the 

resulting interaction would increase the covalence of the compound.25 The presence of O 

functional groups at the surface of the carbon used to prepare the powders, as well as in the 

electrodes, would also result in signals at similar energies.26 

Upon oxidation of the three phosphates, there were significant increases in intensity in 

the pre-edge region in all cases. The pre-edge signals were broad, and shifted lower in energy 

compared to the pristine state. The increases were particularly notable in the TFY spectra, and 



less prominent in TEY. Nonetheless, in relative terms, the pre-edge intensity of the oxidized 

Li1.025Co0.84Fe0.10Cr0.05Si0.01(PO4)1.025 surface was more prominent than for delithiated LiCoPO4. 

The increased the size of the pre-edge signals is indicative of an increase in the covalence of the 

metal-oxygen bond, through O 2p hybridization with both Co and Fe 3d states. This observation 

is in agreement with the oxidation of the material at these states, which generates an increase in 

the unoccupied density of states of O bands above the Fermi level compared to the pristine 

states. Comparison of TFY and TEY spectra again supports the notion that the surface of the 

charged electrodes was more reduced than the bulk because the pre-edge intensity was much 

higher in the latter case. Ion substitution promoted redox activity of the surface, consistent with 

the higher intensity and energy shift of the center of gravity of the pre-edge in 

Li1.025Co0.84Fe0.10Cr0.05Si0.01(PO4)1.025. 



 

Figure 7. (a) Electron Energy Loss Spectroscopy (EELS) and (b) transmission electron 
microscopy image of pristine Li1.025Co0.084Fe0.10Cr0.05Si0.01(PO4)1.025. EELS was recorded at 
different locations within the particle, beginning at the edge and moving across in the direction 
of the yellow arrow in (b).  

 

To confirm that the degree of oxidation of the surface of 

Li1.025Co0.84Fe0.10Cr0.05Si0.01(PO4)1.025 was greater than the bulk in fully charged electrodes, 

probing of the oxidation states within a particle was carried out by electron energy loss 
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spectroscopy (EELS). EELS measures the energy loss of inelastically scattered electrons during 

the same electronic excitations described above. Because the electron beam utilized is very 

small, however, it can be moved across the sample and a spectrum can be recorded at different 

particle depths, with a spatial resolution of ~1nm. When the energy loss matches the energy 

required to excite a core electron, spectral features are observed similar to previous XAS 

measurements, albeit at poorer energy resolution. EELS measurements of the pristine 

Li1.025Co0.84Fe0.10Cr0.05Si0.01(PO4)1.025 electrode at the O K-edge (Figure 7) revealed a particle that 

was chemically homogeneous. As the electron beam was moved across the particle from 10 nm 

to 60 nm, the O K- Edge signals remained unchanged. Unfortunately, due to the particle 

thickness, multiple scattering events made a comprehensive analysis of the Co L-Edge 

impossible. However, the O K-edge spectra were consistent with Co2+ throughout the probed 

areas. The absence of pre-edge signals even at the surface indicates that this particle did not 

contribute to the intensity in this region observed in the XAS data in Figure 6. The primary peak 

at ~535 eV remained unchanged, with no significant pre-edge features throughout the entire 

particle.  



 

Figure 8. (a) Electron Energy Loss Spectroscopy (EELS) Spectra are shown for 
electrochemically delithiated Li1.025Co0.084Fe0.10Cr0.05Si0.01(PO4)1.025 electrodes, galvanostatically 
charged to 5V vs Li+/Li. Spectra were collected beginning at the edge of the particle in the 
direction of the yellow arrow from (b). Transmission Electron Microscopy Image of a 
representative Li1.025Co0.084Fe0.10Cr0.05Si0.01(PO4)1.025 particle 

 

When Li1.025Co0.84Fe0.10Cr0.05Si0.01(PO4)1.025 was fully oxidized, the O K-edge spectra 

collected at the surface (10 nm) of the particle were found to be very similar to the pristine 

material (Figure 8). More specifically, no O pre-edge features were observed at ~530 eV. 
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However, as the electron beam was rastered into the particle, significant changes were noticed. 

At just 20 nm into the particle, there was a significant rise of a broad peak in the O pre-edge 

region, from which we can infer transition metal oxidation has taken place. Because this peak 

uniquely arises from O 2p -Co 3d hybridization, these observations lend strong support to the 

conclusion that Co2+-O2- interactions existed at the surface of the charged electrodes, with mostly 

Co3+-O2-, formally, throughout the bulk. 

 

Figure 9. (a-f) Density Functional Theory calculations of the Density of States of Li1-xFeyCo1-

yPO4 (a) x = 0, y =0 (b) x = 1, y = 0 (c) x = 0, y = 0.25 (d) x = 1, y = 0.25 (e) x = 0, y = 0.5 (f) x 
= 1, y = 0.5. In (b), When y = 0, there is a large oxygen character in the partial density of states 
above the Fermi level of CoPO4, suggesting a greater participation in redox chemistry. This 
observation disappears upon Fe substitution, strongly suggesting ion substitution mitigates the 
role oxygen plays during delithiation. 

 

DFT calculations were carried out to further understand the origins of the improvement 

of the electrochemical properties of LiCoPO4 by ion substitution. The HSE06 version of the 

exchange correlation functional approximation was used to calculate the density states of LiCo1-

xFexPO4 (x=0, 0/25 and 0.5) and the completely delithiated counterparts. As shown in Figure 9 



there is a majority of oxygen character in the CoPO4 partial density of states above the Fermi 

level, indicating that when Li is removed from LiCoPO4, there is a stronger contribution to the 

oxidation reaction by oxygen states than Co. The resulting states show evidence of a strong 

hybridization between Co and O, consistent with the presence of a pre-edge peak in the O K-

edge spectra above. The weak contribution of Co is confirmed by a calculation of the magnetic 

moment at its corresponding site (as defined by choosing a radius around Co and integrating the 

charge density within it), which starts out as 2.78 3µB in LiCoPO4, corresponding to a Co2+ high 

spin state, and remains as such in CoPO4.  

As Fe is introduced in the structure, the states immediately below the Fermi level acquire 

a significant Fe character, consistent with the fact that Fe is oxidized first, as demonstrated above 

for LiFe0.25Co0.75PO4 and Li1.025Co0.84Fe0.10Cr0.05Si0.01(PO4)1.025. The degree of Fe-O 

hybridization, as indicated by the comparison of the respective density of states, that results from 

oxidation of these states is smaller than upon oxidation of Co-O states in CoPO4. At the other 

extreme in this group, Co significantly participates in the redox changes, through oxidation to 

formally Co3+, when Li is removed from LiCo0.5Fe0.5PO4. This redox change can be seen clearly 

in the small Co peak above the Fermi energy in Figure 9. This interpretation is again reinforced 

by the magnetic moment at the oxidized Co site, which becomes 3.92 µB corresponding to high 

spin Co3+ in the delithiated state (Co0.5Fe0.5PO4).  Some of the Co still remains in the initial state 

even in this highly Fe-doped compound. Consistently, the amount of “inactive” Co is even 

higher in the case of oxidized LiCo0.75Fe0.25PO4.  The decrease in the contribution of oxygen to 

the states at the same energies indicates that the balance of charge compensation shifts toward 

the transition metals as the amount of Fe is increased in LiFeyCo1-yPO4.  Therefore, we conclude 

that the addition of Fe not only gives rise to the highly reversible Fe2+/3+ redox couple, but 



stabilizes the Co2+/3+ couple.  Presumably, this outcome results from the interaction between the 

Co and Fe states that shifts the Co states upward in energy and above the oxygen states (Figure 

9), allowing electrons to be withdrawn from the transition metals.   This interaction can be seen 

clearly by the fact that both Co and Fe character are present in the DOS of the fully lithiated 

compound.  This indicates that, at least via the intermediate oxygen, the two transition metals 

interact with each other, having an effect on the energy states from which electrons are 

withdrawn. 

It is likely that the significant alteration of the partial density of states at O ions induced 

by delithiation in LiCoPO4 contributes to the instability of the charged state, which would be 

sensitive to O loss. This instability of the final chemical state is probably one of the factors 

behind the poor electrochemical properties of the unsubstituted compound. The modification of 

the mechanism of charge compensation with Fe content proposed from the analysis of the band 

structures implies the existence different degrees of participation of the O bands at similar levels 

of delithiation depending on the levels of Fe substitution. On one hand, this conclusion is is 

qualitatively consistent with by the spectroscopic measurements (Figures 3 to 6) because the 

level of O participation, through increased hybridization with Fe/Co, was similar in all materials, 

even though much less Li could be removed from LiCoPO4 than the Fe-substituted phases. On 

the other hand, this redox pathway is expected to result in more stable charged states than 

without Fe, reducing an energetic barrier against delithiation. Therefore, it provides one 

explanation to the substantial enhancement in electrode properties observed even at low levels of 

Fe substitution. 

 

Conclusions  



Electrochemical delithiation of LiCoPO4-based electrodes is enhanced by ion substitution 

of Co by Fe and other elements. The combination of substitution of Co by Fe, Cr and Si rendered 

a material capable of achieving a theoretical capacity in the first cycle, unlike LiCoPO4, while 

also operating at a higher potential than LiFe0.25Co0.75PO4. X-ray diffraction confirmed the 

incomplete delithiation of LiCoPO4 electrodes, in contrast to the complete reaction in 

Li1.025Co0.84Fe0.10Cr0.05Si0.01(PO4)1.025. This conclusion was supported by the higher levels of 

oxidation observed by XAS. In all cases, XAS and EELS also revealed that the surface of the 

charged electrodes appeared contain significantly higher Co2+ concentrations than the bulk, 

consistent with possible deleterious redox reactions with the electrolyte. High levels of O 

participation and, thus, hybridization with Co, were observed in LiCoPO4 using spectroscopy, 

even when formation of CoPO4 was not complete. Accordingly, DFT calculations showed a 

majority of oxygen character above the Fermi level in LiCoPO4. Such depletion of O presumably 

renders the material unstable, and, thus, difficult to achieve in the reaction. Fe substitution helps 

stabilize the formal Co2+/3+ redox couple, through increased relative contribution of the transition 

metal versus oxygen to states involved in the redox reaction. These experimental observations 

and accompanying calculations help confirm that ion substitution is a powerful approach to 

stabilize high voltage electrode materials in their charged, fully delithiated state. By better 

understanding how chemical substitution can affect the ability of the high voltage olivine 

framework to withstand lithium deintercalation, and assessing the role of electronic changes, 

knowledge was generated that leads to the design of new materials based on LiCoPO4, while also 

being generalizable to other high voltage systems of interest in the community.  
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