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Abstract

Herein we provide a fundamental study revealing the substantial changes promoted by manganese
and iron substitution for cobalt in high-voltage LiCoPO4 olivine cathode. Therefore, LiCoPOs,
LiCoo.9Feo.1PO4, LiCoo.6Fe0.4PO4, LiCoo.9Mno.1PO4 and LiCoo.sMno.4PO4 are synthesized by a sol-
gel pathway and comparatively investigated in terms of structure, morphology and electrochemical
features in lithium battery. Beside the observed effects on structure, particle size and metals
distribution, the work reveals a gradually enhancing electrode reaction by increasing the Fe content
in LiCoo9Feo.1PO4 and LiCoo ¢Feo4POs, with Co®"/Co?" and Fe**/Fe?" signatures at 4.8 and 3.5 V
vs. Li"/Li, respectively. On the other hand, the introduction of Mn leads to a progressive electrode
deactivation in LiCoo9Mno.1POs and LiCo0osMno4POs due to an intrinsic hindering of the

Mn**/Mn?* process at 4.1 V vs. Li"/Li. The reasons accounting for such an intriguing behavior are
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investigated in detail using electrochemical impedance spectroscopy within the potential range of
the redox processes. The study reveals that manganese and iron substitutions in the high-voltage
olivine have opposite effects on the charge transfer resistance, i.e., detrimental for the former while
beneficial for the latter with remarkable enhancement of the reversible capacity, the coulombic
efficiency, and the cycle life. Such results provide to the scientific community useful information
on possible strategies to enhance the emerging LiCoPO4 high voltage electrode by transition metal

substitution.
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Introduction

Lithium-ion batteries are electrochemical energy storage systems mostly employed in widespread
portable electronic devices, such as laptops, smartphones and tablets, as well as electric vehicles.!
Driven by the growing interest in sustainable mobility, a great deal of efforts is now devoted
towards the developments of high-energy batteries ensuring long-range electric cars (EVs) with
performances matching the ones of vehicles powered by internal combustion engines (ICEs). In
this respect, the formulation of advanced cathodes with higher voltage and capacity compared to
the state of the art may play a crucial role, and is therefore gaining the attention of the scientific
community.> Among the various positive electrodes investigated so far,> the LiCoPOs4 olivine has
intriguing electrochemical characteristics, namely a flat working voltage plateau as high as 4.8 V
vs. Li*/Li and a theoretical capacity of 167 mAh g ', that is, a value approaching those of high-

performance LiNig.80Co0.15A10.0502 (NCA) and LiNio33C00.33Mno 3302 (NCM) materials operating



at3.7 V vs. Li"/Li,>® thereby leading to a theoretical energy density of about 800 Wh kg '.” Despite
such promising properties, several major issues affecting the actual performances of LiCoPOys in
lab-scale lithium cells have not yet been addressed, thus hindering a possible application.® In
particular, LiCoPO4 exhibits fast capacity fading,”!! large irreversible capacity,!? intrinsic
sluggish kinetics of the Li* insertion process limiting the practical capacity and the rate capability,®
and undesired parasitic reactions in the cell.!*!* Extensive researches have been focusing on

15-19 and

various strategies to enhance the electrochemical behavior, including carbon-coating
metal doping/substitution,?’2? based on the remarkable achievement obtained for the LiFePO4
olivine since its first report in the late nineties.>>** Indeed, the characteristic atom arrangement of
the olivine-type framework, in which the transition metal and Li occupy 4c and 4a octahedral sites
while P is in tetrahedral coordination, leads to a poor electronic conductivity due to low electron
delocalization and allows a one-dimensional Li" migration within the [010] channels by nonlinear
path.?>?6 Therefore, the electron and Li* transport properties are strongly affected by crystal lattice
ordering, morphology, and the presence of electronically conductive additives, thus requiring
suitable synthesis routes to ensure the proper electrochemical process in lithium cells.®*%
Moreover, the introduction within Co-based phospho-olivines of the Fe**/Fe*" and Mn**/Mn?*
redox centers reacting at about 3.5 and 4.1 V vs. Li*/Li (LiCo1-xMPO4 with M = Fe, Mn) has been
explored as a viable approach to improve the performances in terms of Li" exchange ability and
capacity retention.’*° Promising results have shown that the incorporation of Fe** and Fe** may
affect the concentration of punctual defects in the lattice, such as lithium vacancies and anti-site

3738 widen the Li* transport channels,*® and stabilize

mixing between the 4a and 4¢ octahedral sites,
the Co*>*/Co?" couple,*® while the presence of Mn?" may decrease the particle size and stabilize the

electrode surface.’!



Despite of the several papers reported so far on LiCo;-xM,PO4 materials (M = Fe, Mn),**
3341 most of the work has been focusing on the investigation of the effects of one transition metal,
i.e., either manganese or iron. Moreover, the literature results refer to different compounds
prepared by various approaches, such as solid-state,>* solvothermal®'** and sol-gel,*® and tested in
diverse conditions. Thus, a comparative evaluation based on the existing literature may be strongly
affected by the experimental protocols. Both the Fe and Mn-substituted LiCoPO4 have shown
enhanced capacity and cycling stability compared to the pristine compound,*®3!33364! eyen though
the poor behavior of phospho-olivine cathodes with high manganese ratio has been evidenced in
many works.*> On the other hand, a recent report on the mixed LiFeo25Mng sC00.25POs olivine has
shown intrinsic hindering of the Mn®*/Mn?" process with respect to the Co®*/Co?" and Fe**/Fe?*
ones, thereby suggesting that the electrochemical activity is affected by local effects on the redox
center besides bulk properties such as the ionic and electronic conductivities.* Therefore, a
comparative study of pristine LiCoPO4 and phospho-olivine cathodes containing Mn and Fe at
various degrees of substitution is strongly required to fully elucidate the intrinsic characteristics of
the Co>*/Co**, Mn**/Mn?" and Fe**/Fe?" couples. Such an investigation should be carried out by
examining materials with similar microstructural features, since structure and morphology may
remarkably affect the electrochemical performances.?’ In this regard, the development of a
synthesis route for preparing LiMPOs4 compounds suitable for a wide stoichiometry range is
crucial. Among the numerous synthetic strategies hitherto proposed,® the simple sol-gel pathway
is a versatile approach which allows a fine tuning of morphology and particle size, that is, critical
properties to ensure fast Li* (de)insertion.**

Following this trend, our work sheds further light on important effects of iron and

manganese through the comparative investigation of several olivine samples prepared by the sol-



gel approach and tested within the same conditions. In particular, we study herein Co-based
phospho-olivine materials with increasing concentration of Mn and Fe and evaluate their
structural, morphological and Li"-exchange properties. Therefore, we originally reveal the intrinsic
behavior of the metals within the olivine framework in determining the electrode kinetics at
various potential vs. Li'/Li by means of a detailed electrochemical impedance spectroscopy study.
The investigation is carried out by using X-ray diffraction (XRD), electron microscopies, and
electrochemical techniques and involves pristine LiCoPQO4, LiCo1-MnPOs4, and LiCoi—Fe,POs,

where x 1s 0.1 and 0.4.

Experimental Section

LiCo1-«M,PO4 materials with M = Fe, Mn and x = 0, 0.1, 0.4 were prepared by a sol-gel route.**-
46 Lithium dihydrogen phosphate (LiH2PO4, 99%, Sigma-Aldrich) was dissolved in 10 ml of water
(solution A), while the transition metal acetates (i.e., cobalt(Il) acetate tetrahydrate, Co(CO2CH3)>
- 4H,0, >98.0%; manganese (II) acetate tetrahydrate, Mn(CO>CH3)> - 4H>0, >99.0%; iron(II)
acetate, Fe(CO2CHz3)2, 299.99%, Sigma-Aldrich) and citric acid (=99.5%, Sigma-Aldrich) were
dissolved in 20 ml of water (solution B). Solution A was dropwise added to solution B in order to
obtain an aqueous solution containing Li, (Co + M), and citric acid in the molar ratio of 1:1:1,
respectively (solution C). Solution C was held at about 60 °C in a silicon oil (Sigma-Aldrich) bath
under stirring through a hot plate until formation of a gel (about 12 h). The gel was dried for 12 h
at 120 °C under a dry air flow, and then heated at 350 °C with a rate of 2 °C min !, held at 350 °C
for 3 h and naturally cooled to room temperature under an argon flow. The precursor so obtained
was ground in an agate mortar, heated at 600 °C with a rate of 2 °C min ™!, held at 600 °C for 10

h, heated at 700 °C at 5 °C min "', held at 700 °C for 3 h and naturally cooled to room temperature



under an argon flow. Afterwards, the precursor was ground in an agate mortar and heated at 850
°C with a rate of 5 °C min!, held at 850 °C for 3 h and naturally cooled to room temperature under
an argon flow. Stoichiometric ratios between the reagents were suitable to obtain LiCoPOs,
LiCo0.9Mny.1PO4, LiC00.sMng 4POs, LiCoo.9Fe.1PO4, and LiCoosFeo.4POs. A further thermal step
under an argon flow was performed for the Mn- and Fe-substituted materials in order to get an
olivine phases with negligible amount of impurity. Such treatment was carried out by heating the
powders from room temperature to 850 °C at 5 °C min !, holding them at 850°C for 5 h, and
cooling naturally down to room temperature. All the thermal steps were carried out in a tubular
furnace (GHA 12/300, Carbolite). The materials had a carbon content lower than 5 wt.%.

X-ray diffraction (XRD) patterns of the olivine powders spread on a glass sample holder
were collected through a Bruker D8 Advance instrument using a Cu Ka source and a graphite
monochromator of the diffracted beam, by performing scans in the 20 range from 10 to 90° at a
rate of 10 s step ! with a step size of 0.02°. Rietveld refinement of the patterns was carried out
through the MAUD software,*’ by using the reference parameters of the LiCoPOs olivine (Pnma
space group, N. 62, ICSD 291401).*® The atom occupancies have been fixed to the stoichiometric
values, confirmed by energy dispersive X-ray spectroscopy (EDS, see below), and the atomic
displacement parameters have been forced to have the same value for Co, Fe, Mn, Li and for the
PO3™ atoms. The weighted-profile (Rwp%) and goodness-of-fit (o) values were < 15 and < 2.0,
respectively, for all the samples (see Table 1). Sample morphology was inspected by scanning and
transmission electron microscopies (SEM and TEM, respectively) through a Zeiss EVO 40
microscope using and a Zeiss EM 910 microscope using LaBe thermionic and tungsten thermionic
sources operating at 100 kV, respectively. Sample stoichiometry was confirmed by the EDS

analyzer of the former microscope (X-ACT Cambridge Instrument).



Electrodes were prepared by doctor-blade coating on aluminum foils (thickness of 15 um,
MTI Corporation). The electrode slurries were made by mixing the active material,
poly(vinylidene fluoride) (PVDF 6020 Solef Solvay), and Super P carbon (Timcal) in the 8:1:1
weight ratio, respectively, in N-methyl-pyrrolidone (Sigma-Aldrich) through an agate mortar. The
electrode foils were dried for about 3 h on a hot plate at 70 °C, cut into the form of disks with
diameter of 10 mm, and dried overnight at 110 °C under vacuum. The active material loading
ranged from 3.6 to 4.1 mg cm 2. A further LiCoo¢Feo4POs electrode was prepared as above
described by using a carbon-cloth current collector (ELAT1400, MTI Corporation) instead of
aluminum and cut into the form of a disk with diameter of 14 mm. The electrode using the carbon-
cloth support had a LiCoo¢Feo4PO4 loading of 7.3 mg cm 2. Two-electrode and three-electrode,
Swagelok-type cells® were assembled in an Ar-filled glovebox (MBraun, O, and H>O contents
lower than 1 ppm) by using the composite electrode as the cathode, lithium-metal disks with
diameter of 10 mm as the anode and reference (only for three-electrode cells) electrodes, and a
Whatman GF/D as the separator. The cell housing was filled with a 1 M solution of LiPF¢ in
ethylene carbonate/dimethyl carbonate (EC:DMC 1:1 by volume, battery grade) before sealing the
cell inside the glovebox. A 2032 coin-cell (MTI Corporation) was assembled in an Ar-filled
glovebox (MBraun, O; and H>O contents lower than 1 ppm) by using the LiCoo.sFeo.4PO4 electrode
on the carbon-cloth substrate, a Gelgard 2400 separator soaked by a 1 M solution of LiPFs in
ethylene carbonate/dimethyl carbonate (EC:DMC 1:1 by volume, battery grade), and a lithium-
metal disk with diameter of 14 mm.

Cyclic voltammetry was carried out on three-electrode cells through a VersaSTAT MC
Princeton Applied Research (PAR, AMETEK) potentiostat by performing scans at 0.1 mV s

within the potential ranging from 3.0 to 5.1 V vs. Li"/Li for LiCoPOs, LiC0¢9Mno PO4, and



LiCo00.6Mno 4PO4 and from 2.0 to 5.1 V vs. Li*/Li for LiCoo.9Feo.1PO4 and LiCog ¢Feo 4POs. Cycling
tests were carried out on two-electrode cells by charging with a constant current-constant voltage
(CC-CV) procedure and discharging at CC through a Maccor Series 4000 battery test system. A
constant current of C/10 (1C = 170 mA g ') and a CV step at 5.1 V with a current limit of C/30
were used. The cells employing LiCoPO4, LiCo09Mno.1PO4, and LiCoosMno4PO4 were cycled
within the voltage ranging from 3.0 to 5.1 V, while those using LiCoooFeo1POs and
LiCoo.sFeo.4POs were cycled within the voltage ranging from 2.0 to 5.1 V. Specific capacity and
current rate were calculated by assuming a LiCo1-xMxPO4 content in the electrodes of 80 wt.%.
Electrochemical impedance spectroscopy (EIS) measurements were carried out on three-electrode
cells at several states of charge obtained by means of the CC-CV cycling procedure above
described. EIS was performed by applying to the cell an alternate voltage signal having an
amplitude of 10 mV and frequency decreasing from 500 kHz to 20 mHz. The CC-CV-EIS
experiments were carried out through a VersaSTAT MC Princeton Applied Research (PAR,
AMETEK) multichannel potentiostat. The impedance datasets were analyzed by a nonlinear least
squares (NLLS) procedure through the Boukamp package.*’ All the electrochemical measurements

were performed at 25 °C.

Results and Discussion

Crystal structure is determined by powder diffraction and by Rietveld refinement of the
corresponding diffractograms. The XRD patterns of Fig. 1 confirm the single-phase olivine
structure (Pnma space group, table N. 62) for all the materials and suggest absence of whether
significant impurities or nucleation of pristine LiCoPOs, LiMnPOys, and LiFePOs in the metal-

substituted compounds. Rietveld refinement reveals the lattice characteristics, which are affected



by the sample stoichiometry. Indeed, the results in terms of unit cell parameters and volume (Table
1) show a gradual expansion due to substitution of Fe for Co in LiCoooFeo.1PO4 and
LiCoo6Feo4POs4 in agreement with the Vegard’s relation and with literature reports,** although a
concurrent decrease of the ¢ distance indicates a slight distortion of the cell. It is worth mentioning
that similar anisotropic cell expansion in LiCo1-Fe:PO4 solid solutions has been already observed

and partly attributed to an increase of the M — O distance by raising the Fe/(Fe+Co) ratio.’®>’

Sample a/A b/A c/A V/A3 GOF (6) Rwp%

LiCoPOs4 10.2062(7)  5.9274(4) 4.7031(4)  284.52(6) 1.8 13
LiCoooMng POs 10.2294(3) 5.9436(2) 4.7056(2)  286.10(3) 1.8 14
LiCoosMno4POs 10.2035(4) 5.9257(2) 4.7018(2) 284.28(3) 2.0 15
LiCoooFeo1POs  10.2141(2) 5.9315(1) 4.6998(1)  284.74(2) 1.6 14
LiCoo6Fe04POs  10.2506(3) 5.9569(1)  4.6979(1)  286.86(2) 1.9 15

Table 1. Results of Rietveld refinement in terms of lattice parameters, unit cell volume, good-of-

fit parameter (GOF), and weighted-profile R factor (Rwp%). Pnma space group, N. 62.

On the other hand, the Mn-substitution leads to the expected increase of all the lattice
parameters in LiCoo.oMno.1PO4, while the LiCoo.¢Mno 4PO4 sample is characterized by a shrinkage
of the crystal with respect to the pristine LiCoPO4 which cannot be explained by a change of the
ionic radius of M?" in the octahedral coordination.’® Such a contraction might be associated with
a drop of punctual lattice defects, such as the mixing between lithium and transition metal ions
occupying the octahedral 4a and 4c sites, respectively, which is typically promoted by high-
temperature annealing.>>~!-> In this respect, it is noteworthy that the metal-substituted compounds

have been prepared by performing a further thermal treatment with respect to pristine LiCoPO4 in



order to get a pure olivine phase, as revealed by the XRD patterns of Fig. S1 of the Supporting
Information. The figure shows minor impurities in the powders after the annealing for 3 h at 850
°C, which are not observed in pristine LiCoPOs. However, an additional heating at 850 °C for 5 h
leads to a significant improvement of the sample purity, thereby suggesting that the stoichiometry
may affect the kinetics of the phase formation (see the Experimental Section for further details

about the synthesis recipe).
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Figure 1. Rietveld refinement of the XRD patterns (Pnma space group, N. 62) of (a) LiCoPOs,
(b) LiC00.9Mno.1PO4, (¢) LiC00.sMng 4PO4, (d) LiCoooFeo.1PO4, and (e) LiCoo.sFeo4PO4. In detail:

experimental (black dots) and calculated (red line) patterns, difference profile (blue line).

Crystal lattice ordering and presence of anti-site defects between transition metal and
lithium may play a crucial role for ensuring fast Li" transport within the [010] channels of phospho-
olivine cathodes.’! However, it is worth mentioning that post-synthesis heat treatments typically
cause an increase of the crystallite size,® which has an adverse effect on the Li*-exchange ability
of olivine compounds,*? although they may actually decrease the concentration of punctual defects
in the ionic framework, as already mentioned.***!*> Therefore, a suitable compromise in terms of
synthesis conditions is required to limit an excessive particle growth, leading to an increase of the
Li" and electron path lengths, and mitigate the presence of anti-site cation mixing which may
hinder the one-dimensional (de)lithiation in LiCo1-M,PO4 materials (M = Fe, Mn and 0 < x <
1).!23% Furthermore, nanometric particle size may promote undesired electrolyte decomposition at
high voltage vs. Li*/Li,%*° thus causing a gradual increase of the electrode/electrolyte interphase
resistance during cycling,’® and decrease the electrode tap density with negative effects on the
volumetric energy densities.

The morphological features of the materials have been herein investigated by SEM and
TEM. Fig. 2, showing the related micrographs as well as the EDS maps, reveals that the samples
are formed by micrometric aggregates of particles ranging from few hundreds of nanometers to
several microns and suggests homogenous distribution of the various elements, in agreement with
the single olivine phase observed by XRD. Elemental analyses by EDS confirm the stoichiometry
for all the materials. Furthermore, the primary particles of all samples have a prismatic-like shape

with smoothed edges, as already reported for similar phospho-olivine powders.>’ Therefore, the
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results of XRD and electron microscopies as well as the above reported considerations suggest a
suitable combination of structural and morphological characteristics for electrochemical Li*

(de)insertion in lithium cell.

Figure 2. Electron microscopy analyses of (a-d) LiCoPOs, (e-h) LiCoo9oMng.1POs4, (i-1)
LiCo00.6Mng 4PO4, (m-p) LiCoo.9Feo.1PO4, and (q-t) LiCoosFeo4PO4. In detail: (a-b, e-f, i-j, m-n,
q-r) SEM images at two different magnifications; (¢, g, k, 0, s) SEM-EDS elemental maps of O,

Co, P, Mn, and Fe; (d, h .1, p, t) TEM images.
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Accordingly, the cyclic voltammetry responses shown in Fig. 3 reveal the electrochemical
signatures of the Co>"/Co*" and Fe*"/Fe?* redox couples in the olivine framework, while suggest
negligible activity due to the Mn*>"/Mn*" process. In detail, the first cycle of LiCoPOs (Fig. 3a) is
characterized by two peaks at about 4.9 and 5.0 V vs. Li'/Li during charge, as well as a shoulder
followed by a strong peak at about 4.7 vs. Li"/Li during discharge, attributed to the reversible, two-
step, biphasic exchange of Li" in the olivine lattice with formation of Li»3CoPOs and CoPOs by
increasing the potential and restore of LiCoPO4 by lowering back the potential.***° The second
and third cycles show a decrease of polarization during both the oxidation and the reduction scans,
with formation of Liz3CoPOs and CoPO4 occurring at about 4.8 and 4.9 V vs. Li'/Li and the
reversed processes centered at about 4.7 V vs. Li'/Li (see Fig. 3a). Such a peak shift suggests a
favorable electrode/electrolyte interphase upon cycling.

The voltammetry of LiCoo.9Mno.1PO4 (Fig. 3b) is characterized by a shoulder at about 4.8
V vs. Li'/Li and a peak at 5.0 V vs. Li'/Li during the first charge, which are reflected into a first-
discharge peak at 4.6 V vs. Li*/Li. The subsequent cycles show lower current values compared to
the first one, with charge and discharge mostly occurring at 4.9 and 4.6 V vs. Li*/Li, respectively.
The CV peaks observed for LiCoo9Mno.1PO4 are reasonably attributed to the electrochemical
activity of the Co®>*/Co?" redox couple* as well as to electrolyte decomposition at high potential,®
without relevant signature in the potential region expected for the Mn**/Mn?" couple in the
phospho-olivine framework, that is, around 4.1 V vs. Li"/Li.** The increase of the Mn/(Mn+Co)
ratio in LiCoosMno4PO4 adversely affects the electrochemical response of the electrode, leading
to significantly lower current values upon both charge and discharge compared to
LiCo0.9Mno.1PO4, and noisy profiles. Thus, the first cycle is characterized by an oxidation peak at

4.9 V vs. Li'/Li, similarly to LiCoo9Mno POs, while the subsequent scans reveal a reduction
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centered at 4.6 V vs. Li'/Li and oxidation occurring through a broad current wave between 4.6 and
5.1 V vs. Li"/Li. Therefore, the Mn**/Mn?" couple in LiCoi--Mn,PO4 compounds apparently has
much slower kinetics compared to the Co®*/Co?" one, and hinders the electrochemical activity of
the material. The widely-observed poor behavior of Mn-containing phospho-olivines*> may be
attributed in part to the low electronic conductivity?' and Li" diffusion coefficient’” within the
homogenous olivine framework, and in part to the Jahn-Teller distortion around Mn** hindering
the oxidation of Mn?* ®! as already observed in literature for LiCo;-,—,Mn,Fe,PO4 materials.*
The lattice distortion of the Mn**Os octahedra in Mni—M,PO4 (where M is a transition
metal) has been widely described by means of X-ray/neutron diffraction, X-ray absorption
spectroscopy (XAS) and density functional theory (DFT), and associated with the sluggish kinetics
of Mn-based phospho-olivines at low x values.®*%* In detail, a significant increase of the Mn>"—
03’ distance as well as a shrinkage of the Mn*>*—03 bond, both along the equatorial plane of the
Mn**Og octahedra, occurs together with a slight shortening of the distance between Mn** and the
axial oxygen atoms (O1 and O2; see Fig. S2 in the Supporting Information).>%* This geometrical
change differs from a strict Jahn-Teller deformation, where the axial bonds stretch and the
equatorial bonds shrink, and is therefore called pseudo Jahn-Teller distortion.®* The Jahn-Teller
effect accounts for (i) a high formation energy for the hole-polaron Li‘-vacancy complex as well

as a high activation energy for its migration,%-%

and (i1) a mismatch at the interphase between the
lithiated and delithiated lattices,®” thereby hindering the electrochemical reaction in the cell. Our
results on LiCoi--Mn,POs4 (x = 0.1, 0.4) are in agreement with these observations, although
literature works suggested suitable electrode behavior for x < 0.8.3%3!

The first voltammetry cycle of LiCoo.oFeo.1POs (Fig. 3d) is characterized by peaks at 5.0 V

vs. Li"/Li during charge and at 4.6 V vs. Li"/Li during discharge, both attributed to the
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electrochemical processes of the Co>*/Co*" redox centers.* The subsequent cycles show a shoulder
at 4.8 V vs. Li'/Li and a peak at 4.9 V vs. Li'/Li during charge, which suggest again a two-step

biphasic process® ¢

occurring with lower polarization compared to the first cycle due to the above
mentioned formation of favorable electrode/electrolyte interphase, as well as a peak at 4.7 V vs.
Li"/Li during discharge. Analogously to LiCoPOs, the presence of two signals around 4.8 V vs.
Li'/Li in the CV curves of LiCoooFeo.1PO4 suggests a different (de)lithiation pathway compared
to LiMnPO4 and LiFePOs, which has been demonstrated in literature for Co-based olivines by
coupling electrochemical and in situ XRD measurements.’®® Similar behavior has been indeed
observed in LiCo;Fe,PO4 materials with low substitution degree (x < 0.5),%° although further
work is certainly needed to characterize the phase diagram of cobalt-containing olivines at several
compositions in terms of lithium-exchange degree and iron content. It is worth noting that the
LiCoo.9Feo.1POs compound herein studied does not exhibit the electrochemical signal of Fe**/Fe*
at about 3.5 V vs. Li*/Li,>> which is in agreement with previous reports.?2333840.68 On the other
hand, the increase of the Fe/(Fe+Co) ratio in LiCoosFe04POy4 is reflected in the two detectable
signatures of the Fe**/Fe?*" and Co*"/Co*" redox couples, occurring at about 3.5%° and 4.8* V vs.
Li"/Li, respectively (see Fig. 3¢). Indeed, the first cycle shows two oxidation peaks at about 3.6
and 5.0 V vs. Li"/Li, reversed into reduction peaks at about 3.4 and 4.7 V vs. Li*/Li. The subsequent
scans reveal a shift of the oxidation process of Co?" to Co>" to about 4.8 V vs. Li*/Li due to the

improvement of the electrode/electrolyte interphase, while the other peaks occur without

significant changes compared to the first scan.
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Figure 3. Cyclic voltammetry of (a) LiCoPOs, (b) LiC00.9Mng.1PO4, (¢) LiCoosMno4PO4, (d)
LiCoo.9Feo.1POs, and (e) LiCoo.sFeo.4POs in three-electrode cells using lithium-metal counter and

reference electrodes at a scan rate of 0.1 mV s

within potential ranges of 3.0 — 5.1 V vs. Li'/Li
(for LiCoPOQs, LiCo009MngPOs and LiCoosMng4POs) and 2.0 — 5.1 V wvs. Li'/Li (for
LiCoooFeo.1POs and LiCooeFeo4POs). Electrolyte: 1M LiPFs in EC:DMC 1:1 by volume.

Temperature: 25 °C.

In summary, the different characteristics of Co®*/Co*", Mn*"/Mn*", and Fe*"/Fe*" redox

8,24,42 -

centers, intrinsic bulk properties such as the electronic conductivity?! and the Li* transport
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properties,?’ the local Jahn-Teller distortion around Mn*3,°! as well as material characteristics
depending on the synthesis conditions, e.g., crystal features and morphology,®*° may account for
the worst performances in lithium cell of LiC00.oMno.1PO4 and LiCo0o.6Mno4POs, and the better
behavior of LiCoooFeo1POs and LiCoosFeo4POs4 compared to LiCoPOs. In addition, the
substitutions of manganese and iron for cobalt lead to a slight shift of the Co®*/Co?" potential
towards lower values due to a decrease of the ionic character of the Co—O bond.” These
observations are well confirmed by Fig. 4 which shows the galvanostatic response of the electrodes
at C/10 (1C = 170 mAh g!) in terms of voltage profiles (panels a-¢) and cycling behavior (panels
f-j). Thus, the first charge of LiCoPO4 evolves through two subsequent plateaus at 4.8 and 4.9 V
leading to a capacity of 161 mAh g ! after the CV step (see Fig. 4a and the Experimental Section
for details about the testing protocol), while the subsequent discharge reveals a flat plateau
centered at 4.7 V and a reversible capacity of 94 mAh g! (i.e., about 55% of the theoretical
capacity). The large irreversible capacity upon the first cycle leading to a coulombic efficiency as
low as 58% might be reasonably related to the high working voltage of LiCoPOs, which
approaches the oxidation potential of the conventional electrolyte solutions,® as well as to possible
electrical insulation of the de-lithiated CoPO4. The subsequent cycles are characterized by similar
voltage profiles (see Fig. 4a); however, the reversible capacity gradually decreases to 47 mAh g !
after 20 cycles, while the columbic efficiency increases to values ranging from 82 and 86% (see
Fig. 41). The fast capacity fading and the low coulombic efficiency of LiCoPO4 cathodes, as well
as remarkable self-discharge, are currently among the main issues hindering a possible

3

application,®!® although they have been partially addressed by carbon coating and metal

doping/substitution.'> 22
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The worsening of the electrochemical performances owing to the Mn substitution, revealed
by panels b-c and g-h of Fig. 4, consists with the voltammetry results of Fig. 3. Indeed,
LiCo09Mny.1PO4 exhibits voltage plateaus at about 4.8 and 4.7 V during charge and discharge,
respectively, as well as a large inefficiency of the first cycle which significantly decreases in the
following cycles along with a slight drop of cell polarization (see Fig. 4b). The material delivers
an initial reversible capacity of 80 mAh g ! which gradually falls to 33 mAh g ! after 20 cycles,
as shown in Fig. 4g. The LiCo0.sMno.4PO4 electrode is characterized by an even poorer behavior
with respect to LiCoo.sMno4POs, both in terms of reversible capacity and coulombic efficiency,
due to the above discussed adverse effect of the Mn substitution (see panels ¢ and h of Fig. 4).
Moreover, the voltage curves of Fig. 4c exhibit an inflection at about 4.1 V during discharge
possibly ascribed to a minor electrochemical activity of the Mn**/Mn?* couple*?, which was not
clearly detected by cyclic voltammetry. On the other hand, the Fe substitution demonstrates a
beneficial effect on the cell performance, as indicated by panels d-e and i-j of Fig. 4.
LiCoo9Feo.1PO4 delivers an initial capacity of 107 mAh g ! through flat plateaus at 4.9 and 4.7 V
during charge and discharge, respectively, and exhibits an inflection point around 3.5 V during
discharge due to minor reaction of Fe*" (see Fig. 4d). The capacity retention of LiCoooFeo1PO4
after 20 cycles slightly improves with respect to LiCoPO4, namely, from 50% to 64%, and the

coulombic efficiency after the first cycle ranges between 79 and 87%.
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Figure 4. Cycling responses of (a, f) LiCoPOs4, (b, g) LiC009Mno.1PO4, (¢, h) LiCoosMno.4POs4,
(d, i) LiCop9Feo.1PO4, and (e, j) LiCoo.cFeo4PO4 in two-electrode lithium cells in terms of (a-e)
voltage profiles of the first 3 cycles and (f-j) discharge capacity trend with coulombic efficiency
(right y-axis). Cells cycled through a constant current (CC) of C/10 (1C = 170 mA g ') with a
constant voltage (CV) step at 5.1 V during charge and a current limit of C/30. Electrolyte: 1M

LiPF¢ in EC:DMC 1:1 by volume. Temperature: 25 °C.

The LiCoo cFeo4PO4 electrode exchanges Li' ions by two voltage plateaus reported in Fig.
4e, attributed to the Fe*/Fe?" and Co*'/Co*" couples occurring at about 3.5 V and 4.8 V,
respectively, which are in full agreement with the CV results (compare Fig. 4e and Fig. 3e).
Furthermore, the material reveals a significant improvement of the reversible capacity and the
cycling behavior with respect to the other electrodes discussed above. Indeed, LiCoo.sFeo4POs

initially delivers a specific capacity as high as 120 mAh g !, with a retention of about 80% after
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20 cycles, and coulombic efficiency ranging within 87 and 90% after the first cycle (see Fig. 4j).
Interestingly, the large inefficiency during the first cycle involves both the low and the high voltage
plateaus, as clearly indicated by panel e of Fig. 4, thereby confirming possible effects of the
insulation of the delithiated compound in addition to electrolyte decomposition at about 5 V.

The Nyquist plots of EIS measurements reported in Fig. 5 reveal the evolution of the
electrode/electrolyte interphase during the first cycle in three-electrode cells. Impedance spectra
have been recorded at several states of charge, as indicated in panels a-e of Fig. S3 in the
Supporting Information, and analyzed by a NLLS method,*” which suggested different electrode
characteristics at various potential values. Such a study has allowed us to identify equivalent
circuits composed of resistance and pseudo-capacitance elements arranged as reported in Table 2
and in Fig. S3f inset of the Supporting Information, which simulate the cell behavior with a high
confidence level for most spectra, as shown by the y* values of Table 2 as well as by a good
correspondence between the experimental and simulated Nyquist plots (Fig. 5). Even though
several phenomena occurring in the cell as a result of the applied voltage signal may account for
the observed response and affect the charge transport kinetics,’® we may clearly distinguish two
major interphase resistance components based on the NLLS analysis. Thus, EIS suggests a high-
frequency resistance attributed to the electrolyte (Re), middle-high-frequency pseudo-capacitance
and resistance arranged in parallel (Q; and R;, respectively) ascribed to the film formed over the
electrode surface, middle-low-frequency pseudo-capacitance and resistance arranged in parallel
(Qai and Re, respectively) reflecting the double layer and the charge transfer, as well as a low
frequency pseudo-capacitance associated either with the Warburg-type Li* diffusion or with the
cell capacitance, depending on the state of charge® (a more detailed explanation of the equivalent

circuits is provided in the Supporting Information, discussion of Fig. S3).
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Figure 5. Nyquist plots of EIS measurements at various states of charge with NLLS analysis* for
LiCoPO4, LiCo009Mno.1PO4, LiCo00.6Mng4POs, LiCogoFeo.1POs, and LiCooesFeo4POs in three-
electrode cells using lithium-metal counter and reference electrodes. The cells have been cycled
through a constant current (CC) of C/10 (1C = 170 mA g ') with a constant voltage (CV) step at
5.1 V during charge and a current limit of C/30. The state of charge is indicated in each panel as
the potential vs. Li'/Li obtained by cycling. Electrolyte: 1M LiPFs in EC:DMC 1:1 by volume.
See the related results of NLLS analysis in terms of equivalent circuit, %%, resistance of the
passivation film (Ry;), and charge transfer resistance (R.) in Table 2 as well as the related voltage
profiles of the cycling measurements, equivalent circuit representation and R trend in Fig. S3 of

the Supporting Information. Temperature: 25 °C.
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The Nyquist plots of Fig. 5 show comparable EIS behavior for the electrodes at the various
states of charge, namely (i) a blocking-electrode cell response at the OCV, charged and discharged
conditions, characterized by high-middle-frequency semicircles and an almost vertical line at low-
frequency, and (ii) a response reflecting the low-middle-frequency charge transfer (additional
semicircle) and the low-frequency Warburg diffusion at potential values corresponding to the
plateaus of Fig. S3a-¢.%

Table 2 reports the results of the NLLS analysis in terms film and charge transfer
resistances at various states of charge. A plot of the latter resistance for all the materials by
changing the cell condition is also shown in panel f of Fig. S3 in the Supporting Information. The
solid electrode interphase (SEI) film resistance is comparable for all the materials and exhibits
slight changes at various states of charge reflecting the expected evolution upon the
electrochemical process (see Table 1).”' On the other hand, the charge transfer resistance is
strongly related to both state of charge and material. In particular, the interphase of
LiCo0.sMno4POy4 is characterized by a high charge transfer resistance (of the order of 1 k), in
agreement with the poor behavior, while much lower values are observed for LiCoo.¢Feo4POs,
exhibiting the highest reversible capacity by cycling (see Fig. 4). The charge transfer resistance of
LiCoPO4 and LiCoo9Feo.1PO4 are consistent with the cycling response too, revealing a slight
improvement for the latter material, while the relatively low values of LiCo0o9Mno.1PO4 partially
contradicts the poor performance observed by cycling, thus possibly suggesting an electrochemical
process hindered by intrinsic limits associated with the structure and the metals ratio in the latter
material, rather than by the interphase characteristics. Furthermore, it is worth mentioning that the
actual cell behavior during the galvanostatic measurement (Fig. 4) takes into account the average

resistance throughout the whole charge and discharge processes.
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LiCoPO, SoC Eq. Circuit 1 Ryi () R (Q)
OCV (3.12 V) R(RQ)Q 35104 443009
Ch. (4.83 V) R(RQ)(RQ)(RQ) 2x 104 45+2 830 + 50
Ch. (5.1 V) R(RQ)(RQ)(RQ) 7%10° 2142
Disch. (4.74 V) R(RQ)(RQ)(RQ) 7% 107 25+ 1 520 +30
Disch. (2.98 V) R(RQ)(RQ)(RQ)Q 7% 107 50+ 8
Disch. (2.00 V) RRQ)RQRQ)Q  4x10*  60+10
LiCo09.sMn POy SoC Eq. Circuit 1 Ryi (Q) R (Q)
OCV (3.12 V) R(RQ)(RQ)Q 2x10°% 404
Ch. (4.73 V) R(RQ)(RQ)(RQ) 6x10° 36+2 260 +20
Ch. (5.10 V) R(RQ)(RQ)Q 1x10%  22+10
Disch. (4.67 V) R(RQ)(RQ)(RQ) 7%10° 3441 210+ 10
Disch. (4.49 V) R(RQ)(RQ)Q 1 %107 63+2
Disch. (2.00 V) R(RQ)(RQ)(RQ)Q 2x10% 7010
LiCo0sMny4PO; SoC Eq. Circuit 7 Ry (Q) R (Q)
OCV (3.13 V) R(RQ)Q 45104 428023
Ch. (4.76 V) R(RQ)(RQ)(RQ) 3x10%  40+10 1100 =100
Ch. (5.1 V) RRQ)IRQ)RQ)RQ)  4x10° 3020
Disch. 4.16 V)  RRQ)RQ)RQ)RQ)  3x10°5  30+20 970 + 40
Disch. 2.97V)  R(RQ)RQ)RQ)RQ) 7x 107 2343
Disch. (1.96 V) R(RQ)(RQ)(RQ) 9% 107 2943
LiCoo.9Feo. POy SoC Eq. Circuit 1 Ryi (Q) R (Q)
OCV (339 V) R(RQ)(RQ)(RQ)Q 3x104 3+1
Ch. (4.79 V) R(RQ)(RQ) 4x10%  36.6+03  740=40
Ch. (5.10 V) R(RQ)Q 2x10% 394402
Disch. (4.73 V) R(RQ)(RQ) 2% 104 45.6+04 450 +40
Disch. (3.00 V) R(RQ)(RQ)(RQ)Q 1 %107 3942
Disch. (1.99 V) R(RQ)(RQ)(RQ)Q 1x10%  49+1
LiCoo.¢FeosPOy SoC Eq. Circuit 1 Ryi (Q) R (Q)
OCV (3.10 V) R(RQ)Q 3104 272402
Ch. (3.56 V) R(RQ)(RQ)(RQ)Q 3x10°5 278408 2846
Ch. (5.11 V) R(RQ)(RQ)(RQ)Q 5x10°  258=09
Disch. (4.72 V) R(RQ)(RQ)(RQ) §x10°  31.0+08 24147
Disch. (3.41 V) R(RQ)(RQ)(RQ) 5% 107 66+ 1 430 +30
Disch. (1.99 V) R(RQ)(RQ)(RQ)Q 2% 10 7342
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Table 2. Results of NLLS analysis of EIS data for LiCoPOs, LiC00.9Mno.1PO4, LiC00.6sMno.4POs,
LiCoo9Feo.1POs, and LiCoocFeo4PO4 at various states of charge in three-electrode cells using
lithium-metal counter and reference electrodes. In detail: state of charge (SoC) determined as
potential vs. Li*/Li, equivalent circuit, %, resistance of the passivation film (Ry;, Q), and charge
transfer resistance (Re, Q). The cells have been cycled through a constant current (CC) of C/10
(1C =170 mA g ') with a constant voltage (CV) step at 5.1 V during charge and a current limit of
C/30. Electrolyte: 1M LiPFs in EC:DMC 1:1 by volume. See the related Nyquist plots, voltage
profiles of the cycling measurements, equivalent circuit representation, and R trend in Figs. 5 and
S3 of the Supporting Information. Further description of the equivalent circuits is provided in the
Supporting Information (discussion of Fig. S3). Analysis performed by using the Boukamp

software.*

Therefore, our results show that the LiCoo.sFeo4PO4 material is characterized by the best
electrochemical performances, namely the highest reversible capacity and coulombic efficiency
along with enhanced electrode/electrolyte interphase. Despite the higher capacity compared to
LiCoo.9Feo.1PO4 and LiCoPOs4, the high iron content leads to a lower average working voltage
which negatively affects the energy density. On the other hand, the decrease of Co content may
suitably enhance the environmental compatibility of the electrode. In this respect, we suggested in
a recent work¥ a new olivine compound including iron, manganese and cobalt, i.e.,
LiFeo.25sMno.5Co0.25POs, which ensured promising electrochemical behavior in terms of potential
vs. Li"/Li, reversible capacity and cycling behavior. Based on the results reported herein, further
work is certainly needed to assess an optimal metal combination possibly including various metals

with a high Co ratio.
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Figure 6. Voltage profile of the second cycle for LiCoo.sFeo4PO4 in a lithium cell using a carbon-
cloth electrode support instead of conventional aluminum. Bottom x-axis shows the gravimetric
capacity (mAh g!) referred to the cathode (11.3 mg), whereas the top x-axis shows the areal
capacity (mAh cm ) referred to the electrode geometric area (1.54 cm?). Inset: cycling trend of
LiCoo.6Feo.4POs4 in two lithium cells using the carbon-cloth support and conventional aluminum,
respectively. Cells cycled through a constant current (CC) of C/10 (1C = 170 mA g ') with a
constant voltage (CV) step at 5.1 V during charge and a current limit of C/30. Electrolyte: 1M
LiPF¢ in EC:DMC 1:1 by volume. Temperature: 25 °C. The electrode using the carbon-cloth
substrate had an active material loading of 7.3 mg cm 2, while the one employing aluminum

contained 3.7 mg cm 2.

The electrochemical performance of LiCoo.sFeo4PO4 may be further improved by using a
carbon-cloth current collector ensuring enhanced electric contact between the electrode particles

and higher active material loading compared to standard aluminum.>* Fig. 6 reveals an increase of
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the first-cycle reversible capacity from about 120 to 130 mAh g ! (i.e., about 78% of the theoretical
one) due to the electrode substrate, despite a loading rising from 3.7 to 7.3 mg cm 2. Such a
relatively high loading is reflected into an areal capacity of about 0.9 mAh cm 2 (top x-axis in
Figure 6) without relevant adverse effects on the cycling trend (see Figure 6 inset). It is worth

mentioning that most of the Co-based olivine cathodes investigated in literature contained from 1

2 16,19,22,38,39,46,69,72-77

to 5 mg cm 2 of active material,'" while only a few reports demonstrated
promising electrochemical behavior with practical loading values.”®’® In spite of the beneficial
effects, this particular electrode morphology, already described in a recent report,”” requires a
suitable high-voltage electrolyte solution to mitigate the large irreversible capacity promoted by
the high porosity and chemical nature of the carbon-based substrate.>* This point is crucial for the
application of Co-based olivine compound in lithium batteries working at 4.8 V.>%72 Therefore,

11,80

a proper cell configuration in terms of electrode support, separator, and electrolyte

9,68,72

solution might actually ensure suitable reversible capacity and coulombic efficiency.

Conclusions

A comparative investigation of Co-based phospho-olivines including either manganese or iron
successfully revealed the effect of the transition metal substitution. LiCo;--Mn,PO4 and
LiCoi-<Fe,PO4 materials with x = 0, 0.1, 0.4 were synthesized by a versatile sol-gel approach
suitable for preparing this class of electrodes with various compositions. XRD showed a single
olivine phase characterized by a homogenous distribution of the metals in agreement with the
stoichiometry, as confirmed by EDS, and lattice parameters varying according to the sample
composition. SEM and TEM indicated micrometric aggregates of primary particles ensuring

suitable charge transfer at the electrode/electrolyte interphase. The electrochemical
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characterization, performed by combining voltammetry, galvanostatic cycling and electrochemical
impedance spectroscopy at various states of charge, suggested an intrinsic hindering of the
Mn**/Mn?* redox process, which was reflected into a negligible activity at about 4.1 vs. Li*/Li and
poor performance for the Mn-containing materials. In particular, the charge transfer resistance
increased and the reversible capacity decreased with increasing manganese contents. Instead, the
iron substitution for cobalt led to improvements of the electrochemical behavior in terms of
capacity, coulombic efficiency and capacity retention. The LiCoooFeo.1PO4 material exhibited
electrochemical reaction mostly occurring by a flat plateau at about 4.8 V vs. Li'/Li due to the
Co**/Co?" redox couple and a capacity of 107 mAh g !, while the LiCoo ¢Feo4PO4 one delivered
about 120 mAh g ! through the Fe**/Fe?" and Co**/Co?* processes at about 3.5 and 4.8 V vs. Li*/Li.
Furthermore, preliminary cycling tests of LiCoo.¢Feo.4PO4 on a carbon-cloth electrode support
indicated a reversible areal capacity of 0.9 mAh cm 2, corresponding to 130 mAh g !. The
impedance analysis provided results in agreement with the cycling behavior, thereby evidencing
the crucial role of the charge transfer at the electrode/electrolyte interphase within the potential
range of the electrochemical reaction. Our study clearly suggested a beneficial effect of iron and a
detrimental effect of manganese in LiCo1-xMPOs phospho-olivines, which became more relevant
by increasing the transition metal substitution. Therefore, effective approaches to enhance the
performances of LiCoPOs in lithium cells appeared herein to be the proper combination of
structural and morphological properties, a partial iron incorporation into the olivine and the
optimization of a suitable cell configuration. Our fundamental evaluation of the metal-substituted
phospho-olivines with similar microstructures revealed peculiar responses of Co*/Co?",
Mn?**/Mn?" and Fe**/Fe?" redox couples within the polyanionic framework of the various materials,

thereby possibly leading to a significant impact on the scientific community working in the field.
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