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The electrochemical delithiation of LiCoy¢Mq 4PO4 phosphates (M = Mn, Fe, Ni) was studied
by in situ synchrotron diffraction. In all three metallophosphates the oxidation-reduction of
3d-elements proceed via two-phase mechanisms leading to two-phase regions, corresponding to
the Co®>*/Co®* and M>*/M>" reactions. The Ni*"/Ni®* reaction was not revealed, neither by
the potentiostatic intermittent titration technique (PITT) nor by diffraction. In the two-phase
reaction, the olivine-like structure of the cathode remains preserved, which is characteristic of this
type of materials. Pronounced solid-solution domains were observed during both lithium
extraction and insertion. The thermal stability of the charged cathodes is limited by the presence

of Co®* and its intrinsic instability in these compounds.

Introduction

The electrochemical activity of LiMPO, cathode materials
(M = Mn, Fe, Co, Ni) can be significantly influenced by the
combination of two or more electrochemically active 3d
elements in the lattice. The most known example is the enhanced
kinetics of Mn*"/Mn?* couple if Mn and Fe share the
octahedral site in the olivine-like structure LiMnyFel,yPO4.1 3
In the pure LiMnPO,, several factors were argued to be
responsible for the extremely low rate capability of this
material, including large effective mass of polarons around
Jahn-Teller active Mn®* in MnPO, together with strong local
lattice deformation.?* The incorporation of Fe on the Mn site
was shown to reduce the degree of distortion of M3*Oq
octahedra in MnyFe,;_,PO4 (y < 0.8) in comparison with
MnPO, and, thus, may stabilize the lattice of the delithiated
compound against the strain.® Nevertheless, the positive
influence of Fe-substitution on the kinetics of Li-extraction
in these systems is still not well understood.

In addition to the kinetic aspect, the coexistence of two
electrochemically active elements may impact the character of
the delithiation mechanism. The structural changes upon
delithiation of LiMn, Fe,_ PO, were extensively studied by
Yamada et al.>*° When Mn and Fe are randomly distributed
on the octahedral 4c site, the Fe? ™" /Fe3 * reaction was shown to
proceed (partially or entirely) via a solid solution mechanism.’
In later works, Molenda et al. observed a single phase
mechanism in the whole range of the lithium content for the
stoichiometry Li,Fey 4sMng ssPO4 (v = 1.0-0. 16).%7 It implies a
single phase mechanism also for the Mn®*/Mn®* reaction,
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which disagrees with the data reported by Bramnik et al.® and
Burba er al’ for similar compositions. The mixed Mn-Fe
phosphates are promising cathode materials due to low cost,
stable cycling behaviour and good rate capability.'®!!

The combination of Fe and Co in the crystal structure of
olivine-like metallophosphates was also explored by several
groups.'> "7 At high cobalt contents, the operation in the
voltage range corresponding to the Co®"/Co®>" electro-
chemical reaction (4.8 V vs. Li/Li") is accompanied by the
fast capacity fading of the cell, which was ascribed to the
oxidative electrolyte degradation.!? The problem of the anodic
stability of the electrolyte should be even more serious for
LiNi,Co;_,POy4 cathode materials,'®!° because of the higher
oxidation potential of Ni**/Ni** (>5 V vs. Li/Li*).%°

Recently, we reported on synchrotron and neutron diffrac-
tion studies of LiCoPOy delithiation.”"** The two olivine-like
phases, which appear during charging of a cell with a
LiCoPOy-based cathode, Li.CoPOy4 (z = 0.6) and CoPOy,
were shown to be thermally unstable and decompose at
moderate heating (> 100 °C) in inert atmosphere.”® Here, we
applied in situ synchrotron diffraction to reveal the
structural changes during delithiation of LiCog¢M(4PO4
(M = Mn, Fe, Ni). Additionally, the thermal stability of the
charged cathodes is discussed.

Experimental

LiCogsM(4PO4 (M = Fe, Mn, Ni) materials were prepared
by a solid-state reaction of Li,CO;3; (Aldrich, 99%),
(NH4),HPO, (Aldrich, 99.8%) and an appropriate salt
(FeC,042H,0  (99%, Aldrich), Mn(CH;COO),-4H,0,
Co(CH3C00),-4H,O or Ni(CH3COO),-4H,0, respectively,
all > 99.0% purchased from Fluka). The components were
ground with acetone in an agate mortar, pressed as a pellet
and pre-annealed at 400 °C for 3 h. After re-grounding and
pressing, the pellets were annealed at 600 °C for 12 h. All
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thermal treatments for LiCoq ¢Feq 4PO4 were performed under
argon flow.

To prepare the electrode, the metallophosphate (75% w/w)
was mixed with acetylene carbon black (20% w/w) and PVdF
(5%), pressed on the Al-mesh (for PITT experiments) or as a
pellet (for in situ synchrotron diffraction) and dried in vacuum
at 100 °C. The electrochemical cells consist of Li as the
negative electrode, a glass-fiber separator and 1 M LiPFq
in EC-DMC (1:2) as electrolyte (Ferro, USA) and were
assembled in an argon-filled glove box. The cell design used
for in situ diffraction was published earlier.?* All electro-
chemical measurements were carried out with a potentiostat
VMP (Perkin-Elmer Instruments, USA).

In situ synchrotron diffraction was performed at the powder
diffractometer B2 (HASYLAB/DESY, Hamburg, Germany).>
The diffraction patterns were collected with an on-site readable
image plate detector.’® The wavelength 4 = 0.49324 A was
selected with a Si(111) double-crystal monochromator. Rietveld
analyses, based on the synchrotron data, were performed with
the software package Fullprof.

Thermal analysis of the charged cathodes was performed
with a Netzsch STA 429 device at a heating rate of 2 K min™"
in argon.

Results and discussions

The oxidation—reduction steps in the mixed LiCog¢M(4POy4
(M = Mn, Fe, Ni) phosphates can be clearly distinguished in
the incremental capacity plot (Fig. 1). In accordance with
previous reports, the coexistence of two 3d-elements on the
octahedral sites of the olivine-like structure does not result in a
significant change of the thermodynamic potentials of the
individual couples M>*/M>". The oxidation-reduction of Fe
(3.4-3.5V vs. Li/Li") and Mn (4.0-4.5 V vs. Li/Li ") occurs at
voltages lower than the potential of the Co®*/Co®>" couple
and, therefore, at the potentials, which were reported for the
oxidation—-reduction of LiFePO,4 and LiMnPOy, respectively.
The electrochemical activity of the Ni**/Ni** couple in
LiCog ¢Nig4POy4 is questionable. According to ref. 18 the
redox potential of Ni in LiNiPO, is between 5.1 and 5.3 V.
Under the conditions of our PITT experiment, we observed no
electrochemical activity at potentials between 5 and 5.2 V vs. Li/Li*
(see Fig. lc). The amount of extracted Li in the PITT
experiment corresponds also to the oxidation of Co in
LiCOO'GNi0‘4PO4 Ol’lly.

The maxima of the oxidation peaks, corresponding to the
Co?"/Co*" reactions, are located at 4.8 V vs. Li/Li" for all
three phosphates, shown in Fig. 1. This value is very close to
the oxidation potentials 4.79 and 4.87 V vs. Li/Li ™, previously
reported for the two-step oxidation Co’>"/Co®" in pure
LiCoPO,.>" In contrast to the latter, in the mixed phosphates
with composition LiCogsMy4PO; (M = Mn, Fe, Ni), the
redox behaviour of Co seems to be reflected by one oxidation
and one reduction peak only. At the same time, the
“Co-peaks” are accompanied by shoulders in all three mixed
phosphates. These shoulders correspond to the voltage
regions, where one electrochemical reaction is replaced by
another one (left from Co-peak for LiCoggFey4PO,4 and
LiCoy ¢Mng 4PO4 and right for LiCog ¢Nig 4POy, respectively).
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Fig. 1 Incremental capacity plot for (a) LiCoggFe4PO,,

(b) LiCog¢Mny4PO,4 and (c) LiCog¢Nig4PO4 (fim is close to C/12).
The First cycle is shown as red. The blue line shows the change of the
Li-content in the cathode during the first cycle (right axis).

It can indicate the solid-solution domains in the extraction—
insertion mechanism, which will be discussed later in details.

During the in situ synchrotron diffraction experiments, the
electrochemical cells were charged galvanostatically to
composition Li,CoysMo4PO4, x ~ 0. As previously demon-
strated for LiCoPOy,?! the Li contents calculated from the flown
charge should be considered with care, because parasitic electro-
chemical reactions can bias the nominal Li-content, especially
in the high-voltage region. Any contribution from parasitic
reactions to the overall current results in an overestimation of
the lithium extraction. For all three compounds, not more than
0.6 Li per formula unit can be re-inserted in the cathode upon
discharge in the in situ experiment. It is a further indication of an
actual lower degree of charge in the in situ experiment than the
100% determined from the extracted/inserted charge.

3272 | Phys. Chem. Chem. Phys., 2009, 11, 3271-3277
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Selected regions in the synchrotron diffraction patterns,
representing the evolution of the cathode structure, are
shown in Fig. 2-4 for all three metallophosphates. Rietveld
analysis reveals that the olivine-like structure of the cathode
materials remains preserved for all phases appearing during
the operation of the cells. To reveal the unit cell parameters
and phase ratios at different stages of charge, Rietveld
refinements were performed for all delithiated phases with
initial models based on the structures of the pristine
compounds (S.G. Pnma) without cation/anion deficiency nor

M 1 (Li-sites)/M2(Co/M-sites) disorder. For all data sets, scale
factors, cell parameters, background and profile parameters
were refined. The evolutions of the cell parameters are
summarized in Fig. 5-8.

LiC00.6Fe0.4PO4

The extraction of Li from LiCog¢Fey4PO4 occurs via two
successive two-phase regions, which are separated by a solid-
solution domain (Fig. 5). We disregard the short range in the
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Fig. 2 Selected regions in the synchrotron diffraction patterns for LiCog¢Fey4PO4 measured during the first cycle (C/14) of the in situ
electrochemical cell (red: charge to the concentration x = 0 in Li,Cog ¢Fey4PO, (5.0 V vs. Li/Li"), blue: discharge to the concentration x = 0.54

(2.5 V vs. Li/Li™) as calculated from the electrochemical data).
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Fig. 3 Selected regions in the synchrotron diffraction patterns for LiCoy¢Mng4PO, measured during the first cycle (C/14) of the in situ
electrochemical cell (red: charge to the concentration x = 0 in Li,CogsMng 4POy (5.05 V vs. Li/Li ™), blue: discharge to the concentration x = 0.4
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beginning of charge (0.92 < x < 1), where a single olivine-
phase model was also applied. One can speculate, that the
mixed phosphates studied here have a narrow “miscibility gap”
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Fig. 6 Same as Fig. 5, but for LiCog sMng 4PO4-cell.

at the beginning of delithiation as extensively discussed for
LiFePO,.2"*® On the other hand, such a solid-solution
region at the beginning of delithiation was shown to be most
pronounced for nanoscale LiFePO,4 and completely disappears
for particle sizes >100 nm.”” We believe that a two-phase
mechanism at the beginning of the LiCoq ¢Feqy4PO, delithia-
tion is favoured over a ‘‘solid-solution” one, but cannot be
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determined unambiguously because of the low amount of the
second phase, close or below the detection limit. For the other
metallophosphates, very similar regions are observed at the
initial stages of lithium extraction (see Fig. 6 and 7).

The first phase transition (extraction of ~50% Li)
corresponds to the oxidation of Fe. This region is slightly
broader than that expected from the stoichiometry of the
pristine compound, implying that the oxidation of Fe is
already complete by the extraction of 40% Li. Note that the

10,2 ==
<€ 10.0

©
9.8

determination of the borderline between the two-phase region
and the subsequent solid-solution domain is not unambiguous,
because the amount of the pristine compound is very low and
does not change significantly in the range 0.5 < x < 0.7 in
Li,Cog ¢Feq 4PO,. In this region, the volume of the delithiated
phase at the end of the first phase transition decreases
considerably, characteristic of a solid-solution domain. Taking
into account the dynamic conditions of the in situ experiment
and unavoidable inhomogeneities in the lithium content
between different particles, one can suppose that the solid-
solution domain upon delithiation of Li,Coq ¢Fey 4PO4 begins
already from x ~ 0.7.

The difference of the unit cell volumes between the two
coexisting olivine phases involved in the first phase transition
is 1.7%, determined from the diffraction pattern correspond-
ing to equal ratios of both phases. In the range 0.7 < x < 0.25,
a solid solution domain exists where the unit cell shrinks
continuously. The overall change of the unit cell volume
between the states at the boundary of the solid solution
domain is 1.5%. For the analysis of the in situ diffraction
patterns, starting from the x = 0.25 data in the charge process,
a model with two coexisting olivine-like phases was applied
and gave a difference in the unit cell volumes for both phases
of 3%. The unit cell volume changes during lithium extraction
result from a shrinkage of the «- and b-axes and a
simultaneous expansion along the c-axis. Such an anisotropic
character of unit cell evolution is observed for all mixed
metallophosphates studied here (see Fig. 8).

The existence of an extended solid-solution region at inter-
mediate charge is the most interesting feature found for
Li,Cog ¢Feq 4PO,4. Upon discharge, the re-insertion of Li into
the cathode occurs via the same mechanism, including two
two-phase regions separated by a solid-solution domain with a
width of Ax ~ 0.3. The mechanism of Li insertion-extraction
from Li, Cog ¢Feq 4PO; is similar to the one for LiMng ¢Feg 4PO,.
However, the solid-solution region in LiMng¢Fey4POy4
reported previously falls in the voltage range, corresponding
to the electrochemical reaction Fe?*/Fe®™ *®  For
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Fig. 8 Lattice parameters for the olivine-like phases, determined for all diffraction data sets. Black symbols represent charge, blue: discharge

processes.
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Li,Cog¢Feg 4POy4, the solid-solution domain is broader and
includes partially a Co®>*/Co®* electrochemical reaction.

LiC00_6Mn0,4PO4

The oxidation of Mn in LiCoy¢Mngy4PO,4 during the first
charge proceeds with a high overvoltage (see Fig. 1b), so that
the peaks corresponding to Mn?*/Mn®** and Co®*/Co®"
electrochemical processes are not well resolved in the
incremental capacity plot. Nevertheless, the character of the
structural changes observed during in situ charge of the cell is
quite similar to LiCog¢Feq4POy4: a two-phase coexistence of
two olivine phases in the range 1 < x < ~0.6 (with a unit cell
volume difference of ~3.7%), a solid solution domain in the
range 0.55 < x < 0.4 and again a transition between two
coexisting phases at the end of charge (with a difference in the
unit cell volumes of ~3%). Upon discharge, only one phase
transition is observed and, therefore, the fully lithiated
state LiCog¢Mng4POy4 is not reached again, probably, due
to the poor kinetics involved with the Mn?* /Mn>" couple.

LiCO()_ﬁNiOAPO“

In contrast to the other studied metallophosphates, the charge
of LiCog ¢Nig4PO,4 occurs via one phase transition region in
the range 0.5 < x < 1 (Fig. 7) only, followed by a pronounced
solid-solution region up to the end of charge. The phase
transition between the two olivine-like phases (unit cell volume
difference is of 1.5%) is highly reversible, so that in the
completely discharged state the initial phase is mainly
recovered (~80% w/w).

In the solid-solution region a continuous decrease of the
unit cell volume during charge is visible up to x = 0.25 only.
At high states of charge (0.25 < x < 0), the diffraction
patterns show practically no changes. It indicates that the
current in this region is due to any electrochemical reaction
different from the delithiation of metallophosphate, for
example, an oxidation of the electrolyte. Therefore, the oxida-
tion of Ni in LiCog¢Nig4POy4, which should take place at
higher voltages in comparison with the Co?*/Co®* reaction is
negligible or even does not occur. This interpretation is
consistent with the PITT-data (see Fig. 1c).

During discharge, a solid solution region is also well
pronounced and corresponds to a Ax = 0.3, similar to the
width of the solid-solution domain found for LiCo ¢Feq 4POy4.
As for Fe and Mn-substituted compounds, the exact
separation of two-phase and solid-solution domains is not
unambiguously defined. Nevertheless, these solid-solution
domains seem to represent a significant stage of the
extraction-insertion process and may be considered as a
common feature of olivine-like metallophosphates combining
different electrochemically active 3d-elements in the structure.

Thermal stability of charged cathodes

As reported recently, the charged state of LiCoPOy cathodes is
thermally unstable and decomposes with gases evolution at
moderate heating (=100 °C).? In charged LiCog¢M(4POy4
(M = Fe, Mn, Ni) cathodes, Co®>" is partially replaced by
other 3d elements: Fe* ™, Mn>" or Ni?" (an oxidation of Ni
seems not to be reached). All three delithiated phosphates
show quite similar thermal behaviour upon heating in inert
atmosphere, losing ~6-8% of weight in the range 100—400 °C,
see Fig. 9. The weight loss observed starting from 100 °C is
more abrupt for the Ni-substituted cathode. These data
confirm further that the presence of Co®>' in the olivine
structure is responsible for the low thermal stability of charged
3d-metallophosphate cathodes.

Conclusions

All three metallophosphates studied here show the same
character of structural changes upon electrochemical delithiation.
Two-phase reactions, characteristic of olivine-type materials,
are revealed for the Co**/Co®" and M?"/M*" (M = Mn, Fe)
couples in the mixed phosphates. The two two-phase regions
are separated by solid-solution domains, where the unit cell
volume of one olivine-type phase changes continuously. For
LiCog¢Nig4POy4, only one phase transition is observed,
reflecting no activity of the Ni>*/Ni** couple in the investi-
gated voltage range up to 5.25 V against Li/Li " . Nevertheless, a
solid-solution domain corresponding to 0.3 Li per formula unit
is clearly observed for charge and discharge.

This study and previously reported data for LiMng gFeg 4PO,4
reveals that the solid-solution domains in the olivine structure can
be driven not only by particle size, but also by the intermixing of
different 3d cations in the lattice. As for LiFePO,,” the boundaries
of the solid-solution domain in the investigated mixed phosphates
may in principle depend on particle size as well as structural
defects like non-stoichiometry or cationic disorder. This aspect
may provide new approaches for the optimization of cathode
materials with favorable charge—discharge characteristics.
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