Lawrence Berkeley National Laboratory

LBL Publications

Title

Synthesis and characterization of metastable, 20nm-sized Pna21-LiCoPO4 nanospheres

Permalink

Ihttps://escholarship.org/uc/item/1h22g9rd

Authors

Ludwig, Jennifer
Nordlund, Dennis
Doeff, Marca M

Publication Date
2017-04-01

DOI
10.1016/j.jssc.2017.01.015

Copyright Information

This work is made available under the terms of a Creative Commons Attribution-

NonCommercial-NoDerivatives License, available at |https://creativecommons.org/licenses/bv-l

Peer reviewed

eScholarship.org Powered by the California Digital Library

University of California


https://escholarship.org/uc/item/1hz2g9r8
https://escholarship.org/uc/item/1hz2g9r8#author
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://escholarship.org
http://www.cdlib.org/

Synthesis and Characterization of metastable 20
nm-sized Pna2,-LiCoPO,; Nanospheres

Jennifer Ludwig,? Dennis Nordlund,® Marca M. Doeff,cand Tom Nilges®*

@Technical University of Munich, Department of Chemistry, Synthesis and Characterization of
Innovative Materials, Lichtenbergstr. 4, 85747 Garching, Germany

bStanford Synchrotron Radiation Lightsource, SLAC National Accelerator Laboratory, 2575 Sand Hill
Rd, Menlo Park, CA, 94025, USA
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Lithium cobalt phosphate; nanoparticles; solvothermal synthesis; microwave synthesis; phase
transitions;

metastable compounds; polymorphism; in situ X-ray powder diffraction; X-ray absorption
spectroscopy

ABSTRACT: The majority of research activities on LiCoPO,4 are focused on the phospho-olivine with the
orthorhombic space group Pnma, which is a candidate high-voltage cathode material for Li-ion batteries.
In contrast, comparably little is known about the structure-property relations of its metastable
modification, which contains tetrahedral [LiO4], [C00.], and [PO.] units and crystallizes within the space
group Pna2,. Herein, we present a simple one-step microwave assisted solvothermal synthesis towards
uniform, 15 nm Pna2,-LiCoPO, nanospheres using ethylene glycol as a solvent. The nanomaterial was
fully characterized by X-ray powder diffraction, elemental analysis, scanning electron microscopy, BET
surface area analysis, infrared spectroscopy, as well as electrochemical measurements. In contrast to
previous reports, the results indicate that the compound, which has the empirical formula Lio.05sC01.05PO4,
is non-stoichiometric. The combined analytical approach allows for a structure redetermination, which
implies a disordered cation substructure with Li/Co mixing on the Li positions. Furthermore, Co L-edge X-
ray absorption spectroscopic data, which confirm the tetrahedral coordination of the Co?* ions in the
structure, are presented for the first time. Comprehensive studies of the thermal stability using
thermogravimetric analysis, differential scanning calorimetry, and temperature-dependent in situ X-ray
powder diffraction reveal that the phase shows a more complex behavior upon heating than previously
assumed, involving several phase transitions: a disorder-order transition within the Pna2, structure at
202 °C, a phase transition to olivine-type Pnma-LiCoPO, at 527 °C, and a partial and reversible
transformation back to the initial Pna2; structure above 800 °C. Furthermore, it is shown that these
transitions strongly depend on the atmosphere and the particle size.

INTRODUCTION The most common and widely investigated
Since their commercialization in 1991 by Sony,* olivine-type 2LiCoPO4 crystallizes in the space
Li-ion batteries have become a key technology in group Pnma.* The structure consists of two types
portable electronics and electric vehicles. To of polyhedra, [CoOs] octahedra and [PO.]
increase specific energies in order to meet future tetrahedra, Wh_'fh_ form a three-dimensional
demands, current research activities focus on network. The Li* ions are located in channels
cathode materials. Particular attention has been along the [010] and [001] directions. Since the
given to cathode materials which operate at first report by Pfedh' and co-workers® in 1997,
significantly higher voltage than commercial intensive efforts®® have been undertaken to
materials (e.g. spinels, lithium-rich layered opt|m|lze the _elec_trochemlcal performance of the
oxides), as well as new compounds. A potential njat_?gal, which is redox active ft ~4.8V vs.
candidate is the high-voltage cathode material Li/Li*.” Recently, we have reported® a facile, one-
LiCoPO,. Three polymorphs with orthorhombic step microwave-assisted solvothermal (MWST)

crystal structures have been reported. route  towards  high-performance  LiCoPO.



hexagonal platelets using a mixed 1:1 (v:v)
water/ethylene glycol (EG) solvent. The
optimized material delivers a specific capacity
of 137 mAh/g and an energy density of
658 Wh/kg, which is one of the best
performances reported to date.

A high-pressure modification (6 GPa, 1173 K),
which exhibits a Cmcm symmetry and is
isostructural to Na,CrO., was reported by
Amador et al.? in 2009. Like the Pnma structure,
the compound features a framework of [CoOs]
and [PO4] wunits, with Li ions occupying
tetrahedral sites which are not interconnected.
Recently, Kreder et al.’° demonstrated the low-
temperature MWST synthesis and studied the
electrochemical properties of the compound,
which has an irreversible redox potential of
~4.3 V and an initial discharge capacity of only
6 mAh/g. In situ studies on the thermal
stability, the magnetic properties, and an
alternative polyol synthesis pathway at
ambient pressure were also reported by our
group.*

A third metastable polymorph, which adopts a
6:-LiZnPOs-like structure in Pn2.a symmetry,
was experimentally reported and characterized
by Jaehne et al.?? in 2013 and later by Kreder
and co-workers®. Unlike the other two
polymorphs, the 3D framework exhibits only
tetrahedral [PO4] and [C004] building units with
no direct Li channels. The reported crystal
structure solutions, however, showed issues
regarding the occupancy factors of the Li
positions as well as high reliability factors. The
groups observed different thermal stabilities for
their Pna2, materials upon heating in an argon
atmosphere. Whereas Jaehne et al.’? reported
that the compound irreversibly transforms to
the thermodynamically stable, olivine-type
Pnma-LiCoPO, in an exothermic process at
221 °C, Kreder et al.’? stated that the transition
is endothermic and occurs at 340 °C. The
reasons for these contradictory observations
remained unclear. The redox potential of 4.95 V
for Pna2,-LiCoPQ, is the highest of the three
LiCoPOs modifications, which makes it a
suitable candidate for high-energy density
applications. However, the electrochemical
performance has been reported to be poor,
with capacities of 27 mAh/g*? and 33 mAh/g*
being reached, which is only 16% and 20% of
the theoretical capacity of 167 mAh/Quicoros. It
was suggested that the applicability might be
improved by particle size control in order to
overcome kinetic limitations.

Based on our work on other LiCoPO,
polymorphs,® ! we herein present a simple
microwave-assisted solvothermal approach
towards nanostructured Pna2:-LiCoPO, The
structure-property relations of the material
were investigated using X-ray powder
diffraction, elemental analysis, scanning

electron microscopy, BET surface area analysis,
infrared spectroscopy, as well as
electrochemical measurements. A
redetermination of the crystal structure allows
further insights into the material properties,
and elucidates the reasons for the reportedly
poor electrochemical behavior. Co L-edge soft
X-ray spectroscopic data are reported for the
first time and confirm the structure solution.
The thermal stability is thoroughly investigated
using thermogravimetric analysis, differential
scanning calorimetry, and temperature-
controlled in situ X-ray powder diffraction
studies. It is revealed that the phase undergoes
several phase transitions, which were not
observed in previous studies!® ? using ex situ
techniques.

EXPERIMENTAL SECTION

Microwave-assisted
(MWST) synthesis

Pna2,-LiCoPO, was obtained from a modified
microwave-assisted solvothermal (MWST)
process as reported previously.® 22.5 mmol
LiOH « H,O (Bernd Kraft, = 99.0%), 7.5 mmol
CoS0O4 ¢« 7 H,O  (Chempur, 99%), 7.5 mmol
H3;PO. (AppliChem, Ph. Eur., 85 wt.% solution),
and 0.075 g ascorbic acid reductive (Alfa Aesar,
99+%) were dissolved in 30 mL ethylene glycol
(EG, VWR AnalaR NORMAPUR, 99.9%). The red
violet suspension (pH =5.5) was stirred
vigorously for 20 min and then transferred into
PTFE/TFM reaction vessels (V = 75 mL; HTV-75,
MLS GmbH). An Ethos One microwave system
(MLS GmbH) equipped with an MR-8 HT high-
temperature rotor was used for the synthesis,
which was performed at 250 °C for 30 min
under continuous stirring and a maximum
power of 600 W. The microwave irradiation was
adjusted automatically by the T660
temperature control unit. The mixtures
(pH =5.0-5.5) were naturally cooled down after
the reaction. The dark blue precipitate was
recovered by filtration, followed by washing
several times with deionized water (high-purity
water type I, Millipore, 18.2 MQ-cm; used to
remove a highly water-soluble lithium sulfate
side phase®) and absolute ethanol (VWR AnalaR
NORMAPUR, 99.95%). The powder was then
dried in air at 150 °C overnight.

solvothermal

Structural, chemical, and physical
characterization

X-ray powder diffraction (PXRD)
experiments and Rietveld refinement

details. A STADI P diffractometer (Mo Ku
radiation, A = 0.70930 A) equipped with a
Ge(111) monochromator and a Dectris MYTHEN
DCS 1K silicon solid-state detector was used to
collect PXRD data of the ground powder, which
was sealed in a 0.5 mm borosilicate glass



capillary (Hilgenberg). The measurement was
performed in a 26 range of 3-60° (PSD step:
0.015°; time/step: 30s, threeranges, total
measurement time: 12 h). The data were
calibrated using an external silicon standard.
The Jana 2006 software®® was used to perform a
Rietveld refinement of the diffraction pattern,
using the structure solution of the homologue
6:-LiZnPO, (space group Pna2,; ICSD no.
79537'%) as a starting model. A Chebyshev
polynomial was used for correcting the
background, and the axial divergence model®®
for the peak asymmetry. An estimated packing
fraction of ~0.6 was applied for absorption
correction. General atomic positions as well as
the isotropic thermal displacement parameters
of Co, P, and O were refined without restraints,
whereas the displacement parameters and
positions of Li were kept fixed. Furthermore, a
slightly disordered Li/Co distribution on the Li
position was assumed. The Berar’s correction'®
was applied to all refined parameters in order
to obtain more realistic standard deviations.
Elemental analysis. The Li, and Co contents
of the material was determined by atomic
absorption spectroscopy (AAS, Varian AA280FS
device), and the P content by photometry
(Shimadzu UV-160 device). The C, H, N, and S
contents were measured by combustion
analysis (Hekatech Euro EA CHNSO instrument).
Scanning electron microscopy (SEM) and
energy-dispersive X-ray spectroscopy
(EDS). The morphology of the powder was
determined using a JEOL JSM-7500F SEM
(accelerating voltage: 1 kV, working distance:
8 mm, LElI (lower secondary electron image)
detector). EDS analysis was performed with a
Noran system S1X system (Thermo Electron
Corporation, model 6714A01SUS-SN,
accelerating voltage: 15 kv, probe
current: 20 pA). The powder was prepared on
carbon tape attached to an Al stub for the
measurements.

BET surface area analysis. The specific
surface area of the material was determined by
the Brunauer-Emmett-Teller (BET) method
(Quantachrome Autosorb iQ instrument using)
nitrogen physisorption after a degassing period
of 12 h at 423 K (11 measurement points).
Rheometry. The dynamic viscosities of high-
purity water type | (Millipore, 18.2 MQ-cm),
ethylene glycol (VWR AnalaR NORMAPUR,
99.9%), and a 1:1 (v:v) mixture of both were
determined at ambient temperature using an
MCR 302 Anton Paar Modular Compact
Rheometer in parallel plate-plate geometry (PP-
50 plate, diameter: 49.991 mm, gap:
0.250 mm). A volume of ~0.5 mL was used for
each measurement, and six measurements
were performed in a shear rate range of 1-
120 s (40 measurement points). The average

viscosities were determined at a shear rate of
100 s,

Fourier-transform infrared (FTIR)
spectroscopy. The FTIR spectrum was
collected in a wavenumber range of 400-
4000 cm™ (132 scans) using a Varian 670 IR
FTIR spectrometer equipped with a PIKE
GladiATR ATR stage.

Soft X-ray absorption spectroscopy (soft
XAS). Co L,3-edge soft XAS measurements
were performed at Stanford Synchrotron
Radiation Lightsource (SSRL), beamline 8-2.
The sample was attached to an Al sample
holder using carbon tape. The incident beam
was monochromatized using a spherical grating
monochromator (SGM). The L,s-edge u(E)
spectra were collected at room temperature
under ultrahigh vacuum (107° Torr) in the total
electron vyield (TEY) mode, corresponding to
probing depths of 2-5 nm.? Cos0, and CoO
powders were used as references and all
spectra are on a common energy scale as in
reference . The spectra were normalized to
the beam current and the background
subtracted. The intensity of the spectra was
further normalized to a maximum of 1 for visual
comparison. Further experimental details can
be found in reference 8.

Electrochemical measurements. The
cathode slurries were prepared by mixing 80 wt
% LiCoPOQ4, 10 wt% carbon (Super C65, Timcal),
and 10 wt% polyvinylidene difluoride (PVdF,
Solvay) binder with N-methyl pyrrolidone (NMP)
solvent in an agate mortar. The slurries were
cast onto carbon-coated Al current collectors
(Coveris Advanced Coatings) using a doctor-
blade coater. The electrode sheets were dried
at 120 °C for 5 h in a vacuum oven (Thermo
Scientific) and then calendered (International
Rolling Mills device) in order to increase the
contact of the active material with the current
collector. The electrode sheets were further
vacuum dried for 12 h at 120 °C before being
transferred into an Ar-filled glove-box (VAC,
<0.1ppm HO, <0.1ppm O3). Circular
electrodes with a diameter of 14.3 mm and
typical active material loadings of ~4 mg were
punched out. CR2032 coin-type cells were
assembled using the LiCoPO,.-containing
cathode, Li foil (Alfa Aesar, 0.75 mm, 99.9 %,
metals basis) as anode, a microporous
monolayer PP membrane as separator (Celgard
2400, 25um), and 1M LiPFs dissolved in
ethylene carbonate (EC)/diethyl carbonate
(DEC) in a ratio of 1:1 (v:iv) as electrolyte
(Daikin). Charge-discharge cycling was carried
out galvanostatically (BioLogic VMP3
potentiostat/galvanostat) between 3.0V and
52V atCrates of 0.1C, 0.2C, 05C,and 1C
for three cycles each, followed by 20 cycles at
0.1 C. Current densities and specific capacities
were calculated on the basis of the weight of



active material in the electrode. In order to
minimize statistical effects, two cells were

tested.

Thermal analysis using temperature-
dependent X-ray powder diffraction
(PXRD), thermogravimetric analysis
(TGA), and differential scanning

calorimetry (DSC). Thermal analysis was
performed on a Mettler Toledo TGA/DSC 1 STAR

system, which allows simultaneous
thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC). A

specimen weight of ~5 mg was placed in an
alumina crucible, and the experiment run in a
temperature range of 30-900 °C (heating rate:
10 °C/min) under two different atmospheres, in
an argon and synthetic air stream (both
10 mL/min). Note that only the heating cooling
cycle could be monitored due to the instrument
setup.

The thermal stability was further assessed by
temperature-controlled in situ PXRD studies on
a PANalytical X'Pert Pro diffractometer in Bragg-
Brentano geometry (Cu K, radiation, XCelerator
detector, Anton Parr HTK-1200 hot stage, TCU
1000N temperature controller). The sample,
which was placed in a corundum flatplate
sample holder, was heated up to 900 °C
(heating rate: 5 °C/min, increment step:
100 °C) in air and alternatively under Ar. Each
temperature was held for 5 min before starting
the data collection. The measurements were
performed in a 26 range of 15-70° (step:
0.022°), with the time/step and total
measurement time being increased for the
measurement using argon due to lower
intensities (air: 209.5 s/step, total
measurement time: 145.5 h; Ar: 400 s/step,
total measurement time: 277 h).

RESULTS AND DISCUSSION

X-ray powder diffraction and crystal
structure

Fig. 1 shows the Rietveld fit of the X-ray powder
diffraction pattern of the as-prepared powder.
No impurities are detected and all reflections
can be indexed using the orthorhombic space
group Pna2: (note that the conventional cell
setting is wused rather than the non-
standardized Pn2.a). The broad reflections
indicate that the sample is composed of
nanoparticles. The particle size cannot be
determined by the Scherrer equation because
the main signal consists of two reflections,
(210) and (011), which are not well-resolved
due to the peak width, but could be estimated
to be about ~18 nm in diameter. The
nanometric nature of the particles is confirmed
by SEM/BET analyses discussed later. Using the
structure solution of the homologue 6:-LiZnPO,
(ICSD no. 79537*) as a starting model, the

structure can be solved with better reliability
factors (Table 1), than in previously published
results.’® 2 The tentative refinement of the
occupancy on the Li site resulted in a statistical
significant value of 124(8)%, indicating that
there is partial substitution with Co. An over-
occupation of 122% Li was also reported by
Jaehne and co-workers,*? but no Co mixing was
assumed. A Co population of 98(2)% was
refined for the Co position, which is not
significant within the three sigma rule. Hence, it
can be inferred that Li/Co mixing appears on
the Li site (occupancies: 94.7(9)% Li and
5.3(9)% Co), whereas the Co site is fully
occupied (Table S1). The slightly disordered
Li/Co distribution is in good agreement with the
structure of 6:-LiZnPOs. To the best of our
knowledge, this is the first time structural
disorder has been reported for Pna2;-LiCoPO,.
The increase in cell volume (334.8(2) A3
compared to olivine LiCoPO,
(293.31(2) A%? indicates that the compound is
less dense. The empirical formula
Lio,947(9)C01,053(9)PO4 is consistent with the
composition determined by elemental analysis
(Table 2). Note that for simplicity, the
compound is further referred to as Pna2i-
LiCoPOQy in this work.

X lobs.

e |ca\c,
= lobs — lcalc.
| Bragg positions
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Figure 1. Rietveld fit of the X-ray powder

diffraction data (Debye-Scherrer geometry, Mo Ky
radiation) of Pna2,-LiCoPOQ.,.

The structure of Pna2,-LiCoPO. (Fig. 2) exhibits
a three-dimensional framework, built from
chains of corner-sharing, asymmetric [Co0Q4]
and [PO,] tetrahedra (cf. interatomic distances,
Table S2), and with four-coordinated Li/Co ions
on interstitial positions.'* ** No direct channels
are observed along [001] (Fig. 2c) as they are
blocked by [CoO.4] units, and zig-zag channels
occur along [100] (Fig. 2a). Distorted six-
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Figure 2. Crystal structure of Pna2,-LiCoPO, along the three crystallographic axes: (a) [100], (b) [010], and

(c) [001]. [CoO,] tetrahedra are drawn in light orange, [PO,] tetrahedra in blue, and the mixed site
containing 94.7(9)% Li and 5.3(9)% Co in red.



ring channels of alternating [Co0,4] and [PO,] units
are observed along [010] (Fig. 2b), in which the
Li/Co ions are located. Despite the channels,
however, Li-ion transport is expected to be very
limited due to the Li/Co mixing on the Li sites,
with Co ions blocking the pathways.

significantly reduced (15 nm VS. 700-
800 nm x 400-600 nm x 100-220 nm)&,

Table 2. Elemental analysis of Pna2:-LiCoPO,
in comparison with the theoretically
expected values*®

Element a) Theoretical b) Found
Table 1. Cell parameters of Pna2;-LiCoPO, o
t 4
(Z=4, T=298K) as refined from X-ray C (w f) 0 0.4(3)
owder diffraction data® H (wt%) 0 0.5(3)
Empirical formula Lio,947(9)C01,053(9)PO4 Li (Wt%) 4.3 37(2)
M; (g-mol~?) 163.6 Co (wt%) 36.6 34.8(5)
Crystal system orthorhombic P (wt%) 19.3 17.4(3)
Space group (No.) Pna2; (33) n(Li):n(P) 1 0.95(5)
Z 4 n(Co):n(P) 1 1.05(1)
a (A) 10.035(4) onTnI:ilﬂgal LiCoPO. |(-)io.95(5)C01.05(1)P
b (A) 4.967(2) - | T ¢ — -
aThe molar composition is calculated from the
C(A)B 6.716(2) experimental values and normalized to the P
v (A) 334.8(2) content (standard deviations in parentheses).
F(000) 308 ®The N and S contents were too low to be
p (calcd) (g-cm™) 3.191(3) detected (= 0).
Re 0.0275 Furthermore, the compound shows a deficit in the
Rup 0.0355 absolute Li, Co, and P contents (in wt%)
Rexp 0.0278 compared to the theoretically expected values.
R 0.0218 The corresponding Li:Co:P molar ratio of
r i 0.95(5):1.05(1):1.00(2) indicates  that the
Rs 0.0433 compound is non-stoichiometric, with a deficit in
X 1.28 Li and an excess of Co of approximately 5 mol%
Data/restraints/parame | 3802/0/70 e{ach, Whlch is in good agreement W|Fh the
ter Rietveld refinement results (Table S1). Taking the
- — respective standard deviations into account,
°The estimated standard deviations were these deviations are significant. This is surprising

calculated by the Berar's procedure und are
indicated in parentheses..

Elemental analysis

The chemical composition of the material was
analyzed by CHNS, AAS, and photometry
(Table 2). CHNS analysis indicates that the sample
contains small amounts of carbon (0.4 + 0.3 wt%)
and hydrogen (0.5 + 0.3 wt%), which is most
likely from decomposition products of the organic
ethylene glycol solvent or ascorbic acid reductive
because the IR spectrum (see Fig. S3) does not
show absorption bands of water. (The estimated
amount of water based on the H content would
be ~4.5 wt% and would be easily detected by
FTIR). Compared to our previous work® on olivine
LiCoPO,, which used a similar microwave-assisted
solvothermal process, it is surprising that no
sulfur is detected in the material as LiCoPO4 and
Li,SO,4 are formed during the reaction. The latter
one was assumed to form inclusions in the
particles that cannot be removed by washing. The
fact that the washing step is efficient for the
removal of this highly water-soluble side phase in
the synthesis of the metastable Pna2;-LiCoPO,
might be due to the high surface area of the
powder (~60 m?/g) compared to the olivine
(~5.5 m?/g)® and the fact that the particle size is

as other reports!® 2 suggested a stoichiometric
1:1:1 Li:Co:P composition for the compound. Our
findings indicate that there is a compositional
range, which is probably affected by the
synthesis process. Hence, future studies should
focus on solid solutions in order to identify the
composition range, which could pave the way to
tailoring the material properties (e.g. by varying
the Li:Co:P molar ratios of the starting materials).

Scanning electron microscopy

High-resolution SEM (Fig. 3a) reveals that the as-
prepared material consists of uniform, well-
crystallized nanospheres with diameters of
~15 nm as expected from the broad reflections
observed in the PXRD pattern. Moreover, small
agglomerates of ~30-60 nm are observed, which
is typical of nanoparticles. The observed particle
size is in agreement with the high specific BET
surface area of 60.6 = 0.5 m?/g, which suggests
an average diameter of about 31 nm using
Equation 1:

(1) d=6/(S-p)

with d being the particle diameter (m), S the
specific surface area (kg/m?), and p the density of
the material (kg/m3; here: 3.191 - 1073 kg/m? as
refined from PXRD data, c¢f Tablel), and
assuming that the particles are spherical and



non-porous. The fact that the diameter derived
from BET is slightly bigger than observed from
SEM is due to the agglomeration. EDS analysis
(Fig. 3b) delivers a composition of 35 + 1 wt% Co,
176 0.4 wt% P, and 48.2=*+0.7 wt% O,
corresponding to a Co:P molar ratio of

1.05(3):1.00(2). The excess of Co is consistent
with the results of the elemental analysis (Table
3).

=|b) Co: 35(1) wt%
5(9 P: 17.6(4) wt%
| S O: 48.2(7) wi%
& P
@
g Co
[e] Co
o Al )\ Co
LA AR R R R N LR AL R LA
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1 T B
3 4 5
Energy (keV)

Figure 3. (a) SEM image and (b) corresponding EDS
spectrum of the Pna2,-LiCoPO, powder prepared by
microwave-assisted solvothermal synthesis. The
sample contains spherical nanoparticles with a
diameter of ~15 nm. The small C and Al signals
observed in the EDS spectrum are from the carbon
tape and the aluminum holder used for the
measurement.

Synthesis parameters

The formation of the metastable Pna2,-LiCoPO.
polymorph strongly depends on the synthesis
conditions of the microwave-assisted
solvothermal process. Jaehne et al.?? identified
the synthesis temperature, pH value, and
precursor concentration as key parameters. In our
synthesis, however, the solvent composition
seems to be a critical factor in obtaining the
Pna2,; modification. Whereas an aqueous system
with 50 vol% ethylene glycol delivers hexagonal
platelets of olivine Pnma-LiCoPO, at 250 °C (as
shown in our previous work®), the metastable
Pna2,; modification is obtained when pure EG is
used. A possible explanation is that diffusion
plays an important role in the crystallization of
the phases because the boiling points and
viscosities of the reaction media differ
significantly (EG: 15.7 £ 0.2 mPaes vs. HO:
0.89 £ 0.05 mPaes vs. H,O/EG 1:1 (v:v) mixture:
3.36 £ 0.06 mPass measured by rheometry at
25 °C and a shear rate of 100 s!). As a result, the
ion diffusion rates and solubilities of the
precursors are reduced in pure EG compared to
aqueous solvents, favoring the formation of the
metastable product (Pna2,-LCP) over the
thermodynamic product (Pnma-LCP) due to
kinetic reaction control. The increased viscosities
and slower diffusion rates also affect the particle
size, which is significantly reduced compared to
our previous work® on olivine-type LiCoPQ,,
because the growth of large crystals is inhibited
(Fig. 3). Moreover, EG also acts as a complexing
and capping agent, which effectively hinders

crystal growth and prevents agglomeration
without the need of an additional surfactant.'®
The formation of Pna2:-LiCoPO,, however, is not
limited to pure, water-free EG solvents if other
parameters are varied. For instance, due to
kinetic reaction control, the phase is also
accessible by using shorter reaction times
(= 10 min) in aqueous media (e.g. with 50 vol%
EG) while keeping the reaction temperature at
250 °C (not shown). Another option is to decrease
the reaction temperature to 200 °C, while keeping
the synthesis time at 30 min in order to obtain
highly crystalline products. In this case, the
metastable phase is obtained for all solvent
compositions exclusively, even if pure water is
used and highly crystalline, micron-sized particles
with cubic and square platelets morphologies are
obtained (Fig.S1 and S2, Tables S3-S5).
Employing lower temperatures for the process
therefore paves the way for the production of
various particle sizes and morphologies by
changing the solvent composition.

Infrared spectroscopy

The FTIR spectrum of Pna2:-LiCoPO, is shown in
the region from 400 cm™ to 1400 cm™ (Fig. 4) and
is in good agreement with a previous report®. In
the region of 1400-4000cm™ (Fig.S3) no
absorption bands of water or other impurities
appear, confirming the purity of the material.
Generally, the spectrum is expected to be
dominated by the four fundamental
intramolecular  vibrations of the [PO,J*~
tetrahedra, with the frequencies being closely
related to the ones of the free molecule
(1082 cm™, 980 cm™, 515 cm™, and 365 cm™).%®
In the spectrum, two main regions can be
distinguished: The first region between 400 cm™
and 700cm™ is associated with the
intramolecular [PO4]*~ bending modes (v,, v4); the
region of 900-1200 cm™ corresponds to the
intramolecular stretching vibrations (v, vs).
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Figure 4. FTIR spectrum of nanosized Pna2;-LiCoPO,.
The omitted region of 1400-400 cm™! (Fig. S3) does
not show any absorption bands of water or other
impurities.



More specifically, the bands at 1147 cm™,
1092 cm™, and 1037 cm™ are associated with
the asymmetric stretching vibrations of P-O (vs),
which is split up in a triplet due to interactions
with the Co-O bonds ( AV = 55cm™). The
peaks are significantly broadened as a result of
the asymmetric bonding situation in the [PO.]
units in the crystal structure (cf. refined
interatomic distances, Table S2). In comparison to
the spectrum of olivine-type Pnma-LiCoPOQ,,? the
bands are shifted to lower wavenumbers. This is
due to the less covalent character of the P-O
bonds, i.e. longer P-O distances in the crystal
structure (cf. Tables S2 and ref.?). Surprisingly, the
symmetric P-O stretching vibration (v;) is not
infrared inactive as suggested previously!® but
can be observed at 1022 cm™. The four bands
observed in the region of at 526-648 cm™ are
related to antisymmetric O-P-O bending
vibrations (v,). The absorption at 436 cm™ might
be explained by the symmetric bending vibration
of O-P-O (v2) or a contribution of Li-ion cage
modes.?.

X-ray absorption spectroscopy

The normalized soft XAS Co L,s-edge spectrum of
the material in the TEY mode is shown along with
CoO and Cos04 powders as reference materials in
Fig. 5. Whereas the L-edge spectrum of olivine
Pnma-LiCoPO, has been reported in our previous
work,® this is the first time the spectrum of the
exclusively tetrahedrally coordinated Pna2:-
LiCoPO4 polymorph is presented.
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Figure 5. Normalized soft-XAS Co L,s-edge spectra of
Pna2:-LiCoPO, (black) in the TEY detection mode in
comparison with CoO (red) and Cos0, (blue) as
references. The energies corresponding to O, Co?*
(776.4 eV), Tq Co?>* (777.7 eV) and O, Co3** (779.4 eV)
are indicated by dotted lines. It is evident that the
sample contains only T4 Co?*.

In general, the absorption peaks of the L,s-edge
XAS spectra are highly sensitive to the oxidation
state, spin state, and the chemical environment
of the transition metal in the crystal. Comparing
the main peak at 777.7 eV with the energies of
Co** (777.7 eV) and Co** (779.4 eV) L,s-edge
spectra reported by Hibberd and co-workers?® and
the CoO (which contains O, Co?*) and Co030,
reference spectra (T4 Co?* and On Co3*) shows
that the material contains only Co?*. The absence
of a low-energy peak at 776.4 eV, which is
characteristic for octahedral (On) Co?* (cf.
spectrum of CoO), provides evidence for a
tetrahedral (Ts) coordination of Co?' in the
structure as expected. The fact that the multiplet
structure (caused by electron-electron
interactions) is less well-defined than for olivine
LiCoPO, as shown in our previous work® is
consistent with the fact that the structure is
slightly disordered and shows a higher degree of
covalence in the [CoO.] tetrahedra as indicated
by the significantly shorter Co-O distances (cf.
Tables S2 and ref.®). Because no shoulder or
characteristic peak at 779.5 eV for T4 Co3' is
present, it can be inferred that the sample does
not contain significant amounts of Co3**. Hence,
the ascorbic acid reductant?? used in the reaction
mixture and the weak reducing effect of the
ethylene glycol solvent?® seem to be effectively
preventing oxidation of Co?* to Co®* in solution.

Electrochemical characterization

The electrochemical performance of the Pna2l
nanospheres was tested in coin cells. . The rate
capability and coulombic efficiency were
investigated at 0.1 C, 0.5C, 0.2C, 1C, and 2C
for three cycles each (Fig. 6, inset), followed by
20 cycles at 0.1 C (Fig. S4). The galvanostatic
curves of the first three cycles at 0.1 C, 0.5 C, and
0.2 C are displayed in Fig. 6. A distinct plateau
region at ~4.9V is only observed in the first
charging half cycle. The higher potential
compared to olivine LiCoPO, (~4.8 V’) reflects the
different coordination of Co in the crystal
structures ([CoOs4] vs. [CoOs] units). In the first
three cycles at 0.1 C, a discharge capacity of only
~6 mAh/g is reached, corresponding to 4% of the
theoretical capacity and significantly lower than
previously reported values.!® 2 Further capacity
decrease is observed upon further cycling. The
high coulombic inefficiencies indicate that
irreversible reactions occur. The nano-morphology
should favor rapid diffusion of lithium, so that
these results strongly suggest that kinetic effects
are not responsible for the poor performance.
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Figure 6. Charge-discharge curves of nano-sized
Pna2:-LiCoPO, for the first three cycles at 0.1 C,
0.2 C, and 0.5 C each (the curves for 1 Cand 2 C
are not shown as the capacities were extremely
low). Inset: Specific discharge capacities (m) and
coulombic efficiencies (A) vs. cycle number for
the first 15 cycles at various C rates (average
from two cells; error bars are omitted for clarity).
Conditions: 3.0-5.2 'V, 1 M LiPFs in EC:DEC (1:1,
v:v) at 25 °C.

There are a number of possible reasons for the
extremely poor performance, including the low
electronic and ionic conductivities of the material,
ion-mixing, and the very high potential at which it
is electroactive. The observed excess of cobalt
results in Li/Co disorder on the Li sites with Co
ions blocking diffusion paths, which additionally
reduces the conductivity. This could also be the
reason for the generally poor performance
observed by other groups. > 2 Furthermore,
decomposition of the electrolyte at the extremely
high operating potential seems to play a role,?
which is exacerbated by the extremely high
surface area of the material (~61 m?qg), as
parasitic currents from electrolyte oxidation at
high potential are approximately proportional to
the BET surface area.® Also the influence of
residual water in the material (~4.5 wt% derived
from TGA and CHNS analysis) may be detrimental
to the performance because HF is formed in this
case,” which leads to metal dissolution or
structural decomposition.?® Another possibility
might be structural changes and/or amorphization
upon cycling, which will have to be assessed in
further experiments. As the performance could
not be improved by particle size reduction, future
studies should focus on a fundamental
understanding of the cycling mechanism, on
optimizing the material (reducing metal site
mixing) and the electrodes as well as finding
electrolytes which are suitable for the potential
window (e.g. using ionic liquids or additives?’).

Thermal stability

The thermal stability of the Pna2,-LiCoPO.,
nanoparticles was assessed by simultaneous
TGA/DSC and complementary temperature-

dependent in situ PXRD measurements performed
under air/synthetic air (Fig. 7 and 8). In the TGA
curve (Fig. 7), an overall mass loss of ~4.8 wt% is
observed, which is due to the removal of residual
water (estimated content based on H content
found: ~4.5 wt%) as well as to the decomposition
of organic residues of the EG solvent and ascorbic
acid additive (C content: ~0.4 wt%, see Table 3).
The DSC curve shows two signals: a pronounced
exothermic peak at 527°C and a small
endothermic signal at 202 °C (Fig. 7, inset).
Neither signal is accompanied by a weight loss.
The X-ray powder diffraction data of the dark
violet sample obtained after the TGA/DSC
measurement (Fig. S5, Tables S6-S8) show that
phase pure olivine-type Pnma-LiCoPO, was
obtained, indicating that one of these signals
corresponds to the phase transformation of the
Pna2, to the Pnma polymorph.

In order to obtain further insights in the processes
involved upon heating, the thermal stability was
further examined by temperature-controlled in
situ X-ray powder diffractometry between 30 °C
and 900 °C (Fig. 8; zoomed image in the range of
16-29° 260 see Fig. S6). No phase transitions are
observed from 30 °C to 400 °C, indicating that
the material is thermally stable up to that
temperature. The powder pattern shows a very
small shift of the reflections to smaller 26 values
due to thermal expansion, which is evident from
the characteristic (210)/(011) reflection
(Table S9). Furthermore, the peak width

is slightly reduced (Fig. S6) and the intensity of
the (210)/(011) reflection increased, indicating
that the sample becomes more crystalline. The
endothermic signal observed at 202 °C in the DSC
might be related to a disorder-order transition,
but this cannot be determined from the data. .
Between 400 °C and 500 °C, the Pna2,-LiCoPO,
transforms to the olivine Pnma polymorph. The
signal observed in the DSC at 527 °C (Fig. 7) can
therefore be assigned to this transition. The lower
temperature observed in the in situ experiment
compared to

? 4 - 100
2 r
2 . 95
© g o [
o [Te] L
5 24 S L 90
= <7 o =
~— -15_,01_ —SSE
¢ LI \/‘ g
=} 4E: ]
‘JCZU 83 004 C g0 S
1= E o™
L1045 ] &
{o E 75
I 019
-12 195 200 205 210
1 Temperature (°C) [
e e e L 70

100 200 300 400 500 600 700 800 900
Temperature (°C)
Figure 7. DSC (black) and TGA (blue) curves of

Pna?2:-LiCoPO, in a temperature range of 30-900 °C
(heating rate: 10 °C/min, atmosphere: synthetic air).



An exothermic signal is observed at 527 °C, and an
endothermic signal at 202 °C (inset).

the DSC might be because of slightly different
atmospheres (air vs. synthetic air), and deviating
heating rates (10 °C/min vs. 5 °C/min) used for
the measurements. The phase transformation is
not fully complete until 600 °C; traces of the
Pna2, phase are still present in the powder
pattern at 500 °C as indicated by the (210)/(011)
main reflection (not resolved) at ~22.1° 26
(Fig. S6f). Therefore, the data can still be
considered consistent with the TGA/DSC analysis.
No further phase changes are observed in the
PXRD patterns up to 700 °C. Due to thermal
expansion, the reflections are shifted to lower
angles, indicating bigger lattice dimensions, and
the peak width reduced (Table S9). At 800 °C, the
characteristic (210)/(011) reflection of the
metastable Pna2, phase reemerges (Fig. S6i),
which is in agreement with studies of our group®
on the thermal stability of Pnma-LiCoPO,. This
transition, however, is not detected in the DSC
experiment. Because the fraction of the Pna2;-
phase, which is formed, is very low, the heat
involved in that process will be very small. Hence,
the DSC experiment is probably not sensitive
enough to register this transformation. Upon
cooling from 900 °C to ambient temperature, the
reflections of the Pna2, phase disappear,
indicating that the high-temperature
transformation is reversible, and pure Pnma-
LiCoPO, is obtained, the reflections of which are
shifted to higher angles due to thermal
contraction. The data here indicate that the
transformation to the more stable Pnma phase is
irreversible. The observation that the phase pure
olivine modification is obtained upon heating and
cooling thereafter is consistent with our ex situ
PXRD study (Fig. S5).

The findings of our combined study of the thermal
stability differ greatly from previous reports.! 12
First of all, the data suggest that not only the
transformation of the Pna2, to the
Pnma polymorph occurs upon heating, but also
that a disorder-order transition within the Pna2,
structure at lower temperature (202 °C) occurs,
and a partial transition of the Pnma back to Pna2,
structure at very high temperatures (> 800 °C).
Unfortunately, it cannot be deduced from our
experiment whether the latter transformation is
quantitative at even higher temperatures, which

will have to be examined in further studies.
Secondly, the temperature of 527 °C of the
transformation of the Pna2; to the
Pnma polymorph  found in this work s

significantly higher than reported values. Jaehne
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Figure 8. Normalized in situ X-ray powder diffraction
patterns (Bragg-Brentano geometry, Cu K, radiation)
of nanosized Pna2,-LiCoPO, measured in a range of
30-900 °C (b-k) in air, and after cooling down to
25 °C (I). Between 400 °C and 500 °C, the material
starts to transform to the olivine Pnma-LiCoPO,
polymorph. At 800 °C, the metastable Pna2, phase
reemerges. After cooling, pure Pnma-LiCoPO, is
obtained. The theoretical patterns of Pna2:- (a) and
Pnma- LiCoPO, (m) are displayed in red and blue.
The red asterisks (*) in (g, j, k) indicate the



characteristic (210)/(011) reflection of the Pna2:

phase.

et al.’? reported an exothermic peak at 221 °C (Ar
atmosphere, 1 °C/min) while Kreder et al. on the

other hand, stated that the transition s
endothermic and appears at 340°C (Ar
atmosphere, 10 °C/min). The difference s

probably related to the heating rates applied as
the transformation was also observed at lower
temperature when a smaller rate was applied.
Also the different atmospheres might play a role.
We therefore performed a similar study under an
argon stream. The data (DSC/TGA: Fig. S7, S8,
Tables S10-S12, in situ PXRD: Fig.S9, S10,
Table S13) indicate that the atmosphere slightly
affects the thermal stability as the phase
transition is shifted to higher temperature
(580 °C). Another important aspect to explain
these differences might be the particle size, with
the temperature of the Pna2:-Pnma phase
transition supposedly increasing with decreasing
particle size (cf. Jaehne:* ~5pm, Kreder:*
~200 nm x 1 pm, this work: ~15 nm). To verify
this assumption, we performed a similar study on
the micron-sized (~1 pm) material mentioned
earlier (Fig. S11-S14, Tables S14-S17).
Interestingly, the signal observed in the DSC

(Fig. S11), which corresponds to the phase
transition of Pna2,- to Pnma-LiCoPO, s
significantly lowered to only 163°C and

endothermic instead of exothermic. The lower
transition temperature is confirmed by the in situ
PXRD study (Fig. S13, S14). Our findings therefore
indicate that the thermal stability is strongly
related to particle size. Nevertheless, the fact
that the transition can be either endo- or
exothermic (depending on the material) cannot
be explained and needs to be investigated in
further experiments.

As the Pna2,-Pnma phase transformation can be
used to produce electrochemically active olivine-
type LiCoPO, by post-annealing,® the present
work provides a new synthesis pathway towards
nanoscaled olivine LiCoPOs. Depending on the
particle size, the temperatures can Dbe
tremendously lowered compared to the direct
solid-state synthesis of the olivine, which requires

temperatures above 800 °C.?°® Moreover, as
particle size reduction is considered a major
strategy to improve the electrochemical

performance (rate capability, cycle life) of the
olivine® but nanoparticles with diameters < 50 nm
have only been accessible using high energy-
consuming ball-milling steps,®* this approach
could pave the way for an easy and scalable
production of the high-voltage cathode material
with significant energy savings. In that context,
the present work provides fundamental insights
which are required for that process.

CONCLUSION

A novel synthesis pathway towards nano-sized
particles of the metastable, tetrahedrally
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coordinated Pna2:-polymorph of LiCoPO, via a
simple and rapid one-step microwave-assisted
solvothermal route using ethylene glycol as a
solvent was presented. The synthesis yielded
nanospheres with diameters of only ~15 nm. The
reduced particle dimensions could be related to
the high viscosity of the solvent, which inhibits
crystal growth and also favors the formation of
the metastable phase. In contrast to previous
reports, X-ray powder diffraction experiments and
elemental analysis indicated that the compound
with the empirical sum formula Lio.ssC01.0sPO.4 is
non-stoichiometric and exhibits an excess of
cobalt. The approach also allowed for a
redetermination of the crystal structure with a
disordered cation substructure in which Co ions
partially occupies the Li sites. Co L,s-edge X-ray
absorption spectroscopic data were reported for
the first time, and confirmed the tetrahedral
coordination of the Co ions in the structure. The
electrochemical performance of the material
could not be improved by particle size reduction,
with an initial discharge capacity of only 6 mAh/g
being reached at 0.1 C. The poor performance
could be attributed to the high surface area of the
material, which promotes parasitic side reaction,
as well as the fact that Li migration is probably
hindered due to the structural disorder.
Comprehensive studies on the thermal stability
using combined thermogravimetric analysis,
differential scanning calorimetry, and
temperature-dependent in situ X-ray powder
diffraction revealed that the material undergoes
several phase transformations upon heating. To
the best of our knowledge, this complex behavior
is reported for the first time. Starting from the
Pna2, phase with a slightly disordered structure,
it is assumed that a disorder-order transition
occurs at 202 °C. The material then converts to
the olivine-type Pnma modification at 527 °C,
which partly und reversibly transforms back to
the initial Pn2,a structure. It remained unclear,
however, whether the transformation back to the
Pna2. modification is quantitative at
temperatures higher than 900 °C, which will have
to be investigated in further experiments. After
cooling to ambient temperature, a single-phase
material of the thermodynamically stable Pnma
modification was obtained. It was further shown
that the temperature of the transformation is
significantly affected by the particle size of the
material and the atmosphere upon heating.

To sum up, the present work provides new
fundamental insights into the structure-property
relations of the metastable LiCoPO, polymorph.
The methodology might be applied to investigate
other metastable lithium transition-metal
phosphates.
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ABBREVIATIONS
AAS Atomic absorption spectroscopy
AEY Auger electron yield
DEC Diethyl carbonate
DSC Differential scanning calorimetry
EC Ethylene carbonate
EDS Energy-dispersive X-ray
spectroscopy

Ethylene glycol
FTIR Fourier transform infrared
spectroscopy
FY Fluorescence yield
LEI Lower secondary electron image
NMP N-Methyl-2-pyrrolidone
PVdF Polyvinylidene difluoride
PXRD Powder X-ray diffraction
SEM Scanning electron microscope
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TEY Total electron yield

TGA Thermogravimetric analysis
XAS X-ray absorption spectroscopy
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