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ABSTRACT: Structural characterization of Li,_,MP,0, (M = @ - omerus ®) p—
Fe, Co) was carried out using neutron diffraction (ND) and
X-ray diffraction (XRD) analyses to elucidate structural infor-
mation and structural changes during an electrochemical reac- w
tion. The crystal system and space group were determined to be

monoclinic P2,/c for both materials with a = 11.0192 (4) A, b = ‘ I i

9'7488 (3) 'A', c= 9'8057 (4) A" a’nd ﬁ = 101'569 (3)0 for 10 - 20 ;0 40 50 60 70 80 20 40 —;'0 80 100 120 140
Li, .FeP,0, and a = 10.9574 (3), b = 9.6921 (3), ¢ = 9.7611 2uheta (deg) 2theta (dog)

(3), and 8 = 101.776 (2)° for Li, ,CoP,0,. XRD analysis revealed partial occupancy of iron and cobalt in the structures of
Li, .FeP,0O; and Li, ,CoP,0, respectively. Also, ND identified lithium positions and partial occupancies in five different Li sites
of Li, ,MP,0, (M = Fe, Co). Further ex situ XRD showed that the charging/discharging of Li, ,FeP,0, occurred primarily via a
two-phase reaction with a slight solid solution behavior. We also demonstrated for the first time that Li, ,CoP,O; electrodes are
electrochemically active, with a redox potential of ~5 V (versus Li).
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1. INTRODUCTION Here, we report the detailed structural characterization of
Li, .MP,0; (M = Fe, Co). Atomic sites and occupancies were
determined by Rietveld refinements of neutron diffraction (ND)
and XRD. Whereas XRD analysis is sensitive to transition metals
(TMs) and atoms with high atomic numbers, the sensitivity of ND
to lithium enabled us to determine the exact lithium positions and
occupancies. Combined XRD and ND studies are advantageous for

characterizing Li-ion battery electrode materials."®*° Furthermore,
new materials such as fluorinated phosphate,® fluorinated sulfate,” : S i :
phosphate, ) we propose Li, ,CoP,0,, which is isostructural to Li, ,MP,0-

e 89 10-12 . ;
silicates,” and NASICON-type electrodes have been investi- (M = Mn, Fe), as a new cathode for lithium rechargeable batteries.
gated as alternatives to oxide-based cathode materials, which are

costly and subject to safety issues.

Recently, a newly synthesized pyrophosphate-based Li,Mn- 2. EXPERIMENTAL SECTION
P,O- material was reported.13 Although the material is electro-

Because lithium-ion batteries are being considered as large-
scale energy-storage systems (ESSs) % the search for new electrode
materials to replace LiCoO, is becoming increasingly important.
In particular, olivine-structured materials® > such as LiFePO, are
of interest because they are considered safe, which is essential for
large-scale battery systems. In addition to olivine materials, other

chemically inactive, Nishimura et al.'* and Zhou et al.'* found 2.1. Synthesis. Lithium TM pyrophosphate Li, ,MP,0, (M = Fe,
that the Fe version of pyrophosphate, Li,FeP,05, is a promising Co) samples were synthesized using a two-step solid-state method. The
3.5 V class cathode material for lithium-ion batteries and can starting materials were Li,CO3 (ACS reagent, >99%, Aldrich), FeC,0,-
safely deliver high-energy density. Nishimura et al. also determined 2H,0 (9%, Aldrich), CoC0,-2H,0 (Reagent grade, Alfa Aesar), and

(NH,),HPO, (ACS reagent 98%, Aldrich). We did not use enriched "Lior
®Li samples. These precursors were mixed by ball milling with acetone for 24
h. After the acetone was allowed to evaporate at 70 °C for 12 h, the mixture
was ground. The ground powder was initially heated at 300 °C for 6 h under

the structure of lithium iron pyrophosphate using synchrotron
X-ray diffraction (XRD), which suggested a quasi two-dimen-
sional network of lithium paths. However, lithium sites and
occupancy were not sufficiently characterized. Due to the low

Ar flow. The calcined 1 d and pelletized ally und
scattering of lithium in XRD, the decisive lithium environ- ow. ZhE cacined sammple was [egrounc and petetized manuaTy under

200kg-cm ™~ pressure using a disk-shaped mold. The pelletized sample was

ments in the structure could not be assured especially when calcined again at 550600 °C for 10 h under Ar flow.

various Li sites are present in Li, ,MP,0, (M = Fe, Co).
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To prepare LiFeP,0, Li,_ FeP,0O; was chemically delithiated using
NO,BF, (Aldrich, 95%) in acetonitrile solvents (99%, Aldrich) accord-
ing to the following reaction

LiZ,xFeP207 -+ NOzBF4 - LiFeP207 + LIBF4 + NOZ

NO,BF, was used as a strong oxidizing agent with a redox potential
for NO,*/NO, of 5.1 V versus Li*/Li.*"** The solution was stirred for
12 h at 60 °C. The final product, LiFeP,0-, was obtained by washing
reactants several times with acetonitrile using a centrifuge.

2.2. Characterization. Positions and partial occupancies of TMs
(Co or Fe) in the synthesized Li, ,MP,0; (M = Fe, Co) were
determined using an X-ray diffractometer (Rigaku, D/MAX 2500)
equipped with Cu Kat radiation (4 = 1.5406 A). Data were recorded
over a 20 range of 10 to 80°, with a step size of 0.02°. Each step was
exposed for 4 s. ND analysis of Li, ,MP,0, (M = Fe, Co) was carried
out to determine lithium positions and occupancies. ND data were
collected over a 26 range of 0—180° with a step size of 0.05°, and A =
1.8348 A was supplied by a Ge (331) single-crystal monochromator on a
high-resolution powder diffractometer (HRPD) at the HANARO
facility at the Korea Atomic Energy Research Institute. Further XRD
analysis was performed to investigate structural evolution during char-
ging and discharging. The data were collected over a 26 range of 10—60°
with a step size of 0.02° using the same X-ray diffractometer (Rigaku,
D/MAX 2500). ND and XRD data were refined by the Rietveld method
using Fullprof software.”® Samples were further characterized using a
Fourier transform infrared (FT-IR) microscope (Hyper ion 3000) by
KBr pellet analysis. Atomic ratios of elements such as Li, Fe, and Co in
Li, ,FeP,0,, LiFeP,0, and Li, _,CoP,0O; were determined by induc-
tively coupled plasma—atomic-emission spectroscopy (ICP—AES,
Thermo Jarrel Ash, Polyscan 60E, USA). Thermal gravimetric analysis
(TGA) and differential scanning calorimetry (DSC) were used to
investigate the structural stability of the delithiated sample at various tem-
peratures using a Setsys16/18 thermogravimetry analyzer (SETARAM,
France) under an Ar atmosphere at a heating rate of 10 °C-min” " from
room temperature to 600 °C.

2.3. Electrochemical Tests. Electrochemical tests were per-
formed in a CR2016-type coin cell assembled in an Ar-filled glovebox.
The electrode was prepared as follows. First, the powder was mixed with
super P by dry ball milling at a ratio of 85:15 wt %. Then, the total
composition of the electrode was adjusted to 70 wt % of the active
material, 20 wt % super P, and 10 wt % polyvinylidene fluoride (PVDF).
The electrode was fabricated by pasting a slurry of the powder mixture in
N-methyl-2-pyrrolidone (99.5%, Aldrich) (NMP) onto Al foil using a
doctor blade. NMP was evaporated for 2 h in an oven at 110 °C. The loading
amount of the electrode was 1.95 x 10> g cm™ . The cell was assembled
using a Li counter electrode (Hohsen Corp, Japan), a separator (Celgard
2400), and 1 M solution of LiPFg in ethyl carbonate/dimethylcarbonate
(EC/DMC, 1:1 v/v, Techno Semichem) in an Ar-filled glovebox. Cyclic
voltammetry (CV) was performed over the voltage range of 2.0—5.5 V for
Li,,CoP,0O; at room temperature using Solartron. The CV measurement
was performed at a scan rate of 0.02 mV's ', Galvanostatic charge/discharge
tests were performed at various C rates (2C, 1C, C/2, C/S, C/10, C/20, ie,
5~250mA g~ ") for Li,  FeP,O,. Quasi-open-circuit potential (QOCP)
tests on the Li, ,FeP,0, sample were performed at a C/50 rate with 2 h
relaxation time using an intermittent charge/discharge mode* After the
relaxation, dV/dt was below 10°vs L

3. RESULTS AND DISCUSSION

3.1. Structural Characterization. We investigated the struc-
tures of Li,_,FeP,O and Li,_,CoP,0, using XRD and ND
analyses. Figure 1(a—d) shows the XRD and ND patterns of
Li, ,FeP,0, (Figure 1(a), (b)) and Li, ,CoP,O- (Figure 1(c),
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Figure 1. Rietveld refinements of the (a) XRD and (b) ND patterns
of Li, ,FeP,0, with Li,_,CoP,0, (c) XRD and (d) ND patterns.
R-factors for (a) XRD pattern are R,, = 3.28%, Ry = 1.97%, R = 1.15%,
S =2.14. and those for (b) ND pattern are R, =2.10%, Ry = 3.30%, Rp =
1.61%, S = 1.75. R-factors for (c) XRD and ND patterns of Li, ,CoP,0,
are R, = 4.29%, R, = 2.77%, Rg = 2.07, S = 243 and R, = 2.16%,
Ry =2.75%, Rp = 1.48%, S = 1.48, respectively.

3931 dx.doi.org/10.1021/cm201305z [Chem. Mater. 2011, 23, 3930-3937



Chemistry of Materials

Table 1. Refined Lattice Parameters from XRD and ND Patterns

designation description a(A)
Li,_FeP,0, X-ray 11.0224 (4)
neutron 11.0192 (4)

ref 14 11.0185
Li,_,CoP,0, X-ray 10.9603 (3)
neutron 10.9574 (3)

b (A) c(A) P (deg) vol
9.7541 (3) 9.8080 (3) 101.564 (2) 1033.083
9.7488 (3) 9.8057 (4) 101.569 (3) 1032.097
9.7553 9.8052 101.542 1033.01
9.6957 (2) 9.7641(2) 101.784 (1) 1015.740
9.6921 (3) 9.7611 (3) 101.776 (2) 1014.810
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Figure 2. Schematic representation of the structure of Li, ,MP,0, (M = Fe, Co).

(d)). Below the measured diffraction patterns are the calculated
patterns for each phase and the difference between the calculated
and observed patterns. The crystal system and space group were
determined to be monoclinic P2, /c for both materials, consistent
with previous reports on lithium iron and manganese pyropho-
sphate-based materials.">~"*

Table 1 shows the refined lattice parameters of Li, ,FeP,0,
and Li, ,CoP,0, from XRD and ND along with previously
reported values for Li, ,FeP,0O-. Li, ,FeP,O, XRD values were
close to the ND values and were consistent with previous XRD
results.’* Refinement of Li, ,CoP,O- resulted in lattice para-
meters of a = 10.9603 (3) A, b =9.6957 (2) A, c=9.7641 (2) A,
and f3 = 101.784 (1)° from XRD. This result is comparable to
previous structure reports on Liy,,C0,_,(P,05),.>° The lattice
parameters of Li, ,CoP,0O; are smaller than those of Li, ,Fe-
P,0; due to the smaller ionic size of Co”* (0.745 A, high spin)
compared with Fe>* (0.78 A, high spin).*® LiFePQ,, impurity was
detected in the Li, ,FeP,O- phase, and the quantitative analysis
revealed that ~3 wt % LiFePO, was present in the sample. A
schematic illustration of the refined structures is shown in
Figure 2. In Li, ,MP,0, (M = Fe, Co), the TM polyhedra are
edge shared, and the three polyhedra are interconnected with
P,0; via corner sharing. Iron and cobalt-based pyrophosphate
materials are isostructural to Li,MnP,0O-, except for TM partial
occupancy in Li sites and Li partial occupancy in TM sites."
Three different TM sites and five different Li sites are present in
the crystal structure. TM1 sites are in TMOg distorted octahedra,
and TM2 and TM3 sites are in TMOjs bipyramids with partial

3932

occupancies (Figure 2(b)). TM atoms were refined to be inter-
mixed with Li atoms in TM2 and TM3 sites for both Li,_,FeP,O-
and Li, ,CoP,0,. Quantitative analysis on partial occupancy is
discussed later. Among five Li sites, Lil and Li2 are tetrahedrally
coordinated; Li3 forms bipyramidal sites; Li4 shares its occupancy
with TM3 bipyramids; and LiS shares its occupancy with TM2
bipyramids. Li sites (Lil, Li2, Li3, Li4) in both Li, ,FeP,O, and
Li,_,CoP,0; are two-dimensionally linked toward the b- and c-
axes. These quasi two-dimensional lithium links are expected to
provide lithium-ion diffusion paths (Figure 2(c)).

Prior to quantitative analysis of partial occupancies in the
crystal, the effect of partial occupancies of TMs and Li on the
relative intensities of diffraction peaks was examined by simulat-
ing XRD patterns and ND patterns, respectively. The evolution
of simulated peaks according to Fe partial occupancy is presented
in Figure 3(a) for XRD, and that of Li partial occupancy is shown
in Figure 3(b) for ND. Fe partial occupancy simulations were
carried out by changing the relative ratio of Fe2 and Fe3 (Fe2 +
Fe3 = 1) in the crystal. As shown in Figure 3(a), (110), (011),
(—111), and (200) peaks strongly depended on the relative
occupancies of Fe2 and Fe3 sites. In particular, the (—111) peak
intensity decreased significantly with increasing Fe2 partial
occupancy. The relative intensity ratio (I (—111)/I (200))
decreased from 1.922 to 0.498 as Fe2 occupancy increased from
0.5 to 1.0. The lowest R-factors with respect to Fe2/Fe3 partial
occupancy were obtained for the model with Fe2 = 0.67 (Fe3 =
0.33). Partially occupied lithium models were also analyzed by
simulating the effect of Li4 partial occupancy in the ND pattern.

dx.doi.org/10.1021/cm201305z |Chem. Mater. 2011, 23, 3930-3937
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Figure 3. Simulated (a) XRD and (b) ND patterns of Li, ,FeP,0- as a function of partial occupancy of Fe and Li. Simulated (c) XRD and (d) ND
patterns of the Li, ,CoP,0- according to the partial occupancy of Co and Li.

Variation in the (011), (—111), and (200) peak intensities was
observed with varying Li4 occupancy in Figure 3(b). The relative
intensity ratio between the (—111) and (200) peaks decreased
from 0.692 to 0.616 as Li4 occupancy increased from 0.4 to 0.8.
The refined patterns showed the lowest R-factors when Li partial
occupancies were 0.63 for the Li4 site and 0.94 for the Li3 site,
indicating a slight lithium deficiency in the structure.

Similar simulations were also performed for the newly synthe-
sized Li, ,CoP,0; phase, as shown in Figure 3(c) and 3(d). The
trend of (110), (011), (—111), and (200) peak intensity variation
was similar to that of Li, ,FeP,0- for various partial occupancies of
Co2 and Co3 (Figure 3(c)). The lowest R-factors were obtained
when Co2 occupancy was 0.71 from the refined XRD pattern. ND
pattern simulations verified the partial occupancy of Li4. The
variation in Li4 occupancy changed the relative intensity ratio of
(011), (—111), and (200) (Figure 3(d)). The lowest R-factors
were obtained for the partial occupancy of Li4 = 0.65.

Final refined atomic positions and occupancy with thermal
factors from combined XRD and ND analyses are listed in
Tables 2 and 3 for Li, FeP,0, and Li, ,CoP,0-, respectively.
The partial occupancy of Fe was 0.67 in Fe2 sites and 0.33 in Fe3
sites, and Fe3 sites were intermixed with 0.63 Li (Li4 sites) in
Li,_,FeP,0;. The C02:Co3 partial occupancy ratio was 0.71:0.29,
and Li occupancy in Co3 sites (Li4 sites) was refined to be 0.65 in
Li, ,CoP,0-. Also, slight Li deficiency in the Li3 site was detected

as 0.94 for Li,_,FeP,O, and 091 for Li,_,CoP,O-. As shown in
Tables 2 and 3, both Li, ,FeP,0- and Li, ,CoP,0- phases exhi-
bited some degree of Li deficiency. Moreover, ICP—AES analysis
revealed that the atomic ratios of Fe/Li and Co/Li were 1.89 and
1.81 in Li, ,FeP,0, and Li, ,CoP,0, respectively, consistent
with XRD and ND results.

For further examination of Li,_,MP,0, (M = Fe, Co), FT-IR
analysis was performed (Figure 4). P-O—P and O—P—O
bonds and PO; bonds in (P,0,)* are clearly observed in the
FT-IR spectra for both Li, ,MP,0; (Fe or Co). A symmetric
vibration (V) of P—O—P bonds in Li,_,FeP,0, was measured
at 74623 cm ', and an asymmetric vibration (v,,) was measured
at 944.85 cm™ . v, and v,, of P—O—P bonds in Li, ,CoP,O- were
shifted to 750.61 and 942.61 cm™ ', respectively. The vibrations of
P—O bonds in PO; were observed in the range of 850—990 em '
for v, and 990— 1400 cm ™ * for V.. Those of O—P—O bonds were
observed in the range of 400—645 cm . These results are con-
sistent with grevious reports on other alkali pyrophosphate-based
materials.””

3.2. Structural Evolution during Charging/Discharging
and Stability of the Charged Sample. We investigated the
structural evolution of Li,_,FeP,O; electrodes in a Li cell using
ex situ XRD analysis. At a low current rate, the Li, ,FeP,O;
electrode delivered ~110 mAh g~ ! which is close to its theoretical
capacity (Figure 5(a))."* XRD measurements were carried out in

3933 dx.doi.org/10.1021/cm201305z [Chem. Mater. 2011, 23, 3930-3937
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Table 2. Atomic Position and Occupancy of Refined Li, ,FeP,0- Using ND Patterns

atom multiplicity kS y z Biso occupancy
Fel 4 0.6723(4) 0.5715(5) 0.6947(4) 1.19(7) 1.00
Fe2 4 0.8233(6) 0.2872(6) 0.7557(7) 1.19(7) 0.67(2)
Lis 4 0.8233(6) 0.2872(6) 0.7557(7) 1.19(7) 0.18(3)
Fe3 4 0.0369(17) 0.069(2) 0.655(2) 1.19(7) 0.33(1)
P1 4 0.5737(8) 0.6480(7) 0.3764(7) 0.54(8) 1.00
P2 4 0.2456(6) 0.5689(7) 0.5650(7) 0.54(8) 1.00
P3 4 0.8894(7) 0.7976(7) 0.6159(8) 0.54(8) 1.00
P4 4 0.7577(7) 0.0434(7) 0.5258(8) 0.54(8) 1.00
o1 4 0.8548(7) 0.1370(6) 0.6183(8) 1.05(4) 1.00
02 4 0.7863(7) 0.0319(7) 0.3739(8) 1.05(4) 1.00
03 4 0.3750(7) 0.5841(8) 0.9843(7) 1.05(4) 1.00
04 4 0.1091(6) 0.5658(8) 0.5693(8) 1.05(4) 1.00
os 4 0.6909(6) 0.3244(7) 0.3385(7) 1.05(4) 1.00
06 4 0.7335(6) 0.4132(7) 0.5859(7) 1.05(4) 1.00
o7 4 0.0727(7) 0.2754(6) 0.0159(7) 1.05(4) 1.00
08 4 0.4156(7) 0.2902(7) 0.1869(7) 1.05(4) 1.00
09 4 0.8459(7) 0.6667(7) 0.6833(7) 1.05(4) 1.00
010 4 —0.0058(6) 0.8669(6) 0.7157(8) 1.05(4) 1.00
o11 4 0.4817(7) 0.9339(7) 0.7775(7) 1.05(4) 1.00
o12 4 0.5528(7) 0.6609(7) 0.5243(8) 1.05(4) 1.00
013 4 0.2922(6) 0.0744(7) 0.1168(6) 1.05(4) 1.00
014 4 0.2258(6) 0.1038(7) 0.4004(7) 1.05(4) 1.00
Lil 4 0.445(2) 0.727(3) 0.106(2) 2.3(3) 1.00
Li2 4 0.972(2) 0.625(2) 0.429(3) 2.3(3) 1.00
Li3 4 0.436(2) 0.584(3) 0.813(3) 2.3(3) 0.94(3)
Li4 4 0.0369(17) 0.069(2) 0.655(2) 1.19(7) 0.63(2)
Table 3. Atomic Position and Occupancy of Refined Li, ,CoP,0, Using ND Patterns
atom multiplicity g y z Biso occupancy
Col 4 0.6737(11) 0.5704(14) 0.6977(12) 1.3(2) 1
Co2 4 0.823(2) 0.285(2) 0.756(3) 1.3(2) 0.71(1)
Lis 4 0.823(2) 0.285(2) 0.756(3) 1.3(2) 0.15(2)
Co3 4 0.051(6) 0.096(8) 0.665(8) 1.3(2) 0.29(3)
P1 4 0.5776(6) 0.6504(6) 0.3761(6) 0.55(5) 1.00
P2 4 0.2433(5) 0.5702(6) 0.5636(6) 0.55(5) 1.00
P3 4 0.8877(5) 0.7945(6) 0.6176(6) 0.55(5) 1.00
P4 4 0.7582(5) 0.0466(6) 0.5200(6) 0.55(5) 1.00
o1 4 0.8552(5) 0.1373(5) 0.6132(6) 0.97(3) 1.00
02 4 0.7857(5) 0.0327(5) 0.3750(6) 0.97(3) 1.00
03 4 0.3754(5) 0.5841(6) 0.9808(6) 0.97(3) 1.00
04 4 0.1056(4) 0.5685(6) 0.5706(6) 0.97(3) 1.00
0s 4 0.6900(5) 0.3210(5) 0.3368(5) 0.97(3) 1.00
06 4 0.7353(5) 0.4126(5) 0.5856(5) 0.97(3) 1.00
o7 4 0.0777(3) 0.2771(5) 0.0238(6) 0.97(3) 1.00
08 4 0.4148(5) 0.2907(5) 0.1859(6) 0.97(3) 1.00
09 4 0.8451(5) 0.6656(5) 0.6786(5) 0.97(3) 1.00
010 4 —0.0032(5) 0.8641(5) 0.7165(6) 0.97(3) 1.00
Ol11 4 0.4811(S) 0.9349(6) 0.7757(S) 0.97(3) 1.00
o12 4 0.5569(5) 0.6573(5) 0.5271(6) 0.97(3) 1.00
013 4 0.2916(5) 0.0768(5) 0.1169(5) 0.97(3) 1.00
014 4 0.2289(4) 0.1046(5) 0.4046(5) 0.97(3) 1.00
Lil 4 0.444(2) 0.7336(19) 0.1144(19) 2.6(2) 1.00
Li2 4 0.9728(17) 0.6167(18) 0.416(2) 2.6(2) 1.00
Li3 4 0.4544(18) 0.568(2) 0.820(2) 2.6(2) 0.91(3)
Li4 4 0.051(6) 0.096(8) 0.665(8) 1.3(2) 0.65(2)
3934 dx.doi.org/10.1021/cm201305z [Chem. Mater. 2011, 23, 3930-3937
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Figure 4. FT-IR spectra of (a) Li, ,FeP,0; and (b) Li, ,CoP,0.

different charge or discharge states, as shown in Figure S(a).
Corresponding XRD patterns are shown in Figure S(b) and 5(c)
for charging and discharging, respectively. During charging, a new
set of peaks appeared and grew. In particular, the amplified figure in
the inset of Figure 5(b) clearly shows that new peaks at 12 and 13°
emerged during charging. To identify these new peaks, we inde-
pendently synthesized LiFeP, O, as a reference by chemical delithia-
tion of Li, ,FeP,0, and plotted both XRD patterns in Figure S(b)
and 5(c). The new peaks denoted as (*) correspond to the (110)
and (011) peaks of LiFeP,O,. This observation indicates that the
delithiation of Li, ,FeP,0, occurred via a two-phase reaction
between Li,_, FeP,O; and LiFeP,O-. It should be noted that at
the initial stages of charge slight peak shifts occur, implying some
degree of solid solution behavior. In the discharge profile, the
opposite phenomenon was observed. The (110) and (011) peak
intensities decreased reversibly with lithiation. This two-phase
reaction of de/lithiation is similar to the behavior of other polyanion
electrodes such as LiFePO, and LiFeSO,E.>’

The fully charged sample, LiFeP,0,, was further analyzed.
Using TGA/DSC measurements, thermal-phase stability of
LiFeP,0, was examined. Figure 6 shows the thermal behavior
when the sample was heated to 600 °C. The delithiated phase,
LiFeP,0,, was stable until 500 °C, with only a slight weight loss
of ~5%. A highly exothermal reaction was observed above
510 °C. The stability of the LiFeP,0O5 electrode was comparable
to that of charged olivine LiFePO,.” However, a detailed phase
transformation mechanism should be elucidated.

3.3. Electrochemical Characterization. Figure 7 shows the
QOCP measurement at a C/S0 rate in intermittent charge/
discharge mode. Two hours of relaxation time is applied during
each charging and discharging step. After a 2 h rest period,
the dV/dt was below 10 Vs~ 1, indicating that further relaxation
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Figure S. (a) Charge and discharge profiles based on ex situ XRD
patterns of Li, ,FeP,0O- during (b) charging and (c) discharging.

would not change the potential significantly. The small polarization
at each step indicates that a relatively fast charge/discharge reaction
is possible for Li, ,FeP,0. In addition to a clear two-phase region
in the profile, there is a long, sloping region at the initial delithiation
stage. This implies that some degree of solid solution was present in
Li,_,FeP,0- before the two-phase reaction occurred.3®!
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Figure 8. Discharge curves of Li,_,FeP,0- as a function of C rate. The
inset shows a cyclability graph at various rates.

Further galvanostatic charge/discharge measurements were
conducted for the Li, ,FeP,0; electrode. Figure 8 shows the initial
discharge profiles of the Li, ,FeP,0- electrode measured at various
current rates (C/20,C/10,C/S,C/2,1C). At C/20,a capacity close
to its theoretical capacity (110 mAh g~ ") was achieved. About 63%
of the theoretical capacity was retained at a rate of 1C. The cycle
performances of Li, ,FeP,O, measured at various C rates are
shown in the inset of Figure 8. Relatively good cycle performance
was observed for each rate. About 100 mAh g71 was retained after
30 cycles of the rate test. The good cycle life was attributed to the
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Figure 9. (a) Cyclic voltammogram and (b) charge/discharge curves of
Li,_,CoP,0-.

stable polyanion framework of Li, ,FeP,0- even in the delithiated
phase, as previously demonstrated.

The electrochemical properties of the newly synthesized
Li,_,CoP,0; phase were investigated by CV and galvanostatic
charge/discharge measurements. The electrochemical properties
of Li, ,CoP,0; have not been reported previously. Figure 9(a)
clearly demonstrates that the Li, ,CoP,O; electrode is electro-
chemically active in a Li cell. Reversible cathodic and anodic
peaks were observed between 4.5 and 5.5 V for multiple cycles.
Average voltage was estimated to be ~4.9 V. From the galvano-
static measurement in Figure 9(b), the charge/discharge beha-
vior of Li, ,CoP,0, was more evidently demonstrated. Charge
was extracted from the Li, ,CoP,O; electrode at ~5.2 V, along
with partial electrolyte decomposition. Upon discharge, about
85 mAh g~ ' of capacity was reversibly delivered at ~4.8 V,
indicating that the charge capacity was not simply due to
electrolyte oxidation but also involved a reversible reaction such
as lithium extraction and insertion. It should be noted that the
redox potential of Li, ,CoP,05 is higher than that of LiCoPO,
by ~0.1—0.2 V. This difference is similar to the voltage gap
between Li, ,FeP,0, (3.5 V) and LiFePO, (3.4 V)."* It con-
firms that the redox potential of the electrode material is sensitive
to the crystal structure and the local atomic environment.
Although a 4.9 V cathode may not be practical due to the
instability of conventional electrolytes at such a high voltage,
we believe this material can be used as a cathode when high-
voltage electrolytes are developed in the future.

4. CONCLUSIONS

Detailed structural characterization of Li, . MP,0-, (M = Fe, Co)
was performed by combined ND and XRD analyses. Structural
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simulations revealed TM and Li partial occupancies. Intermixed
TM3 and Li4 sites were carefully analyzed using ND and XRD
patterns. Structural evolution of a Li, ,FeP,0O; electrode in a Li cell
occurred via a two-phase reaction, as confirmed by ex situ XRD. The
delithiated phase was thermally stable up to 500 °C. We also
reported the structure of a newly synthesized phase, Li, ,CoP,0O5,
based on ND and XRD analyses. We showed that the Li, ,CoP,0-
electrode is electrochemically active with a redox potential of ~4.9 V.
The Li,_,CoP,0, electrode delivered ~85 mAh g~ ' on discharge
at C/20.
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