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We highlight that the off-stoichiometric compositional
variation is a simply effective way to improve the power
density of LiFeysMn,,4PO,. This strategy does not require a
supplementary separate coating and is likely applicable to
other compositions given the feasibility of the method.

Superior operating safety with long cycle life and low material
cost makes lithium iron phosphate (LiFePO,) an important Li
storage material."® For this olivine compound, many efforts
have been expended in order to achieve desirable
electrochemical properties such as particle nanosizing and
applying electrically conductive coating.”® However, these
processes reduce tap density and thereby lower practical energy
density,” making the material lose much of its appeal toward
commercialization as compared to current oxide-based
cathodes.'® ™ Thus, enhancing the energy density of nanosized
and coated LiFePO, is an important problem for battery
scientists and engineers.

Higher theoretical energy density for LiFePO, can be
achieved by mixing Mn with Fe, taking advantage of the Mn***
redox potential at 4.1 V over Fe?”*" at 3.4 V."*™ It is also
reported that Mn substitution can alter the delithiatiation
mechanism from phase separation to a solid solution reaction.’®
18 Compositions with large Mn content, however, tend to lack
reasonable rate performance.”®?! In this paper, we present a
simple and efficient way to enable high rate capability in the
mixed olivine cathode, LiFey¢Mngy,PO,, by controlling off-
stoichiometry to create an electrically conductive glassy coating.
This concept is previously established in LiFePO,,** and the
effectiveness to achieve high power density has been also
demonstrated in other cathode materials.”**’ The molar ratio of
the off-stoichiometric compositionis 1 : 0.9 : 0.95 for Li : (Feqe +
Mnos) : P, as optimized previously,”” ® so that the nominal
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composition becomes LiFeq54Mng36P09504.5. The experimental
details for synthesis, characterization, and electrochemistry are
summarized in Electronic supplementary Information (ESI).

Fig. 1a shows X-ray diffraction (XRD) patterns of the as-
synthesized samples with nominal compositions of
LiFep54Mng36P0.0504.5 and LiFegsMng,PO,. The peak positions
and intensity ratios of LiFeg 54Mng 35Py.9504.5 are indistinguishable
from those of LiFeqsMng4PO,, suggesting that the crystalline
olivine phase in both samples is the same with the off-
stoichiometry accommodated as an additional phase. Lattice
parameters of LiFeq ssMng 36Po.95045 (0 = 10.3648 A, b = 6.0400 A,
and ¢ = 4.7122 A) calculated from Rietveld refinement using
Pnma space group in Fig. 1b also match those of LiFeysMng 4,PO,
(a=10.3672 A, b = 6.0407 A, and ¢ = 4.7138 A) obtained in this
study. The lattice parameters and Rietveld refinement details
are summarized in ESI, Table S1.

Similar full width at half maximum for LiFeyssMng 36P0.6504.5
and LiFey¢Mng,PO, shown in the inset of Figure 1la implies
similar particle size for both compounds. Indeed, the particle
size distribution of LiFeys5,Mng36Pp9504.5 Observed by scanning
electron microscopy (SEM) in Fig. 1c is similar to that of
LiFeggMny,PO, in Fig. 1d with the average particle size
approximately 40 nm. Note that in both compounds, some
particles form secondary agglomerates with size ranging
between 200 and 500 nm. Figs. 1e and f show high resolution
transmission electron microscopy (HRTEM) images obtained
from LiFegssMngs6Poos04s and  LiFeg¢Mngy,PO, particles,
respectively. Clearly observable lattice fringes indicate well-
crystallized olivine phases in both particles. However, the
surface morphology noticeably differs from each other: the off-
stoichiometric particle is covered with a non-crystalline layer
(average 4.5 nm) whereas the surface of stoichiometric particle
is crystalline, as similarly observed in off-stoichiometric
LiFegoPoos0as and LiMngoPpos04s.22* The formation of these
amorphous films with self-limiting thickness has been discussed
in detail in Ref [24].*

In order to analyze the composition of the non-crystalline
surface phase, we performed scanning transmission electron
microscopy (STEM) electron energy loss spectroscopy (EELS) line
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Figure 1. (a) XRD patterns of LiFey 5sMng 36Pg.0504.5 (0ff-LFMPO) and LiFeq Mng 4PO, (sto-LFMPO), (b) Rietveld-refined profile matching
of the XRD pattern of LiFeO'54Mn0'35P0'9504_5 (Off‘LFMPO), SEM images of (C) LiFeo'54Mn0'35P0'9504_5 and (d) LiFeo'eMn0.4PO4, HRTEM

images of (e) LiFe0,54M n0.35P0.9504_5 and (f) LiFeoleMn0'4PO4

scanning measurement of P L, O K, Mn L, and Fe L edges across
the particle. Figs. 2a and b show HRTEM and the corresponding
STEM images of the LiFeyssMng36Po95045 particle, respectively.
EELS profiles were collected when electron beam were scanned
from the inside of the particle to the non-crystalline surface of
the particle along the marked arrow in Fig. 2b. EELS
quantification between transition metal L edges and O K edge
plotted in Fig. 2c reveals that the (Fe + Mn) / O atomic ratio near
the surface region substantially deviates from the ratio of the
crystalline bulk region. This indicates that the surface
composition is Fe and Mn deficient relatively to the inside of the
particle. There is no detectable change for the P / O atomic ratio
across the particle within the error bar of EELS quantification
(Figure S1, ESI), indicating that the surface phases also contain P
and O. It should be noted that in some particles weak C K edge
is observed (< 2 nm) in between the glassy surface and bulk
regions, suggesting that the trace amount of carbon remains
after firing the carbon-containing precursors.

We also examine the chemical states of P near the surface of

~5nm
surface
layer

the LiFeys4Mng36Poos0ss particle by X-ray photoelectron
spectroscopy (XPS). The P 2p spectrum of LiFeys4Mng36Po.05045
develops a shoulder around 134.7 eV as compared with that of
LiFegMng 4PO, (Fig. S2, ESI). This implies that various P states
exist in LiFeg 54Mng36P0.9504.5, and the best fit is indeed obtained
by considering P 2p doublets of LiFe,sMno sPO, and Li,P,0,,2 as
shown in Fig. 2d. The details of the XPS experiment are
summarized in Table S2, ESI.

A computed phase diagram of the Li-Fe-P-O, quaternary
system suggests that under reducing condition Fe-deficiency in
LiFegoPgos0ss can lead to phase decomposition into
stoichiometric LiFePO, and some phosphates such as LiPO;,
Li,P,0, and LiFeP,0,,”> ** which agrees with experimental
observation.”” ®* A similar conclusion has been drawn for off-
stoichiometric ~ LiMngoPggs04s  with  slightly  different
decomposition products: Li;PO,, Li,P,0;, and LiMnP,0,.2 *
Although such a phase diagram is currently unavailable for
quinary systems, the decomposition phases of off-
stoichiometric LiFeg 54Mng 36Pg 95045 are likely similar to those of
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Figure 2. (a) HRTEM and (b) the corresponding STEM images of LiFeqssMng36P0.9504.5 and (c) atomic ratios of transition metals to
oxygen with respect to distance from surface obtained from EELS, and (d) 2p binding energy of P obtained from XPS in

LiFeq.54Mng 36P0.9504.5
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Figure 3. Voltage versus specific capacity profiles at various rates: (a) C/5, (b) 1C, and (c) 5C. (d) Cyclic performances of
LiFep 54MnNg36Pg.05s04.5 (Off-LFMPO) and LiFeygMng4PO, (sto-LFMPO). Discharge rate capability of (e) undiluted and (f) diluted

LiFe.54Mng.36P0.9504.5 (off-LFMPO).

LiFeg oPg.9504.5 and LiMng oPg 95045 as the synthesis environment
is almost identical.” ** That is, formation of the surface phase
can be thermodynamically driven by off-stoichiometry in
composition. A more detailed mechanism of why these surface
films form and are self-limiting in thickness can be found in the
literature.”® Given the Fe and Mn deficiency detected by EELS,
the surface phase may include all or any combinations of LiPO3,
LisPO,, Li,P,0;, and some Li-phosphates containing Fe and/or
Mn in a glassy state.”” *? still, due to the non-crystallinity, the
existing phosphates likely have a considerable variation in local
compositions.

The results shown in Figs. 1 and 2 together point out that the
LiFegs5aMng36PoosOss  particle  comprises the  crystalline
LiFeg gMny 4PO, particle with the non-crystalline surface of
phosphates, balancing the off-stoichiometric ratio. Thus, we can
regard  LiFeyssMng36PoosOss as  basically identical to
LiFeg ¢Mng 4PO, but a compositionally different surface phase.

Figs. 3a-c show voltage versus capacity profiles of the
LiFeg 54Mng 36P0.9504.5 and LiFey sMng 4,PO, cathodes in the second
cycle. The former reversibly intercalates the theoretical amount
of Li (165 mAh g?) at C/5 in Fig. 3a, achieving 605 Wh kg*
calculated by voltage integration of the discharge capacity. This
value exceeds the theoretical energy density of LiFePO, (580 Wh
kg™), which is difficult for mixed olivine cathodes to achieve at
this rate. In comparison, the stoichiometric cathode does not
match the performance: 151 mAh g* and 558 Wh kg™ for
specific capacity and energy density, respectively. Moreover,
the off-stoichiometric cathode markedly outperforms the
stoichiometric one at higher rates: 153 and 135 mAh g* are
obtained at 1C (Fig. 3b) and 5C (Fig. 3c) in LiFey s4Mng 36Po.9504.5,
respectively, but 133 and 88 mAh g in LiFe,sMno 4PO, at the
same 1C and 5C. Cycling performance for the
LiFeg 54Mng 36P0.9504.5 and LiFey,sMny4PO, cathode is excellent,
displaying almost no capacity decay after multiple cycles at
different rates, as plotted in Fig. 3d. Therefore,

This journal is © The Royal Society of Chemistry 20xx

LiFepssMng36PoosOss clearly demonstrates an  improved
electrochemical performance compared to LiFey, sMng 4PO,.

We further examine the discharge rate capability of
LiFeg5sMng 36Po9s04s. In Fig. 3e, it delivers 165 mAh g* at C/5
and 158 mAh g™ at 5C. The achievable capacity decreases as the
discharge rate increases: 134, 97, 51, and 25 mAh g'1 at 20C,
40C, 60C, and 100C, respectively. In high-rate cycling, electrode
configuration influences electrical wiring resistance throughout
the cathode and critically determines rate capability.”® ** Thus,
our cathode configuration is altered to include less active
materials (35% LiFegssMng36P0.95045) embedded into more
electronically conductive matrix (60% carbon black and 5% PTFE
binder), thereby ensuring to accommodate large current density
with low wiring resistance. Through this dilution of the active
material, the discharge capacities obtained show immediate
enhancement in Fig. 3f: 164 mAh g'1 at C/5, 160 mAh g'1 at 5C,
and 145 mAh g'1 at 20C. Most dramatically, 130, 115, and 83
mAh g'1 are delivered at higher discharge rates, 40C, 60C, and
100C, respectively.

Compared to stoichiometric LiFeogMngy4PO,, the larger
capacity in off-stoichiometric LiFeys4sMng36Poes04s can be
explained with better electrical (ionic and electronic)
percolation of active particles in the electrode. Nanosized
particles often agglomerate with each other, forming
substantially larger secondary particles, as observed in
LiFeg54Mng 36P0.0504.5 (Fig. 1c) and LiFeq¢Mng PO, (Fig. 1d). This
agglomeration can leads to incomplete permeation of
electrolyte toward the inside, which can apparently reduce
accessible capacity.>**® The non-crystalline Li phosphates in
LiFepsaMng36P0os0ss are formed during synthesis, likely
encapsulating the primary particle individually. As the
phosphate glasses related to LiPO;, Li;PO, and Li,P,0, are known
Li* conductors,” > they can provide percolated Li* transport
pathways (i.e. ionic wiring) throughout the secondary particles.
As a result, Li' inside the secondary particle of the off-
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stoichiometric cathode can be still accessible. This may not be
the case for the stoichiometric cathode as it does not have such
glassy surface phases. Particle agglomeration can also take an
electronic contact away from primary particles to the carbon
matrix, resulting in larger charge transfer resistance. The
phosphates including transition metal such as Fe®" at the surface
and/or the thin residual carbon layer can form an electronic
network through the secondary particles and contribute to
better wiring in the cathode.*’

In summary, we synthesize LiFeysMny4PO, with a non-
crystalline surface phase by controlling off-stoichiometry and
achieve its theoretical capacity of 165 mAh g™ at C/5 cycling and
135 mAh g™ at 5C cycling with good capacity retention. It is also
capable of very fast discharging, 115 mAh g™ at 60C and 83 mAh
g™ at 100C between 4.7 and 2.5 V, through diluting the cathode
active mass. This superior performance likely originates in the
phosphate surface layer, which promotes effective electrical
wiring for Li* transport throughout the cathode. Our off-
stoichiometric design strategy is a simple approach to achieve
high-rate performance, applicable to other mixed olivine
compositions.
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