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Figure 5. (Color online) Normalized cyclic voltammagrams from (a) HT
LiFey sMng sPO,4 and (b) SG LiFeMnPO,. The sweep rate of each test indi-
cated on the graphs is in millivolts per second.

degree of separation between the Fe anodic and cathodic peaks is
consistent with the phase diagram of Yamada et al.'' This diagram
suggests that during delithiation of LiFey sMn sPOy, the Fe>*/Fe® "
regime comprised primarily one phase and the Mn redox regime
comprised two phases.

At an Fe:Mn ratio of 0.4:0.6, the notion of a single phase Fe
Fe*" redox reaction has been countered by Bramnik et al.?® who
propose two phase delithiation reactions in both Fe and Mn redox
regimes of LiFey4Mng¢PO,4 with the support of high resolution x-
ray diffraction data. Their study suggests that an intermediate solid
solution domain exists in the “region where the Fe**/Fe*™ electro-
chemical reaction is replaced by Mn>"/Mn®"™ in the 0.55 < x
< 0.67 region of Li,Feg4MnycPO,4 As suggested also by Roberts
et al.,>* the unusual shoulder that occurs around 3.5 V (in both the
LiFe( sMn sPO, cells) may speak to this solid solution region, fol-
lowed by the more prominent cathodic peak attributed to the
remaining two phase reaction; however, this is yet to be supported
by electron microscopy. Neutron diffraction may be used in the
future to determine how Li site occupancy differs in the anodic and
cathodic directions at various states of charge, causing the appear-
ance of this artifact solely upon discharge.

The processed GITT data (Fig. 9) clearly depicts variable diffu-
sivity values in the Mn regime. The linear decrease in ionic diffusiv-
ity with increased states of charge in the Mn regime is consistent
with the notion of a moving phase boundary as described by the
domino-cascade model as applied to the LiFePO, system.'® This model
describes the delithiation of LiFePO, in the context of subdomains of
which one is depleted of lithium content before the next, causing the
FePO,/LiFePO, interface to move at different states of charge.

The domino-cascade model can be applied to dual phase regions
(i.e., the Mn redox regime) in LiFey sMng sPO,4 but cannot be used
to describe what may or may not be the single phase Fe redox re-
gime in this system. The relative consistency between apparent dif-
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Figure 6. (Color online) (a) Normalized cyclic voltammagram from the
composite cathode 0.5 LiFePO, + 0.5LiMnPO,. The sweep rate of each test
indicated on the graph is in millivolts per second. (b) An enlarged version of
the CV at 0.01 mV/s is presented on the right.

Figure 7. (Color online) Variation in potential difference between anodic
and cathodic current peaks as a function of the square root of CV sweep rate.

fusivity values in the Fe regime suggests that it consists primarily of
a single phase, which would be in agreement with the study by
Yamada et al. The slight slope may be caused by the use of a con-
stant molar volume value, which in fact is not the case at various
states of charge. The shallow slope may also be indicative of a
slower moving phase boundary, so that the idea of two phases can-
not be entirely excluded.

In order to illustrate the potential one phase Fe**/Fe*" region,
we assume that half of the Li ions are associated with the Fe sites
and the other half are associated with the Mn sites. With this, we
propose the following phase transitions that occur at various stages
of delithiation (Fig. 10)

(1) For (x < 0.5, single phase),
LigsFeg sLigsMng sPO4—
Li0_5,XFeo_SLiQ_sMn0_5PO4 + XLiJr +xe~

(2) For (0.5 < x < 1.0, dual phase),
FCO.sLiO'SMHO.5PO4H
(I-X)Feo_SLio_SMno_SPO4 + XFCQ_SMH()_SPO4 -+ XLiJr +xe~

Figure 8. (Color online) GITT data for SG LiFeysMngsPO,. Inset top:
Focused Portion of raw data; bottom: schematic according to Weppner and
Huggins.'®
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Fig. 10 illustrates the suggested phase changes that occur at vari-
ous degrees of delithiation in LiFeysMngsPO,4. Here, in the first
50% of charge, dark blue to light blue indicates the progression of
Lio'5FCO'5Li0V5MH0'5PO4 to Feo,5L10,5Mn0,5PO4. The uniformity of
colors across the horizontal matrix from 0 < x < 0.5 represents a
single phase after which the domino-cascade model takes over (0.5
< x < 1), and fully delithiated nanodomains start to form.

Analysis of D values obtained from CV—In both LiFeqs.
Mng sPO, cells, lithium diffusivity in the Mn redox regime was
slower than in the Fe redox regime. CVs for this system that have
been published by others'** have identical current peak heights for
both Fe and Mn redox reactions. The lower Mn diffusivities in our
samples are likely due to an intrinsic structural property attributed
to the methods of synthesis. Given that the apparent diffusivity val-
ues calculated using CV and GITT data are consistent with each
other in all cases (with the exception of the apparent ionic diffusiv-

.IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII — Fe,.Mn, PO,

\\\\\\\\\\\ N\\N
J OOEOOEOOORNNn > (1-X)Feg Liq Mn, PO, + XFe, ;Mn, PO, (Dual Phase)

AN

JHJHLUHHH 0
ANIEIRRRIRINNNNNN
LLCOOoOinoooooaL -
'
ﬂﬂﬂﬂl’ﬂ \ — FegLiy Mn, PO,

0.5 —

> Liy ¢,FeysLiy sMn, PO, (Single Phase)

Figure 10. (Color online) Schematic representation illustrating the phase
changes that occur at various degrees of delithiation in LiFeqsMng sPOy.
Here, in the first 50% of charge, dark blue to light blue indicates the progres-
sion of Lio_5F60_5Li0_5Mn0_5P04 to FC()_sLio_sMn()jPO& The uniformity of
colors across the horizontal matrix represents a single phase. At x =0.5, the
domino-cascade model according to Delmas et al.'® takes over and fully deli-
thiated nanodomains start to form.
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ity in the Fe regime for the HT LiFe( sMn, sPO,4, which will require
further exploration before an explanation can be presented)
(Table IIT), we believe that either technique can be used to success-
fully measure apparent diffusivity in a single or dual transition metal
phosphate. A lithium diffusivity value was not calculated for the Mn
regime of the composite cell due to the fact that the material was
too rate limited to generate useful GITT data.

The cell containing HT fabricated material had lower apparent
diffusivities than the cell containing the SG synthesized specimen
(Table III), despite exhibiting a higher specific capacity (Fig. 4).
The lower specific capacity of the SG cell may have been limited by
electronic conductivity; the in situ carbon coating offered by the eth-
ylene glycol during heat treatment may not have offered as intimate
a coating as the separate carbon coating step imposed on the HT
materials.

Comparing diffusivity values obtained from the SG solid solu-
tion cell with those from the SG composite cell shows that the incor-
poration of Fe and Mn into the same crystalline structure resulted in
improved diffusivity in the Mn redox regime. By incorporating Fe
onto Mn sites of LiMnPO,, the smaller Fe atoms may leave more
room for the Li ions to travel, offering the observed increase in
speed.

Analysis of D values obtained from GITT— The shape of the
plots of D,,, versus degree of lithiation (Fig. 9) obtained for both
HT and SG solid solution specimens is very similar; however, the
most notable difference is the fact that D values obtained for the HT
sample are consistently lower than those obtained for the SG cell. The
discrepancy illustrates the high degree of sensitivity to synthesis param-
eters in the phospho-olivine system, particularly in the light that these
materials are essentially indistinguishable from an XRD perspective.
Variations in morphology and carbon coating, neither of which is rep-
resented by the XRD patterns, may be responsible for the differences
in materials performance. Discussion on the effect of synthesis route
on the performance on LiFePO, can be found in Ref. 27.

Comparison of values obtained using CVs and GITT — The dif-
fusivity values obtained from the CVs are within the ranges of those
calculated in the respective Fe and Mn redox regimes using GITT.
Averages were taken of the GITT values from 0 to 50% lithiation
and 50 to 100% lithiation to make a direct comparison to the
assumed average Dy ; values, which resulted from the CV analysis.
The CV values and GITT averages were in agreement with one
another in the Mn regime and were within an order of magnitude in
the Fe regime for both LiFej;sMnysPO, cells. The discrepancy
between CV and GITT measured values in the Fe redox regime may
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Table III. Calculated apparent diffusivity values from CV and GITT data. Li-Fe and Li—-Mn refer to the lithium diffusion coefficients corre-

sponding to the Fe and Mn redox reaction peaks/plateaus, respectively.

cv GITT
Material Li-Fe Li-Mn Li-Fe Li-Mn
(HT) LiFe( sMng sPO, 1.8x10°1 1.6 x 1071¢ 24x%x1071° 12x 10716
(SG) LiFey sMng sPO, 93x10° "3 24%x1071 11x10 20x 1071
(SG) LiFePO, + LiMnPO, 12x107" 1.4x107" 3.8x 1071 N/A

be attributed to the fact that this redox reaction comprised both sin-
gle and dual phase transitions. If the shoulder apparent in the ca-
thodic direction is superimposed into the peak in the anodic direc-
tion, only the more prominent dual phase peak is used in the
apparent diffusivity calculation, leading to a value that does not take
the single phase transition into account.

Conclusions

A novel approach was taken using CVs to calculate apparent dif-
fusivity values in this dual transition metal system, attributing half
of the active material mass (i.e., half of the Li ions) to each redox
reaction. Hydrothermal and sol-gel synthesis routes were used to
fabricate LiFeysMngsPO4. Apparent diffusivity values calculated
using CVs were within the upper and lower boundaries of those values
calculated using GITT data. Diffusivity values in the Mn regime were
consistently lower than those in the Fe regime, and the coexistence of
Fe and Mn on the transition metal sites resulted in higher apparent dif-
fusivity values with respect to Mn as compared to LiMnPO,.

Interestingly, the hydrothermally synthesized LiFeqsMngsPO,
exhibited consistently lower ionic diffusivities than that fabricated
via the sol-gel route despite having a higher specific capacity.

Both CV and GITT measurement techniques exhibited signature
characteristics, which confirmed the existence of a two phase Mn>"/
Mn®* region. The overlap in Fe anodic and cathodic peaks along
with the shallower slope of D,,, versus degree of delithiation in the
Fe regime leads us to believe that the reaction is predominantly a
single phase one, with the existence of two phases during the final
~10% of discharge.

To our knowledge, this is the first time the interpretation of phase
transitions in LiFe, sMng sPO,4 has been described by the localization
of half of the Li atoms with Fe and half with Mn. Our model remains
consistent with the findings displayed in previous works on LiFeq s
MngsPO, as well as the domino-cascade model by Delmas et al.,
which was incorporated into the interpretation of the results presented.
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