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Nanocrystallites have received much attention recently as
potential electrode materials for energy storage owing to many
factors. They have been shown to display different thermodynamic
properties compared to bulk materials1,2 and to benefit from
reduction in path length for carrier transport in materials such as
LiMPO4 (M: Fe, Mn, Co) which enhances their kinetic properties.3,4

However, many aspects of thermodynamics in nanosized LiMPO4

materials are still not well understood, resulting in an imprecise
understanding of the reaction mechanism of deintercalation/
intercalation. There are at least three models proposed to explain
the two-phase reaction of LiMPO4: shrinking core,5 platelet-type,6,7

and domino cascade.8 However, these models are not generally
applicable to a “practical” nanocrystallite system containing a
heterogeneous particle size distribution9 because they are based on
characteristics dependent on morphology or homogeneity. Distinc-
tion between the models and determination of their validity can be
complicated by these factors. Here, we show experimental evidence
for a mechanism based on our proof of ionic transport between
nano and bulk crystallites that results from their redox potential
difference. This primarily originates from the dependence on
thermodynamic properties on particle size as emphasized by Maier.1

Homogeneously sized LiMPO4 (M: Fe, Mn) nanorods and
submicrometer-sized powders were synthesized to demonstrate the
particle size effect on the thermodynamics of LiMPO4. For the
nanocrystallites, 30 nm × 100 nm sized LiFePO4 nanorods (Nano-
LiFePO4) and 40 nm × 200 nm sized LiMnPO4 nanorods (Nano-
LiMnPO4) were synthesized by the modified polyol method,4 as
shown in Figure 1c, e. To prepare “bulk” (ca. 500 nm) homoge-
nenous LiMPO4 crystallites (Bulk-LiMPO4), we employed a solid-
state method using a slight molar excess of Li and P. Heating the
mixture at 600 °C under an N2 atmosphere formed a two-phase
[LiMPO4 + 0.1Li3PO4] composite, which was treated with acetic
acid to dissolve the Li3PO4. A pure LiMPO4 phase with a very
narrow size distribution resulted, shown in Figure 1d, f (Figure
S1: XRD patterns). This method resolves the problem of particle
inhomogeneity that typically occurs in stoichiometric synthesis
(Figure S2: SEM image).9

The redox potentials of Nano-Li0.5FePO4 and Bulk-Li0.5FePO4

demonstrate their different thermodynamic properties. The cells of
Nano- and Bulk-LiFePO4 were first fully charged and partially
discharged to the composition Li0.5FePO4. For bulk particles, this
corresponds to a two-phase mixture of (LiFePO4 + FePO4),
whereas, for the nanocrystallites, we assume the end members are
the partial solid solution phases (Li1-�FePO4 and LiRFePO4 where
� e 0.89, and R g 0.05 as reported by Yamada et al.).10 The cells
were held at an open circuit voltage (OCV) for 100 h to reach an
equilibrium state. The resulting OCVs of Nano-Li0.5FePO4 and
Bulk-Li0.5FePO4 are 3.428 and 3.420 V vs. Li/Li+, respectively.
This difference is in accord with that predicted by Jamnik and
Maier,11 based on the rationale that particles of different sizes
exhibit different chemical potentials. There also may be contribu-
tions to different surface energies that originate from the different

morphology of the nanocrystallites and bulk particles and/or the
increased solubility limits of nanocrystallites. Recently, similar
differences for OCVs for LiFePO4 nanoparticles have been re-
ported.12 However, the implication of this on reaction mechanism
has not yet been considered because of the small (ca. 10 mV)
potential difference). We show here that it is significant.

To demonstrate this, Nano-FePO4 (formed by chemical delithia-
tion of Nano-LiFePO4; Figure S3) was mixed with Bulk-LiFePO4

in a 1:3 wt. ratio to maximize the contact area of the phases. The
same was carried out for MnPO4/LiMnPO4. Composite electrodes
were prepared with a mixture of phosphate (Nano-MPO4 + Bulk-
LiMPO4), electrically conductive carbon (Super S), and poly(tet-
rafluoroethylene) (PTFE) binder in a 6:3:1 wt. ratio). The electrode
was soaked in the electrolyte for 72 h to reach electrochemical
equilibrium prior to assembling the cell. The XRD patterns of the
electrodes before and after they were soaked in the electrolyte are
compared in Figures 2 and S4. Before equilibration, the XRD
reflections corresponding to LiMPO4 display a narrow fwhm (full
width at half-maximum, Figure 2a,b), in accord with the large
crystallite size of the Bulk-LiMPO4 phases. As clearly demonstrated
for M ) Fe in Figure 2a, after electrochemical equilibration, the
fwhm values of the LiFePO4 phase increase to approach the fwhm
characteristic of Nano-LiFePO4. This demonstrates that Nano-FePO4

is lithiated to form Nano-LiFePO4, Via ionic transport from Bulk-
LiFePO4 crystallites to the Nano-FePO4 particles (Figure 3a.) The
driving force is the difference in redox potential between them. In

Figure 1. Relationship between thermodynamics and particle size.
Electrochemical equilibrium potentials of (a) Nano-LiFePO4, (b) Bulk-
LiFePO4. TEM images of (c) Nano-LiFePO4 and (e) Nano-LiMnPO4.
Representative SEM images of (d) Bulk-LiFePO4 and (f) Bulk-LiMnPO4.
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the initial process, the potential of Nano-FePO4 decreases to Eeq

(Nano) by forming the solid solution phase Nano-LiRFePO4, Via
transport of R Li from Bulk-LiFePO4 (curved arrow Figure 3b).
Note that R is ∼0.088 as determined from the voltage profile in
Figure 1a.13 Two distinct phases result because the solid-solution
region of Bulk-LiFePO4 is insignificant,10 as seen in the voltage
profile of Figure 1b. Next, the ∼10 mV ∆E eq difference between
Nano-LixFePO4 and Bulk-LixFePO4 in the two-phase reaction
regime (R < x < 1-�; cyan arrow, Figure 3b) drives the lithiation
of Nano-LiRFePO4 to Nano-LiFePO4. Concurrently, Bulk-LiFePO4

is delithiated and forms Bulk-FePO4. Proof is the dramatic increase
of the fwhm of the LiFePO4 phase: otherwise, the fwhm would be
similar before and after equilibrium. Exactly the same process is
observed for LiMnPO4 (Figure 2b). The increase in line width is
very evident, albeit a little less dramatic owing to the well-known
slower transport and equilibration in the Mn olivine. In summary,
in the case of an electrochemical system with a heterogeneous
particle size distribution (under low-intermediate current density),
the smaller particles will be lithiated firstsand the larger particles
will be delithiated firstsduring charge and discharge in the region
of R < x < 1-� in LixMPO4.

However, if a sufficiently high current is applied to the cell, it is
probable that most particles will be two phase in nature because a
high current will induce a large polarization. This is illustrated by
the blue curve in Figure 3b. A higher (for delithiation) or lower
(for lithiation) electrochemical potential than the Eeq of every
particle would result. This is in accord with previous reports of
two phases in a single particle by chemical delithiation via NOBF4

or NO2BF4.
6,7 These oxidation potentials are much higher than

either the equilibrium potentials of Nano- or Bulk-LiFePO4.
Although particles formed at high current density will initially
contain two phases within a single particle, nonetheless the
equilibrium process will trigger the formation of one phase in a
single particle (LiMPO4 for smaller particles and MPO4 for larger
particles) after the cell is placed in open-circuit mode (dotted blue
arrows, Figure 3b). This is pertinent to studies that utilize ex situ
characterization methods to study phase distribution in LiMPO4

crystallites. It may also shed light on some proposed mechanistic
models. Redox potential differences may help to initiate spontaneous
de/lithiation to form single-phase crystallites in an assembly of
particle sizes that span down to the nanoregime.8

Simply considered, the electrochemical cell of crystallites with
a heterogeneous particle size distribution is composed of the
hierarchical structure of cathode (smaller particle) + anode (larger
particle) inside a “practical” LiMPO4 cathode. Thus, the current
flow is more complex in the real electrochemical cell than in
previously described models, because ionic transport between
particles must be considered. This thermodynamic model can (and
should) be applied to battery simulations for battery management
systems (BMS), which is one of the key issues for the com-
mercialization of electric vehicles.14,15 Furthermore, voltage profiles
can be designed without changing the material composition. For
an example, the typical flat profile of a two-phase olivine reaction
would display a sloping profile similar to a solid-solution behavior
by using an electrode comprised of crystallites having a wide but
predictable particle size distribution.
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Figure 2. Proof of ionic transport. Fwhm values of XRD peaks corre-
sponding to LiMPO4 phases in electrode mixtures (Bulk-LiMPO4 + Nano-
MPO4): (a) M ) Fe and (b) M ) Mn. Dotted yellow lines correspond to
the FWM for the as-synthesized Nano-MPO4.

Figure 3. Schematic of the model; pink ) MPO4; green ) LiMPO4.
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