
Reply to Comment on “Positive Electrode Materials for Li-Ion and Li-
Batteries”

In his comment, Chung argues that statements in our review
article published in Chemistry of Materials in 20101 are

contradicted by our own work published in Nature Materials in
20042 on nanonetwork grain boundary phases. He states that
the review article summary contains assertions that are
“completely contradicted with those in the original paper”
and “more seriously, the claims in the review article reverse the
conclusion drawn” in our Nature Materials paper. His
comments are made on the basis of the following unreasonable
claims: (1) the EDS point analysis in ref 1 and the EELS map in
ref 2 contradict each other; (2) an “arbitrarily altered
conclusion” regarding the percolating phase has been drawn
from the same TEM results in the two papers; (3) there is no
evidence for iron rich phases in the bright field TEM images in
ref 1; (4) Li mapping by EELS that we show in ref 1 is not
possible in “general TEM” for LiFePO4 owing to poor
resolution of Li and Fe in the EELS spectra; and (5) the
carbon present at the grain boundaries in our carbon map
shown in ref 1 is from the epoxy matrix used for
ultamicrotoming. The unsubstantiated claims are possibly
derived from a complete misunderstanding of our original
Nature Materials paper by the author, who is perhaps also
biased by his own recent results that show Fe2P exsolvation
from the LiFePO4 matrix under aggressively reducing
conditions.3 Instead, we demonstrated surface reduction of
bulk LiFePO4 crystallites by residual carbon to Fe2P and/or
Fe75P15C10. The extent of reaction depends on the precise
temperature and heat treatment time. Thus the Fe2P and/or
Fe75P15C10 form a network grain boundary conduction pathway
along with any residual carbon. This was clearly demonstrated
in the original work in Nature Materials and restated in our
review in Chemistry of Materials.
Chung aggressively claims an “arbitrarily altered conclusion”

between ref 1 and ref 2. However, there is no contradiction in
our statements even if they are taken out of context, as Chung
has done here. In ref 2, we more specifically state in the abstract
that “a percolating nano-network of metal-rich phosphides are
responsible for the enhanced conductivity.” We also explained in
the text: “Particularly startling is the carbon map... it reveals that
the edges of the LiFePO4 crystallites are coated with a carbon-
containing layer between 5 and 10 nm thick, which forms a
network connecting all of the particles and completely filling
some of the voids. Thus, Fe2P and/or iron phosphocarbide,
Fe75P15C10, is formed via carbothermal reduction of the
LiFePO4 with carbon at and within the grain boundaries.
Some carbon, arising from both the oxalate precursor and
alkoxide in the Zr-dopant, may remain in partially graphitized
form.” Our statement in ref 1 that “carbon makes a percolating
conductive network through the sample with the phosphides” in no
way contradicts the above, in short. We might have better
changed the order in the sentence and added the word
“together” after “sample”, but the meaning is clear nonetheless.
Regarding points 1 and 3, Chung, in his Comment, points

out an apparent discrepancy between the EDS analysis in ref 2

and the EELS mapping in ref 1. There is no discrepancy,
however. The confusion arises owing to Chung’s conclusion
that the region labeled Point B is a particle, when it was clearly
indicated as a grain boundary in the text and in the figure
caption of the Chem. Mater. article. This may have resulted in
our choice of the word “point” when we meant an area of the
EELS map. The region called “Point B” in the TEM map is
indeed Fe deficient: it is a void in the TEM sample as Chung
himself declares in Point 3. It is the region around the void
that is the surrounding grain boundary surfacethat is Fe rich
and is referred to as “Point B”. The grain boundary itself
obviously cannot be imaged or sampled at this level of
resolution. The phosphide-rich grain boundary layer would
appear in darker contrast in Figure 1b of the Comment were
such resolution possible.
Furthermore, in the original work, we note that the same

EDS data “shows the location of Fe2(P,C) and carbon in the
interstitial grain-boundary region.”2 Again, we reiterate, it was
the edge of the area highlighted in B which was sampled (and
was found to contain Fe2P) rather than the entire region or the
center of the region. In the original figure (Figure 4, ref 2) the
gray regions are meant to indicate the boundary demarcation
lines of the Fe2P, as clearly described in the accompanying
figure caption. The choice of a gray region to represent the
grain boundary was perhaps a graphical oversight on our part,
but efforts to show these regions using thinner lines or more
subtle approaches failed to convey the message. A schematic
representation of the conversion of the carbon at the LiFePO4
grain boundary to form a layer of Fe2P at that grain boundary
(while possibly maintaining some carbon in the region
depending on the degree of reduction) is shown here in
Figure 1.

In his fourth point, Chung claims the Li K- and Fe M-edges

of the EELS spectrum “cannot be resolved”. The exact position

of the absorption edge of an atom depends on precise
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Figure 1. Schematic showing the partial conversion of a carbon
coating on LiFePO4 to iron phosphides at the interface upon
carbothermal reduction at elevated temperature. Carbon is indicated
by the charcoal line, and the iron phosphides and possible iron
phosphocarbides by the green line.

Comments

pubs.acs.org/cm

© 2012 American Chemical Society 2244 dx.doi.org/10.1021/cm301245q | Chem. Mater. 2012, 24, 2244−2245

pubs.acs.org/cm


experimental setup: sample placement, slit width, and energy
loss position must be optimized to ensure proper positioning of
the respective elemental peaks. This is indeed evident in
Chung’s own work (refer to Figure 4 of the Comment) where
center of the “peak” for LiFePO4 lies at 57 eV rather than his
quoted values for the Li K-edge and Fe M-edge (55 and 54 eV,
respectively). The instrument used in our work was equipped
with a Gatan energy filter which has a resolution of 1 eV. While
we acknowledge that some overlap of the Li K-edge and Fe M-
edge probably exists, our high-resolution instrument showed
that distinct differences exist between our Li and Fe elemental
maps which indicates the validity of this approach. Another
report of an iron-containing Li-ion battery system revealed that
resolution of the Fe M- and Li K-edges in the region 45−85 eV
is possible to achieve.4 Chung fails to enlarge this region on his
Figure 4, so close examination of this region (and possible
resolution) is impossible, especially as the grid lines do not line
up in the upper and lower plots. However, we note that
although the overlap he shows is between the EELS spectra of
LiFePO4 and Fe2O3, the energy of the Fe−M pre-edge peak is
dependent on the Fe oxidation state.5 Thus a direct comparison
of the two is not necessarily valid.
Regarding carbon in the sample, Chung seems to misunder-

stand the preparation method of a solid ceramic sample for
ultramicrotoming. In this process, a small trapezoidally shaped
block of a ceramic sample is placed at the bottom of a tapered
mold, which is then filled with epoxy resin, and the epoxy is
polymerized. Prior to microtoming, excess resin is cut away
from the block with a clean blade which ensures no resin
remains around the ceramic sample. The hardened resin in
which the material is embedded merely provides structural
support during the process of microtoming. Although
mechanical failure in the inorganic phase during microtoming
with the diamond blade can result in hills and dales, there is no
mechanism by which the resin could end up in the hills and
dales. Furthermore, on using an ultramicrotome to prepare a
TEM sample “the principal advantages of the technique are that
it leaves the chemistry unchanged.”6

The carbon shown in the EELS map (Figure 9 of ref 1) is in
fact a result of the preparation method. The samples prepared
for the original study were prepared in the identical manner as
those reported by the commenter in his previous work in
2002.7 In that study, it was noted that all of the iron phosphate
stoichiometries prepared contained up to 1.5 wt % of residual
carbon, as a result of using carbon-containing precursors. As the
carbon is not contained within the olivine structure, it must
therefore reside between the particles in the grain boundaries
and not “originating from the bulk crystal lattice” as asserted by
Chung in his Comment. The residual carbon in the grain
boundary regions is clearly shown in Figure 9 of ref 1. Chung is
correct in his observation that “locations where carbon is
detected by EELS in the carbon map exactly coincide with
locations that are thin and concave in the TEM image”;
however, this is to be expected, owing to the lack of particle
concentration at the grain boundary areas.
In our initial report on conductivity in LiFePO4 in 2004, we

unambiguously demonstrated that residual carbon present in
grain boundaries of olivine LixFePO4 triggers the formation of
amorphous metallic iron phosphides and/or phosphocarbides
via carbothermal reduction of LiFePO4 and Fe2P2O7 in dense
pellet samples at high temperatures. Along with the remaining
unreacted carbon, a conductive nanonetwork is formed which
results in a sixfold increase in the electronic conductivity of

these pellet samples. We reiterated this in the review article
published in Chem. Mater. and we believe readers will correctly
interpret the scope of our work.
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