Tonics (2009) 15:301-307
DOI 10.1007/s11581-008-0236-x

REVIEW

Conversion reactions: a new pathway to realise energy

in lithium-ion battery—review

R. Malini - U. Uma - T. Sheela - M. Ganesan -
N. G. Renganathan

Received: 12 March 2008 /Revised: 22 April 2008 / Accepted: 15 May 2008 /Published online: 8 July 2008

© Springer-Verlag 2008

Abstract Rechargeable lithium-ion batteries of today
operate by an electrochemical process that involves
intercalation reactions that warrants the use of electrode
materials having very specific structures and properties.
Further, they are limited to the insertion of one Li per 3D
metal. One way to circumvent this intrinsic limitation and
achieve higher capacities would be the use of electrode
materials in which the metal-redox oxidation state could
reversibly change by more than one unit. Through the
discovery of conversion or displacement reactions, it is
possible to reversibly change by more than one unit.
Further, the need for materials with open structures or good
electronic ionic conductivity is eliminated, thus leading to a
new area in materials for lithium ion battery. In this paper,
we present a review enlightens new reaction schemes and
their potential impact on applications.
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Introduction

Lithium ion batteries are the key components of portable

electronics in the present information-rich mobile society.
The present Li-ion battery uses the swing action of lithium
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ion between positive LiCoO, electrode and negative carbon
electrode (insertion/de-insertion process). The problems
like low discharge rate capability of graphite, safety, life
spans being limited by Li-alloying agglomeration, and
growth of passivation layers restrict the full utilization of
reversible insertion/de-insertion process. Structural change
of the host occurs during charge and discharge processes,
minimizing the continued reversibility of the redox processes.
As a result, the reaction is restricted to single electron transfer.
This limits the volumetric and gravimetric energy density that
can be achieved with Li-ion batteries. Driven by EV market
demands, namely in terms of volume restriction, researchers
have focused their attention on the search for either (1) high-
voltage redox systems (e.g., highly oxidant positive electrode
materials) so that fewer cells will be required for a predefined
application voltage or (2) high-energy density systems by
increasing the volumetric capacity of either the positive or
negative electrode to reduce the size of each cell and,
therefore, of the overall stack [1].

With the existing technology, high rate, quick-charging
Li-ion battery is not possible. Deviating from the usual
macro-level chemistry, the nanoscale materials offer the
promising alternative electrode material with its remarkable
properties. Hence, it is felt that to emphasize through this
short review the need for future battery, we report the
various electrode materials which exploit the conversion
reaction where intercalation combined with Faradaic reac-
tion will be the main reactions wherein high energy is
expected to attain.

Conversion reactions

Conversion reactions are those in which an active electrode
material, MX,, is consumed by Li and reduced to the metal
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M and a corresponding lithium compound, according to the
general reaction:

74 . Charge o . ( 1 )
M7X, + ZLi M® +yLiz;, X
Discharge
where M represents the cation and X, the anion

Charge
Co304 + 8Li(ﬁ 3Co + 4Li,O
ischarge

Example :

The fundamental route to attain the highest specific
capacity of an electrode is to utilize all the possible
oxidation states of a compound during the redox cycle. In
general, an increase in the Me—X bond ionicity results in an
increase in the output voltage associated with reaction 1.
Therefore, the output voltage of reaction 1 would expect to
increase through the highly covalent metal nitrides and
sulfides, to the metal oxides, through the inductive effect
polyanions (metal phosphates, metal borates), and finally to
the highly ionic metal fluoride [2] (Fig. 1).

The matrix ensures good electronic conductivity, while
the fine nanoscale nature (30nm or less) of metal nano-
composite minimizes Li" diffusion distance. As a result,
technologically important properties such as large specific
capacities, sustained reversibility, and large capacity at low
potential have been demonstrated in these compounds. In
conversion reaction, more than one electron transfer occurs
per 3D metal, while in the intercalation process, it is limited
to 0.5e " transfer.

One of the advantages of nanostructured materials in
preference to nanoscale materials is their potential to
deliver superior rate capability, i.e., fast charge/discharge.
As the main advantage of employing conversion reactions
is their superior capacity compared with intercalation
electrodes, it is necessary to investigate the rate capability
of such conversion reactions over a wide composition
(voltage) range.

Another attractive aspect is that the potential of these
conversion reactions depends on the ionic valence of the
M-X bonding and therefore can be tuned into a continuous

Co0 Gel-like
discharge layer
—
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&
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SIS (20-304)
5

Co0
nanoparticles

Fig. 1 Conversion mechanism in Co304 (courtesy of Hu et al. [4])
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line from 0 to 3V by changing the nature of the anion X,
with the highest potential obtained for fluorides.

To fully harvest the potentials of conversion reaction,
one needs to address the problems like (1) poor kinetics that
result in a large polarization, and hence a poor energy
efficiency, (2) poor capacity retention upon cycling, (3)
higher potentials, and hence a lower cell voltage unless
coupled with a higher voltage electrode, (4) irreversible
capacity loss on the first cycle, poor rate, (5) poor capacity
retention on cycling, (6) find chemical ways to lower and
narrow their voltage reactivity range toward Li, (7) marked
hysteresis in voltage between charge and discharge, and (8)
low coulombic efficiency. These limit the energy efficiency
and power capabilities of batteries using conversion
reactions. The low coulombic efficiency can be attributed
to a variety of shortcomings, for example, irreversible
trapping of lithium ions in host materials, interference with
the organic electrolyte (solid electrolyte interphase), or the
loss of electrical contact of the electrode material with the
current collector. This reduces the energy densities of Li ion
battery and is a serious trade-off in battery technology.

In the full literature survey of materials right from metal
fluorides, sulfides, antimonides, stannides, oxides, and
phosphides, the polarization, ¢V, is decreasing as we move
from fluorides (PV = 1.1V) to oxides (®V = 0.9V), sulfides
(®V = 0.7V), and phoshides (®V = 0.4V). This is fully
consistent with the decrease in the M—X bond polarization
from M—F to M-P [1].

Kinetic improvements in conversion reactions, together
with an enhancement of their capacity retention, were
achieved by either (1) acting at the particle surfaces through
the use of conducting coatings as reported by Hu et al. [4]
for carbon-coated Cr,O5 particles, (2) moving from bulk to
thin-film material as illustrated by the studies by Pralong et
al. [5] on Co304 thin films, or (3) playing with new
nanostructured electrode design.

Tarascon et al. reported on a new electrode configuration
that consists of the high temperature growth of an
electrochemical oxide layer at the surface of a stainless
steel current collector. Owing to this chemically made
current collector/active material interface, the electrode
shows an outstanding capacity retention even after >800
cycles and good kinetics (90% of the full capacity at 1C).
Therefore, such electrodes still suffer from a large polari-
zation (~0.8V) that is intrinsic to conversion reactions and
linked, among others, to the electrical energy needed to
overcome the energetic barrier. The latter is associated to
the reversible breaking/formation of chemical M—X bonds
as well as to the electronic and ionic conducting properties
of the precursors M,X, and generated Li-based ternary
phases [6, 7].

In 2006, Tarascon et al. reported a simple, two-step
Fe;04 electrode fabrication process that consists of growing
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a 3D array of copper nanorods onto the copper foil by
electrodeposition through a porous anodic alumina membrane
that is subsequently dissolved followed by the electrodeposi-
tion of magnetite by cathodic reduction of a Fe(Ill) chelate
precursor in alkaline solution [§].

An appropriate anode material should exhibit low
voltage, while a cathode material should exhibit a high
voltage vs. Li'/Li.

Negative electrode materials for conversion reactions

With respect to negative electrode materials, metal alloys or
intermetallic compounds are attractive alternatives to
graphite because they can be selected to operate between
0 and 1V above the potential of metallic lithium. Many
intermetallic compounds, LiyM (e.g., Sb, Al, Sn, Si), have
already been investigated. But the metals possess very
dense structures, so reactions with lithium tend to be
accompanied by large changes in volume and by major
structural rearrangements. The severe crystallographic
changes that occur during charge and discharge of the cells
lead to mechanical disintegration of the intermetallic
structures, insulating layers on the surface of the electro-
chemically pulverized electrode particles and a loss of
electronic particle-to-particle contact. These effects seriously
affect the cycling efficiency and cycle life of lithium cells.
However, when reduced to nanoscale, reversible conversion
reactions occur. Explorations of transition metal oxides as
negative electrode materials, first reported by Idota et al. [1],
Tarascon et al. [2], and Leroux et al. [3], were pursued and
led to the development of new concepts regarding Li uptake/
removal mechanism. Recent interest has also been aroused
by reports on Li uptake in transition metal compounds of
Group V, such as phosphides (CoP;) and antimonides
(CoSbs), which show a similar reversible Li uptake [4, 5].
It was shown that as well as the reduction of metal oxide
with lithium, besides the growth of metal nanoparticles and
Li,O or LisP, LisSb, there was also the formation of a
polymeric interface growth between the active material and
the electrolyte.

Oxides

Poizot et al. reported the reversible electrochemical activity
of nano-sized transition metal oxides with lithium with
100% capacity retention up to 100 cycles [9]. The
mechanism of Li reactivity in such materials differs from
the classical processes and is nested in the electrochemically
driven in situ formation of metal nanoparticles during the
first discharge, which enables the formation and decompo-
sition of Li,O upon subsequent cycling. The reversible
electrochemical reaction mechanism of Li with the TMO

entails for most part of the displacement redox reaction
called as conversion reaction [9].

Furthermore, for conversion reaction (CoO, Fe,Os5,
C050y...), the amazing reactivity of these oxides has been
linked to the O  jon mobility within the Li,O/metallic
particle nanocomposite formed. Instead of conventional
powder material, electrode material is taken in the form of
thin films prepared by radio frequency sputtering, laser
ablation, or pulsed laser deposition, nanowires, nanoflakes,
and mesoporous structures using the hard templates like
SBA-15 (1D pore structure) and KIT-6 (3D pore structure)
[10-15].

The intercalated phase is always formed upon reduction
of Co304, and its stability is highly dependent on the
applied current density. When the current density is high
enough, Li,Co;04 remains stable, and its growth is
therefore observed, although it spontaneously decomposes
into CoO when this current density is reduced or interrupted
intermittently.

The formation of the intercalated lithiated phase is
governed by the current density (A/m?) at the surface of
the particles and favored by a high current density. When the
intercalated phase is not detected, CoO presently appears to
be the intermediate between Co3;0,4 and metallic cobalt. The
nature of the intermediate is thus rate/surface-dependent.
This mechanism is consistent with the observations made by
Thackeray et al. [17] regarding the necessity of using fast
chemical reduction instead of slow electrochemical reduction
to be able to observe a LixCo30,4 phase by X-ray.

In Fig. 2, the formation of intercalated LixCosO4
(pathway 1) competes with the departure of oxygen from
the spinel framework (pathway 2), the favored path being
driven by the current density.

The factors affecting the reduction path of Co;O,4 are the
texture of the active material such as specific surface area and
crystallite size and the cycling procedure such as rate and
temperature. The confinement of the metallic clusters in an
amorphous matrix can account for the integrity of the reactive
particles and the absence of internal loss of electrical contact.

The behavior of the nanowires and nanoparticles is,
however, significantly different from the mesoporous
material. All three nanomaterials of CozO, show a marked
increase in capacity on initial cycling, up to 10-15 cycles.
The capacities exceed the theoretical value for the conversion
reaction, indicating that the excess capacity is associated
with increased charge storage within the polymeric surface

+xLi Li,Cox0s 4 (8-x).Li
MmN
C0304 3Co + 4 Li,0
2 /
+2Li @ +6Li

3Co0 + LixO
Fig. 2 Conversion reaction in Co;04 (courtesy of Larcehr et al. [16])
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layer [18, 19]. The higher surface areas of the nanomaterials
permits, on cycling, an increase in the extent of polymer
layer formation per unit mass of electrode material.

As the mesoporous material enhances the access of Li"
in the electrolyte to the Co304 surface and the thin walls aid
ion transport as well as better accommodating volume
changes encountered with the two phase reaction (i.e.,
reducing strain), one might have anticipated better rate
capability. The lack of improvement paths to the electron
transport within the particles is the rate-limiting step [20].

Comparing nano, mesoporous, and micrometer «-Fe,0s,
the first two enhance Li" transport to (high surface area)
and within the particles/walls as well as ease the strain of
the conversion reaction; however, mesoporous «-Fe,O3
does not enhance e— transport (micrometer particle size),
demonstrating the importance of e— transport within the
particles in achieving high rates [21]. Balaya et al. have
shown that for conversion reactions involving metal oxides
that are good electronic conductors (specifically RuO,), the
irreversible capacity on the first cycle can be reduced
significantly [22, 23].

Although the Li storage is complex in RuO,, through the
homogeneous formation of LiRuO, followed by the hetero-
geneous formation of Ru/Li,O and a Li-containing SEI film,
in addition to the interfacial deposition within the Ru/Li,O
nanocomposite, these processes can still be highly reversible
with more than 98% coulombic efficiency and retain a
capacity of 1,110mAh/g in the voltage range of 0.05-4.3V
and 99% coulombic efficiency with a capacity of 730mAh/g
at 0.8-4.3V. This is at least partly due to the high electronic
and ionic conductivity in addition to the formation of a
kinetically favored nanostructure (2—5nm) [24].

The Cr,O; reacts towards Li through a conversion
reaction mechanism leading, upon discharge, to the
formation of large metallic chromium nanoparticles
(10nm); the latter are embedded into a Li,O matrix together
with, in this specific case, a copious amount of polymeric
materials coming from electrolyte degradation surrounding
the particles and filling the pores [25]. During the following
charge, re-oxidation of the nanoparticles occurs with the
formation of CrO;_,, with the main difference, as opposed
to bulk Cr,O; electrodes, being the preservation of the
polymeric layer at the end of the charge. These electrolyte
degradation products are shown to help in maintaining the
material mesoporosity for a great number of cycles, and,
interestingly, they are not detrimental to the cell perfor-
mance in terms of capacity retention while presenting great
advantages in terms of charge transfer by reducing diffusion
lengths, namely for Li" ions.

An evident advantage of mesoporous chromium oxide
lies in (1) the grain size shortening, which enables a better
fuelling of the electrons into the electrode, although CrO is
a poor electronic conductor [26] and (2) the specific
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material morphology that decreases the diffusion path for
ions and enhances the access of cation in the electrolyte.
Such better electronic/ionic wiring of the electrode also
accounts for the decrease in polarization observed for the
mesoporous electrode.

Fluorides

Metal fluorides have been largely ignored as reversible
positive electrodes for rechargeable lithium batteries. This
is due to their insulative nature brought about by their
characteristic large band gap. To exploit the electrochemical
activity of metal fluorides, there are two ways: (1) drastic
reduction of crystal size by high energy milling and (2) use
of highly conducting carbon to electrically connect the
grains of metal fluoride molecule.

The structure and electrochemistry of FeF5:C-based
carbon metal fluoride nanocomposites (CMFNCs) was
investigated by Amatucci et al. from 4.5 to 1.5V, revealing
a reversible metal fluoride conversion process. A reversible
specific capacity of approximately 600mAh/g of CMFNCs
was realized at 70°C. The potentials utilized during the
anodic reaction are much higher than the analogous oxide
reaction. They exceed the values to oxidize the Fe into the
solution of the electrolyte. At this early stage, the high
capacities (600mAh/g) of the fluorides are only accessible
at elevated temperature and/or low rate [27].

LiF is electrochemically active in the form of M/LiF
composites in which amorphous LiF and metal are dispersed
on an atomic or a nanometer scale. Such composites are
obtained by a complete but heterogeneous electrochemical
insertion of Li into the transition metal fluorides. Consequently,
the formation and decomposition of LiF can be obtained at
room temperature. The reversible Li storage capacities of TiF3
and VF3 are as high as 500-600mAh/g [28].

The microstructure and composition of the LiF-Co nano-
composite with a highly heterogeneous mixture has been
controlled by the pulsed laser deposition method on atomic or
nanometer scale and presents an active electrochemical
behavior. Subsequent charge/discharge processes still keep
similar discharge/charge curves as the second one, with the
cell exhibiting good stability, and a capacity fade of less than
0.3% per cycle after 65 charge—discharge cycles, indicating a
highly active Co-LiF nanocomposite thin film with high
specific capacities and good coulombic efficiency [29].

Nitrides

Ternary lithium transition metal nitrides have also been
reported as negative electrode materials for secondary
lithium batteries. The Li,,—{MN,, nitrides, such as LizFeN,
[30] and Li;MnN4 [31], crystallize in structures derived
from the cubic antifluorite, while the Liz_M,N nitrides [32—
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35] where M is a transition metal such as Co, Ni, and Cu, are
isostructural to the hexagonal layered LisN. The transition
metal substitutes for Li between the Li,N layers. In these
materials, Li ions must be removed to reversibly react with
lithium. The best candidate exhibiting good cycling stability
and large capacity is LiyCog4N with 700mAh/g. Some
nitrides such as silicon tin oxynitride [36, 37], SnzNy,
[36, 38], and InN [38] have been reported to undergo,
upon reaction with Li, an irreversible conversion reaction,
generating a LizN [39-43] matrix as follows:

M,N, + 3yLi* +3ye” — xM+yLi;N

LiZnN has been isolated by way of an electrochemical
conversion reaction of ZnzN, with Li. Zn;N, reversibly reacts
with lithium electrochemically, exhibiting a large reduction
capacity of 1,325mAh/g corresponding to the insertion of 3.7
Li per Zn. Of this initial capacity, 555mAh/g was found to be
reversible. The reaction mechanism with lithium was identi-
fied as a conversion reaction of Zn;N, into LiZn and a matrix
of BLi3N, the high pressure form of Li;N. Upon oxidation,
LiZn transformed into metallic Zn, while BLisN contributed
to the transformation into LiZnN. The formation of LiZnN as
the new end member of the electrochemical reaction with
lithium was identified as the cause of the irreversible loss
observed during the first cycle. The fLisN and LiZn oxidation
into LiZnN was found to be reversible upon subsequent
cycles. Poor cycle life was mainly attributed to the electro-
mechanical grinding of the Li—Zn alloying reaction [44].

Pereira N et al. [45] reported the electrochemical
reactivity of CusN with lithium by conversion reaction.
The reaction of CusN with Li involved a three-step reaction
mechanism in the first cycle—(1) the initial lithium
intercalation into the open structure of CusN, (2) the
conversion of copper nitride into a Cu metal and LizN
nanocomposite, and (3) the formation of an electrolyte
interface layer at the surface of the nanocomposite. The
latter two processes were found to be reversible. CuzN
electrodes exhibited outstanding cycling efficiency at high
rate (equivalent to 1.67 C). Although the copper nitride
conversion process was found to be poor, extended cycling
seemed to promote the development of electrochemical
processes above 2V during delithiation. These seem to be
associated with the formation during delithiation of Cu,O
and CuO due to electrolyte degradation.

xLi + Cus N — Li, Cuz_ N + xCu
Li,Cus_ N +3—xLi—3—xCu+ LN

Sulfides

While most people thought of sulfides as lithium primary
cell materials [46—49], some researchers showed in the

1970s that layered phases such as TiS, and MoS, were
candidates as positive electrode materials for rechargeable
lithium batteries [50, 51].

Recently, the conversion reactions are reported for
sulfides of transition metals like cobalt and nickel. Unlike
the oxides, the irreversible capacity during the first cycle is
only of 14% (0.35 Li) as compared to about 25% for the
oxides [52]. Such difference is nested in both a better ionic
conductivity of Li,S as compared to Li,O and a better
electronic conductivity of sulfides as compared to oxides.
But, unfortunately, the irreversibility advantage of sulfides
over the oxides during the first cycle does not hold upon
subsequent cycles. For the sulfides, the capacity rapidly
drops when increasing the number of cycles, and this drop
is more pronounced for the Li/CuS cells as compared to the
Li/NiS ones, while Li half-cells based on oxides (CoO for
instance) maintain extremely well their reversibility upon
cycling. Such a difference between oxides and sulfides in
terms of capacity retention is rooted, in the partial solubility
of Li,S, into the electrolyte and not of Li,O.

The Co and Ni sulfides react towards Li through
conversion reactions, like their homologous oxides (CoO,
NiO), leading during cell discharge to the appearance of
metallic nanoparticles dispersed into a Li,S matrix that
convert back to nanoparticles of sulfides upon the following
charge. CuS was shown to behave differently. Upon
reduction, there is first the formation of an intermediate
Cu,._,S phase that undergoes a displacement rather than a
conversion reaction, leading to the formation of large
copper dendrites surrounding a Li,S matrix. During the
following oxidation, dendrites disappear, and the copper
reenters the matrix to recreate massive particles of Cu,_, S
then CusS.

Nevertheless, whatever conversion or displacement
reactions, sulfide phases suffer from cyclability issues
owing to Li,S solubility issues. To circumvent these issues,
one can limit the cycling discharge cutoff voltage so as to
operate within a potential range not permitting the Li,S
formation or search for the Li-based electrolyte that does
not solvate Li,S [52].

Antimonides

The electrochemical characterization of NiSb, versus Li'/
Li® shows a reversible uptake of five lithium per formula
unit, which leads to reversible capacities of 500mAh/g at an
average potential of 0.9V. During the first discharge, the
orthorhombic NiSb, phase undergoes a pure conversion
process (NiSb, +6 Li" +6¢ — Ni® + 2Li;Sb). During the
charge process that follows, the lithium extraction from the
composite electrode takes place through an original conver-
sion process, leading to the formation of the high pressure
NiSb, polymorph. This highly reversible mechanism makes
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it possible to sustain 100% of the specific capacity after 15
cycles. For this compound, the cycling rate does not appear
to be a kinetic limitation, as the performances are improved
with increasing the cycling rate [53].

Ionica et al. [54] reported that MnSb reacted with lithium
to form LiMnSb during discharge process. Further lithiation
results in the formation of LizSb. During the subsequent
charge, the reactions are reversible; on fully charged, MnSb
is regenerated, and the presence of LiMnSb phase was
observed. The reversible capacity of these materials is of
about 320-400mAh/g.

Tarascon et al. [55] reported the electrochemical reactivity
of CoSbs vs. lithium. This phase reacts with more than 9.5
lithium in a two-step process, consisting of the uptake of nine
Li at a constant voltage close to 0.6V and of about one lithium
over the final voltage decay to 0.01V. Upon recharge, only
eight lithium can be extracted. The constant voltage process is
rooted in the decomposition of CoSb3, leading to the
formation of a composite made of Co and LizSb nanograins.

Ni Sb,04 and CoSb,O¢ showed similar electrochemical
behavior, with an uptake of about 18-19 Li per formula
unit along the first reduction and only six to seven Li
reversibly removed upon subsequent cycling. This totally
differs from the behavior of Cu Sb,O¢ that was found to
react with only about seven Li during the first reduction
without any capacity recovered on subsequent charge. The
reduced CoSb,0O¢ consists of 10-50nm Co particles
dispersed in a LisSb + Li,O matrix. For CuSb,0¢, a two-
step reduction occurs: first, the formation of Cu clusters
through an electrochemically driven exchange reaction
leading to Li,Sb,YOs and then reduction of this matrix
into 5-nm Sb domains dispersed in an insulating amorphous
Li-rich Li-SbY—O matrix, preventing any further alloying
reaction and any charge reaction [56].

Phosphides

The low atomic weight and high availability of phosphorous
allows us to expect larger gravimetric capacities than
antimony-based electrodes and cheaper production. The
transition metal compounds of Group V, such as nitrides
[57] and antimonides [58], show a lower intercalation
potential compared to the respective oxides. This results
from the lower formal oxidation state of the metal and strong
covalent character of the M—P and M-N bond, leading to
high lying mixed anion-metal bands and a high degree of
electron delocalization [59]. Although various transition
metal compounds in Group V (nitrides and antimonides)
have been reported to act as low potential Li insertion hosts,
the phosphides have remained unexplored to date [60-66].
Pralong et al. showed that lithium uptake and extraction
in the metal phosphide, CoP;, provides a reversible
capacity of 400mAh/g at an average potential of 0.9V vs.
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Li/Li" via a novel mechanism. Initial uptake of Li forms
highly dispersed cobalt clusters embedded in a matrix of
Li3P; extraction of Li from this ion-conductive matrix on
charge yields nanoparticles of LiP, with little change
evident in the oxidation state of the Co site. This shows
that contrary to the case of metal oxides, here, the anion
plays the major role in reduction and oxidation. Alcantara
reported the reversible electrochemical reactivity of CoP3
with lithium [60].

Monoclinic NiP, can reversibly uptake five lithium per
formula unit, leading to reversible capacities of 1,000mAh/g
at an average potential of 0.9V vs Li'/Li°. During the first
discharge, the cubic phase undergoes a pure conversion
process as opposed to a sequential insertion-conversion
process for monoclinic NiP, [64].

Tarascon et al. developed a novel design for NiP, electrodes
that consists in growing the monoclinic NiP, phase through a
vapor-phase transport process on a commercial Ni foam
commonly used in Ni-based alkaline batteries. These new
self-supported electrodes, based on chemically made inter-
faces, offer new opportunities to fully exploit the capacity
gains provided by conversion reactions [61].

The amorphous sample of VP, can reversibly react with
3.5 Li per formula unit as compared to solely 2.5 for the
crystalline one [65].

The electrochemical reactivity toward lithium of various
Zn3;P, powders is shown to be unique despite some
quantitative performance differences. The insertion mecha-
nism is shown to involve two distinct but parallel reversible
pathways for a large number of inserted lithium (up to
nine): one implies exclusively phosphide phases: Zn;P,,
LiZnP, LisZnP,, and LisP [66]. The second one involves
only Li—Zn alloys: Zn, LiZn,, and LiZn [63].

Conclusion

A brief review on electrode materials which undergo
conversion reactions involving more than one electron per
3D metal is presented. It is clear from the above review that
the realization of improved energy is possible by adapting
to newer reaction pathways than the conventional insertion
and de-insertion reaction. This will open newer unconven-
tional areas to maximize the energy output which will lead
to the electronic revolution with a lot of applications.
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