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With progress of knowledge of electrode materials, it has been found that their surface structures
are of great importance to the electrochemical performance of Li-ion batteries. Carbon coating
can effectively increase the electrode conductivity, improve the surface chemistry of the active
material, and protect the electrode from direct contact with electrolyte, leading to enhanced cycle
life of the batteries. Carbon coating together with nanotechnology provides good conductivity as
well as fast Li-ion diffusion, and thus also results in good rate capabilities. The recent
development of carbon coating techniques in lithium-ion batteries is discussed with detailed
examples of typical cathode and anode materials. The limitation of current technology and future
perspective of the new concept of “hybrid coating” are also pointed out.

1. Introduction

Li-ion batteries (LIB) have dominated the portable electronic
markets during the past 2 decades because of their much
higher energy per unit weight or volume compared to other
rechargeable battery systems. Now, they are being intensively
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persued for transportation applications in hybrid electric
vehicles (HEV), plug-in hybrid electric vehicles (PHEV), and
electric vehicles (EV), as well as seriously considered for
stationary storage and utilization of intermittent renewable
energies like solar and wind. The success of lithium ion
technology for these ongoing large-scale applications will depend
largely on the cost, safety, cycle life, charge/discharge rates,
energy and power, which are in turn controlled by the com-
ponent materials used in the batteries.!> Although tremendous
efforts have been made to use new materials in both cathodes
and anodes, only several materials among them achieved
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the commercial utilization due to the critical criteria of an
industrial battery product.

The biggest challenge is that Li-ion batteries are compli-
cated devices whose components never reach thermodynamic
stability.> The poor cell lifetimes are rooted mainly in side
reactions occurring at the electrode—electrolyte interface.
Thus, mastering the chemical stability of any new electrode
material with respect to its operating electrolyte medium,
which requires a control of the electrode—electrolyte interface
through surface chemistry, is as important as designing new
materials.* Obviously, optimizing an electrode material is the
first step in the process leading to its implementation in a
practical cell. It has turned out that surface coating is an
economic and feasible technology to improve the battery
performances by virtue of modifying the surface chemistry
or providing protection layers to minimize the direct contact
of the active material with the electrolyte. By smartly selecting
the coating materials such that the coating layers are capable
of improving the ionic or electronic conductivity, suppressing
phase transition, increasing structural stability, decreasing the
disorder of cations in crystal sites, reducing transition metal
dissolution, acting as a HF scavenger to reduce the electrolyte
acidity, favoring the formation of solid—electrolyte-interface
(SEI) film on the anode surface, and so on, electrode resistance,
side reactions and heat generation during cycling are decreased,
which consequently leads to a remarkable improvement in cycle
life, rate capability, reversible capacity, coulomb efficiency of
the first cycle, and overcharge tolerance etc.>® The coating
materials investigated to date include various carbon, metal
oxides (AL,O3, ZrO,, ZnO, MgO, SiO,, TiO,, Ce0,), metal
phosphate (AIPO,4), metal fluoride (AlF;), metal oxyfluoride
(BiOF), glass composite (Li;O-2B,03), efc., among which
carbon coating plays an exclusive role for anode materials as
well as a more and more important role in new generation
cathode materials, due to the multi-functional advantages
arising from the unique chemical and physical properties of
carbon. Therefore, we intend to focus our introduction on
carbon coating techniques in several typical types of electrode
materials for both cathodes and anodes. In the end, we also
noted the challenges faced by the current coating technology
and proposed a new concept of “hybrid coating” (multi-
components coating) for the future to address the limitation
of the present single-component coating layer.

2. The motivation to use carbon coatings
2.1 Excellent electrical conductivity

The most important superiority of carbon to other coating
materials is that it is a good electronic conductor. We know
that the power ability (P = U x I, U is the cell voltage and 7 is
the current density) of a battery is critically determined by its
internal resistance (R): higher resistance leads to a more rapid
decline of the cell voltage at elevated current density due to the
ohmic drop (namely the deviation between practical and
theoretical voltage, AU = I x R). In addition, the generated
heat (Q) accompanied with the charge/discharge process, the
reason of the temperature increase within the battery, would
grow with the square of internal resistance according to the

Table 1 Internal resistance of an electrode in a cell. Ref. 9, Copyright
2010 Elsevier

Resistance type Internal resistance of a cell (R = R; + R. + R;,)

Tonic (Ry) Electrode active particle

Electrolyte

Electrode active particle

Conductive additives

Percolation network of additives in electrode
Current collectors

Electrical taps

Between electrolyte and electrodes

Between electrode active particles

Between electrode particles and conductive
additives

Between conductive and additives and current
collector

Electrical (R.)

Interfacial (R;,)

ohmic law (Q = I x R%). Higher working temperature would
accelerate the degradation of the battery life. For an estab-
lished electrode, the total internal resistance (R) is the sum of
electrical resistance (R.), ionic resistance (R;) and interfacial
resistance (Ri,).” Since most of the electrode active materials
are semiconductors or insulators and synthesized as powder,
the practical electrodes are actually composites which usually
contain an active material, a conductive additive to endow
necessary electrical conductivity, and a polymer binder to hold
the mix together and bond the mix to the conductive collector.
The general sources of each type of resistance are given in
Table 1.°

Examining the sources of resistance can provide insight into
the key barriers to optimized conduction in electrochemical
cells. Upon charging/discharging, the electrode undergoes the
volume insertion/deinsertion of Li ions into/from the active
particles, which involves the diffusion and conduction of both
Li ions and electrons. It is known that the active material
shows much lower ionic conductivity than the electrolyte as
well as much poorer electrical conductivity than the carbon
black or acetylene black additives. So, the electrode resistance
is mainly determined by (a) the ionic and electronic resistance
of active particles and (b) the interfacial resistances from the
electrolyte/electrode interface and particle/particle boundaries.

Suppose the composite electrode was perfectively made, by
which the electrolyte can well penetrate into the pores of the
electrode and surround the active particles; the conductive
additives are made of small particles and homogeneously
dispersed within the whole electrode so that each of the active
particle will be “point-contacted” by one or more tiny additive
particles. If the electronic conductivity inside bulk active
particles is much lower than the ionic conductivity, the
ambipolar (ionic and electronic) diffusion can only start at
the vicinity of point contact, which leads to a constrained
electric field around this point, as shown in Fig. 1a.!® If the
electron conductivity is much higher than the ionic, e.g.
graphite, the electrons will spread around the particle’s surface
which will form active double layers of active ions and
electrons, and cause ambipolar diffusion into and out of bulk
particles, as shown in Fig. 1b. If the active particle is coated by a
thin layer of carbon, the coating supplies fast electrons and can
be also permeable for Li* ions from the surrounding electrolyte
solution. This approach ensures the effective ambipolar diffusion
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Fig. 1 Schematic conduction/diffusion of electron and Li ions within
a single active particle by point-contact with tiny additive particles or by
full-contact with a carbon-coating layer: (a) the electronic conductivity
is much lower than the ionic conductivity, (b) the ionic conductivity is
much lower than the electronic conductivity, (c) the case of perfect
carbon-coating regardless of electronic and ionic conductivity. Ref. 10,
Copyright 2007 Elsevier.

of Li™ and e~ into/out of active particles (as indicated by arrows
in Fig. 1c) regardless of particle conductivity.'

The first generation LIB employs electrode materials
composed of millimetre particles, it is a low-power device
(slow charge/discharge). An increase in the charge/discharge
rate of LIB of more than one order of magnitude is required to
meet the future demands of hybrid electric vehicles and clean
energy storage. No matter how creative we are in designing
new lithium intercalation hosts with higher rates, limits exist
because of the intrinsic slow diffusivity of lithium ions in the
solid state (ca. 107% cm? s™'). Nanostructures have a genuine
potential to make a significant impact on the rate capability of
LIB due to the fact that the distance over which Li* must
diffuse in the solid state dramatically decreases with the
reduced particle size.'' However, the nanosized particles tend
to form agglomerates due to the high surface energy arising
from high surface area, which make them difficult to disperse
and mix with conductive additives, as shown in Fig. 2a.'?
Accordingly, the electronic transport length (L) is still much
larger than the particle size (r) because only a small amount of
nanoparticles in the agglomerates can directly contact the carbon
additive and obtain electrons. Furthermore, the interfacial
resistance would be much higher due to the largely increased
particle/particle boundary resistance. If each nanoparticle is
fully coated with an electronic conductive layer, the electronic
transport length (L.) would be effectively shortened to a level
comparable to (or less than) the particle size (r) of the
nanomaterials, as shown in Fig. 2b.!? The electrons can pass
along the outer surface of each nanoparticle, forming a
continuous transport path in the whole electrode, thus leading
to much reduced particle/particle interface resistance. Besides
profiting from the good electrical conductivity endowed by the

Current collector

[] Electrolyte MConductive additive @ Active nanoparticles (QCarbon coating layer

Fig. 2 Schematic representation of the electronic transport length
(L.) in a nanoparticle based electrode: (a) without carbon coating;
(b) with carbon coating. Ref. 12, Copyright 2010, The Royal Society
of Chemistry.

carbon coating layer, the amount of the conductive additive
can be decreased, which equals a higher active material loading
and energy density in the full-size battery.

2.2 Superior chemical and electrochemical stability

It is a great challenge to develop a battery chemistry that can
meet the 15 year calendar life requirement for transportation
applications. The charged electrode materials, whether delithiated
cathode or lithiated anode, tend to react with the nonaqueous
electrolyte violently at elevated temperatures. These energeti-
cally favored side reactions can also occur slowly at ambient
temperature, resulting in slow degradation of electrode materials
and, consequently, battery performance.® The cathode materials
may amplify or even catalyze the decomposition of the electro-
lyte if their operation voltages exceed the electrochemical
resistance of the electrolyte oxidation.* As for electrolyte, the
dominant lithium salt LiPFg is sensitive to a trace amount of
moisture. The produced HF by its hydrolysis would cause the
dissolution of the transition metals and erode the surface of
active materials (Fig. 3a), which also lead to capacity decay
upon long term cycling. Carbon material has a wide electro-
chemically stable window in organic electrolytes. It shows
electrochemical activity towards the electrolyte only at very
low potential and will not oxidize even up to a high cutoff of
the cell voltage, and thus can be applied as the coating material
for a wide range of electrode materials. Carbon also has a very
good chemical stability, and thus promises good resistance to
HF corrosion (Fig. 3b). Common coating materials, such as
metal oxides, are capable of diffusing into the crystal lattice of
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Fig. 3 Schematic illustration showing the long-term degradation of
active material in air and in electrolyte without (a) and with (b) the
protective coating layer.

the active material and substitute the active elements when
treated at high temperature for long term; while carbon coating
just affects the surface of the active material. In terms of some
low-valence active materials, e.g. LiFePO4 and VO,, they may
undergo gradual surface oxidation when exposed to air during
long-term storage (Fig. 3a), especially in the case of nanomaterial
with a high surface area. If coated by carbon, such active
material will be prevented from contact with the oxygen and
moisture in the air, and as a result, the surface degradation in air
shown in Fig. 3b will be greatly retarded. Attributed to the
superior chemical and electrochemical stability, the carbon
coating layer can act as a good protecting layer which not only
retards the degradation of active material during storage but also
slows down the capacity fading upon charge/discharge cycling.

2.3 Unique physical properties

Carbon is known to have many allotropes, such as graphite,
amorphous (actually nanosized graphite crystallites), diamond,
carbon nanotube, graphene, fullerene ezc., due to its versatile
bonding constructions derived from sp, sp>, sp> hybrid orbitals
as well as p—p 7 orbitals. Accordingly, it possesses many unique
physical properties, e.g., anisotropic conductivity, low density,
high mechanical strength, structural flexibility, and so on.
When used as the coating material, it easily forms a thin film
layer on the surface of the active material by chemical vapor
deposition or in situ pyrolysis of the organic precursors, as
shown in Fig. 4a. The adhesion of carbon on the surface is
possible because of the fact that the carbon chooses the structure
of deposit in the form of amorphous carbon (nanosized graphite
crystallites, Fig. 4b) which leads to a small hardness (10 GPa),
allowing the film to adjust the surface roughness and the
curvature of the active particles.'® The more general sp* bonding
prefers a layer-by-layer assembly of hexagonal atom planes,
providing efficient electronic conductivity, as shown in Fig. 4c.
Besides, the ionic transport from the electrolytic medium to the
core of active particles is ensured by the diffusion of Li ions
throughout the micropores of the coating layer (the interspace

Fig. 4 Schematic illustration showing different adaptability of the carbon
coating (a) and metal oxide coating (d) to the geometry of the substrate
material. (b) and (c) showing more details of the carbon coating layer.

between disoriented nano-crystallites in Fig. 4b). In comparison,
the metal oxide coating layers are composed of nanoparticles
with which it is difficult to form a uniform thin layer due to
their self-agglomeration and poor flexibility to geometry, as
shown in Fig. 4d.

For nanosized active materials, the carbon coating layer can
play a positive role in maintaining the nanomorphology. The
preparation of many active materials involves the calcination
process at high temperature (700-1000 °C) to obtain required
high crystallization, however, such calcination would cause
rapid size growth and serious morphology deterioration.
During calcination, the full carbon coating layer works as a
solid barrier between active particles, preventing them from
sintering to large particles.

In addition, the carbon coating layer can also serve as an
elastic shell to accommodate the volume changes of the active
material upon Li insertion/de-insertion, circumventing the
peeling-off of active material from the current collector due
to cracking and pulverization.'*

2.4 Low cost

Carbon is one of the most abundant elements in the earth.
Various sources of low cost and wide availability, such as
sugar, resin, pitch, polymer, and hydrocarbon, can be used as
the carbon precursors. Carbon coatings on the surface of active
material can be easily realized by chemical vapor deposition,
sol-gel coating of the precursor and then thermal decomposi-
tion of the carbon sources at high temperature. These processes
are simple and need no expensive equipment. The properties of
the coating layer, e.g. conductivity and thickness, can also be
conveniently adjusted by carbon content, pyrolysis tempera-
ture and duration time. So carbon coating is one of the most
widely used technologies in lithium-ion batteries.

3. Carbon coatings for cathode materials
3.1 LiMPOy4

There is intensive research activity into alternative electrode
materials for the next generation of rechargeable lithium-ion
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batteries for use in HEV. Olivine-structured orthophosphates
LiMPO, (M = Mn, Fe, Co and Ni) have been proposed as
viable alternatives because of their low cost, excellent cycle life,
and thermal stability. The existence of an M,,(POy), frame-
work provides an excellent stability and long term cycling to
this type of cathode in comparison to lithium transition metal
oxides. The oxygen—phosphorous bond is more covalent in
nature than polar oxygen—metal bonds. Thus, no loss of
oxygen occurs from the framework and the reactivity with
the electrolyte is low.'> However, the main difficulty in using
this family of materials is that they have intrinsically poor
electronic and ionic conductivity. Typically, this is overcome
through a combination of reducing the particle size and surface
coating of an electronically conductive phase such as carbon.
Surface carbon coating effectively alleviates the problem of low
electronic conductivity, while small particle size would reduce
the diffusion length for the reaction with lithium, leading to
increase of the rate capability of LIMPO, cathode materials by
several orders of magnitude. In fact, the use of thin carbon
coating has become a critical component for LIMPO, species and
is mandatory for their operation at high rates, due to the poor
intrinsic transport properties of these powders. As envisioned by
Tarascon et al., for any insulating insertion compound there is
a threshold crystallite size beyond which the material could be
used as an electrode, if electrons can be provided through
effective coating techniques.'®

LiFePO,, being environmentally benign and showing high
safety, attracted the most research attention and has been
brought to a practical level of commercial usage. The LiFePO,
operates at a flat voltage of 3.4 V vs. Li*/Li, yields a
theoretical specific capacity of 170 mA h g~', and a theoretical
gravimetric energy density comparable to that of LiCoO,.
However, the pristine form of LiFePO4 has an electronic

d)

Potential / V vs. LilLi*

PO,3 -,i }Oi( ZD'

Aniline —

conductivity of only 107°-107'® S em™', several orders of

magnitude lower than those of LiCoO, (107* S em™") and
LiMn,O4 (107* S em™"), and exhibits very poor rate perfor-
mance. Over the recent years, much effort has been made to
improve the rate performance of LiFePO, by carbon coating
to increase the conductivity or using low-temperature routes to
obtain tailored particles. By simple carbon coating, a much
higher conductivity (>10"* S em™') can be achieved for the
LiFePO,/C composites.'”?° However, these carbon-coated
LiFePOy particles are generally prepared by thermal decom-
position of carbon-containing precursors, which tends to
produce LiFePO, particles with a partial coating of carbon.
Moreover, the high temperature process, which is needed to
ensure a high conductivity of the resulting carbon, easily
caused the growth of the LiFePO, crystallites. If LiFePOy,
can be made in nanosize and with uniform surface carbon
coating, the utilization of its theoretical capacity at even high
rates would be possible.

In 2008, a novel strategy based on an in situ polymerization
restriction method was reported to synthesize LiFePO,4 nano-
particles (20-40 nm) with a full coating of a thin carbon layer
(1-2 nm in thickness), as shown in Fig. 5a—c.2! The strategy
included one in situ polymerization reaction and two typical
restriction processes (Fig. 5d): when Fe** was added in the
solution containing PO, and aniline, the white FePO,
deposits were first formed. The Fe*" on the outer surface of
fresh FePO, deposits would oxidize the aniline to initiate its
in situ polymerization, thus forming a green polyaniline
(PANI) shell to restrict the size growth of FePO, deposits.
The prepared FePO,~PANI composite was combined with
lithium salt and some sugar to produce LiFePO,—carbon
core—shell nanoparticles by heat treatment at 700 °C under
an Ar atmosphere with 5% H,, during which, the polymer
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Fig. 5 SEM (a) and TEM (b, c) images of the LiFePO,/carbon nanoparticles with a core-shell structure obtained by an in situ polymerization
restriction strategy; (d) preparation process for the core—shell LiFePOg/carbon nanocomposite including an in situ polymerization reaction and
two restriction processes; (¢) rate performance and (f) cycle life (tested at a current density of 0.1 A g ') of the prepared core-shell LiFePOg4/carbon

nanocomposite. Ref. 21, Copyright 2008, Wiley-VCH.
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shell was transformed into a thin carbon layer that in situ
restricted the crystallite growth of LiFePO,. Such a core—shell
structured LiFePO,/carbon nanocomposite achieved a high
reversible capacity (168 mA h g~ ') at a current density of 0.1 A g~
(about 0.6C), nearly the theoretical value of LiFePO,. Even at
a high charge/discharge rate of 60C (10 A g~"), this material
still delivered a capacity of 90 mA h g~' (Fig. 5e). The high
power performance profits from both the enhanced electron
transport by full carbon coating and the much decreased
diffusion length for Li ions by reduction of the particle size.
Furthermore, it also exhibited an excellent cycling performance,
with less than 5% discharge capacity loss over 1100 cycles
(Fig. 5f). Recently, graphene has also been considered as a new
type of carbon coating source for high power LiFePO,4 material
due to its unique properties such as high conductivity and
superior structural flexibility. The graphene-modified LiFePO,
composite was prepared from LiFePO, nanoparticles and
graphene oxide nanosheets by spray-drying and annealing
processes. The obtained composites are made of 2-5 pm
quasi-spherical secondary microparticles in which the LiFePO,
primary nanoparticles are wrapped homogeneously and loosely
in a graphene 3D network.” Such nanostructure facilitates
electron migration throughout the secondary particles, while
the presence of abundant voids between the LiFePO, nano-
particles and graphene sheets is beneficial for Li " diffusion, thus
the composite cathode could exhibit a high rate performance,
e.g., 70 mA h g~ at 60C discharge rate, and a capacity decay
rate of <15% for 1000 cycles.

Obviously, the carbon coatings help to obtain a long cycle
life of LiFePQy,, as given in the above examples. This can be
ascribed to the reduced side reactions between LiFePO, and
electrolyte by the carbon coating layer which prevents LiFePO,
particles from directly contacting with electrolyte. It has been
reported that LiFePO, electrodes tend to release iron ions into
the electrolyte when aged at high temperature, thus a significant
capacity fade was found when cycled at 37 °C and 55 °C.>* The
dissolved Fe*™ can migrate to the negative electrode and
deposit on the surface of the graphite anode, leading to a
significantly increased interfacial impedance of the graphite
electrode due to the possible catalytic effects of the metallic
iron particles.>® Therefore, suppressing the dissolution of Fe
from the olivine is very important for the improvement of
cycling performance of the olivine/graphite system. LiFePO,
with a more full carbon coating would better retard Fe ion
dissolution, as has been demonstrated by the investigation of
S. W. Oh et al. on a carbon single-coated LiFePO,4 and a
carbon double-coated LiFePO,.>* They found that the amount
of dissolved Fe after storage in 20 cc of 1 M LiPF electrolyte
for one week at 60 °C decreased from 55 ppm in the former
case to 33 ppm in the latter case. Compared to the single-
coated sample, the double-coated LiFePO, accounts for a
more uniform and full coating layer, and thus can deliver
stable cycle response even at 60 °C versus the graphite anode.

The full carbon coating layer improves not only the electro-
chemical cycling stability of LiFePO, but also the LiFePO,’s
chemical stability under air exposure. Fe(11) is quite unstable in
atmospheric air where O, and moisture co-exist. For example,
the first charge capacity of the LiFePO, with air exposure was
found to be lower than the first discharge capacity because

some surface Fe(n) had been oxidized into Fe(in).?® The
nanosizing of LiFePO, would aggravate such instability due
to the much increased exposure area, leading to a poor storage
life of LiFePO, material. As reported, the nanosized (ca. 40 nm)
LiFePO, without carbon full coating was obviously oxidized
after only one day’s exposure to air at room temperature.*®
With full carbon coating, the nanosized LiFePO, (2040 nm)
after a long term air exposure (two months) can still deliver a
capacity of 170 mA h g~' at the first charge process and a
capacity of 160 mA h g~! at the first discharge process, similar
to those of the fresh-prepared LiFePO,/C sample, indicating
high stability of this full carbon coated LiFePO, at room
temperature storage.27

Apart from LiFePQOy, attention is also paid to the other
lithium metal phosphates. The redox potential of Mn®* /Mn>™,
Co*"/Co?", and Ni**/Ni*" in the phosphates is tuned to 4.1,
4.8, and 5.1 V, respectively.?® The high upper charge voltages of
LiCoPO4 and LiNiPO4 mean that significant advances in
electrolyte chemistry must be made before they can be put to
use. In comparison, LiMnPO,4 has a compatible potential to
commercial 4 V class cathodes, well within the anodic stability
limits of aluminium current collectors and alkyl carbonates
(e.g. propylene carbonate, ethylene carbonate, and diethyl
carbonate)/LiPF¢ electrolytes. Besides, LiMnPO, is also
attractive due to its higher energy density (1.2 times more)
than that of LiFePO,4. However, the electrochemical activity of
LiMnPO, is very poor due to the low ionic and electronic
conductivity from the heavy polaronic holes localized on the
Mn®" sites (the Jahn-Teller ion), and the interface strain
between the LiMnPO4 and MnPO, phase.” The electronic
conductivity of LiMnPOy is even lower, e.g. < 107°S em™!,
compared with 1.8 x 107% S cm™! for LiFePO,4.* So, the key
to the utilization of the LiMnPOQ, as practical electrode would
be the design of suitable synthesis methods to achieve LIMnPOy4
with carbon coating.

1. Taniguchi et al. prepared pure LiMnPO, particles by an
ultrasonic spray pyrolysis method, then coated the LiMnPOy,
with acetylene black in a weight ratio of LiMnPO,: C = 80:20
through a dry ball-milling process followed by heat treatment
for4hina N, + 3%H, atmosphere. The obtained C-LiMnPO,
composite can exhibit a discharge capacity of 70 mA h g~ ' at
room temperature and 140 mA h g~! at 55 °C with a charge/
discharge rate of C/20.*' Using a similar procedure, spray
pyrolysis followed by ball milling, S. M. Oh et al. also
obtained carbon-coated LiMnPO4 nanocomposites and inves-
tigated the effect of the carbon content (from 10% to 40%) on
the physicochemical and electrochemical properties of this
material. They found that 30 wt% acetylene black (AB) in
the C-LiMnPO,4 composite exhibited the best electrochemical
performance (Fig. 6), delivering discharge capacities of
158 mA h g~ and 107 mA h g~' at rates of 1/20C and 2C,
respectively, which are the highest capacities reported so far
for a LiMnPO, electrode.>® And the capacity retention of the
composite electrode with 30 wt% AB content after 50 cycles
was 94.2% at 25 °C and 87.7% at 55 °C, with its initial
capacity at 0.5C rate being 137 mA h g~ ' and 166 mA h g™,
respectively. The results were ascribed to the homogeneous
coating of the AB carbon at 30 wt%, which protected the
C-LiMnPO, against HF attack, leading to a significant
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Fig. 6 First charge/discharge curves (a) and rate capability (b) of
Li/C-LiMnPOy cells with different amounts of acetylene black. The
cells were charged at a constant current rate of C/20 to 4.5V, held at
4.5 V until C/100, and discharged at a constant rate of C/20 to 2.7 V.
Ref. 32, Copyright 2010, Wiley-VCH.

reduction in Mn dissolution, a lower charge-transfer resistance,
and a greatly enhanced electronic conductivity. Besides LIMnPO,,
a replacement of 20% Mn by Fe in LiMnPOy, thus forming a
LiMn, gFe(,PO4 compound, also demonstrated the properties
of a highly interesting and important cathode material, as
reported by S. K. Martha et al.*® They prepared carbon-
coated LiMnggFey,PO4 with 10% carbon content by solid-
state synthesis of high energy ball milling. TEM shows that the
obtained LiMn, gFe(,PO, particles are 25-60 nm in diameter
and covered by a 5 nm thick carbon film (Fig. 7a, b). When
charged/discharged at 1/20 C, this material delivers a capacity
of 165 mA h g, close to the theoretical one. This compound
is in fact a true solid solution of LiMnPO,4 and LiFePO,, as
demonstrated by its voltage profile, which nicely reflects the
redox reaction of both Mn?*/Mn*" and Fe*" /Fe* " with the
expected proportional contributions (Fig. 7c). The measurements
of this carbon-coated LiMnggFey,PO4 nanocomposite after
prolonged aging in standard solutions at elevated temperatures
and after cycled charge/discharge clearly indicated that its
surface stability was much greater than that of Li,MO,
compounds. The carbon coating enables the active mass to have
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Fig. 7 HRTEM images (a, b) of C-LiMnggFe,,PO, particles, the
scale bars of (a) and (b) are 20 nm and 2 nm, respectively; (c) typical
voltage profiles and (d) cycling behavior of Li/C-LiMnggFe,,POy4
cells measured at various discharge rates at 30 °C in the standard
electrolyte solution. Ref. 33, Copyright 2009, Wiley-VCH.

excellent electronic conductivity and also serves as a barrier against
detrimental surface reactions between the active mass and solution
species, thus the Li/LiMnggFey,PO4 cell showed very high
stability and excellent rate capability (Fig. 7d). The observed
excellent electrochemical performance of C-LiMnggFeq,PO,
made it a practically important novel cathode material for safe
and long-lived lithium batteries with high power and high
energy density.

3.2 LiMO,

Layer structured lithium metal oxides (LiMO,, M = Co, Ni, Mn)
with rhombohedral a-NaFeO, crystal structure have been proven
particularly well-suited for application as cathode materials in
secondary lithium batteries. LiCoO, is the most widely used
cathode material in commercial lithium-ion batteries, however,
its toxicity, safety problems, and high cost of cobalt are still
issues of great concern, and suitable alternatives have always
been pursued. LiNiy sMng 5O, has, in comparison with LiCoO»,,
a high thermal stability in addition to being a relatively low-cost
material, and thus is extensively studied as one promising alter-
native cathode material. In LiNig sMng 5sO,, the average oxidation
state of Mn is tetravalent, so that the electrochemically
inactive tetravalent Mn provides significant structural stability
and results in a simple topotactic reaction maintaining the
hexagonal phase during electrochemical cycling, even at the
high voltage.** However, with the high-power consuming
electric devices, modification of LiNiysMng 5O, is needed to
further improve its performance during cycling at a high rate.
J. B. Goodenough et al. investigated the influence of carbon
coating on the performance of a LiMng 5Nig 50, cathode by
using resorcinol-formaldehyde (R-F) polymer as the carbon
source.® They found that the carbon coating increased the
discharge capacities at relatively high current densities and
reduced the capacity fade of LiMng 5sNij 5O, cells by increasing
the electronic conductivity between particles and preventing
oxygen evolution during charging. Surface modification of
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Fig. 8 TEM observations of LiNiysMngsO,, (a) bare sample (P),
(b) sample coated with sucrose (Sa), (c) sample coated with starch (St);
and (d) cycle performances of the three samples. The scale bars of (a),
(b) and (c) are 20 nm, 20 nm, and 100 nm, respectively. Ref. 34,
Copyright 2010, Springer Link.
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LiNig sMng 5O, by carbon can also be achieved by calcination
of the mixture of LiNiysMngsO, and sucrose (or starch) at
600 °C for half an hour in air.>* The obtained samples showed
clearly the presence of a thin carbon layer (10-12 nm)
surrounding LiNipsMny 5O, particles (Fig. 8). About 92%
and 82% capacity retention was obtained at the 50th cycle
for coated LiNipsMng sO, using sucrose and starch, respec-
tively; whereas, 75% was retained after only the 30th cycle for
carbon free LiNigsMng 5O, (Fig. 8d). The thin carbon layer
functions as a protective layer to cover the active sites in the
nanoparticles and reduce the electrolyte decomposition, thus
improving the electrochemical performance of LiNiysMng sO,.

Another alternative to address the challenges of LiCoO; is
to substitute Co by other metals (Ni or Mn) to form layer
structured LiMO, solid solutions that are cheaper, less toxic,
safer, and can store more charge (lithium) on charge/discharge
cycling. LiNi;;3Co;/3Mn,; 30, can exhibit reversible capacities
of ~200 mA h g~! between 2.8 and 4.6 V, and ~160mA h g~}
between 2.5 and 4.4 V, much larger than that of LiCoO,, and
thus has been considered as a candidate to replace commercial
LiCoO,. However, its electronic conductivity is relatively
lower than that of LiCoO,. Since the preparation of
LiNi;;3Co;/3Mn, 30, needs air atmosphere, it is difficult to
apply carbon coating through the conventional pyrolysis of
organic compounds in inert atmosphere at high temperature
(700-900 °C). However, attempts have been made by either
using carbon sources with low pyrolysis temperature, such as
table sugar,*® polyvinyl alcohol’” and a low heat treatment
temperature (300 °C for 3 h),*® or a quite short heating time
(600 °C for 0.5 h in air),> or a special coating technique such
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Fig. 9 (a) SEM images of the bare (a) and carbon-coated (b)
Li[Lig ,Mng s4Nig 13Co0y 13]O- particles, (c) STEM image and (d) carbon
map of the carbon-coated Li[Lis,Mng 54Nig13C0013]O, particle,
(e) discharge profiles at various rates and (f) EIS plots of the bare
and carbon-coated Li[Liy,Mng s4Nig 13C00.13]O5 electrodes. Ref. 43,
Copyright 2010, Elsevier.

as microwave plasma chemical vapor deposition.*® Positive
gains obtained by these attempts include: improved thermal
stability,%’38 decreased charge transfer resistance,’’ enhanced
rate capability®>*’ and cycle performance.®**

Recently, solid solutions between Li[Li;3Mn;;3]0, and
LiMO, (M = Mn, Co, and Ni) have become more and more
appealing due to their much higher capacities of ~250 mA h g™
and lower cost and better safety compared to LiCoO,. However,
the low rate capability arising from the low electronic conduc-
tivity induced by the insulating Li[Li; sMn;;35]O, component®*!
and the thick solid—electrolyte interfacial (SEI) layer formed at
operating voltages as high as 4.8 V** remain big challenges for
the application of these cathodes in EV and HEV. Modification
of the surface with conductive agents turns out to be a feasible
approach to suppress the SEI layer thickness and enhance the
surface conductivity. J. Liu et al. successfully applied carbon
coatings on the layered Li[Liy,Mng 54Nig 13C0q 13]O> cathode
by thermal evaporation of a high purity graphite rod inside a
JEOL thermal evaporator under high vacuum of ~107’
Torr.* The carbon mapping image confirmed a carbon coating
layer on the material surface, as shown in Fig. 9. Surface
electronic conductivities of the bare and the carbon coated
Li[Lip,Mng 54Nig 13C00.13]O, electrodes were found to be
0.696 and 0.975 S cm™', respectively, indicating a 40%
enhancement by coating with carbon. The carbon-coated
Li[Liy,Mny 54Nig 13C0¢.13]O5 electrodes exhibited much better
rate capability compared to the bare sample (Fig. 9¢). EIS
measurements revealed that the improved electrochemical
performance of the carbon-coated sample was due to the
enhancement in surface electronic conductivity and the
suppression of SEI layer development, as shown in Fig. 9f.

4. Carbon coatings for anode materials
4.1 LiyTisOq,

Spinel LigTisOq, is a very promising anode material with high
safety due to the absence of SEI film: its flat discharge platform
at about 1.55 V versus Li/Li" is above the reduction potential
of most electrolyte solvents so as not to reduce the solvent and
form a solid electrolyte interface, furthermore, the voltage is
sufficiently high to remove the possibility for lithium plating.
LisTisO1» has high reversible capacity (175 mA h g') and
extremely small structural change during lithium insertion/
extraction (zero-strain), which ensures a good reversibility and
structural stability in a long cycling life.

For security and cycling stability concerns, LisTisOq; is
highly promising for large-scale long-life energy storage
batteries. However, Li4TisO;, has pretty low electronic
conductivity (ca. 1073 S em™") and Li* diffusion coefficient
(107°-107"3 cm? s7'); thus the high rate performance is not
satisfied for such applications.*** Two typical approaches
have been developed over the past few years to resolve this
problem. One is to develop the nanoparticles, which can reduce
the Li-ion diffusion path as well as provide large contact area
between the electrode and electrolyte.*** The other is to
improve the electrical conductivity by coating conductive
materials on the LiyTisO,, surface.’*>* For example, a porous
microspherical Li;Tis0;, coated with 7.0 wt% N-doped carbon

1208 | Chem. Commun., 2012, 48, 1201-1217

This journal is © The Royal Society of Chemistry 2012


https://doi.org/10.1039/c1cc14764a

Published on 28 2011. Downloaded by Fail Open on 2025/7/23 10:34:58.

View Article Online

can deliver a reversible capacity of 161 mAh g™, 145mAh g™’
and 129 mA h g ' at a current rate of 0.5C, 5C and 10C,
respectively; while the uncoated sample only delivers 60 mA h g~
and 15mA h g~ ! at a current rate of 5C and 10C, respectively,
which well shows the important role of carbon coating in the
performance of LisTisO;,.>° However, these previous studies
about LiyTisOq, generally focused on the “conductive surface
modification” and ‘“‘nano-size” separately, rather than con-
sidering both of them together. Challenges are that high
crystallinity is required for LisTisO;, to get good electro-
chemical performances. However, the main approach for the
preparation of nanostructured LisTisO;, can only afford a low
annealing temperature or a quite short annealing period in
order to prevent the product from aggregating. The difficulty
is that: most titanium salts (the starting precursors) are easily
hydrolyzed to TiO,; once TiO, is formed, it is necessary to
heat it with lithium salts (Li,CO; or LiOH efc.) at high
temperature (750 °C or above) for a long time to obtain
well-crystallized LisTisO;,, which leads to a much increased
particle size of the final product.

Recently, our group developed a facile method to prepare
carbon-coated LisTisO;, nanoparticles, in which both
“nanosize” and ‘“double surface conductive modification
based on Ti(in) and carbon” can be achieved simultaneously.>
In this method, nanosized TiO, with polyaniline (PANI)
coatings was first synthesized through the concurrence of
hydrolysis of Ti(OC3H), and polymerization of aniline, then
the PANI-coated TiO, was coupled with a lithium salt and
calcined at 800 °C for 24 h to form crystalline Li;TisO;, and at
the same time carbonize the PANI. The carbonization of PANI
can effectively restrict the particle-size growth of LiyTisOys,
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Fig. 10 SEM image (a), TEM images (b, c), and charge/discharge
tests at different current densities (d) of carbon-Ti(i1) double surface
modified LiyTisO;, material. Ref. 55, Copyright 2009, The Royal
Society of Chemistry.
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Fig. 11 Schematic presentation of the conventional solid-state process
(A) and carbon pre-coating process (B) to prepare LiyTisO1, from the
TiO, precursor. Ref. 56, Copyright 2010, The Royal Society of
Chemistry.

thus the obtained LisTisO;> can remain small, of a size of
50-70 nm, even after such a long-time and high-temperature
heat treatment, as shown in Fig. 10. In addition, the carboniza-
tion of PANI also reduced some of the surface Ti(1v) to Ti(t).
The Ti(ur) surface modification can not only enhance the
surface electronic conductivity, but also increase the single-
phase insertion/extraction (Lis + s TisO;, or Li;_,TisO,,) region
outside the two-phase region. Such carbon-Ti(1r) double surface
modification combined with tailored particles size promised
synergic beneficial effects, such as high surface conductivity,
shortened Li-ion diffusion paths and increased equilibrium solid
solution region, thus the prepared LisTisO;, demonstrated a
high rate performance, e.g. 160 mA h g~' at a current density of
0.1 A g 'and 70 mA h g~' even at 3.0 A ¢! (Fig. 10d).

The above strategy to prepare carbon-coated LiyTisOj,
nanocomposites involved a novel role of the carbon coating
layer: the dimension restrictor. This role shows a great effect in
the synthesis of nanostructures. L. Cheng et al. successfully
prepared carbon-coated LisTisO4, of various morphologies, e.g.
nanorods, hollow spheres and nanoparticles, via a simple carbon
pre-coating process in which the nanostructured TiO, was first
coated with a carbon layer by chemical vapor deposition (CVD),
followed by a solid-state reaction with lithium salt.’® The coated
carbon layer well prevented the particles from aggregating and
thus enabled the produced LisTisO;> to maintain a similar
structure as that of its TiO, precursor. Fig. 11 gives the
comparison of morphology changes between the conventional
solid-state process and pre-coating process by using nanorods as
the example.>® Similar results were also obtained in terms of
hollow spheres and nanoparticles. In all cases, the process
without pre-coating of carbon layer would lead to the total loss
of the nanomorphology. While the process with pre-coating of
carbon layer well kept the morphology of the TiO, precursor,
showing the important role of a carbon layer as the dimension
restrictor during high temperature annealing.

4.2  Graphite

It is generally accepted by the battery community that graphite
electrodes will remain the most important and relevant anodes
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in Li-ion batteries for a long time due to their advantages
such as a flat and low voltage range, high reversible capacity
(372 mA h g~ ! with the stoichiometry of LiCg), and low cost. Li
graphite electrodes are naturally passivated in alkyl carbonate
solutions, the passivating solid electrolyte interface (SEI) can
prevent further decomposition of the electrolyte in the follow-
ing cycles and prohibit the solvent molecules passing through
to intercalate into the graphite host, and thus is essential for
the stability of a graphite electrode.? The formation of this SEI
film strongly depends on the surface structure of graphite and
the type of the used electrolyte. There are two kinds of planes
on graphite crystallite surface, edge and basal. The exfoliation
of graphite and decomposition of the electrolyte mainly occur
on edge planes rather than on basal planes. In addition, surface
functional groups are also responsible for the instability of
graphite during the charge/discharge process.® As for the
electrolyte type, propylene carbonate (PC)-based electrolytes
are known not to result in the efficient passivating SEI film.?
While in ethylene carbonate (EC)-based electrolyte, the graphite
electrodes are well-passivated and intercalate Li ions reversibly.
Unfortunately, EC has a much higher melting point than PC
(mpgc 39 °C; mppce —49 °C), which will limit its utilization at
low temperatures.®’

Research on the graphite anode mainly focuses on reducing
the irreversible capacity (increasing the coulombic efficiency)
associated with the first charge cycle which limits the perfor-
mance of the cells. The irreversible capacity arises from the
formation of SEI and other side reactions such as decomposi-
tion of the electrolyte, exfoliation of the graphite and
reduction of the functional groups on the graphite surface.
Carbon coating has been proved to be an effective approach to
improve the electrochemical performances of graphite. Thermal
or chemical vapor decomposition (TVD or CVD) has been the
most widely used method to coat carbon onto the graphite
surface.>® % This method promises homogeneous deposition of
the carbon layer on the surface of the core material, which in
turn forms a core—shell-structured composite with a uniform
thin carbon coating, as shown in Fig. 12.%® After coating, the
surface properties of the graphite electrode changed, e.g., the
disorder and O/C ratio on the surface decreased as evidenced
by Raman spectroscopy and ESCA analysis. It is probable that
the SEI film formed on the pristine graphite contains lots of
pores, through which electrolyte decomposition by LiCg4 takes
place, resulting in a thicker SEI layer and thus lower coulombic
efficiency. Comparatively, the SEI layer formed on the coated
graphite is more compact and thin, and thus results in high
coulombic efficiency (Fig. 12).°® Direct observation of such
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Pristine Graphite

CVD/Graphite

Fig. 12 Simple model to show the SEI on pristine and CVD carbon
coated graphite sample. Ref. 58, Copyright 2001, Elsevier.

difference in the SEI film has been obtained by H. L. Zhang
et al.: the SEI film for pyrolytic carbon coated natural graphite
spheres was found to be more compact, and its thickness was
about 60-150 nm, much thinner than that (450-980 nm) on the
surface of original natural graphite spheres.>

M. Yoshio et al. applied carbon coating by a TVD method
and systematically investigated the effect of carbon coating on
the electrochemical performances of natural graphite.”’-¢!"¢*
The coated natural graphite showed much improved electro-
chemical performances including larger reversible capacity,
better cycling behavior and higher coulombic efficiency in the
first cycle in both PC-based and EC based electrolytes than the
bare natural graphite. They found that the weight portion of

carbon coating in the composite material played an important
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Fig. 13 (a) Schematic views of the MCMB, shuttle-shaped and
spherical natural graphite, (b) initial charge/discharge curves for the
spherical natural graphite coated with different amounts of carbon,
(c) initial charge/discharge curves of MCMB and spherical natural
graphite coated with 3 wt% carbon, in the electrolyte of 1 M LiPF¢
dissolved in the mixture solvents of PC and DMC (1:3 by volume).
Ref. 57, Copyright 2004, The Royal Society of Chemistry.
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role in controlling the electrochemical characteristics.%**> The
inertness of the carbon-coated graphite to the electrolytes
increased with an increase in the amount of carbon coating.
However, the electrode density would decrease with the increase
of the carbon coating amount. Too much carbon coating would
also decrease the discharge capacity of the composite electrode.
To maintain the inertness and at the same time decrease the
carbon coating amount, they modified the morphology of
natural graphite from originally anisotropic flaky to spherical
shapes by sphere-making process, and then coated carbon on
the spherical graphite.””** The spherical graphite samples
demonstrated much higher coulombic efficiency values than
the corresponding shuttle-shaped graphite sample with similar
amounts of carbon coating.** Compared to the shuttle-shaped
graphite, the spherical graphite greatly reduced the exposure of
surface edge planes towards electrolyte, as shown in Fig. 13a,
and thus a very low amount of carbon coating was sufficient to
cover all the edge planes and active sites on the surface of the
graphite core.”” For example, the influence of only 3 wt%
carbon coating on covering the surface of the spherical natural
graphite “core” and preventing PC decomposition has been
already comparable to the carbon-coating amount of 10 and
13 wt% (Fig. 13b). Besides, the 3 wt% carbon coated spherical
natural graphite demonstrated superior advantages over the
“traditional” highly graphitized mesocarbon microbeads
(MCMB) in many respects such as high rate capacity, high
coulombic efficiency, low irreversible capacity, and low cost
(Fig. 13c). Moreover, the recent investigation of Y. S. Park
et al. revealed that the surface modification of coating with a
non-graphitic carbon layer on natural graphite can also
improve the thermal stability of spherical natural graphite.®
The surface modification resulted in a drastic decrease in the
BET surface area (from 5.67 m? g~! to 0.6 m?> g~'). DSC
studies on the fully-lithiated state of a graphite electrode
performed at elevated temperature showed a better stability
after carbon-coating. The reason was attributed to that the non-
graphitic carbon layer suppressed the release of intercalated
lithium from natural graphite at high temperatures, as analyzed
by XRD data.

4.3 Alloy anode

A number of metals and semiconductors, e.g. Sn, Sb, Ge and
Si, react with lithium to form alloys by electrochemical
processes that are partially reversible and are of low voltage.
They are able to store large amounts of lithium per formula
and are thus of great interest as high capacity anode materials,
typically as Lis 4Sn (993 mA h g~ ! and 1000 mA h cm™? versus
372 mA h g~! and 855 mA h cm™? for graphite) and Liy 4Si
(4200 mA h g=' and 1750 mA h cm™>). Unfortunately, the
accommodation of so much lithium is accompanied by enormous
volume changes in the host metal plus phase transitions, e.g. a
volume change over 300% for pure Sn and Si in their full
lithiated state (x = 4.4). The mechanical strain generated
during the alloying/de-alloying processes leads to rapid dete-
rioration of the electrode: cracks and, eventually, pulveriza-
tion. As a result, the contact between the active material and
the current collector becomes loose, and these alloys present
very poor cyclic characteristics. Significant research efforts

have been devoted to overcome this problem, which leads to
the conclusion that any physical or chemical means of buffering
the reactant expansion, maintaining the electrode integration
and electrical contacts between particles should be beneficial.

Early investigation done by M. Yoshio er al. obtained
improved electrochemical performances by coating carbon
onto the surface of microsized Si particles (10 pm) using a
thermal vapor decomposition technique.®® The carbon-coated
Si with a carbon content of ~ 10 wt% showed high reversible
capacity over 800 mA h g~!, high coulombic efficiency,
satisfactory compatibility with both the EC and PC-based
electrolytes, and better thermal stability than that of graphite.
The carbon-coating on the outer layer of Si was thought to
suppress the high decomposition of electrolyte on the surface
of Si-based electrodes, help to provide electric contact net-
works around Si particles, thus to maintain high capacity
during 20 cycles of charge/discharge.®” However, this is still
not enough to have long term cycling performance since the
electric network established by solely a thin layer of surface
carbon coating is easy to break due to the large volume change
within the microsized alloy particles.

One of the effective strategies is to prepare intermetallic
compounds (M'M), which consist of an inactive phase M’ that
does not react with lithium and an active phase M that reacts
with lithium, such as Cu-Sn, In-Sb, Co—Sn, Sn—Fe, efc. The
introduction of inactive phase M’ can reduce the volume of
expansion/contraction to a considerable extent, thus, improving
the cycling performance compared to pure Sn at the price of
decreased specific capacity. However, these intermetallic com-
pounds are typically prepared by high-temperature annealing,
mechanical alloying or melt-spinning, in which the particle size
is generally in micrometres. Such large particles still suffer
pulverization during long term cycling. Another effective strategy
is fabricating fine active nanoparticles dispersed/encapsulated
within a solid, mixed conducting matrix, e.g. Sn-nanocrystallite
in mesoporous carbon,®® SnO,-nanocrystal in graphene sheets,®
SnO,-nanoparticle in amorphous carbon,” Si-nanocrystallite in
carbon aerogel.”! The presence of large amounts of well-
distributed carbon material in these nanocomposites can maintain
an integral and continuous electric conductive network
upon repeated charge/discharge, thus leading to substantial
improvements in cyclability. For example, Sn-nanocrystallite
encapsulated in mesoporous carbon (contains ~21% carbon)
maintained a nearly constant capacity of above 710 mA h g~ ! for
up to 50 cycles; while the pure Sn nanoparticles (~ 100 nm) lost
all of their initial capacity after 25 cycles (from 1018 mA h g~!
to 0 mA h g ".°® Si nanocrystalline/amorphous carbon
nanocomposites (contain ~56% carbon) can maintain 43%
of their initial reversible capacity during 100 cycles, while pure
nanocrystalline Si (<100 nm) only retained 0.3% of its
capacity after 100 cycles.”” However, these nanocomposites
usually contain a high carbon content (30-50% in weight),
which leads to a decreased overall electrode capacity.

Recently, carbon coated nanosized Si or Sn-based materials
with core—shell structures have attracted more attention due to
their superiority in both cyclability and rate performance.”>”’
The carbon shell prevents the aggregation and pulverization of
the nanosized core particles, and allows for a very good
interparticle electrical contact, which enables us to extract
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Fig. 14 SEM (a) and TEM (b) of tin nanoparticles encapsulated in
hollow carbon spheres (TNHC); (c) schematic illustration shows how
such a hollow core-shell structure buffers the volume expansion
during Li ™ insertion/retraction. Ref. 14, Copyright 2008, Wiley-VCH.

the high capacity of the active core nanoparticles, at relatively
high rates; the thin carbon shell also has some elasticity to
accommodate the strain of volume change during Li* insertion/
extraction, improving the reversibility and electrode integration.
For example, the carbon coated Si;oSn3y nanoalloys with a
particle size <10 nm and a carbon content of ~10 wt% can
deliver a reversible capacity of 2032 mA h g~' at 0.2C and a
high capacity retention of 97% after 60 cycles,”” the good
performance results from both a small particle size and the
tightly packed carbon coating layer. The core—shell carbon
coated CugSns (with a particle size of 20-30 nm and a carbon
content of ~23 wt%) showed nearly no capacity fading during
50 cycles of charge/discharge, in comparison, the uncoated
nanosized CugSns (also 20-30 nm) obtained by a similar
synthesis procedure lost 64% of its capacity after 50 cycles.”
Besides, hollow core—shell structures, which can provide addi-
tional void to buffer the volume expansion in spite of the elastic
carbon shell, are further developed to promote the electrochemical
properties of alloy-based materials.'*”® % For example, the
tin nanoparticles encapsulated in hollow carbon spheres
(Fig. 14) showed an extended cycle life to 100 cycles;'* the
SnO,/carbon hollow nanospheres demonstrated a reversible
capacity of 473 mA h g~ " after 50 cycles, while the capacity of
pure SnO, hollow spheres decreased to below 300 mA h g™
after 40 cycles.”®

5. Challenges and perspectives
5.1 Applicable methods for specific active material

Up to now, various carbon coating technologies have been
developed for different electrode materials, as summarized in
Table 2. Since the synthesis of LIMPO4 and LisTisOq, usually
involves high temperature annealing in inert atmosphere, it is
convenient to introduce carbon sources during the synthesis
procedure and realize carbon coating with high conductivity
due to the high temperature treatment. On the other hand,
they are both very poor electronic conductors, and thus
carbon coating plays an especially vital role in their electro-
chemical performances. As can be seen from the examples in
Table 2, nearly all the developed methods, such as sol-gel,
spray pyrolysis, ball-milling, co-precipitation, CVD etc. can be
used for coating carbon on LiMPO, and Li TisO;,. Among
them, the strategies which involve first pre-coating of

M, (POy), or TiO, by carbon precursors and then combination
with Li salt to produce LiMPO, or Li4TisO;, show the highest
superiority in electrochemical behavior due to the fact that
they favor a more uniform full coating and synergy effect with
nanosize. Now, “nanosize” together with “carbon coating”
has been considered as the most promising way to obtain both
large capacity and high rate performance, and is attracting
more and more research efforts in the synthesis of LiMPO,
and LisTisO,, based materials.

For graphite, which has already a high conductivity, the
main purpose of carbon coating is to reduce the surface activity
towards side reaction and modify the formation of SEI film.
The most frequently used method is chemical/thermal vapor
deposition technology. By selecting different carbon sources
and controlling the deposition time and temperature, the
carbon content and coating thickness can be adjusted. To
realize scale production, a special reactor such as a fluidized
bed reactor has been designed for the CVD coating of graphite.

As for alloy-type anodes, it is difficult to assure the integration
and conductivity contact of the electrode by solely a thin layer of
carbon coating on the surface of an alloy, since the alloy
experiences enormous volume changes during cycling that a
fresh surface of active material is continuously generated for
every cycle. With the development of nanotechnology, alloy
anodes with unique morphologies such as core/shell and hollow
structures demonstrated superior electrode performances with
much longer cycle stability as well as improved rate capability.
However, these nanostructures require a special design of the
synthesis strategy and very complex synthetic techniques, as
listed in Table 2. These multi-step synthesis routes are of high
cost and are difficult to realize scale production. Rather than
surface carbon coating, the more preferred way for alloy type
anodes is to disperse the alloy nanoparticles in a carbon matrix,
which in fact refers to an alloy/carbon composite with a quite
high carbon content, as done in ref. 68-72. To get ultrafine alloy
nanoparticles, the solution-based methods are mainly used,
which typically involve the in situ reduction from a metal salt
to an alloy in the presence of carbon sources. Other methods
such as high energy ball-milling can also produce highly
distributed alloy particles in a conductive matrix. Any way,
these composites with an alloy embedded in carbon might be a
promising direction for future development of alloy type
anodes in our point of view.

Although carbon coating has demonstrated impressive
advantages in performance promotion for many electrode
materials, it still faces a big bottle-neck for application in
lithium transition metal oxide cathodes. Most of the lithium
transition metal oxide cathodes are synthesized in air or pure
oxygen at temperatures >800 °C. Under such conditions,
carbon formed from any added organic precursors either
during synthesis or in a post-treatment step is likely to burn
out, leading to nearly no residue of the carbon component. As
shown in Table 2, the residue carbon content was no more than
3%. If the calcination is carried out under an inert atmosphere
to prevent loss of carbon, the thermal decomposition of carbon
sources would generate a strong reductive environment like
H,, CO, or a combination of both, which can easily reduce
the transition metal in the oxides and change the valence
state of the elements and even the crystal structure of the
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oxide material.® Thus, nearly all the reported examples adopted
a post-addition (mechanical mixing) method and a low tem-
perature as well as short annealing time when applying carbon
coating. How to develop a relative “cold” technique to realize a
carbon-coating layer on the surface of lithium transition metal
oxides without a significant negative impact on the substrate
material would still be a big challenge faced by the researchers.
In this view point, promising ways might be the physical
deposition techniques which possibly permit a relative low
temperature environment for the substrate material, such as
ALD (atomic layer deposition), PLD (pulse laser deposition),
magnetron sputtering, and so on.

5.2 Advantages and limits of specific coating technique

The effectiveness of carbon coating in improving the electro-
chemical performances of the substrate materials is affected by
many factors: the weight ratio, conductivity, thickness, coating
uniformity, efc. A much low carbon content cannot satisfy full
coating and enough conductivity, a too high content leads to a
low electrode density. The conductivity of the carbon coating
layer strongly depends on the thermal treatment temperature
and carbon sources. Low temperature produces amorphous
carbon with low conductivity; while high temperature helps to
get good conductivity but leads to a high risk of the reduction
of the substrate materials. For example, J. D. Wilcox et al.
systematically studied the structural factors of the carbon
coating layers obtained with different carbon sources, carbon
content and coating procedures by Raman spectroscopy and
elemental analysis.'® They pointed out that the quality of
carbon coatings, such as sp?/sp’ ratio, disordered/graphitic
ratio, and H/C ratio, would strongly influence the conductivity
and rate behavior of the LiFePO4/C composite. The more
graphitic carbon coatings with better homogeneously cover-
age, even with a low carbon content (<2 wt%), would result
in higher pressed-pellet conductivities of the LiFePO4/C com-
posites and improved electrochemical performances of cells
containing these materials. The control of the carbon coating
thickness is also a challenge in practical synthesis procedures.
A low amount of carbon source might form a thin but hardly a
full coating layer on the surface of substrate; while a too thick
carbon coating layer would act as a barrier for Li™ diffusion.
The study of R. Dominko showed that when the carbon
coating thickness was increased from 1 nm to 10 nm, both
the bulk density of LiFePO4/C composite and its reversible
capacity decreased, which are due to the increasingly hindered
electrolyte transport and increased amount of Fe(ir) species.'”

Among the frequently-used coating technologies, mechan-
ical methods such as dry/wet mixing by ball milling or grinding
are most convenient and are of low cost to implement, and
thus are easy to scale up in commercial view. However, it is
difficult to obtain a full and uniform coating layer. Strictly
speaking, they lead to a distribution of carbon in the active
material rather than a carbon coating layer on the surface of
active material. The pre-addition of a dissolved carbon pre-
cursor in course of synthesis followed by post-carbonization in
heat treatment provides high operation flexibility, e.g. wide
adaptivity to substrate material, abundant carbon sources,
adjusted concentration, smart adding procedure ezc., and thus

. %
**
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* 3k

Electrolyte solution

@ Electronic conductor @ Ionic conductor ® L

Carbon coatin@\

lonic coating

7° 7
Hybrid coating layer

I Active particle &g  Ssolvent molecule el

Fig. 15 Schematic illustration of the “electronic and ionic hybrid
coating layer” for the active electrode material during charge/
discharge processes.

has been used for many materials and demonstrated unique
advantages especially in nanostructure related fields. However,
the synthesis routes are relatively complex and time-consuming,
and sensitive to many experiment parameters. The coating
quality and structure features of the final products are critically
related to the used synthesis conditions and strategy. Chemical
or thermal vapor deposition technologies favor uniform and
full coating of carbon with high conductivity, and are feasible
to control the coating thickness and carbon content. However,
they have to be carried out in inert gas flow and at high
temperature, thus is of high cost and is high energy-consuming.
In a word, there should be an ongoing effort to develop a
simple and low cost method to achieve a high quality carbon
coating layer with good uniformity, thin thickness and high
conductivity.

5.3 “Hybrid coatings” for future development

In fact, the charge and discharge process of an electrode would
involve a series of complex chemical and physical procedures
at the interface of electrode/electrolyte. An ideal coating layer
for the electrode material should play multi-functional roles. It
should be highly conductive for both Li*™ and electrons,
should facilitate easy solvation/desolvation of Li™, favor a
fast formation of thin and compact SEI, and provide reliable
protection against HF attack, erc. However, it is not possible
to find such a panacea in the existing coating materials.
Instead, the combination of different coating materials, e.g.,
to build a “‘hybrid coating layer”, might be an alternative in
the next stage, as shown in Fig. 15. Carbon shows excellent
electronic conductivity among the reported coating materials,
but it is not a good ionic conductor. Lithium phosphates are
well known as good and stable Li" conductors and their
coating on LiFePO,4 has demonstrated a great improvement
in the rate performance.®' Besides, Li;PO, was also found to be
an effective SEI when coated on the surface of a LiNig sMn; 504
spinel to prevent the degradation of the electrolyte.’? If carbon
and lithium phosphate can be co-coated on the surface of the
active particles, the obtained hybrid coating layer would pro-
vide both high electronic and ionic conductivity for the core
active material. Other functional components such as metal

This journal is © The Royal Society of Chemistry 2012
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oxides (HF scavenger) and metal fluoride (physical protector)
can also be added in the hybrid coating layer. Such a hybrid
coating layer might be a promising surface coating technique in
the near future.

6. Conclusion

Surface carbon coating can be easily achieved with low cost by
thermal decomposition of various precursors or chemical vapor
deposition technique in an inert atmosphere. It has been
applied for a wide range of electrode materials and exhibited
impressive advances in improving the electrochemical perfor-
mances of both cathodes and anodes especially as LiMPO,
and graphite electrodes. Attributed to its excellent electrical
conductivity, superior chemical/electrochemical stability, and
unique physical properties, the carbon coating layer can
behave as a multi-functional layer between the active electrode
and electrolyte to enhance the electrode conductivity, reduce the
surface activity of nanomaterial, improve the SEI film, protect
the active material from electrolyte corrosion, and maintain the
electrode integration and conductivity upon volume change,
thus resulting in much improved rate capability and cycle
stability of the coated materials. It can also serve as a dimension
restrictor to prevent the nanoparticles from aggregating and
growing, thus maintaining the nanostructure morphology.
However, ongoing effort should be made to develop new coating
techniques to overcome its limitation in application for lithium
transition metal oxides and shortcoming in ionic conductivity.
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