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aprotic organic solvent. Poor rate capa-
bility, limited capacity (theoretical capacity 
of ≈372 mA h g–1), Li-plating issues, irre-
versible electrolyte decomposition in the 
first cycle, and subsequent solid electrolyte 
interphase (SEI) formation certainly offset 
the possible usage in high power Li-ion 
power packs.[5] Therefore, intense research 
activity has been carried out to replace the 
conventional graphitic anodes.

Unfortunately, insertion type mate-
rials such as oxides, sulfides, and phos-
phates offer a higher working potential 
(>1 V vs Li), and decent practical capacity 
compared to graphite, which certainly 
dilutes the net energy density of the 
cell. For instance, Li4Ti5O12, the anatase 
and bronze phases of TiO2, LiCrTiO4, 
Nb2O5, TiNb2O7, TiP2O7, LiTi2(PO4)3 etc., 
have been extensively evaluated.[5,7,14] 
Spinel Li4Ti5O12, which is commer-

cially available, utilizes a LiMn2O4 cathode for HEV and EV 
applications, although it offers low theoretical energy density 
(≈200 W  h kg–1).[13] Apart from the insertion, the emergence 
of high capacity, high power alloy and conversion (often called 
displacement) type materials has attracted widespread atten-
tion in the last two decades. It is worth mentioning that alloy-
based anodes with a hybrid cathode have been commercialized 
by Sony in a Nexelion configuration. Unlike that of the inser-
tion process, an alloy and conversion-type electrode experiences 
several issues that need to be addressed, such as large volume 
variation, capacity fading upon cycling, and a significant irre-
versible capacity loss (ICL) during the first cycle,[15] before 
being employed as prospective an anode in cells for practical 
configurations.

Although insertion materials experience ICL, it is negligible, 
whereas only 40 to 70% of the initial capacity is found irrevers-
ible in alloy and conversion type materials. The ICL may vary 
from material to material, and morphology to morphology pri-
marily because of the decomposition of the electrolyte solution, 
which includes solvents and a salt reduction process.[16] Never-
theless, volume variation and capacity fading can certainly be 
improved by adopting a surface modification process preferably 
with carbon coating, making a composite with carbonaceous 
materials, or by preparing the electrode with either an active 
or inactive matrix.[17] Therefore, eliminating the ICL is critical 
before the full-cell assembly when using such high capacity 
conversion or alloy type anodes.[2,18,19] It is clear that the SEI 
layer is the main culprit for the significant ICL observed 
in the first cycle, since the Li consumption takes place in an 
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Batteries

1. Introduction

The lithium-ion battery (LIB) is one of the prominent electro-
chemical energy storage systems currently available owing to 
its high energy density (both volumetric and gravimetric), long 
calendar life, maintenance free nature, low self-discharge, flex-
ibility, and shape versatility.[1–11] Therefore, the LIB completely 
dominates the electronic appliances market. Attempts have also 
been made to exploit the LIB for zero emission transportation 
applications such as hybrid electric vehicles (HEV) and electric 
vehicles (EV) as well as grid storage.[12,13] Commercial LIBs 
are composed of graphite for the anode and layered LiCoO2 
or olivine-type LiFePO4 for the cathode in the presence of an 
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irreversible manner. In this regard, we would like to explore 
the possible scenarios to mitigate the ICL issues and discuss in 
detail the fabrication of practical Li-ion cells, i.e., full-cells.

2. Origins of Irreversible Capacity Loss

It is well known that electrolyte solutions are thermodynami-
cally unstable at lower potentials vs Li+/Li for a negatively 
polarized surface. The onset potential for the electrolyte decom-
position may vary and ranges often reported from ≈0.8 to 2 V vs 
Li.[20–22] Hence, electrolyte decomposition occurs in an irre-
versible manner, eventually leading to the formation of a thick 
layer formed over the surface. The thickness of the SEI layer 
may vary from a few angstrom (Å) to tens or hundreds of Å 
(Figure 1). Further, it is very difficult to estimate the exact thick-
ness of the SEI layer since some of the by-products are soluble 
in an electrolyte solution that is being cycled. Nevertheless, the 
average thickness of the layer can be estimated using electro-
chemical impedance spectroscopy (EIS). Generally, an electro-
lyte solution contains the mixture of cyclic (EC, PC, etc.,) and 
linear carbonates (DMC, DEC, etc.,) and solvated Li-salt (LiPF6, 
LiBF4, LiClO4, etc.).

Upon reduction process, there is a competition between 
the decomposition of the solvated ions and solvent molecules 
which form inorganic (e.g., Li2CO3, LiF, LixPFy, Li2O, etc.,) and 
organic (e.g., (CH2OCO2Li)2, polyethylene oxide, polycarbon-
ates, etc.,) by-products over the surface of an active material. 
Interestingly, the inorganic layer forms over the active material 
and a porous organic layer is formed over the inorganic layer 
while using carbonaceous anodes. More clearly, the inorganic 
layer forms towards the electrode side while the organic layer 
can be found adjacent to the electrolyte side. The SEI forma-
tion will continue upon the cycling process, but the predomi-
nant Li-consumption is noted in the first cycle only. Further, 
the composition of the SEI layer is different for different 
materials, for example, graphite and alloy type anodes (Si and 
Sn based anodes) have entirely different compositions. The 
SEI layer is necessary for the safe operation of the cell, espe-
cially for graphite. This certainly prevents the solvent molecule 
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Figure 1.  Schematic representation of the SEI formation.
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co-intercalation and subsequent exfoliation. 
It is worth mentioning that LiC6 is a strong 
reducing agent.[23] The detailed discussion 
regarding the SEI formation of the anode and 
cathodes are described in reviews by Xu,[16,24] 
Cheng et al.,[25] and Novak et al.[26] Therefore, 
we briefly discuss the origin of SEI and its 
influence towards the electrochemical activity.

3. Physical Blending

Physical blending is a simple approach 
to overcome the ICL issue. Kulova and 
Skundin[27] studied the pre-lithiation process 
by simply maintaining the metallic Li over 
graphite. From the studies, it is clear that the 
formation of good (i.e., exhibits good ionic 
conductivity) or bad surface films are com-
pletely dependent on the mass loading of 
both the graphite and metallic Li. A similar 
strategy, i.e., rolling-on of metallic Li over 
an amorphous Si surface has been applied 
to eliminate ICL on alloy type anodes.[28–30] 
Dimov et al.[31] placed a long, narrow metallic 
Li strip over the composite Si anode and 
paired it with a LiAlxMn2-xO4 cathode. This 
approach not only overcomes the ICL issues, 
but also facilitates enhanced cycling of a full-
cell. It is worth mentioning that an increase 
in the metallic Li strip loading leads to the 
minimum fade upon cycling. Similarly, this 
approach has been extended to hard carbon 
to overcome the ICL and is subsequently 
paired with LiCoO2.

[32] The full-cell fabricated with hard carbon 
alone delivered a coulombic efficiency of only ≈52% in the first 
cycle. However, the efficiency was increased dramatically to 
≈86% when the metallic Li is pressed tightly over the surface 
of the hard carbon.

4. Li-Metal Powder

Instead of using the metallic strips, the usage of power pro-
vides beneficial effects owing to the extended contact with a 
high specific surface area, homogeneous distribution, and a 
significantly lower amount of Li is required. Therefore, efforts 
are attempted to synthesize the Li metal powder and stabilize 
the surface to prevent the undesirable side reactions.

The droplet emulsion technique (DET) is an important and 
efficient approach to stabilize the metallic Li powder.[33–37] The 
DET process yields a formation of a homogeneous protective 
layer over the Li powder, which is comprised of Li2CO3 and 
LiF.[38] Park and Yoon[33] evaluated the electrochemical per-
formance of DET stabilized Li powder and foil with a MnO2 
cathode in the primary cells. Due to the higher BET surface 
area, the Li powder delivers a longer discharge time with less of 
an increase in the resistance regarding the storage period com-
pared to foil. Seong et al.[39] noted the remarkable enhancement 

in the coulombic efficiency of the Si anodes in half-cell 
assembly. Although interesting results are noted for the DET 
stabilized Li powder, there are no extensive studies that have 
been published regarding the compensation of ICL in practical 
LIBs i.e., with commercial cathodes (Figure 2).

SLMP is a commercial product from the FMC corporation 
and is kind of core-shell type particulate. This Li is particulate 
composed of ≈97% metallic content and the remaining ≈3% 
corresponds to the Li2CO3 layer (Figure 3).[40] This Li2CO3 
concentration acts as protective layer and homogeneously 
covers the Li particulate and also stabilizes them from the 
undesirable side reactions.[41] As a consequence, handling in 
dry room conditions is possible rather than a conventional 
glove box environment. The SLMP can deliver a capacity of 
≈3600 mA  h g–1, which can alleviate the ICL issues for high 
capacity negative electrodes (e.g., alloying and conversion), 
non-lithiated cathodes (e.g., V2O5), and conventional carbona-
ceous materials (e.g., hard carbon).[42]

The SLMP is exposed to a solvent such as N-methyl-2-pyrro-
lidone (H2O content: 6000 ppm) and exhibits excellent stability 
for a longer period of time irrespective of temperature (25 or 
55 °C), which is certainly useful for the safe operation of the 
cell during elevated conditions.[43] Utilizing SLMP is one of 
the efficient approaches to overcome the ICL issue. This tech-
nique can be used for the fabrication of LIB with high capacity 
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Figure 2.  a) Schematic of the DET. b) Schematic of pressing apparatus used for producing 
Li powder electrode, Li powder electrode (LPE) prepared from Li particles of average size of  
c) 15 µm and d) 55 µm. Reproduced with permission.[37] Copyright 2014, Elsevier.
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materials: (i) to overcome the ICL issue via the formation of 
the SEI layer in the first cycle, and (ii) pave the way for the pos-
sible exploitation of non-lithiated, high capacity cathodes such 
as V6O13 and V2O5 rather than simply using the small capacity 
cathodes such as LiCoO2, LiFePO4 and LiMn2O4. Further, this 
technique can directly be used along with the conventional 
cathodes by calculating the ICL estimated from half-cell studies 
with manifold advantages such as (i) the concentration can be 
tailored based on the requirements, (ii) uniformly distributed 
over the surface of the electrode, (iii) possibility of material han-
dling in dry atmospheric conditions, (iv) the immediate reac-
tion observed when the electrolyte is introduced and eventually 
forms the SEI layer, and (v) there is no residual Li left after the 
SEI formation. Jervis et al.[44,45] reported the possibility of using 
this concept to overcome the ICL observed from the graphite 
anode while pairing with cathodes such as LiV3O8, LiCoO2, and 
V6O13. A notable increase in the coulombic efficiency and cycla-
bility is observed for the case of the LiCoO2/graphite system. 
Li and Fitch[42] compared the performance of spinel LiMn2O4 
with both graphite and hard carbon electrodes (Figure 4). An 
≈50% increase in the coulombic efficiency is noted with respect 
to the baseline capacity for the hard carbon based system. On 
the other hand, apart from the enhancement in coulombic 

efficiency, an excellent capacity retention characteristics is also 
noted for the SLMP added graphitic anode.

In addition to the usage in lower potential anodes, the SLMP 
has been used to avoid the small ICL observed from the tran-
sition-metal-oxide-based insertion anodes. Anatase TiO2 is a 
perfect example for this category. Additionally, it is well-known 
that the anatase phase experiences a significant irreversibility 
compared to the other metal-oxide-based insertion hosts.[7] 
Therefore, the same strategy has been applied to mitigate the 
issue, i.e., spray over the surface of the TiO2 electrode and pair 
with a ZnO modified LiNi0.5Mn1.5O4 cathode. As expected, this 
process exhibits substantial improvement in the cyclability.[46] 
Apart from the advantages mentioned above, a small reduction 
in the reversible capacity is also noted compared to the bare 
system. Similarly, a notable increase in the coulombic efficiency 
is observed for α-Fe2O3@graphitic carbon microsphere systems 
in a half-cell assembly.[47]

Forney et al.[48] introduced the concept of pressure activa-
tion of the SLMP sprayed over a Si-CNT composite and subse-
quently paired with a Li(NiCoAl)O2 cathode. As a consequence, 
an enhancement in the reversible capacity and cyclability is 
noted when compared to an unpressurized system. Interest-
ingly, no prominent region appears for the SEI formation in the 
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Figure 3.  a) Low magnification scanning electron microscopy (SEM) image of stabilized lithium-metal powder (SLMP) particles. b) Optical microscopic 
image of SLMP particles. Image courtesy of FMC Lithium Corporation. c) High magnification SEM image of the SLMP. d) High magnification SEM 
image of the lithium carbonate coating layer. Reproduced with permission.[41] Copyright 2014, Cambridge University Press.
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aforesaid assembly during the first charge when compared to 
the non-activated SLMP and the SLMP free system. The acti-
vation process is simply a breakdown of protective layer where 
Li2CO3 appears over the metallic Li particulates through the 
use of a normal stainless steel rod. Zhao et al.[49] adopted a 
similar SLMP activation process for the SiO anode by running 
a calendar machine optimized at 5% with a functionalized 
conductive polymer binder poly (9,9-dioctylfluorene-co-fluor
enone-co-methylbenzoic ester). As a result, a dramatic increase 
in the coulombic efficiency from ≈48 to ≈90% is observed and 
paired with LiNi1/3Mn1/3Co1/3O2 (NMC) cathode, apart from the 
enhancement of high reversible capacity (Figure 5). Similarly, 
an excellent cycling stability and effective utilization of SLMP 
is reported for an amorphous hierarchical GeOx nanostructure 
when paired with NMC.[50] Wang et al.[51] also observed a sim-
ilar type of improvement in the NMC cathode when paired with 
a graphite anode in the presence of SLMP.

Yersak et al.[52] first reported the fabrication of Li-free material 
as an electrode, for example FeS+S composite that has been used 
as cathode, and Si-Ti-Ni (Ti4Ni4Si7) alloy is explored as composite 
anode in the presence of 77.5 Li2S:22.5 P2S5 glass ceramic. SLMP 
has been effectively used to overcome the ICL and supply the 
necessary Li during electrochemical cycling (Li3.2Ti4Ni4Si7). Good 
cyclability is noted for the mentioned configuration, which clearly 
suggests that SLMP could be effectively used in both liquid and 
solid-state configurations. The influence of a styrene butadiene 

rubber–PVDF composite binder on the electrochemical proper-
ties with SLMP has been reported with graphite anode.[53] This 
new composite binder system certainly improves the mechanical 
properties without compromising the ionic conductive proper-
ties of the PVDF binder. As a result, there is negligible ICL in the 
first cycle and good cyclability is noted for the new binder system 
compared to the conventional PVDF. Most of the studies are con-
ducted in the reductive atmosphere of electrolyte solutions, i.e., 
anode materials, but an oxidative atmosphere is also reported. For 
example, Hu et al.[54] studied the enhanced electrochemical activity 
of a LiNi0.5Mn1.5O4 cathode with metallic Li and graphitic anodes. 
Apart from LIBs, the SLMP have a bright future with the other 
Li-ion chemistries such as a Li-S system, when using non-metallic 
compounds especially Li2S. Since Li2S is thermodynamically 
unstable in air because of its moisture, carbonaceous materials 
are blended to minimize the direct contact with atmosphere. In 
such cases, activation of Li2S is desperately required for stable 
operation of the cell. Zheng et al.[55] succeeded in the attempt by 
exploiting the SLMP to overcome the ICL by spraying the parti-
cles on the microporous carbon composite. An exceptional cycla-
bility with a high reversible capacity is noted. In addition to the 
use in Li-based batteries, SLMP is also effectively used in the 
Li-ion capacitor industry for the pre-lithiation of carbonaceous 
insertion hosts such as hard carbon and graphite. Nam et al.[56] 
suggest the possibility of constructing symmetric pseudo-capaci-
tors using non-lithiated metal oxides in the presence of an organic 
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Figure 4.  a) Schematics of the utilization of SLMP for the SiO electrode. SLMP particles are loaded on to the SiO anode. Rolling compression was 
used to crush the Li2CO3 shell of SLMP to release lithium metal and laminate it on the surface of SiO electrode. This process is called SLMP activation.  
b) SLMP particles loaded on the SiO electrode before activation. The inset shows the SEM image of a single SLMP particle. c) SiO electrode surface after 
electrolytes are added onto the SiO electrode with activated SLMP after 12 h. This shows the disappearance of SLMP and indicates the successful pre-
lithiation of the SiO electrode. d) SiO/NMC full cell performance with or without the SLMP capacity-enhancement additive, two cycles at C/20, two cycles 
at C/10, and then C/3. Reproduced with permission.[49] Copyright 2014, American Chemical Society. e) First cycle voltage curves of the two cells, Exam-
ples of full cell performance enhanced by SLMP f) the 1st cycle efficiency improvement for graphite/LiMn2O4 cells; g) the cycle performance improve-
ment for graphite/LiMn2O4 cells. h) the increased delivered capacity in 1st cycle for hard carbon/LiMn2O4 cells. i) the effects of SLMP loading amount 
and pre-condition time on the 1st cycle efficiency improvement for hard carbon/LiMn2O4 cells. Reproduced with permission.[42] Copyright 2011, Elsevier.
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electrolyte to widen the energy density. To circumvent the capacity 
loss in the first cycle, SLMP has been employed successfully. 
Interestingly, increasing the SLMP loading in hard carbon results 
in the decrease in the open circuit potential, which plays a crucial 
role in determining the cyclability of a Li-ion capacitor.[57–59]

Interestingly, Zhao et al.[60,61] reported the thermal alloying 
process for the preparation of LixSi-Li2O core shell nanoparti-
cles. This has been prepared by melting metallic Li at 200 °C and 

the inclusion of the stoichiometric amount of 
Si (Li4.4Si), and then stirred for 6 h within a 
glove box environment. The trace amount 
of moisture present in the glove box triggers 
the Li2O surface layer (≈10 nm) formation. 
This simple process not only overcomes the 
ICL issue in Si, but also can be used along 
with any one of the high capacity anodes, 
including graphite. As mentioned above, the 
inclusion of the LixSi-Li2O core shell nanopar-
ticles leads to the drop in cell potential. Fur-
ther, the LixSi-Li2O core shell nanoparticles 
are highly stable in humid conditions (i.e., 
–30 °C, –50 °C) compared to a dry or normal 
atmosphere. However, longtime exposure 
to the aforementioned medium leads to the 
growth of a thick Li2O layer (approximately 
10 to 20 nm thick, Figure 5).

5. Sacrificial Salts

The excellent advantage of using SLMP is the 
ability to overcome the ICL issues for negative 
electrodes. However, the SLMP have several 
issues: (i) spraying over active particulates 
leads to the dilution of volumetric capacity;  

(ii) incorporation of metallic Li to either electrode poises the poten-
tial at 0 V, thereby triggering various unwanted side reactions; 
and (iii) a question regarding the possibility of fabricating LIBs 
in air atmosphere (at least dry room required). Armand et al.,[62] 
reported the possibility of using Li-salt with oxidizable anions 
during the formulation of the positive electrodes (Figure 6). 
Upon first charge, the anions lose their electrons which are 
eventually converted into innocuous gaseous products such as 
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Figure 5.  A dense passivation layer is formed on the LixSi NPs after exposure to trace amounts 
of oxygen, preventing the LixSi alloy from further oxidation in dry air. As-synthesized LixSi–Li2O 
core–shell NPs, compatible with the existing battery-manufacturing environment, can be mixed 
with various anode materials during slurry processing and serve as an excellent pre-lithiation 
reagent. Reproduced with permission.[60] Copyright 2014, Nature Publishing Group.

Figure 6.  I) Structural formula and specific capacity of the compounds corresponding to the four “sacrificial salt” families, and II) Charge curves of 
A) LiN3, B) Li2C4O4, C) Li2C3O5, D) Li2C4O6, E) [COCON(Li)N(Li)]n, and F) Li2C2O4 mixed with 30% Ketjen black carbon (KJ-600); rate 1 Li+ in 10 h; 
inset: comparison of the effect of SP and KJ-600 carbons where a) Li2C3O5 + 30% SP-C (ball milled), b) Li2C3O5 + 30% KJ-600, and c) LiN3 + 30% SP-C. 
Reproduced with permission.[62] Copyright 2010, Elsevier.
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N2, CO, and CO2 within the potential working range of 3–4 V vs 
Li. The working potential range is more suited for conventional 
cathodes such as LiCoO2, LiMn2O4, and LiFePO4. In addition, 
the evolution of such gaseous products generates porosity 
in the composite electrode, thereby facilitating faster Li-ion 
kinetics. The gases could be evacuated before sealing the bat-
tery, or through a safety vent. On the other hand, several Li-ion 
cells are charged without the lid (bag) sealed to avoid pressure 
(H2C = CH2) build-up. Here, the authors reported azide (LiN3), 
squarate (Li2C4O4), oxalate (Li2C2O4), ketomalonate (Li2C3O5), 
and di-ketosuccinate (Li2C4O6) as possible sacrificial salts for 
the compensation. In situ studies clearly revealed the evolution 
of the gases due to the charging process while using sacrificial; 
salts previously discussed. The LiN3 salt would be simplest and 
most commercially available for the use in all range of cath-
odes like LiCoO2, LiMn2O4, and LiFePO4 when compared to 
the other salt compounds. This salt will decompose according 
to the following reaction, 2LiN3 → 2Li+ + 2e– + 3N2↑. Although 
it is interesting to see the advantages of the sacrificial salts, the 
drawbacks are certainly worth mentioning. For example, azides 
are toxic and commercially not available, but the decomposition 
potential of the oxalates are found beyond the thermodynamic 
stability of electrolyte solution. Unfortunately, no battery perfor-
mances with high ICL anodes are reported when using these 
types of salts.

6. Li2.6Co0.4N/Li3N Decomposition

Li3N is one of the most highly ionic conducting materials 
intended for solid electrolytes and exhibits the conductivity in 
mS cm–1. The ionic migration is parallel to the Li2N− direc-
tion along with its layered arrangements.[63] Unfortunately, the 
decomposition potential (≈0.5 V vs Li) is the main challenge to 
employ the material as a negative electrode in secondary bat-
teries. It has been reported that Li3N could be used as a reser-
voir for the compensation of the ICL observed from the high 
capacity conversion and alloy type anodes, for example, Si-Li3N 
composite.[64] Yersak et al.[65] used Li3N as a source for Li with 
regards to the fabrication of all solid-state batteries based on 

the following electrolytic ratio 80Li2S:20P2S5, in which indium 
metal is utilized as the negative electrode and Li3N/TiS2 com-
posite as the positive terminal. Influence of the Li:Ti ratio has 
been investigated and found that a ratio of 3:1 is appealing in 
terms of high reversibility and cyclability. Amatucci et al.[66] 
reported the mechanically assisted reduction of Li3N for the pre-
lithiation of high capacity metal fluorides. Recently, Park et al.[67] 
attempted to explore the possibility of using Li3N as a cathode 
additive to improve the coulombic efficiency while pairing 
with Si nanoparticles covered with SiOx and carbon layer, as an 
anode. Blending the Li3N with LiCoO2 improves the reversible 
capacity, but the coulombic efficiency and rate performance are 
severely affected irrespective of the concentration. Therefore, a 
modification in the strategy is required. Accordingly, the Li3N 
layer was deposited over the surface rather than blending, 
which certainly improves the electrochemical activity.

Rather than using bare Li3N, the transition metal doped 
Li3N structure based on Li3-xMxN, M = Co, Ni, Cu, Mn and 
Fe[63] is also explored. From the possible options, Li2.6Co0.4N 
exhibits impressive results by delivering a specific capacity of 
over 700 mA  h g–1.[68–79] It has become the popular material 
for the compensation of ICL for variety of negative electrodes; 
for example natural graphite,[80] MCMB,[81,82] hard-carbon,[83] 
Si-graphite composite,[84] SnSbx,

[85–92] SnO,[89,93,94] SiOx,
[93,95] 

LiTi2O4,
[96] TiP2O7

[97] and Co3O4 (Li2.6Co0.2Cu0.2N).[90] Also, the 
potential use of Li3-xMxN in regards to the fabrication of all 
solid-state batteries has been highlighted by Takeda et al.[98] in 
the review (Figure 7).

7. Artificial SEI

Artificial SEI formation is another interesting approach 
exploited for circumventing the ICL issue. The reduction of 
solvent molecules leads to the formation of SEI layer, naturally. 
However, artificial SEI has been formed via the electrolyte addi-
tives, or usage of a binder, however, electrolyte decomposition 
cannot be avoided. Nevertheless, the usage of additives certainly 
leads to the suppression of a significant ICL via facilitating the 
SEI formation over the active material. This concept has been 

Adv. Energy Mater. 2017, 1602607

Figure 7.  I) The initial cycle profiles for SiO, Li2.6Co0.4N, and their composite. (a) 20% AB, 11% PVDF, 4% PTFE and 65% SiO; (b) 8% AB, 4% PVDF, 
2% PTFE and 86% Li2.6Co0.4N. Composite electrode: 21% AB, 11% PVDF, 4% PTFE, 32% Li2.6Co0.4N and 32% SiO. ic = id = 0.2 mA cm–2, and (II) The 
charge and discharge profile for a cell with SnSb0.14/ Li2.6Co0.4N composite anode and LiCo0.2Ni0.8O2 cathode. ic = id = 0.4 mA cm–2. Reproduced with 
permission.[91] Copyright 2002, Elsevier.
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predominantly used for graphitic anodes with an additive con-
centration of less than 5%. Numerous electrolyte additives 
have been used for this purpose which has been described by 
Zhang[100] in his critical review. Later, Menkin et al.[99] effec-
tively used the Na-CMC binder for the development of an arti-
ficial SEI formation to suppress the ICL of Sn-Cu alloy anode 
by 20–50% (Figure 8). Here, the Na-CMC has been chosen 
because of the thermal stability and self-heating ability when 
undergoing a large volume variation upon the charge–dis-
charge processes. Furthermore, CMC forms a 3D cross-linked 
network via intra-and intermolecular hydrogen bonding 
between the carboxyl and hydroxyl groups in an acidic envi-
ronment. Unfortunately, there are no full-cell studies reported 
using this approach. However, the Li metal has been protected 
by Li3PO4 deposition, which eventually acts as an interface 
layer and leads to the development of Li-metal batteries with a 
LiFePO4 cathode.[101] However, few reports are available on the 
usage of such an artificial layer to protect LixSi anode[102] and 
graphite.[103]

8. Chemical Lithiation

Chemical lithiation is one of the well-established procedures 
for lithiation, especially for insertion type electrodes. Generally, 
n-butyl Li in hexane or LiI in acetonitrile will be used for this 
process.[104–107] Recently, Li2S has also been used to fabricate 
Li-ion-S systems.[108] Johnson et al.,[109] reported better electro-
chemical activity for the lithiated MnO2 phase in terms of better 
cyclability and capacity retention characteristics when com-
pared to its native compound. The pre-lithiation was performed 
by three procedures (such as n-butyl Li, LiI, or direct reaction of 
α-MnO2 with LiOH.H2O) and compared. Chemically lithiated 

phases delivered good cyclability in a half-cell assembly com-
pared to the native phase, however, a small drop in the initial 
reversibility has to be sacrificed. MoO2

[110,111] and FeSe2
[112] 

are the best examples for this kind. Many of the studies have 
been conducted for the lithiation of high capacity V2O5 elec-
trodes,[113,114] which is mainly due to the richness in the oxida-
tion state of V and associated structural changes.[115] In many 
cases, the pre-lithiated V2O5 showed improved electrochemical 
activity compared to the bare V2O5.

[106] Further, many transition 
metal oxides and chalcogenides have been chemically lithiated 
using this approach,[116] which are not originally indented for 
battery point of view, but studied to understand the structural 
prospects.

Scott et al.[117] reported the complete elimination of ICL for 
carbon electrodes while treating with n-butyl Li in hexane for a 
longer duration. Such a longer duration lithiation process ena-
bles the formation of a very stable SEI layer on carbonaceous 
electrodes eventually leading to zero loss capacity in subsequent 
cycling. Cheah et al.[106] chemically lithiated the V2O5 phase 
using n-butyl Li in hexane and studied the limited Li-insertion 
of a mole (LixV2O5, 0 < x < 1) in both a half-cell and full-cell 
assembly with Li4Ti5O12. Unfortunately, the electrochemical 
performance of the chemically lithiated V2O5 is inferior to elec-
trochemically lithiated phase under the same configuration 
(Figure 9). [118]

9. Self-Discharge/Spontaneous Lithiation 
Mechanism

Liu et al.[119] proposed a simple pre-lithiation procedure to 
overcome the ICL issue for high capacity anodes. According to 
Liu et al.,[119] maintaining the active material in direct contact 

Adv. Energy Mater. 2017, 1602607

Figure 8.  Normalized de-intercalation capacity as a function of cycle numbers of the ART-SEI modified and pristine tin–copper anodes. Reproduced 
with permission.[99] Copyright 2009, Elsevier.
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with metallic Li with small pressure and an electrolyte solu-
tion is sufficient to trigger the spontaneous thermodynamic 
reaction, i.e., self-discharging mechanism (often called sur-
face treatment). For example, 20 minutes of direct contact 
provides a capacity of ≈2000 mA h g–1 for Si. In addition, the 
self-discharge mechanism did not affect the morphological fea-
tures of the active material that was utilized. As a result, we 
can clearly study the influence of the morphological features 
towards the battery performance. Similar to Si anode, pre-lithi-
ation of the Sn-C was also explored and eventually paired with 
Li[Ni0.45Co0.1Mn1.45]O4

[120] and Li[Li0.2Ni0.4/3Co0.4/3Mn1.6/3]O2
[121]  

cathodes. Pre-treating the graphene/γ-Fe2O3 composite anode 
in the presence of a LiBOB-based electrolyte was carried out 
and the anode was subsequently paired with LiFePO4.

[122] As 
expected, the pre-treated configuration showed a better perfor-
mance than the untreated case.

Scrosati et al.[123–134] and Hassoun et al.[131–137] made extensive 
use of this pre-treating technique for various configurations. For 
instance, pre-lithiated Si with Li[Ni0.75Co0.1Mn0.15]O2,[123] Sn-C 
with carbon-coated LiFePO4,[124,125,128] LiNi0.5Mn1.5O4,[126,127,133,135] 
and LiFe0.1Co0.9PO4

[136] were tested. For many of the cases, drastic 
suppression of the ICL is noted from 63 to 14% by using this 
technique, although good electrochemical reversibility is noted 
for graphene nanosheets (GNS). However, there is no promoted 
electrochemical activity as observed with a LiFePO4 cathode.[138] 

This is primarily because of the electrolyte decomposition and 
associated continuous SEI formation upon cycling. However, a 
GNS based full-cell delivered a reasonably improved cyclability 
compared to a graphitic anode. The same authors extended the 
studies for the comparison of electrochemically, pre-lithiated and 
pre-lithiation via self-discharge mechanism for a GNS anode with 
a LiFePO4 cathode.[139] The studies clearly indicate a much better 
performance for the LiFePO4/GNS cell is evident by using the 
latter procedure (i.e., self-discharge mechanism). These results 
have been paralleled by Hassoun et al.[140]

In the same manner, graphene-ZnMn2O4 composite elec-
trode is also pre-lithiated via a self-discharge mechanism to 
fabricate the full-cell with LiFePO4 cathode.[141] Wang et al.[142] 
suggested the remarkable improvement in the coulombic effi-
ciency from ≈71 to 98% for an onion-like, carbon/MoS2 com-
posite in the first cycle after the pre-lithiation process. In a 
typical process, the electrode was covered with metallic Li, i.e., 
direct contact with Li in the presence of electrolyte (without any 
separator) for a conventional CR 2032 configuration for 24 h. 
MnO is one of the preferred conversion anodes exploited for 
LIB applications, typically, the surface treated anode, by deliv-
ering excellent cyclability of over 300 cycles when coupled with 
LiNi0.5Mn1.5O4-δ cathode.[143]

Sun et al.[144–146] compared the electrochemical perfor-
mance of pre-treated porous carbon-Fe3O4, composite with an 
electrochemical route. Interestingly, both cells exhibit better 
cyclability when paired with LiNi0.59Co0.16Mn0.25O2 cathode for 
1000 cycles. Furthermore, the same group of authors[144,146] 
reported the performance of Fe3O4-FeF2 and Fe3O4@CFx com-
posite anodes with LiNi0.5Mn1.5O4 by adopting similar pre-
treatment procedures. Additionally, this approach has been 
extended to the fabrication of Li-ion-S batteries via a self-dis-
charge mechanism by using different anodes such as LixSi,[147] 
pre-lithiated Si–SiOx with S,[129] an electrodeposited Si–O–C 
anode and paired with Li2S-MCMB,[131] a Sn–C anode with 
S–C composite,[137] and pre-lithiated graphite.[134] Additionally, 
the approach was extended to the Li-ion-O2 system as well, in 
which the Si anode was activated (LixSi) using the self-discharge 
mechanism.[132]

10. Electrochemical Lithiation

Electrochemical lithiation is one of the simplest processes to be 
used in lab scale and industry, irrespective of anode or cathode. 
Initially, electrochemical lithiation was used for both electrodes 
in order to stabilize them via SEI formation with metallic Li. 
For example, a LiMn2O4/disordered carbon system where both 
electrodes were separately tested with Li for five cycles and then 
paired.[148] This process certainly overcomes the ICL observed 
in both electrodes. In the same way, Caballero et al.[149] extended 
the pre-lithiation process for the Cherry and Olive stone derived 
carbons when coupled with LiMn2O4 cathode. Similarly, for the 
case of the LiFePO4/Fe2O3 configuration, the LiFePO4 cathode 
was charged to 4 V vs Li (to extract the Li to form Li0FePO4) 
and Fe2O3 was discharged to 0.3 V vs Li to allow for the con-
version reaction to take place (2Fe0 + 3Li2O).[150] Then, both 
electrodes will have been coupled for the completion of the 
cell fabrication. Later, this two-electrode treatment is also 

Adv. Energy Mater. 2017, 1602607

Figure 9.  a) Cyclic voltammograms (CV) of chemically lithiated LiV2O5/
Li4Ti5O12 full-cell between 1.0–2.5 V at scan rate of 0.1 mV s–1 in room 
temperature. The CV traces of half-cells, Li/LiV2O5 and Li/Li4Ti5O12 also 
provide a comparison recorded at the same scan rate of 0.1 mV s–1. 
b) Typical galvanostatic charge–discharge curves at current densities of 
10 mA g–1 (based on cathode loading) at room temperature.
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used for the fabrication of LiNi0.5Mn1.5O4/Sn-C cell, in detail, 
LiNi0.5Mn1.5O4 is charged up to 5 V vs Li (Li0Ni0.5Mn1.5O4), 
whereas Sn-C has been cycled for about 20 cycles in a half-cell 
assembly and finally discharged to 0.01 V vs Li before con-
ducting full-cell assembly.[151] ICL, observed for a cathode, is 
negligible compared to either the conversion or the alloy type 
anodes under balanced mass loadings; hence, treating both the 
anode and cathode is a time-consuming process. Therefore, 
treating the high capacity anode is sufficient. For example, Aur-
bach et al.[152–154] pre-treated the column for a-Si thin films in 
a two-electrode coin cell configuration in the presence of FEC, 
which form the passivation layer. Later, the pre-treated Si film 
was paired with cathodes such as TiS2,[154] LiNi0.5Mn1.5O4

[153] 
and S[152] thereby, rendering excellent electrochemical activity. 
The CuO-MCMB composite is also galvanostatically treated 
for two cycles in a half-cell assembly and subsequently paired 
with high voltage cathodes such as LiNi0.5Mn1.5O4

[155] and 
Li0.85Ni0.46Cu0.1Mn1.49O4

[156] to eliminate the ICL. Similarly, 
Fe2O3-MCMB[157] and NiO-MCMB[158] composites were also 
subjected for two cycles in a half-cell assembly, prior to the 
fabrication of a full-cell using Li1.35Ni0.48Fe0.1Mn1.72O4 and 
LiNi0.5Mn1.5O4 cathodes, respectively.

Aravindan et al.[159] also reported the fabrication of LiMn2O4-
based assembly with an electrochemically treated Fe3O4-gra-
phene composite[159] and red mud as anodes.[160] Chae et al.[161] 
reported on the excellent cyclability of galvanostatically cycled 
carbon-coated MnOx anodes with LiMn2O4 for over 300 cycles. 
Scrosati et al.[162] extended the same strategy for pre-treating the 
various anodes before being paired with cathodes, for instance, 
mechanically milled Sn-C anode with LiNi0.5Mn1.5O4,[162] Sn-
Co-C ternary composite anode with LiNi0.5Mn1.5O4

[163] and 
LiFePO4

[164] cathodes. It is well-known that GNS has always 
displayed high ICL values irrespective of the synthesis pro-
cedures employed. In this line, Vargas et al.[165] utilized the 
electrochemical pre-lithiation process for GNS before being 
coupled with a high voltage spinel cathode (LiNi0.5Mn1.5O4). 
All nanowire-based Li-ion cells were reported by Wang et al.[166] 
using LiMn2O4 as cathode and Mn2O3 as anode.

Different levels of pre-lithiation and its influence on the 
electrochemical performance of ZnFe2O4/LiFePO4 have been 
reported by Varzi et al.[167] In all cases, a highly lithiated phase 
showed much better performance than non-lithiated and par-
tially lithiated phases in terms of cyclability and capacity per-
spective for the respective configurations. Jayaraman et al.[168] 
also suggested the exceptional cyclability of 4000 cycles for pre-
treated electrospun α-Fe2O3 anode along with a spinel cathode 
(LiMn2O4). Apart from the efficient usage of this technique for 
the conversion and alloy type anodes, Aravindan et al.[118,169,170] 
reported the fabrication of a rocking-chair-type LIB with pre-
lithiated V2O5 by restricting the reversible insertion of 1 mol. of 
Li (LiV2O5) and Li4Ti5O12 anodes to match the electrochemical 
activity of this configuration similar to LiFePO4 (Figure 10). Simi-
larly, the 2.2 V class Li-ion cells were assembled with pre-lithiated 
graphite (LiC6) and carbon coated NASICON type LiTi2(PO4)3 as 
the cathode.[169] Likewise, the same concept was extended for the 
anatase-phase TiO2, in which the electrospinning procedure was 
used for the preparation of said metal oxide.[170] On the counter 
side, the pre-lithiated graphite (LiC6) was exploited to establish 
the working potential of ≈1.6 V.

11. Overlithiated Cathodes

The concept of using chemically overlithiated spinels was first 
proposed by Tarascon et al.[171] in the 1990s for carbon anodes 
while pairing with spinel cathodes (LiMn2O4) which was fol-
lowed by the research from Peramunage and Abraham[172] 
for the same system. Spinel cathodes such as LiMn2O4 and 
LiNi0.5Mn1.5O4 are a special type of materials that exhibit elec-
trochemical activity at ≈4 and ≈4.7 V vs Li, respectively.[8,173–175] 
The observed potential is due to the utilization of tetrahedral 
(8a) Mn3+/4+ and Ni2+/4+ redox couples in the LiMn2O4 and 
LiNi0.5Mn1.5O4, respectively. Further, both materials contain 
empty octahedral sites (16c) for the reversible insertion of 
one mole of Li with a corresponding theoretical capacity of 
≈148 mA h g–1 at ≈2.7 V vs Li.[176,177] Unfortunately, the cycla-
bility of such an octahedral region is found to be inferior for 
both cases because of the Jahn-Teller distortion around the 
Mn3+ region. In addition, Li insertion into the octahedral region 
leads to the formation of a tetragonal phase (Li2Mn2O4 and 
Li2Ni0.5Mn1.5O4), which cause ≈13% volume variation.[176]

As a consequence, severe fading is resulted. Apart from the 
aforesaid issues, the working potential of ≈2.7 V vs Li is too 
low from a cathode point of view and higher from an anode 
viewpoint. Hence, there are no significant efforts being car-
ried out for this region. Since the emergence of high capacity 
conversion and alloy anodes, the octahedral region has become 
more popular and can be used efficiently as a Li-reservoir for 
the compensation of ICL when observed in such materials. 
Tarascon et al.[171,178,179] first reported the Li-reservoir approach 
(Li1+xMn2O4) for the fabrication of metal-free Li-ion cells with 
either carbonaceous or conversion type anodes. The overlithi-
ated cathode is prepared via chemical reduction by using LiI 
in acetonitrile. The performance of an overlithiated Li1.3Mn2O4 
cathode is compared with native spinel (LiMn2O4) when 
paired with a conversion type CoO anode. This overlithation 
concept not only mitigates the ICL issue, but also delivers a 
better reversibility than native spinel (LiMn2O4) when cou-
pled with CoO. Additionally, better electrochemical activity is 
noted when compared to a LiCoO2/CoO system under similar 
circumstances.

Rosenberg et al.[180] adopted the same approach for the fab-
rication of a full-cell using FeSb-TiC composite anode with 
4 (Li1.05Ni0.05Mn1.9O4) and 5 V vs Li (LiNi0.5Mn1.5O4) class spinel 
cathodes. A microwave-assisted procedure is conducted for the 
aforesaid cathodes for pre-lithiation (chemical lithiation) with 
different duration times in the presence of tetraethylene glycol 
with LiOH.H2O as a Li source. Apparently, the increase in expo-
sure time leads to the insertion of an additional amount of Li. 
This clearly suggests that the required amount of Li for the com-
pensation of ICL could be easily tailored. The LiNi0.5Mn1.5O4/
FeSb-TiC cell is found to be superior in terms of high revers-
ible capacity and cyclability when compared to its Li-rich 4 V vs 
Li class counterpart. In addition, less self-discharge (1.4% per 
day) is also worth mentioning for a LiNi0.5Mn1.5O4/FeSb-TiC 
system compared to 2.3% per day for a Li1.05Ni0.05Mn1.9O4/
FeSb-TiC configuration. Similarly, a graphite-based anode also 
experiences the same issue (2.3% per day) for a time-dependent 
storage compared FeSb-TiC anode (1.4% per day) when paired 
with LiNi0.5Mn1.5O4 cathode.

Adv. Energy Mater. 2017, 1602607
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Figure 10.  a) CV traces of an electrochemically lithiated LiV2O5/Li4Ti5O12 full-cell between 1.0–2.5 V at a scan rate of 0.1 mV s–1 at room temperature. 
The CV traces of half-cells, Li/V2O5 and Li/Li4Ti5O12 also given for comparison recorded at same scan rate of 0.1 mV s–1. b) Typical galvanostatic 
charge–discharge curves at current densities of 20 mA g–1 (based on cathode loading) in room temperature. Reproduced with permission.[118] Copyright 
2013, American Chemical Society. c) CV traces of C-LiTi2(PO4)3/LiC6 cell tested between 1.85–3 V at a scan rate of 0.1 mV s–1. The CV traces of the half-
cells, Li/C-LiTi2(PO4)3 and Li/Graphite also provided a comparison recorded at same scan rate of 0.1 mV s–1. d) Typical galvanostatic charge–discharge 
curves of C-LiTi2(PO4)3/LiC6 cells at various current densities (Integer represents the current density in mA cm–2 and the capacity has been calcu-
lated based on cathode mass loading). Reproduced with permission.[169] Copyright 2014, John Wiley and Sons. e) Typical charge–discharge curves of 
LiMn2O4/α-Fe2O3 (pre-treated) cell at various current densities between 1.4–3.5 V. f) Rate capability studies of LiMn2O4/α-Fe2O3 (pre-treated) cell 
with coulombic efficiency, and g) long term cycling profiles with coulombic efficiency. Here, 1 C is assumed to be 1000 mA g–1 with respect to anode 
loading. Reproduced with permission.[168] Copyright 2015, John Wiley and Sons.
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Although the overlithiation has been carried out for spinel 
cathodes via a chemical approach with scalability in mind, it 
influences the morphological features of the resultant phase. 
Additionally, it is difficult to control the precocious amount of 
Li-insertion resulting in the need of an additional purification 
step to remove any solvent impurities. Moreover, ICP studies 
are required to estimate the exact amount of Li inserted into 
the cathodes. On the other hand, where an electrochemical 
approach is concerned, the amount of Li required to compen-
sate the ICL has been precisely controlled and no additional 
step is required to estimate the amount of Li. Unfortunately, 
while this procedure cannot be employed for all the cath-
odes, it is certainly well suited for LiMn2O4 and its derivative, 
Li3V2(PO4)3, V2O5, and LiVPO4F cathodes. Aravindan et al.[181] 
studied the electrochemical activity of α-Fe2O3 nanorods with 
an electrochemically lithiated spinel cathode (Li1.26Mn2O4). 
Also, the performance of this configuration is compared with 
an excess cathode loading and electrochemically pre-treated 
α-Fe2O3 nanofibers assemblies (Figure 11). Excellent electro-
chemical profiles are noted for both electrochemically overlithi-
ated and treated assemblies when compared to excess cathode 
loading. Furthermore, the same procedure has been extended 
for the Ni-doped spinel (LiNi0.5Mn1.5O4), in which all the active 

materials are based on the 1D nanofibers prepared by electro-
spinning technique.[182].

12. Other Procedures

Apart from the mentioned procedures for the pre-treating/
pre-lithiation of electrodes, several other techniques are also 
explored such as surface modification. Surface modifica-
tion of active materials with conducting coatings, preferably 
carbon and metal oxide coatings (e.g., Al2O3, TiO2 etc.), are 
often claimed for the suppression of ICL when compared to 
native material.[183] This is one of the nominal procedures used 
to improve the cyclability and high rate performance of the 
material irrespective of charge storage mechanism or anode/
cathode. This modification certainly improves the cyclability, 
and effectively prevents the direct contact with an electrolyte 
solution as well as any unwanted side reactions. As a result, the 
suppression of ICL is observed, however, the suppression is of 
small extent only. Still, a significant ICL remains after the sur-
face modification. In such cases, the electrodes must be treated 
using either of the procedures described above for the complete 
elimination of ICL.

Adv. Energy Mater. 2017, 1602607

Figure 11.  Electrochemical performance of LiMn2O3/α-Fe2O3 full-cell at a current density of 100 mA g–1. Capacity and applied currents are based on 
anode loading a) typical first charge–discharge curves. Cell A: Pre-lithiated cathode (Li1.26Mn2O4) is paired with α-Fe2O3 by considering the first dis-
charge capacity of the cathode (≈120 mA h g–1) and first charge capacity of anode (≈1282 mA h g–1). Cell B: LiMn2O4/α-Fe2O3 cell has been assembled 
without any electrode treatment by considering first discharge capacities of both cathode and anode. Cell C: Pre-treated α-Fe2O3 has been (tested for 
two galvanostatic cycles in half-cell assembly at Swagelok configuration) used for the fabrication of full-cell with LiMn2O4. Here, the first discharge 
capacity of cathode (≈120 mA h g–1) and second charge capacity of α-Fe2O3 (≈1284 mA h g–1) are used for the mass balance. b) Cycling profiles of 
the three cells and corresponding columbic efficiency. Capacity is based on anode loading. Reproduced with permission.[181] Copyright 2016, Elsevier. 
c) Schematic representation of typical all 1D Li-ion battery and d) typical charge–discharge curves of Li1.33Ni0.5Mn1.5O4/1 m LiPF6 gelled PVDF-HFP/α-
Fe2O3 cell between 2 and 4.15 V at current density of 100 mA g–1. Inset: Cycling profiles of Li1.33Ni0.5Mn1.5O4/1 m LiPF6 gelled PVDF-HFP/α-Fe2O3 cell 
between 2 and 4.15 V at current density of 100 mA g–1. The capacity is based on the anode mass loading. Filled and open symbols correspond to charge 
and discharge, respectively. Reproduced with permission.[182] Copyright 2016, Elsevier.



www.advenergymat.dewww.advancedsciencenews.com

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1602607  (13 of 17)

Short-circuiting is one of the approaches utilized for the pre-
lithiation process. Similar to the above process, the working 
electrode and metallic Li strip is placed in the presence of an 
electrolyte with a separator. Both terminals are connected by an 
external circuit with an appropriate load. Based on the desired 
level of Li, the load and duration is varied. For example, Barker 
et al.[184] adopted this procedure for the pre-lithiation of hard 
carbon and subsequently paired it with non-stoichiometric 
V6O13 as an anode.

Sun et al.[185] reported the possibility of mixing the nano-
scopic Co/Li2O as an additive during the formulation of the 
LiFePO4 electrodes while pairing it with a graphite anode. 
The Co/Li2O is prepared by melting the metallic Li at 185 °C 
and then reacts with the Co3O4, where the temperature subse-
quently increases to 200 °C to complete the reaction. This pro-
cess ensures the resultant Co/Li2O is in the nanosized form. 
Then, the LiFePO4 based electrode is prepared along with Co/
Li2O in a conventional slurry coating process. On the other 
hand, micrometer and sub-micrometer sized particulates failed 
to deliver a similar behavior. As a result, nanosized metal oxides 
are preferred for this type of additive purpose. This additive is 
not only used for compensating the ICL, but also translates into 
better cycling profiles as well. Similarly, Xu et al.[186] explored 
the Li5FeO4 as cathode additive for LiCoO2 when coupled with a 
hard carbon anode. Apparently, utilization of 4 Li-ions per one 
mole of Li5FeO4 additive will be useful to mitigate the ICL.

Interestingly, some reports are available on the performance 
of a full-cell without any pre-lithiation procedures. As a result, 
the full-cell requires a large amount of cathode loading which 
certainly leads to a significant ICL in the first cycle. Further, 
this high loading not only affects the net energy density but 
also the cyclability during a repeated charge–discharge process. 
For example, Jin et al.[187,188] observed the inferior performance 
of a multi-layer graphene/Si film and Fe3O4/reduced graphene 
oxide composites with LiNi1/3Mn1/3Ni1/3O2 cathode. Simi-
larly, numerous anodes were explored in the full-cell assembly 
without any pre-treating procedures. For instance, Fe2O3 with 
LiFePO4

[189] and LiMn0.8Fe0.2PO4,[190] Fe3O4 with LiMn2O4,[191] 
ZnMn2O4 with LiMn1.5Ni0.5O4

[192] and Li3Nd3W2O12 with 
LiMn2O4

[193] were explored.

13. Summary and Outlook

Fabrication of a practical Li-ion cell, i.e., full-cell assembly, is 
not a straight forward procedure for the case of high capacity 
anodes that undergo either a conversion or alloying reaction 
or combination of those two. This type of assembly completely 
contradicts the fabrication of the traditional “rocking-chair” LIB. 
This is mainly because of the unusual ICL originating from the 
electrolyte decomposition and subsequent surface film forma-
tion, which in turn provides a large irreversibility during the 
first cycle. In some cases, the SEI layer formation continues 
for several cycles. Therefore, various procedures as described 
above have been adopted to circumvent the ICL issues before 
the fabrication of full-cell assembly. Although there are few 
reports available on the usage of such anodes without any pre-
treatment and how the lack of pre-treatment eventually leads 
to the poor cyclability of the cell. Also, the excess de-lithiated 

cathode phase remains as a dead mass which dilutes the net 
energy density of the cell. This clearly suggests the importance 
of pre-treating the electrode is crucial during the paradigm shift 
from the conventional intercalation process.

A two-step pre-treating method was employed (electrochem-
ical pre-treatment or over lithiated spinel) to mitigate ICL. For 
example, the anode is discharged and cathode is charged prior 
to conducting a full-cell assembly. In some cases, the active 
material is cycled in the half-cell assembly for a few cycles 
and then paired with a cathode. Alternatively, the working 
electrode can be placed in a direct contact with metallic Li in 
the presence of electrolyte (self-discharge method) with a cer-
tain amount of applied pressure. As result, a spontaneous 
thermodynamic reaction triggers the lithiation process. The 
prime advantages of this technique are the stability and precise 
control of the amount of Li to be reserved for the compensation 
of the ICL. Furthermore, attempts have also been made to dis-
perse the active material into the n-butyl Li solution before the 
formulation of the electrode for the lithiation (chemical lithia-
tion). Previously, the blending of active material with metallic 
Li (preferably Li strip is placed over working electrode) or Li3N 
derivatives has been used. Since the blending of metallic Li 
experiences practical difficulties, there is a very little research 
activity being carried out. Also, there will be a possibility of den-
dritic growth upon the cycling as well, although the usage of 
the sacrificial salts and artificial SEI are appealing and provide 
potential scenarios for minimizing the ICL. However, the scal-
ability, gas evolution, toxicity and practical difficulties remain 
an issue. Hence, those procedures could be interesting for aca-
demic aspect, but not useful for the real-time applications.

Very recently, SLMP has been widely used for the mitiga-
tion of ICL were metallic Li spheres are covered by a Li2CO3 
layer. This procedure is similar to placing the metallic Li strip 
over the electrode, but the presence of a protective Li2CO3 layer 
hinders the direct relationship with electrolyte counterpart. 
As a result, prohibition of direct contact avoids the unwanted 
side reactions with an electrolyte. In addition to the spraying 
of SLMP, activation of such particulates is found appealing and 
provides some additional improvement in the electrochemical 
activity.

Chemical lithiation is another scalable approach; however, 
the estimation of Li must be compromised in order to control 
the accurate amount of Li inserted and additional cleaning of 
solvent step. The mentioned setbacks are efficiently tackled 
from the electrochemical pre-treating step, but the scalability is 
the main concern. However, the electrochemical pre-lithiation 
or pre-treating step was well suited for only the laboratory scale 
studies.

All the techniques proposed for the mitigation of ICL found 
interesting in academic aspect, but employing for the com-
mercialization is questionable due to time consuming multiple 
step process and its scalability. Utilizing SLMP is a straightfor-
ward and efficient procedure for the elimination of ICL, which 
can be easily translated in to industrial scale. The only issue 
with this procedure is the expense. Hence, research activities 
must be carried out in a cost-effective manner. For instance, 
Li metal powder prepared through DET. Inclusion of additives 
such as Li3N, M/Li2O, Li5FeO4, etc., in the cathodic side is also 
very promising for mitigating the ICL without compromising 
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the volumetric capacity and rate performance. Additionally, the 
approaches and new techniques on this topic are highly appre-
ciated for mitigation of the ICL. This is not only helpful for 
the LIB applications, also useful for a Li-ion capacitor as well. 
Therefore, an efficient technique must be highly feasible and 
scalable for further development and subsequent commerciali-
zation, although it offers minor setbacks like (e.g., drop in cell 
potential, initial reversibility, pre-treating time etc.,), but it can 
be sacrificed.

By considering the pros and cons in the techniques and 
procedures mentioned, further research activities must be car-
ried out to develop Li metal powders with stabilized surfaces 
like Li2CO3 in cost effective manner. Further, we certainly 
believe that usage of stabilized Li metal powder is beneficial for  
the elimination of large irreversibility in high capacity anodes, 
irrespective of the charge storage mechanism of anode. In addi-
tion, this stabilized Li powder can be efficiently used in both 
laboratory and industrial scale. Besides the elimination of ICL 
in negative electrodes, the usage of thin metallic Li as anode 
for the development of high energy Li-ion power packs are seri-
ously considered for reality in recent past. This stabilized metal 
powders are certainly useful for the development of such thin 
metallic anodes with high reversibility owing to its high surface 
area and limited reactivity with electrolyte. Apparently, the sta-
bilized Li metal powder certainly holds the promising future to 
solve one of the fundamental issue of ICL in Li-ion batteries. 
Also, this stabilized powder could be used as metallic anode for 
the development of shape versatile Li-ion power packs.
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