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1. Introduction

Li-ion batteries (LIBs) are ubiquitous electrochemical energy 
storage systems used in multifarious applications. Li-ion chem-
istry is tied to fascinating and favorable features, such as the fact 
that Li is the lightest metal (equivalent weight M = 6.94 g mol–1  
and specific weight density of 0.534 g cm–3), the most electropo-
sitive element (–3.04 V vs. SHE), has a high theoretical capacity 
(ca. 3862 mA  h g–1), high weight and volumetric energy den-
sities, low self-discharge, Li is highly abundant and has no 
memory effect compared to other equivalent metals such as Na, 
K, Mg, Ca, and Al.[1,2] In 1990, Sony Inc. introduced the LIB 
in a so-called “rocking-chair” configuration for consumer appli-
cations. This first LIB was composed of graphite as the anode 
and LiCoO2 as the cathode.[3,4] Intense R&D has led to the 
exploration of several cathodes, such as layered lithium cobalt 
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oxides (LiCoO2, Li(CoNiMn)O2) or olivine-
phase lithium iron phosphates (LiFePO4), 
which have been developed and commer-
cialized with graphite as the anode, and 
LiPF6 dissolved in aprotic organic solvents 
as the electrolyte.[3,5,6] In contrast to the 
extensive range of cathodes, other negative 
electrodes exhibiting similar properties to 
graphite or Li have rarely been commer-
cialized to date. On the other hand, the 
poor rate capability and subsequent Li-
plating of these graphite anodes prevent 
their practical use in high-power LIBs.[3,5–9]  
This has inspired the exploration of var-
ious kind of intercalation anodes, such as 
TiO2 polymorphs, Li4Ti5O12, LiTi2(PO4)3, 
Nb2O5, TiNb2O7, TiP2O7, FeOOH, etc.[10,11] 
Unfortunately, the reversible capacity 
(< 250 mA  h g−1) and insertion potential 
of those anodes is too high (> 1.5 V vs. Li),  

which eventually decreases the net energy density of the full 
cells. However, an intercalation-type Li4Ti5O12 anode with a 
practical energy density of around 200 W  h kg−1 has reached 
the commercial market.[4,12] Apart from the intercalation 
mechanism, sustained Li-storage via conversion and alloy 
pathways also possible. For instance, Sony exploited Sn-based 
composites (Sn-Co-Ti-C) as an alloy-type anode in a Nexelion 
configuration with a mixed cathode.[3,13] However, materials 
undergoing either conversion or alloying reactions can expe-
rience several technical issues including volume variations, 
large irreversibility, poor inherent electrical conductivity, poor 
cyclability, and higher working potentials than that of graphite 
(but lower than those of transition metal oxide-based insertion 
anodes). Volume variations mainly affect alloying anodes (e.g., 
Si and Sn), whereas large polarization occurs in conversion-
type materials.[14] Intense R&D activities are in full swing to 
realize such fascinating class materials as prospective anodes 
for the construction of high-energy and high-power Li-ion 
power packs. Bearing in mind though that numerous papers 
and discussions are based on the half-cell performance of the 
active material.[12,15–18] This report on the other hand details the 
electrochemical activity/performance of full cells, specifically of 
α-Fe2O3-based full-cell assemblies with various types of cath-
odes, starting with the conversion reaction.

2. Conversion Reaction

Displacement or conversion is simply stated as a conver-
sion of compound MXy (where M = Fe, Co, Ni, etc., and  
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X = P, S, O, F, Cl, etc.) to the metallic state (M0) and back to 
the original state (but not necessarily for all the materials) in a 
reversible electrochemical reaction.[11,15,19] Generally, this reac-
tion involves the formation of a buffer matrix, such as, Li2O, 
Li2S, Li3P, LiCl, LiF, etc., alongside the reduction of the metal, 
which consumes Li-ions in an irreversible manner and causes 
poor Coulombic efficiency in the first cycle. This redox process 
involves multiple electron reactions, thus achieving a higher 
capacity than a graphite anode (>600 mA  h g−1) is certainly 
feasible. Further, the redox potential is generally located at a 
slightly higher level (>0.5 V vs. Li) than that of graphite, which 
reduces the risk of Li-plating during high-current operations. 
Similar to graphite anodes, inevitable electrolyte decomposi-
tion occurs in the first cycle and triggers the formation of the 
solid electrolyte interface (SEI) layer.[20] This SEI layer forma-
tion together with the buffer matrix consume Li-ions in an 
irreversible fashion.

3. Why Fe2O3?

The discovery of sustained Li storage in nanoscale metal 
oxides via conversion pathways led to the extensive investi-
gation of α-Fe2O3 as a promising anode for LIB applications. 
α-Fe2O3 has a high theoretical capacity for six-electron reac-
tions (ca. 1008 mA h g−1), high inherent density (5.24 g cm−3),  
low cost, is easy to prepare, and is environmentally 
friendly.[11,19,21–24] According to the conversion (or displace-
ment) reaction of α-Fe2O3 with Li, the reduction potential is 
observed at around 0.7 V vs. Li.[15,25] This working potential 
certainly avoids the risk of Li-plating during high-current 
operations in contrast to graphite anodes. Nevertheless, 
among the numerous conversion-type anodes explored are 
metal oxides, sulfides, chlorides, fluorides, hydroxides,[11,15,26] 
iron(iii) oxide or Fe2O3 as an important oxide of iron, as well 
as FeO and Fe3O4. Generally, Fe2O3 crystallizes as one of two 
polymorphs, namely, the predominant rhombohedral α-Fe2O3 
ore called hematite and the cubic γ-Fe2O3, which naturally 
occurs as maghemite. Different crystalline phases exist, but 
hematite-phase α-Fe2O3 has been predominantly investigated 
as a negative electrode for LIB applications. Previously, Fe2O3 
has been extensively studied as an intercalation-type elec-
trode for LIB applications, delivering a reversible capacity 
reaching 200 mA  h g−1 at a working potential of around  
2.2 V vs. Li.[27–29] Further, Li insertion into α-Fe2O3 induces 
a phase transformation of the oxygen packing in the crystal 
from a hexagonal close-packed (hcp) structure to a cubic close-
packed (ccp) one. Because of the higher insertion potential 
and large polarization of Fe2O3, very few reports have been 
published on the properties of ferric oxide as an anode.[27] 
Similar to other metal oxides, particle size is important in 
determining Li-intercalation chemistry; for example, ultrafine 
nanosized particulates can accommodate one mole of Li per 
formula unit (LixFe2O3, x = 1) without experiencing a phase 
change, whereas a small amount of Li-insertion, (0.03 mol) 
already induces a phase transition from hexagonal to cubic 
stacking in bulk Fe2O3.[27,30,31] Further lithiation of the cubic 
phase causes the complete destruction of the crystal structure 
and the subsequent formation of metallic Fe0 in amorphous 
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Li2O domains (Scheme 1). The overall reaction mechanism 
can be described as follows in nanoparticles:

-Fe O LiFe O Li Fe O Fe Li O2 3 2 3 2 2 3
0

2α → → → + 	 (1)
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Scheme 1.  Schematic representation of the conversion reaction.
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and in bulk:

-Fe O Li Fe O Li Fe O Fe Li O2 3 0.03 2 3 2 2 3
0

2α → → → + 	 (2)

Irrespective of particle size, Li insertion in α-Fe2O3 involves 
a single-phase reaction followed by a two-phase metallic reduc-
tion reaction (Fe0). However, upon deep discharge, that is, near 
the reference electrode potential (ca. 5 mV vs. Li) an uptake 
exceeding the theoretical limit of 6 moles of Li per formula 
unit occurs. This excess uptake originates from the decomposi-
tion of the electrolyte solution and the subsequent formation 
of a SEI over the active material particulates. However, the 
inherent characteristics of the amorphous Li2O matrix promote 
increased irreversibility. As a result, a very large irreversible 
capacity loss (ICL) is observed between the first discharge and 
charge processes. The insulating characteristics of Li2O affects 
both the reversibility and the oxidation of Fe0. This eventu-
ally causes the formation of a different charge product than 
the original one; some groups have reported the formation of 
FeO[15,32] and others that of γ- or α-Fe2O3.[33,34] The overall reac-
tion can be described as follows:

Fe Li O FeO 2Li 2e0
2+ ↔ + ++ −

	 (3)

or

2Fe 3Li O or -Fe O 6Li 6e0
2 2 3γ α+ ↔ − + ++ −

	 (4)

As suggested, the particle size and electrical conductivity in 
the discharged state (Fe0 + Li2O) also influence the formation 
of the charged product. The reactions depicted in Equation (3) 
and (4) are highly reversible and continue in subsequent cycles. 
The Fe0 nanoparticles gradually increase in size with cycling, 
which weakens the conductivity of the metallic particles in 
the presence of the Li2O matrix. Consequently, rapid capacity 
fading occurs.[35]

4. Issues and Solutions

Large polarization of the conversion electrodes is a prime issue 
for conversion-type anodes including α-Fe2O3. Large volume 
variations, higher redox potentials (compared to graphite), poor 
cyclability and unstable SEI formation are other important 
issues. In contrast to carbonaceous anodes, the composition 
of the SEI layer is completely different for conversion anodes. 
Carbon coating or forming a composite with carbonaceous 
materials is an efficient way to prevent the agglomeration and 
growth of active-material particles and thereby to retain the 
cycling stability and thus enhance the capacity. Using such 
composites not only improves the cycling stability, but it also 
leads to a stable SEI formation, and sustains volume variations 
that occur during electrochemical cycling.[11,16] Further, com-
bining α-Fe2O3 with other active materials, such as Sn-C, has 
also been attempted to resolve these issues.[36,37] In many cases, 
a reversible capacity exceeding the theoretical value is reported 
even after the first cycle, obtained by the gradual release of Li+ 
trapped within the insulating Li2O.[21,23,38] The reversible growth 
of a polymeric gel-like film on the surface of the progressively 

pulverized anode particles is key in this case.[15,21,23,38] The inter-
face formed between these nanoscale domains facilitates ion 
transport pathways during the conversion reaction, and allows 
much Li+ to be stored. Similar to other conversion-type anodes, 
α-Fe2O3 also suffers from poor cyclability, rate capability, and 
volume variation issues (>200%) in addition to large first-cycle 
ICL and polarization. The issues related to the electrochemical 
performance could be easily addressed by surface modification 
with conductive coatings or composite formation with carbona-
ceous materials. However, the ICL and polarization are associ-
ated with the inherent properties of the material; they are thus 
difficult to mitigate completely. Generally, the polarization/
hysteresis trend depends on the nature of the anions involved, 
generally the trend goes: fluorides > oxides > sulfides > nitrides  
> phosphides > hydrides, which is consistent with Pearson’s 
concept of hard and soft acids and bases.[18,39,40]

While numerous reports have discussed the electrochemical 
performance of α-Fe2O3 with various morphological features 
and fabricated by different synthesis techniques, these studies 
were limited to half-cell performances only.[15,17,26] Many good 
reviews have described the electrochemical activities of hema-
tite in half-cell assemblies.[15,17,26,27,41–43] However, the half-cell 
performance of a material is insufficient to determine the mate-
rial’s potential as an electrode material in practical LIBs. More 
importantly, issues of ICL, inherent poor electrical conductivity, 
and poor stability must be addressed prior to fabricating the 
full cell. Mitigating ICL has attracted much attention recently; 
mechanisms for anode pre-treatment, pre-treatment of both 
cathode and anode, usage of stabilized Li metal powder, chem-
ical lithiation, over-lithiated cathodes, cathodes fabricated with 
sacrificial salts, spontaneous lithiation, and formulating anodes 
of Li3N have been proposed.[44] In the present work, we review 
the performances of these anodes in practical LIB assemblies 
only with conventional cathodes.

5. Performance of α-Fe2O3 in Full-Cell Assemblies

Hassoun et al.[45] first reported the fabrication of a Li-i(r)on 
battery with an olivine-phase LiFePO4 cathode. Before full-cell 
assembly, the LiFePO4 was delithiated to FePO4 and the α-Fe2O3 
was electrochemically pre-lithiated (Fe0 + Li2O) to eliminate 
ICL issues. In order to be able to better translate the electro-
chemical profiles, the capacity was limited to 300 mA  h g−1  
and the mass loading was accordingly adjusted to be able to 
sustain volume variations in the full-cell assembly. Very stable 
cycling profiles were obtained for this assembly, regardless of 
the applied current rates. The cell showed a working potential 
of around 2 V and an energy density of 100 W  h kg−1, which 
was significantly higher in volumetric capacity (1700 Ah L−1) 
than that of a conventional graphite-based system (760 Ah L−1).  
Bundles of α-Fe2O3 nanorods grown on Ti foil prepared via a 
hydrothermal approach were previously studied as high-perfor-
mance anodes for flexible LIBs.[46] Unfortunately, no attempt 
was made to mitigate any ICL issues, and as a result a dra-
matic ICL occurred in the first cycle. The full cell, consisting 
of LiFePO4/α-Fe2O3, therefore experienced capacity fading; and 
the same trend was reflected during the bending experiments 
as well. Similarly, 3D nanosheets grown over Cu foil showed a 
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large irreversibility when paired with LiFePO4.[47] The synthesis 
of polyol-mediated porous α-Fe2O3 nanostructures was also 
explored with commercial LiFePO4.[48] However, electrodes for-
mulated with a 60 wt% loading of active material still suffered 
from poor cycling stability and large first-cycle irreversibility. 
Aside from the work by Hassoun et al.,[45] all other attempts 
were performed by balancing the capacities of individual 
electrodes obtained by ignoring the first-cycle ICL; dramatic 
irreversibility was reported irrespective of the hematite nano-
structures synthesized. Hariharan et al.[34] pre-heated a cast 
electrode in Ar atmosphere (up to 300 °C) to ensure the com-
plete melting of the polyvinylidene difluoride (PVDF) binder, 
which eventually provided better adhesion properties with both 
conductive carbon and the active material. A somewhat low 
active material loading of 65 wt% was used to form the elec-
trodes, but they exhibited very high Coulombic efficiencies  
(ca. 91%) in the first cycle, which is a remarkable value for conver-
sion-type anodes in LIB applications. Because the Coulombic 
efficiency was high and no pre-treatment was needed to elimi-
nate the ICL, full cells were fabricated with Fe-doped LiMnPO4 
(LiMn0.8Fe0.2PO4), which delivered stable capacity profiles for 
30 reported cycles. Apart from the environmentally friendly oli-
vine-family cathodes, spinel-phase LiMn2O4 and its derivatives 
have also been considered as promising greener cathode mate-
rials for high-energy LIB applications. Unfortunately, spinel 
LiMn2O4 cannot be paired with carbonaceous anodes because 
of Mn3+ dissolution and subsequent deposition over the car-
bonaceous surface. Therefore, eliminating Mn3+ is an efficient 
solution to avoid Mn dissolution. Ideally, no Mn3+ is present 
in Ni-doped spinel (LiNi0.5Mn1.5O4), but Ni2+/4+ redox reactions  
do occur beyond the safe operation limit of conventional elec-
trolyte solutions. Excellent battery performances are observed 
for Ni-doped spinel, but it cannot be paired with carbona-
ceous counterparts due to the higher redox potential. However, 
LiNi0.5Mn1.5O4 could be efficiently paired with hematite if the ICL 
could effectively be mitigated. In this respect, Jayaraman et al.[21]  
attempted to eliminate the ICL by electrochemically pre-
treating electrospun α-Fe2O3 nanofibers (Figure 1). For this, the 
α-Fe2O3 nanofibers were cycled for two complete cycles in Swa-
gelok fittings before being paired with LiMn2O4 in a coin-cell 
assembly. In some cases, the electrolyte solution needed to be 
topped up. After pre-treatment, the full cell experienced some 
irreversibility in the first cycle because of the LiMn2O4 cathode. 
An exceptional cycle lifetime of 4000 cycles was reported with 
70% capacity retention. This was a remarkable cyclability for 
the hematite phase in the full-cell configuration, regardless of 
the cathode, morphology, and synthesis procedure. The recy-
cling of waste material is an efficient approach to decrease 
the cost of raw materials and promote a clean and sustainable 
system. Mhamane et al.[49] suggested the possibility of using 
high-yield, high-purity, efficient α-Fe2O3 nanostructures from 
rusted Fe wire waste. Increased capacities were observed for 
the waste-derived α-Fe2O3 upon cycling, regardless of the con-
ductive additive concentration in the half-cell configuration. An 
irreversibility exceeding 30% was noted in the first cycle for 
the higher and lower concentrations of the conductive additive. 
The irreversible capacity could be eliminated though by elec-
trochemically pre-treating the α-Fe2O3 with Li in Swagelok fit-
tings and pairing it with a LiMn2O4 cathode. Unlike in the half 

cell, some capacitive fading was observed in the full cell, but a 
78% retention of the initial reversible capacity was seen after 
40 cycles. Aravindan et al.[24] also attempted to mitigate the ICL 
of α-Fe2O3 anodes during the fabrication of full-cell assemblies 
through three different procedures (Figure 2). In the first cell 
(Cell B), an excess cathode loading was set for compensation; 
in the second cell (Cell C), the α-Fe2O3 nanostructures were 
electrochemically pre-treated and then paired with the cathode; 
and in the third cell (Cell A), the cathode was pre-lithiated to 
over-lithiated spinel (Li1+xMn2O4). A large ICL was noted in the 
first cycle for the anodes in Cell B and Cell A, but the α-Fe2O3 
nanostructures paired with Li1+xMn2O4 (Cell A) delivered a 
cyclability comparable to that of the electrochemically pre-
treated α-Fe2O3 anodes (Cell C). One of the main advantages of 
using an over-lithiated cathode is the reduction in time for the 
pre-treatment; over-lithiation requires approximately 1 to 3 h, 
whereas α-Fe2O3 anode pre-treatment requires a minimum of 
two days for the same testing conditions (i.e., same applied cur-
rent rate). The same group also extended this concept to spinel 
derivatives, such as LiNi0.5Mn1.5O4 and tavorite-type LiVPO4F 
with electrospun α-Fe2O3 nanofibers (results unpublished). 
Decent capacity profiles were noted in both cases; the α-Fe2O3 
nanofibers in a one-dimensional architecture with the spinel 
Li1.33Ni0.5Mn1.5O4 cathode and PVDF-hexafluoropropylene as 
the separator-cum-electrolyte showed a particularly good perfor-
mance.[50,51] The cell delivered a net energy density of around 
193 W  h kg−1 (based on the total active mass) at a working 
potential of around 3.27 V.

Veluri and Mitra[52] studied the electrochemical activity of 
porous α-Fe2O3 as an anode with commercial LiCoO2 as the 
cathode. They formed a composite electrode with 60% active 
material (α-Fe2O3) and 20% each of a conductive additive and 
a sodium alginate binder. Pre-activation was performed to miti-
gate the first-cycle ICL. Unfortunately, the full-cell combination 
(LiCoO2/α-Fe2O3) exhibited severe capacity fading upon cycling 
in a conventional electrolyte solution. However, the inclusion 
of 2 wt% lithium bis(oxalate)borate (LiBOB) in the electrolyte 
stabilized the cycling profile. As a result, enhanced cyclability 
and an energy density of 123 W  h kg−1 were achieved. Later, 
Wang et al.[53] measured the electrochemical activity of a free-
standing α-Fe2O3/graphene/carbon nanotube (CNT) composite 
anode with a layered LiCoO2 cathode, in which the flexible 
film contained around 32 wt% of α-Fe2O3. Unfortunately, no 
further details are available for the cell chemistry, including 
the first charge–discharge characteristics. As noted above, 
the LiCoO2/α-Fe2O3-graphene-CNT cell experienced severe 
capacity fading in a conventional electrolyte upon cycling. 
Verrelli et al.[54] suggested Fe doping of high-voltage spinel 
(Li1.35Ni0.48Fe0.1Mn1.72O4) and pairing it with a meso-carbon 
microbead (MCMB) artificial graphite/Fe2O3 anode. Prior to 
full-cell fabrication, the MCMB-Fe2O3 composite was electro-
chemically pre-treated in the half-cell assembly with Li. The 
presence of MCMB in the composite clearly enhanced the Li-
storage properties of the hematite phase. As a result, the fab-
ricated 3 V-class LIB cell delivered an energy density of around 
300 W  h kg−1 (based on the cathode mass). The same group 
extended the procedure to composites of metallic Sn as well 
(Sn–Fe2O3–MCMB in a 4:3:3 ratio)[55] (Figure 3). This com-
posite showed all three reaction mechanisms upon testing with 
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Li in a half-cell configuration: intercalation (MCMB), conver-
sion (Fe2O3), and alloying (Sn). After completing 10 galvano-
static cycles with Li, the pre-treated composite anode was paired 
with high-voltage LiNi0.5Mn1.5O4. A decent cycling profile was 
obtained for this configuration, with a maximum energy density 

of around 390 W  h kg−1. The composite based on both inser-
tion-, conversion-, and alloying charge-storage materials was 
additionally modified by replacing the alloy-type material (Sn) 
with a conversion-type CuO.[37] The ratio was altered slightly to 
achieve a high-performance anode, with the ratio of CuO/Fe2O3 

Adv. Energy Mater. 2018, 8, 1702841

Figure 1.  Electrospun porous α-Fe2O3 nanofibers: a,b) Field-emission scanning electron microscopy (FE-SEM) images, c–e) transmission electron micros-
copy (TEM) pictures at different magnifications, f) typical charge–discharge curves of LiMn2O4/α-Fe2O3 (pre-lithiated) cell at various current densities between 
1.4–3.5 V, g) rate-capability studies of LiMn2O4/α-Fe2O3 (pre-lithiated) cell with Coulombic efficiency, h) long-term cycling profiles with Coulombic efficiency. 
Here, 1C is assumed to be 1000 mA g−1 with respect to the anode loading. Reproduced with permission.[21] Copyright 2015, Wiley-VCH.
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/MCMB fixed at 1:1:2. The final composition contained two 
conversion-type active materials along with the insertion-type 
MCMB. A decent reversible capacity exceeding 500 mA  h g−1 
was reported for this anode material. Finally, the full cell was 
fabricated with the high-voltage spinel Li1.35Ni0.48Fe0.1Mn1.72O4 
by pre-cycling the composite anode with metallic Li. The full 
cell, Li1.35Ni0.48Fe0.1Mn1.72O4/CuO–Fe2O3–MCMB delivered a 
maximum energy density of around 400 W h kg−1 with excel-
lent cycling stability.

Similar to previous alterations in the composition of the 
anode, the intercalation-type MCMB could be replaced with 
non-graphite carbon. The same research group tested the 
usability of Sn–Fe2O3–C as an alloy- and conversion-type 
anode for practical assembly with the multi-phase olivine 

compound, LiFe0.25Mn0.5Co0.25PO4.[36] The Sn–Fe2O3–C anode 
exhibited a reversible capacity exceeding 1000 mA  h g−1 in 
the half-cell configuration. In the practical assembly with the 
LiFe0.25Mn0.5Co0.25PO4 cathode, the cell displayed a maximum 
energy density of around 300 W h kg–1. Before fabricating the 
full cell, Sn–Fe2O3–C was partially lithiated. An ultra-flexible 
LIB was also reported using conversion-type Fe2O3, in which 
a flexible substrate was prepared using a composite of PVDF, 
double-walled CNT, and phenyl-C61-butyric acid methyl ester 
(PCBM) in a 90:5:5 ratio.[56] As usual, the CNT cones were pre-
pared by chemical vapor deposition (CVD) and transferred to 
the substrate (Figure 4). The cones were decorated with Fe2O3 
nanocrystals and commercial LiNi0.8Co0.2O2 before employing 
them as anode and cathode materials, respectively. An enhanced 
electrochemical activity was noted for the Fe2O3-decorated CNT 
cones compared to the commercial LiNi0.8Co0.2O2-coated ones. 
Unfortunately, very limited information is available on the cell 
assembly and elimination of the ICL; a drop of around 48% was 
reported from the half-cell studies. Rolling and bending of the 
aforementioned configuration upon cycling was possible, deliv-
ering an output of around 120 mA h g–1 at a working potential 
of around 3.1 V. As expected, the full cell was unstable under 
harsh current testing, but ex situ studies will be performed 
to ensure the structural integrity of the metal oxide-decorated 
CNT cones.

6. Outlook

Although several positive features can be noted for conver-
sion-type materials compared to the traditional intercalation 
materials, the fact that they tend to show a huge irreversibility 
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Figure 2.  Electrochemical performance of LiMn2O3/α-Fe2O3 full cell at a 
current density of 100 mA g−1. Capacity and applied currents are based on 
the anode loading. a) Typical first charge–discharge curves, b) differential 
capacity profiles of three different kinds of full cells, and c) magnified 
view of the differential capacity profiles for the marked region. Cell A: Pre-
lithiated Li1.26Mn2O4 cathode is paired with α-Fe2O3. Cell B: LiMn2O4/α-
Fe2O3 cell is assembled without electrode treatment. Cell C: Pre-treated 
α-Fe2O3 is used to fabricate a full cell with LiMn2O4. Reproduced with 
permission.[24] Copyright 2016, Elsevier.

Figure 3.  Galvanostatic cycling voltage profiles of the Sn–Fe2O3–C/
LiNi0.5Mn1.5O4 full cell (blue curve) and of its anodic and cathodic compo-
nents (green and red curves, respectively). The inset in the figure reports 
the full-cell cycling behavior. Electrolyte: 1:1 ethylene carbonate–dimethyl car-
bonate (EC-DMC), LiPF6 (1 m), i.e., LP30. Current density: 50 mA g−1. Theoret-
ical capacity: 148 mA h g−1. Cathode voltage limits: 3–5 V. Room temperature. 
Reproduced with permission.[55] Copyright 2015, Elsevier.
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during the first cycle, large volume variation, very high 
polarization/hysteresis, poor cyclability and unstable SEI 
formation are still important issues to contend with.[11,15,57] 
Among the issues stated, the large volume variation and high 
polarization/hysteresis are associated with the inherent fea-
tures of the active material, hence these are very difficult to mit-
igate. However, the remaining issues can be tackled easily by 
adopting various procedures, such as forming composites with 
carbonaceous materials, synthesizing the active materials in a 
hollow-structured morphology, and synthesizing within either 
active or inactive matrices. These modifications also enable the 
material to better sustain volume variations observed during the 
conversion reaction, and hence improved cycle abilities are reg-
istered. Moreover, the formation of a composite with conduc-
tive additives like carbonaceous components not only provides 
an improvement in rate capability by enhancing the electronic 
conductivity, it also stabilizes the SEI formation. Further, it is 
worth mentioning that carbonaceous materials generally tend 
to form a more stable layer compared to alloying and conver-
sion-type materials.[20,58–60] In terms of the ICL issue, there are 
many pre-treating procedures available to eradicate the issue 
prior to pairing the anodes with cathodes in a full-cell assembly, 
which we described extensively in our previous review.[57] In 
contrast to the straightforward procedure of assembling full 
cells using intercalation materials, conversion- and alloy-based 
materials desperately require pre-treating procedure, which 
results in at least one more additional step.[5,7,11,18] The afore-
mentioned issues are not only limited to Fe2O3 but are appli-
cable to most conversion- and alloy-type negative electrodes. 
Therefore, achieving a high-performance configuration that 

is consistent and has a long duration is a big challenge when 
using such fascinating anodes in practical assemblies.[14,61–63]

Many reports discuss hematite structures with various mor-
phological features and composite formation with carbonaceous 
materials as anodes for application in LIBs. Unfortunately, most 
reports are limited to half-cell studies, which are insufficient to 
support the use of these materials as practical anodes. The half-
cell performance, in other words, the reversible capacity and 
cyclability of the material, does not necessarily reflect that of 
full-cell assemblies, regardless of the specific cathode and anode 
materials in the assembly. Many factors affect full-cell perfor-
mance when using composite materials as opposed to metallic 
Li. Li metal is an unlimited source of Li+ ions, whereas transi-
tion metal-based cathodes are restricted. The potential used 
is critical for cathodes; if the charging potential exceeds a cer-
tain limit, Li may plate the anode, whereas structural degrada-
tion may occur on the counter side. This is mainly because of 
the large polarization of the conversion-type anodes; hence, the 
testing potential window must be selected carefully. This is not 
the case for half-cell performance tests. In addition, the testing 
window for conversion-type practical cells is wider, contradic-
tory to those for cells based on either intercalation or alloying 
mechanisms. This issue holds not just for Fe2O3, but for all 
conversion-mechanism-based anodes. As mentioned earlier,  
α-Fe2O3 structures offer several advantages, including high rate 
capability, high capacity, and a slightly elevated energy density rel-
ative to intercalation-type anodes (except for carbonaceous mate-
rials), but polarization hysteresis and volume variation remain 
critical issues. The ICL is also important, but it can be easily 
offset by applying scalable techniques such as stabilized Li metal 
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Figure 4.  Flexible full cell fabrication and characterizations: a) Schematic representation of the full cell with a CNT cone anode and cathode. b) Charge/discharge 
curves of full cell: iron oxide–CNT cones and LiNi0.8Co0.2O2 (LNCO)–CNT cones at 2C (first and fifth cycles indicated). c) Flexible CNT cone battery connected 
to a 3 V white-light LED. d) SEM image of CNT cone, taken at 35° tilt angle, before testing in a full cell. The inset shows a 1.2 cm × 1.2 cm area coverage of 
transferred CNT cones on the PCBM film. Scale bar: 20 µm. e) SEM image of CNT cone, taken at 40° tilt angle, and picture of the electrode (inset) after 1000 
charge/discharge cycles and repeated bending of the electrode. Scale bar: 10 µm. Reproduced with permission.[24] Copyright 2016, Wiley-VCH.
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powder (SLMP) usage, anodic pre-lithiation or pre-treatment, sac-
rificial salt use, Li3N blending, and spontaneous lithiation.[44]

Full-cell performances are often studied with α-Fe2O3/car-
bonaceous materials composites either during the synthesis or 
formation of the electrodes to extend the cyclability, which eventu-
ally dilutes the volumetric capacity. However, tuning the composi-
tion of a carbonaceous material is among the easiest approaches 
to continue the development of hematite phase anodes, despite 
the need for a small reduction in volumetric units. Nevertheless, 
few reports exist on the long-term cyclability of native α-Fe2O3 
structures that do not utilize high loads of carbonaceous mate-
rials; one example fitting this criterion is an investigation of elec-
trospun α-Fe2O3 with LiMn2O4.[21] Moreover, the cycling stability 
of electrospun-derived α-Fe2O3 nanostructures has been well-
established, irrespective of individual morphology.[64] Further, 
the same group of authors attempted to pair electrospun-derived 
α-Fe2O3 with LiMn2O4 to eliminate the ICL by adopting three dif-
ferent procedures.[24] Regardless of the procedures, the α-Fe2O3 
rendered good cycling profiles and compatibility with the spinel 
cathode, unlike layered oxides. Unfortunately, the higher redox 
potential of the α-Fe2O3 dilutes the net energy density of the 4 V 
class LiMn2O4-based system. Therefore, an increase in the energy 
density is necessary. The same group of authors again explored 
the possibility of fabricating a one-dimensional LIB using elec-
trospun derived α-Fe2O3 nanofibers as the conversion anode and 
pre-lithiated Li1.33Ni0.5Mn1.5O4 nanofiber as the cathode, in the 
presence of PVDF-HFP nanofiber membrane as separator-cum-
electrolyte.[50] Excellent electrochemical activity was noted for the 
hematite phase in this fascinating configuration. This clearly sug-
gests that α-Fe2O3 displays a good compatibility with spinel cath-
odes. The development of hematite nanostructures via electro-
spinning is noteworthy but questionable in scalability, although 
some start-ups have focused on this system.[65] Furthermore, the 
adaptation of composites with intercalation and alloying (Sn–
MCMB–α-Fe2O3) properties is also appealing.[55] Layered LiCoO2 
is incompatible with α-Fe2O3 in the presence of a conventional 
electrolyte solution, as clearly demonstrated by two independent 
reports in the literature.[52,53] A small addition of LiBOB to the 
conventional solution dramatically enhances the cycling profiles 
of the system. Such innovations and efforts are necessary to real-
istically commercialize hematite anodes.

As mentioned, ICL and polarization are issues associated 
with the inherent properties of the materials. Hence, it is dif-
ficult to mitigate these issues completely. However, these issues 
could be considered negligible when considering their more 
salient features, such as their high power capability, long-term 
cycling cyclability, cost-effective nature, and eco-friendliness. 
A higher cathode loading has also been used to mitigate the 
ICL and enable a straightforward procedure to fabricate prac-
tical assemblies that are similar to those using insertion-type 
anodes by avoiding pre-treatment procedures. Unfortunately, 
the dead mass (de-lithiated phase) present on the cathode side 
dilutes the net energy density of the system and eventually is 
involved in the unwanted side reaction with the electrolyte. 
This eventually deteriorates the cell performance upon cycling, 
which has been made clear by Aravindan et al.[24] In addition to 
the promising future of hematite anodes in LIBs, hematite may 
also function as an anode material in high-energy and high-
power Li-ion capacitors with activated carbon electrodes.[66–70] 

However, unfortunately, many works available on α-Fe2O3 are 
limited to half-cell performances only, despite showing substan-
tial enhancements in the electrochemical activity. This is not at 
all sufficient to bring this fascinating material to the market. 
Therefore, many more full-cell studies, preferably with spinel 
cathodes, are needed with consistent performance to realize 
the development of cost-effective Li-ion power packs with high 
energy and high power capabilities.
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