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to achieve further improved perfor-
mance. As a result, the energy density of 
LIBs has continuously increased at a rate 
of 7–8 Wh kg−1 year−1, already passing 
250 Wh kg−1 at cell level (for 18650-
type cells). Simultaneously, the overall 
cost decreased substantially from ini-
tially around 1000 € kWh−1 to less than 
200 € kWh−1,[5] while a further reduction 
to less than 150 € kWh−1 is anticipated 
within the next 5 to 10 years[6]—or, in fact, 
might have been realized already following 
some recent newspaper articles. Nonethe-
less, further improvement is required for 
realizing a fully electrified transportation 
sector and eventually succeeding in tran-
sitioning to renewable energy sources 
only. For this reason, there is a great quest 
for alternative inactive and active mate-
rials, including inter alia the anode—not 
least because graphite, the state-of-the-
art for LIBs, which is intrinsically lim-
iting the fast charging of the full-cell.[7,8] 
Another important concern is related 

to the availability of the required elements, including inter 
alia lithium,[9,10] which has led to a rapidly increasing interest 
in alternative charge carriers—in particular, sodium.[11–13]  
In fact, the two technologies share several similarities and, 
hence, room-temperature SIBs are considered a “drop-in tech-
nology,” as many of the achievements obtained for LIBs can 
be readily implemented for SIBs. This has resulted in rapid 
progress for the development of SIBs within only a few years. 
However, there are some fundamental differences between the 
two systems due to the different charge carriers such as the size 
of the cation, the standard redox potential, or simply the dif-
ferent cost for the corresponding precursors—as summarized 
briefly in Table 1. These affect, respectively, the diffusion and 
transport properties, the maximum achievable energy density, 
or the price of the cell. Furthermore, the different reactivity of 
the two systems eventually also has an effect on the (decom-
position) reactions at the interface between the electrode and 
the electrolyte, including the charge transfer and cation desol-
vation, before entering the host structure. With respect to the 
potential host structure for the negative electrode—or in other 
words the electrode active material—the material classes of 
choice are frequently carbons (e.g., graphite or hard carbons) 
or metal oxides. For the latter, there are essentially three dif-
ferent alkali cation storage mechanisms: (i) insertion (including 
intercalation in case of layered structures), (ii) alloying, and 
(iii) conversion. In case of (i) insertion-type materials, the Li+ 

Lithium-ion batteries (LIBs) with outstanding energy and power density 
have been extensively investigated in recent years, rendering them the most 
suitable energy storage technology for application in emerging markets such 
as electric vehicles and stationary storage. More recently, sodium, one of 
the most abundant elements on earth, exhibiting similar physicochemical 
properties as lithium, has been gaining increasing attention for the develop-
ment of sodium-ion batteries (SIBs) in order to address the concern about 
Li availability and cost—especially with regard to stationary applications for 
which size and volume of the battery are of less importance. Compared with 
traditional intercalation reactions, conversion reaction-based transition metal 
oxides (TMOs) are prospective anode materials for rechargeable batteries 
thanks to their low cost and high gravimetric specific capacities. In this 
review, the recent progress and remaining challenges of conversion reactions 
for LIBs and SIBs are discussed, covering an overview about the different 
synthesis methods, morphological characteristics, as well as their electro-
chemical performance. Potential future research directions and a perspective 
toward the practical application of TMOs for electrochemical energy storage 
are also provided.
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1. Introduction

Rechargeable lithium-ion batteries (LIBs) have become the 
common power source for portable electronics since their first 
commercialization by Sony in 1991 and are, as a consequence, 
also considered the most promising candidate for large-scale 
applications like (hybrid) electric vehicles and short- to mid-
term stationary energy storage.[1–4] Due to the resulting great 
interest in this technology, extensive efforts have been made 
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and Na+ cations can be reversibly stored in the host material 
without any severe (irreversible) deterioration of the initial 
crystal structure and very low volume variation, which com-
monly allows for excellent cyclability and good capacity reten-
tion; also due to the commonly rather low number of Li+/
Na+ inserted by unit weight and volume. The most classic 
insertion-type metal oxide anodes are based on titanium  
(e.g., TiO2

[14] and Li4Ti5O12
[15–17] or Na2Ti3O7

[18–21]) as redox 
active center, which is reduced to Ti3+ upon lithiation/sodiation 
and reoxidized to Ti4+ when the alkali metal cations are sub-
sequently deinserted again. Considering the rather high mass 
of these compounds in combination with the relatively limited 
lithium/sodium uptake, however, the use of these materials is 
essentially limited to high-power rather than high-energy appli-
cations[22] or applications for which cycling stability is more 
important than energy density.[23,24] Differently, (ii) alloying-type 
materials (like Si, Sn, Ge, or Zn) provide high to very high—
and frequently fast—lithium and sodium storage capacities, 
commonly exceeding one lithium or sodium per atom of the 
alloying element (e.g., Li15Si4 or Li4.4Sn). Nevertheless, the 
accompanying extensive volume variation limits the cycle life 
of such electrodes—not least as a result of the continuous expo-
sure of fresh surfaces to the electrolyte, resulting in an ongoing 
electrolyte decomposition and solid electrolyte interphase 
(SEI) formation and, as a consequence, the drying out of the 
cell.[4,25,26] In an attempt to (partially) overcome this issue, the 
use of the corresponding metal oxides had been proposed (e.g., 
SiOx, SnO2, GeO2, ZnO).[27–30] The initially formed Li2O was 
supposed to buffer the volume variation occurring upon the 
subsequent alloying of the elemental metal/metalloid and pro-
vide an in situ generated ion conducting matrix. However, such 
matrix does not prevent another issue of alloying-type materials, 
i.e., the continuous aggregation of the elemental particles upon 
de/lithiation/sodiation, which eventually still leads to rapid 
capacity degradation.[28,31] This issue is avoided for transition 
metal oxides (TMOs), for which the elemental transition metal 
(TM) does not alloy with lithium/sodium. Instead, the thus cre-
ated metallic nanonetwork allows for a good electron conduc-
tion within the original primary particle and, by this, allows for 
the reversible cycling of the initially formed Li2O.[4,32,33] Advan-
tageously, this comes with significantly less volume changes 
upon de/lithiation/sodiation while also allowing for capacities 
approaching 1000 mAh g−1 (e.g., Fe2O3) thanks to the multielec-
tron transfer reaction per TM occurring upon the conversion of 

TMOs to TM0 and lithium/sodium oxide.[4,34–36] These unique 
features in combination with the richness of materials syn-
thesis and design for such transition metal oxides has triggered 
a remarkable attention in the past almost 20 years since the 
first report on this mechanism by Tarascon and co-workers.[32] 
Accordingly, there has been a series of review articles in the 
past years on this subject.[4,34,37–39] Cabana et al.,[34] for instance, 
provided a very comprehensive overview on the conversion 
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Table 1. Comparison of lithium and sodium regarding selected physico-
chemical properties and cost.

Lithium Sodium

Cation radius [Å] 0.76 1.02

Relative atomic mass 6.94 22.98

E°(vs SHE) [V] −3.04 −2.71

Cost, carbonates $5000 ton−1 $150 ton−1

Theoretical capacity of 

metal electrodes [mAh g−1]

3829 1165

Coordination preference Octahedral and tetrahedral Octahedral and prismatic

Desolvation energy 

in PC [kJ mol−1]

218.0 157.3
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mechanism for lithium-ion batteries until 2010, which has 
been updated with a clear focus on new mechanistic insights 
by Bresser et al.[4] in 2016. An overview organized by following 
the periodic table has been presented by Nitta and Yushin,[35] 
for example. Similarly, very comprehensive review articles on 
(conversion-type) anode materials for sodium-ion batteries have 
been published in the past—partially more generally covering 
all potential negative material candidates,[40,41] partially with a 
particular focus on (nanostructured) conversion and alloying 
materials.[33] A comprehensive comparison of TMO negative 
electrodes with a clear focus on the conversion-type lithium and 
sodium storage, however, has been missing so far. Accordingly, 
this review article is organized as follows: First, we provide the 
reader with a general introduction into the reaction mechanism 
as such, including the major advantages and remaining chal-
lenges. Subsequently, we provide an overview on the most rel-
evant TMOs for use as negative electrodes in lithium-ion and 
sodium-ion batteries with particular attention toward recent 
publications that have not been covered by the abovementioned 
review articles so far. Finally, we conclude this review with 
a brief summary and an opinionated perspective toward the 
potential application of TMO negative electrodes in commercial 
lithium-ion and sodium-ion battery cells.

2. Potential Advantages and Challenges of the 
Conversion Mechanism

In 2000, Tarascon and co-workers[32] reported a new Li+ storage 
mechanism involving the reversible electrochemical lithia-
tion of TMOs (TM = Co, Ni, Fe, Cu). According to the main 
reaction, the process is generally referred to as a “conversion 
reaction,” formally as follows

TM X ( )AM TM AM Xb n a ba b n+ ⋅ +�  (1)

with TM being a transition metal (e.g., Fe, Co, Mn, Cu, Ni), 
AM an alkali metal (e.g., Li, Na), X an anion (such as H, N, 

P, O, S, F), and n as the formal oxidation state of X. Since 
the transition metal is generally reduced to the metallic state, 
involving the transfer of several electrons per unit formula of 
the starting compound, conversion reactions commonly show 
much higher capacities than intercalation reactions. In case 
of Co3O4, for example, the complete reduction of Co2+/Co3+ 
in a Li+-containing electrolyte leads to the formation of Co0 
and Li2O, which corresponds to an overall specific capacity 
of 890.4 mAh g−1 (based on Co3O4). This value is about three 
times higher than the capacity based on a classical intercala-
tion reaction as in case of LiCoO2 (273.8 mAh g−1) for which 
Co3+ is reversibly oxidized to Co4+. In practice, in fact, even less 
capacity is achieved, as only about 0.5 lithium can be reversibly 
extracted without severely deteriorating the crystalline structure 
of the host lattice. Adelhelm and co-workers[36] investigated 
the impact of the alkali metal on the conversion reaction. The 
standard cell potential E° can be calculated using

= −
∆γ°

°

E
G

zF
 (2)

Accordingly, they conducted a direct comparison of the 
cell voltages for lithium and sodium. It has been recognized 
that the change in cell voltage is constant for oxides, fluo-
rides, hydrides, etc., when replacing lithium with sodium. 
For example, the change in cell voltage for oxides is 0.96 V, as 
shown in Reaction (3)

2Li Na O Li O 2Na Li Na : 0.96 V2 2 E ( )+ + ∆ −�  (3)

The same calculation applies generally to other conversion 
reactions with X = H, O, S, F, Cl, Br, and I (Figure 1a). When 
lithium is substituted by sodium in conversion reactions, the 
cell voltage shifts to lower values for hydrides, oxides, sulfides, 
and fluorides. For chlorides, the cell voltage is nearly the same, 
while for iodides and bromides the sodium conversion reaction 
shows even higher cell voltages compared to the corresponding 
reaction with lithium. This is remarkable, as sodium-based 

Adv. Energy Mater. 2020, 10, 1902485

Figure 1. a) Effect of the replacement of Li by Na in conversion reactions on the corresponding redox potential for various compounds: For fluorides, 
sulfides, oxides, and hydrides, the reaction with lithium shows higher cell voltages in a theoretical LIB configuration. For chlorides, the difference is 
essentially zero and for the even heavier bromides and iodides, a hypothetical SIB is anticipated to deliver a higher cell voltage. b) Calculated volume 
expansions for Li and Na-based conversion reactions. Reproduced with permission.[36] Copyright 2013, Royal Society of Chemistry.
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cells are intuitively considered to provide a lower cell voltage 
compared to their lithium analogues. This behavior can be 
reasonably explained in consideration of the associated Born–
Haber cycles.[36] The lithium compounds have larger lattice 
energies than the corresponding sodium versions, resulting in 
greater negative Gibbs reaction energies, which then translates 
to higher cell voltages. Nevertheless, this difference might be 
compensated or even overcompensated in case of the chlorides 
and bromides/iodides, respectively, as a result of the lower ioni-
zation and cohesive energy for the sodium analogues.

With respect to their employment in commercial battery 
cells, however, several fundamental obstacles still remain before 
these materials can become a viable alternative, despite the great 
promise of this concept in general. Among these challenges, 
one of the most relevant is the low initial coulombic efficiency 
(CE), which is commonly below 75% and associated inter alia 
with the strong structural reorganization. The initial lithiation 
results in the formation of the corresponding metallic nanoparti-
cles being distributed in the simultaneously formed amorphous 
AMnX matrix.[32] During the first lithiation also the solid electro-
lyte interphase (SEI) layer occurs on the surface of the electrode, 
which is composed of decomposition products of the utilized 
electrolyte. Depending on the nature and structure of the elec-
trode active material as well as the current applied, the lithiation 
reaction may include one or more intermediate phases. Another 
main obstacle, and even more important limitation, is the poor 
energy efficiency of the AM storage process due to large polariza-
tion effects and/or different reaction pathways.[4] Overpotentials 
appear to be intrinsic to conversion reactions and their magni-
tude increases with the bond polarity. For fluorides, for example, 
the combined overpotentials can exceed 1 V,[5] which results in a 
rather low round-trip energy efficiency. In addition, the conver-
sion reaction is accompanied by considerable volume changes. 
The effect on halides is minimal (generally less than 50%), while 
for sulfides or oxides, the volume expansion may exceed 100%, 
potentially causing significant mechanical deterioration of the 
electrode (Figure 1b). These volume changes are even more 
severe for sodium, i.e., approximately twice as high. Thus, it is 
anticipated that the development of suitable conversion mate-
rials for SIBs will be even more demanding than for LIBs. At 
this point, we may note again that the conversion mechanism, 
as generalized in Reaction (1), frequently involves an initial Li+ 
insertion,[42] leading characteristic nanostructures. Accordingly, 
diffusion distances stay short, enhancing the reversibility of the 
conversion reaction.[43] In contrast, the formation of relatively 
large TM0 particles may negatively affect the rechargeability. 
Replacing Li+ by Na+ will certainly have an important influence 
on this initial insertion mechanism and the subsequent reaction 
steps—even though this requires further investigation.

In fact, the hope that replacing Li by Na might help to over-
come the challenges for Li-involving conversion reactions has 
not become true so far and only a few studies have specifically 
focused on such a direct comparison between Li and Na. In 
general, the capacities obtained for the Na analogues are lower 
than for the corresponding LIB configuration. For Fe2O3 nano-
particles, for instance, a high capacity of 1000 mAh g−1 was 
reported in the Li-configuration, which is close to the theoretical 
specific capacity of 1006 mAh g−1, but only around 350 mAh g−1 
were obtained for the Na-configuration. Nonetheless, this value 

is still much higher than common intercalation-related capaci-
ties—especially in case of sodium.[44] Remarkably, a comparison 
of the reactivity with Li and Na when studying the conver-
sion reaction for the rather little explored carbodiimide anion 
exhibits the reversed behavior, i.e., the capacities observed for 
Na exceed those for Li,[45] though the definite reason remains 
to be elucidated. Thus, despite the remaining challenges, con-
version-type reactions are still considered a promising field of 
research, particularly with regard to the potential use of cost-
efficient and abundant materials like iron oxide or sulfides.

3. Transition Metal Oxides as Anode Materials

TMOs are, by far, the class of conversion materials that has 
attracted most attention—presumably as a result of their ease 
of handling and their high capacities. Also, with respect to 
sodium storage, TMOs have received considerable attention 
recently, including Fe2O3, Co3O4, MnO, CuO, and NiO. Nev-
ertheless, the reversible capacities of oxides as sodium-ion 
active materials are much lower than their theoretical capaci-
ties and, as mentioned earlier, when investigated as reversible 
Li+ hosts. The reaction potential, however, is commonly lower 
for the reversible sodium storage,[46] rendering them more 
suitable as anode materials compared to their lithium ana-
logues, which is consistent with theoretical calculations based 
on thermodynamic data. According to the reported literature, 
the reversible capacities of oxides are obtained at voltages 
lower than 2 V. Besides such “intrinsic” values, in both cases, 
modifying the electrode structure or the incorporation of addi-
tional conductive materials are effective strategies to improve 
the reaction kinetics.

In the following, the most promising oxide materials as con-
version anodes for LIBs and SIBs are reviewed and, as far as 
possible, we will provide a direct comparison of their perfor-
mance. Nonetheless, due to the lack of information available in 
literature, such comparative analysis remains rather difficult—
also as some studies are focusing less on “basic electrochemical 
information” and more on factors essential for the final perfor-
mance, such as the areal active material loading and capacity 
(in mg cm−2 or mAh cm−2) or the weight fraction of the non-
active components in nanostructured composites.

3.1. Iron Oxide (Fe3O4, Fe2O3)

Iron oxides, such as α-Fe2O3 and Fe3O4, are considered to be 
attractive candidates for the next generation of anode materials 
due to their abundance, nontoxicity, and low cost. Fe2O3, for 
instance, following the general reaction mechanism Fe2O3 + 
6Li+ + 6e− ⇆ 2Fe + 3Li2O exhibits a high theoretical specific 
capacity of 1006 mAh g−1, as reported firstly by Tarascon and 
co-workers.[32] They reported that each formula unit allows for 
the uptake of 0.5 mol of Li being reversibly inserted into nano-
α-Fe2O3 (20 nm) in the voltage range between 1.5 and 4.0 V. 
When extending the voltage range to 0.005−3.0 V, 8.5 mol of Li 
mole−1 of Fe2O3 react, resulting in the degradation of the crystal 
structure and the formation of metallic iron nanoparticles and 
Li2O based on the common conversion reaction. In addition, a 

Adv. Energy Mater. 2020, 10, 1902485
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polymeric layer on the particles was also observed, which was 
assigned to the electrolyte (solvents and salt) decomposition. 
Nanostructured metal oxides have been used to enhance the 
rate performance and reversible capacity, taking advantage of 
the shortened Li+ transport pathways and the decreased volume 
changes due to the electrochemical reaction.[47] In a subsequent 
study, Chen et al.[48] reported the synthesis of α-Fe2O3 nanotubes 
using alumina membranes as the template. The as-prepared 
nanotubes with uniform size and shape and high specific sur-
face area displayed excellent electrochemical activity, including 
a very high discharge capacity (1415 mAh g−1 at 100 mA g−1). 
Chowdari and co-workers[49] synthesized α-Fe2O3 nanoflakes on 
copper foil by a hydrothermal method. The electrochemical tests 
revealed that such Fe2O3 nanoflakes show a reversible capacity of 
680 ± 20 mAh g−1, equivalent to 4.05 ± 0.05 moles of Li mole−1 of 
Fe2O3 with negligible capacity decay up to 80 cycles for a voltage 
range of 0.005–3.0 V and at a specific current of 65 mA g−1. The 
average lithiation and delithiation potential, though, were 1.2 
and 2.1 V, respectively. Cho’s group[50] employed an iron-based 
metal–organic framework (MOF) as template and prepared 
spindle-like porous α-Fe2O3. This material showed greatly 
improved electrochemical performance. After 50 cycles at 0.2C, 
a capacity of 911 mAh g−1 was maintained and, even when 
increasing the current to 10 C, a capacity of 424 mAh g−1 was 
delivered by this electrode material. Balducci and co-workers[51] 
investigated the electrochemical charge/discharge mechanism 

of hematite and found that at the end of the delithiation pro-
cess, lithium iron oxide (α-LiFeO2) was formed, thus providing 
an additional source of irreversible capacity loss (Figure 2a–c). 
Backert et al.[52] reported a graphene-wrapped Ni@Fe2O3 com-
posite, employing sulfonated reduced graphene oxide. The 
developed complex material showed highly improved electro-
chemical performance, offering a capacity of 1051 mAh g−1 after 
40 cycles at 50 mA g−1. Lou and co-workers[53] synthesized Fe2O3 
hollow structures, including hollow microboxes and spheres. 
When evaluated as anode material for LIBs, these well-defined 
hollow structures exhibited remarkable cycling performance 
with high specific capacity. Such hierarchical hollow architec-
tures allow for shortening the diffusion pathways for the Li 
cations and may, moreover, accommodate the volume variation 
occurring upon cycling. Various carbon additives have also been 
mixed with the metal oxide particles to enhance their electronic 
conductivity.[54] Wang et al.[55] reported an advanced carbon-
coated CNT@Fe2O3 hierarchical nanostructure. This material 
was constructed through the bottom-up assembly of β-FeOOH 
nanospindles on the CNT framework. After the thermal treat-
ment, carbon-coated hollow α-Fe2O3 nanohorns were obtained. 
Thanks to the greatly improved kinetics and electrode stability, 
this hybrid structure exhibited a stable capacity retention of 
800 mAh g−1 after 100 cycles at a specific current of 500 mA g−1  
and excellent rate performance. Following these promising 
studies on Fe2O3 as a potential anode candidate, a few studies 

Adv. Energy Mater. 2020, 10, 1902485

Figure 2. a) Experimental and simulated 57Fe Mossbauer spectra of pristine α-Fe2O3 and the cycled (delithiated) electrode at 298 K in comparison 
with powdered α-LiFeO2, indicating the formation of α-LiFeO2 upon cycling, as also confirmed by b) EXAFS analysis and fitting. c) Summary of the de/
lithiation reaction mechanism for carbon-coated Fe2O3. Reproduced with permission.[51] Copyright 2013, The Royal Society of Chemistry. d) Schematic 
illustration, photograph, TEM, and e) HRTEM images of Fe3O4@GS/GF and f) its cycling performance. Reproduced with permission.[60] Copyright 
2013, Wiley. g) The fabrication procedure of 2D Fe3O4@C@PGC. h,i) TEM and HRTEM images of the resulting composite. j,k) Rate capability and 
constant current cycling performance of Fe3O4@C@PGC electrodes. Reproduced with permission.[64] Copyright 2013, American Chemical Society.
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analyzed the performance in lithium-ion full-cells. For example, 
Aravindan et al.[56] fabricated LIBs using 1D Fe2O3 as the anode 
active material and Li1.33Ni0.5Mn1.5O4 for the cathode. Before 
assembling the full-cells, the authors overlithiated the cathode 
with a certain amount of Li (0.33 mol) to compensate the irre-
versible capacity loss occurring at the anode. Such full-cells 
delivered a specific energy of 193 Wh kg−1 and an average cell 
voltage of 3.27 V and showed a capacity retention of 88% after 
60 cycles. Verrelli et al.[57] combined a Fe2O3-MCMB composite 
with Li1.35Ni0.48Fe0.1Mn1.72O4 as cathode, resulting in a Li-ion 
full-cell with an operating voltage of ≈3 V, high CE, and a stable 
capacity of about 100 mAh g−1, which translates into a theoret-
ical gravimetric energy density of 300 Wh kg−1.

Besides Fe2O3, also Fe3O4 has been intensively studied as 
anode material in lab-scale LIBs, since it has a high theoretical 
capacity as well (925 mAh g−1). Just like Fe2O3, the realization 
of nanostructured particle architectures has been considered as 
an efficient way to enhance its electrochemical properties. For 
instance, Liu et al.[58] developed uniform pomegranate-like nano-
clusters composed of ultrafine Fe3O4@nitrogen-doped carbon  
(Fe3O4@N-C) subunits with a diameter of around 4 nm pre-
pared by a facile one-pot method. Compared with the reference 
core–shell nanoparticles, this unique structure provided even 
shorter Li+ and electron diffusion pathways, further enhanced 
structural stability during cycling, and high electronic con-
ductivity. As a result, this pomegranate-like Fe3O4@N-C pos-
sessed good rate performance and capacity retention upon 
long-term charge–discharge tests at specific currents of 1 A g−1  
(1063.0 mAh g−1 and 98.4% capacity retention after 1000 cycles), 
10 A g−1 (606.0 mAh g−1 with 92.0% capacity retention after 
1000 cycles), and 20 A g−1 (417.1 mAh g−1 with 91.7% capacity 
retention after 1000 cycles). 3D graphene foams have also been 
widely used in energy storage materials, since the highly porous 
structure can alleviate the pulverization of the metal oxides 
induced by volumetric changes and contribute to the elec-
tronic conductivity.[59] Feng and co-workers[60] described a novel 
approach to synthesize 3D graphene foams (GF) cross-linked 
with Fe3O4 nanospheres (Fe3O4 NSs) and encapsulated in  
graphene sheets (Fe3O4@GS; Figure 2d,e). In such hierar-
chical Fe3O4@graphene-sheets/graphene-foam (Fe3O4@GS/GF)  
hybrids, the double protection helps to alleviate the volume 
changes occurring during the electrochemical processes. The 
graphene shells suppress the aggregation of Fe3O4 NSs and 
buffer the volume changes, while the interconnected 3D gra-
phene network reinforces the core–shell structure of Fe3O4@
GS and improves the overall electronic conductivity of the 
electrode. Therefore, such a composite achieves a high revers-
ible capacity of 1059 mAh g−1 over 150 cycles with excellent 
rate capability (Figure 2f). Besides these complex hierarchical 
structures, simple carbon coating is a widely used approach to 
modify the surface of active materials, as it can significantly 
improve the electronic conductivity of the electrode materials 
and reduce, if not avoid, side reactions at the particles sur-
face.[61,62] Wan and co-workers[63] synthesized carbon-coated 
Fe3O4 nanospindles via the partial reduction of carbon-coated 
hematite nanospindles. The resulting Fe3O4-C nanospindles dis-
played a stable capacity of ≈600 mAh g−1 at C/2, which was fully 
retained after 80 cycles. He et al.[64] fabricated carbon-encapsu-
lated Fe3O4 nano particles embedded in 2D highly conducting 

porous graphitic carbon nanosheets (NSs) (Fe3O4@C@PGC 
nanosheets) using NaCl as template (Figure 2g–i). In such an 
architecture, the thin carbon layers prevent the direct contact 
between the Fe3O4 active material and the electrolyte, thus, pre-
serving the structural and interfacial characteristics of the Fe3O4 
nanoparticles. At the same time, the electronically conductive 
and flexible PGC nanosheets can alleviate the volume changes 
of the Fe3O4@C nanoparticles and prevent their deleterious 
aggregation through maintaining the electrical and overall 
structural integrity of the composite electrode upon cycling. 
Electrodes based this composite exhibit very high cycling sta-
bility and rate capability (Figure 2j,k). A full-cell of porous 
carbon-Fe3O4/Li[Ni0.59Co0.16Mn0.25]O2 was developed by Ming 
et al.[65] The cell showed a high specific capacity of ≈150 mAh g−1  
and high energy density of 483 Wh kg−1 (working 
voltage ≈ 3.2 V). An anode consisting of Fe3O4 nanopar-
ticles coated with a layer of F-doped carbon (Fe3O4@CFx) 
and coupled with a LiNi0.5Mn1.5O4 cathode has also been 
investigated.[66] Such full-cell provides a gravimetric energy 
density of 371 Wh kg−1 accompanied by a capacity retention of 
66.8% after 300 cycles at 100 mA g−1.

Following these promising results, iron oxides have also been 
studied as anode materials in SIBs. Chen and co-workers,[67] 
for instance, reported the synthesis of a porous 3D γ-Fe2O3@C 
nanocomposite, using an aerosol-assisted method, and dem-
onstrated its promising performance for SIBs. The resulting 
electrodes showed a reversible capacity of 740 mAh g−1 after 
200 cycles at 200 mA g−1. Even after 1400 cycles at high currents 
(i.e., 2 A g−1) the electrodes maintained a reversible capacity of 
358 mAh g−1 (Figure 3a–d). Jiang et al.[68] investigated a series 
of thin-film TMOs, such as Fe2O3, NiO, Co3O4, and Mn3O4, 
all showing high electrochemical activity as anodes in SIBs. 
Especially Fe2O3 delivered a high capacity of 386 mAh g−1  
at 100 mA g−1 after 200 cycles. A reversible capacity of 
233 mAh g−1 was achieved even at a very high specific current 
of 5 A g−1. Park and Myung[69] examined carbon-coated Fe3O4 
dispersed on CNTs for both lithium and sodium storage. 
Used in SIBs, this material displayed a good rate capability at 
high current (196 mAh g−1 at 2.4 A g−1). Zhou et al.[70] devel-
oped Fe3O4 and Co3O4 nanocrystals embedded in carbon 
spheres prepared by a biochemistry method using recom-
binant elastin-like polypeptides (containing hexahistidine) 
and further carbonization. The active material particles with 
a diameter of ≈5 nm were homogeneously distributed in the 
carbon matrix. This unique structure exhibited encouraging 
sodium storage capacity, i.e., 309 mAh g−1 after 100 cycles at 
0.5 A g−1. Liu et al.[71] reported the synthesis of a 3D-0D gra-
phene-Fe3O4 quantum dot composite, constituted by Fe3O4 
quantum dots (≈4.9 nm) anchored on the surface of 3D struc-
tured graphene nanosheets. The composite exhibited ultrahigh 
sodium storage capacity and outstanding cycling performance 
(Figure 3e–j). Qin et al.[72] successfully prepared chain-like 
Fe3O4/C/red-P by employing a magnetic field. This treat-
ment helped to tune the orientation of the chain-like arrays 
on the current collector to optimize the electrochemical per-
formance, providing superior rate performance (692 mAh g−1  
at 2 A g−1) and good cycle-life performance (Figure 3k). 
Qi et al.[73] reported the synthesis of carbon-coated Fe3O4 
nanoparticles anchored on rGO (Fe3O4@C/rGO). This 
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composite delivered a capacity of 356 mAh g−1 as SIB anode 
material after 300 cycles at 0.1 A g−1. Slightly superior per-
formance was obtained for Fe2O3 nanoparticles encapsulated 
in an N-doped carbon matrix, which was synthesized using 
an iron-containing MOF as precursor and provided a spe-
cific capacity of 474 mAh g−1 at 0.1 A g−1 after 100 cycles.[74] 
Chen et al.[75] designed 1D nanocomposites with γ-Fe2O3 com-
prised in porous carbon fibers (γ-Fe2O3/PCF) by electrospin-
ning. They compared the performance as Li+ and Na+ host and 
found an inferior performance in case of sodium; the capacity 
retention was only ≈78% after 50 cycles at 0.1 C. Better results 
for a similar particle morphology were obtained by Ni et al.,[76] 
who synthesized Fe2O3 nanotubes which were subsequently 
treated by surface sulfurization, i.e., the formation of FeS2 
(S-Fe2O3). The realization of such heterostructure led to a 
built-in electric field, which enhances the charge transfer and 
reduces the activation energy. When tested as anode materials 
for SIBs, the composite showed an excellent electrochemical 
performance of 91% capacity retention after 200 cycles at  
5 A g−1. The final evaluation in sodium-ion full-cells with a 
Na0.67(Mn0.67Ni0.23Mg0.1)O2 cathode revealed a rather promi-
sing gravimetric energy density of 142 Wh kg−1. The findings 
of the studies reviewed herein are comparatively summa-
rized in Table 2. The high abundance, potentially low cost, 

environmental friendliness, facile synthesis, and richness in 
chemistry, including several different oxidation states avail-
able, render iron oxides a promising energy storage material. 
Nonetheless, the poor electronic conductivity (specifically in 
the de/lithiated/sodiated state) and the continuous cleavage 
and reformation of ionic bonds remain as major hurdles 
for long-term stable cycling, despite the great progress in 
designing nanostructured material composites including elec-
tron conducting secondary phases. In fact, as shown in Table 2, 
the specific capacity of iron oxides ranges between 500 and  
900 mAh g−1 for lithium storage and ≈300 mAh g−1 for sodium 
storage. However, these high specific capacities are commonly 
achieved for low mass-loading electrodes and relatively lim-
ited cycle numbers. Commercial cells have to provide stable 
capacity for >1000 cycles ideally and capacity loadings of  
≈4 mAh cm−2—challenges which remain to be addressed 
for this material family and which require proper solutions 
to ensure good adhesion of the coating layer to the current 
collector, high mechanical stability, fast and efficient elec-
trolyte wetting, as well as high ionic and electronic conduc-
tivities. Nevertheless, prior to addressing these “practical” 
issues, the main hurdles remain: (i) the investigation of the 
electrochemical reaction mechanism in order to overcome the 
large voltage hysteresis and, by this, the improvement of the 

Adv. Energy Mater. 2020, 10, 1902485

Figure 3. a,b) SEM and TEM images of Fe2O3@C and its electrochemical performance as a sodium-ion anode: c) The dis/charge profiles of Fe2O3@C 
between 0.04 and 3.0 V and d) the long-term constant current cycling performance at a voltage range of 0.04–3.0 V. Reproduced with permission.[67] 
Copyright 2015, Wiley. e–j) SEM and TEM images of graphene-Fe3O4 hybrids and i) the particle size distribution of the embedded Fe3O4 QDs. Repro-
duced with permission.[71] Copyright 2016, American Chemical Society. k) Chain-like Fe3O4/C/red-P assembled in the presence of a magnetic field and 
its long-term cycling performance. Reproduced with permission.[72] Copyright 2018, American Chemical Society.
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relatively low energy storage efficiency; (ii) the wide opera-
tional voltage range to obtain high capacity values, limiting the 
overall energy density of the resulting full-cells, which would 
eventually provide significantly varying output voltages.

3.2. Cobalt Oxide (CoO, Co3O4)

Also the cobalt oxides CoO and Co3O4 have attracted great 
attention as potential electrode active materials due to their 
advanced redox properties. As an anode material in LIBs, CoO 
can deliver a high theoretical specific capacity (716 mAh g−1) 
according to the reaction: CoO + 2Li+ + 2e− ⇆ Co + Li2O. As 
an example, Cao and co-workers[77] fabricated CoO nanowire 
(NW) clusters (NWCs) consisting of ultrasmall nanoparticles 
(≈10 nm) following a hydrothermal synthesis method. These 
nanowires were directly grown on the copper current collector. 
At a dis/charge rate of 1 C (i.e., 716 mA g−1), the resulting elec-
trode delivered a high capacity of 1516 mAh g−1, which was 
almost maintained (≈1331 mAh g−1) even at 5 C. Passerini and 
co-workers[42] fabricated a CoO-Co-C nanocomposite via the in 
situ carbothermal reduction of Co3O4. When compared with 
the original Co3O4 nanoparticles, the CoO-Co-C composite 
showed enhanced long-term cycling stability and CE. Based 
on an in situ X-ray diffraction (XRD) analysis, they found that 
the metallic cobalt remains electrochemically inactive within 
the composite, while the obtained specific capacity is mainly 
derived from the comprised CoO. The authors reported that 

the metallic cobalt enhanced the electronic conductivity of the 
composite electrode, but, unfortunately, had a negative effect 
on the long-term cycling performance by catalytically inducing 
the electrolyte continuous decomposition (Figure 4a–f).

Despite these promising studies for CoO, Co3O4 has been 
investigated far more extensively, since it possesses a markedly 
higher theoretical capacity (890 mAh g−1) and is easier to 
prepare. Almost any cobalt salt, such as hydroxides, carbon-
ates, nitrates, oxalates, acetates, or sulfates, generates Co3O4 
above 300−400 °C heat treatment in air. Li and co-workers,[78] 
e.g., reported Co3O4 nanotubes synthesized using an anodic 
aluminum oxide (AAO) template, which exhibited very high 
cycling stability when compared with Co3O4 nanorods and nan-
oparticles. Chen and co-workers[79] reported a facile method to 
fabricate a composite of Co3O4 NPs (30–40 nm) embedded in 
electrically conductive graphene. When tested as anode active 
material for LIBs, the Co3O4/graphene electrode exhibited a 
reversible capacity of 935 mAh g−1 after 30 cycles, remarkable 
cycling stability with high CE (above 98%), and good rate per-
formance. Lou et al.[80] reported a facile self-supported topo-
tactic transformation method for the synthesis of needle-like 
Co3O4 nanotubes. The as-prepared Co3O4 nanotubes showed 
ultrahigh capacity of 918 mAh g−1 at 50 mA g−1 after 30 cycles. 
Similarly, Li et al.[81] reported mesoporous Co3O4 NW arrays, 
exhibiting high capacity and good rate performance, thus, 
being capable of retaining 50% of the initial capacity when 
increasing the dis/charge rate to 50 C. Yan et al.[82] further 
modified such 1D morphologies and developed C-doped Co3O4 
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Table 2. Overview of reported electrochemical performances for selected iron oxide-based active materials and composites.

Materials LIBs or  
SIBs

Active material mass 
loading [mg cm−2]

Composite material 
loading [mg cm−2]

Specific 
capacity [mAh g−1]

Specific 
current [mA g−1]

Capacity retention (based on 
charge capacity)/number of cycles

Ref.

α-Fe2O3 nanotube LIBs NA NA 510 100 36%/100 [48]

α-Fe2O3 nanoflakes LIBs 0.175 0.175 680 65 83%/80 [49]

Spindle-like porous 

α-Fe2O3

LIBs 0.8 0.8 911 200 72%/50 [50]

srGO/Ni@Fe2O3 LIBs 2.2–2.6 NA 1051 50 76%/40 [52]

Hierarchical Fe2O3 

microboxes

LIBs NA NA 945 200 80%/30 [53]

Carbon-coated α-Fe2O3 LIBs 1.35 1.5 820 130 99%/50 [54]

Carbon-coated CNT@

Fe2O3

LIBs NA NA ≈800 500 75%/100 [55]

Fe3O4@N-C LIBs NA NA 1063 1000 98.4%/1000 [58]

Fe3O4@GS/GF LIBs NA NA 1059 93 80%/150 [60]

Fe3O4-C nanospindles LIBs NA NA 530 462 70%/80 [63]

Fe3O4@C@PGC LIBs NA NA 998 1000 97%/100 [64]

3D porous γ-Fe2O3@C SIBs 0.6 1.0 740 200 38%/200 [67]

Fe2O3 SIBs NA NA 386 100 41%/200 [68]

Fe3O4@C SIBs 0.75 1.0 309 500 36%/100 [70]

Fe3O4@C/rGO SIBs NA NA 306 100 44%/100 [73]

Fe2O3@NC SIBs ≈1.5 ≈1.875 473.7 100 >100%/100 [74]

γ-Fe2O3/PCF LIBs

SIBs

1.5 NA 980

291

100

100

97%/100

78%/50

[75]

S-Fe2O3 SIBs 0.4 NA 367 5000 91%/200 [76]
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hollow nanotubes. Such heterogeneous doping was reported 
to generate a local built-in electric field due to an unbalanced 
charge distribution, which greatly facilitates the charge transfer. 
As a consequence, these Co3O4 hollow nanotubes (HNTs), 
assembled out of less than 10 nm nanocrystals benefitting from 
a “surface locking” effect and in situ topotactic conversion, 
demonstrated remarkable lithium uptake reversibility and a 
capacity of 950 mAh g−1 after 300 cycles at 500 mA g−1.

The reversible capacity of cobalt oxides in Na-configuration 
is much lower than their theoretical capacity and the capacities 
obtained as Li-ion hosts. Rahman et al.,[83] by using of ex situ 
XRD and cyclic voltammetry experiments, proposed that the 
mechanism for the reversible conversion reaction of Co3O4 with 
Na would be: Co3O4 + 8Na+ + 8e−→ 4Na2O + 3Co. According 
to the XRD analysis, after the 1st and 20th cycle, the conver-
sion reaction is not completed in the first lithiation to 0.01 V, 
but progresses upon cycling. Nonetheless, the capacity main-
tained at 447 mAh g−1 after 50 cycles with about 86% capacity 
retention (Figure 4g,h). In another study, monodispersed hier-
archical Co3O4 spheres intertwined with carbon nanotubes, 
thus, forming a Co3O4@CNTs hybrid, showed good cycling 
performance and rate capability with a capacity of up to 230 
and 184 mAh g−1 at 1600 and 3200 mA g−1, respectively.[84] A 
binder-free hierarchical CoO active materials grown on carbon 
nanofibers (CNFs) has been synthesized by Jiang et al.[85] They 

achieved an improved electrochemical performance by control-
ling the amount of CoO in the CNFs. However, the capacity 
remained rather low with 193 mAh g−1 at 50 mA g−1 after  
50 cycles. In fact, the CoO particles appeared rather large 
with a size of about 5 µm and highly aggregated. Some of 
them lost the contact with the CNFs, which presumably led to 
further performance deterioration. Such issue was prevented 
by Li et al.[86] when fabricating a Ti-doped CoO@C composite 
by annealing a Co-Ti MOF precursor. The Ti-doping and the 
porous carbon matrix enabled high electronic conductivity, 
thus, contributing to a fast electron transfer and mass transport. 
The composite electrode delivered a capacity of 285 mAh g−1 
at 100 mA g−1 after 100 cycles. Similarly, Ding and co-workers 
reported MOF-derived 2D networks of CoO and N-doped CNT 
(CoO-NCNT) as anode material for LIBs and SIBs. This com-
posite showed an excellent cycling performance with a capacity 
of about 580 and 450 mAh g−1 at a specific current of 0.5 A g−1 
after 2000 and 300 cycles, respectively. Comparable sodium 
storage capacity was reported by Xu et al.[87] for Co3O4 nanoparti-
cles confined in rambutan-like hollow carbon spheres. The mate-
rial revealed a high capacity of 409 mAh g−1 after 500 cycles at 
0.5 A g−1, corresponding to a capacity retention of 74.5%. When 
paired with a Na0.5MnO2 cathode, the resulting sodium-ion 
full-cell delivered a capacity of 514 mAh g−1 at 0.1 A g−1 based on 
the anode mass loading. Generally, these studies demonstrate 

Adv. Energy Mater. 2020, 10, 1902485

Figure 4. a,b) Selected dis/charge profiles for nanoparticulate Co3O4 and CoO-Co-C, revealing a better cycling stability for the latter, and c–f) an in 
situ XRD analysis of such CoO-Co-C nanocomposite: The corresponding first and second cyclic voltammogram and the simultaneous evolution of the 
XRD pattern. Reproduced with permission.[42] Copyright 2014, Wiley. g,h) Ex situ XRD patterns of Co3O4 electrodes in the fully discharged and charged 
states during the 1st and 20th cycle. Reproduced with permission.[82] Copyright 2014, Royal Society of Chemistry. i–k) SEM images of Co3O4 particles 
with different morphologies and the corresponding dis/charge profiles. Reproduced with permission.[88] Copyright 2016, Elsevier.
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the advantageous effects of designing tailored (hierarchical) 
composites to achieve improved cycling stability and rapid elec-
trode kinetics. Investigating the impact of the active material 
particle shape itself, Longoni et al.[88] synthesized Co3O4 with dif-
ferent morphologies and found that the electrochemical proper-
ties strongly are affected by the particle morphology. According 
to their results, a needle-like morphology allows for the reali-
zation of high specific capacities, exceeding 500 mAh g−1 after  
50 cycles. In addition to their findings of this morphology–per-
formance correlation, the authors unveiled that the reconversion 
proceeds only to the CoO phase, instead of the fully oxidized 
one, i.e., Co3O4. Further, they demonstrated that the CoO phase 
is more stable than Co3O4 during the charge/discharge process 
(Figure 4i–k) and presented a presodiation treated electrode for 
conversion materials, sensibly decreasing the first cycle irrevers-
ibility and improving the cyclability. The findings of the studies 
reviewed herein are comparatively summarized in Table 3. Gen-
erally, cobalt oxides are probably the most advanced conversion-
type electrode materials thanks to the high reversibility of the 
conversion reaction, accompanied by high specific capacities. 
The use of large amounts of cobalt, however, essentially excludes 
any reasonable application in commercial cells for cost, abun-
dance, and toxicity issues. Besides, as for iron oxides, the main 
hurdle still remains: the large voltage hysteresis and the wide 
operational potential range. Nonetheless, the extensive work on 
cobalt oxides published already may render this material a good 
choice for a suitable model compound in order to better under-
stand the underlying mechanisms.

3.3. Manganese Oxide (MnO, Mn3O4, MnO2)

Compared with other TMOs, manganese oxide is an attrac-
tive anode material due to its abundancy in the earth’s crust, 

low redox potential, relatively low polarization, high theoretical 
capacity, and environmental friendliness. However, manganese 
oxides are commonly affected by poor cyclability as a result of 
the large volume changes during the conversion reaction and the 
low electronic conductivity, both degrading the electrochemical 
performance. Therefore, improving the mechanical strength 
and electronic conductivity of manganese oxide-based electrodes 
is essential. An N-doped, cauliflower-like porous MnO@C/N 
composite prepared through a one-pot hydrothermal reaction, 
for example, showed good electrochemical performance as 
anode material for both LIBs and SIBs.[89] When employed as 
Li host, the material retained a capacity exceeding 830 mAh g−1 
after 300 cycles at 500 mA g−1. For SIBs, the reversible capacity 
was much lower. In fact, only 123 mAh g−1 were achieved after 
200 cycles at 0.1 A g−1. In a different approach, Huang and co-
workers[90] synthesized MnO nanoparticles encapsulated in 3D 
mesoporous interconnected carbon networks (3D MnO-MICN) 
via a microwave-polyol process. When studied as anode active 
material for LIBs, the 3D MnO-MICN nanocomposite exhibited 
a highly reversible capacity above 1220 mAh g−1 and an average 
CE of ≈99% for more than 200 cycles at a specific current of 
0.2 A g−1. Chu et al.[91] reported MnO@Mn3O4 nanoparticles 
embedded in an N-doped porous carbon framework (NPCF) 
derived from Mn-organic clusters (MnO@Mn3O4/NPCF). Such 
composite displayed an excellent lithium-storage performance 
(1500 mAh g−1 at 0.2 A g−1 after 270 cycles), though a detailed 
analysis indicated that this high capacity essentially originated 
from capacitive Li+ accumulation. Additionally, first-principle 
calculations revealed that a strong polarization and electronic 
interaction existed at the interfaces in the Mn3O4/NPCF com-
posite, which effectively strengthen the interaction between the 
MnO@Mn3O4 nanoparticles and the NPCF. Meanwhile, the 
presence of defects in NPCF decreased the diffusion barrier, 
thus, enhancing the pseudocapacitive Li+ storage, leading to 
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Table 3. Overview of reported electrochemical performances for selected cobalt oxide-based active materials and composites.

Materials LIBs or  
SIBs

Active material mass 
loading [mg cm−2]

Composite material 
loading [mg cm−2]

Specific 
capacity [mAh g−1]

Specific 
current [mA g−1]

Capacity retention (based on charge 
capacity)/number of cycles

Ref.

CoO-Co-C LIBs 2.2–2.4 NA 800 44.5 87.5%/80 [42]

Co3O4 nanotubes LIBs NA NA 500 50 58.8%/100 [77]

Co3O4/graphene LIBs NA NA ≈935 50 >100%/30 [78]

Needle-like Co3O4 

nanotubes

LIBs NA NA 918 50 97%/30 [79]

Co3O4NW arrays LIBs NA NA 700 111 NA [80]

C-doped Co3O4 HNTs LIBs 1 1.25 950 500 NA [81]

Nanostructured Co3O4 SIBs NA NA 447 25 85%/50 [82]

Co3O4@CNTs SIBs 0.8 1 487 NA 47%/20 [83]

CNF/CoO-4 LIBs

SIBs

NA NA 530

193

200

50

NA [84]

ZnO-Co3O4@CC LIBs

SIBs

1.5–1.7 NA 1785

684

200

200

NA [85]

Ti-doped CoO@C LIBs

SIBs

1–1.5 1.42–2.14 1108

285

200

100
>100%/150

≈100%/100

[86]

CoO-NCNTs LIBs

SIBs

1.05 1.5 583

450

500 87.4%/2000

86.8%/2000

[87]

Co3O4 SIBs 0.5–1 0.67–1.33 500 89 NA [88]
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higher reversible capacities and an enhanced long-term cycling 
stability (Figure 5a–e). Diao et al.[92] developed bicomponent 
(FeO)x(MnO)1−x encapsulated in an amorphous carbon matrix 
as negative active material for LIBs. The authors controlled the 
calcination temperature of the precursor to tune the bicompo-
nent compound with varying stoichiometry. The thus optimized 
(FeO)0.198(MnO)0.802, obtained at 800 °C, displayed the best per-
formance, which they assigned to optimized electronic interac-
tions between the single TMOs FeO and MnO as well as the 
carbon matrix. Good electrochemical performance has also been 
reported for coaxial manganese oxide/CNT arrays (MnO2/CNT), 
which had been synthesized by using porous alumina as the 
template.[93] The highly conductive CNT core offers enhanced 
electron transport to the MnO2 shell and effectively buffers the 
occurring volume changes. Employing reduced graphene oxide 
(rGO) instead of CNTs, Dai and co-workers[94] reported a two-step 
solution-phase method for fabricating Mn3O4/rGO. This com-
posite showed an unprecedented high capacity (≈900 mAh g−1), 
based on the mass of Mn3O4, as well as good rate capability 
and cycling stability (Figure 5f–j). Similarly, N-doped carbon-
coated MnO embedded in graphene ribbons (IGR-MnO-C)  
showed good cycling stability and high reversible lithium 
storage capacity.[95] Xiao et al.[96] synthesized yolk–shell MnO@C 
nanodiscs via a carbothermal reduction process. The in situ 
formed void space allows for buffering the occurring volume 
changes of MnO and the uniform carbon shell improved the 
electronic conductivity. As a result, such yolk–shell MnO@C 
displayed excellent cycling stability and high reversible capacity 
with 605 mAh g−1 after 600 cycles at 1 A g−1. Focusing on the 
structure of the manganese oxide itself rather than the incor-
poration of secondary electronically conductive phases, Abruna 

and co-workers[97] synthesized sponge-like nanosized Mn3O4 as 
Li-ion host. The initial reversible capacity was 869 mAh g−1 with 
a first cycle CE of 65%. Even after 40 cycles, a high reversible 
capacity of ≈800 mAh g−1 was achieved.

Similarly, Weng et al.[98] developed a novel approach to prepare 
void-confined ultrasmall MnO2 using porous SiO2 as sacrificial 
template. The resulting material was characterized by a flake-
like morphology with a flake width of several hundred nanom-
eters. Electrodes based on these MnO2 flakes exhibited a high 
reversible capacity of 570 mAh g−1 as sodium host and a capacity 
retention of about 70% after 500 cycles when applying a specific 
current of 150 mA g−1. Based on an in situ X-ray absorption 
near-edge spectroscopy (XANES) study, the authors showed that 
the electrochemical reaction occurs via a two-phase conversion 
reaction, i.e., (Mn(III)-O1.5 + Na+ + e− ⇆ 1/2Na2O + Mn(II)-O) 
and non-Mn-centered redox reactions, such as the formation of 
a polymer-like film, surface space-charge layer, etc. (Figure 6a–f).

Porous MnO@C nanorods were synthesized via carboni-
zation of a Mn-based MOF precursor. This MnO@C hybrid 
exhibited a reversible capacity of 260 mAh g−1 after 100 cycles 
at a specific current of 50 mA g−1.[99] Li et al.[100] reported 
feather-like MnO2 grown on carbon paper by a hydrothermal 
method and applied this composite as negative active mate-
rial for SIBs, providing a rather high reversible capacity 
of 300 mAh g−1 after 400 cycles at 0.1 A g−1. Peng and co-
workers[101] synthesized ultrafine MnO nanoparticles, with 
a particle size of 4 nm, anchored on nitrogen-doped CNTs 
(NDCT@MnO) as anode active material for SIBs. They found 
that the structure and the Na-storage behavior of the resulting 
nanocomposites was highly influenced by the carbonization 
temperature. The composite provides high rate capability 

Adv. Energy Mater. 2020, 10, 1902485

Figure 5. a) Schematic illustration of the synthesis process of the MnO@Mn3O4/NPCF composite; b,c) TEM image of a single MnO@Mn3O4 and 
the corresponding SAED pattern; d,e) Rate capability and long-term constant current cycling performance. Reproduced with permission.[91] Copyright, 
Wiley. f) Schematic presentation of the two-step synthesis of Mn3O4/rGO: g,h) The corresponding SEM image and XRD pattern of such Mn3O4/
rGO hybrid; i,j) The dis/charge profiles for the first cycle and at varying specific currents. Reproduced with permission.[94] Copyright 2010, American 
Chemical Society.
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and long-term cycling performance. In particular, the com-
posite showed a reversible specific capacity (709 mAh g−1  
at a specific current of 0.1 A g−1) and high capacity retention 

of 536 mAh g−1 after 250 cycles at 0.2 A g−1. Even at higher 
specific currents (5 A g−1), a capacity of 273 mAh g−1 was 
retained after 3000 cycles (Figure 6g–k). Table 4 comparatively 

Adv. Energy Mater. 2020, 10, 1902485

Figure 6. a–d) Electrochemical performance of ultrafine MnO2 flakes as active material for SIBs, including the dis/charge profiles, rate capability, and long-
term constant current cycling. e,f) Operando synchrotron XANES spectra acquired during the second discharge (inset) of the ultrafine-MnO2 electrode. 
Reprinted from ref. [98] with permission from The Royal Society of Chemistry. g,h) TEM and HRTEM images of NDCT@MnO. i–k) Electrochemical 
performance of NDCT@MnO. Reproduced with permission.[101] Copyright 2017, American Chemical Society.

Table 4. Overview of reported electrochemical performances for selected manganese oxide-based active materials and composites.

Materials LIBs or  
SIBs

Active material mass 
loading [mg cm−2]

Composite material 
loading [mg cm−2]

Specific capacity 
[mAh g−1]

Specific current 
[mA g−1]

Capacity retention (based on charge 
capacity)/number of cycles

Ref.

MnO@C/N LIBs

SIBs

NA NA 837

123

500

100
>100%/300

91.1%/200

[89]

MnO-MICN LIBs NA NA 1224 200 NA [90]

MnO@Mn3O4/

NPCF

LIBs 1 ± 0.2 NA 1500 200 >100%/300 [91]

FMO-800 LIBs ≈0.6 ≈0.75 1523 200 119%/300 [92]

MnO2/CNT LIBs NA NA 500 50 NA [93]

Mn3O4/RGO LIBs NA NA ≈900 40 NA [94]

IGR-MnO-C LIBs ≈1 ≈1.25 904 500 >100%/500 [95]

MnO@C-YS LIBs ≈1 ≈1.42 605 1000 111%/600 [96]

Mn3O4 LIBs NA NA 800 30 92%/40 [97]

UF-MnO2 SIBs NA NA 567 150 >70%/ 500 [98]

MnO@C SIBs NA NA 260 50 46.7%/100 [99]

MnO2/CP SIBs ≈2 NA ≈300 100 63%/400 [100]

NDCT@MnO-7 SIBs 0.8 NA 536 200 ≈100/250 [101]
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summarizes the findings of the herein reviewed studies on 
manganese oxides. In fact, given that the general issues of con-
version-type materials (voltage hysteresis, limited cycle life, etc.) 
and the relatively low electronic conductivity of such materials 
might be overcome, manganese oxides would be an ideal candi-
date for commercial applications thanks to the high abundance, 
low cost, environmental friendliness, and biocompatibility of 
manganese. Moreover, manganese oxide shows the lowest de/
lithiation/sodiation potentials within a rather narrow voltage 
range, favoring energy density and stable output voltages on 
the full-cell level. Especially for sodium storage, though, the 
capacity retention is still too low and the cycle life is rather 
limited. Consequently, the detailed reaction mechanism and 
the underlying thermodynamics and kinetics remain to be elu-
cidated particularly for sodium battery applications.

3.4. Copper Oxide (Cu2O, CuO)

Copper oxides, Cu2O and CuO, are promising conversion-
type anode materials due to their environmentally benignity 
and reversible theoretical capacities of 375 and 674 mAh g−1, 
respectively. Studies on CuxO in various morphologies have 
been reported. Spherical and phase-pure CuO nanoparti-
cles were synthesized by the controlled pyrolysis of Cu-based 
MOFs, as reported by Banerjee et al.[102] Similarly, Chen and 
co-workers[103] fabricated CuO/Cu2O composite hollow poly-
hedrons from Cu-based MOFs. CuO hollow nanocubes have 
been synthesized by a controlled oxidation reaction of Cu2O 
nanocubes.[104] Unique Cu2O-CuO-TiO2 hollow nanocages were 
synthesized via a self-templated hydrothermal method.[105] The 
large void space in this material could solve the critical volume 
expansion issue during the charge/discharge cycles, although 
it reduces the volumetric capacity. As anode materials for 
LIBs, the fabricated Cu2O-CuO-TiO2 hollow nanocages exhib-
ited superior reversible capacity (700 mAh g−1 at 50 mA g−1) 
for over 80 cycles. In a slightly different approach, combining 
two different conversion materials, 3D hierarchical Co3O4/
CuO NW heterostructure arrays have been successfully fab-
ricated based on CuO NW arrays directly grown on Ni foam 
(Figure 7a–e), which are further evaluated as carbon- and 
binder-free electrodes for high-performance LIBs. When com-
pared with the single Co3O4 nanosheets and CuO NWs, these 
composites exhibited a synergistic effect with enhanced elec-
trochemical performance, maintaining a specific capacity of 
1191 mAh g−1 after 200 cycles at a specific current of 200 mA g−1,  
corresponding to a capacity retention of 90.9%, which is 
higher than that of the single Co3O4 nanosheets, providing 
only 664 mAh g−1 after 100 cycles—just like the single CuO 
NWs with 554 mAh g−1 after 100 cycles.[106]

Following a comparably simple approach, nanocomposites 
with CNTs or graphene have been investigated to attain a stable 
cycling performance.[107,108] For instance, a ternary Cu2O/CuO/
rGO composite with a 3D hierarchical nanostructure was fabri-
cated by a hydrothermal method. The electrochemical reaction 
mechanism of this composite was studied by in situ Raman 
spectroscopy. The characteristic Raman peak of CuO becomes 
less intense upon reduction, indicating that CuO transforms 
to Cu2O and Cu. Upon reoxidation, the characteristic peak 

gradually increases, which supports the (partial) reversibility of 
the conversion process (Figure 7f–k).[109]

The employment of copper oxide based anodes in lithium-ion 
full-cells has been investigated inter alia by Verrelli et al.[110,111] 
In a CuO-MCMB/LiNi0.5Mn1.5O4 full-cell, ≈110 mAh g−1 was 
achieved after 100 cycles at a specific current of 148 mA g−1 
and the gravimetric energy density was 420 Wh kg−1. When 
using Li0.85Ni0.46Cu0.1Mn1.49O4 as the cathode, the battery 
operates for over 50 cycles at a specific current of 48.7 mA g−1  
with an average voltage of 3.4 V and a stable capacity of  
100 mAh g−1.[111] These full-cells showed good cycling stability 
and remarkable rate capability. When combining such anodes 
with an ionic liquid-based electrolyte, the CuO-MCMB electrode 
delivered a high capacity of 580 mAh g−1 with a CE exceeding 
98%. For the full-cell, comprising a LiNi0.5Mn1.5O4 cathode, 
the use of the ionic liquid electrolyte resulted in a full-cell with 
an average operating voltage of 3 V and specific capacity about 
120 mAh g−1.[112] However, the cycling performance and voltage-
profile retention remained limited. To address these issues, the 
authors further modified the conversion-type electrode material 
by combining CuO and Fe2O3 in the composition. Such a mixed 
conversion anode coupled with a spinel Li1.35Ni0.48Fe0.1Mn1.72O4 
cathode eventually allowed for a substantially enhanced full-cell 
performance.[113] The working voltage of the cell was 3.6 V and 
a capacity of 110 mAh g−1 was achieved after 100 cycles at spe-
cific current of 148 mA g−1 with an average CE of more than 
99%. In another study on lithium-ion full-cells, Zhang et al.[114] 
combined a CuO nanorod array anode and a high-voltage 
spinel LiNi0.5Mn1.5O4 cathode. These full-cells exhibited good 
cycling performance (84% capacity retention after 100 cycles 
at 0.5 C) and good rate performance (≈240 mAh g−1 at 10 C;  
1 C = 674 mA g−1).

Following these promising results, copper oxides were also 
investigated for sodium-ion applications. Flexible and porous 
CuO nanorod arrays (CNAs), for example, synthesized by simply 
etching commercial Cu foils, were used as binder-free anodes 
for SIBs, delivering a specific capacity of 291 mAh g−1 after 
450 cycles at 200 mA g−1 and a capacity retention of 45.2%.[115] 
Similarly, N-doped carbon-coated CuO nanorod arrays 
(NC-CuO) were grown on Cu net to realize freestanding elec-
trodes for both LIBs and SIBs.[116] For SIBs, the NC-CuO-based 
electrodes provided a reversible capacity of 214.97 mAh g−1  
after 100 cycles at a specific current of 0.5 A g−1, benefitting 
from the extensive space between the single CuO nanorods 
and the carbon coating surface layer, which enabled high 
structural stability and electronic conductivity. In a very com-
parable study, Ni et al.[117] reported CuO nanoarrays grown 
on 3D Cu foam. Instead of applying a carbon coating, how-
ever, they deposited TiO2 thin films on the CuO surface by 
atomic layer deposition (R-CuO), with the goal to decrease the 
volume variation upon de/sodiation. As a matter of fact, the 
resulting R-CuO electrodes showed good cycling performance 
and excellent rate capability (306 mAh g−1 after 200 cycles at 
1.2 A g−1 and 155 mAh g−1 after 1000 cycles at 3.0 A g−1). When 
coupled with Na0.67(Ni0.23Mg0.1Mn0.67)O2 as cathode active 
material, the resulting full-cell delivered a specific energy of 
142 Wh kg−1. Liu et al.[118] found that the surface coating with 
carbon and Au allows for controlling the elongation rate of the 
nanowires along the 〈110〉 growth direction and for increasing 

Adv. Energy Mater. 2020, 10, 1902485
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the electrochemical reaction kinetics, which then led to an 
enhanced sodium storage performance. These results high-
light the significant impact of surface coatings on the electro-
chemical performance. Additionally, according to an in situ 
transmission electron microscopy (TEM) characterization, the 
authors observed that the electrochemical conversion of CuO 
is partially irreversible: Part of the Cu that is formed during the 
sodiation remains upon desodiation, while both oxide phases, 
i.e., CuO and Cu2O, were detected, which explains at least part 

of the large initial capacity loss. Wang et al.[119] reported porous 
CuO nanowires as anode for SIBs with a first cycle sodiation 
capacity of 640 mAh g−1 (at 50 mA g−1) and maintaining and 
303 mAh g−1 after 50 cycles. Based on an ex situ characteriza-
tion, the authors proposed that, upon sodiation, Na+ ions are 
inserted into CuO to form Cu2O and Na2O. In a second step, 
Cu2O decomposes into Cu nanoparticles embedded in the Na2O 
matrix. During the desodiation process, Cu nanoparticles are 
first oxidized to form Cu2O and then converted back to CuO. 

Adv. Energy Mater. 2020, 10, 1902485

Figure 7. a) Schematic illustration of the fabrication procedure of CuO/Co3O4 core/shell heterostructure nanowire arrays. b) SEM and c–e) TEM images 
of such CuO/Co3O4 core/shell nanowires. Reproduced with permission.[106] Copyright 2014, Elsevier. f,g) Discharge and charge profiles of electrodes 
based on CuO and Cu2O/CuO/rGO for selected cycles. h) Setup for the in situ Raman analysis of the ternary Cu2O/CuO/rGO composite with i) the 
resulting 2D Raman data including the dis/charge profiles and the transformed 1D spectra for the j) discharge and k) charge process. Reproduced 
with permission.[109] Copyright 2018, Wiley.
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However, Liu et al.[120] proposed a rather different kinetic evo-
lution of the morphology and phase conversion in CuO nano-
wires during sodiation (Figure 8). According to the in situ TEM 
investigation, the authors proposed that the eventual sodiation 
products of CuO were Na6Cu2O6, Na2O, and Cu according to 
the following reactions

2CuO 2Na 2e Cu O Na O2 2+ + → ++ −  (4)

Cu O Na O 2NaCuO2 2+ →  (5)

7NaCuO Na e Na Cu O Na O 5Cu6 2 6 2+ + → + ++ −  (6)

This discrepancy may originate from the different electro-
lytes used. In the latter work, in fact, a solid electrolyte was uti-
lized instead of a liquid electrolyte. Further work is required to 
clarify whether different types of electrolytes may influence the 
sodiation process or if other parameters are affecting the reac-
tion mechanism. Targeting to increase the electronic conduc-
tivity of the active material, Chen and co-workers[121] fabricated 
sub-micrometer CuO/C sphere-shaped particles by means of 
an aerosol spray pyrolysis. The CuO nanoparticles (≈10 nm) 
were uniformly embedded in the carbon matrix, which signifi-
cantly enhanced the electronic conductivity of the composite 
and helped to buffer the volume variations of CuO during dis/
charge. Based on the unique structure, the composite delivered 
a capacity of 402 mAh g−1 after 600 cycles at 200 mA g−1. Table 5 

provides a comparative summary of the findings reviewed 
herein on copper oxides. Just like manganese or iron oxides, 
they are characterized by nontoxicity and facile synthesis—
though of much higher cost—and besides the high electronic 
conductivity of metallic copper, the corresponding oxides are 
essentially insulators. To address this issue, researchers have 
introduced CNTs or graphene as secondary phases and devel-
oped well-designed nanostructures like nanorods, nanowires, 
or hollow structures (see Table 5) to improve the performance. 
However, hollow structures generally result in low volumetric 
energy densities and the required (template-assisted) synthesis 
procedures are commonly complicated and, thus, costly. More-
over, the cycle life and capacity retention of copper oxide anodes 
remain improvable—also for lithium-ion anode applications. 
The development of effective strategies to improve the rate 
capability and cycling performance is needed.

3.5. Nickel Oxide (NiO)

Also NiO, a p-type wide bandgap semiconductor, has been 
considered as an attractive anode candidate for LIBs. The the-
oretical specific capacity of NiO is 718 mAh g−1 based on the 
reversible reduction of the oxide to metallic nickel and lithium 
oxide, i.e., NiO + 2Li+ + 2e− ⇆ Ni + Li2O.[122] Nevertheless, just 
as for other conversion-type anodes, the cycling stability and 
rate capability of NiO remain to be improved. To overcome 
these issues, for instance, 2D sheet-like nanoparticles were 

Adv. Energy Mater. 2020, 10, 1902485

Figure 8. a) TEM image of a pristine CuO NW. b–d) TEM images of the sodiated CuO NW at different degrees of sodiation and the corresponding 
electron diffraction patterns of the circled area. h) EDX spectra of pristine and sodiated CuO NWs. Reproduced with permission.[120] Copyright 2015, 
Royal Society of Chemistry.
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synthesized, offering promising performance as anode material 
in LIBs. Vertically aligned NiO nanowalls[123] showed a revers-
ible capacity of ≈638 mAh g−1 after 85 cycles at a specific current 
of 895 mA g−1 in the voltage range of 0.005–3.0 V versus Li.  
NiO-graphene sheet-on-sheet[124] nanostructures have been pre-
pared and showed good cycling performance. After 40 cycles, at 
a specific current of 71.8 mA g−1, a high reversible capacity of 
1031 mAh g−1 was achieved, corresponding to a capacity reten-
tion of 97.6% with respect to the initial capacity. In consideration 
of the excellent electronic conductivity and mechanical flexibility 
of graphene, further studies, e.g., by Chen, and co-workers[125] 
found that NiO NSs strongly interact with graphene via a 
CONi bridge. According to their findings, this was the main 
reason for achieving higher reversible capacities and remarkable 
rate capability for such composites. Based on first-principle cal-
culations, the oxygen bridges mainly derived from the interac-
tion of epoxy/hydroxyl groups, present on graphene, and the Ni 
atoms of the NiO NSs. This intensive and strong interaction of 
Ni with oxygenated graphene was found to promote the rapid 
transition of electrons from graphene to NiO, thus, allowing for 
the enhanced reversibility of de/lithiation reaction. As a result, 
the NiO NS/graphene electrode showed high reversible capacity 
(883 mAh g−1 after 50 cycles at a specific current of 50 mA g−1) 
and good rate performance. Introducing a second conversion-
type transition metal oxide, Guo et al.[126] synthesized CuO@
NiO ball-in-ball microspheres starting from CuNi bimetallic 
organic frameworks. The resulting product displayed an ele-
mental gradient (Cu-rich surface and Ni-rich core), matching 
the lithium reactivity sequence of the two metal oxides (CuO 

and NiO). The composite showed a reversible, larger-than-the-
oretical capacity of 1061 mAh g−1, and the capacity was fully 
maintained after 200 cycles. Using metallic nickel as precursor, 
Wang et al.[127] employed a low-temperature thermal oxidation of 
Ni foam to fabricate nanostructured NiO electrodes with excel-
lent rate capability for high-power LIBs. The electrode achieved 
a capacity of more than 375 mAh g−1 at a dis/charge rate as high 
as 10 C. Moreover, the extensive void spaces in the electrode 
helped to buffer the huge volume changes during cycling.

Comparing the lithiation and sodiation mechanism and 
kinetics with a set of complementary experimental and theoret-
ical techniques, He et al.[128] found that only the “shrinking-core 
mode” was observed during sodiation process. A passivation 
layer of Na2O which formed at an early stage, starting from the 
outer particle surface, blocked the further sodiation and, thus, 
resulted in sluggish kinetics. Molecular dynamic simulation 
revealed that the sodiation pathway, leading to this shrinking-
core mode, derives from a layer-by-layer reaction that occurs 
during sodiation. During the discharge process, however, the 
Li antisite defects will significantly distort the local NiO lattices, 
which facilitated the further insertion of and conversion with Li 
(Figure 9). In another direct comparison, Zou et al.[129] reported 
the preparation of a hierarchical NiO/Ni/graphene composite 
with a hollow ball-in-ball nanostructure, which revealed out-
standing electrochemical performance as anode active material 
for both LIBs and SIBs (962 mAh g−1 after 1000 cycles at 2 A g−1  
for LIBs and ≈200 mAh g−1 after 200 cycles at 200 mA g−1 for 
SIBs). The advantageous performance was assigned to the 
well-designed hierarchical hollow structure, which mitigates 

Adv. Energy Mater. 2020, 10, 1902485

Table 5. Overview of reported electrochemical performances for selected copper oxide-based active materials and composites.

Materials LIBs or SIBs Active material mass 
loading [mg cm−2]

Composite material 
loading [mg cm−2]

Specific capacity 
[mAh g−1]

Specific current 
[mA g−1]

Capacity retention (based on charge 
capacity)/number of cycles

Ref.

Pure CuO 

nanoparticles

LIBs 5 6.5 210 2000 ≈90%/40 [102]

CuO/Cu2O hollow 

polyhedrons

LIBs NA NA 480 100 66%/248 [102]

CuO nanostructures LIBs NA NA 560 150 >100%/50 [104]

Cu2O-CuO-TiO2 LIBs NA NA 700 50 58%/85 [105]

Co3O4/CuO LIBs NA NA 1191 200 90.9%/200 [106]

CuO-CNT 

nanomicrospheres

LIBs ≈2.5 ≈3.125 500 67 NA [107]

CuO/CNT LIBs NA NA 650 NA (0.1 C) 100%/100 [108]

Cu2O/CuO/rGO LIBs NA NA 550 500 NA [119]

CuO-MCMB LIBs ≈3.5 ≈4.375 500–400 52 NA [110]

CuO-MCMB LIBs 0.8 1 400 50 77%/50 [112]

CuO-Fe2O3-MCMB LIBs 1.6–2.8 2.0–3.5 500 120 NA [113]

CuO nanorod array LIBs 0.8 1 666 500 91%/100 [114]

CuO nanorod arrays SIBs ≈2.0 NA 290.6 200 45.2%/450 [115]

NC-CuO array LIBs

SIBs

1.8 NA 551.66

214.97

500

500
>100%/200

NA

[116]

R-CuO nanoarray SIBs 6 NA 155 3000 82%/1000 [117]

Porous CuO nanowires SIBs NA NA 303 50 47.3%/50 [119]

10-CuO/C SIBs NA NA 402 200 NA [121]
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the volume changes of NiO during cycling while the graphene 
matrix provides percolating electron-conductive pathways to 
facilitate charge transfer and enable the formation of a stable 
SEI. Another hierarchical hybrid structure has been prepared 
by Yang et al.,[130] constructing hollow Ni-NiO nanoparti-
cles embedded in porous carbon nanosheets (Ni-NiO/PCNs). 
When testing this composite as anode material for SIBs, they 
recorded a specific capacity of 235 mAh g−1 after 5000 cycles 
at 1 A g−1. The good electrochemical performance was attrib-
uted to the beneficial hollow core–shell structure and the high 
conductivity of the metallic Ni particles and carbon sheets, both 
providing continuous electron transfer pathways, which facili-
tates the electrochemical reaction kinetics. Table 6 provides 
a summary of the findings reviewed herein. Generally, NiO 
has a kind of “intermediate” position in the list of conver-
sion-type anode materials. The theoretical specific capacity of 
714 mAh g−1 is higher than for copper oxides, but lower than 
for iron oxides, for instance. Nickel is not as costly as cobalt or 
copper, but more expensive than iron or manganese. Moreover, 
nickel is not as toxic as cobalt, but less biocompatible than iron 
or copper. It might provide high volumetric capacities thanks 

to its high density of 6.67 g cm−3, but suffers rather slow reac-
tion kinetics; and while a variety of appealing strategies have 
been used to mitigate these issues, including the synthesis of 
very thin nanosheets or the incorporation of secondary carbon 
or metal oxide-based materials (see Table 6), the performance of 
NiO-based electrodes remains so far below expectation in terms 
of specific capacities and cycle life.

3.6. Ruthenium Oxide (RuO2)

RuO2 has a high theoretical capacity of 806 mAh g−1 and 
metallic-like conductivity. Nonetheless, its high price rules out 
any application in large-scale commercialized batteries. As one 
of the pioneers for the investigation of this material as active 
material in LIBs, Maier and co-workers[131,132] investigated the 
electrochemical reactivity with lithium over a wide voltage range 
from 0.05 to 4.3 V. They showed that this material can homo-
geneously and heterogeneously host lithium, offering a high 
capacity of 1130 mAh g−1 and extremely high first cycle CE of 
98%. Based on ex situ Raman and XRD studies, they revealed 

Figure 9. a) Schematic illustration of the in situ TEM setup: b–d) Electron diffraction patterns for the pristine, sodiated, and lithiated phase,  
e,f) colored intensity profiles as a function of reaction time for the sodiation and lithiation process, and g,h) the corresponding radial integration of the 
electron diffraction data as a function of time for the sodiation and lithiation with the Bragg peaks labeling. i) Ab initio MD simulations for the sodiation  
(in yellow) and lithiation (in green) of NiO. j) Schematic cartoons illustrating the different reaction modes for the electrochemical sodiation and lithi-
ation. Reproduced with permission.[128] Copyright 2015, American Chemical Society.

Table 6. Overview of reported electrochemical performances for selected nickel oxide-based active materials and composites.

Materials LIBs or  
SIBs

Active material mass 
loading [mg cm−2]

Composite material 
loading [mg cm−2]

Specific capacity 
[mAh g−1]

Specific current 
[mA g−1]

Capacity retention (based on charge 
capacity)/number of cycles

Ref.

NiO nanowall LIBs 0.1675 NA ≈638 895 ≈98%/ 85 [123]

NiO-GNS LIBs NA NA 1031 71.8 97.6%/40 [124]

NiONS/graphene 

composite

LIBs 1–2 1.25–2.25 1000 50 90%/50 [125]

CuO@NiO spheres LIBs ≈1.6 ≈2 1061 100 ≈87%/200 [126]

NiO/Ni/graphene LIBs NA NA 962 2000 >100%/1000 [129]

Ni-NiO/PCN SIBs NA NA 235.4 1000 84.2%/5000 [130]
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that the Li storage in RuO2 involves three reaction steps: (1) 
Ru/Li2O nanocomposite formation, (2) Li-containing surface 
film formation, and (3) the interfacial deposition of Li within the 
Ru/Li2O matrix. The cycling performance, however, remained 
stable only for the first three cycles in this voltage range, before 
it faded abruptly because of the large volume variation. In a 
later study, they found that amorphous nanosized RuO2 offers 
enhanced performance compared with bulk crystalline RuO2. 
As a case study, the open-circuit voltage of amorphous RuO2 has 
an excess potential of 0.6 V in comparison with the potentials 
of crystalline RuO2 with 60 nm and 10 µm sizes.[133] Neverthe-
less, to find out how far and in which way the quasi-amorphicity 
is kinetically linked with the electrochemical performance still 
requires further clarification. Gregorczyk et al.[134] used in situ 
TEM to investigate the reaction mechanism during the lithiation 
process of single-crystalline RuO2 nanowires. They found that 
a large volume expansion about 95% occurred upon lithiation, 
and 26% remained irreversible, i.e., was not recovered after del-
ithiation. Furthermore, they observed a noticeable surface rough-
ening and lithium embrittlement, while the initial reaction from 
crystalline RuO2 via an intermediate phase of LixRuO2 to the 
fully lithiated mixed phase of Ru/Li2O appeared only partially 
reversible. In line with this finding, Kim et al.[135] investigated the 
reaction mechanism of RuO2 and found that, at the beginning of 
the discharge process, an intermediate phase-assisted transfor-
mation of RuO2 to LiRuO2 takes place and that the latter subse-
quently decomposes to nanosized Ru and Li2O. In addition to its 
theoretical capacity, an excess reversible capacity was observed 
for lithiation voltages lower than 0.5 V, although the comprised 
Ru did not show any redox activity. Following the earlier work by 
Maier and co-workers, they assigned this to the Li storage at the 
grain boundaries between nanosized Ru0 and Li2O.

3.7. Other Transition Metal Oxides

Other TMOs such as Cr2O3 and MoOx also offer high theoret-
ical capacity values. Cr2O3, for instance, theoretically provides a 
capacity of 1058 mAh g−1 as lithium-ion anode, while simulta-
neously offering the lowest lithiation voltage (i.e., 0.2 V) among 
all TMOs described herein. In agreement with the proposed 
conversion mechanism, experiments revealed the complete 
reduction of the oxide to metallic chrome and Li2O. The best 
charge capacity reported so far for the first cycle, however, has 
been well below 900 mAh g−1, which led to rather low first cycle 
CEs. It has been reported that this limitation might be related 
to the partially irreversible reconversion of Cr2O3 to CrO only 
upon recharge to 3 V.[136] In addition, the cycling stability of 
powder-based electrodes remained rather poor in the existing 
literature without applying, e.g., a carbonaceous coating.[137,138] 
With regard to the volumetric capacity of such electrodes, 
though, the overall content of the carbon coating should be well 
controlled. The use of thin films has been reported as another 
effective strategy to enhance the cycling stability of Cr2O3

[139] 
thanks to the extensive contact between the electrochemically 
active component and the current collector. Nevertheless, thin 
film electrodes are intrinsically restricted in terms of volu-
metric and gravimetric capacities when taking into account 
also the current collector (despite the absence of additional 

conductive additives, for instance), since for films thicker than 
175 nm a dramatic performance fading has been observed.

Molybdenum oxides like MoO3 have a theoretical specific 
capacity of 1117 mAh g−1, but have been rarely investigated 
and accordingly there is little literature available to clearly 
state that these materials can achieve this value also upon con-
tinuous cycling. In fact, commonly a rapid capacity decay has 
been observed after several dis/charge cycles.[140,141] Another 
molybdenum oxide that has been investigated is MoO2. First 
cycle discharge capacities well above its theoretical value 
(i.e., 838 mAh g−1) have been reported[142] and stabilized 
capacities of about 700 mAh g−1 when the mesoporosity of the 
electrode was carefully controlled.[143,144] Ku et al.[145] devel-
oped an approach to further improve the electrochemical 
performance of MoO2 by introducing a thermal activation 
at 120 °C during the first cycle. As a result, they observed 
capacities of around 800 mAh g−1 after 30 cycles. According 
to their X-ray photoelectron spectroscopy (XPS) and Raman 
spectroscopy analysis, MoO2 was indeed reduced to Mo0 upon 
lithiation and fully reoxidized to MoO2 during the subsequent 
delithiation.

4. Summary and Outlook

The large family of conversion materials, i.e., compounds 
undergoing largely reversible conversion reactions with charge 
carriers like lithium or sodium, is an attractive class of materials 
to investigate whether the replacement of lithium by sodium 
might aid to overcome the previously identified challenges for 
the reversible charge storage. The reaction mechanisms in SIB 
electrodes can be, indeed, quite different due to the different 
phase stabilities. Throughout the sodiation and desodiation 
processes, sodium can form various stable oxides, like Na2O, 
Na2O2, and NaO2, while lithium-based materials are known to 
form basically Li2O and Li2O2—mostly Li2O. Hence, conversion 
reactions in SIBs may have more intermediate phases, offering 
a somehow richer electrochemical reactivity and potentially 
different reaction pathways. By studying and understanding 
the similarities and differences in crystallography, kinetics, 
and thermodynamics of the Li and Na-based conversion reac-
tions, better battery performance may be achieved including 
the design of new material chemistries for both Li-ion and 
Na-ion applications. As such, a comprehensive compara-
tive investigation may also shed further light into the greatest 
challenge for conversion-type active materials—the voltage 
hysteresis between the charge and discharge process. In fact, 
TMO-based conversion-type negative electrode active materials 
are, at present, mostly of academic interest until the remaining 
challenges will be overcome. The rather simple synthesis path-
ways for (transition) metal oxides allow for the development 
of advanced material architectures, targeting improved cycling 
stabilities and reaction kinetics. As such the corresponding 
research enables exploring the limits of what might also be 
possible for other kind of electrode materials and allow for the 
investigation of, e.g., electron-conducting self-healing binders 
to overcome the issues related to the low electronic conduc-
tivity of the oxides and the pronounced volume variation upon 
de/lithiation/sodiation, respectively. Also the optimization of 
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the electrolyte composition for these highly reactive electrode 
materials—especially in the lithiated/sodiated state—might 
pave the way for finding advanced electrolyte compositions 
also for less catalytically active electrode materials. At least as  
(if not more) important, though, research efforts will have 
to focus on the identification of the underlying reaction 
mechanisms to understand them in detail, which is so far 
attracting less attention—not least because it is far more com-
plicated. In this regard, this review article shall also serve as 
motivation for scientists to systematically study their reactivity 
as a function of the transition metal cation, its oxidation state, 
and the reversibly stored alkali metal cation. These aspects 
are becoming even more important when dealing with binary 
metal oxides—especially when different storage mechanisms 
are combined. It appears that the meaningful combination of 
electrochemical techniques and advanced physicochemical 
characterization techniques provides a viable way to do so, 
which, however, requires collaborative efforts of chemists, 
physicists, theoreticians, and engineers. While great progress 
has been achieved already since the seminal paper of Tarascon 
and co-workers, the detailed reaction mechanism and the defi-
nite origin of the voltage hysteresis are still unclear—for the 
electrochemical reaction with lithium as well as with sodium. 
As such, pure conversion-type anodes (and essentially also 
cathodes) are not foreseen to play a decisive role for commer-
cial batteries in the near future. As a matter of fact, elements 
like cobalt, copper, chrome, or ruthenium will most likely not 
play a great role even if the underlying electrochemical reac-
tion mechanism will be completely understood and methods to 
overcome these will have been found. However, materials like 
iron oxide or manganese oxide would be very attractive from 
an environmental and economic point of view. This certainly 
ambitious goal may justify the further investigation also of the 
less attractive ones, in case something valuable can be learnt. 
More importantly, though, it justifies the search for the major 
breakthrough(s) in understanding, as this would have a great 
impact on the technology.
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