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improved LIB performance is in the elec-
trode materials. [ 11 ]  Presently, commercial 
anode materials mainly include graphite, 
which limits the lithium storage perfor-
mance in terms of energy and power 
density due to the low theoretical capacity 
(LiC 6 , 372 mAh g −1 ) and low Li-ion trans-
port rate. [ 12–14 ]  New anode materials with 
higher capacities are being looked for 
including mixed transition metal oxide 
anodes. 

  1.1.     Traditional Metal Oxide Anodes 

 New research is constantly being carried 
out to reach the high requirements for 
LIB anodes. Various metal oxide materials 
such as SnO 2 , [ 15–19 ]  Co 3 O 4 , [ 20–23 ]  NiO, [ 24–27 ]  
Fe 3 O 4 , [ 28–30 ]  and MnO 2  [ 31–33 ]  are alterna-

tive potential anodes for LIBs due to their high theoretical 
capacities, high power density, and wide usefulness. However, 
metal oxides inevitably suffer from several major problems: 
severe volume changes during the alloying-dealloying pro-
cesses, pulverization and agglomeration of primitive parti-
cles, and poor electronic conductivity that hinders the reaction 
with lithium during electrochemical reactions. Numerous 
approaches have attempted to address these challenges. One 
useful method is to develop the metal oxide materials into 
nanostructures. [ 3 ]  The distinct lithium storage mechanisms 
and the infl uence of unique structures on the lithium storage 
properties of the metal oxide materials have been reported in 
detail. [ 5 ]  A series of work on the design of various nanostruc-
tures of metal oxide materials has been subsequently carried 
out, for nanomaterials of different dimensions, hollow struc-
tures, and hierarchical structures. [ 5 ]  Coating or combining 
the buffering matrix or conductive materials with metal oxide 
materials is another way to relieve the severe problems. [ 36–42 ]  
Various carbon materials, especially novel nanocarbon mate-
rials like carbon nanotubes and graphene nanosheets, have 
been widely studied as the buffering and conductive agent for 
metal oxide anodes. [ 43–46 ]  In our previous review, [ 47 ]  the sig-
nifi cant effects of graphene nanosheets on tin-based anodes 
were summarized in detail. It has been concluded that gra-
phene not only contributes as a highly conductive network, 
but also as a fl exible supporting layer, effectively relieving the 
volume change and particle aggregation. In addition, different 
metals and metal oxides that are electrochemically active and 
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  1.     Introduction 

 The global energy shortage has led to increasing demand for 
highly effi cient green energy, such as solar and wind power, as 
well as advanced energy storage devices to harness this energy. 
Lithium-ion batteries (LIBs) have become the most widely used 
energy storage systems for portable electronic devices such 
as laptops, mobile phones, medical microelectronic devices, 
and electrical vehicles due to their many outstanding features, 
including high energy density, no memory effect, low main-
tenance, and little self-discharge. [ 1–8 ]  However, the growing 
requirements for better LIBs requires constant innovation, in 
terms of improved safety, longer lifetime, smaller size, lighter 
weight, and lower cost. [ 5,9,10 ]  For these expectations, the key to 
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exhibit low volume change have been introduced to combine 
with transition metals or transition metal oxides. [ 38,45,48,49 ]  It is 
considered that the primary benefi t of the additional materials 
is to provide a mechanical buffer for accommodating volume 
changes that otherwise would lead to disintegration. [ 50 ]  How-
ever, traditional metal oxides cannot meet the requirements 
for application in LIBs, which still suffer from the problems 
of volume expansion and low conductivity. Based on these 
challenges, the mixed transition-metal oxides (MTMOs) attract 
more and more attention and show their great potential as 
anodes for LIBs.  

  1.2.     Mixed Transition Metal Oxide Anodes 

 MTMOs, including stannates, ferrites, cobaltates and nick-
elates, refer to ternary metal oxides with two different metal 
cations, rather than mixtures of two binary metal oxides. [ 51 ]  
These kinds of metal-composite oxides have been used in 
various fi elds, [ 52 ]  such as microwave absorption, [ 53–57 ]  catalysts, 
supercapacitors, [ 58–61 ]  dye-sensitized solar cells, [ 62–64 ]  metal air 
batteries, [ 65–68 ]  and especially LIBs. [ 69,70 ]  

 Compared with traditional metal oxides, MTMOs are 
attracting great research interest as anodes in LIBs owing to 
their remarkable features: 

 1) In MTMOs, the two types of metal elements have dif-
ferent expansion coeffi cients, which results in a synergistic 
effect. For example, with stannates there is an extra M x O gen-
erated from the reaction of MTMOs with lithium, which acts 
as a soft matrix to buffer the volume expansion of Li alloying/
de-alloying. A schematic representation of the main elec-
trochemical processes of MTMOs can be seen in  Scheme    1  . 
2) Generally, MTMOs can alloy with more Li ions compared 
to mixed and normal metal oxides, [ 71 ]  owing to the complex 
chemical compositions and resulting in higher reversible 
capacities. Both elements in MTMOs are electrochemically 
active metals with respect to Li–metal, resulting in better elec-
trochemical performance. 3) More signifi cantly, these MTMOs 
usually exhibit higher electrical conductivity than simple metal 
oxides owing to the relatively low activation energy for electron 
transfer between cations. 4) MTMOs are often more environ-
mental benign than the traditional metal oxides, particularly 
for cobalt oxides. [ 4 ]   

 As a result, much effort has been devoted to designing 
MTMOs and their composites as anode materials for LIBs, and 
a lot of work has been previously reported to discuss this hot 
topic. Unfortunately, few review papers were focused on sum-
marizing MTMOs for the application of LIBs in detail, while 
MTMOs used in supercapacitors have been summarized in 
several feature articles, [ 225,226 ]  Therefore, it is of importance to 
review the recent achievements and development of MTMOs 
as anodes for LIBs, which will accelerate further improve-
ment and application of these types of anode materials. On the 
basis of this motivation, this review article focuses on different 
kinds of MTMOs as anodes for LIBs, particularly stannates 
and XM 2 O 4  (M = Mo, Co, Fe, Mn) materials, including their 
Li-storage mechanisms, synthesis methods, reasonable struc-
ture design, and strategies for addressing the issues that have 
arisen.   
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  2.     Stannate Anodes 

  2.1.     Li 2 SnO 3  anodes 

 Li 2 SnO 3  with the monoclinic crystal structure ( Figure    1  d) has 
been known to be a promising potential material for nuclear 
fusion reactors since their early stages. [ 74–77 ]  As a Sn-based 
materials, it also shows great potential as an anode material 
for LIBs with the theoretical capacity of 1246 mAhg −1 . [ 78–80 ]  In 
comparison to tin oxide, one extra inactive Li 2 O is generated 
from the electrochemical reduction of Li 2 SnO 3 , which serves 
as a buffer to accommodate the volume change of the Li–Sn 
alloying/de-alloying reaction. The possible Li deintercalation/
intercalation reaction, which can be expressed by: 

 Li SnO + 4Li 3Li O + Sn2 3 2→     

 Sn + xLi LixSn x 4.4( )↔ ≤       

 Studies show that the various synthesis methods of Li 2 SnO 3  
affect the obtained electrochemical properties. Normally, 
Li 2 SnO 3  is synthesized in one of two ways [ 79 ] : via a solid-state 
reaction route (SSRR) or a sol–gel route. The morphology 
of Li 2 SnO 3  prepared by these two methods can be seen in 
Figure  1 a,b. The sol–gel derived Li 2 SnO 3  is composed of uni-
form nano-sized particles (200–300 nm) and delivers a better 
reversible capacity (380 mAhg −1  after 50 cycles at a current of 
60 mA g −1 ) than that of the SSRR. Other approaches, such as 
a hydrothermal route, [ 81 ]  have been employed to synthesize 
Li 2 SnO 3 . The obtained Li 2 SnO 3  had a unique rodlike structure, 
displaying improved electrochemical performance and good 
cycling stability (510.2 mAhg −1  after 50 cycles at a current den-
sity of 60 mAg −1 , Figure  1 e,f). It is believed that the smaller pri-
mary particle size of 50–60 nm (Figure  1 c) and porous structure 
contribute to the performance improvements. 

 In a case of Li 2 SnO 3  anode, although the extra Li 2 O can be 
the buffering matrix for the large volume expansion of Sn, 
more Li 2 O still results in the lower electronic conductivity. As a 
result, coating or combining Li 2 SnO 3  with conducting material 
can be the useful way to address the problems, which not only 
can enhance the conductivity but also relief the volume changes 
causing great enhancement of the electrochemical properties 
of the anodes. [ 82 ]  A series of studies have reported the effects 
of introducing different conductive systems, like carbon coat-
ings, [ 83–85 ]  conductive polymers, [ 86,87 ]  and graphene, [ 88 ]  into 
Li 2 SnO 3 . Their results demonstrate that the composites show 
better properties than the pristine phase. Two types of graphene 
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 Scheme 1.    Schematic representation of the main electrochemical processes 
of MTMOs.

 Figure 1.    SEM images of Li 2 SnO 3  particles synthesized by solid-state reaction route (a), and sol–gel route (b); Reproduced with permission. [ 79 ]  Copy-
right 2006, Elsevier. c) TEM image of Li 2 SnO 3  nanoparticles synthesized by hydrothermal route with the electrochemical performances of cycling (e), 
and rate (f) properties. Reproduced with permission. [ 81 ]  Copyright 2013, Wiley. d) The crystal structure of monoclinic Li 2 SnO 3 .
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ternary composites, C/Li 2 SnO 3 /graphene [ 89 ]  and polypyrrole 
(PPy)/Li 2 SnO 3 /graphene, [ 90 ]  were further designed to create 
double buffering matrices. A fl exible and robust graphene sup-
port and an outer carbon or conductive polymer shell formed 
a novel sandwich structure that better confi ned the Li 2 SnO 3  
particles and improved the mechanical properties. Further-
more, Li 2 SnO 3  nanoparticles encapsulated in the graphene 
and carbon (conductive polymer) matrix resulted in improved 
electrical conductivity, leading to improved cycling performance 
and higher capacities compared with the pristine and binary 
nanocomposites. 

 Actually, compared with other stannates, the advantages of 
Li 2 SnO 3  are not obvious. The extra Li 2 O will greatly decrease 
the conductivity of Li 2 SnO 3 . When the Sn nanoparticles 
become surrounded with Li 2 O, electron and Li ion diffusion is 
signifi cantly reduced, which negatively affects the performance. 
More electrochemically inactive Li 2 O leads to more irrevers-
ible capacity and a lower initial Coulombic effi ciency. However, 
one cannot neglect the benefi cial function of Li 2 O for Sn-based 
anode materials, as the serious volume change is still a big 
challenge. Thus, effective strategies for Li 2 SnO 3  must design 
hierarchical nanostructures to shorten the distance of electron 
and lithium-ion transport, as well as improve the conductivity 
of Li 2 SnO 3 , which will allow Li 2 O to have the greatest positive 
effect.  

  2.2.     CoSnO 3  and Co 2 SnO 4  Anodes 

 As one of the stannates, Co x SnO y  (x = 1, 2; y = 3, 4) has also 
been realized as an anode material for LIBs. [ 91,92 ]  In Co x SnO y , 
cobalt or cobalt oxide can take part in the oxidation and reduc-
tion processes, which would result in enhanced performance 
due to another active phase. However, Co x SnO y  greatly dif-
fers from a simple mixture of SnO 2  and CoO, especially in the 
application of LIB anodes. Both the CoSnO 3  and Co 2 SnO 4  gen-
erally show the cubic spinel crystal structure (crystal structure 
of Co 2 SnO 4  is shown in  Figure    2  g) with the theoretical capacity 
of 1238 mA h g −1  and 1105 mA h g −1 , respectively. The elec-
trochemical performance of CoSnO 3  and the mixture of SnO 2  
and CoO have been compared [ 92 ]  and it was found that CoSnO 3  

shows much better performance due to the more homogeneous 
distribution of Co and Sn in the fi rst discharge process.  

 In early studies, the conventional solid-state reaction route 
was always used for the production of cobalt stannates, [ 98 ]  
which resulted in poor cycling stability due to large particle 
sizes and a broad particle size distribution. Thus, the synthesis 
methods were optimized. For example, cubic spinel Co 2 SnO 4  
nanocrystals were successfully synthesized via a simple hydro-
thermal reaction. [ 93 ]  In the SEM images of Figure  2 a,b, the par-
ticles synthesized via a hydrothermal reaction are smaller and 
have a more uniform size distribution than those produced by 
SSRR, resulting in better capacity retention. However, due to 
severe electrode pulverization caused by large volume change 
during the oxidation and reduction processes, the capacity 
retention of 50.3% was not suffi cient for LIB anode require-
ments. Thus, a novel hollow CoSnO 3  nanobox was designed, [ 99 ]  
where the unique hollow interior provides a highly fl exible 
structure, large electrode-electrolyte interface, and reduced dif-
fusion path. [ 99–101 ]  The obtained hollow nanobox exhibits high 
capacities of 520–620 mAh g −1  with stable capacity retention of 
over 80–90% after 60 cycles. Moreover, carbon coating has been 
further attempted to modify the hollow boxes to improve the 
anode performance. [ 95 ]  The TEM image of CoSnO 3 @C nano-
boxes in Figure  2 d shows that the surface of the nanoboxes is 
completely covered with a continuous amorphous carbon layer 
with uniform thickness of around 10 nm. [ 95 ]  The CoSnO 3 @C 
nanoboxes exhibit an exceptional cycle life of over 400 cycles 
and improved rate capability, as shown in  Figure    3  c.  

 Various methods for synthesizing different carbon/cobalt 
stannates have been reported. [ 94,102,103 ]  Hydrothermally derived 
Co 2 SnO 4  particles encapsulated with carbon are confi rmed in 
the TEM image of Figure  2 c, with a carbon thickness of approx-
imately 20 nm. The composites demonstrate excellent cycling 
stability with capacity retention of 81% after 20 cycles. In gen-
eral, carbon coating is an effective method to improve the elec-
trochemical performance of cobalt stannates. 

 As a novel carbon nanomaterial, graphene can also be used 
enhance the electrochemical performance of stannates. Cobalt 
stannate/graphene composites have been designed to study 
lithium storage performance. CoSnO 3 /GNS nanohybrids 
(Figure  2 f) and Co 2 SnO 4 HC@rGOcomposites (Figure  2 e) were 
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 Figure 2.    SEM images of Co 2 SnO 4  particles synthesized by a) SSRR, and b) hydrothermal method. a,b) Reproduced with permission. [ 93 ]  Copyright 2009, 
Elsevier. c) TEM image of Co 2 SnO 4 @C nanocomposites. Reproduced with permission. [ 94 ]  Copyright 2014, Royal Society of Chemistry. d) TEM image of 
CoSnO 3 @C nanoboxes. Reproduced with permission. [ 95 ]  Copyright 2013, Royal Society of Chemistry. e) TEM image of Co 2 SnO 4 HC@rGOcomposites. 
Reproduced with permission. [ 96 ]  Copyright 2014, Royal Society of Chemistry. f) SEM image of CoSnO 3 /GNS nanohybrids. Reproduced with permission. [ 97 ]  
Copyright 2014, Elsevier. g) The crystal structure of cubic spinel Co 2 SnO 4 .
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synthesized by thermal annealing and electrostatic interac-
tions, respectively. The TEM images in Figure  2 e and f show 
the structures of these two kinds of cobalt stannate/graphene 
composites. [ 96,97 ]  Both of the composites exhibit excellent prop-
erties, retaining 649 mAh g −1  after 50 cycles and 1000 mAh g −1  
over 100 cycles, respectively. The graphene coating improves 
the structural stability, the lithium storage kinetics, and the 
electron transport for both cobalt stannates. Thus, as shown in 
Figure  3 d, the performance of Co 2 SnO 4  HC@rGO composites 
is rapidly improved compared to Co 2 SnO 4  HC. Recently, poly-
styrene spheres were used as sacrifi cial template for creating 
porous structure, and a novel type of CoSnO 3  nanoparticles 
encapsulated by porous graphene network was successfully cre-
ated. [ 227 ]  The designed CoSnO 3 ⊂porous graphene nanosheets 
show excellent electrochemical performances, including long 
cycle life and high rate capabilities, which originates from the 
improved electrical conductivity and stabilized SEI formation 
from graphene frameworks as well as the facilitation of Li-ions 
transport and accommodation of large volume expansion ben-
efi tting from interconnected nanosized pores. 

 In order to understand the electrochemical reaction mecha-
nism of cobalt stannates, CV measurements were performed 
to investigate the electrode kinetics of CoSnO 3  and Co 2 SnO 4 , 
shown in Figure  3 a and b, respectively. [ 94,97 ]  Interestingly, it can 
be observed that CoSnO 3  has a higher initial reaction voltage 
platform (1.1 V) than that of Co 2 SnO 4  (0.65 V), corresponding 
to the decomposition of cobalt stannate in the fi rst discharge. 
However, the anodic peak locations are consistent for these 
two cobalt stannates and can be attributed to the de-alloying 

process (0.6 V), the re-oxidation reaction of tin (1.4 V) and the 
re-oxidation reaction of cobalt (2.1 V). As a result, the reaction 
of CoSnO 3  with Li can be expressed as: [ 97 ] 

 CoSnO + 6Li + 6e– Co + Sn + 3Li O3
+

2→     

 xLi + Sn + xe Li Sn x 4.4+
x ( )↔ ≤−     

 Sn + 2Li O SnO + 4Li + 4e2 2
+↔ −     

 Co + Li O 2Li + 2e + CoO2
+↔ −      

 Similar reactions of Co 2 SnO 4  with Li can be written as: [ 94 ] 

 Co SnO + 8Li +e 2Co + Sn + 4Li O2 4
+

2→−     

 xLi + Sn + xe Li Sn x 4.4+
x ( )↔ ≤−     

 Sn + 2Li O SnO + 4Li + 4e2 2
+→     

 Co + Li O CoO + 2Li + 2e2
+↔ −      

 The CV results provide evidence for the electrochemical reac-
tion mechanism. During the reaction of CoSnO 3  and Co 2 SnO 4  
with Li, Sn contributes most of the capacity for lithium storage. 
However, Co can further react with Li 2 O produced in the fi rst 
step of lithium insertion to provide extra capacity due to this 
conversion reaction. [ 97 ]  

 Based on the discussion above, cobalt stannates show 
great potential as anodes for LIBs. The mechanism of cobalt 
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 Figure 3.    CV plots of CoSnO 3 (a) and Co 2 SnO 4  (b) electrodes; Reproduced with permission. [ 94 ]  Copyright 2014, Royal Society of Chemistry. Reproduced 
with permission. [ 97 ]  Copyright 2014, Elsevier. c) Comparative cycling performance of CoSnO 3  nanoboxes with and without carbon coating, CoSnO 3  nano-
cubes, crystalline Co–Sn–O nanoboxes and commercial SnO 2  particles. Reproduced with permission. [ 95 ]  Copyright 2013, Royal Society of Chemistry. 
d) Cycling performance of Co 2 SnO 4 HC@rGO composites and Co 2 SnO 4  HC. Reproduced with permission. [ 96 ]  Copyright 2014, Royal Society of Chemistry.
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stannates is different from Li 2 SnO 3 . Metal cobalt is formed in 
the fi rst step which can then react with Li 2 O to contribute addi-
tional capacity. Additionally, the conductivity of metal cobalt is 
quite high, allowing it to act as a conductive matrix for the Sn 
particles due to the homogeneous formation of Co and Sn in 
the electrochemical process. However, the large volume change 
of Sn is still the main problem, which leads to capacity fading. 
Thus, fi nding an approach to improve the stability of cobalt 
stannates is a signifi cant goal for researchers today.  

  2.3.     ZnSnO 3  and Zn 2 SnO 4  Anodes 

 Among all the stannates, zinc stannate is one of the most 
widely researched materials and has been applied in various 
fi elds, such as gas sensors, [ 104–108 ]  solar cells, [ 109–112 ]  photocata-
lysts, [ 113–115 ]  and LIBs, [ 116,117 ]  In the electrochemical processes 
of zinc stannates, multi-electron reactions are predominant, 
leading to a higher electrochemical capacity. [ 118 ]  In principle, 
the theoretical capacity of ZnSnO 3  and Zn 2 SnO 4  are 1317 and 
1145 mA h g −1 , respectively. This is similar to cobalt stannates 
discussed above. The electrochemical reactions of ZnSnO 3  can 
be written as: 

 6Li + ZnSnO + 6e Zn + Sn + 3Li O+
3 2↔−     

 xLi + Sn + xe Li Sn x 4.4+
x )(→ ≤−     

 yLi + Zn + ye Li Zn y 1+
y )(↔ ≤−      

 Analogous electrochemical reactions of Zn 2 SnO 4  can be 
written as: 

 8Li + Zn SnO + 8e 2Zn + Sn + 4Li O+
2 4 2→−     

 xLi + Sn + xe Li Sn x 4.4+
x )(↔ ≤−

    

 yLi + Zn + ye– Li Zn y 1+
y ( )↔ ≤        

 The electrochemical behavior of Zn 2 SnO 4  with lithium was 
investigated via XRD measurements. [ 119 ]  The XRD analysis in 
 Figure    4  a verifi es the aforementioned electrochemical reac-
tions, which indicates the alloying and dealloying processes 
of Zn 2 SnO 4  in the fi rst charge–discharge reaction. In the fi rst 
cathodic scan of the ZnSnO 3 @C sample (see Figure  4 b, the 
peak at 0.79 V is most probably due to the reduction of ZnSnO 3 , 
whereas the sharp peaks at 0.6 and 0.4 V in Figure  4 c corre-
spond to the decomposition of Zn 2 SnO 4  nanowires. [ 120,121 ]  In 
the case of ZnSnO 3 @C composites, the two peaks positioned at 
0.32 and 0.13 V are related to the alloying of Sn and Zn with Li. 
The two peaks combine into one peak and are slightly shifted 
to ≈0.39 V in subsequent scans, indicating the formation of 
various Li x Sn and Li y Zn species. The anodic peak at 0.69 V is 
attributed to a de-alloying reaction of Li x Sn and Li y Zn to Sn 
and Zn, while the subsequent 1.27 V peak originates from the 
partially reversible oxidation of Sn and Zn. [ 120 ]  The CV scans of 
Zn 2 SnO 4  show almost the same peaks due to similar electro-
chemical reactions.  

 The hydrothermal method is one of the most common prep-
aration routes for zinc stannate. [ 115,116,126,127 ]  The inverse spinel 
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 Figure 4.    a) XRD patterns of mechano synthesized Zn 2 SnO 4  at various states of charge. Reproduced with permission. [ 119 ]  Copyright 2011, Royal Society 
of Chemistry. CV curves of b) ZnSnO 3 @C composites, Reproduced with permission. [ 120 ]  Copyright 2014, Wiley. and c) Zn 2 SnO 4  nanowires. Reproduced 
with permission. [ 121 ]  Copyright 2013, American Chemical Society.
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structure of Zn 2 SnO 4  was prepared with different amounts of 
alkaline mineralizer (NaOH). [ 116 ]  The concentration of NaOH 
shows obvious effects on the particle size, morphology, and 
purity of the product of Zn 2 SnO 4  particles, which further 
affects its electrochemical performance. [ 116 ]  Zn 2 SnO 4  particles 
with high purity, smaller particle size, and uniform morphology 
have the best properties for LIBs. The typical crystal structures 
of ZnSnO 3  and Zn 2 SnO 4  are shown in  Figure    5  g and Figure  5 h, 
respectively. 

 Furthermore, Chen and co-workers synthesized unique 
ZnSnO 3  nanocubes (ZSCs, Figure  5 a) and ZnSnO 3  nanosheets 
(ZSSs, Figure  5 b) via a dual-hydrolysis-assisted liquid pre-
cipitation reaction and subsequent hydrothermal route. [ 122 ]  
The capacity of the ZSS electrode decreased by 38.4% after 
50 cycles, in contrast to a capacity decrease of 77.5% of the 
ZSC electrode. Two other kinds of zinc stannate cubes were 
compared as well, as shown in Figure  5 c and d. First, mono-
disperse single crystal Zn 2 SnO 4  cubes synthesized via a facile 
hydrothermal method [ 118 ]  delivered a capacity of 775 mA h g −1  
after 20 cycles at the current density of 50 mA g −1 . Second, in 
our previous research hollow Zn 2 SnO 4  cubes were successfully 
synthesized via simple alkaline etching and a subsequent cal-
cination process. [ 123 ]  The hollow cubes showed good electro-
chemical performance (540 mA h g −1  after 45 cycles at the cur-
rent density of 300 mA g −1 ) and high rate capability. This sig-
nifi cant improvement can be attributed to the hollow structure, 
which has a larger surface area and lower inner stress. It is 
concluded that the morphological structures of Zn 2 SnO 4  highly 
affect the battery performance. To further confi rm this point, a 

fl ower-like Zn 2 SnO 4  composed of many rod-like protruding tips 
(Figure  5 e) [ 124 ]  also demonstrated satisfactory properties with a 
reversible capacity of 501 mAh g −1  over 50 cycles at the current 
density of 300 mA g −1 . Furthermore, similar to our previous 
study, [ 123 ]  the double-shell and yolk-shell hollow amorphous 
ZnSnO 3  microcubes were developed. This structure can effec-
tively releasing mechanical strain, keep the electrode integrity 
and provide enough space for buffering the volume change. As 
a result, it shows a better cycling stability with a high reversible 
capacity of 741 mA h g −1  after 50 cycles at 100 mA g −1 .  

 In addition, other approaches have been successfully 
employed to synthesize Zn 2 SnO 4 . For example, the Zn 2 SnO 4  
nanowires in Figure  5 f were synthesized directly on a stainless 
steel substrate without any buffer layers by the vapor trans-
port method. [ 121 ]  This type of nanowire retains a capacity of 
695 mAh g −1  over 60 cycles at the current density of 120 mAg −1 . 
Thus, designing unique and novel nanostructures of zinc stan-
nate is an effective approach for improving performance. 

 Another approach is to introduce a buffering conductive 
matrix, like carbon, [ 229 ]  metal oxide [ 230 ]  or metal layer, [ 231 ]  into 
the zinc stannate. [ 132 ]  A thin porous carbon layer was used to 
modify the mesoporous and amorphous ZnSnO 3  nanocubes 
(see  Figure    6  a) [ 128 ]  and delivered a high reversible capacity of 
650 mA h g −1  at a very high rate of 3 A g −1 . This performance 
improvement originates from the advantages of small particle 
size, well-developed mesoporosity, the amorphous nature of 
ZnSnO 3  and the continuous conductive framework produced 
by the interconnected carbon layers. In our previous research, 
N-doped carbon coated Zn 2 SnO 4  cubes were studied, and we 
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 Figure 5.    SEM images of a) ZnSnO 3  nanocubes, and b) ZnSnO 3  nanosheets. Reproduced with permission. [ 122 ]  Copyright 2012, Royal Society of Chem-
istry. c) SEM images of Zn 2 SnO 4  hollow boxe. Reproduced with permission. [ 123 ]  Copyright 2013, Royal Society of Chemistry. d) TEM image of single 
crystal Zn 2 SnO 4  cubes. Reproduced with permission. [ 118 ]  Copyright 2012, Elsevier. e) TEM images of fl ower-like Zn 2 SnO 4  composed of many rod-like 
tips protrude. Reproduced with permission. [ 124 ]  Copyright 2014, Elsevier. f) TEM image of Zn 2 SnO 4  nanowires. Reproduced with permission. [ 125 ]  Copy-
right 2013, American Chemical Society. The crystal structure of f) ZnSnO 3 , and h) Zn 2 SnO 4 .
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demonstrated an enhanced electrochemical performance and 
high rate capability compared to the original cubes. [ 129 ]  In this 
system, the N-doped carbon layer played an important role in 
buffering the volumetric change of the boxes and enhancing the 
ionic and electronic conductivities. Additionally, graphene has also 
been used as a conductive matrix for zinc stannate. [ 133 ]  A facile in 
situ hydrothermal route was used to produce a layered Zn 2 SnO 4 /
graphene nanohybrid [ 130 ]  (see Figure  6 c). In our studies, two kinds 
of Zn 2 SnO 4 /graphene composites were reported. [ 131,134 ]  Both com-
posites have similar morphologies, in which the hollow Zn 2 SnO 4  
boxes are supported or covered by fl exible graphene nanosheets, 
resulting in enhanced electrochemical performance and high rate 
capability. Recently, a novel kind of co-doped Zn 2 SnO 4 –graphene–
carbon nanocomposites exhibited a signifi cantly higher reversible 
capacity of 699 mA h g −1  after 50 cycles at 100 mA g −1 . [ 135 ]  This 
indicates that in addition to using highly conductive graphene 
nanosheets, doping is another signifi cant factor that further 
increases electron transport and lithium ion diffusion.  

 Overall, zinc stannates have attracted more attention because 
of their unique properties and wide range of applications, 

especially for LIBs. The advantages of zinc stannates can be 
concluded as: a) The morphology and structures of zinc stan-
nate are relatively easy to control. The nanostructures from 0D 
nanoparticles, 1D nanowires, 2D nanosheets, and 3D nano-
structures exhibit great improvements to anode performance. 
b) In the fi rst electrochemical reaction, additional Zn is pro-
duced, which can further alloy with lithium providing higher 
capacity. c) Compared with cobalt, zinc is much more environ-
mentally friendly. For future research, hierarchical structures 
or multiple-buffering conductive matrices are suggested to 
enhance the cycling performance and rate properties by solving 
the serious volume change and relatively low conductivity 
problems.  

  2.4.     Other Stannate Anodes 

 Other MSnOx (M = Ni, Sr, Ca, Mg et al.) materials have also 
been reported as anodes for LIBs. [ 136–139 ]   Table    1   summarizes 
the electrochemical performance of other metal stannate 
anodes. We fi rstly reported the electrochemical performance of 
NiSnO 3  compared with the mixture of NiO and SnO 2 . It shows 
that the NiSnO 3  has better properties than the mixtures, which 
can be attributed to the initial products of NiO and Sn acting 
as ‘self-matrices’ for each other as well as the formed Li 2 O 
matrix. [ 140 ]  Subsequently, direct evidence of this conversion 
mechanism has been given. The TEM and SAED evidences 
indicate the obvious deposition process of NiSnO 3 , that is, the 
formation of NiO, Sn and Li 2 O at 0.9 V, decomposition of NiO 
at 0.6 V, followed by the alloy process of Sn. The distribution 
of the fi rst step production of NiSnO 3  (NiO and Sn) is more 
homogeneous than mixtures resulting in the better perfor-
mance as called ‘self-matrixes’.  

 In this section, we have summarized the electrochemical 
reaction mechanisms, synthesis methods, nanostructure 
designs, and various nanohybrids of different types of stan-
nates, which are an important class of MOMTs. Particularly, 
we emphasized three kinds of stannates based on the exten-
sive research carried out on each: lithium stannates, cobalt 
stannates, and zinc stannates. In the fi rst lithium insertion 
process, the MSnO x  decomposes into three phases: Li 2 O, Sn, 
and another metal, M. The extra metal or metal oxide produced 
from the fi rst electrochemical reaction plays an important role 
in the following lithium intercalation/deintercalation processes. 
Among the several types of stagnates discussed above, lithium 
stannates show less advantages due to the low conductivity and 
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 Figure 6.    TEM images of a) thin porous carbon layer modifi ed ZnSnO 3  
nanocubes, b) N-doped carbon coated Zn 2 SnO 4  cubes, and c) layered 
Zn 2 SnO 4 /graphene nanohybrids. a) Reproduced with permission. [ 128 ]  
Copyright 2014, Wiley. b) Reproduced with permission. [ 129 ]  Copyright 
2014, Elsevier. c) Reproduced with permission. [ 130 ]  Copyright 2013, Else-
vier. d) SEM image of Zn 2 SnO 4 /graphene composites. Reproduced with 
permission. [ 131 ]  Copyright 2013, Royal Society of Chemistry.

  Table 1.    Summary of the electrochemical performance of other metal stannate anodes for LIBs.  

Materials Feature Electrochemical performance Ref

Current density 
[mAg −1 ]

Cycle number Capacity retention 
[mAh g −1 ]

CaSnO 3 Flower-like CaSnO 3 60 50 547  [138] 

CaSnO 3 Porous CaSnO 3  nanotubes 60 50 565  [137] 

CaSnO 3 Novel eggroll-like CaSnO 3  nanotubes 60 50 648  [136] 

Mg 2 SnO 4 Mg 2 SnO 4 /SnO 2  nanocomposites 60 20 350  [139] 

SrSnO 3 SrSnO 3 nanorods 50 50 200  [141] 
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inactive electrochemical properties of more Li 2 O formation in 
the fi rst discharge process. However, for other stannates like 
cobalt stannates, zinc stannates and nickel stannates, the metal 
(Co, Zn, Ni) or metal oxide (CoO, ZnO, NiO) can further react 
with Li or Li 2 O as active materials as well as showing higher 
conductivity than Li 2 O. In general, it not only acts as a soft 
matrix to buffer the volume expansion of Sn particles, but also 
provides some additional capacity. Another obvious advantage 
of MTMOs is that the formation of M or MO is in situ pro-
cess during the electrochemical process, which is more uni-
form compared with the mixture of SnO 2  and MO. This kind 
of “self-matrix” system has a positive infl uence on the anode 
properties. However, the volume change and conductivity are 
still main issues for stannates. Many efforts and approaches 
have been attempted to solve these problems. One strategy is to 
make materials with novel nanostructures, like hollow or low-
dimensional structures, which can effectively relieve the stress 
from volume expansion. Another popular way is to form a buff-
ering conductive coating layer, such as carbon, graphene, or 
conductive polymers. Overall, the electrochemical performance 
of stannates can be dramatically enhanced after modifying their 
structures.   

  3.     XMO 4  (M = Mo, Co, Fe, Mn) 

  3.1.     Molybdates 

 In recent years, metal molybdates (XMoO 4 ) have been widely 
studied due to several oxidation states existing for these oxides, 
ranging from 3 +  to 6 +  for Mo, [ 34,39 ]  which enhances the revers-
ible capacity in LIB applications. XMoO 4  materials have also 
been applied in other research fi elds, such as tunable optical 
applications, [ 48,142 ]  electrocatalysis, [ 40 ]  and electrochemical capac-
itors. [ 73,140,143,144 ]  XMoO 4  has been successfully synthesized via 
various methods, such as reverse microemulsion, [ 142 ]  precipita-
tion, [ 145,146 ]  and hydrothermally. [ 49 ]  For LIB applications, XMoO 4  

can act as both cathode and anode materials. Lou et al. studied 
1D XMoO 4  (X = Ni, Co) nanorods as cathode materials with a 
reversible capacity of 100 mA h g −1  after 70 cycles in the voltage 
window of 1.5–3.5 V. [ 147 ]  Other a/b–NiMoO 4  cathode electrodes 
have been produced with a mesoporous honeycomb structure 
through polymer templating. [ 224 ]  In this review, we mainly 
focus on XMoO 4  used as anodes for LIBs, which can have high 
reversible capacities at potentials less than 2.0 V. 

 The electrochemical reaction of XMoO 4  with lithium can be 
addressed as follows: 

 XMoO 8Li X + Mo + 4Li O4 2+ →     

 X + Li O XO + 2Li2 ↔     

 Mo + 3Li O MoO + 6Li2 3↔      

 The reversible capacities are provided by the reaction 
between metal X and Mo with Li 2 O. Thus, compared with 
just Mo oxide, these kind of molybdates show great potential 
as alternative anodes for LIBs due to the addition of metal X, 
which is electrochemically active and provides extra capacity. 

 Among XMoO 4  anodes, CoMoO 4  is the most promising 
for LIBs due to its high theoretical capacity of 980 mAhg −1 . 
CoMoO 4  has two crystalline structures, which are related to the 
atmospheric pressure. The low pressure structure (α-CoMoO 4 ) 
and the high pressure structure (β-CoMoO 4 ), along with 
CoMoO 4 ·nH 2 O, have been studied. [ 148,149 ]  Chowdari studied the 
interconnected network of α-CoMoO 4  sub-micrometer particles 
with the monoclinic crystal structure (shown in  Figure    7  e) and 
reported high reversible capacity as well as excellent capacity 
retention. [ 150 ]  Subsequently, two kinds of CoMoO 4 /graphene 
nanohybrids with different morphologies have been proposed. 
One is CoMoO 4  nanoparticles anchored on graphene (CoMoO 4  
NP/RGO), shown in Figure  7 a, [ 41 ]  The other is CoMoO 4  
nanorods distributed on graphene, which exhibited enhanced 
electrochemical performance. [ 39 ]  The cycling performance of 
CoMoO 4  NP/RGO is shown in Figure  7 b, demonstrating good 
rate capability and an impressive cycling stability of 920 mAhg −1  
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 Figure 7.    a) TEM image of CoMoO 4  NP/RGO, and b) cycling performance of CoMoO 4  NP/RGO with varying graphene content. Reproduced with 
permission. [ 41 ]  Copyright 2014, American Chemical Society. c) SEM image of NiMoO 4  nanosheet arrays on Ni foam, and d) schematic showing the 
advantages of the hierarchical structure. Reproduced with permission. [ 72 ]  Copyright 2015, Royal Society of Chemistry. e) The crystal structure of mono-
clinic CoMoO 4 .
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after 50 cycles. Synergetic chemical coupling effects between 
the graphene conductive network and nanoparticles leads to 
the signifi cant impact on the performance. Similar to CoMoO 4 , 
honeycomb-like NiMoO 4  nanosheet arrays have been synthe-
sized via electrodeposition on Ni foam (Figure  7 c). [ 72 ]  It can be 
observed in Figure  7 d that this reasonable design provides high 
surface area, short ion diffusion lengths, and effective electron 
transport pathways, further resulting in improved cycling and 
rate performance. A recent work reported that a type of phase-
pure b-NiMoO 4  yolk–shell spheres can be obtained at pyrolysis 
temperature of 800 °C via one-pot spray pyrolysis. [ 232 ]  In this 
design, the unique core/void/shell confi guration with free 
space could better function to accommodate the volume change 
upon cycling. As a result, the pure phase NiMoO 4  yolk–shell 
spheres indicates much more higher capacity of 1292 mAhg −1  
at 1000 mA g −1  compared with amorphous dense spheres and 
a/b-NiMoO 4  yolk–shell spheres.   

  3.2.     Cobaltates 

 Co 3 O 4  shows great research interest as anode materials for LIBs 
because of its high reversible capacity. [ 7 ]  However, due to the tox-
icity and high cost of cobalt, many efforts have attempted to par-
tially replace Co with other eco-friendly and low cost alternative 
elements. [ 51,151 ]  To attain this goal, a series of promising studies 
on cobaltates (MCo 2 O 4 ) for LIB anodes has been reported. 

 ZnCo 2 O 4  is the most popular cobaltate studied. As shown in 
 Figure    8  a, bivalent Zn-ions occupy the tetrahedral sites in the 
cubic spinel structure and the trivalent Co-ions occupy the octa-
hedral sites. [ 151,152 ]  In this case, the Zn can provide additional 
capacity due to the alloying process between Zn and Li, which 
is not a complete conversion reaction as with cobalt oxides. It 
can be explained by the electrochemical reaction of ZnCo 2 O 4 : [ 4 ] 

 ZnCo O + 8Li + 8e Zn + 2Co + 4Li O2 4
+

2↔−     

 Zn + Li + e LiZn+ ↔−     

 Zn + Li O ZnO + 2Li + 2e2
+↔ −     

 2Co + 2Li O 2CoO + 4Li + 4e2
+↔ −     

 2CoO + 2/3Li O 2/3Co O + 4/3Li + 4/3e2 3 4
+↔ −       

 It is clear that the reaction mechanism of ZnCo 2 O 4  is complex 
and involves multiple steps due to the multielement formation. 
The fi rst reaction is irreversible, producing Zn, Co, and Li 2 O. 
The metal Zn and Co can then further react with Li 2 O in the 
following conversion reactions. These reactions are illustrated 
by the typical CV curves of ZnCo 2 O 4 , shown in Figure  8 b. [ 152 ]  In 
the fi rst cycle, the peak at 0.67 V in the cathodic process corre-
sponds to the decomposition of ZnCo 2 O 4 . Due to the different 
electrochemical mechanisms, this cathodic peak may move to 
1.1 V. In the fi rst and following cycles, two oxidation peaks at 
1.7 V and 2.2 V can be assigned to the reaction of Zn to Zn 2+  
and Co to Co 3+ , respectively. [ 153 ]  Other kinds of cobaltates, such 
as NiCo 2 O 4 , [ 154 ]  MnCo 2 O 4 , [ 155 ]  and FeCo 2 O 4 , [ 156 ]  exhibit similar 
electrochemical mechanisms to ZnCo 2 O 4 . 

 Many researchers have attempted to design various ZnCo 2 O 4  
nanostructures with different dimensions. 1D ZnCo 2 O 4  nanowires 

composed of nanocrystals have been proposed, as shown in 
Figure  8 c. [ 157 ]  Another 1D porous ZnCo 2 O 4  nanotube structure 
with diameters of 200–300 nm and lengths up to several mil-
limeters with a hollow interior has been studied (Figure  8 d). 
Both 1D nanostructures can provide high surface-to-volume 
ratios and excellent electronic transport properties, which are 
expected to enhance LIB capacity and cycling performance. [ 158 ]  
In addition to 1D nanostructures, a number of research focuses 
on building 3D nanostructures with high surface area, low den-
sity, and high loading capacity. [ 233–235 ]  For instance, uniform 
mesoporous ZnCo 2 O 4  microspheres were reported to main-
tain a reversible capacity of 721 mAhg −1  after 80 cycles. [ 4 ]  An 
interesting study focused on ZnCo 2 O 4  mesoporous twin micro-
spheres and microcubes (Figure  8 f). [ 152 ]  As with other MTMOs, 
the volume expansion of ZnCo 2 O 4  is still the main issue and 
the research results demonstrate that a hollow structure or 
yolk-shell arrangement are promising approaches to solve this 
problem. [ 235,236 ]  Thus, some yolk-shell ZnCo 2 O 4  spheres have 
been reported in recent years. [ 159–161 ]  For example, [ 159 ]  a single-
crystal yolk-shell hollow ZnCo 2 O 4  sphere with three layers can 
be observed in Figure  8 e. The voids between the yolk and the 
shell can serve as buffering spaces for the electroactive core 
material during lithium insertion and extraction. [ 159 ]  Control-
ling the nanostructure is considered an effective strategy for 
other kinds of cobaltates, in which a series of studies have 
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 Figure 8.    a) The crystal structure of spinel ZnCo 2 O 4 , and b) the CV 
curve of ZnCo 2 O 4  twin microspheres. Reproduced with permission. [ 152 ]  
Copyright 2014, Wiley. c) TEM image of ZnCo 2 O 4  nanowires. Repro-
duced with permission. [ 157 ]  Copyright 2011, American Chemical Society. 
d) SEM image of porous ZnCo 2 O 4  nanotubes. Reproduced with per-
mission. [ 158 ]  Copyright 2012, Royal Society of Chemistry. TEM image of 
e) yolk-shell hollow ZnCo 2 O 4  powders, Reproduced with permission. [ 152 ]  
Copyright 2014, Wiley. and f) ZnCo 2 O 4  twin microspheres. Reproduced 
with permission. [ 159 ]  Copyright 2013, Wiley.
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been performed for NiCo 2 O 4 , [ 162–173,237 ]  FeCo 2 O 4 , [ 156 ]  and 
MnCo 2 O 4 . [ 174,238 ]  

 Researchers have stated that the simple structures of 
ZnCo 2 O 4  may still suffer from poor electronic conductivity and 
volume expansion during lithium intercalation/deintercala-
tion, leading to rapid capacity fading. [ 175 ]  3D hierarchical nano-
structures using high conductivity free-standing current collec-
tors have been designed for highly fl exible LIBs with excellent 
mechanical strength on carbon cloth, [ 175 ] carbon fi bers, [ 176,177 ]  
graphene foam, [ 239 ]  and Ni foam. [ 64,178–180,240 ]  For instance, 
3D hierarchical ZnCo 2 O 4  nanowire arrays were deposited on 
carbon cloth ( Figure    9  a), where the fi bers had a uniform diam-
eter of approximately 20 µm. This design delivered a specifi c 
capacity of 1200 mAhg −1  after 160 cycles (Figure  9 b). [ 175 ]  A sim-
ilar structure of ZnCo 2 O 4  nanowires on Ni foam was also pro-
posed. The nanowires had uniform diameters of 80–100 nm and 
lengths of about 5 mm (Figure  9 d,e). Benefi ting from the hier-
archical structure, this free-standing ZnCo 2 O 4  nanocomposite 
showed high reversible capacity and rate capability, as well as 
stable cycling performance. The schematic illustration of the 
operating principles of ZnCo 2 O 4  nanowire array/carbon cloth 
composites (Figure  9 c) helps explain this hierarchical structure. 
This nanostructure provides outstanding electronic conduc-
tivity, short Li-ion diffusion paths, and ideal conditions for facile 
diffusion of the electrolyte, in addition to accommodating the 
strain induced by large volume changes. [ 175 ]  In addition, other 
nanostructures have been proposed to increase anode perfor-
mance. A high capacity of 960.8 mAhg −1  over 100 cycles was 
obtained by a hierarchical hybrid structure of rGO-supported 
ZnCo 2 O 4  nanosheets. [ 181 ]  Similarly, rGO/NiCo 2 O 4  nanosheet 
nanocomposites were synthesized via the method illustrated in 
 Figure    10  a. [ 182 ]  The resultant morphology contains numerous 
ultrathin nanosheets grown on GO (Figure  10 b) and resulted 
in stable cycling performance of 954.3 mAhg −1  after 50 cycles 
(Figure  10 c).   

 Metal organic frameworks (MOFs) have recently received a 
lot of attention due to their unique properties such as high sur-
face areas and porosity. [ 184 ]  It has been reported that MOFs can 
be used as a precursor or sacrifi cial template to construct metal 

oxides or metals coated with carbon for LIBs. [ 185–188,241 ]  Interest-
ingly, porous Zn x Co 3–x O 4  hollow polyhedra composed of nano-
sized building blocks were synthesized from hetero bimetallic 
zeolitic imidazolate frameworks (ZIFs). [ 183 ]   Figure    11  a illus-
trates the synthesis of bimetallic ZIFs and their conversion to 
spinel Zn x Co 3–x O 4  hollow polyhedra. The Zn x Co 3–x O 4  hollow 
polyhedra (Figure  11 b) exhibited excellent reversible capacities 
as high as 990 mAhg −1  with excellent stability after 50 cycles 
(Figure  11 c). Another sandwich structure of RGO wrapped 
ZnCo 2 O 4 –ZnO–C polyhedrons on nickel foam derived from 
ZIFs has been reported very recently. [ 242 ]  In the composites, 
the open pores inherited from ZIF provide suffi cient contact 
area with electrolyte, and serve as cushion space for volume 
changes. The RGO nanosheets act as a fl exible protector to 
mixed metal oxides, and Ni foam act as the high conductive 
substrate. In this case, as-prepared RGO/ZnCo 2 O 4 –ZnO–C/
Ni sandwich-structured exhibit superior Coulombic effi ciency, 
excellent cycling stability and rate capability.  

 In conclusion, cobaltates may be a better choice as substi-
tutes for Co 3 O 4  because of their lower toxicity and high capaci-
ties. Compared with Co 3 O 4 , the additional metal elements, 
such as Zn, Fe or Mn, have positive effects on the electrochem-
ical reactions. The reason is the conversion reaction or alloying/
de-alloying reaction of M with Li 2 O, which can further increase 
the capacity compared to that of only Co 3 O 4 . However, the con-
ductivity and volume exchange of this kind of MTMOs are still 
the main limits to the performance. To solve these problems, 
researchers should focus on the design of nanostructured cobal-
tates, as well as hierarchical structures with highly conductive 
substrates like carbon cloth, Ni foam, or graphene nanosheets.  

  3.3.     Ferrites 

 Ferrites (MFe 2 O 4 ), as alternative anode materials to iron 
oxides, have been studied for their application in LIBs. Fe 3 O 4  
offers a theoretical capacity of 926 mAhg −1 , assuming the 
completely reversible formation of four Li 2 O per formula 
unit. [ 189 ]  In comparison, the theoretical capacity of ZnFe 2 O 4  
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 Figure 9.    a) SEM image, b) cycling performance, and c) schematic representation and operating principles of ZnCo 2 O 4  nanowire arrays/carbon cloth 
composites. Reproduced with permission. [ 175 ]  Copyright 2012, American Chemical Society. d,e) SEM image of ZnCo 2 O 4  nanowires on Ni foam. Repro-
duced with permission [ 178 ]  Copyright 2014, Royal Society of Chemistry.
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can reach 1000.5 mAh g −1  according to the reversible reaction 
of Zn with Li or Li 2 O, involving nine Li ions per formula unit 
of ZnFe 2 O 4 . The investigation of the lithiation−delithiation 
kinetics of carbon-coated ZnFe 2 O 4  nanoparticles was reported 

by Belmonte et al. [ 190 ]  They confi rmed that the fi rst lithiation 
of ZnFe 2 O 4  nanoparticles is a multistep process involving the 
presence of intermediate Li−Zn−Fe−O phases as precursors for 
the formation of amorphous Li 2 O and the following reaction to 
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 Figure 10.    a) Schematic illustration of the formation of rGO/NiCo 2 O 4  nanosheets nanocomposite through a facile solution growth and a subsequent 
thermal annealing treatment in air, b) TEM image of rGO/NiCo 2 O 4  composites, and c) cycling performance at two current densities. Reproduced with 
permission. [ 182 ]  Copyright 2015, Wiley.

 Figure 11.    a) Schematic illustration of the preparation of bimetallic ZIFs and their conversion to spinel Zn x Co 3–x O 4  hollowpolyhedra. b) TEM image, 
and c) cycling performance of Zn x Co 3–x O 4  hollowpolyhedra. Reproduced with permission. [ 183 ]  Copyright 2014, American Chemical Society.
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produce highly dispersed LiZn and Fe in an amorphous Li 2 O 
matrix. For ferrites (MFe 2 O 4 ), the metal M can be Ni, Co, or Cu. 

 A lot of research for MFe 2 O 4  has focused on developing 
different dimensional nanostructures. [ 71,195,196,243 ]  Porous 
1D NiFe 2 O 4  nanofi bers with an average diameter of 250 nm 
were successfully prepared via electrospinning, as seen in 
 Figure    12  c. [ 193 ]  Porous 2D CoFe 2 O 4  nanosheets with a thick-
ness of 30–60 nm and lateral size of several micrometers 
(Figure  12 d) have also been reported. [ 194 ]  Surprisingly, these 
kinds of CoFe 2 O 4  nanosheets exhibit a superior reversible 
capacity of 1147 mA h g −1  after 30 cycles and stable cycling per-
formance. Subsequently, various 3D nanostructures of MFe 2 O 4  
have also been reported, like spheres, [ 197–199 ]  cubes, [ 200 ]  and 
ordered macroporous, [ 201 ]  and yolk-shell structures. A simple 
spray drying process has been used to synthesize yolk-shell 
ZnFe 2 O 4  powders, [ 192 ]  TEM images in Figure  12 e and f show 
the novel structure, with a minimum of two shells in each par-
ticle separated by an inner void. This kind of structure functions 
well for MFe 2 O 4 , as well as ZnCo 2 O 4  discussed above, because 
it provides buffering spaces for the electroactive core material 
and improves the surface area. The typical crystal structure of 
ZnFe 2 O 4  along the 112 direction in Figure  12 a gives rise to 
some of the advantages of this anode material. The spinel 3D 

ZnFe 2 O 4  octahedrons in Figure  12 b were reported to show an 
excellent specifi c capacity of 910 mAhg −1  after 80 cycles. These 
properties are suggested to enhance the surface areas, shorten 
lithium transport distances, and create a volume-change buff-
ering system. However, another issue is the conductivity of 
MFe 2 O 4 . Many efforts have attempted to solve this problem. 
Carbon materials, such as carbon, [ 189,202 ]  N-doped carbon, [ 244 ]  
carbon nanotubes, [ 203 ]  and graphene, [ 69,204–209 ]  or other conduc-
tive materials, like conductive polymers, [ 245 ]  are great candi-
dates due to their high conductivity and stability. After intro-
ducing carbon nanomaterials into the MFe 2 O 4  structure, the 
electrochemical performance is rapidly improved, attributed to 
the highly conductive and buffering matrix of the carbons.  

 MOFs are effective sacrifi cial templates or precursors for the 
synthesis of MFe 2 O 4  and its composites. As shown in  Figure    13  a, 
hierarchical NiFe 2 O 4 /Fe 2 O 3  nanotubes were synthesized by 
Fe/Ni-based MOFs. [ 210 ]  Figure  13 b reveals that the hierarchical 
nanocomposites consist of nanotubes with diameters of 78 nm 
and lengths of about 1 µm. The composites show a reversible 
specifi c capacity of 936.9 mAhg −1  up to 100 cycles (Figure  13 c). 
Another method is to use MOFs as precursors for nanoporous 
carbon structures involving well-connected carbon networks in 
MTMOs. Huang et al. reported novel porous ZnO/ZnFe 2 O 4 /C 
octahedra with hollow interiors fabricated using a MOF as both 
the precursor and the self-sacrifi cing template [ 211 ]  (Figure  13 d). 
In this case, the nanocrystals are embedded in a 3D intercon-
nected, porous carbon framework. Even after 100 cycles, the 
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 Figure 12.    a) Lattice fringes of ZnFe 2 O 4  octahedron. Reproduced with per-
mission. [ 191 ]  Copyright 2012, Springer. TEM image of b) typical ZnFe 2 O 4  
octahedron, Reproduced with permission. [ 191 ]  Copyright 2012, Springer. 
c) NiFe 2 O 4  nanofi bers,Reproduced with permission. [ 192 ]  Copyright 2014, 
Nature Publishing Group, and e,f) yolk-shell structured ZnFe 2 O 4  pow-
ders. Reproduced with permission. [ 193 ]  Copyright 2014, Springer. d) SEM 
image of CoFe 2 O 4  nanosheets. Reproduced with permission. [ 194 ]  Copy-
right 2014, Royal Society of Chemistry.

 Figure 13.    a) Schematic illustration of the procedure used to fabricate 
NiFe 2 O 4 /Fe 2 O 3  nanotubes. b) TEM image, and c) cycling performance 
of NiFe 2 O 4 /Fe 2 O 3  nanotubes. Reproduced with permission. [ 210 ]  Copy-
right 2014, Royal Society of Chemistry. d) TEM images, and e) cycling 
properties of porous ZnO/ZnFe 2 O 4 /C hollow octahedra. Reproduced 
with permission. [ 211 ]  Copyright 2014, Wiley.
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nanocomposites still maintain a superior reversible capacity of 
1390 mAh g −1  (Figure  13 e). Lately, using prussian blue as the 
self-sacrifi cial template, a general method was reported to syn-
thesize porous hollow spinel AFe 2 O4 nanoarchitectures. [ 246 ]  Via 
this general approach, some hollow boxes of NiFe 2 O 4 , ZnFe 2 O 4 , 
and CoFe 2 O 4  were successfully fabricated. In this designed struc-
ture, a short diffusion distance can be achieved by the porous 
frameworks and hollow interior derived from MOFs. In par-
ticular, NiFe 2 O 4  hollow box exhibits high specifi c capacities of 
841 mA h g −1  after 100 cycles at current densities of 1.0 A g −1 . It 
clearly shows that MOFs as a template can be extended to design 
porous carbon-stabilized metal oxide or MTMO electrode mate-
rials with superior specifi c capacity and stable cycling properties.   

  3.4.     Manganates 

 Among the MTMOs, manganates (XMn 2 O 4 ) have the advan-
tages of low toxicity, low cost, and reasonably low operating volt-
ages (0.5 V for charging and 1.2 V for discharging) compared 
with Co and Fe. [ 212–214,247 ]  Lower charge/discharge voltages of 
the anode materials can effectively increase the energy density 
of LIBs. Thus, XMn 2 O 4  attracts more and more attention from 
researchers and many studies have been performed to focus on 
these types of anode materials. [ 215–218,248 ]  

 1D nanomaterials, such as nanowires and nanotubes, can 
supply fast Li +  and electron transport pathways, large contact 
area with electrolyte, and a buffer zone for mechanical stress 
during electrochemical processes. Thus, 1D manganates show 
great interests. For instance, 1D porous ZnMn 2 O 4  nano wires [ 249 ]  
and hollow ZnMn 2 O 4  nanotubes [ 250 ]  have been demonstrated 
with obvious advantages. Both of the 1D nanostructures indi-
cate superior electrochemical lithium-storage performance with 
a high specifi c capacity, good rate behavior, and excellent cycla-
bility, which can be attributed to the unique 1D structure. 

 Lou’ group has already synthesized a series of XMn 2 O 4  
materials as anodes for LIBs, such as CoMn 2 O 4  nanowire 
arrays and MnCo 2 O 4  nanosheet arrays grown on stainless 
steel, as seen in  Figure    14  d and Figure  14 e, respectively. [ 219 ]  
Some other nanostructures, such as ZnMn 2 O 4  hollow micro-
spheres [ 220 ]  (Figure  14 b), ZnMn 2 O 4  ball-in-ball hollow micro-
spheres [ 221 ]  (Figure  14 g, crystal structure of tetragonal shown in 
Figure  14 h), and double-shelled CoMn 2 O 4  hollow microcubes 
(Figure  14 f), [ 222 ]  have also been reported by his group. These 
novel structures provide a great buffering matrix that allevi-
ates the pulverization problem, making the electrode stable and 
enhancing the cycling performance.  

 Another interesting work has been reported by Chen 
et al., who fabricated a hierarchical mesoporous structure 
of CoMn 2 O 4 . [ 223 ]  The CoMn 2 O 4  microspheres consist of 
mesoporous nanosheets, in which the open spaces between 
neighboring nanosheets can be observed in Figure  14 b. The 
schematic illustration of the diffusion of electrolyte, electrons, 
and Li ions in Figure  14 a demonstrates the advantages of this 
hierarchical structure; it provides enhanced contact area with 
the electrolyte, shortens the Li-ion diffusion length in the 
nanosheets, and relieves strain from volume expansion. As a 
result, this hierarchical structure results in a high discharge 
capacity of 894 mAh g −1  after 65 cycles (Figure  14 c). 

 In this section, we discuss the design, fabrication and appli-
cation of XMO 4  materials as anode materials for LIBs, empha-
sizing four types of it, including molybdates, cobaltates, fer-
rites, and manganates. They all can indicate quite high elec-
trochemical performances with rational design. Among these 
systems, XMO 4  and XMn 2 O 4  show greater potential as anode 
materials for LIBs compared with others. The advantages can 
be attributed to the lower charge/discharge voltages leading to 
high energy density and environmental friendly compared with 
Co. Generally, the electrochemical reactions of XMO 4  during 
the conversion process with lithium can be marked as: 

 XM O + Li + e X + M + Li O2 4
+

2→−     

 X + Li O XO + Li + e2
+→ −     

 M + Li O MO + Li + 4e2
+→      

 The initial reaction is always considered as the irrevers-
ible process that produces two different metal and Li 2 O from 
XMO 4 . The major reversible capacities are from the following 
conversion reaction between two types of metal and Li 2 O. In 
this case, highly dispersed metal M and X can be obtained in 
an amorphous Li 2 O matrix and each of them can serve as ‘‘self-
matrices’’ for others, which can achieve better electrochemical 
performances than TMOs. However, as metal oxides for con-
version mechanism, these kinds of materials still suffer from 
the serious volume change and conductivity issues. Two pop-
ular approaches are attempted for XMO 4 , which are designing 
unique nanostructure and manufacture of composites with 
high conductive matrix. More recently, 3D free-standing nano-
structures and materials derived from MOFs attract increasing 
attention in building high performances XMO 4 , which we have 
discussed in detail for four different types materials.   

  4.     Summary and Outlook 

 In this review, we summarized the recent development and 
understanding of novel MTMOs as anode materials for LIBs, 
including stannate, molybdates, cobaltates, ferrites, and man-
ganates. Firstly, the electrochemical mechanisms of these mate-
rials were discussed in detail. The initial reaction of MTMOs 
is an irreversible process corresponding to the decomposition 
of MTMOs into multiple metals and/or metal oxides. Com-
pared with traditional metal oxides, the additional metals or 
metal oxides from MTMOs function as ‘‘self-matrices’’ for 
each other besides the formed Li 2 O matrix. Furthermore, extra 
metals or metal oxides with additional electrochemical activi-
ties can interact with Li ions via alloying/de-alloying or conver-
sion reactions to deliver higher reversible capacities. However, 
similar to the mechanisms of alloying/de-alloying and conver-
sion reactions, the main problems of MTMOs during lithium 
insertion/extraction are the serious volume changes and rela-
tively low conductivity. As we discussed, several strategies are 
applied to boost the electrochemical performance. One of the 
most promising strategies is to design nano/microstructures 
with different dimensions containing various unique features. 
Some hierarchical structures or free-standing structures were 
explored to further achieve more structural stability. 
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 Although signifi cant results have been achieved using 
MTMOs as anode materials for LIBs, there are still challenges 
to be overcome in the future. The specifi c capacity and cycle life 
of MTMOs need to be further improved to satisfy the require-
ments of high electrochemical performance. Firstly, control-
lable fabrication of the structure and morphology of MTMOs is 
still required. For instance, MTMOs derived from MOFs could 
be an effective strategy for fabrication of porous, hollow, even 
hierarchical nanostructure with formation of carbon matrix. 
Due to the unique properties of MOFs, more studies should be 
done to adjust the morphology, pore sizes and surface areas, 
which further determine both structure and battery perfor-
mance of MTMOs. [ 254 ]  As we know, the unique morphologies 
exhibit signifi cant infl uence on the electrochemical perfor-
mance of MTMOs. Some types of MTMOs have been explored 
with different novel structures and morphologies. However, 

the correlations between their various structures and battery 
performance need to be understood to design the optimized 
nanostructures with enhanced cycling performance. Further-
more, the exploitations of novel nanostructured MTMOs, such 
as hollow, core–shell, and yolk–core, especially for stannate, are 
still needed more efforts. Secondly, the doping strategy can be 
effectively applied to enhance LIB performance of active mate-
rials. It is believe that appropriate doping elements of MTMOs 
can assist to achieve a higher electronic conductivity and faster 
lithium ion diffusivity due to increased free electron concentra-
tion. Meanwhile, using bigger atoms to replace small atoms 
can provides larger space for the movement of lithium ions. 
However, very few report focus on the doping of MTMOs. It is 
expected to be a valuable approach to enhance the conductivity 
of semi-conducting MTMOs with higher rate performances. 
Thirdly, some interfacial reactions are some of the most serious 
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 Figure 14.    a) Schematic illustration of the electrochemical reaction, b) SEM image, and c) cycling performance of ZnMn 2 O 4  microspheres. Reproduced 
with permission. [ 223 ]  Copyright 2012, Nature Publishing Group. SEM image of d) Co x Mn 3x O 4  nanowire array and e) nanosheet array. Reproduced with 
permission. [ 219 ]  Copyright 2013, Royal Society of Chemistry .  f) TEM images of hollow CoMn 2 O 4  nanocube, Reproduced with permission. [ 222 ]  Copyright 
2012, Royal Society of Chemistry .  and g) yolk-shell CoMn 2 O 4  nanospheres. Reproduced with permission. [ 221 ]  Copyright 2012, Wiley. h) The crystal 
structure of tetragonal ZnMn 2 O 4 .
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problems between the electrode and liquid electrolyte in LIBs. 
SEI fi lm on the anode materials can consume lithium ions per-
manently, leading to reduced Columbic effi ciency of batteries, 
which also exists in MTMOs. Thus, surface modifi cation and 
coating on MTMOs is proposed to reduce the undesired side 
reactions and obtain improved electrochemical performances 
of MTMOs. In particular, an atomic layer deposition, which 
has been extensively studied by our group for modifi cation of 
different types of anode and cathode materials, [ 251,252 ]  is con-
sidered as the advanced coating technique to ameliorate the 
surface of MTMO with precisely tuned thickness and uniform 
coating layers. Fourthly, rational hybrid design of MTMOs is 
expected to be another effective approach for achieving high 
performances and stability. Meanwhile, introducing of conduc-
tive substrate for MTMOs is promising for fabrication of fl ex-
ible energy storage devices. In addition, similar with MTMOs, 
mixed transition metal sulfi des (MTMSs) are attracting 
increasing attention in LIBs or other energy storage device due 
to some obvious advantages of an 10 4  times higher electric con-
ductivity than conventional MO semiconductors. [ 253 ]  However, 
the electrochemical mechanism of MTMSs has not been clearly 
understood. In this case, analogical methods to optimize both 
the synthesis parameters, material properties and electrochem-
ical mechanism of MTMOs can be switch over to MTMSs to 
study some fundamental understanding, which will be another 
interesting topic and further expand the potential materials for 
high performances LIBs. 

 In general, MTMOs belong to a novel research topic, and 
further studies are required to optimize battery performance. 
With rational and careful design, it is expected that MTMOs 
with various structures and morphologies will become one of 
the promising candidates as anode materials for next-genera-
tion high performance LIBs.  
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