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Abstract

To satisfy the growing demand for high-energy and high-power-densities 
Lithium-ion Batteries (LIBs), the design and development of efficient electrode 
materials are necessary. In comparison to graphite, transition metal oxides (TMOs) 
have recently been widely investigated as anode materials due to their promising 
properties. These combine high specific capacities and high working potential, 
making them attractive anode candidates for emergent applications. Unfortunately, 
because of their poor electronic conductivity and high-volume expansion during 
cycling, they are unpractical and difficult to employ. To overcome these limitations, 
different approaches have been adopted. Examples are synthesizing the metal oxides 
at the nanometric scale, designing three-dimensional or hollow structures, coating 
the material with carbonaceous materials, etc. In this chapter, we report the elabora-
tion of nanostructured transition metal oxides (Co3O4, Mn3O4, Co3−xMnxO4) using 
alginate gelling synthesis method. The Co3O4 octahedral-like nanoparticles display a 
remarkable cycling performance and good rate capability of 1194 mAh g−1 at C/5 and 
937 mAh g−1 at 2C. Partially substituting the Co with Mn was shown to result in the 
production of Co2.53Mn0.47O4 and MnCo2O4 with high initial specific discharge capaci-
ties of 1228/921 and 1290/954 mAh g−1, respectively. As a Co-free material, the Mn3O4 
delivers a reversible capacity of 271 mAh g−1, after 100 cycles.

Keywords: lithium-ion batteries, transition metal oxides, high-capacity,  
anode materials, alginate gelling method

1. Introduction

Since their commercialization, (LIBs) have been regarded as the most efficient 
energy storage system. They have been integrated into portable electronics and 
electrical devices. Their energy density has increased gradually until ~250Wh kg−1 
[1]. The LIBs operating mechanism is based on the lithium-ion exchange between the 
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cathode and the anode materials. During the charging process, an external current is 
applied to the cell, forcing the lithium-ion to leave the cathode moving to the anode. 
Inversely, during the discharge, which is a spontaneous reaction, the lithium-ion is 
transferred from the anode to the cathode. To preserve electrical neutrality, electrons 
are also transported to the cathode through an external circuit. Then, the electrical 
energy that was stored as chemical energy during the charging process is produced. 
The conversion of the chemical energy to electrical energy and vice-versa is based 
on the redox reaction of metallic elements present at the electrodes. These reactions 
are controlled by the chemical potential difference. The LIBs performances depend 
mainly on the combination of their different constituents, including the positive and 
negative electrodes, the electrolyte, and the separator.

The anode material is one of the critical components of the LIBs and depending 
on the Li+ ion reaction with the active material, three different storing mechanisms 
could be listed. These are the intercalation, the alloying, and the conversion. Graphite 
is considered the most employed negative electrode material for LIBs [2]. Its working 
mechanism is based on the Li+ intercalation/deintercalation into the graphite inter-
layer, following the reaction: 6C + xLi+ + xe−1 ↔ LixC6 [2]. With a theoretical capacity 
of 372 mAh g−1, the graphite anode delivers a capacity that is higher than 360 mAh g−1 
and shows good reaction reversibility. Nonetheless, due to its low capacity, other car-
bonaceous materials were examined, such as graphene [3], hollow spheres, nanotubes 
[4], nanofibers [5], porous materials, etc. For graphene and hollow carbon spheres, it 
was demonstrated that the Li+ storage took place due to the surface adsorption and the 
interactions with the carbon functional groups [6, 7].

Non-carbonaceous materials were also tested as anode materials for LIBs. Alloying 
elements such as Si, Ge, and Sn are considered promising alternatives. Particularly, Si 
exhibits the highest gravimetric capacity of 4200 mAh g−1 [8]. The lithiation mecha-
nism happens in two steps, the first one where the Li13Si4 alloy is formed, and the 
second consists of the formation of Li22Si5 phase [9]. Ge and Sn also show high initial 
theoretical capacities of 1600 mAh g−1 and 993 mAh g−1, respectively [10, 11].

Metal oxides are a very attractive class of materials, they are regarded as one of the 
most intriguing alternative graphite materials because of their high specific capacities 
and high working potential. Recently different oxides, such as Fe2O3 [12], MnO [13], 
NiO [14], Mn3O4 [15], CoFe2O4, MnFe2O4 and NiFe2O4 [16, 17] were used as anodes. 
They are generally known to react with lithium by a conversion reaction, where the 
metal ions are reduced to metallic form and then oxidized during consecutive dis-
charge/charge operations:

 ( ) ( )+ -+ + « +
a b n

M O b.n b.n e OLi aM bLi  (1)

Where M=Mn, Fe, Co, Ni, Cu, Ru, Mo, Cr, W, etc.
The In-situ transmission electron microscopy (TEM) technique demonstrates that 

the lithiation process of metal oxides occurs first via an intercalation reaction with the 
formation of metastable and intermediate phases, followed by a conversion reaction 
[18]. During a discharge process, with a metallic lithium counter electrode, the metal-
lic cations are reduced to their nanometric metallic elements and get surrounded by 
Li2O which is chemically more stable than any other metal oxide. However, when 
lithium-ion is electrochemically extracted from the composite (charge), the metallic 
species clusters get disintegrated and converted to small, dispersed particles with 
a high active specific surface area. This increases oxygen contact and catalyzes the 
formation of the metallic oxides as Li2O decomposes. The charge process involves 
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the deconversion of the metallic species formed during the discharge process and the 
decomposition of the inactive lithium oxide Li2O by cleaving the stable Li-O bonds.

Even if metal oxides exhibit high-capacity values, they have been known to suffer 
from important volume expansion reaching up to 200% during the lithiation process. 
This induces the electrode’s pulverization and disintegration, resulting in the loss of 
particle contact, a take-off from the current collector, and the formation/deforma-
tion of a solid electrolyte interface (SEI) layer, leading to an acceleration of capacity 
drop [19–21]. To improve the metal oxides cyclability different approaches have been 
adopted [22, 23].

2. Engineering approaches for high performances transition metal oxides

2.1 Design of three-dimensional (3D) structures or hierarchical configurations

Three-dimensional (3D) structures or hierarchical configurations are generally 
built from 0D, 1D, or 2D particles resulting in structures with enhanced porosity and 
relatively large specific surface areas. Three-dimensional structures have several advan-
tages; they provide more channels for Li+ and e− diffusion, a larger electrode/electrolyte 
contact area, and improved stress resistance to volume change during the Li+ insertion/
extraction [21]. A 3D structure made of vertical nanowires of Co3O4 with an improved 
electrical conductivity was prepared by Wang et al. The Co3O4 shows stable cycling and 
a high coulombic efficiency of around 100%. When assembled in a full cell system with 
lithium iron phosphate, LFP, cathode, the cell exhibits a capacity of 138 mAh g−1 with a 
capacity retention of 96% after 100 cycles [24]. Kong et al. reported the elaboration of 
3D hierarchical MnCo2O4 porous dumbbells exhibiting a stable reversible capacity of 
955 mAh g−1 after 180 cycles at 200 mA g−1 [25]. Hierarchical conversion metal oxides 
have also stimulated efforts for the development of binder-free negative electrodes for 
the next-generation LIBs. In a recent study, Wu et al. have reported the elaboration 
of self-supporting multilevel-3D porous NiO nanowires as a binder-free anode mate-
rial. The synthesized NiO displayed superior electrochemical performances, with a 
specific capacity that reached 1816.3 mAh g−1 at the current density of 100 mA g−1, and 
remained at 1318.7 mAh g−1 after 150 cycles [26].

2.2 Design of nanoparticles

As an anode for lithium-ion batteries, nanoparticles display superior properties 
compared to their bulk counterparts. Their reduced size significantly increases the 
Li-ion diffusion rate. We recall that the characteristic diffusion time constant is given 
by the equation:

 = 2
ô L /Deq  (2)

where L is the diffusion length and D is the diffusion constant.
Recognizing that the mean diffusion time (τeq) is proportional to the square of 

the diffusion length (L), it is safe to claim that when the particle size is reduced, the 
intercalation time decreases. The nanoparticles’ high specific surface area provides 
more electroactive sites and displays an important contact area with the electrolyte 
[20]. Recently, a variety of nano-sized metal oxides such as Mn2O3 [27], Co3O4 [28], 
Fe3O4 [29], etc. have been reported.
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2.3 Design of hollow structures

A hollow structure is another alternative to enhance electrochemical proper-
ties. It is attracting increasing attention because of its ability to buffer the volume 
expansion during the cycling process and to increase the contact between the inner 
active material and the electrolyte due to the presence of voids inside these struc-
tures. Jian et al. have prepared Mn3O4 hollow spheres, using an aerosol-based “drop-
let to particle” method and evaluated them as anode material in LIBs. The particles 
displayed capacity retention of ~980 mA g−1 for over 140 cycles at 200 mA g−1 [30]. 
Hollow CoFe2O4@Fe3O4 nanospheres have also shown good cycling stability, after 
500 cycles, with a specific capacity of 365 mAh g−1 at a current density of 1000 mA 
g−1 [31]. Xie et al. have reported the elaboration of hollow Fe3O4/rGO composites 
with a reversible capacity of 827.3 mAh g−1 after 550 cycles at 0.5 A g−1 [32].

2.4 Carbon coating and hybridization with carbonaceous materials

To enhance the electronic conductivity and the reaction kinetics during 
cycling, metal oxide particles are coated with carbon. Alternatively, they are 
inserted into a carbonaceous matrix. In both cases, the strain of volume change 
during the Li+ ion insertion/extraction is better accommodated, and particles 
aggregation is avoided. A carbon shell can be also an effective barrier between 
the electrode and the electrolyte, which stabilizes the solid electrolyte interface 
and prevents electrolyte decomposition. Different studies have synthesized 
hybrid metal oxide/carbon materials as high-efficiency anodes for advanced 
lithium-ion batteries.

To produce CoFe2O4/C fibers, Wu et al. used the electrospinning technique. The 
CoFe2O4/C composite was evaluated for its performance as an anode, demonstrat-
ing a reversible capacity of 490 mAh g−1 after 700 cycles [33]. In a different study, Li 
et al. reported on the elaboration of CoFe2O4 nanoparticles, uniformly dispersed, on 
graphene sheets. This three-dimensional (3D) network exhibited a specific reversible 
capacity of up to 938 mAh g−1, at a current density of 1000 mA g−1 [34]. Nitrogen-doped 
porous Carbon/Co3O4 nanocomposites were obtained via a hydrothermal method 
using natural porous crawfish shells as the carbon source. This composite delivered an 
irreversible discharge capacity of 1060 mAh g−1 at a current density of 100 mA g−1 [35].

In this chapter, we report the synthesis of Co3O4, Mn3O4, Co2.53Mn0.47O4, and 
MnCo2O4 at the nanometric scale for use as anode materials for LIBs, by a bio-inspired 
simple synthesis method, using alginate biopolymer as a bio-template for crystals 
nucleation and growth.

3.  Design of nanostructured Co3O4, Mn3O4, Co2.53Mn0.47O4, and MnCo2O4 
as high-performance anode materials for the next generation LIBs

3.1 Nanostructured Co3O4 as anode material for LIBs

Following a synthesis procedure by Hdidou et al. [36], Co3O4 was prepared via 
the alginate gelling method. A sodium alginate aqueous solution was prepared under 
medium stirring at room temperature. Subsequently, hydrogel beads were formed by 
adding, dropwise, the obtained solution into a homogeneous metal solution contain-
ing Co2+ cations. The beads were gently stirred in the metal solution overnight before 
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filtration, washing with distilled water, and drying. The sacrificial bio-template was 
removed by heating the xerogels in airflow at 600°C.

During the synthesis process, the alginate biopolymer could be used as:

• A stabilizer to control the particle size and the specific surface area;

• A template to direct the structure and the morphology of particles;

• An Oxygen donor.

The powder X-ray diffraction (XRD) patterns of the Co-alginate composite 
obtained after the thermal treatment, confirm the formation of the cubic spinel 
structure Co3O4 with a Fd-3m space group (Figure 1). The synthesized material’s 
morphology and particle size were characterized by Scanning Electron Microscopy 
(SEM), as shown in Figure 2. The images reveal the presence of polyhedral octahe-
dral-like nanoparticles with a heterogeneous particle size distribution and an average 
size of 90 nm. The particles exhibit a Brunauer–Emmett–Teller (BET) specific surface 
area of 12.4 m2g−1. The morphology and the particle size are relevant parameters that 
have a direct impact on a material’s electrochemical properties. One of the most effec-
tive methods to improve electrode kinetics is the elaboration of the active material at 
the nanometric scale. Generally, nanoparticles provide a huge electrode/electrolyte 
contact area, a reduced distance for Li+ diffusion and electron transfer, and more 
electro-active sites.

To evaluate the electrochemical performance of the nanostructured Co3O4 electrode, 
cyclic voltammetry (CV) and galvanostatic tests were performed. The cyclic voltammetry 
curve of Co3O4 is illustrated in Figure 3b. It is seen that during the first scan of Co3O4, 
the main reduction peak is located at 0.66 V and is attributed to the reduction of Co3+ 
and Co2+ to Co, and the formation of the solid-electrolyte-interface (SEI) layer. The main 
oxidation peak was observed at 2.07 V and is associated with the oxidation reaction of Co/
Co3O4. The proposed Li+ storage mechanism is according to the following reaction [37]:

 
3 4 2

Co O 8Li 8e 3Co 4Li O
+

+ + -« +  (3)

Figure 1. 
X-ray powder diffraction patterns of Co3O4.
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Further investigation showed that the shape of the CV curve is mostly main-
tained in the subsequent sweeps, indicating good cycle reversibility of the electro-
chemical reactions [38, 39]. Starting from the second cycle, the CV curves display 
overlapped two reduction peaks located at around 1.1 and 0.91 V, assigned to the 
reversible reduction of Co3+ to Co2+ and Co2+ to Co, respectively. These peaks become 

Figure 3. 
Electrochemical performances of Co3O4 (a) Cyclic voltammogram of the as-prepared Co3O4 in the voltage range 
of 0.01–3.00 V vs. Li/Li+ at a scan rate of 0.05 mV s−1, (b) Charge-discharge profiles of Co3O4 at the current rate 
of C/5 in the voltage range of 0.01–3.00 V (c) Rate capability of Co3O4 electrode material at various current rates 
from C/5 to 2C.

Figure 2. 
SEM images of Co3O4.
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broader with lower intensities compared to the first cycle which is due to the pseudo-
capacitive behavior of the metal oxide that starts taking place during the following 
cycles due to the particle size reduction and the irreversible Co and Mn elements 
formation, indicating the capacity loss. Figure 3a displays the galvanostatic charge/
discharge performances of the Co3O4 electrode, examined at a C/5 current rate in 
the voltage window of 0.01–3.00 V (1C = 1.23 A g−1). The electrode delivers a high 
initial specific discharge capacity of 1008 mAh g−1 with a coulombic efficiency (CE) 
of 75%. After 50 cycles the capacity was maintained to 680 mAh g−1 with a CE of 
99%. During the first discharge curve, a large discharge plateau at 1.06 V appeared, 
corresponding to the lithium reaction with Co3O4 and the formation of SEI. During 
charging, a plateau was also observed at 1.9 V. This plateau is attributed to a Co/
Co3O4 oxidation reaction during the lithium-ion extraction process (Figure 3b). The 
enhanced electrochemical performance of Co3O4 could be attributed to the reduced 
particle size of 90 nm and the reactions reversibility during the lithiation/delithia-
tion process. As was expected from the galvanostatic test, Co3O4 exhibits good rate 
capability performances. The cell delivers average specific discharge capacities of 
1149, 1133, 1147, 1134, 1070, and 937 mAh g−1, with coulombic efficiencies of 95, 97, 
91, 98, 99, and 97% at the current rate of C/5, C/4, C/3, C/2, 1C, and 2C respectively. 
When the current density was set back to C/5, a high specific discharge capacity of 
1222 mAh g−1 was recovered with a CE of 96%. Indicating its tolerance to the fast Li+ 
lithiation/delithiation process (Figure 3b).

3.2 Nanostructured Co3−xMnxO4 (x = 0.47, 1) as anode materials for LIBs

The insertion of the Mn into the Co3O4 structure was ensured using the alginate 
gelling synthesis method. The alginate solution was added drop by drop into a homo-
geneous metal solution containing a mixture of Co2+ and Mn2+ cations. The obtained 
gel was then washed, dried, and calcined under an air atmosphere. The substitution of 
Co3+ (0.54 Å) by Mn3+ (0.58 Å) cations that have a larger ionic radius was confirmed 
by the X-ray diffraction (Figure 4) and the atomic absorption spectroscopy analysis. 
Co2.53Mn0.47O4 and MnCo2O4, with cubic spinel structures adopting Fd-3m as a space 
group, have been produced. Analysis of the SEM images showed that Co3−xMnxO4 
(x = 0.47, 1) crystallizes into an octahedral-like morphology since the growth of 
nanoparticles is privileged along the axis <100>. The average particle size calculated by 
ImageJ software of Co2.53Mn0.47O4 and MnCo2O4 is 72 and 69 nm respectively (Figure 
5). Using a scanning electron microscope, coupled with an energy-dispersive X-ray 
spectroscope (EDS), the elemental composition revealed the presence of Co and Mn as 
the major elements. This is shown in Figure 6 where other elements such as Na, and Ca 
could also be detected.

The mixed oxides Co3−xMnxO4 (x = 0.47, 1), demonstrate a promising electro-
chemical activity with high specific discharge capacities of 1228 and 1290 mAh g−1 
and an initial CE of 75 and 74% (Figure 7a and b). This capacity could not be main-
tained in long-term cycling, which was also observed by Lai et al., who reported that 
with increasing the cycle numbers the Mn element gets dissolved into the electrolyte 
and settles down on the electrode surface [40]. From the cyclic voltammetry profile, 
the two cathodic peaks were observed during the conversion reaction for each com-
pound (1.21 V/0.70 V, and 1.28 V/0.62 V), they are assigned to the reduction process 
of Mn/Mn3+ and Co/Co3+, respectively. However, three of the observed anodic peaks, 
2.09/1.52/1.10 V, 2.01/1.52/1.13 V, could be attributed to the oxidation of Co to Co2+ 
and Co3+, and Mn to Mn2+ [41] (Figure 7c and d).
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Figure 5. 
SEM images of the synthesized oxides (a) Co2.53Mn0.47O4 and (b) Co2MnO4.

Figure 4. 
X-ray powder diffraction patterns of Co2.53Mn0.47O4 and Co2MnO4.

Figure 6. 
EDS analysis of the synthesized oxides (a) Co2.53Mn0.47O4 and (b) Co2MnO4.
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The particle morphology was also examined. Figure 8a and b revealed that after 
two cycles, the nanometric size distribution was retained and the structure was still 
observed. Nonetheless, a thin layer was formed on the electrode surface. It refers 
to the SEI films that originated from the decomposition of the electrolyte and the 
consumption of salt, and solvent species [42].

Figure 7. 
Electrochemical performances of Co2.53Mn0.47O4 and Co2MnO4 (a, b) Charge-discharge profiles of 
Co2.53Mn0.47O4 and Co2MnO4 at the current rate of C/5 in the voltage range of 0.01–3.00 V (c, d) Cyclic 
voltammograms of the as-prepared Co2.53Mn0.47O4 and Co2MnO4 in the voltage range of 0.01–3.00 V vs. Li/Li+ 
at a scan rate of 0.05 mV s−1.

Figure 8. 
SEM images of the electrodes (a) Co2.53Mn0.47O4, and (b) Co2MnO4, after 2 cycles.
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Figure 9. 
X-ray powder diffraction patterns of Mn3O4.

Figure 10. 
Electrochemical performances of Mn3O4 (a) Charge-discharge profiles of Mn3O4 at the current rate of C/5 in 
the voltage range of 0.01–3.00 V, (b) Cyclic voltammogram of the as-prepared Mn3O4 in the voltage range of 
0.01–3.00 V vs. Li/Li+ at a scan rate of 0.05 mV s−1, (c) Rate capability of Mn3O4 electrodes material at various 
current rates from C/5 to 2C.
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3.3 Nanostructured Mn3O4 as anode material for LIBs

The elaboration of Mn3O4 by the alginate gelling method is also reported in this 
chapter. The Mn3O4 spinel oxide was produced by calcining the hybrid Mn-alginate 
xerogel at 600 °C under the air atmosphere. This phase adopts I41/amd as a space group. 
Mn3O4 is a tetragonal distorted spinel with an ionic structure of + +é ùë û

2 3

2 4
OMn Mn , 

where Mn2+ are located in the tetrahedral sites and Mn3+ in the octahedral sites. The 
sample shows an impurity peak which was indexed as Mn5O8 (Figure 9).

As a free Co material, Mn3O4 shows moderate electrochemical performance. The initial 
specific discharge/charge capacities delivered by the prepared material are 960, 497 mAh 
g−1 with a CE of 51%. Between the first and the second cycle, the discharge capacity drops 
to its half. Nevertheless, between the 50th and 100th cycles, only a loss of 14 mAh g−1 was 
observed and a capacity of 271 mAh g−1 was maintained (Figure 10a). With increasing the 
cycle number, the specific capacity gets more stable. This stability could be attributed to the 
activation process resulting from the increase of the lithium-ion reactivity with the appear-
ance of Mn2+/Mn4+ redox reaction [25]. The coulombic efficiency rises to 98.9% indicating 
its good capacity retention. At the first discharge curve, a pseudo-plateau at 0.70 V with a 
large plateau at 0.24 V took place, which is related to the lithium insertion reactions and the 
electrolyte decomposition (Figure 10a). From the CV test, in the first cathodic scan, the 
broad peak at 0.30 V is attributed to the reduction of Mn3+ into Mn2+ and the formation of 
a solid-electrolyte-interface (SEI) layer (peak around 0.84 V). The intensive sharp peak in 
the low potential region is attributed to the reduction of Mn2+ to Mn leading to the forma-
tion of Li2O, this peak moves to 0.32 V in other cycles. During the first charge process, the 
broad anodic peak at 1.27 V can be ascribed to the simultaneous oxidation processes of 
metallic Mn to Mn2+ that cause the Li2O decomposition (Figure 10b). The rate capability 
of the working electrodes was performed at different current densities as shown in Figure 
10c. The cell delivers average charge capacities of 377, 310, 273, 235, 180, and 104 mAh g−1, 
at current rates of C/5, C/4, C/3, C/2, 1C, and 2C respectively with 1C = 1.87 A g−1. When 
the current density was back to C/5, a charge capacity of 233 mAh g−1 was recovered. With 
a coulombic efficiency of 96, 98, 98, 99, 99, 98, and 99%, respectively.

4. Conclusions

In this chapter, we have reported the potential use of the transition metal oxides 
(TMOs) as promising anodes for LIBs. TMOs are characterized by their high theoreti-
cal capacities, suitable operation voltages, and a variety of chemical compositions. 
However, their practical use is still limited due to their poor electronic conductivity 
and high-volume expansion during the Li+ insertion/extraction. To alleviate these 
challenges different approaches were suggested:

• The design of three-dimensional (3D) structures with hierarchical 
configurations,

• The elaboration of the TMOs at the nanometric scale,

• The production of hollow structures,

• The hybridization with carbonaceous materials besides the carbon coating 
approach.
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Here, we have outlined how reducing the particle size to the nanoscale enhances 
the lithium storage reversibility for the conversion of metal oxides. MnxCo3−xO4 0 
≤x≤ 3, octahedral-like nanoparticles were prepared by a bio-inspired, cost-effective, 
and environmentally friendly synthesis method using metal nitrate as a precursor 
and alginate biopolymer as a sacrificial biotemplate. After a thermal treatment of the 
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retention and rate capability performances, making them potential anode materials 
for the next generation LIBs.
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