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 ABSTRACT 

Novel manganese and boron containing nanomaterials have been investigated

for applications in rechargeable lithium ion batteries (LIBs) in recent years owing

since they are more environmentally-benign and more abundant in nature than 

the materials currently employed. In this study, one-dimensional (1D) Mn3B7O13OH

nanorods and MnBO2OH nanorod bundles were controllably fabricated by 

using NH4HB4O7 and Mn(NO3)2 as reagents via a hydrothermal or solvothermal 

process, respectively, without any surfactants or templates at 220 °C. It is interesting

to find that both materials are transformed into Mn2OBO3 nanorods/nanorod 

bundles by subsequent calcination. The formation processes of the above 1D

borate containing products were investigated and the as-obtained four kinds of 

borates were studied as novel anode materials. It was found that the Mn2OBO3

nanorods displayed the best performance among the four borates, delivering

an initial discharge capacitiy of 1,172 mAh·g–1 at 100 mA·g–1, and 724 mAh·g–1

could be retained after 120 cycles. A full battery composed of a Mn2OBO3

nanorod anode and a commercial LiFePO4 (or LiCoO2) cathode has also been 

assembled for the first time, which delivered an initial discharge capacity of

949 mAh·g–1 (779 mAh·g–1 for LiCoO2). The excellent cycle and rate performances

of the products reveal their potential applications as anodes for LIBs. 

 
 

1 Introduction 

Polyanion-type inorganic compounds as electrode 

materials display unique advantages (such as the possi-

bility to systematically tune the potentials of transition 

metal containing electrodes) and are competitive with 

traditional materials for use in lithium-ion batteries 

(LIBs) [1, 2]. Among these materials, transition metal 

borates have attracted increasing research interests 

since their first utilization as anodes for LIBs in 2001, 

owing to their advantages of containing the smallest 

molecular weight polyanion, the high abundance of 
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precursor materials and being environmental friendly, 

as well as having high discharge voltage and initial 

capacity [3]. To date, a series of metal borates have 

been prepared via diverse methods and applied as 

anodes. For example, FeBO3, Fe3BO6 and Cr3BO6 

particles were prepared through a solid-state reaction 

at 600–880 °C for 2–5 days with relatively high initial 

discharge capacity, but capacities of only 250, 450 and 

280 mAh·g–1 could be maintained after 5–10 cycles [4]; 

VBO3 particles prepared by firing a mixture of V2O3 and 

H3BO3 at 670 °C and 1,200 °C for 1 day, respectively, had 

an initial capacity of 420 mAh·g–1; 20 wt.% carbon-coated 

VBO3 gave an initial capacity of 910 mAh·g–1, which 

faded to 420 mAh·g–1 after 12 cycles [5]; M3B2O6 (M = 

Co, Ni, and Cu) particles were fabricated via similar 

solid-state reactions for 4 days, and their initial 

capacity was 700 mAh·g–1, and 300 mAh·g–1 could be 

retained after 30–50 cycles [6]. Although extensive 

research and obvious progress have been made in the 

synthesis of the above MBO3 and M3B2O6 (M = Fe, Co, 

Ni, Cr, V and Cu) materials, the time-consuming (at 

least 2 days) synthesis process and fast capacity 

fading of these materials have hindered their wider 

applications. 

Manganese is cheaper, more environmentally benign 

and more abundant in nature than the majority of 

transition metals [7–10]. Manganese based borates have 

already been synthesized and investigated in various 

fields. For example, pyroborate Mn2B2O5 has been 

prepared by a solid state reaction at 1,150 °C and its 

magnetic properties have been investigated using 

magnetization and electron paramagnetic resonance 

measurements [11]. In addition, specific heat and 

magnetization measurements on warwickite Mn2OBO3 

have been carried out, and the Mn2OBO3 displayed 

L-type ferrimagnetism [12]. The interplay of spin, 

charge and orbital degrees of freedom in Mn2OBO3  

is also of great interest and its long range antiferro-

magnetic order occurs below a Néel temperature 

TN = 26 K, other apparent magnetic transitions are due 

to secondary phases [13]. However, to the best of our 

knowledge, a convenient synthesis of manganese 

borate hydroxide and the corresponding manganese 

oxyborate nanomaterials, especially 1D nanomaterials, 

for use as high performance anodes for LIBs has not 

been reported [14].  

Herein, a facile hydrothermal/ethanol thermal method 

has been developed to prepare 1D Mn3B7O13OH 

nanorods and MnBO2OH nanorod bundles. They  

can subsequently be converted into Mn2OBO3 with 

similar morphologies via calcination. The as-obtained 

four kinds of nanomaterials have been systematically 

investigated as lithium-ion battery anodes for the 

first time. The Mn3B7O13OH nanorods, MnBO2OH 

nanorod bundles, Mn2OBO3 nanorods and Mn2OBO3 

nanorod bundles displayed initial discharge capacities 

of 810, 855, 1,172 and 1,037 mAh·g–1, with capacities of 

538, 507, 600 and 554 mAh·g–1, respectively, retained 

after 50 cycles. The Mn2OBO3 nanorods/nanorod 

bundles delivered higher initial discharge capacities 

than the corresponding borate hydroxides. Among 

the four samples, the Mn2OBO3 nanorods displayed 

the best cycle performance and rate performance. The 

Mn2OBO3 nanorods also showed good reversibility 

and stability upon increasing the discharge/charge 

current density to 50, 100, 200, 500, and 1,000 mAh·g–1. 

Notably, after 60 cycles at varying current densities, 

the discharge capacity of Mn2OBO3 nanorods could 

recover to 784 mAh·g–1 when the current density was 

reset to 50 mA·g–1. In addition, the Mn2OBO3 nanorod 

anode has also been assembled with a commercial 

LiFePO4 cathode to form a full battery, which showed 

an initial discharge capacity of 949 mAh·g–1. The 

excellent electrochemical performance of Mn2OBO3 

demonstrates its potential as a promising anode for 

LIBs. This method provides a new general strategy for 

the synthesis of a series of borate containing materials 

with promising applications as anodes for LIBs. 

2 Experimental 

2.1 Material synthesis 

In a typical procedure, 0.01 mol NH4HB4O7·3H2O and 

0.01 mol Mn(NO3)2 (50 wt.% solution) were dissolved 

in 40 mL of distilled water (or ethanol) and then 

transferred into a 60 mL Teflon-lined stainless-steel 

autoclave after being stirred vigorously for 1 hour. The 

autoclave was heated at 220 °C and the temperature 

maintained for 24 h (or 12 h). The resulting precipitates 

were collected and washed several times (Mn3B7O13OH 

or MnBO2OH). Finally, the corresponding Mn2OBO3 
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materials were obtained by calcining the Mn3B7O13OH 

and MnBO2OH in air at 750 °C with a heating rate of 

5 °C/min for 12 h or 5 h, respectively.  

2.2 Characterization 

The phase of the as-obtained products were measured 

on a Bruker D8 Advance X-ray diffractometer equipped 

with graphite-monochromatized Cu Kα radiation (λ = 

1.5418 Å). Transmission electron microscopy (TEM, 

JEM-2100), field emission scanning electron microscopy 

(FESEM; JEOL JSM-6700F) and high-resolution TEM 

(HRTEM, JEM-2100, 200 kV) were used to observe the 

morphology, size and structure of the samples. 

2.3 Battery assembly and electrochemical measure-

ments 

The electrochemical behavior of the half batteries 

were examined using CR2032 coin type cells vs. Li 

with 1 M LiPF6 dissolved in the solution of ethylene 

carbonate/dimethyl carbonate/diethyl carbonate (EC/ 

DMC/DEC, 1:1:1 w/w) as the electrolyte. The working 

anode electrode was fabricated by compressing a slurry 

of active materials (70 wt.%), carbon black (20 wt.%), 

carboxymethyl cellulose III (CMC) (10 wt.%) onto a 

copper foil current collector and dried under vacuum 

at 60 °C for 12 h. The resulting foil was roll-pressed 

and cut into discs with a diameter of 12 mm. The 

typical loading density of the active materials on the 

discs was 1.5–2.0 mg·cm–2. The cathode electrode was 

prepared by blending the active material [commercial 

LiFePO4 (or LiCoO2) powder, 80 wt.%], carbon black 

(10 wt.%) and CMC (10 wt.%) in water. The slurry 

was then drop cast onto aluminum foil and dried under 

vacuum overnight. The resulting foil was roll-pressed 

and cut into discs with a diameter of 14 mm. The 

typical loading density of the active materials on the 

discs was 10–15 mg·cm–2. The assembly of cells was 

carried out in an argon-filled glove box, where the 

amount of water and oxygen were both <1 ppm. To 

assemble the full battery, a Mn2OBO3 nanorod anode 

was combined with a commercial LiFePO4 cathode and 

assembled into CR2032 coin type cells. The tested cells 

were cycled on a Land battery test system (CT2001A, 

China) at room temperature (25 °C). Cyclic voltammetry 

(CV) measurements were obtained using a LK2005A 

Electrochemical Workstation. Electrochemical impedance 

spectroscopy (EIS) was carried out at 5 mV in the 

frequency range from 10–2 Hz to 105 Hz at open-circuit 

voltage using a MaterialsMates 510 instrument.  

3 Results and discussion  

The X-ray diffraction peaks of the samples prepared 

through a hydrothermal or ethanol thermal process 

shown in Figs. 1(a) and 1(b) can be indexed as pure 

cubic Mn3B7O13OH (JCPDS card no. 28-0645) and 

MnBO2OH (JCPDS card no. 47-1864), respectively. 

The FESEM image (Fig. 1(c)) of the Mn3B7O13OH 

shows that nanorods with lengths in the range of 

10–20 micrometers and average diameter of 200 nm 

have been produced. The MnBO2OH is mainly com-

posed of nanorod bundles with lengths in the range 

of 10–15 micrometers and an average diameter of 

350 nm (Fig. 1(d)). 

It is interesting to find that 1D Mn3B7O13OH and 

MnBO2OH could all transform into Mn2OBO3 after 

calcination. The phases of the as-synthesized products 

are determined by XRD and the results are shown in 

Fig. 2(a). All the diffraction peaks of the two samples 

can be indexed as monoclinic Mn2OBO3 (JCPDS no. 

49-1172), and the calculated lattice parameters are 

consistent with the literature [15]. In term of the solvent 

used in the first step, we denote the Mn2OBO3 derived 

from Mn3B7O13OH and MnBO2OH as “w-Mn2OBO3” 

and “e-Mn2OBO3”, respectively. Compared with the 

reported synthesis method of Mn2OBO3, this two-step 

method is more convenient [12, 13, 16]. The schematic 

structure of Mn2+Mn3+OBO3 depicted in Fig. 2(b) reveals 

that the metal cations are octahedrally coordinated, 

with the octahedra sharing edges to form ribbons, 

linked by corner sharing, and trigonal planar BO3 

groups are also present [16]. It is worth noting that 

the phase transition from Mn3B7O13OH and MnBO2OH 

to w-Mn2OBO3 and e-Mn2OBO3 was achieved through 

a one-pot calcination while the one-dimensional 

characteristics are retained [Figs. 2(c) and 2(d)]. But 

the w-Mn2OBO3 nanorods (0.15–1.0 micrometers) are 

shorter than those of Mn3B7O13OH. The e-Mn2OBO3 is 

also composed of shorter nanorods that are cross-linked 

together to form long nanorods (inset in Fig. 2(d)). 



 

www.theNanoResearch.com∣www.Springer.com/journal/12274 | Nano Research 

557 Nano Res. 2015, 8(2): 554–565 

 

 
Figure 1 (a, b) XRD patterns and (c, d) FESEM images of Mn3B7O13OH and MnBO2OH. 

 
Figure 2 (a) XRD patterns (b) crystal structure and (c, d) FESEM images of the as-obtained Mn2OBO3 products. 
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The structures of the as-obtained w-Mn2OBO3 and 

e-Mn2OBO3 were examined by HRTEM (Fig. 3). The 

HRTEM image in Fig. 3(a) reveals the nanorod shape of 

w-Mn2OBO3. Figure 3(b) shows the regular arrangement 

of lattice fringes with an average d-spacing of 4.17 Å, 

which corresponds to the (210) plane of the monoclinic 

phase of Mn2OBO3. Figure 3(c) further shows that 

e-Mn2OBO3 long nanorod is made up of cross-linked 

short nanorods. The lattice fringes with an average 

d-spacing of 2.67 Å can be indexed to be the (021) 

planes of the monoclinic Mn2OBO3 (see Fig. 3(d)). 

Time-dependent experiments were performed to gain 

insight into the formation process of these manganese 

oxyborates. The time-dependent experiments on the 

formation of Mn3B7O13OH and MnBO2OH were carried 

out by analyzing TEM images and XRD patterns 

obtained after different reaction times [Figs. S2 and 

S3, in the Electronic Supplementary Material (ESM)]. 

The formation process might include the following 

stages: (1) nucleation and nanoparticle formation in 

the initial stages [Figs. S1(a) and S1(e), in the ESM];  

(2) aggregation and crystallization processes—from a 

thermodynamics perspective, the nanoparticles tend 

to aggregate or assemble together to decrease the 

overall surface energy. As a result, crystalline MnO2 

rods and Mn3B7O13OH particles were formed with 

increasing reaction time [Figs. S1(b) and S1(f)]; (3) the 

phase evolution from MnO2 into Mn3B7O13OH might 

occur on further prolonging the reaction time (as partly 

 

Figure 3 HRTEM images of part of a randomly selected (a, b) 
w-Mn2OBO3 and (c, d) e-Mn2OBO3 nanorod. 

evidenced by the XRD pattern, while for ethanol as a 

solvent, the Mn3B7O13OH particles began to assemble 

into bundles during the phase transformation from 

Mn3B7O13OH into MnBO2OH [Figs. S1(c) and S1(g)]; 

(4) oriented growth—subsequently, the Mn3B7O13OH 

nanorods and MnBO2OH nanorod bundles underwent 

an oriented growth process to form larger and uniform 

nanorods/nanorod bundles. The possible reaction 

equations are as follows: 

3Mn2+ + 2NH4HB4O7 + 3H2O → Mn3B7O13OH +  

2NH4
+ + 7H+ + BO3

3–            (1) 

3Mn2+ + 2NH4HB4O7 + 10H2O → 3MnBO2OH + 

2NH4+ + 19H+ + 5BO33–            (2) 

Finally, the w-Mn2OBO3 and e-Mn2OBO3 were obtained 

after calcination, and the reaction equations are as 

follows: 

4Mn3B7O13OH + 3/2O2 → 6(w-Mn2OBO3) + 

2H2O + 11B2O3               (3) 

4MnBO2OH + 1/2O2 → 2(e-Mn2OBO3) + 2H2O + B2O3  

(4) 

A schematic illustration of the formation of w- 

Mn2OBO3 and e-Mn2OBO3 is shown in Scheme 1. In 

addition, it was found that only MnOOH nanowires 

or MnBO2OH nanorods could be obtained using either 

water or ethanol as a solvent if H3BO3 was used    

as borate reagent instead of NH4HB4O7·3H2O while 

keeping other reaction conditions unchanged (Fig. S4, 

in the ESM). 

Figures 4(a) and 4(d), respectively, demonstrate the 

discharge–charge curves of the electrodes made from 

the Mn3B7O13OH nanorods and the MnBO2OH nanorod 

bundles at a current density of 100 mA·g–1 at room 

temperature in the potential window between 0.01 

and 3.0 V (vs. Li+/Li). The initial discharge capacities 

of the Mn3B7O13OH and MnBO2OH are 810 and 

855 mAh·g–1, with values of 538 and 507 mAh·g–1 

retained after 50 cycles, respectively. The cycling 

performances of the Mn3B7O13OH nanorods and the 

MnBO2OH nanorod bundles are shown in Figs. 4(b) 

and 4(e). Both the samples showed good capacity 

retention and stability. In addition, the rate perfor-

mances of the Mn3B7O13OH and MnBO2OH were also 

tested at various current densities, and displayed  
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Scheme 1 Schematic Illustration of the formation of w-Mn2OBO3 and e-Mn2OBO3. 

 

Figure 4 Discharge–charge curves and cycle performance of (a, b) Mn3B7O13OH and (d, e) MnBO2OH at a current density of 
100 mA·g–1; rate performance of (c) Mn3B7O13OH and (f) MnBO2OH at 50, 100, 200, 500, 1,000 mA·g–1. 
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high reversibility [Figs. 4(c) and 4(f)]. Details of the 

capacities and coulombic efficiencies of the cycling 

and rate performances of the products are shown in 

Table 1. 

The discharge–charge voltage profiles of the w- 

Mn2OBO3 nanorods and e-Mn2OBO3 nanorod bundle 

electrodes under the same conditions as the manganese 

borate hydroxides are illustrated in Fig. 5(a). The initial 

discharge capacities of w-Mn2OBO3 and e-Mn2OBO3 

are 1,172 and 1,037 mAh·g–1, respectively, values 

which are higher than those of the Mn3B7O13OH and 

MnBO2OH (Fig. 5(a)). However they suffer from 

large irreversible capacity loss, which is common in 

other borates and some transition metal oxide anodes 

[4–6, 17–23]. According to the literature, the high 

irreversible capacity loss generally observed in the 

first cycle for borate materials can be largely attributed 

to the occurrence of side reactions involving electrolyte 

oxidation with the formation of a solid electrolyte 

interphase (SEI) film during the first discharge 

process [24]. An ex situ lithiation process (by directly 

contacting a lithium metal foil with the w-Mn2OBO3 

(or e-Mn2OBO3) electrode and then dipping both of 

them into the electrolyte for 30 min) was carried out 

and can be considered to be a surface pretreatment 

process, which could pre-form the SEI before the 

subsequent cycling processes [25, 26]. As a result of 

this process, the first cycle coulombic efficiencies of 

w-Mn2OBO3 and e-Mn2OBO3 increased to 77.8% and 

75.3%, respectively (Fig. S5, in the ESM). In addition, 

it is obvious that there is a large deviation in the 

potential between the charge and discharge curves. 

This large difference may be a feature of metal oxide 

anode polarization related to ion transfer during 

charge–discharge cycles. This phenomenon is often 

observed in metal oxide anodes due to their poor 

electrical conductivity [27, 28]. The w-Mn2OBO3 and 

e-Mn2OBO3 products also show better LIB cycling 

performances than the manganese borate hydroxides 

at a current density of 100 mA·g–1 (see Fig. 5(b)). After 

120 cycles, the capacities of the w-Mn2OBO3 and 

e-Mn2OBO3 are still maintained at 724 and 706 mAh·g–1, 

respectively (Fig. 5(b)). The higher rate performances 

(2A·g–1) of the w-Mn2OBO3 and e-Mn2OBO3 are shown 

in Fig. S6 (in the ESM). The initial capacities of w- 

Mn2OBO3 and e-Mn2OBO3 are 1,140 and 1,008 mAh·g–1, 

with values of 353.4 and 315.6 mAh·g–1 retained after 

100 cycles, respectively. In addition, the capacity of 

e-Mn2OBO3 exceeds that of w-Mn2OBO3 as cycle 

number increases. The reasons for the distinctly 

higher capacity of w-Mn2OBO3 compared with that 

of e-Mn2OBO3 in the starting cycling stage may be 

attributed to the smaller particle size (which can 

provide more active sites), shorter Li-ion insertion 

length and less agglomeration of w-Mn2OBO3 com-

pared with e-Mn2OBO3 [29]. The w-Mn2OBO3 electrode 

has lower electronic resistance (Re) and charge-transfer 

resistance (Rct) values but a larger diffusion coefficient 

(D) than the corresponding values for the e-Mn2OBO3 

before cycling, which indicates it affords higher 

mobility for Li+ ion diffusion [30]. Even when the 

batteries were cycled at a current density of 2 A·g–1 

for 10 cycles, the 1D characteristics of the w-Mn2OBO3 

and e-Mn2OBO3 were still retained (Fig. S9, in the 

ESM) but the nanorod sizes changed to some extent. 

For example, some of the e-Mn2OBO3 nanorods 

cracked into smaller sized nanorods. However, when 

the w-Mn2OBO3 and e-Mn2OBO3 were evaluated as 

half cell electrodes after 120 cycles at a current density 

of 100 mA·g–1, the corresponding values of Re, Rct,  

Table 1 Capacities and coulombic efficiencies during cycling and rate performances of the products 

Rate performance—discharge capacities 
(mAh·g–1) at various current densities 

(mA·g–1) Sample 

Initial 
discharge/charge 

capacity  
(mAh·g–1) 

Discharge /charge 
capacity  

(mAh·g–1) 

Initial 
coulombic 
efficiency 

(%) 

Coulombic 
efficiency 

(%) 
50 100 200 500 1,000 50 

Mn
3
B

7
O

13
OH 810/439 538/530 (50th) 54.2 98.5 (50th) 490 429 382 333 220 545

MnBO
2
OH 855/570 507/495 (50th) 66.7 97.6 (50th) 522 465 414 365 309 563

w-Mn
2
OBO

3
 1,172/694 724/720 (120th) 59.2 99.4 (120th) 649 591 569 503 438 784

e-Mn
2
OBO

3
 1,037/580 706/701 (120th) 55.9 99.3 (120th) 506 463 421 361 321 604
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Figure 5 Electrochemical performances of the w-Mn2OBO3 and e-Mn2OBO3: (a) discharge–charge curves (b) cycle performance at a 
current of 100 mA·g–1; (c) rate performance at 50, 100, 200, 500, 1,000 mA·g–1; (d) the first three consecutive CVs of the electrodes 
made from w-Mn2OBO3 and e-Mn2OBO3 at a scan rate of 0.1 mV·s–1 in the voltage range 0.01–3.0 V versus Li+/Li; (e) the 
discharge–charge curves of LiFePO4 and LiCoO2 versus Li+/Li in the first two cycles at a current density of 100 mA·g–1 in the voltage 
range 3.0–4.2 V; (f) voltage profile of w-Mn2OBO3/LiFePO4 full battery at a current density of 100 mA·g–1 in the voltage range 
0.9–3.9 V; (g) voltage profile of w-Mn2OBO3/LiCoO2 full battery at a current density of 100 mA·g–1 in the voltage range 0.9–3.9 V; (h) 
cycle performances of the w-Mn2OBO3/LiFePO4 and w-Mn2OBO3/LiCoO2 full cells at a current density of 100 mA·g–1. 
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and D of the two materials become similar (Fig. S7 and 

Table S1, in the ESM). In addition, the XRD patterns 

and morphologies of w-Mn2OBO3 and e-Mn2OBO3 

also became almost the same after 120 cycles (Fig. S8, 

in the ESM). As the w-Mn2OBO3 and e-Mn2OBO3 have 

similar structures (amorphous) and morphologies 

after long cycling, it is reasonable that they have almost 

similar electrochemical performance after 120 cycles 

at 100 mA·g–1. 

Figure 5(c) demonstrates the rate performance   

of w-Mn2OBO3 and e-Mn2OBO3 electrodes cycled   

at various current densities (50, 100, 200, 500 and 

1,000 mA·g–1). The capacities at the given current 

densities are listed in Table 1. It is obvious that the 

w-Mn2OBO3 and e-Mn2OBO3 electrodes displayed 

better stability and reversibility than the Mn3B7O13OH 

and MnBO2OH. When the current density was reduced 

back to 50 mA·g–1, the capacities of w-Mn2OBO3 and 

e-Mn2OBO3 recovered to 784 and 604 mAh·g–1, respec-

tively. The first three consecutive cyclic voltammograms 

(CVs) of the electrodes made from w-Mn2OBO3 and 

e-Mn2OBO3 were recorded (Fig. 5(d)). It is obvious 

that the w-Mn2OBO3 sample has larger curve area 

and higher redox peaks than those of the e-Mn2OBO3 

sample, which is consistent with the higher capacity 

of the w-Mn2OBO3 [8]. Three reduction peaks can  

be found in the cathodic polarization process of the 

first cycle for both of the two Mn2OBO3 samples. The 

broad peak centered at 1.30 V can be attributed to the 

reduction of Mn3+ to Mn2+ [31], the intense peak located 

at 0.36 V can be assigned to the further reduction of 

Mn2+ to metallic Mn [16], while the peak centered at 

0.86 V could be associated with an irreversible reaction 

related to the lithium ion insertion into the conductive 

agent acetylene black [27]. There is only one oxidation 

peak in the following anodic sweep. The peak located 

at 1.41 V is due to the oxidation of Mn to Mn2+. The 

second cycle is characterized by a pair of redox peaks at 

0.83/1.41 V, which may be attributed to the formation 

of a new phase. From the second cycle onwards, the 

CV curves are mostly overlapping, which indicates 

the good reversibility of the electrochemical reactions. 

Based on the above analysis, the lithium insertion and 

extraction reactions for w-Mn2OBO3 and e-Mn2OBO3 

electrodes can be tentatively proposed to be as follows: 

Mn2OBO3 + 5Li+ + 5e– → 2Mn + Li3BO3 + Li2O  (5) 

However the exact lithium insertion/extraction reaction 

mechanism still needs further study.  

Similarly, the possible electrode reactions of the two 

borate precursors can be tentatively written as follows 

[32, 33]: 

Mn3B7O13OH + 6Li+ + 6e– → 6Mn + Li3BO3 + 

Li2O + LiOH + 3B2O3           (6) 

MnBO2OH + 2Li+ + 2e– → Mn + 1/2Li2O + 

LiOH+ 1/2B2O3                       (7) 

According to the electrochemical equation (C0 = 

26,800 n/M mAh·g–1), the theoretical capacities of the 

Mn3B7O13OH nanorods, MnBO2OH nanorod bundles 

and the corresponding Mn2OBO3 are 345.45, 467.14 

and 725.56 mAh·g–1, respectively.  

In terms of the LIB cycle performances and rate 

performances, all the four samples displayed good 

reversibility and stability. This can largely be attributed 

to the one-dimensional morphology, which can provide 

efficient electron transport pathways and facile strain 

relaxation during the battery charge and discharge 

processes [34–37]. In addition, the w-Mn2OBO3 

nanorods and e-Mn2OBO3 nanorod bundle electrodes 

delivered higher capacity than that of the manganese 

borate hydroxides ones. This phenomenon is often 

observed with manganese oxide and manganite 

[38, 32]. A comparative experiment using tetraglycol 

as solvent was also undertaken and the results are 

shown in Fig. S10 (in the ESM). 

Based on the best performance of the w-Mn2OBO3, 

a full battery composed of a w-Mn2OBO3 nanorod 

anode and a commercial LiFePO4 (or LiCoO2) cathode 

was assembled to demonstrate its practical applications. 

The active materials of the coin cell in our case are 

only composed of one disc of anode and one disc   

of cathode with light mass, which is different from 

the commercial cylindrical cell (Sony 18650G8). The 

capacity (mAh) of the commercial LiFePO4 (or LiCoO2) 

cathode we used is ~35% higher than the capacity 

(mAh) of the Mn2OBO3 nanorods (which means that 

the full coin batteries are anode-limited) and the specific 

capacities of the batteries refer to the mass of the 

loaded Mn2OBO3 nanorod electrodes not the total mass 
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of the coin cell. Therefore, the as-measured specific 

capacity values of the full coin batteries are different 

from those of the calculated ones using the formula 

[(1/(1/Canode + 1/Ccathode))] for the commercial cylindrical 

cell (Sony 18650G8) [39]. The first discharge capacity 

of the full battery with a LiFePO4 cathode was 

949.0 mAh·g–1 at a current density of 100 mA·g–1, which 

is a little lower than that of the half-cell (Fig. 5(f)). The 

reason for the reduction in capacity may be the large 

internal resistance in the full battery. The w-Mn2OBO3 

nanorod anode has an average plateau at 1.0 V 

(Fig. 5(a)), while the LiFePO4 cathode shows a voltage 

value of 3.5 V with a plateau (Fig. 5(e)). The full cell 

operates around 2.5 V with a voltage profile matching 

that expected from a combination of the flat voltage 

of LiFePO4 and w-Mn2OBO3. The capacity of the full 

battery is still 604.4 mAh·g–1 after five cycles. In the 

other full cell system where LiCoO2 was utilized as 

the cathode and w-Mn2OBO3 as the anode, the full 

cell displays a voltage platform at ~3.0 V, which is 

consistent with the plateau of 1.0 V (w-Mn2OBO3) 

and 3.9 V (LiCoO2). The initial capacity of the full cell 

was 779 mAh·g–1, with a value of 539.1 mAh·g–1 retained 

after five cycles (Fig. 5(g)). Although the first five 

capacities are lower, the long cycling performance of 

the w-Mn2OBO3/LiCoO2 full cell is better than that  

of w-Mn2OBO3/LiFePO4. After 30 cycles at a current 

density of 100 mA·g–1, the capacity retention efficiency 

of w-Mn2OBO3/LiCoO2 is 45.14%, which is much 

higher than the corresponding value of 29.86% for 

w-Mn2OBO3/LiFePO4 (Fig. 5(h)). To the best of our 

knowledge, this is the first study where a Mn2OBO3 

anode has been assembled into a full cell. The excellent 

performance of the full cell indicates the promising 

practical applications of w-Mn2OBO3 in the future. 

4 Conclusions 

A novel and facile solution-based method has been 

utilized to synthesize one-dimensional manganese 

borate hydroxides using different solvents. After 

calcination, the Mn3B7O13OH nanorods and MnBO2OH 

nanorod bundles can be conveniently converted into 

Mn2OBO3 nanorods/nanorod bundles while their 

shapes are retained. The smaller w-Mn2OBO3 nanorods 

showed better electrode performance than the larger 

e-Mn2OBO3 nanorod bundles. The different surface 

area, more active sites, shorter diffusion lengths for 

lithium insertion/extraction and lower resistance of 

the w-Mn2OBO3 nanorods are responsible for its higher 

capacity, better stability and longer cycling life-time. 

The performance of w-Mn2OBO3 in a full battery    

is also very attractive. The promising electrochemical 

performance of the products, especially 1D Mn2OBO3, 

evidences their promise for application as anodes  

for LIBs. 
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