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Facile synthesis of Mn6.87(OH)3(VO4)3.6(V2O7)0.2 microtubes and 

their application as anode materials for lithium-ion batteries 

Shaoyan Zhang* and Yuanyuan Zhang 

Mn6.87(OH)3(VO4)3.6(V2O7)0.2 microtubes were successfully synthesized by a simple and facile hydrothermal method without 

using any surfactants or additives. The reaction conditions influencing the structures and morphologies of the products 

such as reaction times, reaction temperatures, and pH values were systematically investigated. An Ostwald ripening–

dissolution-recrystallization process was proposed to elucidate the formation of the tube-like microstructure. 

Electrochemical measurements revealed that the as-prepared Mn6.87(OH)3(VO4)3.6(V2O7)0.2 microtubes exhibited high 

specific capacity, high Coulombic efficiency, and good cycle stability, indicating a promising anode candidate for the 

application in lithium-ion batteries. Significantly, this is the first report on the Mn6.87(OH)3(VO4)3.6(V2O7)0.2 as anode 

materials in lithium-ion batteries, and the present work will greatly expand the range of anode choices in lithium-ion 

batteries.

1. Introduction 

Over the past several years, rational synthesis of tubular one-

dimensional (1D) nano/microstructures have triggered a worldwide 

interest because of their unique chemical and physical properties, 

leading to a wide range of potential applications in nanodevices.1–5 

At the same time, the tubular 1D nano/microstructures have also 

drawn significant research interest in lithium-ion batteries (LIBs), 

due to their unique hollow structures and excellent kinetics.6–10 It 

has been documented that the large specific surface areas of the 

unique interior hollow structures and channel-like 

nano/microstructures can provide large interfacial contact area and 

short Li+ transport distance, resulting in superior rate capabilities. 

Moreover, the central void space of nano/microtubes can not only 

provide sufficient space to buffer the volume change but also 

facilitate fast lithium ion diffusion during lithiation/delithiation.11,12 

Inspired by the superiority of the tubular 1D nano/microstructures, 

much work has been carried out on the synthesis and 

electrochemical studies of various tubular nano/microstructured 

materials.13–16 

As important functional inorganic materials, transition metal 

vanadates have long been studied as potential battery materials for 

primary or secondary lithium-ion battery applications owing to their 

layered nature and excellent kinetics.17–20 Among them, manganese 

vanadates (MVOs, also called manganese vanadium oxides) have 

drawn significant attention owing to their high theoretical capacity, 

safety and easy preparation. Stimulated by the high electrochemical 

performance of manganese vanadates, much work has been carried 

out on the synthesis and electrochemical studies of various 

manganese vanadates nano/microstructures.21–24 For example, 

Huang et al. reported the synthesis of MnV2O6 nanobelts through a 

hydrothermal process at 180 °C for 8 days using MnCl2·4H2O and 

commercial V2O5 powder as raw materials, which displayed a large 

reversible capacity of about 630 mA h g−1 at a current density of 0.5 

A g−1.25 Inagaki et al. obtained MnV2O6 nanorods through a 

hydrothermal reaction between Mn(CH3COO)2 and V2O5, which 

exhibited a reversible capacity of about 600 mA h g−1 at the current 

densities of 50 mA g−1.26 During discharge Mn2+ is reduced to Mn0, 

and in addition, more than one lithium ion per vanadium can be 

reacted, giving a high theoretical discharge capacity, greatly expand 

the range of electrode materials choices. 

Mn6.87(OH)3(VO4)3.6(V2O7)0.2 is a complex manganese vanadate 

phase, which consists of a 3D network with hexagonal and trigonal 

tunnels.27 Such a tunnel structure will facilitate the insertion 

and extraction of Li+, making Mn6.87(OH)3(VO4)3.6(V2O7)0.2 have 

potential applications as active materials in LIBs. To the best of our 

knowledge, up to now, few attempts have been made so far to 

prepare Mn6.87(OH)3(VO4)3.6(V2O7)0.2 nano/microstructures and 

study their electrochemical properties. Therefore, developing a 

facile, economic, and effective strategy to synthesize 

Mn6.87(OH)3(VO4)3.6(V2O7)0.2 tubular 1D nano/microstructures and 

then exploring its electrochemical performance toward lithium are 

of great importance. 
In this paper, Mn6.87(OH)3(VO4)3.6(V2O7)0.2 microtubes have been 

successfully prepared on a large scale via a simple one-step 
hydrothermal route. The final morphologies of the products were 
dependent on the reaction conditions, such as the pH values, 
reaction times, and reaction temperatures. This simple synthetic 
route, which involved no templates or surfactants, can offer great 
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opportunities for the scale-up preparation of 
Mn6.87(OH)3(VO4)3.6(V2O7)0.2 nano/microstructures. Moreover, the 
electrochemical properties of this material as anode materials have 
been investigated in LIBs. The results showed that the 
Mn6.87(OH)3(VO4)3.6(V2O7)0.2 microtubes exhibited high specific 
capacity and good cycling reversibility, indicating promising anode 
candidates for LIBs. 

2. Experimental  

2.1  Material Synthesis 

All chemicals were of analytical grade and used without further 

purification. In a typical synthesis, MnSO4·H2O (0.1692 g) was 

dissolved into 8 mL of deionized water at room temperature, and 

0.3672 g of Na3VO4 was dissolved into another 6 mL of deionized 

water. Then, the Na3VO4 solution was added slowly to the 

MnSO4·H2O solution under strong magnetic stirring. A brown 

precipitate formed immediately and the pH value was 10.25. Then, 

HNO3 solution (0.5 mL, 1M) was added with magnetic stirring for 10 

min to form a precursor suspension with pH of 8.02. The mixture 

was sealed in a Teflon-lined autoclave (20 mL), heated to 200 °C 

and maintained at that temperature for 16 h. After the reaction, the 

autoclave was cooled to ambient temperature naturally. The final 

products were collected by centrifugation, washed with deionized 

water and ethanol, and then dried at 80 oC for 12 h. Contrast 

experiments were carried out by adjusting the pH values of 

precursors to 6 and 5 by controlling the amount of HNO3 solution.  

2.2 Characterization  

The crystalline structures of the products were analyzed with an X-

ray diffractometer (XRD, Riguka, Smartlab) with CuKα radiation 

(λ=1.5418Å) at a scan rate of 10°/min over the range of 10–60°. The 

morphologies and microstructures of the as-prepared products 

were characterized by field-emission scanning electron microscopy 

(FESEM, Hitachi S-4800) and transmission electron microscopy 

(TEM, JEOL 2100F). The chemical composition and valence states of 

element were analyzed using an X-ray photoelectron spectroscope 

(XPS, Thermo Escalab 250Xi). Brunauer-Emmett-Teller (BET) method 

was used to measure specific surface areas using N2 adsorption and 

desorption isotherms (Micromeritics ASAP 2020 porosimetry 

system). 

2.3 Electrochemical Measurements 

The electrochemical performances of the as-prepared 

Mn6.87(OH)3(VO4)3.6(V2O7)0.2 products were measured using CR2032 

coin-type cells at room temperature. The working electrode was 

fabricated by compressing a mixture of the active material, carbon 

black, and polyvinylidenefluoride (PVDF) in a weight ratio of active 

material:carbon black:PVDF=7:2:1. Lithium metal was used as both 

the counter and reference electrode, and the polypropylene 

membrane (Celgard 2400) was served as separator. The electrolyte 

was 1M LiPF6 in a mixture of ethylene carbonate (EC) and dimethyl 

carbonate (DMC) (v/v=1:1). The galvanostatic discharge–charge 

tests were carried out on a LAND-CT2001A instrument (Land, China) 

at 25 mA g−1 with a cutoff voltage window of 0.01–3.3V. The 

impedance measurements were carried out under the open-circuit 

condition in the frequency range from 1×106 to 0.1 Hz using a 

Gamry Reference 600 potentiostat at room temperature. 

3. Results and discussion 

The phase and structure of the products were examined by X-ray 

diffractometer (XRD). Fig. 1 showed the XRD pattern of the 

Mn6.87(OH)3(VO4)3.6(V2O7)0.2 microtubes obtained under pH of 8 and 

200 °C for 16 h. All of the reflections could be readily indexed to 

pure phase of Mn6.87(OH)3(VO4)3.6(V2O7)0.2 with the hexagonal 

structure [JCPDS Card No. 50-1796]. The major reflections at 2θ = 

13.32°, 23.20°, 26.59°, 26.92°, 31.29°, and 35.66° corresponding to 

the (110), (030), (121), (220), (040), and (041) planes, respectively, 

could be seen clearly. No other impurities were detected, indicating 

the high purity of the product and completed reaction during the 

process. 

 

Fig. 1 XRD pattern of the as-prepared Mn6.87(OH)3(VO4)3.6(V2O7)0.2 

microtubes. 

The morphologies of the as-prepared samples were investigated 

by field-emission scanning electron microscopy (FESEM). Fig. 2a 

showed the typical FESEM images of the 

Mn6.87(OH)3(VO4)3.6(V2O7)0.2 microtubes at relatively low 

magnification. It indicated that the sample was present in straight 

tubular structure. The average outer diameter of the open-ended 

microtubes was approximately 3-5 µm, the length of the nanotubes 

was tens of micrometers. A higher magnification image (Fig. 2b) 

showed that the microtubes were open-ended with a rough surface, 

a lot of tiny nanoparticles were attached on the backbone of the 

Mn6.87(OH)3(VO4)3.6(V2O7)0.2 microtubes. The wall thickness of the 

microtubes was about 500-800 nm. 

 

Fig. 2 FESEM images of the as-prepared Mn6.87(OH)3(VO4)3.6(V2O7)0.2 

microtubes at different magnifications. 
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XPS measurement provided further information for the 

composition and purity of the sample. As shown in Fig. 3a, the 

survey spectrum demonstrated the presence of Mn, V, and O 

elements in the Mn6.87(OH)3(VO4)3.6(V2O7)0.2 microtubes. The two 

strong peaks at 516.4 and 523.9 eV were respectively assigned to 

V5+ 2p3/2 and 2p1/2 (Fig. 3b). The spin-orbit splitting between 

these two peaks was 7.5 eV, which agreed well with the standard 

values.28 Another peak located at 530.1 eV was attributed to O1s. 

As shown in Fig. 3c, the photoelectron spectrum of O1s could be 

fitted as two peaks centered at 529.9 and 531.6 eV. The low binding 

energy component could be attributed to O2− oxidation state bound 

with Mn or V, while the high binding energy component was 

associated with the O1s in the hydroxide species.29,30 It can be seen 

from Fig. 3d, the high-resolution photoelectron spectra of Mn 2p 

could be fitted as three peaks centered at 640.7, 646.7 and 652.8 

eV. The peaks with the bing energy of 640.7 and 652.8 eV were 

typical Mn 2p3/2 and Mn 2p1/2 peaks, respectively. As far as the 

bing energy of Mn2+ and Mn3+ were contiguous and difficult to be 

discerned. The concomitant peak located at 646.7 eV was the 

shakeup satellite peak, which was characteristic of Mn2+. The Mn 3S 

splitting was widely used for calculating the manganese oxidation 

state by its satellite separation (ΔEs).
31 For Mn3+ and Mn2+ in 

manganese oxides, ΔEs (Mn 3s) is 5.3-5.4 and 5.8-6.0 eV, 

respectively.31-33 The inset in Fig. 3d showed the ΔEs (Mn 3s) was 

5.7, this value was between the typical ΔEs for Mn3+ and Mn2+, 

which indicated the coexistence of Mn3+ and Mn2+ in 

Mn6.87(OH)3(VO4)3.6(V2O7)0.2. This result was in good agreement with 

the previous theoretical studies and structural characterization of 

(Mn2+)6(Mn3+)0.87(OH)3(VO4)3.6(V2O7)0.2 by Whittingham.27 

 

Fig. 3 (a) XPS spectra of Mn6.87(OH)3(VO4)3.6(V2O7)0.2; and (b–d) XPS 

deconvoluted scans of V 2p, O 1s and Mn 2p, and the inset shows 

the ΔEs for Mn 3s. 

It was found that the pH values in the reaction system can 

influence the structure and morphology of the products. Fig. 4 

showed the XRD patterns and corresponding morphologies of the 

products obtained at different pH values. When the pH value of the 

precursor solution was adjusted to 6 with HNO3, a new crystal 

phase, which could be ascribed to Mn2V2O7 [JCPDS Card No. 73-

1806], began to coexist with Mn6.87(OH)3(VO4)3.6(V2O7)0.2. When 

adjusting the pH to 5, all of the reflections could be indexed to the 

pure phase of Mn2V2O7. The FESEM images (Fig. 4b and 4c) showed 

the Mn2V2O7 was composed of regular microbricks with typical sizes 

of about 20–30 μm. 

 

Fig. 4 (a) XRD patterns of the products obtained at pH of 5 and 6; 

(b,c) FESEM images of the products obtained at pH of 5. 

To reveal the growth process of Mn6.87(OH)3(VO4)3.6(V2O7)0.2 

microtubes, time-dependent experiments were carried out. Fig. 5 

and Fig. 6 showed the XRD patterns and FESEM images of the 

products obtained at 200 oC for different reaction times. Initially, 

the direct mixing of MnSO4 and Na3VO4 solution at pH=8 led to the 

formation of a lot of amorphous fine particles (Fig. 5). FESEM image 

(Fig. 6a,b) showed the diameters of the nanoparticles were about 

40 nm. After hydrothermal treatment at 200 oC for 1 h, all the 

diffraction peaks of the sample could be indexed to a crystalline 

phase of Mn6.87(OH)3(VO4)3.6(V2O7)0.2. The relatively broader 

diffraction peaks suggested the smaller crystallite size for 

Mn6.87(OH)3(VO4)3.6(V2O7)0.2 formed at the early stage. The 

morphology of the product was shown to be a coexistence of rod-

like structures and lots of nanoparticles (Fig. 6c). After a reaction 

time of 3 h, numerous microrods were observed (Fig. 6d), and the 

number of particles gradually decreased, suggesting that the longer 

rods grow at the expense of smaller particles. When the reaction 

time was prolonged to 6 h, a few small craterlets appeared on the 

top of some microrods (Fig. 6e,f). Meanwhile, the diffraction peaks 

were considerably narrowed, suggesting an increase in the 

crystallite size with further increased reaction time. As the time 

increased, the craterlets became deeper and bigger, and finally 

Mn6.87(OH)3(VO4)3.6(V2O7)0.2 microtubes with good crystallinity were 

obtained after 16 h of hydrothermal reaction (Fig. 2).  
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Fig. 5 XRD patterns of the products obtained at different 

hydrothermal reaction times (0 h, 1 h, 3h, 6h). 

 

Fig. 6 FESEM images of the products obtained at different 

hydrothermal reaction times: (a,b) 0h, (c), 1h (d) 3h and (e,f) 6h. 

In general, the reaction temperature is another important 

parameter that can greatly affect the final phase and morphology 

and microstructure of the product in hydrothermal processes. To 

investigate the effect of the reaction temperature on the formation 

of Mn6.87(OH)3(VO4)3.6(V2O7)0.2 microtubes, experiments were 

carried out under different hydrothermal temperatures while 

keeping other conditions constant. Fig. 7 showed the XRD patterns 

and FESEM images of the products obtained at 160 °C and 180 °C. 

The XRD patterns of the products obtained at different temperature 

could be identified as the pure and hexagonal structure of 

Mn6.87(OH)3(VO4)3.6(V2O7)0.2 (Fig. 7a).  The morphology of the 

product obtained at 160 °C was shown to be a coexistence of short 

nanorods and lots of nanoparticles (Fig. 7b). With an increase in the 

reaction temperature, the proportion of the 1D structures in the 

product increased. When the reaction temperature was increased 

to 180 °C, numerous mesorods were observed and the number of 

particles decreased (Fig. 7c). The higher magnification image in Fig. 

7d showed that the diameter of the rods was in the range of 800–

1000 nm and the length was about tens of micrometers. 

Interestingly, it was noticed that some mesorods attached with 

each other to form a straw-bundle-like architecture. Fig. 7e 

displayed a representative TEM image of the as-prepared 

Mn6.87(OH)3(VO4)3.6(V2O7)0.2 mesorods with the average diameter of 

about 900 nm and length of tens of micrometers. The high 

resolution TEM (HRTEM) image of the as-prepared 

Mn6.87(OH)3(VO4)3.6(V2O7)0.2 mesorods in Fig. 7f showed a distinct 

lattice fringes with an interplanar spacing of 0.336 nm, matching 

well with the (121) planes of Mn6.87(OH)3(VO4)3.6(V2O7)0.2. The 

selected-area electron diffraction (SAED) pattern revealed a spot 

pattern proving the single-crystal nature of the product. When the 

temperature was increased to 200 °C, tube-like 

Mn6.87(OH)3(VO4)3.6(V2O7)0.2  microstructures were obtained (Fig. 2). 

After hydrothermal reaction at 240 °C for 6h, 

Mn6.87(OH)3(VO4)3.6(V2O7)0.2 microtubes were also obtained (see the 

Supporting Information, Fig. S1 and S2). These results suggested 

that the relative higher reaction temperature was favorable for the 

formation of Mn6.87(OH)3(VO4)3.6(V2O7)0.2 microtubes. Parallel 

experiments were carried out by substituting MnSO4 with MnCl2. 

Mn6.87(OH)3(VO4)3.6(V2O7)0.2 tubular microstructures were also 

observed under similar hydrothermal conditions, as shown in Fig. S3 

and S4.  It is widely accepted that the specific surface area and pore 

volume of the nano/microstructured materials depend intimately 

on their morphologies and sizes. To reveal the correlation between 

the specific surface area and morphology of the sample, the 

Brunauer–Emmett–Teller (BET) surface area, N2-

adsorption/desorption isotherms, and the pore volume study for 

the Mn6.87(OH)3(VO4)3.6(V2O7)0.2 microtubes and microrods 

(obtained at 200 °C for 3h) were given in Fig. S5 and Table S1. The 

BET surface area of the Mn6.87(OH)3(VO4)3.6(V2O7)0.2 microtubes was 

calculated to be 19.4 m2 g-1, which is much higher than that of the 

microrods (5.4 m2 g-1). The total pore volume of the microtubes and 

microrods was 0.1159 and 0.0177 cm3 g-1, respectively. Evidently, 

the Mn6.87(OH)3(VO4)3.6(V2O7)0.2 microtubes exhibited larger pore 

volume and much higher specific surface than the microrods, which 

is beneficial to electrochemical applications. 

In the present synthesis, neither surfactants nor templates were 

introduced in the reaction system. On the basis of the above 

experimental results, the formation mechanism for the 

Mn6.87(OH)3(VO4)3.6(V2O7)0.2 microtubes can be simply depicted as 

an Ostwald ripening–dissolution-recrystallization process (Fig. 8). In 

the initial stage, Mn6.87(OH)3(VO4)3.6(V2O7)0.2  nuclei were produced, 

aggregated, and grown into rod-like nano/microstructures, as 

indicated by the sample at early stages (Fig. 6a-d). This process is in 

accordance with the well-known “Ostwald ripening 

mechanism”.34,35 With the reaction processing, “a dissolution-

recrystallization process” occurs. Because of the different rate 

between the dissolution and recrystallization process under the 

hydrothermal conditions, simultaneous formation of many 

hexagonal phase Mn6.87(OH)3(VO4)3.6(V2O7)0.2  seeds will greatly 

reduce the concentration of Mn6.87(OH)3(VO4)3.6(V2O7)0.2  in the bulk 
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solution. Therefore, it could not provide enough 

Mn6.87(OH)3(VO4)3.6(V2O7)0.2 molecules for the growth of the 

growing Mn6.87(OH)3(VO4)3.6(V2O7)0.2 microrod. Mass transportation 

to the growing regions would lead to undersaturation in the central 

part of the growing faces of each seeds; thus, small craterlets 

appeared on the top of some Mn6.87(OH)3(VO4)3.6(V2O7)0.2 microrods. 

As the reaction proceeded further, Mn6.87(OH)3(VO4)3.6(V2O7)0.2  

microtubes with a well-defined hollow interior structure were 

obtained due to the dissolution process preferentially occurring in 

the center of rod-like crystal and deepening gradually into the 

depth of the crystal. A similar mechanism was reported by Xia and 

co-workers in the case of fabricating tellurium nanotubes with well-

controlled structures.36 The phenomenon was also observed in 

BiVO4 microtubes,37 ZnO crystalline microtubes38 and Cu(TCNQ) 

(TCNQ=7,7,8,8-tertracyno-p-quinodimethane) microtubes39. 

 

Fig. 7 (a) XRD patterns, (b)–(d) FESEM and (e, f) TEM images of the 
products obtained at different temperatures: (b) 160 °C and (c-f) 

180 °C. The inset in (f) is the SAED pattern. 

 

Fig. 8 Schematic illustration of the formation process of the 

Mn6.87(OH)3(VO4)3.6(V2O7)0.2 microtubes. (I) Formation of crystal 

nucleus of Mn6.87(OH)3(VO4)3.6(V2O7)0.2 at initial stage under 

hydrothermal reaction condition; (II) Formation of 

Mn6.87(OH)3(VO4)3.6(V2O7)0.2 microrods; (III) Craterlet generation at 

the top of Mn6.87(OH)3(VO4)3.6(V2O7)0.2 microrods; (IV) Formation of 

Mn6.87(OH)3(VO4)3.6(V2O7)0.2 microtubes. 

To investigate the application of the as-prepared 

Mn6.87(OH)3(VO4)3.6(V2O7)0.2 microtubes in LIBs, the products were 

configured as electrodes to evaluate their electrochemical 

properties. For comparison purposes, we also evaluated the 

electrochemical performance of the Mn6.87(OH)3(VO4)3.6(V2O7)0.2 

microrods obtained at 200 °C for 3h (Fig. 6d). Fig. 9a depicted the 

comparative cycling performances of Mn6.87(OH)3(VO4)3.6(V2O7)0.2 

microtubes and microrods and the Coulombic efficiency of 

Mn6.87(OH)3(VO4)3.6(V2O7)0.2 microtubes with a voltage window of 

0.01–3.3 V at a current density of 25 mA g–1. Clearly, a reversible 

capacity of 643 mA h g–1 can be delivered by microtubes up to 50 

cycles, which was about 1.2 times of that for microrods (519 mA h 

g–1). Additionally, the rate capability of the 

Mn6.87(OH)3(VO4)3.6(V2O7)0.2 microtubes was also much better than 

that of microrods, as shown in Fig. 9b. At a high current density of 

200 mA g–1, the Mn6.87(OH)3(VO4)3.6(V2O7)0.2 microtubes manifested 

a capacity of 392 mA h g–1, whereas a capacity of only 251 mA h g–1 

was delivered by microrods. When the current density was reduced 

back to be 50 mA g–1, Mn6.87(OH)3(VO4)3.6(V2O7)0.2 microtubes still 

can deliver a reversible capacity of 551 mA h g–1, implying a stable 

electrode structure even under the high current density. To further 

compare the cycling performance of Mn6.87(OH)3(VO4)3.6(V2O7)0.2 

microtubes and microrods at high current density, the discharge 

capacity with cycling at a current density of 200 mA g–1 were tested 

(Fig. S6). After 100 cycles, the microtube electrode retained 363 mA 

h g–1, while the microrod electrode showed a relatively lower 

reversible capacity of 216 mA h g–1. Fig. 9c displayed the discharge–

charge curves of the Mn6.87(OH)3(VO4)3.6(V2O7)0.2 microtubes in the 

initial three cycles in the voltage range of 0.01–3.3 V at a current 

density of 25 mA g–1. The initial discharge–charge capacity of the 

Mn6.87(OH)3(VO4)3.6(V2O7)0.2 microtubes was 1159/802 mA h g–1, 

leading to a large initial irreversible loss of about 30.8 %. In the 

second cycle, the discharge and charge capacities were found to be 

775 and 733 mA h g–1, respectively, corresponding to a higher 

Coulombic efficiency of 94.6 % (Fig. 9a). Moreover, the Coulombic 

efficiency of microtubes quickly increased in the subsequent cycles 

and retained about 98.6 % after 50 cycles. Thus, it is obvious that 

the as-prepared Mn6.87(OH)3(VO4)3.6(V2O7)0.2 microtube electrode 

shows better cycling stability and lithium storage properties. Based 

on the discharge–charge results and the previous studies of the 

related manganese vanadate systems, we propose that the 

discharge-charge mechanism is similar to MnV2O6.26,40 During the 

discharging process, the Mn2+ and Mn3+ is reduced to Mn0, and V5+ 

is reduced to V4+ and further to V3+. On the contrary, the metallic 

Mn is oxidized to Mn2+ and V3+ is oxidized to V5+ during the 

subsequent charging process. However, with the formation of Mn0 

in the initial discharging process, most of Mn releases from the 

framework, which induces large strains in the MVO host material 

and leads to volume change and fracture. Due to the structure 
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transformation, part of Mn0 cannot return to the host in the 

subsequent charging process. Therefore, the large irreversible 

capacity loss in the first cycle may be partially attributed to the 

formation of a solid electrolyte inter-phase film (SEI) onto the 

surface of the electrode materials. Furthermore, the irreversible 

structure transformation associated with the 

formation/annihilation of manganese particles during the 

discharge–charge process may also cause irreversible capacity 

loss.41,42 Similar results have also been observed in many transition 

metal vanadats, such as MnV2O6,26 Cu1.1V4O11,43 CoV2O6,44 FeVO4.45 

To provide a deeper insight into the effect of morphology on the 

electrochemical performance of Mn6.87(OH)3(VO4)3.6(V2O7)0.2, 

electrochemical impedance spectroscopy (EIS) measurements of 

the Mn6.87(OH)3(VO4)3.6(V2O7)0.2 microtubes and microrods were 

carried out and shown in Fig. 9d. The spectra of the two electrodes 

had a similar shape with one depressed semicircle in the high 

frequency regions and an inclined line in the low-frequency region. 

The semicircle can be assigned to the combination of Li+ migration 

resistance through the SEI film and the charge-transfer resistance at 

the electrode surface, and the linear portion can be assigned to the 

solid-state diffusion resistance of lithium ions within the host.46–48 

Apparently, the semicircle diameter of the 

Mn6.87(OH)3(VO4)3.6(V2O7)0.2 microtubes was much smaller than that 

of Mn6.87(OH)3(VO4)3.6(V2O7)0.2 microrods, indicating that 

Mn6.87(OH)3(VO4)3.6(V2O7)0.2 microtubes had much lower SEI 

resistance and charge-transfer resistance. Therefore, the unique 

interior hollow structure was beneficial for enhancing the reaction 

kinetics, thus leading to higher reversible capacity and better 

cyclability. 

 

Fig. 9 (a) Cycling performance of the Mn6.87(OH)3(VO4)3.6(V2O7)0.2 

microtubes and microrods at a current density of 25 mA g–1, (b) 

Rate capability of the Mn6.87(OH)3(VO4)3.6(V2O7)0.2 microtubes and 

microrods at various current density from 50 to 200 mA g−1. (c) 

Discharge/charge profiles of the Mn6.87(OH)3(VO4)3.6(V2O7)0.2 

microtubes, (d) Nyquist plots for Mn6.87(OH)3(VO4)3.6(V2O7)0.2 

microtubes and microrods. 

According to the results presented above, the as-prepared 

Mn6.87(OH)3(VO4)3.6(V2O7)0.2 microtubes exhibited superior 

electrochemical performances in terms of Coulombic efficiency, 

specific capacity, and cycling performance, which is of great 

significance for LIBs. We believe the better electrochemical 

performances of the Mn6.87(OH)3(VO4)3.6(V2O7)0.2 microtubes can be 

attributed to the unique interior hollow structures and channel-like 

morphology. Specifically, the central void space of 

Mn6.87(OH)3(VO4)3.6(V2O7)0.2 microtubes can not only provide 

sufficient space to buffer the volume change but also facilitate fast 

lithium ion diffusion during lithiation/delithiation. Meanwhile, the 

relatively large surface area of Mn6.87(OH)3(VO4)3.6(V2O7)0.2 

microtubes provides a large amount of reactive sites and thus 

enhances the contact between the active material and the 

electrolyte. In addition, the unique channel-like nanostructures also 

benefit in retaining the structural stability and partially 

accommodating the pulverization of electrode. 

4. Conclusions 

In summary, Mn6.87(OH)3(VO4)3.6(V2O7)0.2 microtubes were 

successfully prepared by a simple and convenient hydrothermal 

method. The unique morphology and structural feature of 

Mn6.87(OH)3(VO4)3.6(V2O7)0.2 were significantly influenced by the 

reaction times, reaction temperatures, and pH values. According to 

comparative experimental results, an Ostwald ripening–dissolution-

recrystallization process was proposed to elucidate the formation of 

the tube-like microstructure. Electrochemical evaluation revealed 

that the Mn6.87(OH)3(VO4)3.6(V2O7)0.2 microtubes exhibited higher 

discharge capacity and better cyclability than the 

Mn6.87(OH)3(VO4)3.6(V2O7)0.2 microrods. The reversible capacity of 

643 mA h g−1 was delivered after 50 cycles at a current density of 25 

mA g−1, with Coulomibic efficiency of about 98.6 %. The present 

work will greatly expand the range of anode choices and could 

assist long-term endeavors in developing high capacity anode 

materials for LIBs. Furthermore, the Mn6.87(OH)3(VO4)3.6(V2O7)0.2 

nanostructure may also find potential applications in other fields, 

such as catalysis, semiconductor, water purification, and so on. 
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