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The Si/MnOOH composite electrode gives very stable cycling 

and excellent rate capability, such as 1200 mAh g-1 at 12 A g-1, 

and 700 mAh g-1 at 20 A g-1. The -MnOOH component 

significantly promotes the alloying/de-alloying reaction between 

Si and lithium. 

High energy/power density Li-ion batteries have been pursued 

since the commercialization of Graphite/LiCoO2 LiBs, among all the 

cathode/anode combinations, LiBs with Si anode attracts more 

attention due to its potential high energy density. Nowadays, silicon 

have triggered much efforts due to the largest theoretical capacity 

(Li22Si5, ~4200 mAh g-1), and relatively lower electrochemical 

alloy/de-alloy reaction voltage (~0.4 V vs. Li/Li+).1 However, the 

repeated large volume changes during Li insertion and extraction can 

lead to electrode failure. 2  The failure mechanism is believed to 

involve the particle pulverization, and the electric contact 

deterioration which will finally cause the electrode disintegration 

and the rapid capacity fading.3 Recent researches also prove that the 

solid-electrolyte interphase (SEI) degradation is another reason for 

the Si anode failure.4 ,5 A number of strategies have been implement- 

ed to suppress the volume change and enhance or maintain the 

electric contact between silicon and the conductive agent. Examples 

typically are Si or Si/C composite with specially designed 

architecture, such as silicon nanowires, silicon nanorods, porous 

silicon and York-shell silicon/C composite,6–9 and they present the 

expected capacity performance and cycling stability. However, the 

relatively complicated multi-step synthesis and very fluffy, 

insufficiently compressible product powder brings the concerns on 

cost and the electrode fabrication. Except the special material 

processing or special architecture design, binder optimization or SEI 

additive has also been proposed to enhance the property of Si anode, 

and Carboxymethylcellulose (CMC) or Alginate binder and Fluoro-

ethylene carbonate (FEC) additive are now widely used in the 

researches on Si anode.10–12 

Though many composites with good property have been 

successfully synthesized, most of them use carbon or conductive 

polymer to enhance the electrical contact or bufferi the volume 

expansion. Here we report a new Si/MnOOH composite which 

shows greatly improved Li-ion storage performance. Hydrothermally 

prepared -MnOOH 13 , 14  was ball milled with silicon to form 

Si/MnOOH composite. The obtained Si/MnOOH composite exhibits 

an initial charge capacity of 3058 mAh g-1 at the current of 0.1 A g-1 

between 1.5 and 0.01 V. An excellent rate capability has been 

achieved by the composite electrode, it shows 1200 mAh g-1 capacity 

at 12 A g-1 and 700 mAh g-1 at 20 A g-1. In addition, Si/MnOOH 

composite presents a very stable cycling with more than 1000 mAh 

g-1 after 1500 cycles. The superior electro-activity toward lithium of 

Si/MnOOH composite should be attributed to -MnOOH which has 

some “catalyzing effect” on the alloying/de-alloying reaction 

between lithium and silicon. 15 

 

Fig. 1 (a) XRD pattern of -MnOOH; (b) SEM image of -MnOOH 

synthesized by the hydrothermal method; (c) SEM image of silicon 

powder; (d) SEM image of Si/MnOOH composite. 

 

The XRD pattern of the hydrothermally synthesized -MnOOH is 

shown in Fig. 1a. It well agreed with the literature data (manganite, 

space group P21/c(14), JCPDS 41-1379) and all of the diffraction 

peaks could be indexed by a monoclinic phase. The sharp peaks 

indicated good crystallinity and the very notable (111̅) diffraction 

line suggested a preferred orientation of the product which could be 
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further evidenced in SEM observation. Scanning electron 

microscopy (SEM) (Fig. 1b) image revealed that the as-synthesized 

-MnOOH was one-dimensional (1D) nano-material, and was 

composed of the nano-rods with an average diameter of 40 nm. The 

SEM images of silicon and the composite powder are shown in Fig. 

1c and 1d respectively. Bare Si had spherical particle with the 

diameter of about 100 nm, slight particle agglomeration could be 

observed. After the high-energy ball-milling with -MnOOH, the 

spherical morphology was mostly reserved in Si/MnOOH and the 

average particle size did not change much. 

To better analyze the electrochemical activity of Si/MnOOH 

composite, -MnOOH alone was first examined in 1 M 

LiPF6/EC+DMC electrolyte. After the low efficiency in the 1st cycle, 

the coulombic efficiency increased gradually until finally stabilized 

at around 98% (Fig. S1a in ESI†). In addition, the voltage profile 

(Fig. S1b in ESI†) and the differential dQ/dV plot (Fig. S1c in ESI†) 

indicated that after the 1st charge/discharge, the electrochemical 

behavior of -MnOOH was quite similar to MnO except a higher 

reducing voltage.16,17 The result suggests that the redox reaction of -

MnOOH should follow the route of -MnOOH + Li+ + e
- 
↔ MnO + 

LiOH and MnO + 2Li+ + 2e
-
 ↔ Mn + Li2O, thus -MnOOH phase 

first decomposes into MnO and then a conversion reaction of MnO 

happens. The higher reducing voltage of MnOOH than MnO may 

further imply the “catalyzing effect” of LiOH, and similar 

observation has also been obtained on Ni(OH)2 anode which showed 

a higher reducing voltage than NiO.18,19 

The effect of -MnOOH on Si anode was investigated by 

electrochemical tests. Si/MnOOH composite with different -
MnOOH content was obtained by ball-milling. The optimum ratio of 

Si/MnOOH=55:5 was chosen according to the result in Fig. S2 (in 

ESI†). Elemental mapping in Fig. S3 b-d (in ESI†) showed the 

uniform distribution of Mn and O along with silicon in Si/MnOOH 

composite (Fig. S3a in ESI†), confirming the homogeneous disperse 

of -MnOOH in Si powder.  

  

Fig. 2 (a) Plot of charge/discharge capacity and coulombic efficiency 

vs. cycles of Si/MnOOH electrode (0.1 A g-1 in the first two cycles, 2 

A g-1 in the rest of cycles); (b) Voltage profiles of Si/MnOOH 

electrode at different cycles; (c) DQ/dV curve of Si/MnOOH 

electrode at the 7th cycle. 

 

The electrochemical property of Si/MnOOH composite was 

evaluated by galvanostatic charge-discharge tests, and the capacity is 

based on the mass of the composite. Fig. 2a displays the cycling 

stability of Si/MnOOH electrode. Two “formation” charging/dis-

charging with a low current of 0.1 A g-1 was applied, and then the 

current of 2 A g-1 was adopted in the subsequent cycles. In the 1st 

cycle, the discharge and charge capacity was 3907 mAh g-1 and 3058 

mAh g-1 respectively, corresponding to the columbic efficiency of 

78.3%. With the current increasing to 2 A g-1, the capacity dropped 

to 2605/2501 mAh g-1 in the 3rd cycle, but recovered to above 3000 

mAh g-1 in the 7th cycle. Similar observation was obtained previously 

on nano-Si.20 Actually, the formation process to completely activate 

the electrode material has been widely reported on the electrode with 

a mesoporous/microporous structure and is explained by the gradual 

electrolyte impregnation into the electrode. 21 , 22  After the initial 

formation cycles, a maximum capacity of 3056/3007 mAh g-1 was 

reached at the 7th cycle. Very slow capacity decay happened in the 

subsequent cycles, after 100 cycles, the electrode could release near 

2200 mAh g-1 capacity. Even after 1500 cycles, the capacity was still 

above 1200 mAh g-1 (Fig. S4 in ESI†). The voltage profiles of 

Si/MnOOH electrode in different cycle is shown in Fig. 2b. We can 

see that except in the first cycle, the voltage hysteresis between the 

charge and the discharge plateau gradually increased with cycling 

but still kept very small within 100 cycles. To better understand the 

redox process of Si/MnOOH electrode, a differential analysis was 

conducted on the 7th charge/discharge curve and the result is 

displayed in Fig. 2c. The alloying/de-alloying of lithium with Si led 

to two pair of redox peaks at 0.29/0.08 V and 0.48/0.24 V vs. Li/Li+. 

The result is consistent with previous report on Si and should be 

attributed to the phase transformation between different amorphous 

LixSi.23 The small voltage segregation between the oxidizing and 

reducing branch indicated the good reaction reversibility of 

Si/MnOOH. However, we could not unambiguously discern the 

redox peak of -MnOOH, and the reasons may be the low proportion 

of -MnOOH in the composite electrode or the redox peaks of -
MnOOH being covered by those of silicon. 

Si/MnOOH electrode exhibited an excellent rate capability. In Fig. 

3a，at the low current of 0.1 A g-1, the capacity of Si/MnOOH was 

just slightly higher than Si electrode, such as 3100 mAh g-1 to 2900 

mAh g-1; however, when the current increased to 1 A g-1, more than 

2800 mAh g-1 capacity was obtained on Si/MnOOH while barely 

2000 mAh g-1 on Si. The capacity difference was more notable when 

the current increased further. The pristine Si anode almost failed at 

the current of 8 A g-1, and Si/MnOOH electrode still could be 

discharged to around 1600 mAh g-1. The voltage-capacity profile in 

Fig. 3b more clearly shows the capacity/energy advantage of 

Si/MnOOH over Si. For Si/MnOOH, the capacity only dropped from 

3197 mAh g-1 at 0.1 A g-1 to 2800 mAh g-1 at 1 A g-1, while the 

voltage gap between charging and discharging kept almost constant. 

Even at the current of 12 A g-1, a decent capacity around 1200 mAh 

g-1 was delivered. It is worth noted that Si/MnOOH electrode 

presented an appreciable capacity of 700 mAh g-1 at 20 A g-1. To our 

knowledge, such capacity has seldom been reported on silicon-based 

material in the ultrafast charge/discharge mode. Actually, even on a 

“super thick” Si/MnOOH electrode (mass loading is 3 mg cm-2, the 

ratio of active material: acetylene black: PAA binder is 6:3:1, 

specific area capacity at 1 A g-1 is 4.5 mAh cm-2), the improvement 

in rate capability is still very significant (Fig. S5 in ESI†), however, 

the stable cycling will require more work on binder because of much 

more serious electrode peeling during electrode fabrication and 

electrode cycling. As the performance is obtained on Si/MnOOH 

composite prepared by a simple ball-milling, further enhanced 

capacity/energy performance can be reasonably expected if 

architecture design or component optimization can be involved. 

The AC Impedance comparison supplies some clues for the better 

electrochemical performance of Si/MnOOH than Si (Fig. 3c). After 

100 cycles, impedance spectra were collected on both electrodes. 

They all showed two semicircles in the high and high-to-medium 
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frequency range, which represents Li+ diffusion through the SEI and 

charge-transfer reaction, and can be indexed by RSEI and Rct 

respectively according to the equivalent circuit diagram. The low-

frequency Warburg slope represents the semi-infinite diffusion of 

lithium-ion in the electrodes.24 Comparing the impedance diagrams, 

we can see that Si/MnOOH electrode had smaller semicircles than Si 

electrode in the high-frequency and medium-frequency region, 

suggesting the smaller RSEI and Rct of Si/MnOOH electrode than Si 

electrode. The fitted data in Table S1 (in ESI†) indicates that the Rct 

value of Si/MnOOH is much smaller than of Si electrode, and the 

result reveals the much better reaction kinetics of Si/MnOOH than Si. 

The very close Warburg factor (σ) of Si and Si/MnOOH electrode 

suggests the similar Li+ diffusion coefficient of these two 

electrodes,25 and it is reasonable because Si and Si/MnOOH has very 

similar particle size and the essentially same structure (the very low 

proportion of MnOOH in Si/MnOOH composite will not 

significantly affect the structure of bulk material). We think the 

impedance results explain the excellent cycling stability and rate 

capability of Si/MnOOH composite and may imply the “catalyzing” 

effect of -MnOOH on the alloy/de-alloy reaction of Si anode, more 

works is still in progress on this point.  

 

Fig. 3 (a) Discharging capacity vs. cycle number for bare silicon 

electrode and Si/MnOOH electrode at different current in the voltage 

range of 0.01-1.5 V; (b) Voltage profiles of bare silicon electrode 

and Si/MnOOH electrode at the current density of 0.1, 0.5, 1, 4, 8, 

12, 16 and 20 A g-1; (c) AC Impedance of bare silicon electrode and 

Si/MnOOH electrode after 100 cycles. 

Conclusions 

In conclusion, nano-rod -MnOOH was prepared through a 

hydrothermal method, and then ball-milled with Si to form 

Si/MnOOH composite. The as-prepared Si/MnOOH composite 

showed a high capacity about 3900 mAh g-1 and very stable cycling. 

Additionally, the composite exhibited an excellent rate capability, 

such as 1200 mAh g-1 at 12 A g-1, and 700 mAh g-1 at 20 A g-1. The 

result supplies a new strategy to enhance the electrochemical 

performance of Si anode, and the facile preparation offers a new way 

to obtain mass-producible Si anode material with perfect Li-ion 

storage property. 
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