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Abstract 

To boost the electrochemical performance of MnCO3 (MC) microspheres, binary 

SbxMn1−xCO3 (x = 1/3, 1/2 and 2/3) microspheres, labeled SMC-12, SMC-11 and SMC-21, 

respectively, were prepared using a solvothermal method. A 3D conductive network of carbon 

nanotubes (CNT) was also successfully built from the inside to the surface of the SMC-12 

microspheres to promote electronic and ionic transportation. As observed, the microspheres of 

SMC-12 were larger and had a more uniform distribution compared with pure MC, SMC-11 and 

SMC-21. Profiting from the introduction of neural-like CNTs networks, the electrochemical 

performance and the utility of the SMC-12 microspheres (approximately 3.5–7 µm in diameter) 

were remarkably improved. The obtained CNTs@SMC-12 composite anode delivered 1066 and 

572 mAh g−1 at current densities of 500 and 5000 mAg−1 after 200 cycles, respectively, which 

were much higher than the 737 and 297 mAh g−1 of bare SMC-12. 

Keywords: Lithium ion batteries; Anode materials; Carbon nanotube; Carbonates microspheres 
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Introduction 

In a future artificial intelligence (AI) human society, lithium-ion batteries (LIBs) with 

superior lithium-ion storage performance will be highly important for powering smart and portable 

AI electronic facilities, including various types of intelligent robots, electric vehicles (EV) and 

smartphones [1, 2]. However, the limited energy densities of conventional LIBs built with graphite 

as the anode and lithium cobalt oxide as the cathode cannot satisfy the ever-increasing application 

requirements [3, 4]. Recently, various nanostructured anode materials, including silicon/carbon 

nanocomposites [5-7], metal oxides [8-16], sulfides [17-20], and carbonates [21-31], have been 

developed as promising candidates. Among these, microscale spherical carbonates have gained 

more attention due to their high volumetric energy density and suppressed side-reactions resulting 

from the high tap density and low exposed surface area [21-25]. There are always two sides to 

everything: the dense structure and low exposed surface area of active microsphere materials 

always result in slow (de-) intercalation kinetics for Li+, a much longer charge transfer distance, a 

much larger charge transfer resistance and worse structure stability compared to those of the 

nanosized materials, and these factors are responsible for the degraded lithium-ion storage 

performance with the increment in particle size for the reported MnCO3 spheres [21]. 

To overcome these limitations, carbonate microspheres doped by dopants with different 

porous and hierarchical structures were recently designed and developed [21-25]. As reported, the 

doped binary Mn1−XCoXCO3 normally delivered exceptionally superior lithium-ion storage 

properties compared to those of pure MnCO3 and CoCO3 [24, 27]. It is also interesting to note that 

two-dimensional reduced graphene oxide (RGO) has been used a popular outer coating to wrap 

carbonate spheres for building an in vitro conductive network; unfortunately, the additional 

reduction process that is required to reduce GO to RGO might destroy the carbonate structure [26-

29]. Zero-dimensional carbon nanoparticles have also been used to improve the conductivity and 

alleviate the volume change of electrode during charge/discharge; however, a large number of 

carbon nanoparticles is required to form an effective 3D conductive network [32]. Similar to 2D 

RGO and 0D carbon nanoparticles, 1D carbon nanotubes (CNTs) are common conductive 

additives for both cathodes and anodes; however, in most cases, CNTs were used as outer surface 

conductive additives, such as RGO and amorphous carbon [31, 32], but they did not take advantage 

of one-dimensional conductive characteristics. Moreover, no additional reduction process is 
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required after the in situ preparation of carbonate microspheres with CNTs networks. This 

advantage will help maintain the structure and other properties of carbonate compounds, which is 

one of the advantages of using 1D CNTs as conductive additives. 

Based on these discussions, binary Sb1/3Mn2/3CO3 microspheres with an in vivo carbon 

nanotube “neural” network were designed and successfully built from the inside to the surface of 

dense SMC-12 microspheres to improve the electronic conductivity and create lithium ion transfer 

channels from core to shell during the (dis)charge process as high-energy-density anode materials. 

Electrochemical measurements indicated that the as-prepared Sb1/3Mn2/3CO3 (SMC-12) showed 

better lithium-ion storage performance than pure MnCO3, binary Sb1/2Mn1/2CO3 (SMC-11) and 

Sb2/3Mn1/3CO3 (SMC-21). As desired, the as-prepared CNTs/SMC-12 composite microspheres 

exhibited both smaller contact and charge transfer resistances and, in turn, achieved excellent 

electrochemical performance. After 200 cycles, the charge capacity of CNTs/SMC-12 composite 

electrodes retained 1066 and 572 mAh g−1 at 500 and 5000 mAg−1, respectively, which were much 

higher than the 737 and 297 mAh g−1 of bare SMC-12 microspheres. 

Experimental 

Preparation of SMC microspheres 

SMC microspheres were prepared by following a urea-assisted solvothermal method. 

Ethylene glycol (EG) was used as the solvent. C6H9O6Sb and C4H6O4Mn·4H2O were chosen as 

antimony and manganese sources. Urea was used as both the precipitator and the complexing agent. 

At the beginning of a typical procedure, 0.0033 mol C6H9O6Sb, 0.0067 mol C4H6O4Mn·4H2O and 

0.05 mol urea were successively dissolved in 70 ml of EG solvent under continuous magnetic 

stirring. After stirring for 120 min at room temperature, the obtained clear solution was transferred 

and sealed in a 100-ml Teflon-lined stainless autoclave. After 10 h of solvothermal reaction in a 

blowing drying furnace preheated to 160 °C, the autoclave was cooled to room temperature. The 

brown product was washed with water and ethanol successively three times. Then, the final SMC-

12 was collected after drying in a vacuum oven at 60 °C for 24 h. Pure MnCO3, other binary 

carbonates SMC-11 and SMC-21 were prepared by following the same procedure with the same 

molar ratios between metal ions and urea. 

Preparation of SMC-12@CNT hybrid microspheres 
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In order to successfully obtain SMC-12 with a CNTs “neural”-like network, it is important 

to cut the MWCNTs (50–70 nm in diameter, 10–15 µm in length) to a proper length, to modify 

the surface condition of the applied MWCNTs to ensure their dispersivity. Therefore, in this work, 

the received MWCNTs were first treated with a mixed solution of thick sulfuric acid and hydrogen 

peroxide in a volumetric ratio of 3:1 at 90 °C. After 24 h of acidification treatment, the CNTs acid 

solution was dispersed into 1000 ml of distilled water under magnetic stirring followed by 15 min 

of ultrasonication treatment. Then, the cut and acidified CNTs were collected via vacuum filtration 

and washed with water and ethanol successively three times. Subsequently, the acidified CNTs 

were dried at 70 °C for 24 h and labeled ACNTs. To further improve the dispersivity of ACNTs 

in the EG solution, polyvinylpyrrolidone (PVP) with a mass ratio of 1:20 to ACNTs were used as 

the surfactant to modify the surface of ACNTs. Then, 0.062 g of ACNTs and 0.0031 g of PVP 

were dispersed and dissolved in 70 ml of EG. After 1 h ultrasonication treatment, a uniform ACNT 

dispersion is finally obtain. Subsequently, 0.0033 mol C6H9O6Sb, 0.0067 mol C4H6O4Mn·4H2O 

and 0.05 mol urea were successively dissolved in the obtained ACNT EG dispersion to form a 

final mixed solution under continuous magnetic stirring at room temperature. The following 

solvothermal and product collection processes were the same as that used to prepare the SMC 

microspheres mentioned above. Finally, the desired SMC-12@CNT hybrid microspheres were 

obtained for physical and electrochemical characterizations. 

Characterizations 

The crystal structures of the as-prepared SMC and SMC@CNT hybrids were characterized 

by X-ray diffraction (XRD) (X-ray diffractometer, Bruker D8 Advance A25) using Cu Kα 

radiation (λ = 1.54051 Å). The diffraction patterns were recorded in a 2θ range of 20–70° with a 

step size of 0.02°. The morphologies of the as-prepared SMC and SMC@CNT hybrids were 

observed using field emission scanning electron microscopy (FE-SEM, Hitachi S-4800) at an 

acceleration voltage of 3 kV. TG/DSC measurement was conducted by differential scanning 

calorimetry (DSC; NTEZSCH, Germany, STA 409) in the air at a scan rate of 10 °C min−1 from 

room temperature to 800 °C to investigate the fraction of CNTs within the final products. The 

fraction of ACNT within the SMC-12@CNTs hybrids is estimated by comparing the mass loss 

during TG measurement with pure SMC-12. The loss of moisture (I), the loss of CO2 during the 

decomposition of SMC to form Sb2/3Mn4/3O3 (II, 31.2%) and the loss of O during the continuously 
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high temperature annealing of Sb2/3Mn4/3O3 to form SbMn2O4 (III, 2.6%) should be responsible 

for the mass loss during the annealing process of SMC-12. The additional mass loss of SMC-

12@CNTs (IV) should be resulted from the burning of ACNT. 

To investigate the electrochemical performance of as-prepared SMC and SMC-12@CNTs 

hybrids, the composite electrodes of the final product were prepared by coating the uniform slurry 

mixed with acetylene black (AB) and polyvinylidene fluoride (PVDF) (active materials: AB: 

PVDF = 80: 10: 10) on copper foil. After drying at 70 °C for 3 h in air followed by 8 h under 

vacuum in drying boxes, the electrodes were then pressed and punched into 13 mm (in diameter) 

disks. The average mass loading was approximately 1 mg cm−2. Two-electrode lithium-ion 

batteries were assembled in an ultrapure Ar-gas filled glove box to investigate the lithium-ion 

storage performance of the SMC and SMC-12@CNTs. The electrolyte used was a 

1 mol L−1 LiPF6 in ethylene carbonate (EC) + dimethyl carbonate (DMC) at a volume ratio of 1:1. 

Lithium discs were used as counter and reference electrodes. Cyclic voltammetry (CV) and 

galvanostatic charge and discharge measurements were carried out in a voltage range of 0.01 to 

3 V vs. Li/Li+ at a current density ranging from 0.25 to 5 Ag−1, respectively. Electrochemical 

impedance spectroscopy (EIS) was carried out in a frequency range of 0.01 Hz to 100 kHz, and 

the perturbation amplitude was controlled at 5 mV. A Biologic VMP3 multi-channel 

electrochemical workstation was used to record the CV and EIS results. The galvanostatic 

charge/discharge tests were performed on a battery testing system (CT2001A, Wuhan Land). The 

aged cells were discharged/charged within the voltage window of 0.01 to 3.0 V at current densities 

from 500 mAg−1 to 5 Ag−1 under constant current mode. 

Results and discussion 

Crystal structure and morphology of as-prepared unitary and binary carbonates 

The obtained XRD and FE-SEM analysis results are shown in Figs. 1 and 2. As shown in 

Fig. 1a, the observed XRD patterns were consistent with the standard pattern based on PDF#44-

1472 indexed to the rhombohedral space group R-3C (167). No crystalline impurity phase was 

found in the observed XRD patterns. The peak intensity ratio between the peaks corresponding to 

the crystal face (104) and (012), namely, I(104)/I(012), for the obtained MC microspheres was 

approximately 4.1, close to 4.3 for the standard patterns. It is also interesting to note that the ratio 
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of I(104)/I(012) increased almost linearly from 4.1 to 7.48 with the increment of the fraction of the 

substituted Sb to Mn into MC, as shown in Fig. 1b. This observation indicated that as increasing 

numbers of Mn ions were substituted by Sb ions, the distortion of the unit lattice of MC become 

more profound. In particular, when the substitution fraction was over 50%, the XRD peak intensity 

became progressively weaker, as observed in Fig. 1a. However, a smooth XRD pattern SMC-12 

with sharp peaks and distinguishable dual peaks corresponding to the crystal face of (018) and 

(016) was seen, indicating that a small amount of doping modified the crystal structure of MC. 

The overall view of as-prepared carbonates microspheres is shown in Fig. 2. As observed 

from the SEM image shown in Fig. 2a, the size of as-prepared MC microspheres ranged from 2 to 

7 µm, of which spheres of 5–7 µm were ~ 10%, 2–5 µm were ~ 65% and < 2 µm were ~ 25%. 

Compared to MC, the size distribution of SMC-12 spheres became narrow, primarily 3.5–7 µm. 

Among these, 6–7 µm was ~ 63%, 2–4 µm was ~ 22% and < 2 µm was ~ 15%, as seen in Fig. 2b. 

This observation indicated that a certain amount of Sb-substitution was helpful to obtaining large 

but uniform SMC microspheres. However, when the substitution fraction of Mn ions with Sb was 

up to or over 50%, the uniformity of the obtained SMC-11 and SMC-12 became worse than that 

of MC; more than 50% of non-holonomic sphere particles were found from the SEM images 

provided in Fig. 2c, d. Especially, more SMC-11 particle with a large size than 7 µm can be found 

from Fig. 2c. 

Morphology and crystal structure of as-prepared SMC-12@CNTs hybrids 

To enhance the electron and ion transportation within and between the carbonates SMC-

12 microspheres, the ACNT were successfully incorporated inside and outside the SMC-12 

microspheres. As shown in Fig. 3a, the size of SMC-12@CNT hybrid microspheres were similar 

with the neat SMC-12. Most of the spheres were uniformly coated with ACNT networks, while 

the length and the arrangement direction of ACNTs observed from high-magnification SEM image 

shown in Fig. 3b indicates that ACNTs were embedded inside the SMC-12 microspheres. A three-

dimensional (3D) CNTs “neural”-like network was formed in the SMC-12@CNTs hybrids, which 

facilitated the transportation of Li-ions and electrons and in turn, contributed to the much-

improved lithium-ion storage properties discussed below. The XRD pattern provided in Fig. 3c 

showed that the in situ incorporation process of CNTs network did not affect the formation of the 

highly crystalline SMC-12. Moreover, the ACNT content within SMC-12@CNTs hybrids was 
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estimated by using the TG analysis results shown in Fig. 3d. The estimated content of ACNT is 

approximately 5.2 wt%, which is close to the theoretical ACNT content of 4.5 wt%. 

The electrochemical performance of the obtained carbonates and SMC-12@CNTs hybrids 

Figure 4 shows the electrochemical performance of the obtained MC, SMC-12, SMC-11 

and SMC-21 at the current density of 1 Ag−1. As shown in Fig. 4a, the as-prepared SMC-12 with 

a larger and uniform particle size exhibited much higher capacity and better cyclic stability than 

SMC-21, SMC-11 or MC. Initially, the discharge/charge capacity decreased gradually from 

338.2/321.6 to 281.3/277.9 mAh g−1, and it then grew slowly to 435.1/434.2 mAh g−1 at the 160th 

cycle at 1 Ag−1. A similar phenomenon was also observed for the cyclic performance of SMC-21. 

The gradual increment of specific capacity was due to the gradual activation of the large active 

microsphere particles, namely, the crescent utility of effective active materials. The much longer 

discharge plateau at 0.32 V than those of MC and SMC-11 further confirmed the better 

electrochemical activity of SMC-12, as shown in the discharge profiles in Fig. 4b. The larger size 

of particle and larger distortion of crystal structure should be responsible to the worse lithium ion 

storage performance of SMC-11 than SMC-12 and SMC-21. 

Figure 5 shows the electrochemical performance of as-prepared SMC-12 and SMC-

12@CNTs hybrids. As shown in Fig. 5a, b, the cyclic performance at 0.5 and 5 Ag−1 indicated that 

SMC-12@CNTs hybrids exhibited much better cyclic and rate capability than SMC-12 

microspheres. The evolution of room temperature from day to night should be mainly accounted 

for by the fluctuation of the long-term cyclic testing results, especially at a relatively low current 

density. After being cycled at 0.5 Ag−1 for 160 cycles, the discharge/charge specific capacity of 

SMC-12@CNTs gradually grew to 1079.6/1065.7 mAh g−1, which was much larger than the 

724.6/736.8 mAh g−1 of bare SMC-12. In particular, at the much higher current density of 5 Ag−1, 

the discharge/charge specific capacity of SMC-12@CNTs retained 575.8/571.9 mAh g−1 after 160 

cycles, much greater than the 301.8/296.5 mAhg-1 of bare SMC-12. The typical dis(charge) 

profiles of both SMC-12 and SMC-12@CNTs hybrids at 160 cycles under a current density of 0.5 

and 5 Ag−1 are displayed in Fig. 5c, d, respectively. Based on the morphology and the 

electrochemical testing results, the successful construction of the desired 3D CNTs “neural”-like 

network were responsible for the exceptional rate and cyclic performance of SMC-12@CNTs 

hybrids. Greater oxidation and larger reduction peak current densities of SMC-12@CNTs were 
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observed from the CV curves shown in Fig. 5e. Smaller contact resistance and charge transfer 

resistance, responsible for the much superior lithium-ion storage performance of SMC-12@CNTs 

hybrids, could be observed from the EIS testing results given in Fig. 5f. The much-reduced inner 

resistance further confirmed the successful formation of the desired 3D CNTs “neural”-like 

conductive networks. Furthermore, it is exciting to find that the electrochemical performance 

achieved by as-prepared SMC-12, SMC-12@CNT hybrid microsphere anode materials were 

exceptional and were much greater than those of most of the reported similar spherical carbonate 

anode materials. As displayed in Table 1, present Sb-substituted MnCO3, namely, SMC-12, 

delivered a much better cyclic performance and rate capability than did the reported MnCO3 with 

similar or even smaller particle sizes [21]. Moreover, the obtained MC-12@CNT hybrid exhibited 

comparable or even better electrochemical performance than did nanostructured carbonates with a 

smaller size or modified with graphene/CNT [24, 25, 27, 30]. 

Conclusions 

In this study, the structure, morphology and electrochemical performance of 

MnCO3 microspheres were remarkably improved through antimony (Sb) substitution and the 

introduction of 3D CNTs “neural”-like conductive networks. The MnCO3 and Sb-substituted 

binary SbxMn1−xCO3 microspheres were successfully assembled by following a urea-assisted 

solvothermal reaction. XRD and SEM analysis indicated that a small amount of Sb-substitution 

was helpful to obtain carbonate microspheres with a uniform size distribution and well-developed 

crystal structures. Consequently, the as-prepared SMC-12 showed both larger and uniform size 

distribution and, in turn, resulted in better lithium-ion storage performance than those of pure 

MnCO3, binary carbonates SMC-11 or SMC-21. Furthermore, in vivo 3D carbon nanotube 

“neural”-like conductive networks were designed to solve the problems limiting the performance 

of high tap density micron-size spherical SMC-12. With the successful construction of 3D 

“neural”-like CNTs conductive networks inside and outside the SMC-12 microsphere, the rate and 

cyclic performance, as well as the utility of the larger SMC-12 microspheres, were markedly 

improved due to the greatly enhanced electronic and ionic transportation from core to shell and the 

partial remission of inner stress during the (dis)charge process. As a result, the charge capacity of 

CNTs/SMC-12 composite microspheres retained 1066 and 572 mAh g−1 after 200 cycles at the 
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current density of 500 and 5000 mAg−1, respectively, much larger than the 737 and 297 mAh g−1 of 

bare SMC-12 microspheres. 
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Figure 1 

 

Fig 1 a XRD patterns of as-prepared MC, SMC-12, SMC-11, SMC-21 and the standard 

pattern, b the intensity ratio of I(104)/I(012) vs. the substitution fraction of Mn ions with Sb ions. 
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Figure 2 

 

Fig 2 SEM images of as-prepared carbonate microspheres: a MC, b SMC-12, c SMC-11 

and d SMC-21, respectively. 
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Figure 3 

 

Fig 3 a and b SEM images, c XRD pattern of the obtained SMC-12@CNTs, d TG analysis results 

of both SMC-12 and SMC-12@CNTs in the air. 
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Figure 4 

 

Fig 4 a The cyclic performance and b the 160th cycle’s charge/discharge profiles of as-prepared 

MC, SMC-12, SMC-11 and SMC-21 at the current density of 1 Ag−1, respectively. 
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Figure 5 

 

Fig 5 a, b cyclic performance of as-prepared SMC-12 and SMC-12@CNTs hybrids at the current 

density of 0.5 and 5 Ag−1, respectively; c, d the charge/discharge profiles corresponding to the 

200th cycle at the current density of 0.5 and 5 Ag−1, e CV curve and f EIS analysis results of as-

prepared SMC-12 and SMC-12@CNTs hybrids, respectively 
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Table 1 Comprehensive comparison of the present Sb1/3Mn2/3CO3 (SMC-12), SMC-12@CNT 

hybrid microsphere anode materials with other reported similar spherical carbonate anode 

materials 

No. 
Materials and 

morphology 

Secondary 

particle size 

(µm) 

Retained 

capacity 

(mAh g−1) 

Current 

density 

(mAg−1) 

Cycle 

number 

Refs. 

no. 

1 

SMC-12@CNT hybrid 

microspheres 
2–7 

1066 

572 

500 

5000 

160 

160 
Present 

work 

SMC-12 3.5–7 
737 

297 

500 

5000 

160 

160 

2 MnCO3 microspheres 

2.6 656.8 100 100 

21 4 573.9 100 100 

6.9 487.6 100 100 

3 
Zn0.12Co0.88CO3/CNT 

spherical composite 
2–4 710 100 50 24 

4 Porous MnCO3 spheres 500 1049 1000 200 25 

5 Mn0.7Co0.3CO3/RGO 1 

1432 

900 

~ 500 

100 

2000 

5000 

130 

1500 

200 

27 

6 
Hierarchical 

MnCO3 microdumbbell 

Length: 0.5–1.5; 

width: 0.3–0.9 
775 500 100 30 

 




