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Carbon-coated carambola-like LiFePO4, which consists of 

LiFePO4 thin layers with selectively exposed (020) plane was 

synthesized by a new method via oriented growth with 

cholesteric benzoate as structure-directing agent. The 

composite exhibits stable and extremely fast kinetics upon Li 

storage.  

Lithium-ion batteries (LIBs) have been regarded as one of the 

most promising solutions for emerging transportation applications 

including electric vehicles (EVs) and hybrid electric vehicles 

(HEVs).1-4 To meet the demands on vehicle endurance and service 

life, batteries are often required to have high theoretical capacities 

and long life span. In either case, LIBs based on olivine LiFePO4 

(LFP) cathode could yield satisfactory results due to a large capacity 

and favorable cyclability of LFP,5-6 with its low price and 

environmental friendliness adding the cost effectiveness of the 

battery.7-10 However, with a raising demand on the power density of 

the battery, the use of LFP-based LIBs is hindered by their poor 

electrochemical reaction kinetics due to intrisincally low Li-ion 

diffusivity (~1.8×10−14 cm2 s−1) and electronic conductivity of LFP.7, 

11-14 

The combination with conductive carbon has been proved 

effectively in solving the insulating problem of LFP,15-19 yet has a 

limited effect in improving its Li+ diffusivity. Reduction of particle 

size is a common way to enhance the Li+ mobility due to its role in 

shortening the Li+ migration pathway,20, 21 however, it is not fully 

applicable to LFP. The reason lies in the crystal structure of olivine 

LFP, which allows a preferential Li migration along the [010]Pnma 

channel.22 Therefore, only decreasing the length of the [010] 

pathway can effectively enhance the Li+ mobility of LFP. 

Based on this concept, LFP with selectively exposed (020) plane 

and short [010] channel is especially promising, yet its synthesis is 

still challenging. In this paper, a novel directing synthesis procedure 

has been designed for LFP, which employs a cholesteric liquid 

crystal, cholesteryl benzoate (CB), as the structuredirecting agent to 

achieve the oriented growth of LFP along the designated direction. A 

carambola-like LFP (c-LFP) is prepared, which consists of LFP thin 

layers with significantly shortened [010] channel of ~15 nm and 

selectively exposed (020) plane. The unique structure greatly 

promotes the Li+ diffusion along the preferential direction for Li 

storage, bringing an unprecedented Li+ diffusion coefficient of 

8.31×10−9 cm2 s−1, which is five orders of magnitude large than that 

with the bulk LFP. On the other hand, we have successfully coated a 

highly-conductive unltrathin carbon layer with controllable thickness 

(~1.5 nm) onto the surface of LiFePO4 sheets, enabling fast electron 

transportation along the two-dimensional sheet. With the structural 

advantages of both components, a hierarchically mixed conductive 

network is formed, which triggers fast electrode kinetics by enabling 

bidirectional efficient transmissions of both Li+ and e−. The 

composite exhibits stable and extremely fast electrochemistry upon 

Li storage by delivering almost a theoretical capacity (167 mA h g−1) 

at 0.1 C and ~50% of the theoretical capacity (82 mA h g−1) at a high 

rate of 20 C, and keeps stable cycling performances at different 

rates. All these promise its use in constructing batteries with stable 

electrochemistry and high energy output to benefit the emerging EV 

industry. 

 

 
Figure 1. Schematic representation of the fabrication process of c-

LFP nanocrystals and SEM images of c-LFP in the different stage of 

formation process. 

 

The preparation of carambola-shaped LiFePO4 is shown in Figure 

1. Liquid crystals (LC) are intermediate states between crystals and 

isotropic liquids and thus have intermediate physical properties 

between them.23 The molecular planes of cholesteryl benzoate are 

perpendicular to the helical axis, presenting a preferred average 

orientation.24 As cholesteric liquid crystals, CB has spontaneous 

periodic structures consisting of nematic layers, and these 
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characteristics have been used to synthesize LFP nanocrystals with 

target structure. In the process of the reaction, the liquid crystal 

nematic layers are suspended in the ethylene glycol under magnetic 

stirring. And the LFP layers fall on the surface of nematic layers. 

Then the LC molecules guide these LFP layers to form carambola-

shaped structure, meanwhile, these LFP are growing. In this process, 

nano-size LFP thin layers fabricated the c-LFP through the 

miraculous effect of liquid crystal. Compared with the n-LFP, c-LFP 

has smaller particle size and thinner layers. The SEM images in 

Figure 1 show the formation process of c-LFP in the different stages. 

There are two stages in this process, which are structure forming 

procedure and particle growing procedure. And the mechanism 

confirm to the formation process generally. 

The structure of the samples was characterized by field emission 

scanning electron microscopy (FESEM), transmission electron 

microscopy (TEM) and high resolution transmission electron 

microscopy (HRTEM). Figure 2a displays an FESEM image of the 

LFP particles synthesized by solvothermal at 160 °C for 8 hours. 

These petal shaped LFP show a quite uniform distribution of particle 

size with average diameter of ~500 nm, length of ~1 µm. From the 

higher magnified SEM images (Fig. 2b), it can be clearly observed 

that these similar in size of the LFP petals are stack together without 

rules. Figure 2c shows the typical sample synthesized by mixing LC 

with a very uniform, carambola-like architecture ~400 nm in 

diameter and ~700 nm in length. The detailed morphology of the 

carambola-like nanostructure is shown in the Figure 2d, which 

reveals the entire lamellar surface. Interestingly, each nanopetal 

connected to each other through the center to form hierarchically 

carambola structures, which can be vividly demonstrated by the 

SEM images of a sphere fringe (Figs. 2d). 

 

 
Figure 2. FESEM images (a) and (b) of n-LFP, (c) and (d) of c-LFP. 

 

X-ray diffraction (XRD) patterns of the as-synthesized LFP and 

carbon coated LFP materials are shown in Figure S1 (see 

experimental details in the ESI†). All diffraction peaks agree well 

with those of phospho-olivine LFP indexed with orthorhombic Pnma 

space group. The diffraction peaks of the n-LFP@C and c-LFP@C 

become much sharper, suggesting improved crystallinity of LFP. 

According to the nitrogen adsorption/desorption isotherms (Fig. S2), 

the Brunauer-Emmett-Teller surface areas of the n-LFP@C and c-

LFP@C are 10.7 and 38.0 m2 g−1 (Table S1), respectively. The X-

ray photoelectron spectroscopy (XPS) spectra (Figs. S3a and S3b) 

further demonstrate that the Fe 2p spectra of LFP@C composite are 

split into two parts as a result of spin–orbit coupling and each part 

consists of a main peak and its satellite or shoulder peak, which is 

characteristic for Fe2+.25 

Figure 3 gives the HRTEM images of carbon-coated LFP particles 

(sample n-LFP@C and c-LFP@C). The slices with a thickness of 15 

nm of the c-LFP@C in Figure 3d and the n-LFP@C particles with a 

thickness of 113 nm in Figure 3a. These results show that liquid 

crystal directing method can reduce the slice thickness observably. 

The lattice interplanar spacings of 0.34 nm is corresponding to the 

(111) plane and the thickness of the carbon layer is about 1.5 nm of 

n-LFP@C (Fig. 3b), respectively. However, Figure 3e shows that the 

carbon layer coated on the c-LFP@C is about 1.5 nm thick. As we 

know, the role of carbon is to improve the electric conductive of LFP 

and this electron transform process take place on the interface 

between LFP and carbon. Therefore, the synthesized LFP/C with 

same thickness of carbon layer is the key we had focused. As 

Figures 3b and 3e showed, the thickness of carbon layer on the c-

LFP@C and n-LFP@C are almost the same. 

 

 
Figure 3. (a) SEM and (b) HRTEM of n-LFP@C. (c) Schematic 

illustration, (d) TEM and (e) HRTEM images of c-LFP@C. (f) 

Curved trajectories for Li ion migration between sites in the [010] 

direction. (g) EIS spectra of n-LFP@C and c-LFP@C and (h) Z' vs. 

ω−0.5 plots in the low-frequency region obtained. 

 

Figure 3e also shows clear crystal lattices which lattice interplanar 

spacings of 0.3 nm is corresponding to the (020) plane. This result 

demonstrates that the Li+ migration path in olivine LiFePO4 is along 

the [010]Pnma direction. And the thickness of LFP layer determined 

the length of Li+ migration channel. Therefore, the reduced of slice 

thickness (15 nm showed in Fig. 3(d)) can decline the overpotential 

and capacity fading resulting from volume changes and allow better 

reaction kinetics at the electrode surface, reflect in improved rate 

performances. Figure 3c shows the schematic illustration of c-

LFP@C. 
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It is often assumed that the migrating ion takes the shortest path 

between adjacent sites, that is, a direct linear jump. However, the 

favored migration mechanism (migration between adjacent Li ion 

sites along the [010] direction) along the [010] channel reveals a 

small deviation from the linear (straight) route involving a curved 

path between adjacent Li sites. This produces a “wavelike” trajectory 

for long-range migration as illustrated in Figure 3f 22 and results in a 

lower migration energy than if the Li ion followed a direct, linear 

path. In addition, the carambola-like structure enhance the Li ion 

migration efficiency tremendously, resulting from the interface area 

of about 38.0 m2 g−1 (Table S1).  

Electrochemical impedance spectroscopy (EIS) examination was 

conducted to further clarify the difference in the electrochemical 

response of two carbon coated LFP cathode materials. As depicted in 

Figure 3g, these impedance spectra combined of a depressed 

semicircle in the high frequency region and a straight line in the low-

frequency region, and a simple equivalent circuit was established to 

simulate the spectra (the inset in Fig. 3g). The semicircle is mainly 

associated to the charge-transfer resistance and the corresponding 

capacitance at the electrode/electrolyte interface, the straight line in 

the low frequency region is related with the diffusion behavior of 

lithium ions.26-28 The charge-transfer resistance (Rct) is calculated 

from the semicircle in the high-middle frequency range as about 180 

Ω and 255 Ω for the c-LFP@C and n-LFP@C (Table inset in Fig. 

3h), respectively, c-LFP@C electrode exhibits lower charge-transfer 

resistance, suggesting that their electrolyte-electrode complex 

reactions can occur easily. The smaller slope of impedance of n-

LFP@C samples indicates their higher electrochemical activity, 

which ascribed to hierarchical porous structure facilitate the 

diffusion path of lithium ion. The improved lithium-ion diffusion 

process within c-LFP@C particles estimated from the oblique line at 

low frequencies is greatly enhanced by uniform carbon coating and 

electrolyte penetration, improving the electronic conductivity and 

reducing the diffusion path of the lithium ions.  
-1/2= + +Re e ct wZ R R σ ω                         (1)                                       

2 2

2 4 4 2 22

R T
D

A n F C σ
=

                               (2)                                      

 Figure 3h shows the relationship between ZRe and square root of 

frequency (ω−1/2) in the low frequency region. With Equation 1, it is 

obtained that the Warburg impedance coefficient (σw) of the LFP 

samples, which are 13.416 and 25.14 cm2 s−1/2, respectively for c-

LFP@C and n-LFP@C. Based on the obtained Warburg impedance 

coefficients, the Li ion diffusion coefficients of samples can be 

calculated using Equation 2,29, 30 the Li ion diffusion coefficients of 

the n-LFP@C and c-LFP@C are extracted to be 5.96 ×10−11 and 

8.31 ×10−9 cm2 s−1, respectively. The results clearly manifest that the 

Li ion diffusion coefficient of LFP nanocomposites could be 

increased with the decrease of Li ion migration path which would 

improve the conductive interconnection among the adjacent LFP 

particles. And enhanced with further load of the carbon layer which 

forms more conductive paths for electrons improve the electrons 

transfer efficiency and benefit the electrical conductivity of LFP. 

This clearly indicates that the liquid crystal directing method reduces 

the resistance, enhancing the charge transfer across the electrode-

electrolyte interface. 

Figures 4a and 4b display the galvanostatic charge and discharge 

voltage profiles of cells for LFP@C samples at progressively 

increasing C rates from 0.1 to 20 C between 2.5 and 4.2 V vs. Li+/Li. 

Figure S4 compares the cyclic voltammetry (CV) curves of c-

LFP@C and n-LFP@C samples at a scanning rate of 0.1 mV s−1 in 

the potential window of 2.5 to 4.2 V vs. Li+/Li. All the CV curves 

exhibit only one pair of well-defined anodic and cathodic peaks, 

which represent the Li+ deintercalation and reintercalation processes 

in the LiFePO4 crystal lattice, respectively. Accordingly, the 

dependence of specific capacity on current density is shown in 

Figure 4c. The c-LFP@C materials exhibit higher capacities than n-

LFP@C at a low rate 0.1 C, and a maximum capacity of 167.3 mA h 

g−1 (nearly to its theoretical capacity 170 mA h g−1), while that of the 

n-LFP@C reachs 148.8 mA h g−1. n-LFP@C displays lower capacity 

than c-LFP@C because of the lower lithium diffusion constant and 

electronic conductivity. Meanwhile, the result presents a serious 

polarization tendency at high C rates, while the c-LFP@C has a 

slight polarization tendency. It is noted the voltage plateau is 

lengthened for the cholesteryl benzoate c-LFP@C materials, which 

should be attributed to the higher electrochemical reactivity of c-

LFP@C and excellent kinetics. Figure 4d shows the rate capabilities 

of LFP@C samples. When the C-rate increases from 0.1 to 20 C, c-

LFP@C shows more satisfactory rate capability compared with n-

LFP@C. It can be inferred that the structure with prior crystal 

growth on (020) plane plays a significant role in improving the 

reaction kinetics of LFP, especially at high discharge rates (it could 

also remain 50% of theory capacity at 20 C), and this is also 

consistent with EIS measurements (Figs 3g and 3h). We believe that 

the superior Li ion migration rate and electrical conductivity of c-

LFP@C lead to the enhanced rate performance. 

 

 
Figure 4. Initial voltage vs. capacity curves of (a) n-LFP@C and (b) 

c-LFP@C. (c) The dependence of specific capacity on current 

density rate capabilities and (d) rate capabilities of n-LFP@C and c-

LFP@C. Cycling performance at (e) 0.1C and (f) 1C of sample n-

LFP@C and c-LFP@C. 

 

Figures 4e and 4f show the cycling performance of sample n-

LFP@C and c-LFP@C particles at 0.1 and 1 C. Figure 4e shows the 

cyclability of c-LFP@C and n-LFP@C cathode at the low current 
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rate of 0.1 C. After 50 cycle, the cells still delivered a capacity of 

165.7 (c-LFP@C, average 99.5% capacity retention) and 145.7 mA 

h g−1 (n-LFP@C, average 98.8% capacity retention), demonstrating 

ultra-high cyclability at low current rate for the c-LFP@C nanocom-

posites. Another excellent property of the c-LFP@C is the superior 

cycling performance. The discharge capacity of c-LFP@C is corre-

spond to 138.1 mA h g−1 over 200 cycles at a rate of 1 C. And the 

Coulombic efficiency (calculated from the discharge capacity/charge 

capacity) always approaches 100%, as shown in the inset of Figure 

4f. 

Conclusions 

In summary, we have developed a new method using cholesteric 

benzoate as structure-directing agent to synthesis LFP. A carambola-

like LFP is prepared, which consists of LFP thin layers with 

significantly shortened [010] channel of ~15 nm with selectively 

exposed (020) plane. The unique structure greatly promotes the Li+ 

diffusion along the preferential direction for Li storage, bringing an 

unprecedented Li+ diffusion coefficient of 8.31×10−9 cm2 s−1. On the 

other hand, we have successfully coated a highly-conductive 

unltrathin carbon layer with controllable thickness (~1.5 nm) onto 

the surface of LiFePO4 sheets, enabling fast electron transportation 

along the two-dimensional sheet. With the structural advantages of 

both components, a hierarchically mixed conducting network is 

formed, and the composite exhibits stable and extremely fast kinetics 

upon Li storage, which promises its use for high-power batteries 

with long lifespan. The composite exhibits stable and extremely fast 

electrochemistry upon Li storage by delivering almost a theoretical 

capacity (167 mA h g−1) at 0.1 C and ~50% of the theoretical 

capacity (82 mA h g−1) at a high rate of 20 C, and exhibits stable 

cycling performances at different rates. In view of its favorable 

electrochemical performances, the composite material may find its 

use in LIBs with stable cyclability and high energy output for 

emerging EV applications. The strategy is simple, yet effective, and 

can bring inspirations to those working on high-energy batteries. All 

these will contribute to a better economic sustainability to benefit the 

whole industry. 
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