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Abstract 

In this report, a novel method towards synthesis of the two-layer sandwiched graphene@(Li0.893Fe0.036)Co(PO4) 

nanoparticles ( SG@LFCPO) has been presented. In the approach, the sheet-like precursor, as the sacrificial 

template, and glucose molecules, as the carbon source, are the key factors of forming the specific morphology that 

both top and bottom graphene sheets tightly envelop the (Li0.893Fe0.036)Co(PO4) nanoparticles, just like a sandwich. 

Owing to the combination of various favorable conditions, such as Fe doping, coating graphene and designing 

morphology, the as-prepared SG@LFCPO displays very promising performances in terms of rate performance (the 

discharge capacity of 85 mAh g-1 at 20 C), cyclability (the coulombic efficiency of around 92.6 %), stability 

(capacity retention of 94.6% after 100 cycles) and fast kinetics.  

Introduction 

  In recent years, the range of application of Li-ion batteries (LIBs) has been stretched from small-sized portable 

electronics to large-scale electric vehicles and stationary energy storage systems. Large-scale energy applications 

require the batteries to be economically efficient, highly safe, highly energy and power density1. Therefore, 

high-energy, low-cost and long-life electrode materials are in urgent need to maintain the momentum of LIBs2 

Among a variety of cathode materials, LiCoO2 is subjected to the low structural and thermal stabilities3, leading to 

inadequate for next generation applications entailing higher temperatures and more aggressive conditions, although 

it is the most widely used cathode in extant LIBs. Recently, there has been interest in the use of lithium transition 

metal phosphates with olivine structure LiMPO4 (M=Fe, Mn and Co) as potential cathode materials for LIBs2, 4-6. 

The theoretical capacity of LiMPO4 (170 mAh g-1) provides higher energy density than that of LiCoO2
6, 7. Besides, 

LiMPO4 possesses the strong P-O covalent bonds resulting in thermodynamical and dynamical stability at high 

temperature and charge state8. Among the LiMPO4 family, LiFePO4 has been widely researched and commercially 

produced, owing to the eco-friendliness and thermal stability9-12. LiMnPO4 is another promising cathode material 

with a higher operating voltage at ~4.1V 13, 14. However, LiFePO4 is limited by its low discharge potential (3.4 V vs 

Li/Li+) and LiMnPO4 sustains Jahn-Teller distortion and large volume change during the charge-discharge cycles13, 

14. For these reasons, LiCoPO4 has attracted plenty of attentions even though Co is often considered an expensive 

element, in fact, LiCoPO4 is expected to be cheaper than all commercialized LIBs on the market (due to the 

improved energy density)15. LiCoPO4 has advantages of flat high potential (at approximately 4.8 V vs Li/Li+), 

good theoretical capacity (167 mAh g-1) and smaller structure volume change2, 16. However, there are some 

drawbacks and unsolved problems for this high-voltage cathode material. The practical use of LiCoPO4 is 

precluded by its poor rate cycling ability related to the inherently low electrical conductivity (< 10-9 S cm-1) and 
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Li+ ionic conductivity17, 18. Besides, it suffers from capacity fade caused by structure deterioration and electrolyte 

decomposition19-21. 

  Consequently, many studies have focused on facilitating Li ionization and improving electrical conductivity, e.g., 

doping metal ions, coating electrically conductive materials and shortening Li+ diffusion paths22-25. While Cu, Cr, 

Mn, Al, Zr and Ni doping improve the electrochemical performance of LiCoPO4,
 22, 26-31 doping-induced 

atomic-scale changes in structure and compositon of LiCoPO4 that lead to enhanced properties are yet to be 

revealed and fully exploited32. As we all know, Fe, as environment friendly and low-price material, possesses an 

advantage of excellent electronic conductivity, thus doping LiCoPO4 with Fe has been pursued to enhance 

electronic conduction and make cost down. Meanwhile, coating LiCoPO4 particles with conductive materials can 

improve electronic conductivity and protect particles from agglomeration at high synthesis temperature, desirable 

for facile lithium transport and better electrochemical properties33. From another point of view, down-sizing 

LiCoPO4 has been shown to improve the electrochemical performance due to the shortening of Li+ diffusion 

distance13, 34. 

  In consideration of those reasons, a sandwich-like graphene-based composite, in which monodispersed 

nanoparticles are encapsulated in sandwiched graphene sheets, has been successfully fabricated. According to prof. 

wang, et al.35, the unique morphology has a synergic effect on the electrochemical performance for LIBs 

application. In the synthetic process, a hydrated sheet-like precursor has been prepared and submerged in 1M 

FeCl2 for 10 h. Then making use of the hydrogen-bond interaction, glucose molecules combine with the hydroxyls 

on the surface of sheet-like precursors to form the polymer-layers, which are graphitized into graphene sheets in 

sequence by calcinations in the argon atmosphere. In the meantime, the samples decompose and release CO2, NH3, 

H2O gas, forming the pore in the sandwiched structure. Following that, the precursors recrystallize into 

(Li0.893Fe0.036)Co(PO4) nanoparticles. In the structure, the sandwiched graphene sheets tightly envelop the 

(Li0.893Fe0.036)Co(PO4) nanoparticles to suppress the direct contact between electrolyte and active nanoparticles, 

decreasing the capacity loss. Obviously, Fe and graphene are favourable conductors, therefore the introduction of 

Fe and the formation of graphene could improve the electronic conductivity, speeding up the reaction kinetics. 

Furthermore, the pore in the novel structure might buffer the local volume change during the lithium 

insertion/extraction cycling, improving the structural stability of the electrode material. More importantly, the 

novel morphology with contractible active nanoparticles offers a shorter Li+ diffusion pathway, enhancing the rate 

performance. To the best of our knowledge, these results first provide insights that pave the way for the rational 

design of the two-layer sandwiched graphene@(Li0.893Fe0.036)Co(PO4) nanoparticles as the cathode materials for 

LIBs and related applications. 

Results and discussion 

  The fabrication process of the SG@LFCPO is schematically depicted in Scheme. 1. The sheet-like precursors 

were first synthesized and submerged in 1M FeCl2 at room temperature for 10 h. Then the glucose molecules 

combined with the hydroxyls on the surface of the precursors by means of hydrogen-bonding interaction to form 

uniformly polymerized membranes, during the hydrothermal reaction. Following that, the solid-state reaction 

between the above obtained intermediate product and LiH2PO4 at the molar ratio of 1.1:1 was carried out at 720 oC 

in Ar atmosphere. At the moment, the polymerized films would be graphitized into graphene sheets and the 

decomposable groups of the precursors would be decomposed to generate a mass of vacancies. Meanwhile, the 

precursors would shrink and aggregate, separately circling the individual crystallization centers to be recrystallized 

into nanoparticles, encapsulated by both top and bottom graphene sheets, on multiple sites. 

  The as-obtained SG@LFCPO and pristine LiCoPO4 nanomesh were initially characterized by X-ray diffraction 

(XRD) to identify the crystallographic structure and crystallinity, shown in Figure 1. The patterns can be assigned 

to well-crystallized orthorhombic olivine structure of (Li0.893Fe0.036)Co(PO4) (JCPDS No. 89-6193) and LiCoPO4 
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(JCPDS No. 89-6192), respectively. No other peaks were observed for impurities. In XRD pattern for the 

SG@LFCPO, the peak at 2θ of 31°(Co Kα) which represents to the existence of graphene. Besides, the XRD 

pattern (Figure S1 support information) reveals that the sheet-like precursor is highly crystalline. The crystal 

parameters of Fe-doped LiCoPO4 and non-doped LiCoPO4, calculated by jade 5.0 software, are listed in Table 1. 

We find that for (Li0.893Fe0.036)Co(PO4), the lattice parameter b is smaller than that of pure LiCoPO4 while lattice 

parameters a and c slightly increase. For the reason that Li+ diffusion energy is orientation-dependent which is the 

lowest for the pathway along the [010] channel, that is to say, along b axis direction in olivine structure36, 37, as 

atomic model shown in Figure 2, the lattice parameters a and c little increase, suggesting the Fe-doped LiCoPO4 

has a slightly wider Li+ diffuse pathway. And that, the lattice parameter b becomes smaller, demonstrating a shorter 

Li+ diffuse pathway. All of them reveal that Fe doping is benefit to fast Li+ diffusing, which was also certified in 

the paper related to Na-doped LiCoPO4 38. Besides, we have got the Raman spectroscopy of SG@LFCPO, 

exhibited in Figure S2. The Raman bands at 1581.2 (G band) arising from the first order scattering of the E2g 

phonon of sp2 C atoms, and 1328.3 cm-1(D band) arising from a breathing mode of k-point photons of A1g 

symmetry, are observed for SG@LFCPO, confirming the existence of graphene in the composite. 

  The morphology and thickness of as-obtained products were examined using scanning electron microscope 

(SEM) and atomic force microscope (AFM), respectively. Combined with the SEM image (shown in Figure 3a), 

the AFM image (Figure S3a) and the XRD pattern (Figure S1), we can see that the precursors possess a number of 

characteristics, such as high crystallinity (testified by the XRD pattern), 2-dimensional, ultra-thin down to ~10 nm 

(verified by the AFM image), uniformed shape and large dimensions from several hundreds of square nanometers 

to tens of square micrometers (observed in the SEM image). As seen in Figure 3b, the large scale samples have 

been obtained, illustrating the method would be applied in large-scale commercial production. The SEM in Fig 3c 

displays that LFCPO nanoparticles homogeneously disperse in the double-layer sandwiched graphene sheets and 

separate from each other. What’s more, according to the Figure 3c, the diameters of these LFCPO nanoparticles 

fall into a range of 40-80 nm. From the inset image in the Figure 3c, we know that the thickness of SG@LFCPO is 

estimated about 5-10 nm, in well agreement with the AFM image. Figure S4a shows the SEM image of pristine 

LiCoPO4 nanomeshes, which is used to the contrast experiment. On account of the decomposion of the labile units, 

such as ammonium, hydrate and hydroxyl groups, a number of vacancies are formed for the pristine LiCoPO4 

nanomeshes. Figure 3d displays the EDS spectra of the SG@LFCPO, which demonstrates the composites contain 

C, Fe, Co, P and Si elements, wherein Si comes from the silicon substrates. Moreover, the Fe/Co ratio achieved 

from the EDS spectroscopy (Figure 3d) is close to 1: 0.04, in accordance with the XRD and XPS results. To further 

clarify the exact composition of the materials, the ICP-AES is conducted to obtain the elemental ratio of Li/Fe/Co, 

as shown in Table 2. As is expected, the result from Table 2 conforms to that of EDS and XPS, illustrating 

effectively the as-prepared material is (Li0.893Fe0.036)Co(PO4) phase with the exact composition. What’s more the 

carbon content in the composite is about 7.6 wt% (see the Experimental Section). 

The transmission electron microscopy (TEM) is a powerful characterization tool to provide more insight into the 

composition and microstructure of the materials. The especial morphology of the as-prepared SG@LFCPO is 

exhibited in Figure 4a. Obviously, the LFCPO nanoparticles are monodispersed through the two-dimensional 

structure and do not stack to form an agglomerated structure on the supported graphene sheets, implying the 

existence of double-layer graphene can prevents the nanoparticles from aggregating. According to magnified TEM 

image, shown in Figure 4b, the grain sizes of LFCPO nanoparticles have no difference with that in Figure 3c.The 

TEM image, in the Figure S4b, indicates that sheet-like precursor with regular morphology is ultrathin, which 

would be inherited from precursors to produces. Figure S4c shows the TEM image of pristine LiCoPO4 nanomesh 

with porous sheet-like structure. High-resolution transmission electron microscope (HRTEM) image of SG@LFCP 

O, shown in Figure 4c, verifies an individual LFCPO nanoparticle with well-crystallized nature, as the white 
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circles indicated. The graphene is obviously observed outside the white circle, demonstrating the graphene tightly 

parcel the active nanoparticles. Furthermore, along two mutually- perpendicular directions, there are fringes whose 

spacings are calculated to be 0.24 and 0.51 nm, corresponding to (002) and (200) crystal planes in orthorhombic 

(Li0.893Fe0.036)Co(PO4), respectively. The results show that the thinnest part of the SG@LFCPO is along the b-axis, 

which is favorable direction for the Li+ diffusion. According to the AFM image, in Figure S3b, the thickness of 

SG@LFCPO is estimated to be ~10 nm, which reveals a short Li+ diffusion pathway and a fast Li+ diffusion 

kinetics. The Brunauer-Emmett-Teller (BET) measurement was performed to determine the surface area and pore 

size distribution of SG@LFCPO and pristine LiCoPO4 nanomesh, respectively. Figure 4d reveals that the surface 

area of SG@LFCPO is up to 280.6 m2g-1, meanwhile, the pore size is centered at around 4.85 nm (inset of Figure 

4d). However, the specific surface area of 52.57 m2g-1 is achieved for pristine LiCoPO4 nanomesh, according to 

Figure S4d, and the pore size is mainly distributed around 6.12 nm. Therefore, it can be seen that designing novel 

morphology could increase the specific surface area and voidage, facilitating the transmission of electrolyte. The 

elemental mappings of the SG@LFCPO based on Figure S5a are displayed in Figure S5b-5f, from which it can be 

observed that C, O, Co, Fe and P elements are homogeneously distributed. The above results suggest that the 

SG@LFCPO would exhibit a good electrochemical performance for electrolyte flooding and Li+ diffusion. 

  In order to confirm the valence states of the elements present in the (Li0.893Fe0.036)Co(PO4) composite, X-ray 

photoelectron spectroscopy (XPS) measurement was carried out, and the corresponding spectra displayed in Figure 

S6 after calibrating by the standard XPS peak of C1s. The observed C1s peak at 284.8 eV mainly represents 

graphitic carbon39 . The peak binding energy at 532.8 eV, in Figure S6b, is attributed to O1s of P-O-P bond40. 

Besides, the P2p band is observed at 133.8 eV for P2p3/2, which is consistent with the value reported for P5+ in 

PO4
41. The Figure S6d and S6e clearly show the presence of Fe2p and Co3p core levels with no trace of impurities. 

The core level photoelectron peaks at 710.8 eV is well assigned to Fe2p3/2, suggesting Fe is in divalent state in 

agreement with previous works42. In addition, the Co3p level is observed at 60.8 eV for Co3p3/2, which may be due 

to spin orbital interactions, indicating the presence of Co2+ 43. 

  The electrochemical performances of SG@LFCPO are investigated using Li metal as anode at various current 

densities between 2.5 and 4.95 V vs. Li/Li+. The typical charge-discharge curves of the SG@LFCPO for different 

cycles at 0.1 C rate are displayed in Figure 5a. The discharge curves only showing one plateau can be supported by 

the one-step mechanism of lithium deintercalation44. All the discharge curves exhibit a wide and flat voltage 

plateau at approximately 4.72 V, implying the electrode structure is stable in the voltage range. In the initial 

charging/discharging cycle, the reaction between the active material of electrode and electrolyte leads to the 

decomposition of the electrolyte and the formation of SEI film on the electrode, causing that the initial discharge 

capacity is much less than charge capacity. From the second cycle, however, the discharge capacity lose is 

gradually diminished. The discharge capacities are approximately 150, 148, 147 and 142 mAh g-1 at the 2nd, 10th, 

50th and 100th cycles, respectively, demonstrating the outstanding capacity retention of 94.6% for SG@LFCPO. 

However, when it comes to the charge-discharge curves of pristine LiCoPO4 nanomesh in Figure 5b, we can see a 

fast recession of discharge capacity in the wake of incremental cycle-index. The contrast of Figure 5a and 5b 

indicates that coating graphene and Fe doping are in favour of the structure stability. Of course, the cyclic 

voltammetry (CV) measurement is adopted to investigate the electrochemical characteristics, as shown in Figure 

S7a. The oxidation peak and reduction peak at ~4.72 and ~4.66 V, respectively, are attributed to the redox reaction 

of Co2+/Co3+, in accordance with the results of charge-discharge curves. Besides, it can be seen that except for the 

first cycle, the curves in the subsequent cycles follow almost same path, indicating high stability and reversibility 

for Li+ insertion and extraction. And the potential difference between the two peaks is less than 0.1 V, suggesting 

an excellent rate performance. Because of the importance in evaluating total performance, the rate performances of 

SG@LFCPO and pristine LiCoPO4 nanomesh were researched in Figure 5c. The cells were first cycled at 0.1 C for 
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10 cycles, followed by cycling with a stepwise increase of the discharge current densities to as high as 20 C. A 

highly average discharge capacity of 85 mAh g-1 was obtained at the highest current density of 20 C, conversely, 

the rest of discharge capacity is a little for pristine LiCoPO4 nanomesh. Moreover, at the rates of 0.1, 1, 5 and 10 C, 

the corresponding discharge capacities were 150, 145, 129 and 104 mAh g-1 for SG@LFCPO, versus 118, 93, 67 

and 35 mAh g-1 for pristine LiCoPO4 nanomesh. When the discharge rate was changed back to 0.1 C after the 

high-rate charge-discharge cycling, the reversible discharge capacity of SG@LFCPO returned to 148 mAh g-1. 

Obviously, the SG@LFCPO reveals much better rate performance than the pristine LiCoPO4 counterpart. The 

galvanostatic measurement at a rate of 0.1 C is shown in Figure 5d to present the coulombic efficiency, cyclability 

and specific capacity upon 100 cycles. It’s easy to discover that the charge and discharge capacities slightly 

descend after 100 cycles. Except the initial cycle, the charge capacity and discharge capacity of SG@LFCPO can 

be retained at ~162 and 150 mAh g-1, respectively, with a high coulombic efficiency of around 92.6 %. 

Interestingly, the coulombic efficiencies of the first several cycles are relatively lower than those of the subsequent 

cycles. The possible reason is that the active materials couldn’t completely contact with electrolyte in the first 

several cycles, causing the capacity’s decrease. As redox reaction proceeds, the electrolyte penetrates into the inner 

part of the void space, resulting in the increased capacities. However, as shown in Figure S7b, the discharge 

capacity of pristine LiCoPO4 nanomesh declines 52 mAh g-1 and the capacity retention is 56.7 % after 100 cycles, 

which are tremendously inferior to those of SG@LFCPO. Figure S8 shows the SEM image of SG@LFCPO after 

electrochemical testing. As shown in Figure S8, although the aggregation of the SG@LFCPO after electrochemical 

testing is observed, the structure of two-layer sandwiched graphene@(Li0.893Fe0.036)Co(PO4) nanoparticles has 

been reserved, further supporting the claims of the excellent stability and cyclability. Owing to the fact that 

operating temperature is also a determiner of cell performance, herein, the temperature-dependent Li storage and 

rate performance of the SG@LFCPO have been studied, shown in Figure S7c and S7d. At the testing temperature 

of 50 oC, the delivered capacity at a rate of 0.1 C is the highest, while the cycling stability is the worst. The reason 

is that the activation of electrode materials could be accelerated by the high temperature, in favour of the discharge 

capacity. On the contrary, the high temperature could accelerate the severe decompositions of the electrolyte to 

release some gas, such as HF, PF5, etc, leading to the increscent internal pressure and deformation of battery. Thus 

the cyclability at 50 oC is inferior to 25 and 0 oC, however, the rate performance is gradually increased with the 

testing temperature varying from 0, 25 and 50 oC. The electrochemical impedance spectroscope (EIS) data of 

SG@LFCPO and LiCoPO4 nanomesh are shown in Figure S9. The impedance spectra for both samples show a 

single semi-circle at higher frequency followed by a straight line at a slope of approximately 45o at lower 

frequency. The semi-circle at higher frequency is assigned to the charge transfer resistance (Rct), related to 

electrochemical reaction. It can be seen that formation of graphene encapsulating outside and the introduction of 

Fe into LiCoPO4 could remarkably reduce the value of Rct, indicating an enhancement in the kinetics and the 

consequent improvement in high-rate capabilities. 

  Those results herein give clear evidences that compared with pristine LiCoPO4 nanomesh, SG@LFCPO 

possesses preferable electrochemical performances, for instance superior rate performance, outstanding cyclability, 

admirable stability and fast kinetics of extraction/insertion Li+. The improvements arise from three major factors, 

which are Fe doping, coating graphene and designing the novel morphology. In the first place, Fe, as an excellent 

conductive material, could compensate the poor electronic conductivity for LiCoPO4. Besides, the lattice 

parameter a lightly increases and b tinily diminishes after Fe doping, resulting in a shorter and wider Li+ diffusion 

pathway. As we all know, the operating voltage of LiCoPO4 is very high, however, electrolyte is easy to 

decompose at high voltage. This problem can be solved by coating graphene to reduce the direct contact between 

electrolyte and active material, enhancing the capacity retention. On the other hand, designing the porous 

morphology that sandwiched graphene sheets tightly envelop functional nanoparticles could shorten the Li+ 
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diffusion channel. In addition, the existence of void space could buffer the volume changes during the 

insertion/extraction of Li+, improving the cyclability of cathode material. 

Conclusion 

In this work, the two-layer sandwiched graphene@(Li0.893Fe0.036)Co(PO4) nanoparticles have been successfully 

fabricated through the template-sacrificial method. The sheet-like precursors, as the template, and glucose 

molecules, as the carbon source, are the key factors of the synthetic process, contributing to the novel morphology 

that the LFCPO nanoparticles were tightly enveloped by the sandwiched graphene sheets. The as-prepared 

SG@LFCPO, with an ultrathin thickness of approximately 10 nm and the surface area of 280.6 m2 g-1, display 

very promising performances in terms of rate performance (the discharge capacity of 85 mAh g-1 at 20 C), 

cyclability (the coulombic efficiency of around 92.6 %), stability (capacity retention of 94.6% after 100 cycles) 

and fast kinetics due to the combination of various favorable conditions. Undoubtedly, our research provides key 

insights that pave the way for the rational design and realization of graphene-based materials for LIBs and related 

applications. 
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Experimental Section 

Materials: All chemicals or materials were utilized directly without any further purification before use: ethylene 

glycol (Fisher Chemical, 99.99 %), ammonium hydroxide (NH3·H2O, 28–30 wt %, J. T. Baker), cobalt nitrate 

(Co(NO3)2·6H2O, 99.9 %, Aldrich), sodium carbonate (Na2CO3, 99.9 %, Aldrich), ferrous chloride (FeCl2, 99.9 %, 

Aldrich), Lithium dihydrogen phosphate (LiH2PO4, 99.9 %, Aldrich) and anhydrous ethanol (Fisher Chemical, 

99.99 %). 

Preparation of (NH4)2Co8(CO3)6(OH)6·4H2O nanosheets: (NH4)2Co8(CO3)6(OH)6·4H2O nanosheets were 

synthesized by a hydrothermal reaction. Ethylene glycol (12.5 mL), concentrated NH3·H2O (12.5 mL), 1M 

Na2CO3 aqueous solution (5 mL), and 1M Co(NO3)2 aqueous solution (5 mL) were mixed step-by-step under 

strong stirring with intervals of 1-2 min. After that, the precursor solution was stirred for another 20 mins. Then, 

the mixture changed into a deep pink-violet homogeneous solution. Once the mixture solution was transferred into 

a Teflon-lined stainless steel autoclave with a volume of 45 mL, a thermal treatment was performed for the 

Teflon-liner in an electric oven at 170 oC for 17 h. After the autoclave was cooled down naturally to room 

temperature in air, samples deposited at the bottom were collected and washed by centrifugation for at least three 

cycles using deionized water (D.I. water) and two cycles using anhydrous ethanol. Finally, the as-synthesized 

samples were then dried in a vacuum oven at 60 oC overnight to remove the absorbed water for the subsequent 

fabrications and characterizations. 

Preparation of SG@LFCPO and the LiCoPO4 nanomesh: (NH4)2Co8(CO3)6(OH)6·4H2O nanosheets (100 mg) 

were immersed in 1M FeCl2 aqueous solution for 10h. Then, the samples were centrifuged for the same steps. 

Following that, the as-synthesized samples were dried in a vacuum oven at 60 oC overnight. The Fe-doped 

(NH4)2Co8(CO3)6(OH)6·4H2O nanosheets (100 mg) were ultrasonically mixed with glucose aqueous solution (5 

mL 1M) together with additional deionized water (25 mL) to form homogeneous solution. The above mixed 

solution was poured into a 45 mL Teflon-lined stainless steel autoclave and sealed tightly. Next, the liner was 

heated in electric oven at 180 oC for 8 h. After that, the sample was washed using centrifugation for the same 

method, and then dried at 60 oC overnight. Then, the above samples were converted to the SG@LFCPO when the 

samples (130.18 mg) reacted with LiH2PO4 (114.32 mg) at 720 oC under Ar atmosphere in the tube furnace. For 

the synthesis of LiCoPO4 nanomesh, the experimental procedures followed the same processes as the SG@LFCPO 

except immersion in FeCl2 solution and hydrothermal reaction with glucose aqueous solution. 

Characterization of the samples: field-emission SEM (JEOL JSM-7800F) coupled with an EDS analyzer (JEOL, 

JSM-7800F), TEM coupled with an EDX analyzer (Philips, Tecnai, F30, 300 kV), X-ray photoelectron 

spectrometery with a ESCALAB250 analyzer (XPS), powder X-ray diffraction (Bruker D8 Advance X-ray 

diffractometer with Co Kα radiation (λ = 1.78897 Å)), Brunauer-Emmett-Teller surface area measurement (BET, 

Quantachrome Autosorb-6B surface area and Pore size analyzer), Raman spectroscopy (RENISHAW Invia Raman 

Microscope, voltage (AC) 100-240 V, power 150 W), Atomic Force Microscope (AFM, Asylum Research, 

MFP-3D) were used to characterize the obtained samples. The elementary compositions of the materials were 

determined by inductive coupled plasma-atomic emission spectroscopy (ICP-AES, iCAP 6300 Duo).  

Carbon content tests: Firstly, 200.00 mg of the samples (SG@LFCPO) were added in concentrated hydrochloric 

acid. After 24 hours’ stirring, the (Li0.893Fe0.036)Co(PO4) nanoparticles were completely dissolved in acid. Then the 

undissolving carbon was collected and washed with deionized water and anhydrous ethanol. Following that, the 

carbon was dried in an oven at 60 oC overnight to remove absorbed water and ethanol. The carbon weight 

measurements were taken using a Merrler-Toledo analytical balance. The carbon content of SG@LFCPO was then 

calculated using the formula: 

C%=W(C)/W(SG@LFCPO)×100% 
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Where W(C) and W(SG@LFCPO) were the weight of carbon and SG@LFCPO, respectively. The results show 

that the carbon content in the as-prepared material is approximately 7.6 wt% by calculation. For comparison, the 

(Li0.893Fe0.036)Co(PO4) particles (200 mg) without coating carbon were synthesized and dissolved in concentrated 

hydrochloric acid with the same process. 

Electrochemical testing: A homogeneous mixture composed of the SG@LFCPO, carbon black, and polyvinyl 

difluoride (PVDF) using 1-methyl-2-pyrrolidinone (NMP) as solvent in a weight ratio of 80:15:5 was prepared 

under strong magnetic stirring for at least 1 d. Then some of the mixture was extracted and spread onto Al foils. 

Before and after the samples were spread, the Al foils were weighed using a high-precision analytical balance. The 

read difference was the exact mass for the coated samples on Al foils. Normally, the sample loadings range from 

1.2 to 1.6 mg·cm-2. The obtained pieces of Al covered with samples were then used as working electrodes with 1M 

LiPF6 in ethylene carbonate and diethyl carbonate (EC/DMC=1:1 v/v) as electrolyte. Celgard 2400 was applied as 

the separator film to isolate the two electrodes. Pure Li foil (99.9%, Aldrich) served as the counter electrode and 

reference electrode. The cell was assembled in an argon filled glove box in which moisture and oxygen 

concentrations were strictly limited to below 0.1 ppm. The galvanostatic cycling was performed using a Neware 

battery testing system (model 5V 5mA), and CV data was recorded at a scanning rate of 0.1 mV s-1 between 2.5 

and 4.95 V using an Autolab (model AUT71740) in a three-electrode cell. For the Electrochemical impedance 

spectroscopy (EIS) measurements, the open circuit potential (OCP) was determined first and then the AC potential 

was set at ±10 mV (rms) around the OCP. A frequency range of 0.01 Hz to 100 Hz was performed by the CHI604E 

Electrochemical Analyzer to ensure data quality for subsequent model fitting. Then, the data acquired from the 

impedance testing were analyzed using Zview Version 3.2c-software. 
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Scheme 1. Illustration of the preparation process of SG@LFCPO. 
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Figure 1. XRD patterns for the SG@LFCPO and LiCoPO4 nanomesh. 
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Figure 2. The ball-and-stick model of Fe-doped LiCoPO4 to illustrate the Li+ diffusion pathway along b axis 

direction.  

 

 

 

 

 

 

 

 

 

 

 

 

Table 1. Lattice constants for (Li0.893Fe0.036)Co(PO4) and LiCoPO4, calculated by jade 5.0 software.    

  a 

(Å)  

 b 

(Å) 

 c 

(Å) 

LiCoPO4  10.20  5.92  4.700  

(Li0.893Fe0.036)CoPO4  10.21  5.91  4.706  

 

 

Table 2. Compositions of LiCoPO4 and SG@LFCPO electrode materials, determined by ICP-AES. 

Composites Targeted Li/Fe/Co ratio Experimental (ICP-AES) 

Li/Fe/Co ratio 

LiCoPO4 1.00:0.00:1.00 0.99:0.001:1.003 

SG@LFCPO 0.893:0.036:1.00 0.895:0.032:1.004 
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Figure 3. a) SEM image of the (NH4)2Co8(CO3)6(OH)6·4H2O sheet-like precursors, b) SEM image of SG@LFCPO, 

c) High-magnification SEM image of individual SG@LFCPO (the inset image is used to prove the thickness of 

SG@LFCPO), d) EDS image with the atomic percent data of SG@LFCPO.  
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Figure 4. a-b) Stepwise magnified TEM images of SG@LFCPO, c) The locally magnified HRTEM image of 

SG@LFCPO, d) Nitrogen adsorption-desorption isotherm and the corresponding pore size distribution (inset) of 

SG@LFCPO.  
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Figure 5. Galvanostatic discharge and charge curves in the voltage range of 2.5-4.95 V vs. Li at 0.1 C of a) 

SG@LFCPO, b) LiCoPO4 nanomesh, c) the rate performance at different discharge rates, 0.1, 1, 5, 10 and 20 C, 

respectively, in the voltage range between 2.5 and 4.95 V of SG@LFCPO and LiCoPO4 nanomesh, d) the 

charge-discharge capacities and corresponding coulombic efficiency of SG@LFCPO.  
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  Herein, 

the unique two-layered sandwiched graphene@(Li0.893Fe0.036)Co(PO4) nanoparticles have been successfully fabricated 
through the template-sacrificial method. The electrode material takes advantages of the Fe doping, coating graphene and 

designing the morphology, contributing to outstanding electrochemical performances, such as rate performance (the 

discharge capacity of 85 mAh g-1 at 20 C), cyclability (the coulombic efficiency of around 92.6 %), stability (capacity 

retention of 94.6% after 100 cycles) and fast kinetics. It is believed that our research provides new insights into paving the 

way for the rational design and realization of graphene-based materials for lithium-ion batteries and related applications. 
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