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Robust, conductive, and cost-effective LiFePO4@C/graphene composites are critical in the 

production of high performance LiFePO4 lithium ion batteries. Herein, a facile method is designed 

to synthesize LiFePO4@C/graphene nanocomposite by utilizing low-cost iron powder, wherein the 

iron powder offers dual roles: the raw source for LiFePO4 and the green reductant for graphene 

oxide (GO). In this proposed process, GO is reduced to reduced graphene oxide (rGO) by the iron 10 

powder and the produced iron ions are adsorbed on the surface of rGO. As a precursor of LiFePO4, 

the adsorbed iron ions facilitate the formation and the strong and uniform anchoring of the 

LiFePO4 nanoparticles onto the rGO surface. The resultant robust structure could prevent the rGO 

from restacking, help maintain the integrity of LiFePO4@C/graphene nanocomposite and afford 

electronic and ionic conductivity in the rapid charge/discharge process. Consequently, the as-15 

prepared nanocomposite exhibits an excellent high-rate capability and outstanding cycling stability. 

A discharge capacity of ca. 131 mAh•g-1 is obtained at 5 C rate and a remarkable cycling stability of 

capacity retention up to 95% is achieved over 1000 cycles.  

Introduction 

Lithium ion batteries (LIBs) are bound to achieve the large-scale 20 

application in the field of (hybrid) electric vehicles and smart 

grids.1 Cost, safety, lifespan, energy density and power 

performance are commonly considered as the major criteria for 

the proper electrode materials for LIBs.2-4 Olivine LiFePO4 (LFP) 

is regarded as a promising cathode due to its natural advantages: 25 

reasonable theoretical capacity of 170 mAh•g-1, good durability, 

natural abundance and relative safety in the fully charge state.5, 6 

However, those requirements cannot always be met by a single 

electrode material without any modifications. The low ionic and 

electronic conductivity of LFP results in inferior electrochemical 30 

performance at high power density. In this regard, enormous 

efforts have been devoted to overcome these drawbacks by 

coating electronic conductive materials and tailoring the 

morphology.7-16 Carbonaceous materials are considered as the 

best option because they have high electronic conductivity, low-35 

cost and environmentally friendliness.17-19 Simultaneously, both 

particle growth and aggregation are effectively inhibited. In 

particular, two-dimensional graphene is highly conductive with 

an extremely large surface area.20-24 It is an ideal material for 

carbon-coated LFP nanoparticles to assure satisfactory electronic 40 

conductivity of the composite.  

Although high quality LFP/graphene nanocomposites with 

excellent electronic conductivity and ionic mass transport 

capability have been reported for LIBs,25-27 achieving impressive 

rate performance and cycling life, these processes commonly 45 

demand the use of expensive precursors, such as ferrous salts28, 29 

and defect-free graphene,30 and the expensive chemical 

equipment, such as high pressure reactor31, 32 and chemical 

vapour deposition,33 using critical reaction conditions such as 

high vacuum, high temperature and sophisticated reaction 50 

procedures.34 Manufacturing strategies with low raw material cost 

and production by low energy consumption, minimum by-

products and low facility requirements potentially advance the 

mass production of LFP/graphene composites. To address these 

challenges in balancing rate performance and production cost, it 55 

would be ideal if a synthesis solution could effectively reduce the 

raw materials cost of LFP/graphene, and simultaneously relegate 

the production cost via reducing reaction steps and production 

process. 

Generally, graphene oxide (GO) is selected as the precursor of 60 

graphene due to its low cost and good dispersion in aqueous 

solution.35 The GO are commonly reduced to graphene via 

chemical processes using reductants, such as such as N2H4, 

NaBH4 and HI.24, 36, 37 These reductants are not only expensive 

but also toxic. Furthermore, the restacking of the graphene sheets 65 

could downgrade the superior surface area of the graphene. 

Additionally, the bonding strength between LFP grains and 

graphene is crucial to the lifespan of the composites, especially 

under high-rate current density. Although there is only 6.8% 

change in volume upon the Li+ insertion/desertion,38 the frequent 70 

shrinking and swelling processes potentially result in the fracture 

and loss of electrical contact11, 39. It was well recognized that the 

pre-adsorption of the metal ions precursors onto the graphene 

sheets is beneficial in establishing strong bonding between the 

electrode materials (such as Co3O4, TiO2 and SnO2) and 75 
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graphene.40-43 The resultant nanoparticles facilitate the even 

distribution of graphene sheets in the nanocomposites and prevent 

the graphene sheets from restacking.44  

In this work, low-cost iron powder is selected to reduce GO 

and act as the LFP precursor. In the design, GO is firstly reduced 5 

by the iron powder in the present of oxalic acid (OA). 

Simultaneously, iron ions are produced and strongly adsorbed on 

the fresh rGO surface. More importantly, these adsorbed iron ions 

are regarded as the prior LFP nuclei. Along with the addition of 

NH4H2PO4, LiNO3 and sugar, the iron ions attached on the rGO 10 

surface can be subjected to a carbothermal reaction and converted 

to LFP nanoparticles that are cemented into three-dimensional 

graphene structure with in-situ formed carbon coating. These 

two-stage of chemical and thermal reaction processes to GO is 

beneficial to both the electronic and ionic conductivity of the 15 

composite. Finally, a robust nanocomposite consisting of large 

amount of carbon-coated LFP nanograins strongly and uniformly 

anchored on a high-conductive graphene sheet is prepared, which 

is noted as LFP@C/Fe-rGO. Systematic material characteriz-

ations are conducted to investigate the properties of the resultant 20 

nanocomposite such as its crystalline phase, surface area and 

porosity. Given the fact that a series of measures are adopted to 

achieve high surface area, the electronic conductivity, uniform 

dispersion and strong mechanical bindings of the LFP@C/Fe-

rGO, the resultant cathode composite is expected to deliver 25 

excellent electrochemical performance in term of rate capacity 

and capacity retention.  

Experimental  

Materials preparation 

0.158 g GO (using a modified Hummer’s method 45) was 30 

dispersed in distilled water by the sonication for 1 h. 1.12 g Iron 

powder and 2.52 g OA is added into the above solution by order, 

which was allowed to stand for 1 h in the water bath at 80 oC. 

Subsequently, the excess HNO3 was added into the solution in 

order to dissolve the residual iron powder and oxidize the Fe2+ 35 

ions to Fe3+ ions. Meanwhile, 2.3 g NH4H2PO4 (AR) and 1.45 g 

LiNO3 (AR) was weighed out according to the molar ratio of 

Fe:P:Li =1:1:1.05 and dissolved in distilled water. 1.9 g sucrose 

(the weight ratio of sucrose to LiFePO4 was 6:10) was added into 

the above solution as a carbon source for carbon coating and the 40 

reduction of Fe3+ to Fe2+ during subsequent calcination process. 

The mixed solution was heated at 80 °C with continuous stirring 

in air to evaporate excess water, followed by obtaining a 

homogeneous rheological body. The rheological body was dried 

at 100 °C and heat-treated at 260 °C for 2 h under Ar atmosphere 45 

for the decomposition of nitrate and sucrose pyrolysis. The 

obtained bulk precursor was treated with high energy ball milling 

in a hardened steel vial with zirconia balls in ethanol using 01-

HD/HDDM Lab Attritor at 1500 rpm for 30 minutes and dried to 

remove ethanol. Finally, the nano-sized precursor was sintered 50 

through a carbothermal reduction process at 650 °C for 9 h under 

Ar atmosphere. Therefore, a carbon-coated LiFePO4/graphene 

nanocomposite was prepared, which was denoted as LFP@C/Fe- 

rGO. Meanwhile, two comparative samples were prepared with 

directly using GO and thermal-reduced GO with the identical 55 

method, which was denoted as LFP@C/GO and LFP@C/T-rGO, 

respectively. 

 
Fig. 1. The schematic illustration of the synthesis route of LFP@C/Fe-

rGO nanocomposite. 60 

Physical characterization 

X-ray diffraction (XRD) patterns of the as-prepared materials 

were collected on a D/max-γB X-ray diffractometer (Rigaku, 

Japan) using Cu Kα radiation (λ=1.54178). The diffraction angle 

was scanned from 10° to 60° at the scanning speed of 0.02 °s-1. 65 

The morphology and microstructure of the as-prepared materials 

were characterized by field-emission scanning electron 

microscopy (SU8000 Series) and high resolution transmission 

electron microscopy (JEM-2100). Kratos Axis ULTRA X-ray 

photoelectron spectrometer (XPS) incorporating a 165 nm 70 

hemispherical electron-energy analyser and Brunauer–Emmett–

Teller (BET, Micromeritics TriStar II surface area and porosity 

analyser) measurements were used. The carbon content of the 

composite was measured by thermo-gravimetric (TG) on an 

STA449F3 (NETSCH, Germany). 75 

Electrochemical tests 

The electrochemical performances of as-prepared materials were 

evaluated by using a CR2025 coin-type cell. Active materials (80 

wt.%), acetylene black (10 wt.%), and a polyvinylidene fluoride 

(PVDF) binder (10 wt.%) were dispersed in N-methylpyrrolidone 80 

(NMP) solvent to form a homogeneous slurry. The obtained 

slurry was plastered on an Al foil and then dried at 100 °C 

overnight in a vacuum oven. The working electrode was 

fabricated by cutting round disks of 14 mm in diameter. The 

average mass loading of the as-obtained electrodes is 1.36 mg.  85 

The coin-type cell was assembled with a Li foil as the counter 

electrode, a polypropylene micro-porous film (Celgard 2400) as 

separator, and EC/DMC/DEC-based (1:1:1 by weight) organic 

solvents containing 1 M of LiPF6 as electrolyte. Galvanostatic 

charge–discharge tests were investigated by using Neware 90 

Battery Testing System at different rates with a voltage window 

of 2.5~4.2 V (vs. Li+/Li). All the charge procedures were 

performed at constant current and following constant voltage 

within 10 minutes. Cyclic voltammetry (CV) measurements 

(2.5~4.2 V, 0.1 mV·s-1) were performed on CHI 630B 95 

electrochemical workstation. All the tests were performed at 

room temperature (23 °C) and all the capacities in this article are 

based on the mass of as-prepared composites. 
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Results and discussion 

Characterization of electrode materials 

According to our design, GO is firstly reduced by iron powder 

in the presence of oxalic acid. After the addition of iron powder 

and oxalic acid into the GO solution, the solution is stirred for 5 5 

min and placed in the water bath for 1h. It is observed that a 

colour change from brown of GO to black of Fe-rGO in Fig. 2a, 

indicating the GO reduction. However, only using Fe powder 

cannot reduce the GO to rGO without the assistance of the acid. 
36, 46 It is explained that GO can easily capture hydrions from 10 

carboxyl groups of OA to form the complex with its oxygen-

related groups and simultaneously grain the electrons from iron 

powder, which is finally induced to a dehydration process. Fig. 

2b shows that the (001) diffraction peak of GO at ~11 oC 

disappears and the broad (002) diffraction peak of rGO at ~23 oC 15 

emerges. Additionally, the intensities of all C 1s peaks of carbon 

binding to oxygen significantly decrease accompanied with the 

reduction process as shown in Fig. 3b and c. The ratio of C 1s to 

O 1s peak areas in XPS spectra are used to calculate the atomic 

ratio of carbon and oxygen (C/O), describing the degree of GO 20 

reduction. With the reduction from GO to rGO, the C/O increases 

from 2.94 to 6.79, respectively. These results have suggested that 

partial oxygen-containing functional groups of GO is first 

effectively removed in the reduction reaction by iron powder and 

oxalic acid. Meanwhile, an aggregated phenomenon of rGO is 25 

also observed, which can be explained by the the electrostatic 

attraction between positive Fe2+/Fe3+ ions and negative Fe-rGO 

sheets. Additionally, the impurity of Fe3O4 was also detected in 

the XRD and XPS patterns, which belongs to the adsorbed iron 

ions on the rGO surface.47 Due to the separation of the adsorbed 30 

iron ions, it is effective to prevent the fresh rGO surface from 

restacking and make full use of the specific surface area of the 

unfold graphene. Meanwhile, the iron ions in-situ deposited on 

the rGO surface are regarded as the prior LiFePO4 nuclei. With 

the addition of other raw sources of LFP and sugar added into the 35 

suspension, the obtained LFP nano-grains will be firmly adhered 

on the graphene sheets. 

 

 
Fig. 2. (a) The visual change of the reaction mixture before and after the 40 

reduction reaction of GO. The image on the right shows the formation of 

black rGO. (b) XRD patterns of GO and Fe-rGO samples. Red inverted 

triangle represents Fe3O4 impurity adsorbed in the Fe-rGO surface. 

 
Fig. 3 XPS general spectra of GO and Fe-rGO samples (a), the curves fit 45 

of C 1s spectra of GO (b) and the curves fit of C 1s spectra of Fe-rGO (c). 

 

XRD measurements are carried out to examine the crystal 

structure of LFP@C/Fe-rGO composite and confirm its well-

crystallized orthorhombic structure LiFePO4 phase with no 50 

diffraction peaks of impurities in Fig. 4a. Due to amorphous 

carbon coating and a low amount of graphene in the composites, 

there is only an observed broad diffraction peak of carbonaceous 

materials in this composite. The carbon content of the 

LFP@C/Fe-rGO composite is determined by TG in the air. Fig. 55 

S1 presents 93.7 wt.% residuals of the composite when the 

temperature increases to 800 oC. Meanwhile, there is ca. 5 wt.% 

mass increase of the total weight for LFP as the ferrous oxidation 

in high temperature.48-50 Therefore, the calculated carbon content 

is 10.26 wt.%. SEM in Fig. 4b presents granular grains of ca. 100 60 

nm with a trivial aggregation as well as a relative uniform 

distribution of particle size. Meanwhile, as shown in Fig. 4c, 

TEM manifests abundant carbon-coated LiFePO4 grains are 

dispersed uniformly on a large unfolded graphene sheet. The 

small size of nanograins is effective to shorten the Li+ diffusion 65 

distance in the crystals. 51 Compared with Fig. 4c and Fig. S2a,b, 

both LFP@C/Fe-rGO and LFP@C/GO have a uniform 

distribution of LFP grains on the graphene due to good dispersion 

of GO in the aqueous solution. But the slight aggregation of 

LFP@C/rGO is observed because of the hydrophobic feature of 70 

rGO after the thermal reduction. The high magnification TEM 

image shows a ~1 nm thickness of carbon coating on the surface 

of LFP particle. The carbon/graphene layered structure can 

improve the electronic conductivity and accommodate facile 

insertion and extraction of Li ions with the changing volume. 39 75 

In addition, LFP@C/Fe-rGO nanocomposite has higher specific 

surface area of 54.78 m2g-1 by BET surface area analysis, 

compared with the results in our previous work. 11, 39 The 

isotherms of the composite are type IV and belong to a Type H3 

hysteresis loop, which typically indicates the existence of 80 

mesopores. 52 The inset in Fig. 5 presents that there are two 

different pore diameters existing in the composite, serving for the 

electrolyte infiltration and opening the pathways for ion transport. 

Good dispersion of LiFePO4 particle on the unfold graphene in 

SEM observation is to achieve an enhanced specific surface area 85 

of the LFP@C/Fe-rGO nanocomposite, in favour of creating 

active sites for Li+ insertion/extraction reaction.15 This robust  
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Fig. 4. XRD patterns (a); SEM (b) and TEM (c, d) of LFP@C/Fe-rGO 

nanocomposite.  

 

structure makes the LFP@C/Fe-rGO nanocomposite possible to 5 

offer an excellent electrochemical performance. 

The electrochemical properties of LFP@C/Fe-rGO electrode 

were evaluated by using a coin-type cell. After taking several 

cycles to stabilize cell capacity, Fig. 6a depicts a series of typical 

galvanostatic discharge/charge profiles of LFP@C/Fe-rGO at 10 

different rates. A flat charge plateau at ~ 3.45 V (vs. Li+/Li) 

corresponds to the oxidation of Fe2+ to Fe3+ with the Li+ moving 

toward the negative electrode and the discharge profile shows a 

planar platform at ~3.40 V associated with the reduction of Fe3+ 

to Fe2+ by the Li+ insertion in LFP crystals. Their potential 15 

interval is only ~50 mV, implying an excellent reversibility and 

reactivity of LFP@C/Fe-rGO. In addition, the LFP@C/Fe-rGO 

electrode exhibits a specific discharge capacity of 154 mAh•g−1 at 

0.2 C rate. With increasing current rates, specific discharge 

capacities of LFP/Fe-rGO at 1 C, 2 C, 5 C, 10 C and 20 C rate are 20 

up to 146.5, 142.1, 131.0, 119.9, and 107.3 mAh•g−1, 

corresponding to ca. 95%, 92.2%, 85%, 77% and 69.7% of the 

value at 0.2 C rate, respectively, Meanwhile, the polarization 

values are increasing from ~100 to ~740 mV. In particular, the 

capacity of ca. 102 mAh•g−1 is charged within 100 seconds at 20 25 

C rate through galvanostatic charge process, accounting for ca. 

95% of the total capacity (107.3 mAh•g-1) charged.   

To highlight the outstanding properties of LFP@C/Fe-rGO, 

comparative samples of LFP@C/GO and LFP@C/T-rGO were 

synthesized. CV is first measured at 0.1 mV•s-1 in Fig. 6b, the 30 

typical redox peaks of the three samples are described, which 

corresponding to the Li+ insertion/de-insertion in LFP crystals. 

LFP@C/Fe-rGO delivers the potential interval of 174 mV 

between a couple redox peaks, which is as expected the lowest 

value. Meanwhile, a higher peak current intensity of LFP@C/Fe-35 

rGO also reflects a faster kinetics of electron and Li+ transport, 

compared with that of LFP@C/GO and LFP@C/T-rGO. Rate 

capabilities of the three samples are given in Fig. 6c. At low 

current rates of less than 2 C, all the electrodes can deliver 

specific discharge capacities of over 135 mAh•g−1, where their 40 

distinctions are not obvious. At more than 5 C rate, LFP@C/Fe-

rGO electrode exhibits the best rate performance amongst three 

samples. LFP@C/Fe-rGO electrode delivers a high and stable  

 
Fig. 5. Nitrogen isothermal-adsorption curves of the LFP@C/Fe-rGO 45 

nanocomposite. The inset: Pore size distribution in the LFP@C/Fe-rGO 

nanocomposite. 

 
Fig. 6. Electrochemical properties: (a) Charge/discharge profiles of 

LFP@C/Fe-rGO at different rates; (b) CV curves of the three samples 50 

with the scanning speed at 0.1 mV⋅s-1; (c) Rate capabilities of the three 

samples from 1 to 20 C; (d) Long cycling stabilities of LFP@C/Fe-rGO 

sample at 10 C rate. 

 

specific capacity of 120 mAh•g−1, while both LFP@C/GO and 55 

LFP@C/T-rGO only offer the specific discharge capacities of ca. 

100 mAh•g−1. It can be explained by uniform dispersion of active 

LFP nanograins on the high-conductive graphene sheets which 

support the feasibility of high-rate performance battery. 

To verify the effect of the strong adhesion of LFP on the 60 

graphene on the cycling performance, a long cycling test was 

conducted at 10 C rate. After 1000 cycles of LFP@C/Fe-rGO 

electrode, its specific discharge capacity of 115 mAh•g−1 is still 

obtained in the last recorded cycle in Fig. 6d. The LFP@C/Fe-

rGO nanocomposite only has a little decay on the specific 65 

discharge capacity with the capacity retention of ca. 95%, which 

is also better than our previous work. 39 The corresponding 

columbic efficiency is approaching 100% after the first few 

cycles. As known that graphene can buffer the frequent volume 

change from Li+ insertion/extraction at high rate, the anchored 70 

LiFePO4 grains cooperated with coating carbon are fixed firmly 

on crimp graphene surface, leading to the further reinforcement 

of the cycling performance. 

On the basis of the above characterization results and 

Page 4 of 6RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  5 

electrochemical investigations, the excellent performance of 

LFP@C/Fe-rGO nanocomposite comes from this specifically 

designed synthesis process, i.e., , dual functions of iron powder, 

acting as the green GO reductant and the raw source of LiFePO4. 

This process also has a critical effect on the strong anchoring of 5 

LFP grains on the graphene sheets. During the reduced process of 

GO to rGO, the chemical reaction and electrostatic attraction 

promote the adsorption of the iron ions onto the rGO surface as 

the LFP nuclei. The uniform dispersion of anchored LFP grains 

makes full use of the specific surface area of exfoliated graphene 10 

sheets. The robust structure provides superior buffer capability to 

large volume change during high-rate charge/discharge process 

and effective permeation of electrolyte. Secondly, the dual 

reduction for graphene oxide is designed for the significant 

enhancement on the electric conductivity of graphene. The initial 15 

reduction from iron powder and oxalic acid can partially 

eliminate oxygen-containing functional groups on the surface of 

GO. Subsequently, the carbothermal process can further enhance 

complete removal of oxygen-containing functional groups on GO. 

Consequently, the electric conductivity of graphene is improved  20 

Conclusions 

In summary, a durable and cost-effective LFP@C/Fe-rGO 

cathode nanocomposite was successfully synthesized by using 

low-cost iron powder. The Iron powder plays the dual roles of the 

raw LFP source and the green GO reductant. With the reduction 25 

of GO to rGO by the iron powder, the produced iron ions are in-

situ deposited on the rGO surface as the prior LFP nuclei. This 

will lead to the uniform distribution of carbon-coated LFP 

nanoparticles on the graphene sheets, which prevents the rGO 

from restacking large specific surface area and facilitate rapid 30 

electronic and ionic transport within the resultant composite. 

Additionally, it is worth noting that the chemical reaction 

contributes the enhanced electronic conductivity of the composite 

and facilitates the strong anchoring of the LFP nanoparticles onto 

graphene sheets. This robust structure therefore helps maintain 35 

the integrity of LFP@C/Fe-rGO nanocomposite in the rapid 

charge/discharge process. Finally, this strategy of using non-toxic 

and cheap iron powder may open up a new path for the 

development of other hybrid cathode materials with similar 

structures. 40 
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