
Figure: The effect of carbon coating on undoped LFS sample synthesized in nano-

size and coated with Graphene-oxide(GO), Citric Acid (CA) and 50%CA&50%GO. 

Fe-O 

Fe-Si 

Fe-Li 

1st nearest O 
2nd Li and 3rd Si 

[1] Anton Nyten, Ali Abouimrane, Michel Armand, Torbjorn Gustafsson, and John O Thomas. Electrochemical performance of Li2FeSiO4 
as a new li-battery cathode material. Electrochemistry Communications, 7(2):156–160, 2005. 

[2] Jinlong Yang, Xiaochun Kang, Lin Hu, Xue Gong, and Shichun Mu. Nanocrystalline-Li2FeSiO4 synthesized by carbon frameworks as an 
advanced cathode material for li-ion batteries. Journal of Materials Chemistry A, 2(19):6870–6878, 2014. 

[3] Larson, A. C. and Von Dreele, R. B. (2000). General Structure Analysis System (GSAS), Technical Report (Report LAUR 86-748). Los 
Alamos National Laboratory 

[4] Bruce Ravel and MATHENA Newville. Athena, artemis, hephaestus: data analysis for x-ray absorption spectroscopy using ifeffit. 
Journal of synchrotron radiation, 12(4):537–541, 2005. 

[5] B Ravel and M Newville. Athena and artemis: interactive graphical data analysis using ifeffit. Physica Scripta, 2005(T115):1007, 2005. 

Lithium iron orthosilicate ( 𝐿𝑖2𝐹𝑒𝑆𝑖𝑂4 , (LFS)) is a promising 

cathode with high theoretical capacity (331 𝑚𝐴ℎ/𝑔) due to two 

Li per formula [1]. The main challenge of this material is its low 

electronic conductivity leading to the poor reversibility of charge 

and discharge reactions resulting in rapid capacity fading. To 

address this, we performed four independent strategies:  

1. Reducing particle size of LFS samples from micro-scale to 

nano-scale in order to reduce diffusion path for intercalating 

ions. 

2. Determining optimum annealing temperature (𝑇𝐴). 

3. Carbon coating to each nanoparticle to facilitate electron 

transfer.  

4. Doping material with trivalent cation ( 𝐴𝑙+3 ) in Fe-site to 

increase concentration of charge carriers; 
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XAS data of micro-size LFS samples was taken at Sector 10 

BM line at ANL’s Advanced Photon Source. All Fe K-edge 

data were taken in fluorescence mode with a Lytle detector.  

The oxidation of Fe was estimated by XANES;  

Local environment of Fe in LFS nano-materials was 

determined by EXAFS. 

 

In this project, the main objective was to improve the electrical 

conductivity of LFS and ultimately to enhance better 

electrochemical performance. To do that, all strategies were 

successfully carried out. As a result, nano-size and  𝐴𝑙+3 

doped LFS samples(uncoated) showed about two times higher 

specific capacity than undoped and micro-size LFS 

samples(uncoated). Carbon coating was determined as an 

inevitable approach to reach its higher performance. 

Orthorhombic LFS samples annealed at lower 

temperatures  < 650℃ indicated better performance than 

monoclinic LFS samples calcined at 650℃. XANES analysis 

showed that the oxidation state of Fe in all  LFS samples is 

same. EXAFS modeling says the nearest neighbor of Fe is 

Oxygen, 2nd seems Li and 3rd is Si 

Conclusions 

XAS analysis & EXAFS modeling 

Sample/Batch No Size 
Sintering 

Temp. 
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Crystal 
System 

Space 
Group 

𝑹𝒑 
(%) 

𝒘𝑹𝒑 
(%) 

𝝌𝟐 
𝑭𝒆𝟑𝑶𝟒 

(wt.frac(%)) 
Crystallite 
Size (nm) 

LFS/28 

Micro 

180℃ 
𝑎 = 5.499 𝑏 = 7.821 𝑐 = 5.535 

𝛼 = 𝛽 = 𝛾 = 90° 
Orthorhombic Pmnb 1.3 1.6 1.23 3.9 67.8 

LFS/28 650℃ 
𝑎 = 5.515 𝑏 = 7.801 𝑐 = 5.544 

𝛼 = 𝛾 = 90° ≠ 𝛽 
Monoclinic P121/n1 1.2 1.5 1.57 4.3 75.8 

LFS/28/C 650℃ 
𝑎 = 5.499 𝑏 = 7.821 𝑐 = 5.535 

𝛼 = 𝛾 = 90° ≠ 𝛽 
Monoclinic P121/n1 1.3 1.6 1.12 3.2 71.3 

LFS/33 

Nano 

180℃ 
𝑎 = 5.499 𝑏 = 7.821 𝑐 = 5.535 

𝛼 = 𝛾 = 90° ≠ 𝛽 
Orthorhombic Pmnb 1.2 1.5 1.14 2.1 47.1 

LFS/33 650℃ 
𝑎 = 5.515 𝑏 = 7.801 𝑐 = 5.544 

𝛼 = 𝛾 = 90° ≠ 𝛽 
Monoclinic 

 
P121/n1 1.2 1.6 1.14 1.7 65.7 

LFS/33/C 650℃ 
𝑎 = 5.499 𝑏 = 7.821 𝑐 = 5.535 

𝛼 = 𝛾 = 90° ≠ 𝛽 
Monoclinic 

 
P121/n1 1.2 1.6 1.14 0 68.7 

Electrochemical Performance Results 

EXAFS Modeling XANES Analysis 

Crystalline Phase Analysis and XRD Fit 

Monoclinic phase at 𝟔𝟓𝟎℃ with 2.9% 𝑭𝒆𝟑𝑶𝟒: 
 

𝒂 = 8.24 𝐴° , 𝒃 = 5.01 𝐴° , 𝒄 = 8.22 𝐴°  
𝜶 = 90°, 𝜷 = 99.2°, 𝜸 = 90° 
 

𝑹𝒆𝒅𝒖𝒄𝒆𝒅 𝝌𝟐 = 1.143, 𝒘𝑹𝒑 = 0.0156,   
𝑹𝒑 = 0.0125,           𝑷 𝒏𝒎 = 75.8nm 

Orthorhombic phase at 𝟏𝟖𝟎℃: 
 

𝒂 = 6.27 𝐴° , 𝒃 = 10.69 𝐴° , 𝒄 = 4.97 𝐴°  
𝜶 = 90°, 𝜷 = 90°, 𝜸 = 90° 
 

𝑹𝒆𝒅𝒖𝒄𝒆𝒅 𝝌𝟐 = 1.234,  𝒘𝑹𝒑 = 0.016,   
𝑹𝒑 = 0.013,             𝑷 𝒏𝒎 = 67.8nm 

Phase transition  

Figure: Phase transition from orthorhombic to 

monoclinic upon (𝑇𝐴) 

Figure: XRD refinement of uncoated and 

undoped LFS sample calcined at 650℃. 

Uncoated 𝑳𝒊𝟐𝑭𝒆𝑺𝒊𝑶𝟒annealed at 𝟔𝟓𝟎℃  

Comparing of doped/undoped nano-LFS Comparing of micro- and nano-LFS 
After structural, morphological and phase analysis of the family of LFS materials were completed using 
XRD and SEM, the electrochemical performance of the coin-cells was carried out and evaluated with the 
results obtained from electrochemical characterization techniques such as galvanostatic charge/discharge, 
cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS). The effects of applied 
strategies on the specific capacity of LFS cathode were introduced in the graph below;.   

The standard redox potential for Fe(II)/Fe(III) was 
observed around at 2.85V and Fe(III)/Fe(IV) around 
between at 4.0V and 4.2V, all vs. Li/Li+. 
Fe(III)/Fe(IV) conversion which is responsible for 
the second oxidation of iron was observed in the 
first couple of cycles corresponding to 2nd Li+ 
extraction resulting in higher discharge capacity.  

Doped LFAS showed about two times higher performance than undoped 

LFS. EIS patterns showed that 5% 𝐴𝑙+3 doped LFS samples in micro-

size display higher electronic conductivity and kinetics than undoped LFS 

samples with respect to charge transfer. This result can be shown as a 

proof of that doped LFS samples have better electrochemical 

performance than undoped LFS samples. 

Figure.7: CV diagram of pristine LFS cathode showing Fe(II)/Fe(III) 
and Fe(III)/Fe(IV) oxidation during the first two cycles. 

Cyclic Voltammetry (CV) 

Figure.6: Charge and discharge profile of the best LFS cathode which is nano-
size and coated with 50%CA-50%GO and creates the highest capacity. 

Electrochemical Impedance  

Spectroscopy (EIS)  

Particle Size and Morphology 

Figure: (a) Micro-size LFS sample as synthesized at 180℃, (b) micro-size LFS sample after calcined at 

650℃, (c) micro-size LFS sample after coated with citric acid and calcined at 650℃, (d) nano-size LFS 

sample as synthesized at 180℃, (e) nano-size LFS sample after calcined at 650℃, (f) nano-size LFS 

sample after coated with citric acid and calcined at 650℃. 
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Figure.10: EXAFS data fit in R-space of micro-size LFS sample 

The Fig.3 shows that nano-size LFS samples (~50 mAh/g) created about two-times higher discharge 
capacity than micro-size LFS samples (~25 mAh/g) during the first 10 cycles at 0.1C. Fig.4 indicates that 
𝐴𝑙+3 doped LFAS samples in nano-size (~90 mAh/g) have almost two-times higher specific capacity than 
undoped LFS samples (~50 mAh/g) as baseline, although the initial capacity of undoped LFS samples 
(~125 mAh/g) much higher than doped LFAS samples (~75 mAh/g) in the first two cycles. 

The Fig.5 shows the specific capacity of nano-size LFS samples which are uncoated and coated with 
different carbon sources; graphene-oxide (GO), citric acid (CA), and 50%CA-50%GO to minimize metallic 
iron impurity formation. Nano-size LFS samples showed the best performance, as shown in Fig.6. 

1. Reducing Particle 

Size Effect 2. 𝑇𝐴 𝐸ffect: 

4. 𝐴𝑙+3-doping Effect: 

3. Carbon-coating Effect 

XAS analysis 

Charge & discharge profile 

The crystallographic phase analysis was discussed using 

powder XRD patterns refined with the GSAS (General Structure 

Analysis System) software [3], as shown in Fig.2 and Fig.3.  

(Orthorhombic) 

(Monoclinic) 

Fit results:  

𝑷𝒂𝒕𝒉 𝑵 𝑹(𝑨𝒐) 𝝈𝟐(𝑨𝒐𝟐
) 

𝑭𝒆 − 𝑶 𝟑. 𝟐𝟎 ± (𝟎. 𝟒𝟕𝟑) 𝟏. 𝟗𝟖𝟕 ± (𝟎. 𝟎𝟏𝟐𝟗) 𝟎. 𝟎𝟎𝟓 ± (𝟎. 𝟎𝟎𝟐) 


