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1. Introduction 

Energy has a very important role in 

today's modern life. This is evidenced by the 

development of one of the energy 

consumption of electronic equipment that is 

difficult to separate from human life. 

Increased energy demand will also increase 

the need for reliable tools for energy storage. 

Battery is one of the energy storage devices 

that is commonly used in everyday life. 

Lithium ion batteries are currently used as a 

source of energy for portable electronic 

devices and are more promising than other 

batteries as they have high potential, high 

energy density and good cycling stability. 

Compared to other lithium battery cathode 

materials, lithium ferro phosphate (LiFePO4) 

was a promising material due to its non-

toxicity, availability and high energy density 

[1]. 

Methods have been used to obtain 

LiFePO4 particles as a battery cathode such 

as flame assisted spray pyrolysis [2], 

hydrothermal [3], carbo thermal [4] and 

solid state reaction [5][6]. Solid state 

reactions are the conventional and 

commonly used route, usually involving 

intimate friction and sintering of the 

stoichiometric sum of the starting material 

mixture. They have been used to prepare 
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LiFePO4 for Li-ion batteries because they are 

economical, powerful and can be easily 

upgraded. 

It was important to study the kinetic 

formation because it was closely related to 

the mechanism of the reaction. In this paper, 

present about the kinetic study of LiFePO4 

synthesis using the solid-state. 

 

2. Method of Determining LiFePO4 

Formation Kinetics 

2.1 Thermogravimetric Differential Thermal 

Analysis (TG-DTA) 

TG-DTA was a simple method of 

determining kinetic parameters, such as 

pre-exponential factor and energy 

activation. Two methods are available to 

determine kinetic parameters using 

isothermal and non-isothermal system TG-

DTA. Although isothermal methods are 

more efficient, non-isothermal more 

applicable to all kinetic determination [7]. 

The reaction of LiFePO4 to the 

formation of LiOH, FeSO4.7H2O and 

(NH4)2HPO4 precursor decomposition with 

Li: Fe: P = 1: 1: 1 mol ratio was investigated. 

The experiment was conducted using a 

method of thermogravimetric differential 

thermal analysis (TG-DTA) using a constant 

heating rate nitrogen as an atmosphere to 

obtain kinetic constant parameters.  Many 

heating levels have been selected, viz. 5, 7, 

10, 15, 17.5, min-1 at 22.5 and 25°C. The TG-

DTA analysis was performed to determine 

the temperature effect for each precursor. 

Halim et al. [8] was concluded from the TG-

DTA analysis that the mechanism for the 

formation of LiFePO4 began with the release 

H2O molecules of FeSO4.7H2O into 

FeSO4.6H2O. In addition, FeSO4.6H2O 

releases H2O to form FeSO4 slowly at the 

same time as releases of NH3 from 

(NH4)2HPO4 to form NH4H2PO4. FeSO4 and 

NH4H2PO4 melted and coated LiOH at 425°C. 

LiFePO4 was developed at 550oC from Li2O, 

P2O5 and FeO. It can be concluded from this 

mechanism that LiFePO4's formation 

reaction has been gradual. At the heating 

rate 10oC min-1, the decomposition reaction 

was started at 119oC. 

General reaction rate for solid state are: 
𝑑𝑥

𝑑𝑡
= 𝑓(𝑥) 𝑘(𝑇) (1) 

Where f(x) is a function of the volume or 

mass fraction of the reacted precursor, 

k(T) is the Arrhenius equation measured 

dependence temperature: 

𝑘(𝑇) = 𝐴 𝑒𝑥𝑝(−
𝐸

𝑅𝑇
) (2) 

 

 

Temperature of the decomposition 

reaction to form a LiFePO4 has been affected 

by the heating rate. Energy activation and 

constant reaction order could be obtained 

on the basis of a decomposition reaction 

that was analyzed at several constant 

heating rates. The pre-exponential factor, 

activation energy and reaction order were 

taken using the Kissinger method and 

obtained 56.086 kJ/mol, either 6.95 min-1, 

and 1,058 respectively. The formation 

reaction equation of LiFePO4 using non-

isothermal TG-DTA analysis has the result: 
𝑑𝑥

𝑑𝑡

= 6,95 𝑥 109 𝑒𝑥𝑝(−
56.086 𝑥 103

𝑇
) [(1

− 𝑥)−1/3 − 1]
−1

 

 

 

 

(3) 

Another study using non-isothermal 

methods was conducted by Setiawan et al 

[9] about the kinetic formation reaction of 

hydroxyapatite from inorganic precursors. 

Non-isothermal analysis was conducted 

using methods Kissinger. 

Via Ozawa–Flynn–Wall and Kissinger 

methods, the kinetic parameters frequency 

factor, A, and apparent activation energy, E, 

were determined. In order to obtain a 

reliable and accurate value, the option of 

reaction mechanism was avoided for these 

two methods [10]. These two methods 

provide the benefit of requiring no 

experience working of the reaction process 
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to assess the activation energy in contrast 

with other approaches, and researchers 

usually use the activation energy collected 

using these two methods to test their 

models of their system of thermal 

degradation [11]. 

Yuan et al [12] applied the Kissinger 

method to obtain Co43Fe20Ta5.5B31.5 kinetic 

glass crystallization. Various conversions 

and heating rates have significantly 

impacted the activation energy. Several 

models with Surinach curve fitting 

procedure were used to consider the 

conversion effect. The result showed that in 

low conversions the reaction rate equation 

started with the model-like kinetic Johnson-

Mehl-Avrami and in high conversions the 

reaction rate equation started with the 

model-like kinetic Normal Grain Growth. 

As research conducted by Yang et al 

[13], the use of Li, P, and Fe sources affects 

the temperature of the formation of LiFePO4 

single phase olivine, reaction mechanism, 

and activation energy needed for each 

reaction. The kinetic analysis method was 

Coats Redern and Doyle method to 

determine the average value of activation 

energy that affects the reaction to the 

formation of single phase olivine LiFePO4. 

The equations of the two methods are 

compared using the integral function of 

conversion 

𝐹(∝) =  
𝐴

𝛽
∫ 𝑒𝑥𝑝 (−

𝐸

𝑅𝑇
) 𝑑𝑇

𝑇𝑝

𝑇0

  

(𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛) 

(4) 

𝑙𝑛
𝐹(∝)

𝑇2
= 𝑙𝑛

𝐴𝑅

𝛽. 𝐸𝑎
 (1 −

2𝑅𝑇

𝐸𝑎
)

−
𝐸𝑎

𝑅𝑇
  

(𝐶𝑜𝑎𝑡𝑠 𝑅𝑒𝑑𝑒𝑟𝑛 𝐸𝑞. ) 

(5) 

ln 𝐹(∝) = 𝑙𝑛
𝐴𝐸𝑎

𝛽. 𝑅
− 5.3305

− 1.052.
𝐸𝑎

𝑅
.
1

𝑇
 

(𝐷𝑜𝑦𝑙𝑒 𝐸𝑞. )  

(6) 

∝ = (𝑤 − 𝑤0)/(𝑤 − 𝑤𝑐) (7) 

T0 is the initial temperature and Tp is 

the value at α = αp, w0 is the weight of the 

initial sample, w is the actual weight, wc is 

the final weight of the sample, and α is the 

degree of decomposition. The value of F (α) 

varies for each reaction mechanism. The 

reaction kinetics are determined from the 

reaction mechanism that produces the best 

linear value from the Coats Redern and 

Doyle method compared to the decrease in 

the integral function of conversion. Based 

on these studies, it can be seen that the 

Coats Redern method has an activation 

energy that is close to the decrease in the 

integral function of conversion. 

 

2.2 X-ray Diffraction (XRD) 

The kinetics of LiFePO4 formation 

through solid state was done by the non-

isothermal method. Data analysis used XRD 

as a function of temperature. The kinetics 

data were interpreted from the XRD pattern 

with a peak (011) of the olivine compound. 

The reaction is considered complete if the 

conversion fraction (F) of LiFePO4 is 1.0 at 

set temperature (T*) (powder into a single 

phase) and peak intensity varies with 

increasing temperature (T). Conversion 

fraction can be formulated from the 

intensity ratio as follows [14] : 

𝐹(𝑇) =
𝐼(𝑇)

𝐼(𝑇∗)
 (8) 

Several kinetic equations were 

evaluated to describe solid state reactions. 

These equations included the mechanism of 

nuclei growth limit reaction, diffusion, 

interfacial reaction, exponential law and 

power-law. Among these equations, power 

law has appropriate criteria for non-

isothermal reactions. The result is a kinetic 

equation: 

1

0,7

𝐹0,7

(1 − 𝐹)0,7

= 2,23 𝑥 1011 𝑒𝑥𝑝(−
24,1

𝑇
)  𝑡 

(9) 
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Fractional conversions can be 

predicted with the above kinetic equation. 

The formation of olivine compound is 

expected to occur at low temperatures and 

rapid reactions [14].  

 

3. Method of Determining LiFePO4 

Electrochemical Kinetics 

LiFePO4 carbon composite was 

synthesized using solid state reaction which 

was prepared using Li2CO3, FeC2O4.2H2O, 

NH4H2PO4, and acetylene black as 

precursors for carbon sources. Cyclic 

voltammetry (CV) and electrochemical 

impedance spectroscopy (EIS) analyses 

were performed on cathode materials that 

have been fabricated on coin-cells. CV and 

EIS are carried out to determine the 

diffusion coefficient on LiFePO4 which has 

been composited by carbon. CV was 

operated in the voltage range 2.1 – 4.5 V and 

EIS at frequencies from 10 mHz to 100 kHz 

with vibration of 10 mV [15]. 

One of the challenges in using LiFePO4 

as a material of lithium ion batteries is the 

low rate capability which can result in a 

decrease the kinetics of lithium ion 

diffusion coefficient (10-14 to 10-16 cm2 s-1) 

dan electrical conductivity (<10-9 cm-1) 

[16,17]. The low electrical conductivity 

causes a low kinetics charge and discharge. 

In a solid state reaction, carbon was 

usually mixed with the raw material of 

LiFePO4. After reactions occur at high 

temperatures, LiFePO4 formed with carbon 

coating the surface of the particles that 

improves electrochemical performance. 

The increasing of electrochemical 

performance is due to the carbon layer 

covering the surface of the particle thereby 

increasing the kinetics and reversibility of 

the lithium insertion/de-insertion cycle 

[18]. 

CV is used to evaluate the 

electrochemical performance of LiFePO4 

material carbon composite. The CV profile 

exhibit that un-compossable LiFePO4 has a 

cathode/anode peak value at 4.08 V/2.88 V 

at a scan rate of 0.1 mV s-1, so the difference 

in redox peak (ΔV) 1.2 V. On material that is 

composited using carbon, the value of ΔV 

for each composition was different where 

the highest carbon composition has the 

smallest value of ΔV. So from this analysis it 

can be shown that the electrochemical 

behaviour is controlled by diffusion step 

and the improvement of electrochemical 

performance is obtained by arrange 

material with carbon [15]. 

The EIS is used to evaluate the diffusion 

coefficient on lithium ions and is used to 

analyse the effect of carbon on lithium ion 

transfer on LiFePO4. The analysis shows the 

charge transfer resistance (Rct) which is 

described as a semicircle shape in the 

Nyquist plot. The greater the diameter of 

the semicircle the greater the value of Rct. 

The addition of carbon to the material 

shows a decrease in diameter in the 

semicircle so that it can be concluded that 

the higher the carbon composition in the 

material the lower the Rct value thereby 

increasing battery performance [19]. 

To determine how much the lithium ion 

diffusion coefficient value from the EIS 

analysis can be calculated using the 

equation: 

D = 
𝑅2𝑇2

2𝐴2𝑛4𝐹4𝐶2𝑠2  (10) 

D = diffusion coefficient of lithium ion; 

R = gas constant; T = absolute temperature; 

A = surface area of the cathode; F = Faraday 

constant; C = concentration of lithium ion; n 

= number of electrons per molecule through 

oxidation; s = specific area of porous 

electrode. The value of D will increase as the 

amount of carbon increases. The results of 

this analysis are supported by CV and EIS 

analysis which shows that the addition of 

carbon can improve electrochemical 

performance. Thus, the increase in lithium 

ion kinetics can be influenced by the 

addition of carbon [15]. 
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Zhu et al [20], also used EIS to 

determine the chemical diffusion coefficient 

of inserted ions in solid electrodes with 

different storage temperatures. The rate of 

diffusion of Li+ in electrolyte solutions is 

much better than in active solid state 

materials. Thus, the charging transfer 

resistance can be determined by the rate-

determining step during charge and 

discharge of the Li+ diffusion process. 

Warburg solution impedance responce and 

diffusion coefficient (DLi) greatly affect the 

determination of the characteristics of 

lithium ion diffusion which can be 

calculated by equations (11) and (12). 

Zre = Rct + Rs + σω-1/2 (11) 

DLi = 
𝑅2𝑇2

2𝐴2𝑛4𝐹4𝐶2𝜎2  (12) 

where Zre is an electrolyte resistance, Rs 

is ohmic resistance, Rct, R, T, A, n, F, and C 

are the same as equation (9) whereas σ is 

Warburg factor. The result is that the 

diffusion coefficient of lithium ion increases 

with increasing storage temperature which 

causes Fe2+ present in the electrolyte during 

storage of LiFePO4 cells at high 

temperatures. 

 

4. Conclusions 

Reaction kinetics of LiFePO4 material 

synthesis using solid state method can be 

determined through TG-DTA and XRD 

analysis. Meanwhile, to determine the 

electrochemical kinetics using CV and EIS. 

TG-DTA was a simple method of 

determining kinetic parameters, such as 

pre-exponential factor and energy 

activation. Krissinger, Ozawa–Flynn–Wall, 

Coats Redern and Doyle method was used to 

analyze the kinetics of LiFePO4 synthesize. 

XRD peaks can be used to interpret the 

formation kinetics of the material using the 

non-isothermal method. Power law is the 

most suitable equation for solid state 

formation kinetics of LiFePO4. By using CV 

and EIS, the electrochemical performance 

can be seen by looking at the step in the 

diffusion coefficient. In each diffusion step 

the effect of carbon on the transfer of 

lithium ions to the LFP will be known. The 

electrochemical performance gets better 

with the addition of carbon because the 

lithium ion increases. 
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