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Abstract 

Lithium iron phosphate (LFP) cathodes are one of the most promising candidates to 

find application in hybrid electric vehicle energy storage system. For this reason 

advances in the performance of its theoretical capacity at high charge/discharge rates is 

under continuous development. Most used strategies to improve power performance are 

carbon coating and the addition of a conductive polymer, such as poly(3,4-

ethylenedioxythiophene) [PEDOT]. The data obtained from impedance analysis show 

that these strategies not only improve the charge transfer but also favor the 

lithiation/delithiation processes in the phosphate matrix. Furthermore, PEDOT is 

capable to reduce the resistances of charge transfer and lithiation reaction inside the 

phosphate matrix by one order of magnitude in comparison with those achieved with the 

carbon coating strategy. In this study, the most effective strategy has been the addition 

of PEDOT by a blending method, resulting in a specific capacity of 130 mA h gLFP
-1 at 

2C. 
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1. Introduction 

 

In the last decades, lithium iron phosphate (LiFePO4) has been extensively studied, 

and currently it is regarded as one of the most likely candidate for the large-sized Li-ion 

batteries for hybrid electric vehicles (HEV) 1. Other applications includes, cathode in 

portable electronic devices, bulk electricity storage at power stations, and to provide 

back-up energy for solar and wind power 2,3. This electrode has attracted extensive 

attention due to a high theoretical specific capacity (170 mAh g-1), high stability, low 

cost, high compatibility with environment, and small amount of oxygen generation at 

the fully charged state. Its main drawback is to attain the full capacity due to its low 

electronic conductivity which leads to initial capacity loss and poor rate capability, 

because of slow reaction of Li+ ion in LiFePO4/FePO4.  

To gain the full capacity of these materials, the mechanism of charging-discharging 

of this cathode has been deeply studied 4,5. In the LiFePO4 olivine structure, the oxygen 

atoms adopt a hexagonal closed-packing configuration with Li+ and Fe2+ cations located 

in half of the octahedral sites and P5+ cations in 1/8 of tetrahedral sites. Then, there exist 

1D channels for Li+ ions exchange. Once the mechanism is understood, several 

strategies have been investigated to improve both electronic and ionic conductivity to 

overcome the current bottleneck in these materials. Two of these strategies are coating 

with carbon and/or conducting polymers. Carbon improves the electronic conductivity 

and can contribute to increase the electrode capacity 6-10. However, perfect surface 

coatings and desired mixtures are often very difficult to achieve and the power-

performance enhancement of these electrode materials is still limited. More recently, the 

use of conductive polymers such as poly(3,4-ethylenedioxythiophene) (PEDOT) is 

especially attractive in terms of the improvement of the mechanical flexibility, the 

option to be coated under mild processing conditions compared to carbon coating, 

improvement of Li-ion transport, and for its dual role as conductive and binder additive 
11-13. In these cathodes, the synthesis procedure is key for the final stoichiometry and 

microsctructure that largely influence the physico-chemical properties of the material. 

LFP can be directly prepared by ceramic procedures. Normally, solid precursor 

compounds such as Fe(II)-acetate, ammonium phosphate, and lithium carbonate are 

mixed together in a ball mill, and a first mild temperature treatment is used to achieve 

their decomposition 14. The final thermal treatment up to 900ºC is carried out in an inert 
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or slightly reducing atmosphere to avoid Fe2+ to Fe3+ oxidation. The addition of carbon 

sources such as citric acid is also used for this purpose. With sufficient carbon excess, 

e.g. by covering the pellets with carbon black, the resulting LFP particles are carbon-

coated and display improved conductive properties 15. Due care must be taken to avoid 

an extended formation of iron phosphide that may penalize the capacity, although being 

also a conductive side product 16. To lower the reaction temperature, LFP can also be 

synthesized by solvothermal methods. The hydrothermal procedure starting from 

FeSO4·7H2O and o-H3PO4 premixed with water by addition of a LiOH solution 17 can be 

carried out in both subcritic and supercritic conditions, the later favoring a higher 

dispersion of the resulting powders. Ionothermal 18, polyol 19, non-aqueous sol-gel 

syntheses 20 and coprecipitation in aqueous medium 21, have also been successfully 

employed.  

Recently, we have proposed a model to study the lithiation/delithiation kinetics 

through equivalent circuit analysis of the experimentally obtained electrochemical 

impedance spectroscopy (EIS) spectra 22,23. This approach facilitates the extraction of 

resistances involved in the overall lithium ion storage that allows establishing 

mechanisms for rate capability reduction, as well as the insertion-extraction process 

occurring during the battery cycling. Herein, LiFePO4 (LFP) electrodes were coated 

with PEDOT to give molecular wiring effect (LFP/PEDOT), carbon (C-LFP), and both 

materials (C-LFP/PEDOT). The role of each element has been analyzed by impedance 

spectroscopy that can distinguish the different steps involved in the charge-discharge 

process associated to the specific electrochemical mechanisms and, by means of a 

proposed equivalent circuit model, the different processes can be related to resistances 

and capacitances. The obtained data show that PEDOT reduces the resistances of charge 

transfer and lithiation reaction one order of magnitude respect to those extracted 

employing carbon coatings, which gives a new resistance and capacity ascribed to the 

carbon film. Albeit the lithiation/delithiation mechanism has been extensively studied in 

olivine cathodes, novel insight into the electrical contributions of each element is 

obtained through the resistive analysis of the recorded impedance spectra. 

 

2. Experimental 

LFP was obtained as described elsewhere 24. For C-coating, samples were pressed 

into pellets that were then covered with excess carbon black ca. 1 g/400 mg of sample 
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and then heated in alumina boats at 750, 850, and 900°C for 8 and 16 h. Then, the 

remaining carbon black excess was mechanically removed. Electrodes were also 

prepared by mixing the LFP or LFP/C active materials with CB and PVDF (85:8:7 wt.) 

in N-methyl pyrrolidone. The mixture was sonicated and deposited over aluminum disks 

(0.64 cm2). Finally, the deposits where dried at 80° C under vacuum for 12 h. The 

average amount of LFP in the electrodes is estimated at 5 mg cm-2. Samples with 

PEDOT:PSS where obtained by two methods. The first method (blend) consisted in 

mixing PEDOT:PSS (0.3 mg) with LFP, PVDF and CB. For the second method 

(dropcast), PEDOT:PSS (0.3 mg) was casted over a preformed LFP or C-LFP electrode. 

For both methods, the electrodes were dried under vacuum at 100º C for 12 h.  

Scanning electron microscopy (SEM) images were obtained using a JEOL JSM63000 

microscope. The electrochemical characterization was carried out using a two-electrode 

Swagelok cell with metallic lithium as both the counter and the reference electrode, and 

a glass fiber (Grade GF/C260µm-thick) from Whatman as a separator. The electrolyte 

used was 1.0 M LiPF6 in a 50:50 (w/w) mixture of ethylene carbonate (EC) and diethyl 

carbonate (DEC). Cell assembly was carried out in an N2-filled glovebox. 

Electrochemical characterization was performed using a PGSTAT-30 potentiostat from 

Autolab equipped with an impedance module. 1C was defined as 170 mA gLFP
−1 for the 

charge-discharge tests. The cyclic voltammetry (CV) and the galvanostatic 

charge/discharge tests were carried out in the voltage window of 2-4.5 V. The EIS were 

performed at several voltages within this voltage range with amplitude of 10 mV and in 

the frequency range of 1 MHz to 1mHz. 

The experimental data are normalized to the mass of LFP, although the masses of 

PEDOT and C are the same in the electrodes, and the relationship of the values maintain 

the same if it was referred to the mass of the electrode. 

 

3. Results and discussion 

 

3.1 Characterization of LFP based electrodes  

 Figure 1a shows particles of pristine LFP, while Figure 1b shows the LFP 

coated with PEDOT:PSS. It can be observed that the virgin LFP is of irregular 

shape while the modified LFP cathode with PEDOT:PSS has uniformly covered 

the surface resembling a blanked coating atop of LFP. The granular structures of 
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LFP are in close contact with PEDOT resulting in a material with enhanced 

mechanical and electrical comunication between the active particles. 

 

 

 

Fig. 1. Scanning electron microscopy images of a) pristine LFP and b) LFP/PEDOT- 

materials. 

 

3.2 Electrochemical response  

 

Figure 2 shows the 3rd cycle of the cyclic voltammetry signal of the LFP-based 

cathodes, where the Fe3+/Fe2+ redox reaction peaks upon lithium intercalation are 

observed within the range of 2-4.5 V. The faradaic processes related to the Li+ ion 

insertion and extraction from the LFP lattice are clearly favored in the cathode 

LFP/PEDOT(blend), which shows the closest and narrowest peaks, followed by 

LFP/PEDOT(cast) electrode that shows similar behavior to C-LFP/PEDOT(cast) 

cathode. The C-LFP electrodes (without PEDOT) show the Li+ ion insertion and 

extraction processes with a separation of almost 2 V. The width of the peaks and the 

separation between them are related to the kinetic limitations (resistances) present in the 

electrode. Besides residual hysteresis unveiled in multiparticulate LFP electrodes at 

extremely low currents was ascribed to thermodynamic phenomena in a recent study 

[25]. According to the CV experiments, PEDOT reduces the resistances in the system, in 

particular for the blend preparation, while the effect of C-coating is considerably less 

significant.  
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Fig. 2. Cyclic voltammograms of the LiFePO4 and C-LiFePO4 modified electrodes at 

0.1 mV·s-1. 

 
The third cycle of the charge-discharge curves obtained at different rates for the 

LFP/PEDOT, C-LFP/PEDOT, and C-LFP electrodes are shown in Figure 3a-d. In all 

cases, as the current density increases, the charge-discharge plot shows that the specific 

capacity decreases, which indicates low active material utilization and transport 

limitations in the solid LiFePO4 particles 25. This effect is clearly observed in Figure 3e 

that shows the effect of the cycle number and the charging-discharging rate on the 

capacity of the cathode. At very low current, C/10, the discharge specific capacity is 

similar for all the studied electrodes, with slightly larger values for C-LFP-PEDOT(cast) 

and lower for LFP-PEDOT(cast). As the discharge current increases the battery with 

higher specific capacity is LFP-PEDOT(blend) that provides 130 mAh gLFP
-1 at 2C. 

Meanwhile, when the polymer is drop cast over LFP and C-LFP, the specific capacity 

collapses at C and 2C rates, respectively. After such tests, these electrodes show no 

response even at low charge current (C/10). This phenomenon suggests that the lost of 

capacity is related to stability issues rather than kinetic barriers. This elucidation was 

also supported by the CV experiments, in which both electrodes show better defined 

redox peaks than the C-LFP sample, which suggests lower resistance values. The kinetic 

limitations are clearly observed for C-LFP that shows similar specific capacity than 

LFP-PEDOT-blend at low discharge current (C/10, C/5), however it decreases notably 

above C/2, reaching a value of 50 mAh gLFP
-1 at 2C (less than half the value obtained for 

LFP-PEDOT(blend)). 

The other feature observed in Figure 3a-d is reflected in Figure 3f. As the current 

density increases the mid plateau potential decreases (increases), and the voltage gap 
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resulting from the hysteresis increases. This effect has been assigned to a combination 

of transport and ohmic losses with negligible contribution from the kinetics of the 

charge-transfer reaction 25. The lowest hysteresis is for the sample LFP/PEDOT(blend) 

that scarcely increases with the charge-discharge rate. The small value of the gap at 

moderate 1C rate, suggests that blended PEDOT favors the transport of both Li+ ions 

and e- within the LFP bulk. It is evident that the electrode preparation method is critical 

for the battery operation. Thus, when the PEDOT is cast in the cathode, the transport 

and ohmic losses increases dramatically. On the other hand, the C coverage reduces 

these losses to some extent.  
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Fig. 3. Charge-Discharge curves (third cycle) at different rates for: a) 

LFP/PEDOT(blend), b) LFP/PEDOT(cast), c) C-LFP/PEDOT(cast), and d) C-LFP. e) 

Effect of cycle number and charge rate over the charge capacity for the four studied 

cathodes. f) Voltage of the charge/discharge plateau vs. C.  

 

In summary, coating with a conductive polymer such as PEDOT reduces the 

transport limitations in the solid LiFePO4 particles and increases the rate performance of 
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the cathode. The carbon coating improves thermodynamic properties, while the kinetic 

behavior is more restricted in comparison with PEDOT coatings. Further to distinguish 

the effect of PEDOT and C in the cathodes, the impedance spectra of these batteries are 

discussed in the next section by means of EIS technique. The samples prepared with 

PEDOT (cast) show worse electrical response than those using blend method and have 

lower stability, thus the impedance spectra is discussed in the Supplementary 

Information (SI). It is noteworthy that synthesis method is crucial in the cathode 

operation and the following discussion is valid for the particular PEDOT and C 

deposition in LFP cathodes described in this manuscript.  

 

3.3 Electrochemical impedance spectroscopy analysis   

 

Fig.4. Nyquist plots of experimentally measured data (circles) and fitting results for 

the equivalent circuit model (Figure 5a) at different stages of discharge for: 

LFP/PEDOT(blend), and C-LFP.  

Aiming at uncovering the origin for the superior rate capability exhibited by 

LFP/PEDOT(blend) cathodes, the assembled half batteries were characterized by means 

of EIS to discern the different steps involved in the charge-discharge process. After 
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three CV cycles, the EIS measurements were carried out potentiostatically at different 

stages of the Li+ ion insertion and extraction at a very low rate to ensure the steady-state 

condition. Figure 4 shows, as example, different Nyquist diagrams experimentally 

obtained during the lithiation process. The Nyquist plots for the delithiation process are 

represented in the SI, where the discussion is similar to that reported in the text for the 

lithiation process.  

In general terms, the impedance spectra exhibit two patterns with distinguishable time 

constants associated to specific electrochemical mechanisms and an additional series 

resistance that accounts for the solution contribution, Rs ≈ 9 Ω. First, at high frequencies 

a flattened arc is observed related to the interfacial charge transfer resistance, Rct, in 

parallel with the double layer capacitance, Cdl. A detail of this arc shows in the case of 

C-LFP an additional small arc (effect clearly observed in the representation of 

capacitances that is shown and discussed in SI) related to the resistance and capacitance 

of the C-coating, RC and CC. Second, at low frequencies, the Nyquist plots show a 

capacitive behavior associated with the Li+ ion storage inside the cathode which is 

manifested by its chemical capacitance, µC .26 This capacitance refers to the differential 

change in electrode charge upon voltage variation and it is connected to the ability of 

the phosphate matrix to react with Li+ ions. In fact it is a quasi-equilibrium (extremely 

slow-rate) version of the CV experiment that corresponds to the derivative of the 

charge-discharge curve as dVdQC /−=µ . An additional capacitive element 

+Li
C accounts for the contribution of inserted Li+ before reaching stable sites within the 

matrix, i.e. before lithiation reaction is accomplished to form LixFePO4. This 

capacitance appears at the intermediate-frequency arc of the impedance plots. 22,23 

These considerations suggest a simple equivalent circuit (Figure 5a) which accounts 

for the high-frequency response by means of Rct and Cdl for both cathodes, and for C-

LPF also by RC and CC. The low-frequency part is modeled by a series combination of 

resistive Rlr (lithiation reaction) and capacitive (chemical) Cµ elements in parallel to 

CLi+. It is noted here that the equivalent circuit in Figure 5a models the hindrance in the 

Li+ final reaction with the host matrix by means of the resistive element Rlr. This is a 

phenomenological representation of a series of kinetic limitation mechanisms that 

comprises not only ion transport but also reaction losses. In comparison with previously 
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proposed equivalent circuits 27, our model connects the low-frequency subcircuit in 

series with the interfacial charge transfer resistance Rct while putting Cdl in parallel. This 

circuit element connection agrees with the original Randles model accounting for the 

electrochemical impedance of surfaces. 

  

 

Fig. 5. a) Equivalent circuit used for fitting: i) resistance and capacity ascribed to the C-

coating layer, Rc and Cc, for the cathode C-LFP; ii ) the interfacial charge-transfer 

resistance, Rct, combined with the double-layer capacitance, Cdl, that dominates the 

high-frequency response; and iii ) reaction subcircuit modeled by chemical capacitance 

Cµ, Li+ capacitance +Li
C , and lithiation-reaction resistance, Rlr. b) Scheme of the 

PEDOT conducting molecular network during lithiation process in LFP/PEDOT(blend) 

cathode.  

 
Main parameters extracted from fitting using the equivalent circuit in Figure 5a 

are summarized in Figure 6. With the calculated values it is easier to understand the 

lithiation process monitored by impedance spectra (Figure 4). It is observed that both C-

LFP and LFP/PEDOT(blend) electrodes exhibit similar chemical capacitance values 

(Figure 6a) that peak at voltages near 3.5 V as the phosphate matrix reacts with Li+ ions. 

This agrees with the potential plateau of charging/discharging profiles reported in 

Figure 3a and 3d. The observation of similar capacitances informs that the charging 

ability at sufficiently slow rate (quasi-equilibrium) is comparable and independent on 

the coating strategy. However, differences in kinetic limitation are evident by 

examining Figure 6b. It was found that C-LFP electrodes exhibit higher resistances than 

LFP/PEDOT(blend) electrodes. In both cases the higher resistance at potentials in 
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excess of 3.9 V is the charge transfer that is one order of magnitude higher for C-LFP 

than for LFP/PEDOT(blend). In the case of the C-LFP, Rlr increases one order of 

magnitude and becomes the dominant resistance of the cathode. This high resistive 

value slows down the phosphate lithiation. Rlr decreases with further discharge but it 

maintains high values, ca. 35 Ω g. This explains the width cathodic peak observed in the 

CV (Fig. 2) for C-LFP cathode. In the case of LFP/PEDOT(blend), the behavior is 

different. In this case, Rlr at 3.4 V is 3.4 Ω g, at the Cµ maximum. The low value of Rlr 

allows a fast lithiation process that is reflected in a well defined cathodic peak in CV 

(Fig. 2). As commented previously, the performance at quasi-equilibrium state of the 

impedance spectra shows that both cathodes have practically the same Cµ in all the 

voltage range, independently of the higher resistances present in the C-LFP cathode, and 

Cdl is higher in this cathode than the registered for LFP/PEDOT(blend). The same 

discussion can be applied to the charge process, which is performed in SI. Finally, Rc 

observed for the C-coated LFP particles is constant within the potential range with a 

value of 0.5 Ω g, that is lower than the other two resistances registered in the system. 

These results demonstrate that C-coating and PEDOT(blend) not only facilitate 

the charge transfer but also affect on the resistance of the lithiation of the phosphate 

matrix. In this aspect, PEDOT(blend) is a more effective strategy, and the resistances in 

the electrode are below 10 Ω/g until high level of lithiation of the cathode. This is 

caused by the high conductivity of both electrons and ions of the PEDOT polymer 28 

and the good embedded structure of the LFP nanoparticles in the PEDOT matrix (Figure 

1.b), which is represented in  Figure 5.b. 
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Fig. 6. Parameters fitting in discharge process for LFP/PEDOT(blend) (black symbols) 

and C-LFP (red symbols): the high frequency response, i.e. transference resistance (Rct) 

and the double layer capacity (Cdl) are symbolized by circles (●), and the low frequency 

response, i.e. the resistance to the lithiation reaction (Rlr) and the chemical capacity (Cµ) 

to rhombus (♦). 

 
Conclusions 

The electrochemical effect of coating LFP particles by carbon or PEDOT, two of the 

widely used strategies to increase the conductivity of the LiFePO4/FePO4 matrix, has 

been evaluated in terms of resistances and capacities of the different steps in the 

lithiation/delithiation process present in the cathode. For this purpose, impedance 

spectra have been registered within the potential range of interest. The Nyquist plots 

exhibit two patterns with distinguishable time constants associated to specific 

electrochemical mechanisms. This effect allows to propose an equivalent model in 

which the high frequency processes are ascribed to surface processes (charge transfer 

resistance, Rct,  and double layer capacity, Cdl), and the low frequency response to the 

lithiation/delithiation inside the phosphate matrix (resistance to the lithiation, Rlr,  and 

chemical capacity, Cµ). These results show that both strategies reduce the resistances Rct 

and Rlr, albeit PEDOT is more effective and it is able to reduce the resistances by one 

order of magnitude compared with C-coating. Suggesting the superior behavior from 

PEDOT, which favor the kinetics of the lithiation/delithiation processes in the cathode 

in large extent. In contrast, both strategies deliver similar thermodynamic properties and 
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show similar chemical capacitances. These results explain that the specific capacity of 

both cathodes (LFP/PEDOT(blend) and C-LFP) are the same at low charge/discharge 

current (C/10 and C/5) and close to the theoretical value. When the charge/discharge 

current increases the LFP/PEDOT(blend) maintains almost complete the specific 

capacity (130 mAh gLFP
-1 at 2C) while for C-LFP the specific capacity decreases notably 

because of severe resistive limitations. 
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