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ABSTRACT  

Conductive polymers are increasingly being studied as additives in lithium-ion batteries, 

supercapacitors and other electrochemical devices due to their ability to conduct electrons and 

ions, and serve as binders. These polymers undergo electrochemical doping during battery cycling 

along with swelling by the electrolyte solvent, whereupon the ionic and electronic conductivities 

change by several orders of magnitude. Measuring these large changes as a function of 

electrochemical doping, in a relevant electrolyte, has been a challenge thus far. We show that the 

ionic and electronic conductivity of a wide range of p-type and n-type conducting polymer thin 

films can be reliably measured as a function of electrochemical doping in relevant battery 

electrolytes by impedance spectroscopy on interdigitated electrodes by combining two separate 

electrode geometries. The results demonstrate the broad applicability of the methodology for 

gaining insights into the electrical conduction in polymers in relevant environments, particularly 

for batteries and other electrochemical devices.  
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INTRODUCTION 

Conductive Polymers as Multifunctional Binders. Lithium-ion batteries have become the 

dominant energy storage technology for portable devices and electric vehicles due to the relatively 

high specific energy and power density of these batteries 1-3. The electrodes in these batteries 

employ traditionally, mechanical binders such as polyvinylidene fluoride (PVDF) that are 

electrical insulators. Due to their insulating nature, such binders tend to hinder charge transport in 

the electrodes leading to a reduced performance.4-6 Consequently, conductive polymers have been 

extensively explored as binders for both low and high-voltage electrodes in LIBs due to their 

superior ion and electron transport properties.7-24 Due to their significant impact on performance, 

conducting polymers have also been investigated in lithium-sulfur batteries, supercapacitors, and 

pseudocapacitors.25-29 Furthermore, nanostructured conducting polymers have garnered much 

attention as active materials in organic electrodes.30 Thin films of neutral conjugated polymers 

such as poly(3-hexylthiophene) (P3HT) and poly{[N,N′-bis(2-octyldodecyl)-naphthalene-1,4,5,8-

bis(dicarboximide)-2,6-diyl]-alt-5,5′-(2,2′-bithiophene)} (P(NDI2OD-T2)) are rendered 

electronically conductive when either electro-oxidation or electro-reduction generates mobile 

charge carriers, typically described as polarons and bipolarons. Simultaneously, counter ions are 

introduced into the polymer structure for ensuring charge compensation.31, 32 This process by 

which the polymer becomes electrically conducting is often referred to as “electrochemical 

doping”. Electro-oxidation and electro-reduction produce “p-doped” polymers or “n-doped” 

polymers, respectively. The doping process results in remarkable changes in electronic 

conductivity spanning several orders of magnitude. For example, electrochemical doping increases 

the electronic conductivity of poly(3-hexylthiophene)-poly(ethylene oxide) (P3HT-PEO) block 

copolymer from 10-8 to 10-2 S cm-1.33 Similarly, the structural and morphological changes induced 
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by electrochemical doping can be expected to alter the ionic conductivity in these polymers. When 

the conductive polymer is part of a battery electrode, the changes in electrical conductivity occur 

simultaneously with the charging and discharging of the electrode. The degree of doping and the 

number of charge carriers is controlled by holding the electrode potential at various values at which 

electro-oxidation or electro-reduction occur. We achieve optimal battery performance when the 

polymer remains in an electrically conductive state and is chemically stable over the entire 

operating potential window of the battery electrode. Although changes to the ionic conductivity 

are also expected, the effect of electrochemical doping is relatively unexplored. Such ionic 

conductivity changes are also very likely to influence the observed battery performance. Thus, 

measuring the electronic and ionic conductivity of the polymer thin films in the relevant battery 

electrolyte as a function of potential (i.e. electrochemical doping) will not only help explain the 

observed changes in battery electrode performance,34 but will be a useful in gaining fundamental 

insights for the rational design of the next generation of conducting polymer binders and additives 

for various electrochemical devices.33 The focus of the present study is on developing and 

demonstrating a reliable experimental method for such measurements.  

Considerations for Measuring Electronic and Ionic Conductivity. There are several 

considerations for measuring the electrical conductivity of conductive polymers for battery 

applications: (1) The carbon additive usually present in battery electrodes masks the electronic 

conductivity contribution from the polymer binder necessitating a carbon-free electrode for 

studying just the polymer’s properties, (2) We must be able to vary the electrode potential over the 

specific operating potential window of the battery electrode, (3) Measurements must be made in 

the relevant solvent and electrolyte so as to include the effect of swelling by the solvent, well 

known to alter the polymer’s properties,35, 36 and (4) Uniform electrochemical doping necessitates 
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a film that is a few tens of nanometers thick, so that the dopant anions or cations can access the 

entire volume of the film. Thus, a routine four-probe conductivity measurement on a film formed 

on an insulating planar substrate, an arrangement often used in electrical property measurements 

of thermoelectric materials, is inadequate for studying the electrochemical doping of conductive 

polymers.37, 38 

Additional practical considerations are: (1) The electronic conductivity of polymers in the doped 

state can reach values greater than 1 S cm-1, leading to a very small resistance across a thin film. 

Consequently, the voltage drop across these films will be too small to be reliably measured without 

using large currents. (2) The technique should have the dynamic measurement range to 

accommodate a change of several orders of magnitude in the electronic conductivity of the 

polymers when transitioning from an un-doped to a doped polymer. Thus, we need an electrode 

arrangement that combines the ability to perform in situ electrochemical doping on a thin polymer 

film and have a wide dynamic range of sensitivity.  

In addition to electronic conductivity, values of ionic conductivity are also expected to change 

over a wide range with doping. The ionic conductivity values are usually three to four orders of 

magnitude lower than that of electronic conductivity, yet important in achieving the required 

battery performance. Thus, the measurement of both ionic and electronic conductivity using a 

single experimental setup presents a challenge. Specifically, we require the ability to switch 

between two separate geometries to enable measurement of very large and very small resistance 

values. A large thickness and small area of cross-section are needed for measuring low resistivity, 

while for measuring high resistivity, a thin layer with a large area of cross-section is desirable. 

Thus, meeting these conflicting requirements of electrode geometry is also a challenge.  



 6 

Limitations of Currently Used Methods. In reviewing the literature we found several reports 

of the measurement of ionic and electronic conductivity of polymers.39-43 However, none of these 

reported methods are suited for measuring and separating electronic and ionic conductivity of 

polymer thin films simultaneously as a function of electrochemical doping in a relevant 

electrolyte. For example, the electronic conductivity of a conductive block copolymer has been 

reported as a function of electrochemical doping by using electrochemical impedance spectroscopy 

(EIS) but the measurement was performed on a thick polymer film (over 100 μm) in a solid-state 

system, free of liquid electrolyte, and without the ability to measure ionic conductivity.33 On the 

other hand, ionic and electronic conductivity of polymer thin films in LIB electrolyte has been 

reported simultaneously but without chemical or electrochemical doping.44 EIS has also been 

successfully used to determine the ionic conductivity of polythiophene derivatives, but the salts 

were simply mixed with the polymer and then cast as a film, without any electrochemical doping.45 

In Table 1 we elaborate on the strengths and limitations of previously reported methods. Briefly, 

the previously-used techniques are limited in their ability to measure both electronic and ionic 

conductivity simultaneously, as a function of progressive electrochemical doping of the polymer, 

and in relevant electrolyte environments for battery applications. 
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Table 1. Comparison of Various Conductivity Measurement Methods 

Technique Brief Description/ Example Advantages Disadvantages 

Four-Probe 

4 electrodes attached to film on insulating 

substrate.  

Used for various applications such as OTFT’s46 

Geometry ideal for measuring electronic 

conductivity of thin films 

 

Electrode geometry inappropriate for electrochemical doping. 

Not suited for measurement of ionic conductivity. 

Performed typically on dry film not in contact with liquid 

electrolyte. 

EIS with blocking 

electrodes (Huggins 

Approach) 

 

Yields dual ionic and electronic conductivity 

between two ion-blocking electrodes.  

P3HT-PEO block copolymer conductivity as a 

function of Li-salt mixing and ratio of 

PEO/P3HT47 

Can simultaneously obtain ionic and electronic 

conductivity as a function of chemical doping 

Electrode geometry inappropriate for electrochemical doping. 

Thick polymer film needed if conductivity is high. 

Both conductivities can only be obtained when similar in 

magnitude. 

EIS + Electrochemical 

Doping 

 

Huggins approach is used 

P3HT-PEO block copolymer electronic 

conductivity as a function of electrochemical 

doping using a 3 electrode cell33 

Can obtain electronic conductivity as a function of 

electrochemical doping 

Thick polymer films needed (>100 microns) 

Block copolymer with high ionic transport needed  

No liquid electrolyte 

Ionic conductivity only obtained when polymer is undoped  

Only electronic conductivity is obtained as a function of 

electrochemical doping 

EIS + Interdigitated 

Microelectrode (IDM) 

 

EIS to obtain ionic conductivity of polymer thin 

films on IDM45 

IDM enhances signal 

A thin film can be used 

Conductivity can be obtained as a function of 

chemical doping 

 

Geometry inappropriate for electrochemical doping 

When either conductivity dominates, the other conductivity value 

cannot be determined 

No liquid electrolyte can be used 

Transmission Line 

Model 

Suited for ionic conductivity measurements of thin 

films. 

Ionic conductivity of PEDOT:PSS mixed with 

PEO thin films was obtained44 

Can obtain ionic conductivity of polymer thin films 

in liquid electrolyte 

Electronic conductivity is not obtained 

Ionic conductivity was not reported as a function of 

electrochemical doping 

This Work  

Uses polymer thin film on IDM 

Allows for electrochemical doping in LIB 

electrolyte 

2-probe measurement to determine electronic 

conductivity in LIB electrolyte at various 

potentials 

3-electrode measurement to determine ionic 

conductivity at any given potential 

Electronic conductivities up to 10 S cm-1 and ionic 

conductivities up to 10-3 S cm-1 can be measured 

(based on electrode geometry) 

The difference in orders of magnitude between 

ionic and electronic conductivities does not affect 

measurement 

Can be used with different LIB electrolytes 

 

Upper limit of conductivity measurement is dictated by electrode 

dimensions. 

Polymer should be insoluble in liquid electrolyte 
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EXPERIMENTAL METHODS 

Electrode Preparation. Interdigitated microelectrodes (IDM) were purchased from Metrohm 

Dropsens (DRP-G-IDEAU5-U20) and were rinsed with isopropanol and dried under argon before 

use. The electrode is composed of two interdigitated gold electrodes with two connection tracks 

on a glass substrate (L 22.8 × W 7.6 × H 0.7 mm). Each microelectrode is composed of 250 digits 

with a digit length of 6760 µm and a gap of 5 µm between the digits. 

P3HT (85-100 kDa MW) and PEO (100 kDa average Mw) were purchased in powder form from 

Sigma-Aldrich. PEDOT:PSS (Clevios PH 1000) aqueous solution was purchased from Heraeus 

and used as received. P(NDI2OD-T2) was synthesized and purified as described in SI-2. Polymer 

solutions (20 mg mL-1) of P3HT, PEO, and P(NDI2OD-T2) were prepared by dissolving the 

polymer in 1,2-dichlorobenzene (99%, Sigma-Aldrich). The solution was then heated at 40°C 

under argon for two hours to ensure complete dissolution of the polymer in the solvent. To prepare 

the P3HT/PEO sample, equal amounts of the solution of P3HT and PEO were mixed. 

5 μL of the prepared solutions were spin-coated on the gold IDM at 1000 RPM for 30 seconds 

to produce a 50 nm polymer film (Figure 1a). The prepared electrodes were then annealed under 

vacuum at 110℃ for two hours then transferred to a nitrogen glovebox. At least three IDMs were 

prepared for each polymer sample. 

Electrochemical Doping. All electrochemical tests were performed in a nitrogen glovebox at 

room temperature. A 3-electrode cell (Figure 1b) was assembled in a nitrogen glovebox to 

electrochemically dope the polymer and determine its ionic conductivity. The two terminals of the 

interdigitated gold electrodes were shorted to form the working electrode. Pieces of lithium foil 

were used as the counter and reference electrodes. 1 M Bis(trifluoromethane)sulfonimide lithium 

salt (LiTFSI) in a mixture of 1:1 by volume of ethylene carbonate and dimethyl carbonate 
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(EC/DMC) was used as the electrolyte. To electrochemically dope the polymer, the potential of 

the working electrode was held for 300 seconds. This length of time ensured that the current 

decayed to an immeasurably low value ensuring that the doping process at that potential was 

complete. The potential was then stepped up to the next value. The range of the polarization varied 

with the polymer studied. 

Cyclic Voltammetry. CV scans of the polymer films were performed to identify the generation 

of the polarons and bipolarons and determine the potential window of electrochemical doping. The 

IDM was held in the electrochemical doping configuration (Figure 1b), and the electrode potential 

was scanned repeatedly in a cyclic fashion at a preset scan rate in the range of 1 to 100 mV s-1 over 

a chosen window of electrode potential based on the polymer type. The current response was 

recorded as a function of the electrode potential, and the potentials corresponding to the current 

peaks were noted. 

Electrochemical Impedance Measurements. To determine ionic conductivity, the impedance 

of the electrode was measured as a function of frequency (100 kHz to 100 mHz) at a sinusoidal 

excitation of 10 mV peak-to-peak at each value of electrode potential of doping (Figure 2b). The 

potentiostatic EIS measurement was repeated at different values of electrode potential to determine 

the change in ionic conductivity as a function of degree of doping.  

To measure the electronic conductivity accurately, the impedance measurement was carried out 

between the terminals of the two interdigitated gold electrodes. As shown in Figure 3a, 

electrochemical doping of the polymers was performed in the 3-electrode configuration as before 

and the cell was allowed to relax for 100 seconds to reach an equilibrium value. Following the 

doping process, the electrode connections were switched from the 3-electrode configuration to a 
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2-electrode configuration (Figure 3b). EIS measurement was then performed at open circuit 

potential between 100 mHz and 100 kHz at a sinusoidal excitation of  10 mV peak-to-peak. 

 

 

RESULTS AND DISCUSSION 

Electrode Geometry and Methodology to Measure Electronic and Ionic Conductivity. To 

allow for concurrently evaluating electronic and ionic conductivity as a function of 

electrochemical doping in liquid electrolyte, we have combined the merits of using the planar and 

interdigitated electrode geometry with EIS measurements. The test electrode is an interdigitated 

gold electrode with two terminals. The electrode is coated with a thin layer of the polymer film 

(Figure 1a). The two gold-electrode terminals are electrically shorted and the electrochemical 

doping is carried out by polarizing this test electrode in a three-electrode cell configuration in a 

solution of lithium-ion battery electrolyte at various potentials (Figure 1b, Figure 2). We also 

conducted cyclic voltammetry (CV) scans on the interdigitated electrode in the three-electrode 

configuration to track the electrochemical doping process and identify the electrode potentials at 

which the doping occurs (Figures 2a, S9a, S9b). Ionic conductivity of the film is measured in this 

three-electrode configuration using EIS (Figure 2c). The electrode geometry under these 

conditions is that of a planar electrode of large area and a small thickness, well suited for measuring 

large resistivity values (Figure S7b). After measuring the ionic conductivity, in a separate 

experiment on the same film, the electronic conductivity is measured between the terminals of the 

two gold interdigitated electrodes (Figure 3b). In this two-electrode geometry, the area of cross-

section is small as governed by the thickness of the film, while the path length for current is long 

as determined by the distance between the digits of the gold electrodes (Figure S7a). The latter 
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geometry was well-suited for measuring very low values of resistivity. The EIS results were 

analyzed using appropriate electrical equivalent circuit models to yield the conductivity values 

(Figure 3).  

Method Validation with Various Conducting Polymers. To validate the technique, we studied 

model systems of p-dopable and n-dopable polymers. We have used P3HT, 1:1 P3HT/PEO 

mixture, and poly(3,4-ethylenedioxythiophene)/poly(4-styrenesulfonate) (PEDOT:PSS) as the 

model p-dopable polymers, while P(NDI2OD-T2) was used as a model n-dopable polymer.  

 

Figure 1. (a) SEM image of spin-coated P3HT on the gold interdigitated electrode. (b) The three-

electrode configuration used to electrochemically dope the polymer and determine its ionic 

conductivity. 
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Cyclic voltammetry of P3HT films showed two current peaks at 3.45 V and 3.85 V vs. Li+/Li, 

attributed to the formation of polaron and bipolarons, respectively (Figure 2a).48 The CV scans of 

P3HT/PEO (Figure S9a) show similar oxidation peaks to those of P3HT while the CV scans of 

PEDOT:PSS (Figure S9b) showed no oxidation peaks in the examined potential window as 

expected as PEDOT:PSS was in the doped state by oxidation in air. In addition, the electrochemical 

doping of the P(NDI2OD-T2) film (Figure 4a) was observed in the potential range of 1.7 V to 3.0 

V vs Li+/Li. 

Ionic Conductivity Measurements. The impedance of the polymer thin film electrodes was 

measured in the three-electrode configuration following electrochemical doping to different levels 

(Figure 2c). The sinusoidal potential perturbation is accompanied by double-layer charging, 

charge-transfer, diffusion and migration of ions, and the transport of electrons. The impedance 

response arising from these processes distributed across the thickness of the porous polymer film 

has been analyzed rigorously by Garcia-Belmonte et al.49-51 Under these conditions the electrode 

impedance can be represented by a “finite length” transmission line model with a reflective 

boundary.52, 53 This model with distributed circuit elements has been applied successfully to study 

the diffusion of charge carriers in electrochemically-doped thin polymer films.54 For a 100 nm 

thick polymer film, the sinusoidal response at low frequencies (10 Hz to 0.1 Hz) arises from the 

entire volume and finite thickness of the porous film. Specifically, the ionic resistance of the 

polymer phase (Rion), the electronic resistance of polymer phase (Re), and the interfacial faradaic 

impedance (Zf) are distributed circuit elements of a generalized transmission line equivalent circuit 

along with a geometric capacitance CG of the entire thin film (Figure S8a). For such a model, 

assuming rapid interfacial charge-transfer, it was shown by Albery et al52 that at low frequencies, 

the real component of the impedance Zreal tends to attain a constant value given by Eq. 1. 
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𝑍𝑟𝑒𝑎𝑙 =  
𝑅𝑖𝑜𝑛 + 𝑅𝑒

3
+ 𝑅𝑠 (1) 

Here Rs is the uncompensated solution resistance obtained from the high frequency intercept. The 

value of Zreal was obtained by extrapolation of the low-frequency line to meet the real axis of the 

Nyquist plot (Figure S8b). With the electronic resistance Re obtained separately (from the 

electronic conductivity measurement described in the next section), Rion was obtained using Eq. 1. 

The ionic conductivity of the polymer film, σion was then calculated using Eq. 2, based on the 

dimensions of the electrode.  

𝜎𝑖𝑜𝑛 =
1

𝑅𝑖𝑜𝑛
×

ℎ

𝑙 × (𝑁 − 1) × 𝑑
(2) 

In Eq. 2, h is the thickness of the polymer film, l and N are the length and the number of the 

digits of the gold electrode, respectively, and d is the distance between the gold electrodes. To 

validate the measurement method and analysis, we studied various conjugated polymer films. For 

films of P3HT, at 3.0 V, prior to any significant doping, the ionic conductivity was 1 × 10-9 S cm-

1 (Figure 2d). No ionic conductivity data of un-doped P3HT films could be found in the literature. 

This low value of ionic conductivity is not surprising as the un-doped P3HT film is semi-crystalline 

and lacks the ability to solvate Li+ or anions. Upon electrochemical doping at a potential of 3.4 V 

vs Li+/Li, anions were introduced into the polymer film, and the ionic conductivity of P3HT 

increased by an order of magnitude to 3 × 10-8 S cm-1. The large decrease in impedance is evident 

in the Bode and Nyquist plots of the P3HT film (Figure S11). The ionic conductivity continued to 

increase with further doping and reached a value of 9 × 10-8 S cm-1 at 4.0 V vs Li+/Li. On the other 

hand, P3HT/PEO showed a constant ionic conductivity of 4 × 10-7 S cm-1 across the examined 

potential window (Figure 2d). Thus, we may conclude that most of the ionic transport is supported 

by the flexible and ion-solvating ethylene oxide groups of PEO consistent with expectations from 

previous reports.55 PEDOT:PSS showed an ionic conductivity of 4 × 10-5 to 6 × 10-5 S cm-1 in the 
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potential window of 3.2 to 4.0 V vs Li+/Li. This value of ionic conductivity agrees closely with 

previous reports in the literature for PEDOT:PSS.44 The ionic conductivity of un-doped 

P(NDI2OD-T2) at 2.4 V was 3 × 10-10 S cm-1 (Figure 4b). 

 

 

Figure 2. (a) Cyclic voltammetry plot of P3HT at various scan rates. (b) Electrochemical doping 

and impedance measurement protocol to determine ionic conductivity. (c) A representative 

Nyquist plot of P3HT obtained at 3.8V vs Li+/Li using the three-electrode configuration. (d) Ionic 

conductivities of P3HT, PEDOT:PSS, and P3HT/PEO. 

The ionic conductivity increased with electrochemical n-doping to reach 6 × 10-9 S cm-1 as the 

electrode was held at more negative potentials up to 1.6 V vs. Li+/Li (Figure 4b). Thus, an increase 
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in ionic conductivity of at least two orders of magnitude was observed with both p-doped and n-

doped polymers upon electrochemical doping. Thus, the effect of electrochemical doping was to 

increase the ionic conductivity.  

Electronic Conductivity Measurements. The Nyquist plot in the two-electrode configuration 

(Figure 3c) showed two semicircular arcs. The impedance data was analyzed by the method of 

Huggins56 for mixed conductors. Specifically, the data was fitted to the Debye equivalent circuit 

model for mixed conduction through the film (Figure 3b).57 This equivalent circuit embodies the 

mixed electronic and ionic conductivity including the capacitance properties of the film. At high 

frequencies, the current flow occurs through the charge and discharge across the capacitive 

elements. At low frequencies, the electrodes block the ionic current, while the electronic current 

can still flow between the two terminals of the interdigitated gold electrodes. Such a circuit yields 

an impedance response with two semi-circles (Figure 3c). The diameter of the semicircle observed 

at the higher frequencies corresponded to a parallel combination of the ionic and electronic 

resistances, while the intersection of the second semicircle with the real axis at lower frequencies 

corresponded to the electronic resistance of the conducting polymer film, Re. The electronic 

conductivity of the polymer film, σe, was then calculated based on the two-electrode geometry (Eq. 

3) that is different from that applied to the ionic conductivity measurement. 

𝜎𝑒 =
1

𝑅𝑒
×

𝑑

𝑙 × (𝑁 − 1) × ℎ
(3) 
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Figure 3. (a) Potential and current profiles during electrochemical doping preceding the EIS 

measurement protocol to determine electronic conductivity. (b) The two-electrode configuration 

used to measure the electronic conductivity of the polymer as a function of voltage. (c) A 

representative Nyquist impedance plot of P3HT obtained at 3.3 V vs Li+/Li using the two-electrode 

configuration and the fitting circuit (inset) used to obtain the electronic conductivity. (d) Electronic 

conductivities of P3HT, PEDOT:PSS, and P3HT/PEO. 
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Effect of electrochemical doping. The electronic conductivity of P3HT in the un-doped state 

was determined to be 8 × 10-6 S cm-1 at 3.0 V vs Li+/Li (Figure 3d). This value is in agreement 

with previously reported values from four-point probe measurements.58 The electronic 

conductivity of P3HT however increased by several orders of magnitude upon electrochemical 

doping and reached a maximum of 1 × 10-1 S cm-1 at 3.5 V and remained constant until 3.9 V. The 

electronic conductivity then decreased slightly upon further electrochemical doping to 7 × 10-2 S 

cm-1 at 4.0 V vs Li+/Li. The significant change in P3HT film impedance as a function of 

electrochemical doping is reflected in the Bode plots (Figure S10). The electronic conductivity of 

P3HT/PEO, as expected, was similar to that of P3HT when measured as a function of electrode 

potential. This trend showed that electron transport in P3HT was not negatively affected upon 

mixing with PEO. The electronic conductivity of PEDOT:PSS was determined to be 2 S cm-1. This 

value is in agreement with the literature reports using a four-point probe method.44 The electronic 

conductivity remained stable over the potential window investigated with only a slight decrease to 

1 S cm-1 above 3.5 V vs Li+/Li (Figure 3b). The electronic conductivity of un-doped P(NDI2OD-

T2) was determined to be 5 × 10-7 S cm-1 (Figure 4b). This electronic conductivity increased to 5 

× 10-4 S cm-1 as the polymer film was electrochemically doped by polarizing to 1.7 V vs Li+/Li. 

Although the electronic conductivity of P(NDI2OD-T2) as a function of the degree of doping has 

not been previously reported, the observed value agrees with that for chemically-doped 

P(NDI2OD-T2) measured by four-point probe method.46 



 18 

 

Figure 4. Cyclic voltammetry plot of P(NDI2OD-T2) at the various scan rates indicated. (b) The 

electronic and ionic conductivities of P(NDI2OD-T2) as a function of electrode potential.  

CONCLUSIONS 

In summary, we have demonstrated that the electronic and ionic conductivity of p-dopable and 

n-dopable conductive polymers can be reliably measured in LIB electrolyte solutions as a function 

of electrochemical doping by using EIS measurements on interdigitated electrodes in two 

geometric configurations. This technique is sensitive and robust despite the conductivity values 

changing by several orders of magnitude with doping. Although the determination of these charge-

transport properties under electrochemical polarization is critical to the design of conductive 

polymers as additives and binders for electrodes in lithium-ion batteries, comprehensive 

measurements have been hitherto inaccessible. To validate the technique, the ionic and electronic 

conductivity for typical p-dopable polymers such as P3HT, P3HT/PEO, and PEDOT:PSS and a 
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model n-dopable polymer, P(NDI2OD-T2) was determined over the relevant potential windows 

in lithium-ion battery electrolyte. We have found that upon electrochemical doping, the electronic 

conductivity changes by more than five orders and the ionic conductivity by two orders of 

magnitude. As we are able to measure these charge transport properties in relevant electrolytes at 

various potentials, the method demonstrated here can become a useful tool for gaining insight into 

the in situ behavior of conductive polymers in various types of rechargeable batteries and other 

electrochemical devices. 
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