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Abstract— This paper analyzes and discusses the performance 
of a DMFC as a function of methanol aqueous solution 
concentration fed at the anode, using the Electrochemical 
Impedance Spectroscopy (EIS). Impedance data obtained were 
analyzed through the development of an equivalent circuit model. 
Electrochemical impedance spectroscopy was used to estimate the 
membrane conductivity and to model the electrochemical 
behavior of electrodic reactions inside the fuel cell, revealing a 
worse overall performance by increasing methanol concentration 
at the anode. 
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I. INTRODUCTION 

Direct methanol fuel cells (DMFCs) are considered a very 
promising energy source for portable devices because they have 
high energy efficiency, low emissions, compact cell design, fast 
refueling, low temperature and pressure operation, low methanol 
cost and no liquid electrolyte [1]. However, the main 
disadvantages that prevent their use are low power density 
caused by the permeation of methanol through the polymer 
membrane and the slow electrochemical oxidation of methanol. 
Therefore, a better and more thorough understanding of the 
chemical and electrical processes that define FC behavior and 
reliability is needed to overcome these limitations. Fuel cells are 
complex systems, and their behavior depends on many variables 
such as current, operating temperature, pressure, methanol 
concentration, catalyst loading, and electrolyte characteristics. 
[1]–[3]  

Methanol concentration is a critical parameter to be 
optimized to improve the performance of DMFCs, as it is 

necessary to eliminate or, at least, reduce methanol crossover. 
As methanol reaches the membrane, it diffuses from the anode 
to the cathode, carried by hydrated protons under the influence 
of the electric current flowing through the cell. The 
concentration difference between anode and cathode can also 
result in methanol transfer from one compartment to another [4]. 
Methanol crossover during DMFC operation causes a lowering 
of power due to chemical oxidation of methanol at the cathode, 
this causes depolarization of electrode with lowering of open 
circuit voltage (OCV). In addition, there is not only O2 
consumption but there can be also catalyst poisoning at the 
cathode. The overall fuel utilization efficiency decreases due to 
methanol crossover [5].  

Moreover, this study is conducted using a chitosan 
membrane, a low-cost and environmentally friendly biopolymer 
as a membrane alternative to commercial perfluorosulfonic 
Nafion [6].  

Research activity focuses on optimizing performance 
through the characterization of assembly materials. Component 
characterization has been extensively studied using DC bias 
techniques to evaluate the cell voltage versus current density and 
thus also the resulting power providing useful information on 
voltage drops and thus cell efficiency [6]–[11]. Because the cell 
operates in direct current, it provides only the entire equivalent 
resistance of the cell, without distinguishing between the 
different contributions and without providing information on the 
kinetics of the electrochemical phenomena occurring within the 
cell. A strong method of analysis for evaluating the kinetic 
contribution of components is Electrochemical Impedance 
Spectroscopy (EIS) in alternating current [12].  

EIS is widely employed in the literature for the 
characterisation, diagnosis and modelling of batteries and fuel 



cells. EIS provides, in a non-destructive way, the most complete 
information about the physical processes occurring within the 
fuel cell allowing, therefore, the possibility to develop control 
and diagnostic tools to ensure proper operating conditions.  

Till now, impedance measurements have been successfully 
employed to characterize PEM fuel cells in order to evaluate the 
current ripple effect [13] or to develop drying and flooding 
diagnosis [14]. Moreover, different methods have been 
developed for the EIS analysis, i.e. the time-domain least 
squares approach [15], and to perform accurate measurement 
uncertainty evaluation by ensuring an accurate determination of 
equivalent circuit parameters [16]. This paper aims to study the 
behavior of a DMFC as the concentration of methanol changes, 
through EIS studies and the development of an equivalent circuit 
model. In particular, tests were performed at different voltage 
values to predict the transient behavior of fuel cells and their 
performance. 

II. ELETROCHEMICAL IMPEDANCE SPECTROCOPY 

MEASUREMENTS  

The EIS technique is widely used because it provides insight 
into the electrochemical mechanisms occurring at the interfaces 
of an electrochemical system, such as DMFCs [17].  

EIS is a type of measurement that allows the analysis of 
linear time-invariant systems by transfer functions. Therefore, 
for electrochemical systems EIS uses a small amplitude 
potential or current perturbation to excite the electrochemical 
system at different frequencies. Measuring the system's response 
to the perturbation, a transfer function is calculated, which in the 
case of electrochemical systems is referred to as electrochemical 
impedance, expressed as:  

 𝑍(𝜔) =
∆௏෩

∆ூሚ
= 𝑍௥௘ + 𝑗𝑍௜௠ 

where ω is the angular frequency, related to the frequency f 
(Hz) by ω=2πf. When the input and output are in phase, the 
imaginary part has value zero and the impedance will have only 
a real contribution, Zre. If the input and output are out of phase, 
the real part has value zero and the impedance has only an 
imaginary contribution, Zim. The variation of impedance with 
frequency can be visualized in several ways. In the Bode 
diagram, log |Z| and φ are plotted as a function of log ω, whereas 
when the imaginary component Zim is plotted as a function of 
the real component Zre, an alternative representation of 
impedance, the Nyquist diagram, is obtained [17], [18].  

The critical issues remain to be the interpretation of the EIS 
data through the determination of an equivalent circuit best 
suited to model the impedance results and in the physical 
meaning of the passive elements used for the equivalent circuit.  
The most frequently used passive components are the resistor, 
inductor and capacitor. In particular, the impedance of a resistor 
consists only of the real part, equal to the resistance of the 
resistor itself. The current flowing through it will be in phase 
with the applied voltage. Capacitors are used to store electrical 
energy in the form of an electric field thus they are elements that 
introduce capacitance into a circuit. The impedance of a 
capacitor is characterized by only the imaginary part and is 
inversely proportional to the voltage and frequency of the 

applied signal. The current will be shifted by -90 degrees with 
respect to the applied voltage. An inductor is used in the circuit 
to represent energy storage in the form of a magnetic field. The 
impedance of an inductor increases as the frequency of the 
applied voltage signal increases, and the current through it will 
be shifted by 90 degrees relative to the applied voltage. If an 
electrode is nonuniform, the reactivity can vary along the surface 
and, therefore, there can be a distribution of time constants 
(defined as RC). This variation can be modeled by a constant 
phase element (CPE), Q [18]. 

For a fuel cell, the associated equivalent circuit model 
consists of a parallel between a constant-phase element (QA and 
QC), which is necessary to model the nonideal double layer 
capacitance of the electrode, and a Charge Transfer Resistance 
(Rct,A and Rct,C) related to the reaction kinetics for each electrode, 
either the anode or the cathode. The electrolyte, on the other 
hand, can be simply modeled with a resistance (R) that is the 
intercept of the real axis at high frequencies. This results in 
series with the two parallels relative to the electrode reaction 
interfaces. This model is generally accepted for H2/O2 fuel cell 
systems at low and moderate current densities [19], [20].  

In addition to the two time constant (Rct-Q), related to 
methanol oxidation and oxygen reduction respectively, in series 
with the ohmic resistance of the cell (R) that is mainly due to 
the electrolyte resistance, there can be the onset of an inductive 
loop at low frequencies due to the kinetics of the electrochemical 
reaction at the anode, modeled by an inductance, as displayed in 
the Nyquist representation for a DMFC. The reaction 
mechanism is quite complex and involves several 
electrochemical steps, specifically the oxidation of methanol to 
a reaction intermediate, COads, and then the oxidation of these 
adsorbed species to CO2, implying the crucial role of adsorbent 
species at the electrode [21], [22]. 

 
Fig. 1. A typical experimental and fitted EIS spectrum of a DMFC in 

Nyquist representation. The equivalent circui for data fitting is also shown. 
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III. EXPERIMENTAL SETUP 

Electrochemical impedance spectroscopy measurements 
were obtained for an Electrochem Inc. fuel cell using a Parstat 
2273 (Princeton Applied Research), and the results of the EIS 
spectra were modeled through an equivalent circuit with 
ZSimpWin software.  

EIS measurements were carried out at different cell voltages 
for each methanol concentration (500 mV, 400 mV, 300 mV, 
250 mV, 200 mV), specifically by superimposing a 10 mV 
amplitude sinusoidal signal in the frequency range of 100 kHz 
to 10 mHz on the constant DC cell voltage. 

The study was conducted using electrodes prepared by 
spraying a catalytic ink on a commercial Sigracet-24 BC gas 
diffusion layer (from the SGL group)[23]. Anode side used a 
catalyst with a Pt/Ru end-loading of 3.45 mgcm-2; Cathode side 
used a catalyst with a Pt loading of 0.5 mgcm-2. 

A chitosan (CS)/phosphotungstic acid (PTA) based 
polyelectrolyte membrane, prepared through an ionotropic 
gelation process performed at room temperature, described in 
previous work, was used. It has been shown that it can be 
successfully employed as a proton exchange membrane in a low-
temperature fuel cell [22], [24]. 

Chitosan powder, acetic acid, and H3PW12O40xH2O, 
required for membrane synthesis, were provided by Sigma 
Aldrich. CS powder (2% w/v), acetic acid (2% w/v) and distilled 
water were mixed to achieve protonation and solubilization of 
CS.  By using a porous medium previously impregnated with an 
aqueous solution of PTA (0.38 M), cross-linking of the CS 
solution was induced. The cross-linking time chosen for this 
work, necessary for the thickness of the membrane, was 60 min. 
Prior to assembly in the cell, the membrane was functionalized 
for 24 h to increase its proton conductivity by soaking the 
membrane in PTA aqueous solution at room temperature.  

The Membrane Electrode Assembly (MEA) was assembled 
by placing the CS/PTA membrane between the two electrodes 
in the single-cell module with an applied torque of 4 Nm. To 
evaluate the performance and characterize the DMFC, different 
concentrations of methanol (1 M, 2 M, 5 M) were used on the 
anode side at a flow rate of 3 mLmin-1, while on the cathode 
side humidified oxygen (99.5% purity) was fed at 50 mLmin-1 
at 1 bar. The supply was provided by high-purity graphite plates 
with high electrical and thermal conductivity. These were 
combined with gold-plated plates required for heating the cell 
and as current collectors. In addition, 0.01" thick silicon gaskets 
were inserted between the MEA and the graphite plates.  

All tests refer to an active area of 1 cm2 and a temperature of 
50°C. 

IV. RESULTS AND DISCUSSION 

As remarked in the introduction, DC measurements are 
usually not sufficient to understand the kinetics of the system, 
but they are needed to choose the right cell voltage range to 
perform AC measurements by electrochemical impedance 

spectroscopy. To do so, polarization and power density curves 
were measured for different methanol concentrations. 

 

Fig. 2. Polarization (◇) and power density (◆) curves related to CS/PTA 
membranes for different methanol concentrations. 

As shown in Figure 2, as the methanol concentration 
increased from 1 M to 5 M, the current density and OCV 
decreased dramatically, because of a significant methanol 
crossover resulting in catalyst poisoning. The power decreased 
rapidly as the methanol concentration increased. Therefore, it is 
possible to infer that the methanol concentration of 1 M is best 
suited to operate a single DMFC with the highest power density 
and efficiency. This result is consistent with those reported in 
the literature [6], [7], [25].  

It is possible to identify two areas of interest to be studied by 
EIS: the activation region (between OCV and ~400 mV), where 
the kinetic losses are due to the electrochemical reaction, and the 
ohmic region where the potential drop is mainly due to 
membrane resistance. 

It was decided to study in AC how the kinetic parameters 
vary as the potential changes for each analyzed methanol 
concentration. A high potential drop is found in the activation 
region due to the electrooxidation of methanol. With EIS spectra 
recorded at constant potential in the activation region (from 500 
mV to 400 mV), its parameters can be studied.  

 
Fig. 3.  Experimental and fitted EIS spectra in Nyquist representation 

recorded at (a) 500 mV and (b) 250 mV, for methanol solution at different 
concentrations (1M, 2M, 5M). Nyquist diagrams are interpreted according to 

the equivalent circuit shown in Figure 1. 
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Fig. 4. Experimental and fitted EIS spectra in Nyquist representation recorded at 500 mV, 400 mV, 300 mV, 250 mV and 200 mV, for different methanol 

solution at concentrations: (a) 1M, (b) 2M and (c) 5M. Nyquist diagrams are interpreted according to the equivalent circuit shown in Figure 1.

Figure 3 shows all EIS spectra recorded at varying potential 
and methanol concentration. The charge transfer resistance of 
both half-cell reactions, methanol oxidation and oxygen 
reduction, are suggested by the two depressed semicircles. 
These experimental results suggest that the performance of 
DMFC is strongly influenced by the concentration of the 
methanol aqueous solution fed at the anode, as is evident in 
Figure 3.  

Furthermore, as the potential decreases, an inductive loop, 
characteristic of the low-frequency domain, begins to be more 
evident. This impedance response implies that the surface 
coverage of the anode has a significant impact on the kinetics of 
the electrochemical reaction, highlighting the importance of 
species adsorption at the electrode. 

Nyquist diagrams are interpreted according to the equivalent 
circuit shown previously (Figure 1), where R represents the 
ionic resistance of the membrane, the parallel between Rct,C and 
QC is representative of the charge transfer and double-layer 
capacitance at the cathode, and finally the electrochemical 
behavior at the anode is modeled with a parallel between R ct,A 
and QA with the parallel contribution, visible at low frequencies, 

of the inductive loop due to the adsorption of species at the 
electrode. 

The parameters derived from the best-fitting procedure using 
the equivalent circuit are shown in Table 1. First, R increased 
slightly with increasing methanol concentration, probably due to 
the lower level of hydration of the solid electrolyte during the 
EIS measurement and, therefore, lower proton conductivity that 
is strongly dependent on the level of membrane hydration. The 
contribution to the overall impedance of the cell from the oxygen 
reduction reaction, given by Rct,C, was slightly higher with 
increasing concentration. An increase in methanol concentration 
in fact implies the associated increase in methanol crossover, 
resulting in more oxygen consumption for methanol oxidation 
at the cathode electrode and reduced oxygen concentration. Rct,A, 
on the other hand, is strongly influenced by methanol 
concentration. The diameter of the anodic capacitive semicircle 
increases contrary to what might be expected for methanol 
oxidation, i.e., the greater the amount of methanol the greater its 
oxidation at the electrode. What occurs is that with increasing 
methanol concentration there is an increase in coverage by 
adsorbed CO, and this is consistent with the literature [26]. 

 

TABLE I.  EQUIVALENT CIRCUIT PARAMETER VALUES 
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V. CONCLUSION 

DMFC performance analysis was carried out using 
Electrochemical Impedance Spectroscopy (EIS), recording 
impedance spectra in several operating conditions, i.e. changing 
cell voltage and methanol aqueous solution concentration at the 
anode.  

Based on the polarization curve measurement and fitting of 
impedance data, methanol concentration of 1 M is the optimal 
concentration to achieve maximum power density and 
efficiency. The performance of the DMFC is strongly influenced 
by the concentration of the aqueous methanol solution fed to the 
anode. Indeed, an increase in methanol concentration implies an 
increase in methanol crossover, resulting in higher oxygen 
consumption for methanol oxidation at the cathode electrode 
and a reduction in oxygen concentration. EIS data helped in 
understanding methanol electrooxidation process, i.e. the higher 
the amount of methanol, the higher is the coverage by the 
adsorbed CO on the PtRu electrocatalyst, with a worsening of 
overall cell performance. 
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